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investigation of the effect of water soluble polymers  over micellization behavior of ionic 

surfactants and characterization of metallo-surfactants. The physicochemical and micelle 

morphology of surface-active ionic liquid and novel Gemini metallo-surfactants with the help of some 

fundamental and few advance spectroscopic techniques have been investigated. The effect of 

various experimental parameters 93has been studied and the overall results have been  

compared with those of the  conventional surfactants. Three classes of surface active 

agents have been selected namely ionic surfactant 64such as sodium dodecyl sulphate  

(SDS) and  hexadecyletrimethylammonium bromide (CTAB), surface active ionic liquid 

73[(3-dodecyl-1-methyl-1H-imidazol-3-ium-bromide  (C12mimBr)], zwitterionic ligands 

[3-(1-alkyl-3 imidizolio) propane sulphonate] where the alkyl group is either octyl or dodecyl and the 

Gemini metallo-surfactants which have been synthesized from the dimerization of the above stated 

ligands with Ag and Au. To deduce surface activity and micellar behavior of these amphiphilic 

compounds, surface tensiometery technique has been effectively applied. The typical amphiphilic 

character of these compounds has been traced 29from the surface tension vs  

concentration curves  which shows a gradual decrease 47with increasing  

concentration of the surfactant till a  specific concentration called as 21critical  

micelle concentration (CMC) and after CMC further increase in concentration of  

surface active compound does not affect the  profile significantly. The CMC has been 

determined from the interception of the decaying surface tension behavior at low concentrations and 

the limiting behavior at higher concentrations for all the surfactants. The ligand, 3-(1-alkyl-3 

imidizolio) propane sulfonate shows smaller value of CMC as compared to other two surfactants like 

SDS and C12mimBr, all having dodecyl as an alkyl group. Metal insertion reduces CMC of the 

ligands, which shows that the metal dimerizes the ligands forming Gemini metallosurfactant. 
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Increase in temperature from 25 to 55ºC, decreases the CMC of all surfactants except C12mimBr for 

which CMC has been 30found to increase with increase in temperature. Surface excess  

concentration and13area per molecule at the air/water interface has been  

calculated from Gibbs adsorption equation. The25number of molecular species in  

solution (n) for SDS, CTAB, C12mimBr and  ligands have been taken as n = 2 while n = 1 

for Ag(l) and Au(l). No change has been observed 122in the values of surface excess  

concentration and area  per molecules of the ligands and their metallo-surfactant on 

addition of 100mM NaCl. This is because the surfactant is largely non-ionic in character. It has also 

been found that addition of salts (NaCl, Cu(NO3)2) decrease Γmax and increase Amin of C12mimBr. 

Further, Cu(NO3)2 has brought more change in Γmax and Amin of C12mimBr as compared to NaCl. 

This trend is attributed to Hofmiester’s effect. The changes in 115free energy of interfacial  

adsorption and free energy of micellization of all the  surfactants are negative showing 

spontaneity of the two processes. 204Small-angle neutron scattering (SANS) study of  

the metallo-surfactants indicates that the micelles  adopt the conventional globular micelle 

morphology viz polar shell – hydrophobic core and that the dodecyl complexes form more elliptical 

structures than the octyl. Similarly, the 1effect of concentration and molar mass of  

water soluble polyethylene glycol (PEG) 24on the surface activity, micellar and colloidal  

properties of these amphiphiles have also  been 136studied using surface  

tension, conductance and light scattering. Surface  tension study reports that 
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1PEG is surface active and its mixture with CTAB and SDS affects the CMC of  

these surfactants. That is CMC of the CTAB increases with the addition of PEG,  

which further increases when the concentration or molar mass of the PEG increases.  

However, an opposite change in the CMC has been observed 1with the addition of PEG  

for SDS-  polymer mixed system. The 1surface tension curve for the CTAB-PEG  

mixed system  shows 1that after CMC, CTAB molecules replace all the PEG  

molecules or its segments while in the case of SDS-PEG, some molecules or  

segments of the polymer always are present at the interface beyond CMC of SDS.  

Thermodynamic parameters calculated for the mixed systems indicate that free  

energy of micellization for CTAB-PEG increases with increasing the concentration  

of PEG and also increases when polymer molar mass increases but an opposite result  

has been obtained for SDS-PEG mixture. Conductance data of the  studied amphiphile 

systems show close 256agreement with the surface tension results. The  difference in 

the 1micellization behavior of CTAB and SDS in the presence of PEG is due to  

the hydrophobic interaction and ion dipole interaction between CTAB-PEG and  

SDS-PEG respectively.  Further, various micellar, surface active, colloidal, and 

thermodynamic parameters calculated for the polymer free surfactant and surface active ionic liquid 
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systems obtained from different techniques have been found in appreciable agreement. The present 

study is not only helpful from academic point of view but also has potential importance on its applied 

sides. Chapter-1 Introduction INTRODUCTION 1.1 Surfactants Short chain fatty acid compounds 

are called amphiphilic compounds. The 31word “amphiphile” was first used by Paul  

Winsor  five and a half decades ago which roots 52from two Greek words. The  

prefix “amphi” means double  and the suffix “philos” means friendship or affinity, therefore, 

the word amphiphile designates a substance that exhibits double affinity. Amphiphile from 

physicochemical point of view, is an organic compound consisting of two groups called 

147hydrophilic (water loving/polar group) and lipophilic (oil loving/non-polar  

group)  and hence indicates double affinity in any solvent used. 26Because of its dual  

affinity nature, an amphiphilic molecule does not feel "at ease" in any solvent  

though polar or non-polar, as there is always one of the groups which does not  

like the solvent environment. That is why amphiphilic molecules exhibit a very  

strong tendency of migrating to the interface or surface (water interface) and orientate  in 

such a way 26that the polar group lies in water and the nonpolar group is placed out  

of it, either in the air or in  non-polar solvent and as result the 3surface or interfacial  

tension of the solvent in which it is dissolved,  decreases. Conventionally, the molecules 

which have the ability to associate and to form micelles are called surfactants. Compounds showing 

interfacial activity and micellar properties are differently named like surfactants, amphiphiles, and 

tensoides 38or in very old literature paraffin chain salts.45The word “surface” is  
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used to designate the limit between a condensed phase and a gas phase  

whereas the term “interface” is used for the boundary between two condensed  

phases. This distinction is useful, though not necessary and the two words are  

often used  indifferently. The term surfactant is an abbreviation for surface-active-agent which 

can be defined; a substance 91when present at low concentration in a system has  

the properties of adsorbing onto the interface, changing to a marked degree the  

interfacial free energy of  the interface and above certain concentration called CMC, 

associate into an aggregate structures [1]. 1.1.1 Types of Surfactants A surfactant possesses two 

groups called hydrophilic and hydrophobic in aqueous media, therefore, surfactants can be classified 

on the basis of these two groups. However, surfactants classification is generally based 20on  

the nature of hydrophilic group because the4hydrophobic group is often long  

chain hydrocarbon residue and is less often halogenated or oxygenated  

hydrocarbon or siloxane chain. Mostly, the hydrophilic group is either ionic or  

highly polar therefore, depending upon the charge of the hydrophilic group,  

surfactants are classified as  under. 1.1.1.1 Anionic Surfactants Anionic surfactants carry 

negative charge in the hydrophilic group (surface active portion). For examples, conventional soap 

(RCOO-Na+), alkyl benzene sulphonate (RC6H4SO-3Na+) etc. Some specific 49examples  

of anionic surfactants are sodium stearate [CH3(CH2)16COO-Na+], sodium  
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dodecyl sulphate [CH3(CH2) 11SO4Na+], sodium benzene sulfonate [CH3(CH2)  

11C6H4SO3 -Na+] etc. 1. 1.1 .2 Cationic Surfactants Cationic surfactants  carry 

positive charge in the surface active portion (hydrophilic group). 135For example,  

RNH3+Cl-(salt of long chain amine), RN(CH3)3+Cl(Quaternary ammonium  

chloride).  Some specific examples of such types of surfactants are laurylammine 

3hydrochloride [CH3 (CH2)11NH3+Cl-], trimethylammonium chloride [C16H33 N  

+(CH3)3Cl-], cetyltrimethylammonium bromide  [C12H25 N+(CH3)3Br-] etc. 1.1.1.3 Nonionic 

Surfactant In such types of surfactants, the surface active groups carry 97no apparent  

charge. For example, RCOOCH2CHOHCH2OH (monoglyceride of long-chain fatty  

acid), RC6H4(OC2H4)XOH (polyoxyethylenated alkylphenol), R(OC2H4) XOH  

(polyoxyethylenated alcohol).  Some specific examples of such types of 

142surfactants are polyoxyethylene alcohol CnH2n+1(OCH2CH2)mOH,  

alkylphenol ethoxylate C9H19- C6H4-(OCH2CH2)nOH  etc. 1.1.1.4 

145Zwitterionic Surfactants Both positive and negative charges are present in the  

surface active portion  of such types of surfactants. For example, RN+(CH3)2CH2CH2SO3-

(Sulfobetaine). Some specific examples of zwitterionic surfactants are dodecyl betain [C12H25 

N+(CH3)2CH2COO-], lauamidopropyl betain 3[C11H23CONH(CH2)3N+(CH3)2CH2COO],  
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cocoamido-2-hydroxypropyl sulfobetain [CnH2n+ 1 CONH (CH2) 3 N  

+(CH3)2CH2CH(OH)CH2SO3-]  etc. There is another type of surfactant called Gemini 

surfactant which is based on the number of the hydrophobic groups and is independent of the nature 

of the hydrophilic groups. 1.1.1.5 102Gemini Surfactants Gemini surfactants,  

sometimes also called dimeric surfactants  are those in which the surfactant molecule 

consists of 102two hydrophobic groups (sometimes three) and two hydrophilic  

groups connected through linkage  or spacer group near to hydrophilic groups[2]. Types of 

charges, different structure variability and different linkage groups control their properties. The detail 

of Gemini surfactants has been discussed under the heading of metallo-surfactants specifically 

Gemini metallo-surfactants. 1.2 Interfacial Activity and Micellization of Surfactants The word 

surfactant is 60an abbreviation for surface active agent which is characterized by its  

tendency to be adsorbed at the  interface. Interfacial adsorption of surfactant is due its 

characteristic molecular structure. A surfactant molecule consists of a structural group having 

67a strong attraction for the solvent called lyophilic group together with a group  

that has a little attraction for the solvent called lyophobic group.  This type of structure 

is known as an amphiphatic structure[3]. Whenever, an amphiphatic 20molecule is  

dissolved in a solvent, the lyophobic group distorts the solvent structure  and 

increase 37free energy of the system. In order to minimize the change in free energy,  

the  system responds in such a 89way so as to minimize the contact between the  
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lyophobic group and the solvent [4]. When a surfactant is dissolved in aqueous  

medium, the hydrophobic group distorts the water structure but the  system responds 

in such way that some 20surfactant molecules are expelled to the interface with  

hydrophobic groups oriented in such a way14to minimize the contact with the  

solvent  medium. In this way, interface 72of the water becomes covered with a  

single layer of surfactant molecules and the hydrophobic groups are oriented  

towards the air while the hydrophilic groups are  attached 47at the interface of the  

aqueous phase.4Since, air molecules are essentially nonpolar in nature as  

hydrophobic groups which decrease the dissimilarity of the two contacting phases  

at the interface and as a result the surface tension of the  solvent decreases. Therefore, 

amphiphatic structure of the surfactant molecules cause the concentration of surfactant molecules to 

be increased 40at the interface, thus decreasing the interfacial tension of the  solvent in 

such way 153that the lyophilic group is in contact with the polar solvent and the  

lyophobic group is oriented away in the  air or in non-polar solvent [1]. However, 

20chemical structures of the groups suitable as lyophilic and lyophobic of the  

surfactant  molecule are greatly affected by the 56solvent and by the conditions  

used. In a highly polar solvent like water, the hydrophobic group may be  
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hydrocarbon or fluorocarbon or siloxane chain of proper length where as in less  

polar solvent like propylene glycol, some of these may be  used. Similarly, the lyophilic 

group may also change with changing nature of the solvent i.e., 247ionic or highly polar  

group acts as lyophilic  when polar solvent like water is used but the same ionic or polar 

groups act as lyophobic when the solvent is changed from water to nonpolar solvent like heptane. 

Varying temperature, presences of electrolytes or organic additives also change the surface activity 

of the surfactants and to maintain suitable surface activity of the surfactants in such situations, 

modifications in the lyophilic and lyophobic groups may become necessary. So in a particular system 

and under the conditions used for the surface activity, the 4surfactant molecule must  

have a chemical structure that is  amphiphatic [5]. The study of the surface 

activity/interfacial adsorption of surfactant is very important because it determines (a) concentration 

of the surfactant 36at the interface (b) orientation and packing of the surfactant at  

the  interfaces (c) the rate of adsorption at the interface (d) the energetic changes in ΔG, ΔH 

and ΔS [6-9]. The study of the surface or interfacial adsorption is also 234used to determine  

the efficiency and effectiveness of the surfactant which is very useful  parameters to be 

used for the comparison of the performance of the different surfactants. Efficiency of the surfactant is 

the concentration in equilibrium with the liquid phase which brings the given amount of 

8reduction in the surface or interfacial phenomenon while effectiveness of the  

surfactant is the maximum 8reduction in the surface or interfacial phenomenon  

regardless of the  concentration. In dilute solution, the change brought in the interfacial 
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phenomenon by a surfactant 8is a function of the adsorbed concentration at the  

interface. Therefore, efficiency is related to the ratio  between the interfacial adsorbed 

concentrations and liquid phase concentration (Cinterface/Cbulk) while effectiveness represents the 

surface or interfacial concentration when the surface is saturated which in turn relates the surface 

area occupied by each surfactant molecule. In this connection, greater effectiveness in surface or 

interfacial phenomenon will be of a surfactant, having smaller 69effective cross sectional  

area at the interface. That is why effectiveness  shed light 36on the structural  

groupings of surfactant molecule and also orientation at the interface  [3]. This 

fundamental property; surface or interfacial activity of a surfactant can easily be determined by 

measuring the interfacial tension. Interfacial tension 235is related to the interfacial free  

energy. The78interfacial free energy is the minimum amount of work required to  

create surface or interface and the interfacial free energy per unit area is actually the  

interfacial tension between two phases  which is determined whereas interfacial tension 

4is the minimum amount of work required to create unit area of the interface or  

to expend it by unit area. The interfacial tension is a measurement of the difference  

in the nature of the two phases meeting at the interface. Greater is the dissimilarity in  

the natures of the meeting phases, greater is the interfacial tension between them.  

When the surface tension of a liquid  is measured, it is actually the surface 4free  
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energy per unit area of the boundary between the liquid and the air above it.79A  

surfactant is therefore, that substance when present at low concentration adsorbs  

at some or the entire interface in the system and hence significantly changes the  

amount of work required to expand  that interface. In other words, surfactant usually 

reduces the interfacial free energy [1]. Another general and fundamental property of the surfactant is 

that the monomers in solution tends to form an aggregated structure called as micelle [10]. 

Depending on molecular structure of the surfactant, adsorption takes place over various 

concentrations ranges and rates but specifically above a well-defined concentration (CMC), 

micellization or aggregation of the surfactant takes place. Hence, 60micellization can be  

viewed as an alternative mechanism to the interfacial adsorption for removing the  

lyophobic groups in contact with the solvent so as to reduce free energy of the system. 

119Surfactant molecules behave very differently depending upon whether, they  

are present in micelles or as free monomers in solution. The micelles  behave as 

large molecules and are considered reservoir of the surfactant monomers. 106Size of the  

micelle is measured by the aggregation number; number of surfactant molecules  

associated with a micelle [11]. The structure of the  micelle is divided into portion; interior 

core and outer shell. When water is used as a solvent, the interior 98core consists of the  

hydrophobic groups and the shell consists of hydrophilic  groups. 6In nonpolar  

media, structure of the micelle is the same but is reversed. Hydrophilic groups  
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constitute interior  core and hydrophobic groups form shell of the micelle. 14Radius of  

the micelle is believed to be approximately equal to the length of the fully extended  

hydrophobic chain [12]. 6A theory of the micellar structure has been developed based  

on the shape of  the micelle and 98space occupied by the lyophilic and lyophobic  

groups of the surfactants.  The 44shape of the micelle can be calculated from  

the “packing parameter”  VH/lCaO , where VH is the volume, lC 105length of the  

hydrophobic group in the micellar core and aO is the area occupied by the  

lyophilic group at the micellar -solution  interface [13]. If value of the packing parameter is 0-

1/3, 1/3-1/2, 1/2-1, >1, then micellar shape is spheroid, cylindrical, 6lamellar in aqueous  

media and inverse in non-aqueous media respectively. Micellar6size , shape and  

aggregation number change with the  change 6in temperature, concentration of  

the surfactant, additives  addition, structural groups of the surfactant etc. [14, 15].Interfacial 

adsorption and micellization/aggregation are the two intrinsic properties of the surfactants. Below 

CMC, surfactant molecules can only be present as monomers and above CMC, the system consists 

of an adsorbed monolayer, free monomers and aggregates of surfactant molecules in the bulk of 

solution. A classic picture of surfactant behavior in solution above its CMC has been shown 

159in Fig. (1.1). Fig. 1.1: Schematic representation of the  aqueous surfactant’s system 

showing adsorbed monolayer and micelle formation 1.3. Importance and Applications of Surfactants 

The importance of surfactants can be estimated from the global demand which has been 
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40exceeded 7.5 million tons in 2010 and the worldwide surfactant market is  

projected to generate over $ 41 billion revenue in  2018 [16]. The surfactants 

40are used in detergents, textiles, personal care products, pharmaceuticals,  

agriculture, paints, plastics, petroleum production, refinement, and many other  

products [17-19]. Minerals from their ore can be isolated and can be purified by the use of suitable 

surfactant through ore flotation [20]. Surfactants are used 194to remediate ground water  

contaminated by non-aqueous liquids  such as chlorinated solvents [21, 22]. In 

processing industries, foam is applied at some or at all stages where life time of foam is important 

which can be controlled by the use of suitable surfactants [23]. Emulsions whether double emulsion 

(O/W, W/O) or 148multiple emulsion (O/W/O, W/O/W) can be stabilized by the use of  

surfactants [24]. Similarly drilling fluids are actually emulsions formulated by using surfactants [13, 

25]. In processing industries, some emulsions if occur are undesirable, therefore, 3chemical  

demulsification is commonly used to separate water from oil in order to produce  

a fluid suitable for further  use [26]. 12Oil spills at sea cause the environmental  

damage  which can be removed either mechanically or chemically. When chemical agents are 

added, the oil spills slick 12break into an O/W emulsion and  are dispersed [27]. Micro-

foam and colloidal gas aphron 3can be formed by dispersing gas into solution of  

surfactant under higher shear conditions  having potential applications in soil remediation 

and reservoir oil recovery [28, 29]. Surfactants are used as wetting agent; anionic 
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12surfactants are often used in wetting waxy surface. Wetting agents  are incorporated 

in the pesticides and herbicide formulation for satisfactory surface coverage and in textile 

manufacturing industries for the even distributing of the 3textile dyes. Cationic  

surfactants are less used as wetting agents than anionic surfactants but  these are 

mostly used 3in dry cleaning fluids and road making operations  as oil wetting agents 

[30-32]. Our pulmonary system use surfactants since understood 1929 and have been applied 

clinically for the 3respiratory distress syndrome. Presently, surfactants replacement  

therapy can be used for treating other forms of lungs diseases such as neonatal  

pneumonia, meconium aspiration syndrome  etc. [33]. 245Lung surfactant is  

composed of phospholipids and proteins  which keep the alveolar air –liquid interfacial 

tension low. Surfactant system of the lungs may also protect lungs from infection and injury caused 

by 146inhalation of micro-organisms and particles [33]. Amphiphiles and polymers  

are the formulation ingredients of therapeutic drugs.  Micelle, liposomes, nano and 

micro-particle etc. are used as carriers for the delivery of polymers based colloidal drugs [34]. 

W/O/W emulsions are 5used as drug-delivery system for the transportation of  

hydrophilic drugs such as vaccines, vitamins, hormones and enzymes [35]. One of the prominent 

advantages of using multiple emulsions as drug carriers is the time release mechanism of the 

delivering drug which 12can be varied by adjusting the stability  of the emulsion. Health 

care products use surfactants of quaternary ammonium salts which 3have potent  
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germicidal activity with addition of their use as fabric softeners in detergents.  

Ditallowdimethylammonium chloride (DTDMAC) so far has been recognized as a good fabric 

softener and antistatic agent. Emulsifier and germicide used in the health and personal care 

products 3commonly have N-alkyltrimethylammonium chloride or N-

alkylimidazoline chloride and benzalkonium chloride  configuration respectively. 

Shampoo which 3meets the criteria of mild detergency, good conditioning and  

foaming, adequately preserve and appeal aesthetically,  may contain 12plant or  

plant based surfactants, natural additives  such as xanthan gum (viscosity builder), 

alkylpolyglucosides (preservatives and antimicrobial) with no hazardous chemical [36]. Cosmetics 

formulations are usually emulsions which depend on the formulation techniques for their storage 

properties or stability, droplets size and good penetration of the active components to the skin [37]. 

Micro emulsions can be formed directly but the incorporation of surfactants such as alkyl 

polyglucosides increase it stability over a wide range of temperature. Manifold items such as 

margarine, mayonnaise etc. contain surfactants. Surfactants are also used 3in the  

extraction of cholesterol, solubalization of oils, prevention of components  

separation, emulsification of liquor and  in edible coatings, surfactants act as a key 

component [38]. Some of the typical surfactants like ethoxylated alcohols, alkylphenols etc. are used 

in the formulation of crops protection products such as pesticides, herbicides, fungicides and 

insecticides [39]. Organ silicone surfactants are used in the spray of the crops protection products 

due to their improved surface tension lowering ability and low dynamic surface tension [39]. So for 

the properties and the applications discussed are due to the amphipathic nature of the surfactants. 

Therefore, understanding of the relationship between structure and properties of the surface active 

agent is important both scientifically and because of applications point of view. Up till now, 

surfactants science has become a mature discipline but still having room in designing the new 

molecules which will have applications in the areas like nanoparticles, synthesis and environmental 
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friendly consumer products. There is also a lot of room in the area of structure-properties 

relationship and good understanding will hopefully explore many more important uses. The variability 

in the structure of surfactants may be in the hydrophobic part: chain length, number of chains, 

saturation, hydrocarbon or halocarbon, nature of the counter ions and variable nature/charge of the 

hydrophilic head group. The former one has been studied to some extent but the latter one is less 

studied and most of the mentioned applications reflect substrate–head group interactions. Study of 

the structure variability 58in the nature of amphiphilic head group  of surfactants has led us 

to another important class of surface active agents showing molecular structure like 10ionic  

liquids. 1. 4. Ionic Liquids and Surface Active Ionic Liquids 1.2504.1. Ionic Liquids  

(ILs) Ionic liquids  called 103room temperature ionic liquids are organic materials  

composed of cations and anions (anions  may be organic or inorganic) which melt below 

100 ºC. Ionic liquids have actually no significance but just to distinguish them from the molten salts, 

typically inorganic salts having high melting point. So far different categories of ILs have been 

recognized depending upon the constitution but the most widely studied ILs are comprised of 

organic cations containing nitrogen like Imidazole, pyrrole, pyridine, phosphonium, ammonium etc. 

and anions of wide variety such as PF6-, BF4-, triflate or trifluoromethylsulphonate(CF3SO3)−, 

bistrifluoromethylsulphonylimide or bistriflate[(CF3SO2)2N]-, trifluoroacetate(CF3CO2)- etc. [40]. 

Amongst the different classes of ILs, Imidazolium based ILs have been most widely studied, which 

have potential applications in industries and technology such as synthesis, catalysis, solvent 

extraction as well as electrochemical processes [41]. 1.4.2. 16Surface Active Ionic Liquids  

(SAILs) ILs of lower alkyl chain length  i.e., n < 6 does not form any self-assembly and 

those with n = 6 form monolayer at the interface, but does not form any noticeable self-assembly in 

the bulk. However, ILs with n ≥ 8 form aggregated structure in the bulk of the aqueous phase [42]. 

As some of the ILs show self-assembly and this situation allows 140exploration of the  

molecular solvophobic effect and also improves the current understanding of  

javascript:openDSC(40663346,%2037,%20'71201');
javascript:openDSC(40663346,%2037,%20'71201');
javascript:openDSC(593190113,%2037,%20'60506');
javascript:openDSC(593190113,%2037,%20'60506');
javascript:openDSC(593190113,%2037,%20'60506');
javascript:openDSC(592442718,%2037,%20'71340');
javascript:openDSC(592442718,%2037,%20'71340');
javascript:openDSC(592442718,%2037,%20'71340');
javascript:openDSC(592442718,%2037,%20'71340');
javascript:openDSC(42727167,%2037,%20'73569');
javascript:openDSC(42727167,%2037,%20'73569');
javascript:openDSC(42727167,%2037,%20'73569');
javascript:openDSC(583308621,%2037,%20'61781');
javascript:openDSC(583308621,%2037,%20'61781');
javascript:openDSC(583308621,%2037,%20'61781');
javascript:openDSC(583308621,%2037,%20'61781');
javascript:openDSC(48023302,%2037,%20'75640');
javascript:openDSC(48023302,%2037,%20'75640');
javascript:openDSC(48023302,%2037,%20'75640');


amphiphile self-assembly  [43]. ILs start micelles formation as observed in classical 

amphiphiles beyond a critical concentration called CMC. Different techniques have been used for the 

determination of CMC of the studied ILs like surface tension, 1HNMR, fluorescence spectroscopy, 

electrical conductivity, apparent molar volumes, ITC, near-infrared spectroscopy, polarized optical 

spectroscopy, small-angle neutron scattering etc. [44-59]. The model of micelle representing cationic 

IL in polar solvent is shown in Fig. (1.2). This model shows that inward of the sphere consists of 

hydrophobic chains while the shell consists of the hydrophilic head groups. The shell intern is 

surrounded by stern layer and a diffused layer containing counter ions as reported [60]. The 

micellization process, morphology and aggregation number of the aggregates strongly depends 

upon the hydrophilic and hydrophobic groups, hydration capacity of the anions, effect of electrolytes, 

concentration of the counter ions alkyl chain length and solvent effect etc. [57, 60-65]. 

19Owing to the inherent ionic nature of the ionic  liquid, surfactants of this class 

19have special properties and potential applications in many fields [66]. When  

compared with conventional surfactants, the ionic liquid-type surfactants of  

imidazolium family show several advantages due to the existence of the imidazolium  

head group. For example, as cationic micelle systems,  ionic liquid-type surfactants of 

imidazolium family 19would display significantly stronger tendency toward self-

aggregation. The imidazolium head  group due to polarizability 162can be used  

as supra-molecular templates in the preparation of functional materials  and have 

been used 134to modify various types of chemical reactions [67-73]. The reverse  

micelle  of these 210surfactants due to the presence of imidazolium head group  

can accommodate more solute as compared to 134quaternary ammonium cationic  
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surfactants [74, 75]. Fig .1.2:  Model of the micelle structure of a simple imidazolium based 

SAIL (C8mimBr) 1.5. Metallo-Surfactants and Gemini Metallo-Surfactants While exploring nature of 

the head group of the amphiphile, we come across incorporation of the metals cations into the 

amphiphiles so that the metal acts as an integral components of the amphiphile and hence an 

important class of surfactants originate known as metallo-surfactant which is simply called 

complexation of the metal cations of d or f block elements with amphiphilic ligand [76, 77]. These 

complexes have the combined properties i.e. amphiphilic properties like surface activity, self-

assembly and metal physiochemical properties like rich magnetic properties, acid-base properties, 

redox properties, and rich spectroscopic properties. Metallo-surfactants have been remained the 

field of interest due to tremendous applications i.e. catalysts [78, 79], sensitizer for optoelectronic 

device [80-82], probe for magnetic resonance imaging (MRI) [83], template for mesoporous material 

[84], metallomesogen [85, 86] and anthelmintic therapeutic [87]. So far the metallosurfactants have 

been synthesized, the polar head group contains metal center [76, 77], however, new class of 

surfactants complexes have been synthesized in which polar head groups do not contain the metal 

center but is present in the opposite side of the amphiphile i.e., the metal center has been shifted 

from head group to the tail of the surfactant complex [88]. Like classical surfactants, metallo-

surfactants also form self-assembled structure which is generally known as metallo-aggregate or 

metallo-micelle. The morphology of the metallo-micelle depends upon the affinity of metal towards 

amphiphile and structure of the amphiphile [76]. In most of the metallo-surfactants, the amphiphiles 

used are surfactant itself, thus the interfacial behavior of the metallosurfactants are the same as that 

of the surfactants [89]. There are some amphiphiles which are 11equivalent of two single-

chain amphiphiles connected by a spacer in the vicinity of the  head groups called 

as Gemini amphiphile. Gemini amphiphile 11is generally composed of two identical  

sets of amphiphilic head groups and two hydrophobic tails [90, 91]. The11Gemini  

amphiphiles are significant due to their unique solution and interfacial  

properties, particularly because of their low  CMC [2, 92-94]. 11They are also  
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known to self-aggregate into giant micellar structures which bring remarkable  

rheological properties  [93, 95, 96]. Despite of all the potentials of the Gemini surfactant, 

less reports are available in the literature on the Gemini metallosurfactant [97, 98]. Later on, some 

modification have been made in the definition of Gemini metallo-surfactants and it was put forward 

that the metallo-surfactants 25prepared with a surface active ligands can be  

considered as Gemini metallosurfactant where the two ligands act as conventional  

surfactant units and the phosphorous -metal bond acts as a rigid spacer group  [88]. 

1.6. Polymer-Surfactant Interaction Although surfactants are considered as useful materials and 

possess 2number of household and industrial applications yet water-soluble  

polymers have recognized themselves as dispensable in widening the applications  

of the surfactant’s products. Therefore, surfactants  and polymers together are used to get 

synergistic properties [99]. Polymers like polyethylene oxide (PEO) and polyvinylpyrrolidone (PVP) 

are the important species 28because of their dual solubility in water and organic  

solvents.  PEO and PVP have been approved by FDA as nontoxic [100, 101]. These polymers 

can be used as excipient, as a carrier in different pharmaceutical formulations, food and cosmetics 

[102, 103]. Similarity in the 85basic interactions (hydrogen bonding and hydrophobic  

interactions) involved in PEO/water and protein/water stimulate the  interest in these 

polymeric materials [104, 105]. The PEO/water system can be used 51as a model system in  

order to understand the  fundamental bimolecular interactions involved in proteins folding 
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and stabilization where 85hydrogen bonding and hydrophobic interactions play an  

important role.  Surfactants and polymers when used together in a system interact with each 

other, producing properties which are different from the properties of the individual components of 

the system. The mixed systems of the polymers and surfactants in aqueous medium have attracted 

great interest. Because of the interactions between polymers and surfactants, such systems show 

complex behaviors with widen applications and due to this reason such types of system have been 

reviewed in many papers [106-108]. Addition of nonionic water-soluble polymers to aqueous 

surfactants solution form polymer bound micelle [109, 110]. Several aspects of polymer 

boundmicelle have been investigated [111, 112]. A model has been proposed for the morphology of 

the complex which is generally accepted [113]. This model states that the polymer segments reside 

at the inner core and stabilize the interface 53between micellar hydrocarbon core and  

the  water [114]. 53Aggregation number of the polymermicelle is smaller  and 

counter ion binding is lower as compared to free micelle [109, 115-118]. Addition of polymer asserts 

a stabilizing influence on the surfactant micelle as reflected in lower 47value of the CMC  

[110]. Charge of the surfactant28play an important role in the association of the  

surfactant micelle with polymer. It has been evaluated that  anionic micelle of SDS and its 

decyle homologues are well stabilized. Micelle of monoanionic monodecyle phosphate show weak 

association while dianionic monodecyl phosphate does not show any association with the hydrophilic 

polymer, PEO [119-121]. In contrast, the micelles of dianionic 2-dodecylemalonate salts are strongly 

stabilized by PEO as compared to SDS micelles [114]. Nonionic and cationic micelle show negligible 

association with PEO. In other words, aggregation number of cetyltrimethylammonium bromide 

(CTAB) is slightly influenced [122, 123]. So in case of ionic surfactant, 64nature of charge  

on the head group  and counter ion 20play an important role in determining the  

presence and strength of the polymersurfactant interaction. Also the importance of  
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the77nature of the head group of the nonionic and zwitterionic surfactants  

interacting with polymer cannot be denied [124]. Regarding ionic surfactants interacting with non-

ionic polymer, PEO/SDS/H2O is one of the extensively studied system using different techniques 

including 244isothermal titration calorimetry (ITC), surface tension, viscosity, dynamic  

laser light scattering,  fluorescence spectroscopy, small angle neutron scattering, NMR [108, 

109, 115, 125-142]. In comparison, 143interaction between ionic surfactants and non-

ionic  polymer, 143cationic surfactants such as tetradecyltrimethylammonium  

chloride and bromide  (TTAC and TTAB) and PEO have devoted little attention due to 

stronger interaction of PEO with anionic surfactants as compared to cationic surfactants [143145]. 

Most of the experiments carried out regarding polymer-surfactant interaction have been 

concentrated on the properties of the bulk of the solution, provided substantial body information and 

understanding [146-155]. In comparison, the interfacial properties of polymer-surfactant mixed 

system have been explored very little. In the mixed system of polymer-surfactant, 77it is  

generally observed that the surfactant self-associates  forming an aggregated 

structure called critical aggregated concentration (CAC). 41CAC of the polymer-surfactant  

mixed system is usually lower than CMC of the surfactant  by a factor 1-10 [124, 156] or 

100-1000 times lower if the polymer-surfactant system consists of polyelectrolyte and oppositely 

charged surfactant [124]. CAC/CMC ratio can be used to characterize 53strength of  

interaction between polymer and a surfactant,  even this ratio 77gives only  

semi quantitative idea about the interaction [156]. Polymers -surfactants  interactions 

can generally be classified into two types [157]. (a) strong interacting systems (b) weak interacting 
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system. In type “a” system, polymers and surfactants are possessing opposite charges and 

interaction between them is electrostatic. Such system can be used where multi layering of the 

interface is required. The top layer of the interface of such system is of the surfactant due to its high 

surface activity. In case of weak interacting system, surfactants are ionic and polymers are neutral 

and interactions between them are largely hydrophobic. Interfacial adsorption can be enhanced for 

both the components of the system before CMC of the surfactant but after CMC all the loops of the 

polymer can largely be displaced from the interface [157]. The present research report includes 

several aspects of amphiphilic molecules of different classes and interaction of neutral polymer with 

charged surfactants. The amphiphiles have been selected from three different classes (a) 

conventional surfactant (b) surface active ionic liquids and (c) metallo-surfactant. All the amphiphiles 

have been studied by employing some fundamentals and few advanced spectroscopic techniques 

under the effect of additives and environmental factors. Water soluble polymers of different molar 

masses and different concentrations have been mixed with the charged conventional surfactants for 

investigating the interaction in the pre micellar and post micellar region. 1.7 Aims and Objectives 

Aims and 112objectives of the present work are; To study and compare the  

physicochemical 257properties of the surface active ionic liquids,  metallo-surfactants 

and conventional surfactants. To characterize interfacial properties, micellization behavior and 

morphology of the aggregates of the newly synthesized novel silver and gold Gemini 

metallosurfactants. To investigate the effect of Ag and Au insertion over the interfacial, micellization 

properties and micelle morphology of octyl and dodecyl zwitterionic ligands forming Gemini metallo-

surfactants. To summarize the structural effects (hydrophilic and hydrophobic-groups), effects of 

additives and effects of environmental factors such as temperature over the interfacial and 

micellization behavior of the surfactants. To investigate the effect of 51structure of the  

surfactant and molar mass of the polymer  over polymer-surfactant interaction. To reveal 

how anionic surfactant (SDS) interacts strongly with neutral water soluble polymer (poly ethylene 

glycol) as compared to cationic surfactant (CTAB). 28To study the effect of polymer  

addition on the interfacial and micellization behavior  of SAIL. To highlight whether the entire 

polymer loops are displaced from the interface by the surfactants such as SDS and CTAB in the post 

micellar concentration region of the surfactant. To propose a suitable model for the interaction of 
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polymer and surfactant mixed system for potential applications. Chapter-2 Literature Review 

Literature Review 12Compounds like short chain fatty acids are  called amphiphile. 

These compounds consist of two parts, one part is called lipophile which 12has an affinity  

towards nonpolar media and the other part  is called hydrophile which 12has an  

affinity towards polar media. When such molecules  are dissolved in any solvent, for 

example water, then these molecules forms oriented monolayer at the interface. It is because of its 

structure containing lipophilic group which does not like water and as a result the interfacial tension 

of the medium becomes lower. Sometime, amphiphile can be defined as the molecules which are 

capable to be associated in an aggregated structure. These compounds are also named as surface 

active agents shortly called surfactants or tensides. However, the common name amongst the above 

is surfactant, registered originally as a trademark [158]. Basic information about the surfactants, 

structure of surfactants and chemistry of surfactants is found in the classic books of surfactants and 

colloid [159-163]. The most informative source about surfactants 3on the internet is  

Huibers’ the surfactant virtual library, which contains more than 1000 links  [164]. 

Surfactants having an amphiphilic structure behave unusually in aqueous media which can be 

attributed to the presence of the two different groups called 3hydrophilic head group and  

a hydrophobic chain/tail in the molecule.3New functionalized surfactants depend  

critically on the structure and placement of the additional functional groups either in  

the  hydrophilic head group or in the hydrophobic chain (tail). Structural diversity in the 

surfactant molecules can be produced either by hydrophilic head group or by hydrophobic tail, but 

3in fact, it is the nature of the hydrophilic head group, used to classify surfactant into  

different categories such as  nonionic, anionic, cationic, and zwitterionic. Diversity in the 
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structure of the hydrophobic part of the surfactant can be brought about by substituting hydrocarbon 

with fluorocarbon. Fluorinated-surfactants have rigid structure due to 124smaller size of  

fluorine as compared to hydrogen  and hence show 3strong surface tension  

lowering action, good oil and water repellency, chemical and thermal  resistant and 

resistant to oxidation. Hybrid hydrogen-fluorine based surfactants have been synthesized, having 

applications in water based paints [165]. Substitution of hydrocarbon of the surfactant with fluoro-

silicon produced good quality surfactant of lubricating ability, defoamers and 3anti HIV  

activity [165]. There is another class of surfactants called microbial or  bio-surfactants 

having very complicated structure and also 3expensive to produce as compared to  

chemically synthesized surfactants  [166, 167]. Up till now, applications of the surfactants 

in different fields were the domains of single tail and single head surfactants. It was inability of the 

conventional surfactants to be solubilized in hard water and also in cold water which trigger interest 

of the scientists toward alternate surfactant structure. In 1955,Evan investigated alternate structure 

of the sulphate surfactant in which he correlated sulphate group substitution point to micellar 

properties [168]. Stirton et al, synthesized one of the first tunable surfactant called disodium α-

sulphocarboxylates, showing good tolerance in 3hard water, foam stability and  

detergency as compared to their single head counterparts  [169, 170]. In the early 

1980, when 3it became clear that consumer demanding for new and better surfactant,  

interest in the sources of  the non-linear alkyl benzene surfactant increased. Hence, 

investigation for novel surfactants synthesis continued and made it possible to investigate the 

3properties of vitamin E based, sugar based and many other surfactants  [171-173]. 

The most exciting development in surfactant structure explored in the early of 1990, when Menger 
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coined a term “Gemini surfactant” also called as dimeric surfactant for an amphiphile with 

224two hydrophilic groups and two tails linked by spacer  group [174, 175].Such types 

of surfactants were having several advantages over the conventional single head single tailed 

surfactants. For example, lower 124CMC, increased surface activity (pC20), lower  

surface tension at CMC and enhanced solution properties.  A numbers of reviews 

highlighted Gemini surfactants’ properties [2, 176, 177]. However, new functionalized amphiphile 

structures could be synthesized which would depend 3on the nature and placement of the  

additional functional groups. A class of organic compounds with  melting point lower 

than 100ºC, having specific chemical and physical 129properties such as inflammability,  

wide liquid range and negligible vapor pressure  are called ionic liquids (ILS). These 

129liquids have received much attention in the recent years.  Amphiphiles which are 

similar in structure to ionic liquids but also show surface activity are called surface active ionic 

liquids. Surface active ionic liquid based on imidazolium functional group is a new generation of the 

surfactants. ILS having long alkyl chains i.e., alkyl chain length ≥ 8,is 126named as surface  

active ionic liquids (SAILS). Amongst the  SAILS alkylimidazolium salts 150(1-alkyl-

3-methylimidazolium salts, [Cnmim]+ where n is the alkyl chain length)  which 

consists of imidazolium cation (1-alkyl chain (hydrophobic) and imidazolium ring (hydrophilic) 

95combined with anions either organic or inorganic.  Recently aggregation behavior of 

the 95imidazolium cationic family in aqueous solution has also attracted  
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substantial interest [45, 178]. The imidazolium cationic family  salts are the most 

studied group regarding surfactant behavior[42, 45, 178-182]. 213Due to the presence of  

imidazolium head group ionic liquid type surfactants have  several advantages over the 

conventional ammonium type surfactant like their uses 19in the preparation of functional  

materials,  modification of several types of reactions [68, 183-185]. Also, the capacity for 

solute in the reverse micelle of cationic imidazolium ionic liquid-type surfactants is higher than that of 

the quaternary ammonium cationic surfactants [74, 75]. When SAILS is added to water, it behaves 

like conventional surfactant, reducing surface tension of the water and form micellar aggregates. 

Determination of CMC of SAIL is an important factor to characterize the selfaggregation of these 

compounds. It provides information about the surface activity which further facilitates to find the 

applications of amphiphile. The potential of an amphiphiles toward micelles formation depends on 

the nature of amphiphilic ions, as they often contain both the domains i.e., 62hydrophobic  

and hydrophilic. The CMC of SAILS is also dependent on the relative sizes of  

these domains [186]. If the hydrophobic domain is larger, it will result in a lower  

CMC while higher hydrophilic domain will result in a higher CMC.  Temperature 

changes the CMC and often thermodynamic parameters are derived from the measurement of the 

variation of CMC with temperature which plays an important role 16in understanding the  

selfassembly of surfactants. The effect of temperature and the  derived 

16thermodynamic properties of surfactants have been widely studied by  

applying different techniques like surface tension[ 187], light scattering [188] and  
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densitometry  [189]. Addition of second surfactant or the addition of polymer can also be 

used to modify CMC of the SAILS in the way of synergism to get the desired properties [190]. 

Surface activity of SAILS can easily be 10modified by the addition of inorganic salts.  

Up till now, it is well known that for ionic surfactants, addition of the salts  

(electrolytes) reduces repulsion between charged head groups at the surface of the  

micelle  which results in lowering the CMC. 10For ionic materials this effect is  

more significant  as 10salts usually influence the water structure and affect the  

hydrated head group leading to salting-in (kosmotropes) and salting-out  

(chaotropes). If monomers are salted-out by an electrolyte than micellization is  

thermodynamically favored and the CMC is reduced and if monomers are salted-

in, reverse  process is observed [191]. Due to similarity 33in the structure of the  

imidazolium head group of the SAIL and co -surfactants  like oil, show strong interaction 

resulting immobilization of oil on the water/oil interface and forming compact membrane [192]. 

Adsorption of SAIL carrying imidazolium head group on the solid surface produces two-dimensional 

supra molecular nanostructures [193-198] which are used as lateral nanomaterial of templates 

biomimetic or bio mineralization processes [199-202]. The generation of these new types of 

imidazolium based amphiphiles show good antimicrobial activities [203, 204]. Similarly, new 

functionalities are assigned to the surfactants when metals are incorporated into the their molecular 

structure which leads to a new class of amphiphilic molecules known as metallo-surfactants [205]. 

Therefore, it can be said that metallo-surfactant is an amphiphilic (d or f block) metal complexes 

which show surfactants properties like interfacial activities and formation of the metallo-micelle 

[76,206]. These complexes possess combined properties of the amphiphile like surface activity, self-

assembly and metal physiochemical properties like rich magnetic properties, acid-base, redox and 
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rich spectroscopic properties. As a hybrid of the two species(amphiphile and metal) and due to 

tremendous applications like catalysts both homogeneous and heterogeneous, metallo-surfactants 

have been the field of interest from a long time [86, 207-209]. Metallo-surfactants are also known to 

be used as sensitizer for optoelectronic device [81, 82, 210-212], as a probe for magnetic resonance 

imaging(MRI) [213], templating mesoporous material [214], metallomesogen [85, 86], and 

anthelmintic therapeutic [87]. Metallo-surfactants formed from amphiphile and metal in which 

amphiphilic ligand head group (containing the donor) donates/coordinates to the metal center. The 

resultant metallo-surfactants comprise of 29polar head group (contains metal) and the  

hydrophobic tail [76]. However, few of the  metallo-surfactants have also been reported in 

which the polar head group does not contain the donor group, though donor group is present at the 

opposite side which coordinates with the metal and thus shifting the metal center from polar head 

group to the other end. Phosphine based ligands have been discussed in detail for such type of 

metallo-surfactants [77]. Micellization is the basic property of all the metallo-surfactants forming 

intricate structure, simple one is the metallo-micelle generally known as metalloaggregate [76]. The 

morphology of the metallo-aggregates is affected by affinity of the metal towards amphiphile and 

structure of amphiphile as well. The resultant morphology of the metallo-aggregates can be 

spherical, vesicle or worm like depending upon the metal and amphiphile used [76]. In most of the 

metallosurfactants, the amphiphiles used are surfactants itself. Thus, the interfacial behavior of the 

metallo-surfactant is the same as that of the surfactant used [89]. But, there are few amphiphiles 

which are equivalent to 11two single-chain amphiphiles, connected by a spacer  

group in the vicinity of the  head groups called as Gemini amphiphile. The Gemini 

amphiphile 11is generally composed of two identical sets of  an amphiphilic head 

group and a hydrophobic tail [90, 91, 215]. The 11Gemini amphiphiles are significant  

due to their unique solution and interfacial properties particularly because of their  

low critical micelle concentrations  [2, 92-94, 216]. 11They are also known due  
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to self- aggregation into giant micellar structures, bringing about remarkable  

rheological properties  [93, 95, 96]. Despite all the potential that Gemini surfactants are 

having, they are less reported [97, 98]. Later on some modification have been made in the Gemini 

metallo-surfactants and it has been reported that 25metallosurfactant prepared with a  

surface active ligand could be considered as a Gemini metallo -surfactant, where  

the two ligands act as conventional surfactant units and the phosphorous -metal  

bond act as the rigid spacer group  [98]. A number of metals including Cadmium(ll) [217, 

218], Chromium(lll) [219], Cobalt(lll) [219-221], Copper(ll) [221-225], Iron(ll) [226], Nickel(ll) [225], 

Ruthenium(ll) [227], Zinc(ll) [217, 218], Ag(l) [98] and Au(l) [98] have been studied for the preparation 

of the metallo-surfactants. The surfactants due to hydrophobic effect adsorbed 65at the  

interface even at low concentration. The  process of 100adsorption of  

surfactants at the interface  may be due 3electrostatic interaction, van der  

Waal interaction, hydrogen bonding, solvation and de -solvation of the adsorbate and  

adsorbent. The surfactants when adsorbed at the interface provide an expending force, reducing the 

surface tension 3at least up to CMC. This phenomenon has been illustrated by the  

Gibbs adsorption equation which helps to calculate the packing  densities and 

240area per molecule of the surfactants in the  adsorbed monolayer [228]. Detail 

explanation of the interfacial adsorption mechanism and adsorption kinetics has been reported by 

Eastoe, Dalton and Langevinin their reviews [229, 230] while Miller et al, has reviewed the interfacial 

rheology [231]. Adsorption of surfactants at the interface, increases interfacial viscosity, stabilize the 

emulsion and foam by reducing the coalescences of the droplets (bubbles) [232, 233]. Similarly 
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presence of the mixed surfactants in solution, adsorption is more pronounced and very viscous 

surface can be obtained [234]. When ionic surfactants adsorb at the interface, the interface becomes 

charged. This charged surface influences the 3nearby ions in the polar medium and as a  

result an electrical double layer is formed consisting of the charged surface, counter  

ions and  co-ions near the surface. The surfactants adsorption process results in the charged 

interface which is effectively used to stabilize the dispersion of 3droplets, particles or  

bubbles due the electrostatic repulsive forces  of the interfaces [158, 235, 236]. 

3Adsorption is of considerable scientific interest because surfactants can adsorb  

as individual molecules or as surfactants aggregates. Ionic surfactants adsorb  

through electrostatic interaction on the opposite charged surfaces as most minerals in aqueous 

solution have charged surfaces while non-ionic surfactants adsorb 12via hydrogen bonding  

or attractive dispersion forces  [158, 237]. 3Several mathematical models have  

been put forward to explain the adsorption isotherms.  In adsorption isotherm, there is 

specific region which is responsible for the driving mechanisms of the surfactants adsorption. If 

concentration of the surfactant is low then surfactant adsorption can 12be described by  

“Henry law” and12simple electrical double-layer model is  suited[238242]. In this 

region of adsorption, the molecules of ionic surfactants adsorbed 3as individual ions  

showing no mutual interaction while non-ionic surfactants molecules interact with the  
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surface through hydrogen bonding  or hydrophobic interactions [239, 240, 243, 244]. At 

higher concentration, 184hydrophobic interaction begins between the tails of the  

surfactant molecules, causing the  surfactants to associate into aggregates in such a way 

that head groups of the surfactants are towards the surface [239, 244]. Concentration of the 

surfactants at which aggregation starts at the surface is called hemi micelle concentration or ad 

micelle concentration. In hemi micelles, all the 47head groups of the surfactants face the  

surface. In admicelles, some of 47the head groups of the surfactant  molecules do not 

orient towards the surface [239, 240, 245-248]. Another adsorbed structure is the 

47formation of a bilayer of surfactants  at higher concentration. In bilayer surfactants 

monomers head groups face the surface 125in the first layer while in the second layer,  

surfactant  molecules are facing the bulk of the solution [249]. Factors affecting adsorption of 

the surfactants at solid interface are temperature, salinity, hardness of the brine, pH of the solution, 

surface type, and wettability [250-252]. Interfacial adsorption of the surfactants at liquid –liquid 

interface may affect the 31emulsion stability by lowering interfacial tension, effective  

Haymaker constant, increasing surface elasticity, electrical double layer repulsion  

and surface viscosity.3The nature of the surfactant determines the arrangement of  

the  dispersed phase and continuous phase in emulsion which can be explained by different 

approaches in which HLB is dominant [253-255]. HLB is the 38scale ranges from 0-20 for  

non-ionic surfactants. If HLB  is less than 9, surfactant is lipophilic 3(oil soluble)  
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and if HLB > 11, surfactant is hydrophilic (water soluble).  Generally, emulsifiers of water 

in oil emulsion have HLB range from 123-8 and oil in water emulsion, emulsifiers has HLB  

range 8-18. Various compilations and equations 223have been used to determine the  

HLB of the emulsifiers  [253, 256-259]. HLB is a scale used to determine the emulsification 

3characteristics of an emulsifier but not its efficiency.  A higher HLB emulsifier 

promoting O/W emulsion may not have high efficiency for a specific system; therefore, mixture of 

emulsifiers has-been used to get high efficiency with final HLB of the same value. These 

132mixed emulsifiers may form complex at the interface and as a result low  

interfacial tension and strong interfacial film  may form. Solubility of the surfactant 

changes with temperature, therefore, HLB may also change 111especially for non-ionic  

surfactants. A surfactant which stabilizes the O/W emulsion at low temperature invert  

to W/O emulsion at high temperature. The inversion temperature  of 3O/W to  

W/O emulsion is called phase inversion temperature  [260]. All types of surfactants; 

classical, surface active ionic liquids (SAILs)and metallo-surfactants if present in low concentration in 

aqueous media, act as simple electrolytes but at higher concentration many molecules gather, form 

an organized structure called micelle. Hiemenz and Rajagopalan illustrated the micelle structure and 

were of the view that hydrophobic part of the surfactant falls in the interior of the micelle while 

hydrophilic part of the surfactant face the aqueous media. This is due to the unlikeness of the 

hydrophobic part to be in contact with water and likeness of the hydrophilic part of the surfactants to 

be in contact with water [261]. Thermodynamic description of the micellization process includes 

3both electrostatic and hydrophobic contribution to the overall Gibbs energy of the  
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system.  The limited solubility of the hydrophobic part of the surfactants in water is called 

hydrophobic effect while the mutual repulsion between the hydrophilic parts of the surfactants is 

called electrostatic 12effect. The hydrophobic Gibbs energy of the process is the  

energy  of transferring hydrocarbon portion from 3hydrocarbon solvent to water.  

Considering Gibbs energy in terms of entropic and enthalphic contributions,  it is 

the significance of the hydrophobic effect that entropic contribution is dominant. It means that 

94transfer of the hydrocarbon portion from the organic solvent to the water  results in 

3increase in the Gibbs transfer energy [262]. While decrease in the entropy is  

thought to be due to the breaking down of the  hydrogen bond and formation of the new 

structure 3around the hydrocarbon chain named as iceberg. Presence of the  

hydrophobic species  promote the icebergs due to which entropy increases while 3to  

minimize the entropy effect, the icebergs tend to cluster  as water molecules are 

involved in this clustering process which is favored enthalphically but unfavored entropically [263]. 

Result of the overall process is 3to bring the hydrocarbon molecules together known  

as hydrophobic interaction. Molecular interactions  and dispersion forces 

cooperatively work 94to remove the hydrocarbon chain from water leading to the  

hydrocarbon chain association. One of the  most important properties of the surfactants is its 

CMC. This is the concentration of the surfactants at which physical properties of the surfactants 

abruptly change or the concentration at or above surfactants form aggregated structures. Physic-
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chemicals properties of the surfactants below and above CMC are quite different [3, 262-269]. Below 

CMC, ionic surfactants behave like strong electrolyte but above CMC, electrolytic properties of the 

surfactant change dramatically [270]. In pseudo phase model, CMC is the 12maximum  

solubility concentration of the monomer in the solvent  used. 12Micelles are  

treated as separate phase  in Pseudo phase model; therefore, CMC is very useful value 

which discusses the association behavior of the surfactants. It is due to this reason that CMC is 

frequently measured and used to discuss micellar parameters [264]. The CMC values measurement 

is important in all the processes such as interfacial tension lowering, suspension stabilization, 

promotion foam stability and emulsion stability. Surfactants concentration must be 127above  

the CMC values because the greatest effect of the surfactants is  above CMC [236, 271]. 

3CMC is also of great interest because at or above the CMC, adsorption of  

surfactants at  interface nearly stops (interface is saturated) or CMC is the maximum adsorption 

concentration of the surfactant. The CMC values can be obtained by plotting appropriate physic-

chemical properties against surfactant concentration and the concentration at which physicchemical 

property abruptly changes represents the CMC. Different methods have been applied to measure 

CMC of the surfactant like surface tension, calorimeter, conductivity, scattering techniques, NMR 

spectroscopy, Fluorescence spectroscopy, UV/Vis, IR spectroscopy etc. [272, 273].CMC values 

under different conditions are required for the applications of surfactants in industrial processes. 

Conductiometery, calorimetery and NMR techniques have been used to measure the CMC values of 

ionic surfactants under ambient conditions or under conditions of high temperature and pressure 

[274-280]. Surface tension and dynamic foam stability have been used for the measurements of 

CMC of non-ionic, zwitterionic surfactants under the conditions of high concentration of electrolytes 

where in such cases conductiometry is not suitable [281-283]. It has been noted that CMC values 

show some variation with changing the experimental conditions and also with changing the 

experimental techniques [276]. The value of CMC is dependent 185on the nature of the  
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hydrophilic head group but main effect on the  CMC comes 3from the charge of the  

hydrophilic head group. The CMC value of ionic surfactant (DTAC) is 20mM while  that 

of nonionic surfactant called hexaethylene glycol mono-dodecyle ether(C12E6) having the same 

hydrophobic chain length (dodecyle) is 0.09mM [273, 284, 285]. CMC values 3show little  

dependency on the nature of the counter  ions. If the counter ions are changed from NaDS 

to Cu(DS)2, CMC value changes from 8mM to 1.2mM [286, 287]. Little dependence of CMC of the 

surfactants over temperature and pressure has been observed [288-290]. Greater increase in CMC 

of some of the surfactants has been observed if temperature increases then 100ºC [282, 283]. The 

effect of additives over CMC of the surfactants is complex and depends whether the additives are 

3solubilized in the micelle or in inter-micellar solution or not. CMC of  ionic surfactants 

linearly depends on the added electrolytes concentration while CMC of nonionic surfactants has 

been affected very little by the added electrolytes [291-295]. Nature of the additives (electrolytes) is 

the dominant factor affecting CMC of the surfactants. Addition of n- alcohols decreases CMC of the 

surfactant. On the other hand, addition of urea has very little effect over the CMC of the surfactants 

[296-298]. 81Effect of the addition of one surfactant to another surfactant solution  may 

also change CMC of each other by forming mixed micelle which have synergetic properties and can 

be used in 3personal cleaning products, hair care and laundry aids  etc. [299]. Mixing 

of the surfactants in a solution shows synergistic properties having wide applications in many 

products. Similarly, mixing of the polymers and surfactants together in a solution do have many 

applications. Because of the interactions of the polymer and surfactant, these mixing ingredients in 

formulations can affect the properties of each other and hence the overall properties of the products 

can be beneficial or adverse. It is therefore, important to have basic knowledge of the polymer-

surfactant interactions, factors affecting interaction and properties of the products formed as a result 

of such interactions. Indeed polymer-surfactant interaction has been a field of interest due to its 

importance in many fields and also in academic sector it is continuously growing. Study of the 

interactions between non-ionic 1water soluble polymers and surfactants has been  
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originated from the interactions of  the 9natural polymers called proteins and natural  

surfactants known as lipids.  Study of the mixture of natural polymers 9and synthetic  

surfactants carried out in the  period 19401950 has been considered as the origin of the 

polymer-surfactant interaction [300, 301]. As polymer-surfactants interactions act as a simple model 

to understand the biological binding processes, for instance as in cell membranes, therefore, this 

field has been investigated in terms of synthetic polymers and synthetic surfactants. The work on the 

mixture of 9synthetic uncharged polymer and ionic surfactant was initiated by Saito  

and  published his first extensive work in the field of polymersurfactant interaction. His two 

major observations were (i) Viscosity of an aqueous solution of PVP increased upon addition of SDS 

(ii) solubilizing power of SDS solution increased upon addition of PVP. He proposed that at lower 

surfactant to polymer ratio, surfactant molecules were found bound individually to polymer through 

dipolar 6interaction between the head group of the surfactant and polar site on the  

polymer. In this case surfactant molecules were expected to lie parallel to the polymer chain. He also 

stated that polymer-surfactant complex(polymer-micelle) structure was not clearly established [302]. 

Cationic surfactants and various anionic polymers were also studied in the same time by Scott and 

and his co-workers [303]. In contrast, Cabane attempted to explore the morphology of the 

51structure of the polymer-surfactant complex from the study of  aqueous PEO/SDS 

system and established a contemporary model [304]. Jones et al, 233investigated the  

effect of chain length of the  surfactant over polymer-surfactant interaction and concluded 

that surfactants are lying parallel to the polymer chain [139]. It was obvious from their work that 

changing the ratio of the surfactant chain length to the polymer chain length, changes the saturation 

concentration of the polymer. In other words, increasing 226chain length of the  

surfactants lowered the saturation concentration of the  polymer. It was also reported later 

javascript:openDSC(58647428,%2037,%20'27384');
javascript:openDSC(58647428,%2037,%20'27384');
javascript:openDSC(40637745,%2037,%20'66469');
javascript:openDSC(40637745,%2037,%20'66469');
javascript:openDSC(40637745,%2037,%20'66469');
javascript:openDSC(40637745,%2037,%20'66473');
javascript:openDSC(40637745,%2037,%20'66473');
javascript:openDSC(40637745,%2037,%20'66473');
javascript:openDSC(40637745,%2037,%20'66475');
javascript:openDSC(40637745,%2037,%20'66475');
javascript:openDSC(40637745,%2037,%20'66475');
javascript:openDSC(14546395,%2037,%20'56759');
javascript:openDSC(14546395,%2037,%20'56759');
javascript:openDSC(728584704,%202909,%20'23292');
javascript:openDSC(728584704,%202909,%20'23292');
javascript:openDSC(47963570,%2037,%20'76368');
javascript:openDSC(47963570,%2037,%20'76368');
javascript:openDSC(47963570,%2037,%20'76368');
javascript:openDSC(6544112,%2037,%20'72097');
javascript:openDSC(6544112,%2037,%20'72097');
javascript:openDSC(6544112,%2037,%20'72097');


that increasing 243chain length of the surfactant, strengthened the interaction between  

polymer and  surfactant. Anghel, 80investigated the interaction between non-ionic  

polymer and ionic surfactant and found that34surfactant molecules are bound to  

the polymer  giving polymer-bound micelle before getting CMC of the surfactant. He also 

found that process of the polymer bound micelle formation is an endothermic one with the entropy 

gain called positive entropy which is due to the disruption of the water cage surrounding the polymer 

structure as a result of micellization [305]. Tanushree. C 141et al, investigated the  

interaction between water soluble polyelectrolyte called Polyanion sodium salt of  

carboxymethylcellulose (NaCMC) and opposite charged surfactant (CTAB).  He observed 

that interfacial interaction and bulk complexation occurred simultaneously as a result of electrostatic 

attraction. Further, wrapping of the polyanion around aggregated structure of surfactant was noted 

and as a result size of the aggregates decreased. Entropy increased 2as a result of the  

complexation due to expulsion of counter ion from the area around the surfactant  

aggregates. Hydrophobicity of the aggregated complex also increased due to  

electrostatic  attraction between the components of the mixed system. They also noted that 

when CTAB was added in excess to the solution of polyelectrolyte, it led to coacervation where 

polymer molecules were surrounded by the hydrophobic core of the aggregated structure [306]. J. 

Matta, P. Bahadur, studied polymer-surfactant interactions with the effect of electrolytes. Their 

results showed that 197addition of electrolyte (NaBr) to the polymer solution  

decreased the  cloud point, shifted CMC to the lower temperature and increased surface 

activity of the polymer. They concluded that sodium dodecylsulphate interacted strongly with 
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nonionic polymer as compared to the interaction of DTABr with the same polymer which diminished 

when added NaBr [307]. Wang et al, while studying the interaction between charged copolymer and 

opposite charged surfactant concluded that binding between the components was charge to charge. 

Saturation of the copolymer occurred when charge to charge ratio became equal revealing that 

charge to charge neutralization was 209between the cationic head group of the  

surfactant and  anionic carboxylate site of the polymer [308]. Karine. B. Busserolles et al, 

investigated the interaction of ionic surfactants (NaDS) and (CATB) with hydrophobic polymer and 

compared their thermodynamics properties. Results of the thermodynamic properties showed large 

variation near CMC which they attributed to the structural changes occurring in the micelle structures 

of the surfactants due to complexation with the added polymer [309]. Asit. B. Mandal, studied the 

properties of the associative structure formed between 2CTAB and cetylpyridinium  

chloride (CPC) in aqueous solution using cyclic voltametric technique. He calculated  

CMC, self-diffusion coefficient and hydrodynamic radius of the micelle  of the 

system studied. Results of the calculated parameters showed weak interaction between the 

components of the mixture [310]. Peng Yan et al, investigated PEO effect over the equimolar mixed 

Sodium decylsulphonate (NaDSO3) and Decyltrimethylammonium bromide (DTAB). Results 

indicated that addition of PEO was showing no obvious interaction with the mixed cationic-anionic 

equimolar mixed system below CMC but above CMC, PEO addition dramatically changed the 

morphology of the aggregate and formed vesicle aggregated structure. Mixing of PEO and equimolar 

cationic-anionic surfactants could be used to produce stable vesicle, size of which could be 

controlled by changing the total surfactants concentration and varying concentration or molar mass 

of PEO. Effect of PEO addition over the vesicles morphology of the cationic-anionic surfactants 

could be explained by AsakuraOosawa model [311]. Guomin Mao et al, while studying the 

micellization and phase separation behavior of the 163triblock copolymer [P(EO)103  

P(PO)39 P(EO)103]  with effect of electrolytes and temperature, 138concluded that  

multivalent salts like carbonates are more effective in promoting the micellization  
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of the polymer under study as  compared to monovalent salts. Furthermore, addition of low 

concentration of the salts promotes micellization at ambient temperature 253due to  

hydrophobicity of the PPO blocks  [312]. Eloi Feitosa 110et al, studied the effect  

of sodium sulphate (Na2SO4) over the CMC of  Cetyltrimethylammonium sulphate (CTAS) 

and concluded that addition of salt decreased the CMC till it got 10mM where further addition of the 

salt was having no prominent effect over CMC of CTAS. Similarly, effect of Na2SO4 on area per 

molecule of CTAS indicated that in first instant, it increased and then remained constant [313]. Ali 

Modaressi 64et al, studied the effect of ammonium based ionic liquids  and temperature 

over the micellization behavior of CTAB in aqueous solution. They observed from their results 

1that CMC of CTAB decreased with the addition of  ionic liquids which was 

127attributed to the formation of the mixed micelle. On the other hand, CMC of  CTAB 

alone and its mixed system with ionic liquid increased with increase of temperature [314]. Y. C. Han 

et al, concluded from their study of ethanol effect over CMC of CTAB and stated that CMC of CTAB 

decreased as content of ethanol increased and aggregation number of CTAB micelle decreased due 

to the structure breaking role of ethanol [315]. Y. M. Li et al, studied the interaction between anionic 

polyelectrolyte called carboxymethylchitosan (CMCHS) and cationic surfactant (CTAB). It was 

observed that aggregates of CTAB with CMCHS formed at lower concentration and it was due to 

electrostatic interaction between the components [316]. Raoul Zana et al, studied the interactions 

between PEO and PVP with cesium tetraalkylammoniumdodecylsulphate where alkyl = methyl to 

butyl and also the effect of the nature of counter ion. It was concluded that CAC/CMC ratio was 

independent of PEO and PVP but approached to unity as the counter ion size increased [156]. H. 

Desai, studied micellization behavior of 2Poly(methylmethacrylate-b-ethylene oxide  

(PMMA-PEO) and poly( butylmethacrylte -b- ethlene oxide (PBMA-PEO) in aqueous  

solution with the effects of additives (NaCl and urea). NaCl has decreasing while urea has increasing 

effect on the CMC of the polymer under study [317]. H. Gharibi et al, investigated interaction of 
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CTAB with PVP by using potentiometric technique and concluded that CMC of the mixed system 

increased with 14increase in temperature and also carbon chain length of the  

surfactant used but decreased with salts addition [318]. M. K. 2Baloch et al, studied the  

effect of electrolyte and temperature over the micellization behavior of SDS and  

STS  and concluded decreasing effect of both the electrolyte and temperature over CMC of the 

selected surfactants [319]. Gruen, proposed smooth structure for the micelle which was different 

from the three dimensional star like ordered structure proposed by Menger and Hartley. In this 

model, hydrophobic groups are towards the exterior covering the surface of the micelle by acquiring 

packing requirement due to elastic nature which is again opposite to Dil/Flory model. It was further 

concluded from Gruen micellar model that such micelle formed due to unfavorable hydrocarbon 

water interaction so as to minimize the ratio of surface area to volume. On the other hand, repulsive 

interaction prevailing 103among the head group of the surfactant molecules within the  

micelle resulted in decreasing the  aggregation number and at the same time increasing 

surface area to volume ratio and also decreasing micelle disparity. It was also concluded in these 

references that micelle is a dynamic not static structure. Monomer-micelle exchange occurs in 10-3 

to 10-8 sec depending upon the surfactant chain length [285, 320-324]. Arai. H 178et al,  

studied the micellization behavior of a series of  sodium alkylsulphonate (Cn H2n+1 

OSO3Na) with and without PVP and observed that transfer of CH- 6group from aqueous  

environment to the aggregate environment of the  polymer-bound aggregate or surfactant 

aggregate, for which free energy 1.1KT. It was concluded also from the experimental observations 

that CnH2n+1 OSO3Na adsorbed on PVP coil [325]. In addition, it was concluded that above a 

minimum molecular weight (MW) and the concentration at which saturation of the polymer occurred 

and then after that interaction became independent of the MW and concentration [303, 326, 327]. 
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Breuer and Robb, 215studied the interaction of cationic and anionic surfactants with a  

series of  six polymers of different hydrophobicity and Jones studied the interaction of polymer-

surfactant with surfactant of different alkyl chain length and founded different strength of interaction. 

Polymer of higher hydrophobicity or surfactant with long alkyl chain length indicated greater 

interaction. It was also concluded that hydrophobic interaction also prevailed between the polymers 

and the surfactants besides the other interaction forces [139, 328]. Enhance reactivity of the more 

hydrophobic polymers with surfactants was further assessed by Godard, Leung and 

Ananthapadmanabhan. They used empirical method and measured lowering of the 

131surface tension of water with the addition of  polymer alone having concentration 

ranging from 0.1-1%. Concluded that polymers which lower the surface tension interact with the 

surfactant through hydrophobic force and the polymers with no surface activity are not interacting 

with the surfactant through hydrophobic force [329, 330]. S. M. Goreishi, investigated the interaction 

of non-ionic polymers with binary mixture of the cationic surfactants (tetradecyltrimethlammonium 

bromide and tetradecylpyridinium bromide) using EMF and isothermal titration microcalorimetry. 

They explored the role of hydrophobic interaction with addition of electrostatic interaction for the 

formation of stable polymer-surfactant complex [331]. Lange et al, when observed the increase in 

viscosity 41of the polymer-surfactant mixed system, concluded the coil expansion of  

the polymer  as a result of interaction with the surfactant while increased solubility of the 

polymer-surfactant mixed system has been attributed due to compactness of the complex formed 

[332]. Shirahama, did not believe in polymer-micelle formation below CMC but above CMC, he 

proposed that polymer could be bound at the surface of the micelle which would 100lead to  

the reduction of the core water contact and  stable polymer-micelle complex would be 

resulted. He also suggested lower aggregation number for the polymer-micelle complex [333]. 

Tokiwa and Tsujic, proposed that micelles of surfactants are formed at the polymer chain [334]. 

Cabane studied PEO-SDS system using 13C, 1H, and 23Na NMR and proposed a model for 

polymer-micelle complex which was generally accepted. According to him, hydrophobic part of the 

surfactant resided in the core of the polymer-micelle complex [304]. Phenyldecanoate-PEO system 
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was studied by Cabane and Kwak using NMR and were of the view that PEO would stay in the 

interior of the micelle [304, 335]. It was also explored by them that micelle bound to the polymer 

through both hydrophilic and relatively weak hydrophobic force would be having smaller aggregation 

number. It was further explored that strength of 53interaction between polymer-

surfactant changed with the change in head group of the  surfactants [117, 302, 331, 336]. 

Two different models of the polymer-surfactant aggregate were put forward.(a). polymer residing at 

the surface of the micelle, decreased the aggregation number of the aggregate. (b). polymer residing 

at the interior or core of the micelle, increased the aggregation number of the aggregate. Short chain 

alcohol decreased the aggregation number indicating that short alcohol resided at the micelle’s 

surface whereas long chain alcohol increased the aggregation number showing that long chain 

alcohol stayed in the interior of the micelle [337, 338]. Nagarajan, studied and concluded free micelle 

formation and also pointed out free micelle formation before polymer saturation point. The surfactant 

activity decreased 2with the increased in polymer concentration. The activity of  

surfactant reached to minimum point for free micelle formation before  polymer is 

saturated [339]. Simon 2Tanaka et al, studied the interaction among ionic and non-

ionic surfactant and concluded that  such type of interaction played a vital role in 

dissolution of nonionic surfactants [340]. Millan 34et al, studied the effect of temperature  

over the micelle aggregation number of  mixed system of ionic and non-ionic surfactant. They 

were of the opinion that that 108with the increase in temperature, the aggregation  

number of the micelle of ionic  surfactant (zwitterionic and ionic) increased but for non-ionic 

surfactant (Tritron x-100) opposite result were obtained [341]. These observations probably showed 

2more similarity for poly(ethylene glycol) ether type surfactants than for nonionic  
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surfactant. For example, aggregation number of P-D-n-Octylglycoside  showed 

inconsistent increase like n = 68 (at 20oC), n = 84 (at 30oC), n =72 (at 50oC) [111]. Mata et al, 

studied the effect of 2surfactant and electrolyte over the CMC of the polymer and  

observed that the addition of NaBr decreased the cloud point, increased the CMC  

as well as the  activity of the polymer. 70On the other hand, increase in temperature  

and surfactant concentration decreased the  micellar growth indicating complex’s formation 

of the polymer-surfactant. He further concluded that non-ionic polymer strongly interacted with 

anionic surfactants as compared to cationic surfactant [307]. Sastri, studied the associative behavior 

of the amphiphilic polymers with surfactant and gave detailed 137information about the  

effect of structure of polymer and surfactant  head group over the interaction. He also 

concluded that both anionic and cationic surfactants strongly interact with associated and 

unassociated copolymers but the interaction varied with alkyl 28chain length and head  

group of the surfactant.84Critical aggregation concentration (CAC) is the  

concentration of the surfactant at which  it started interaction with the polymer. CAC was 

found 195lower than the CMC of the surfactant. From these arguments, it was  

suggested that  hydrophobic interaction started prior than the hydrophilic interaction between 

the components of the system. Addition of the surfactant to the block copolymer PEO-PPO-PEO 

showed that micellization got suppressed and de-micellization started if surfactant concentration was 

high but demicellization was not observed in PS-PEP system in water. It was also observed that 

2when the hydrophobic core changed from PS to PB, the surfactant micelle  
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morphology also changed from cylindrical to spherical [342]. M. S. 2Bakshi et al, studied  

the triblock copolymer L64 with different surfactants like SDS,2DTAB, 3-(N, N  

dimethyldodecyl ammonio) propane sulphonate and dimethylenebis  

(dodecyldimethylammonium bromide)  in the temperature range 1545ºCusing 

2steady state pyrene fluoresce, conductivity and viscosity measurements. They  

concluded that at relatively high temperature,  CMC of the mixed system got decreased 

showing attractive interaction. Results obtained from the different parameters confirmed mixed 

micelle formation of the systems [343]. 251Md. N. Islam and T. Kato, studied the micellar  

and  adsorption 2behavior of diethylenegylcolmono -n-tetradecylether (C14E2) and  

sodium 3,6,9,12-tetraoxaoctacosanoate (TOOCNa) using film balance and  surface 

tensiometery. They observed that CMC of C14E2 indicated no change 155while that of pure  

TOOCNa and its mixture with C14E2 decreased with increase in temperature.  They 

also concluded from 37these results that with increase in temperature, dehydration of  

the  head group of TOOCNa occurred and as a result decrease in size of the head group was 

noted which in turn decreased the repulsive interaction 59between the head group and  

thermal motion of the adsorbed molecules. Further, C14E2 insertion into the  

TOOCNa monolayer made lower the repulsion between  head groups which resulted close 
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packing of the adsorbed monolayer [344]. Li et al, investigated electrolyte’s effect over CMC of the 

surfactants and found that surfactants molecules form hydrophobic domains in the presence of 

electrolytes, 2but the clusters formed due to aggregation were totally found different  

from the micelle formed in the homogeneous mixture. It was explained that these  

clusters formed at lower concentration than CMC and number of the  surfactant molecules 

of these clusters were also found lower than the aggregation number of the micelles. It was also 

concluded that addition of the opposite charged ions attracted (electrostatic) the surfactant 

molecules, decreased 74electrostatic repulsion between the charged head groups  

which favored formation of the  aggregates at lower concentration as compared to CMC and 

hence decreased the aggregation number [345]. According to M. Corrin and W. Harkinsthe, CMC of 

the anionic surfactant (SDS) was approximately 6mM which reduced to1.4mM when 150mM NaCl 

was added and 2further reduced to 0. 9mM when the added concentration of the NaCl  

was increased from 150mM to 350mM. The effect of  electrolytes over CMC of 

2other anionic surfactants like potassium laureate, sodium decylsulfate and  

cationic surfactants system like Dodecyl ammonium chloride,  

Decyltrimethylammoinum bromide, Cetyltrimethylammonium sulfate were having  

the same trend as described  elsewhere [153, 346-348]. Decrease in CMC of the 

2ionic surfactants in the presence of electrolytes was due to the fact that the  

electronic environment surrounding the ionic head groups decreased.  Values of 
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CMC of the 2nonionic surfactants also reduced with the addition of the salts to the  

solutions. For example, CMC of Triton X-100 in aqueous solution shifted from 0.24  

to 0. 14mM and  further shifted to 20.08mM when 0. 5M and 1. 0M NaCl was added  

to the surfactant solution respectively [349]. Barbara Simoncic and José Span,  

noted that addition of small amount of NaCl to the surfactant solution decreased  

CMC of the surfactant which was due to the decrease in the electrostatic force of  

repulsion among positively charged head groups within a micelle  [350]. D. O. Shah 

and S. G. Oh, 2explained the counter ion effect in oil/water and SDS system on the  

basis of interfacial tension and emulsion droplet size. The surface tension of  

surfactant solution was correlated with the number of surfactant molecules at the  

surface. For a surfactant189it was found that greater is the concentration of the  

surfactant molecules2at the surface, less would be its surface tension [351].  

Chanchal Das and Bijan Das, studied lithium dodecyl sulfate -salt system and CMC  

was found dependent upon the concentration of the salts and alky chain length. The  

remarkable decrease in CMC with the size of alkyl chain length of the  

quaternaries was probably due to the hydrophobic bonding of these salts with  
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the exposed hydrocarbon on the micellar surface [352]. TTAB–butanol system  

with 0.3mol/ kg concentration of butanol was 2studied by A. Castedo over a  

temperature range  15-357 0C. The 2behavior of these surfactant–alcohol  

systems was analyzed experimentally by conductivity measurements and noted that  

temperature had less effect on CMC of TTAB as compared to butanol [353].  

Shigeyoshi Miyagish et al, studied the solution properties of nonionic surfactants in  

the presence of salts and pointed out that the effect of the added salt was not as  

drastic as in case of ionic surfactants. The CMC of nonionic surfactants  

decreased with the salt concentration but the rate of decrease was different (less)  

as compared to ionic surfactants  [354]. T. Y Nasretdinova 2et al, studied that  

surface tension of aqueous solution of the surfactant in the presence of  

electrolytes.  It was noted that 17CMC of the surfactant decreased by a factor of  

two in  the presences of salt 2as compared to the initial aqueous solutions. From  

the results it was concluded that solubility and CMC of the surfactants sharply  

decreased due to decrease in the degree of the surfactant dissociation [355]. M.S.  

Chauhan et al, investigated the effect of different electrolytes like 1butanol (1-

javascript:openDSC(188548358,%201,%20'36740');
javascript:openDSC(188548358,%201,%20'36751');
javascript:openDSC(188548358,%201,%20'36751');
javascript:openDSC(188548358,%201,%20'36751');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36753');
javascript:openDSC(188548358,%201,%20'36763');
javascript:openDSC(188548358,%201,%20'36763');
javascript:openDSC(188548358,%201,%20'36763');
javascript:openDSC(188548358,%201,%20'36763');
javascript:openDSC(28637469,%2037,%20'52326');
javascript:openDSC(28637469,%2037,%20'52326');
javascript:openDSC(28637469,%2037,%20'52326');
javascript:openDSC(28637469,%2037,%20'52326');
javascript:openDSC(188548358,%201,%20'36767');
javascript:openDSC(188548358,%201,%20'36767');
javascript:openDSC(188548358,%201,%20'36767');
javascript:openDSC(188548358,%201,%20'36767');
javascript:openDSC(188548358,%201,%20'36767');


BuOH), 2-butanol (2-BuOH) and tertiary-butanol (t-BuOH) at  250C, 350C and 450C 

by conductivity method and it was noted that 96in the presence of different alcohols, CMC  

decreased in the order; 1-BuOH< 2-BuOH< t-BuOH. When concentration of these  

additives (alcohol) increased, CMC  further decreased [356]. D. Varade et al, did work in 

detail on the effect of 2NaCl and NaBr over the micellization and structural behavior  

of Cetylpyridinium Chloride (CPYCl) by surface tension, conductance, viscosity,  

and dynamic light scattering (DLS). It was found that with increase in salt  

concentration, micelle size increased above a threshold value while CMC of CPYCl  

decreased [357]. 216Shigeyoshi Miyagishi, Kumiko Okada and Tsuyoshi Asakawa,  

studied and2reported salting-out effect on CMC of N-acyl- Nmethylglucamides (MEGA-

8, MEGA -9, and MEGA -10) for different types of salts by using surface tension  

method. CMC of MEGA-8 and MEGA -9 was measured and noted that addition of  

salt decreased the CMC. This could be further explained that salts of 2: 1 and 1: 2  

types were more effective in decreasing CMC than those of the 1: 1 type. The  

CMC of MEGA-8 decreased from 70 to 32 mM  with the addition of 1.5M NaCl while only 

0.5M of Na2SO4 addition brought the 2corresponding decrease. Addition of 4M NaCl  
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has decreased the CMC from 70 to 8mM while the amount of  calcium chloride 

(CaCl2) 2necessary for the corresponding decrease is 3M [358]. Ali Modaressi et al,  

studied the electrical conductivity of aqueous solutions of HTAB with two  

ammonium based ionic liquids called Propyl-(2-hydroxyethyl)-

dimethylammonium bromide and Butyl-(2-hydroxyethyl)-dimethylammonium  

bromide at different temperature. The data obtained from conductivity method  

were used to determine2CMC as a function of concentration of ionic liquid and  

temperature. CMC of CTAB decreased due to counter ion increase in solution  

which reduced the electrostatic repulsion or formation of the mixed micelles  [314]. 

Liquid-air interfacial and solution behavior of the two surfactants called CTAB and TritonX-100 was 

investigated by S. javadian et al, using tensiometery and potensiometery techniques with effect of 

NaBr. Increase in interfacial adsorption and decrease in CMC was attributed 171to the  

decrease in surface charge density of the surfactant with  increase in bromide ion [359]. 

L. Yu 84et al, investigated the effect of amino acids over the CMC of  CTAB and found 

decrease in CMC of CTAB with amino acid addition. 76Electrostatic and hydrophobic  

interactions were reported between the components of the  system studied [360]. E. 

Dutkiewicz and A. Jakubowska, investigated counter ion effect over the physicochemical behavior of 

SDS and found counter-ion effectiveness order over the decrease of CMC as Na+ < NH4+< K+< 

Mg+2 [361]. Ryszard Zielinski et al, studied temperature and NaBr effect over CMC of aqueous 
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octyltrimethylammonium bromide solution and observed decrease in CMC with 2increase in  

temperature and NaBr concentration [362]. S. K. Mehta et al, worked on the  

micellization behavior of two cationic surfactants (dodecyldimethylammonium bromide  

and dodecyltrimethylammonium chloride) in aqueous media  in the 

255temperature range 288.15-308.15K  using conductiometer. Results of the CMC and 

degree of ionization of DDAB and DTAC 2were competed with DTAB in terms of  

counter ion and alkyl chain  length. 2A typical U shaped CMC behavior was  

observed by DDAB with minima in temperature range 298.15- 303 .15K while linear  

decrease was shown by DTAC  with increase of temperature. It was also concluded that 

changing counter ion from bromide to chloride and 29increase in alkyl chain length in the  

head group, decreased the CMC which  owed to increase in size and hydrophobicity of the 

head group [363]. M. A. Bhat et al, studied transport and equilibrium properties of the aqueous 

solution of dodecylpyridinium chloride (DPC) and cetylpyridinium chloride (CPC) with effect of 

temperature and found a continuous 118increase in the CMC of the selected surfactants  

with increase of temperature.118It was concluded that with the increase in  

temperature, 16structure of the water surrounding the hydrophobic group got  

ruptured which disfavored micelle formation. Degree of ionization and  aggregation 

number also showed linear function with temperature supporting the results discussed [364]. 
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Chapter-3 Experimental EXPERIMENTAL 3.1. Materials The selected materials for the present 

investigations were Polyethylene glycol (PEG) of different molar masses such as 4.0 103, 1.0  104 

and 2.0  104g/mol and two ionic surfactants called N-Cetyle 157N, N, N  

trimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS).  PEGs 

were obtained from Shell Oil Company and were used without further purification. The surfactant 

(CTAB) was obtained from Fluka and SDS was purchased from Merck Germany. Both the 

surfactants were of analytical grade and were used as such. Polyvinylpyrollidone (PVP) of 

40000g/mol, NaCl and Cu(NO3)2 125were obtained from Sigma-Aldrich, Germany and  

were used without further purification.70Double distilled water of conductance  

1.2-2. 5 µS /cm was used as a  dispersion media for the investigation. The long-chain 

imidazolium salt, 163-dodecyl-1-methyl- 1H -imidazol-3-  iumbromide(C12mimBr) was 

prepared by the method described [365 16].Purity of the C12mimBr was checked by 1H  

NMR Spectroscopy. Structure of the  synthesized surfactant is as under. Fig.3.1: Structure 

of 163-dodecyl-1-methyl- 1H -imidazol- 3ium -bromide  (C12mimBr) Zwitterionic alkyl-

imidazolyl propanesulfonate ligands (alkyl is octyl or dodecyl) and its Silver and Gold metallo-

surfactants were synthesized by the “soft matter group” at Cardiff University, United Kingdom. 3.2. 

Synthesis of Surfactants (ligands) and Metallo-Surfactants 3.2.1. General Procedure for the 

Preparation of Sulfonated Imidazolium Zwitterions To a solution of propanesulfonate (3.0 mmol) in 

acetone (4 mL), the corresponding alkyl imidazole (2.0 156mmol) was added and the  

reaction solution was stirred overnight. As the product formed, it was  separated from 

the acetone solution either as a solid (C12 chains) or viscous liquid (C8 chains). The product was 

isolated by separation from the supernatant acetone and was purified by further washings with 

acetone (2 x10 mL). R = C8H17 or R = C12H25 Fig. 3.2: Structure of Zwitterionic alkyl-imidazolyl 
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propanesulfonate ligands where alkyl is octyl or dodecyl 3.2.2. General Procedure for the 

Preparation of N-Heterocyclic Carbene Silver Complexes [Ag(NHC)2] A mixture of the imidazolium 

sulfonate 144(1.0 mmol), silver oxide (0.23 g, 1.0 mmol) and methanol (15 mL)  was 

stirred at 50 °C in darkness for 2.5 hours. Subsequently, NaCl (0.064 g, 1581.0 mmol) was  

added to it at room temperature and the dark grey mixture  immediately turned a pale 

cream colour. The mixture was passed through a short Celite pad to remove unreacted silver and 

inorganic salts. The Celite pad was further washed with ethanol (30 mL). The collected washings 

were evaporated under vacuum to dryness to afford the silver complex as a white solid. The Ag-

NHCs are well soluble in water and methanol, less soluble in ethanol and chloroform, and are 

sparingly soluble in CH3CN. (b) Fig. 3.3 (a and b): Structure of silver metallo-surfactant with octyl-

imidazolyl propanesulfonate ligand and dodecyl-imidazolyl propanesulfonate ligand 3.2 192.3.  

General Procedure for the Preparation of N-Heterocyclic Carbene Gold Complexes  

[Au(NHC)2] The Au(NHC)2 complexes were prepared in situ from the reaction of the corresponding 

Ag(NHC)2 complex with equimolar amounts of Au(tht)Cl where (tht= tetrahydrothiophene) in 

dichloromethane (CH2Cl2). Fig.3.4: Structure of gold metallo-surfactant with alkyl-imidazolyl 

propanesulfonate ligands where alkyl chain is octyl or dodecyl Nome et al, studied the micelle 

formation of the zwitterion named as tetradecyl-imidazolyl propanesulfonate [366]. A limited number 

of reports have been emerged in the past few years on functionalised(NHCs) with tethered 

sulfonated groups. Such NHCs ligands were used primarily to form complexes with group 10 [367, 

368] and group 11 [369-371] metals. At present, we have not come across any study of these 

complexes as metallo-surfactants. 1123.3.Preparation of Solutions 3.3.1. Preparation  

of  Solutions of Polymers Solutions of polymer of different concentrations (1, 0.5 and 0.1%) 

were required to be prepared for the polymer-surfactant interactions study. First of all, solution of 

polymer of higher concentration (1%) was prepared as a stock solution by dissolving the required 

amount of the polymer in the required amount of deionized water. Dilute solutions of the polymer 

(0.5 and 0.1%) were prepared from the stock solution by dilution method. As 232different  
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molar masses of the polymer (PEG) were selected for the study, therefore, the  above 

procedure was applied for the preparation of the polymer solution of the different molar masses of 

the same polymer. 3.3.2. 41Preparation of Surfactants Solutions The aqueous stock  

solutions of different surfactants such as CTAB,  SDS, C12mimBr, ligands (ImS3-8, ImS3-

12) and their metallo-surfactants with Ag and Au having different concentration 48were  

prepared by dissolving the required amount of the sample in the desired volume of  

deionized water. The concentrations of all the stock solutions of the surfactants were higher than 

corresponding values of the CMC. All other 225solutions of lower concentration were  

prepared by serial dilution of the  stock solutions. 3.3.3.Preparation of Polymer-Surfactant 

Mixed 13Solutions Stock solutions of the polymers were prepared by dissolving  pre-

determined amount of the polymers in double distilled water and other 27solutions of  

selected concentration were prepared by diluting the stock  solutions. Then the desired 

amount of the surfactant concentration higher than the concentration for CMC was added to the 

already prepared solution of the polymers for preparing stock solution of the surfactant in polymer 

solution. As the polymer solution was used as solvent for polymer-surfactant mixed system thus 

further dilution of the polymer-surfactant mixed solution was made with the polymer solution of the 

used concentration. 3.3.4. Preparation of Surfactant-Electrolytes Solutions Solutions of the 

electrolytes of the required concentration were prepared by dissolving suitable amount of the 

electrolytes in double distilled water and then added predetermined amount of the surfactant to this 

solution for the preparation of the stock solution of surfactant. Dilute solutions of the surfactant-

electrolyte were prepared by diluting stock solution of the surfactant-electrolyte by adding electrolyte 

solution of the used concentration. 3.4. Procedures and Techniques The physicochemical 

characterization techniques applied in the current work are as under. 3.4.1a. Surface Tension 

Surface tension (γ) is a conventional method but still it is considered amongst the best methods for 
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investigating the amphiphilicity of the amphiphilic materials. 17Digital TE3 tensiometer  

provided by Lauda, Germany was used for the  measurement of the surface tension. 

2The du-Nouy ring detachment technique was employed for the measurements of  

the surface tension of the surfactants (CTAB, SDS) and of their  mixed systems with the 

polymer (PEG) and electrolytes in the deionized water. All the samples were equally equilibrated for 

30minutes before measurement. Effect of temperature was intended to be observed in the range 25-

55 ºC. Desired temperature of the measuring samples 27was maintained by using  

Ecoline circulation thermostat model E015T, Germany which maintained the  

temperature stabilized up to  ± 0.1ºC.Accuracy of the instrument was repeatedly checked by 

calibrating at with deionized water (γwater = 72.0×10-3Nm-1). In order to get consistency in the 

readings, each measurement was 110repeated at least three times and average values  

of the surface tension  were used for further study. 3.4.1b. Surface Tension Determinations 

of the surface tension of the C12mimBr, ImS3-R where R is octyl or dodecyl and their metallo-

surfactants with silver and gold were carried out 51using a maximum bubble pressure  

tensiometer (SITA online t60) with bubble lifetime  10s. Results presented in the 

present work indicated average of twenty discrete measurements per sample. The tensiometer was 

calibrated using the in-built software on ultrapure 221water and checked it for linearity  

with water and ethanol mixtures.33Temperature stability of  0. 5 oC was maintained  

through the use of a recirculating water bath  using the jacketed sample cell. All solutions 
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were equilibrated for at least 30mins before measurement. 3.4.2. 18Small-Angle Neutron  

Scattering Small-angle neutron scattering (SANS) experiments were performed  

on the fixed-geometry, time-of flight LOQ diffractometer at the ISIS Spallation  

Neutron Source, Rutherford Appleton Laboratory, Didcot, UK. This instrument spans a  

Q range  (Q= (4/)sin(/2)) 0.008 < Q < 180.25 Å-1 by using neutron wavelengths  

(λ) spanning 2.2 to 10 Å with a fixed sample-detector of 4. 1m .Samples were  

contained in 2mm path length, UV-spectrophotometer grade, quartz cuvettes  

(Hellma, GmBh ),mounted in aluminium holders on top of an enclosed, computer-

controlled sample chamber. Sample volumes were around 0.  6 cm3. 

23Temperature control was achieved by using a thermostated recirculating bath  

pumping fluid through the base of the sample chamber, achieving a temperature  

stability of ± 0. 2oC. Experimental measuring times were approximately 40 minutes  

per sample. All the scattering data were (a) normalized for the sample  

transmission, (b) background corrected using a quartz cell filled with D2O, and  

(c) corrected for the linearity and efficiency of the detector response by using the  

instrument specific software package.  3.4.3. Conductance Conductance of the aqueous 

javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53673');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(48051627,%2037,%20'53678');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');
javascript:openDSC(3055636386,%202909,%20'23673');


solution of 1surfactants, polymers and of their mixtures were  measured in deionized 

17water using InoLab Cond-720 conductivity meter; Germany. The conductivity  

cell and the vessel used for the measurement were properly cleaned and the  

meter was standardized before use.  Before each measurement, the 

167conductivity meter was calibrated with 0 .01M potassium chloride (KCl) as  

reference solution.  In order to get the desired temperature of the solution, the measuring cell 

having surfactant solution was immersed in water circulating bath 2model E 015T,  

Germany. 3.4. 4 .Laser Light Scattering Measurement The aggregation behavior  

of the surfactants in the absence and presence of PEO in water was studied by  

static and dynamic laser light scattering techniques. The measurements were made  

at different concentrations while keeping the temperature constant. Prior to LLS  

measurements, all the samples were filtered, using a filter with 0.02 µm and 0.25  

µm pore size for the solvent and solution respectively. Instrument used for the  

purpose was DAWN EOS/ QELS supplied by Wyatt U.S.A, with heliumneon laser of  

632.8 nm wavelength as a light source. A cylindrical cell (SV) with a diameter of 2  

cm was used for the purpose.  All the cells and other glassware were washed through 

flooding condense acetone. Chapter-4 Results & Discussion RESULT AND DISCUSSION 4.1. Effect 
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of Structure of the Surfactants, Temperature, Salts and Polymers over the Interfacial Activity and 

Thermodynamics of Interfacial Activity of the Surfactants 4.1.1. Effect of Structure of the Surfactants 

The surfactants whether conventional, surface active ionic liquids (SAILs) as well as metallo-

surfactants when present in low concentration in aqueous media, act as simple electrolytes. Due to 

amphiphilic nature of the surfactant, it 31does not feel at ease in any solvent whether it  

is polar or non-polar because one of the groups of the surfactant does not like the  

solvent and the  other group likes it. That 52is why amphiphilic molecules exhibit  

a very strong tendency to migrate to the interfaces.  When surfactant is added to water, 

due to hydrophobic 128effect of the hydrophobic group of the surfactant,  

the122surfactant molecules adsorb at the interface and orient themselves  in such a 

way 52that the polar group lies in water and the nonpolar group is placed out of  

water (toward the air) [239]. When ionic surfactant adsorbs at the interface, the interface becomes 

charged. This charged interface influences the 3nearby ions in the polar medium and as  

a result electric double layer is formed consisting of charged surface, counter ions  

and  co-ions near the interface. The process of 252adsorption of surfactants at the  

interface  may be 120due to electrostatic interaction, van der Waal interaction,  

hydrogen bonding, and solvation and de-solvation of the adsorbate and of the  

adsorbent. The surfactants adsorbed at the  interface 3provide an expending force  

and reduces the surface tension at least up to CMC.71There are different  
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techniques by means of which amphiphilic character of the surfactants and polymers  

can be measured. Among these techniques, surface tension () is considered to be  

the best conventional method used for the  measurement of surface tension. Surface 

tension measurement is one of the fundamental and a very useful method to study the interfacial 

adsorption and also to calculate packing density of the surfactants. In order to quantify reduction in 

the interfacial tension of water because of the selected amphiphiles, surface tension measurement 

has been made and discussed in detail that helps to sort out the effect of polymer over the interfacial 

behavior of the surfactants and also to compare the surface activities of the selected amphiphiles. 

Fig. (4.1) estimates the interfacial surface tension and interfacial parameters of the surfactant where 

surface tension has been plotted vs. log concentration of the surfactant. This Fig. is helpful to 

understand calculations of the interfacial parameters. In order to understand the interfacial activities 

of the different amphiphiles and polymers, 238surface tension of aqueous solution of  

two amphiphiles and  PEG has been measured using “Digital TE3 tensiometer” and presented 

in Fig (4.2). This Fig. shows curves of the 1surface tension vs. logarithmic concentration  

(ln C) of the aqueous solutions of two surfactants  called SDS and CTAB drawn on primary 

axis and of polyethylene glycol having various molar masses such as 4000g/mol, 10,000g/mol and 

20,000g/mol represented as PEG 4K, 10K and 20K drawn on secondary axis. The surface tension 

curves in Fig.(4.2) of the surfactants and polymers show a conventional amphiphilic behavior that 

82is a gradual decrease in surface tension with increase in concentration of the  

surfactant and polymer which beyond a specific concentration 164further increase in  

concentration does not change the surface tension curve [372]. Thus, the  

concentration at or after which no 27change in surface tension occurs is the  critical 

micellization concentration (CMC) [373, 374]. Fig (4.2) clearly indicates the decaying surface tension 
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curve of the polymer. The surface activity of Fig. 4.1: Schematic representation of the interfacial 

tension and of the calculated interfacial parameters of the surfactant Fig. 4.2: 1Surface  

tension vs. ln concentration of aqueous solution of surfactants and  polymers at 

25ºC the polymer (reduction in surface tension of the solvent) is very low as compared to the 

surfactants. The structural activity relationship of the long chain typical imidazolium ionic liquid was 

analyzed and it was found that it possessed surface activity 16and micelle formation  

leading to surface active ionic  liquid (SAIL) [190, 375]. Fig. (3.1) shows the structure of 

SAIL 73(3-dodecyl-1-methyl-1H-imidazol 3-ium-bromide)  consisting of cation and 

bromide counter ion. The cation in turn is composed of dodecyl hydrophobic part and charged 

hydrophilic head group called imidazolium ring. The structure of 733-dodecyl-1-methyl-1H-

imidazol-3-ium-bromide  (C12mimBr) shows that it may possess properties comparable to 

amphiphile. These functionalities in the structure of C12mimBr 10are related to the  

surfactant which gets adsorb at the surface either as gas, liquid or solid with the  

hydrophilic ends of the molecules are oriented towards the aqueous phase.  Fig. 

(4.3) indicates surface tension vs. ln concentration curve of C12mimBr in water at 25ºC. The surface 

tension curve of C12mimBr looks like decaying continuously as the added concentration of 

C12mimBr increases to a point beyond which the curve remains constant even though the 

concentration further increases. This behavior shows 173that at low concentration, the  

C12mimBr species are in molecular state in  bulk of the solution 21and coexist in  

equilibrium with a monolayer formed at the air water interface. Increasing the  
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concentration of C12mimBr in the solution results more adsorption of C12mimBr  

molecules at the interface and concomitant reduction in surface tension  is observed. 

Further increase in concentration of C12mimBr increases the interfacial activity of C12mimBr 

molecules further leading to 14further decrease in surface tension. The increase in the  

interfacial activity of  C12mimBr continues till the 30 35 40 45 50 55 60 65 70 75 -1 -0.5 0 0.5 1 

1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln C 12 mimBr conc.( mM ) aq C 25 30 35 40 45 50 55 60 65 70 75 -1 -

0.5 0 0.5 1 1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln C 12 mimBr conc.( mM ) aq C 25 Fig. 4.3: Surface 

tension vs. ln concentration of C12mimBraq at 25ºC interface is saturated where 27further  

increase in concentration of C12mimBr does not change the surface tension  

because the interfacial activity of  C12mimBr does not increase but continuous adding of 

C12mimBr molecules start formation of the aggregates 55in the bulk of the solution and  

the surface  tension curve remains straight onward. The amphiphilic character of the 

zwitterionic ligands i.e. octyl, dodecyl and their metallo-surfactants with Au and Ag structures as 

shown in Figs. (3.2-3.4) has been investigated by surface tension technique. The octyl ligand 3-(3-

octyl-imidazol3-ium-1-yl) propane-1-sulfonate and dodecyl ligand (3-(3-dodecyl-imidazol-3-ium-1yl) 

propane-1-sulfonate) are represented as ImS3-8, ImS3-12 respectively. Surface tension vs. ln 

concentration graphs of ligand ImS3-8 and ImS3-12 are shown in Fig. (4.4). The 28chain  

length of the hydrophobic part of the  ligands (ImS3-R where R is octyl or dodecyl) over 

the surface tension of water can be estimated from Fig. (4.4). Surface tension curve of the ImS3-8 

reports its weak surface activity as compared to ImS3-12. It is simply due to greater hydrophobicity 

of the long alkyl chain of dodecyl ligand as compared to the octyl ligand. The metallo-surfactants of 

ImS3-8 with Ag and Au are di-((3-octyl-1(3sulfonatopropyl)imidazole-3-ium-2-yl)silver(1)mono 

sodium mono-chloride, mono or di ((3-octyl-1(3-sulfonatopropyl) imidazole-3-ium-2-yl) gold (1) 
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monosodium monochloride denoted as (ImS3-8)2Ag and (ImS3-8)Au or (ImS3-8)2Au respectively. 

Metallo-surfactant of ImS3-12 with silver and gold are di ((3-dodecyl-1(3sulfonatopropyl) imidazole-

3-ium-2-yl) silver (1) disodiummono-chloride and mono or di ((3-dodecyl-1(3-

sulfonatopropyl)imidazole-3-ium-2-yl) gold(1) monosodium mono-chloride represented as (ImS3-

12)2Ag and (ImS3-12)Au or (ImS3-12)2Au respectively. Figs. (4.5 and 4.6) show surface activity of 

the metallo-surfactant of Ag 30 35 40 45 50 55 60 65 70 75 -3 -2 -1 0 1 2 3 4 γ ( mNm - 1 ) ln ImS3 - 

R conc. (mM) aq ImS3-8 ImS3-12 30 35 40 45 50 55 60 65 70 75 -3 -2 -1 0 1 2 3 4 γ ( mNm - 1 ) ln 

ImS3 - R conc. (mM) aq ImS3-8 ImS3-12 63Fig. 4. 4: Surface tension vs. ln concentration  

of the  ImS3-8 and ImS3-12aq at 25ºC 25 30 35 40 45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ 

/mNm - 1 ln metallo - surfactant conc.(mM) aq 3 ImS ( - ₂Ag 8) ( ImS 3 - 8) ₂Au 25 30 35 40 45 50 55 

60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ /mNm - 1 ln metallo - surfactant conc.(mM) aq 3 ImS ( - ₂Ag 8) ( ImS 

3 - 8) ₂Au Fig 4.5: 13Surface tension vs. ln concentration of metallo -surfactant of Ag  

and  Au with ImS3-8aq at 25ºC 25 30 35 40 45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ /mNm - 

1 ln metallo - surfactant conc.(mM) aq 3 ImS ( - ₂Au 12) ( ImS 3 - 12) ₂Ag 25 30 35 40 45 50 55 60 

65 70 75 -4 -3 -2 -1 0 1 2 3 γ /mNm - 1 ln metallo - surfactant conc.(mM) aq 3 ImS ( - ₂Au 12) ( ImS 3 

- 12) ₂Ag Fig 4.6: Surface tension vs. ln concentration of the Ag and Au metallosurfactant with ligand 

ImS3-12aq at 25ºC and Au with the zwitterionic ligands; ImS3-8 and ImS3-12 respectively. The 

surface activity of the ImS3-8 greatly enhances with the insertion of the metals which clearly shows 

that metals addition make dimerization of ImS3-8 into Gemini metallosurfactant. The surface activity 

of the ImS3-12 also changes with metals addition but the effect is not so pronounced as observed in 

ImS3-8. Effect of Au and Ag over the interfacial activity of ImS3-8 and ImS3-12 can be estimated 

from Figs.(4.5 and 4.6) where as to guess that how much the metals effect over the surface activity 

of the ligands (ImS3-8and ImS3-12) can best be estimated from the combined graph of the ligand 

and its metallo-surfactant shown in Figs.(4.7and 4.8). In order to compare the interfacial activity of 

different classes of amphiphiles, the study was carried out under different variables like chemical 

structure of the amphiphiles i.e., lyophilic and lyophobic groups, additives (salts and polymers) and 

changing temperature of the solution. Some important interfacial parameters were calculated and 

also evaluated in such a way that it made our comparisons easy. One of the important interfacial 

parameter is pC20 which was used to measure the adsorption efficiency of the 

117amphiphile at the air/solution interface at the specific concentration. The  
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adsorption efficiency (pC20) of  an amphiphile can be calculated from the following relation [45, 

75]. pC20 =-logC20 (4.1) Where C20 44is the concentration of the surfactant required  

to reduce the surface tension of the solvent by  a factor of 20mNm-1. The 

14decrease in surface tension of the solvent is related to the surfactant  

concentration  adsorbed at the surface, therefore, the adsorption efficiency shows a ratio 

between the concentrations adsorbed 8at the interface to that of concentration of the  

liquid in bulk phase  (Cinterface/Cbulk) of the surfactant. This parameter in turn tells 25 30 35 

40 45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 4 γ mNm ( - 1 ) ln ligand and its metallo - surfactants 

conc.(mM) aq ImS3-8 ImS 3 ( - 8) ₂Ag ( ImS 3 - 8) ₂Au 25 30 35 40 45 50 55 60 65 70 75 -4 -3 -2 -1 

0 1 2 3 4 γ mNm ( - 1 ) ln ligand and its metallo - surfactants conc.(mM) aq ImS3-8 ImS 3 ( - 8) ₂Ag ( 

ImS 3 - 8) ₂Au Fig. 4.7: Surface tension vs. ln concentration of ImS3-8 and its Au and Ag Gemini 

metallo-surfactant 25 30 35 40 45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ligand and 

its metallo - surfactants conc.(mM) aq ImS3-12 ( ImS 3 - 12) ₂Au ( ImS 3 - 12) ₂Ag 25 30 35 40 45 50 

55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ligand and its metallo - surfactants conc.(mM) aq 

ImS3-12 ( ImS 3 - 12) ₂Au ( ImS 3 - 12) ₂Ag Fig4.8: Surface tension vs. ln concentration of ImS3-12 

and its metallosurfactant with Au and Ag at 25ºC about the numbers of molecules which come to the 

interface and also about the number of molecules which remain in the bulk of the solvent at specific 

concentration of the amphiphile. High value of pC20 means 131high adsorption efficiency  

at the interface. The pC20 values for  the selected amphiphiles have been calculated at 

25ºC from the different figures of the surface tension when plotted vs. concentration and are listed in 

Table (4.1). Values of pC20 of CTAB and SDS have been calculated from Fig (4.2) which is 

3.39mM, 2.47mM respectively. These values are consistent with the literature values [376]. Greater 

value of adsorption efficiency of CTAB as compared to SDS may be due to the long aliphatic chain 

and bulky head group of the CTAB. It has also been reported earlier 99that the adsorption  
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efficiency of ionic surfactant at air/ solution interface  increases linearly with increasing 

8the number of carbon atoms in a straight hydrophobic group  i.e. increase of two 

methylene(-CH2-) unit 65in the hydrophobic group may increases the  pC20 by factor of 

0.56-0.6 [1]. To elucidate the structure effect on the adsorption efficiency, amphiphile from surface 

active ionic liquid (SAIL) having dodecyl hydrophobic group with cationic imidazolium ring hydrophilic 

group denoted as C12mimBrhas been selected. Fig. (4.3) has been used for the calculation of 

pC20of this surfactant. Table(4.1) shows that the value of pC20 is 2.82mM for C12mimBr which is in 

close agreement with the value given in the literature [75]. It can be seen from the data that the 

value of pC20 of C12mimBr is 0.35 times greater than that of SDS, although both of these have the 

same hydrophobic group (C12) having different hydrophilic groups. The hydrophilic group of SDS is 

anionic sulfate and C12mimBr is cationic methyl imidazolium group. In this regard, difference in the 

adsorption efficiency(pC20) of these surfactants may be attributed to different hydrophilic groups 

[377]. 206As the size of the hydrophilic group increases, the adsorption efficiency also  

increases  either by ion exchange or by Table 4.1 Comparatives interfacial, bulk and 

thermodynamic properties of all the studied ampiphiles at 25 0C Amphiphile CMC1 CMC2 Πcc2 

pC201 CMC/C203 Γ4 Amin5 ΔGmic6 ΔGads6 PEG 4Ka1 0.017 65.5 7.05 ----- ----- 0.24 4.22 -37.20 

-55.12 PEG 4Ka2 0.005 64.2 8.3 ----- ----- 0.23 4.26 -39.96 -61.27 PEG 4Ka3 0.002 62.7 9.78 ----- ---

-- 0.22 4.47 -42.28 -68.63 CTABb 1.01 38.7 33.8 3.39 2.46 2.10 0.48 -27.04 -36.75 SDSc 8.06 38.3 

34.2 2.47 2.56 1.94 0.51 -21.89 -32.50 C12mimBrd 10.18 37.4 35.1 2.82 6.79 2.00 0.50 -42.63 -

53.22 ImS3-8e 11.2 56.5 16 ----- ----- 0.68 1.46 -41.53 -55.64 (ImS3-8)2Agf 1.4 34.4 38.1 3.43 3.78 

1.2 0.83 -51.58 -64.33 (ImS3-8)2Aug 0.28 34.5 38 4.13 3.78 1.03 0.97 -59.42 -74.22 ImS3-12h 2.2 

38.1 34.4 3.35 4.94 0.98 1.01 -49.33 -70.72 (ImS3-12)2Agi 0.93 33.2 39.3 3.85 6.64 0.88 1.13 -

53.58 -71.42 (ImS3-12)2Auj 1.46 35 37.5 3.35 3.24 0.80 1.24 -51.38 -70.18 Units.1mM, 2mNm-1, 

3no unit, 4molcule/nm2, 5nm2, 6kjmol-1, (a1-3 polymer) a1PEG 4kg/mol, a2PEG 10kg/mol, a3PEG 

20kg/mol, b-cconventional surfactants (ionic), dSAIL, ezwitterionic ligand (ImS3-8),f-gGemini 

metallo-surfactant of Ag and Au withe, hzwitterionic ligand (ImS3-12), i-jGemini metallo-surfactant of 

Ag and Au withh ion pairing [377]. The values of pC20 listed in Table (4.1) for different selected 

surfactants may further help to elucidate the effect of structure on adsorption efficiency. The pC20 of 

CTAB is greater by a factor 0.57than C12mimBr.This difference may be due to the presence of 

additional four (-CH2-) units in the hydrophobic group and also trimethylammonium cation in the 
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structure of CTAB instead of cationic methyl imidazolium ring in the hydrophilic group in case of 

C12mimBr [377]. It is also important to mention that pC20 is a logarithmic relation where one unit 

difference is actually equal to 10 times difference i.e. pC20 8value of one unit greater  

means the efficiency is  10 times greater. In other words, 1/10 113bulk phase  

concentration is required to reduce the surface tension by  a factor of 20mNm-1. The 

30plot of surface tension vs. concentration given in Fig.  (4.4) is included for 

zwitterionic surfactants (ImS3-8 and ImS3-12) which can help to check the effect of structure of the 

surfactant on the adsorption efficiency and also on other surface active related parameters. The 

pC20 value of ImS3-8 cannot be calculated as it cannot 15reduce the surface tension of  

the aqueous media by a factor of  20mNm-1at all while for its counterpart (ImS3-12); the pC20 

value is 3.35mM. Comparison can be made between hydrophobic chain length of ImS3-8 and ImS3-

12 (aliphatic chain of 8 and 12 carbon atoms respectively) as ImS3-8 does not shows pC20 at all 

while its counterpart ImS312shows significant pC20 value. The results also revealthatpC20 value of 

ImS3-12 is round about one unit greater than thepC20values of the other two surfactants though 

having the same aliphatic chain (SDS and C12mimBr). It means that ImS3-12 is 10 times more 

effective than the other two 67surfactants in reducing the surface tension of water.  In 

other words, the ImS3-12 bulk phase concentration will be 1/10 to that of SDS and C12mimBrforthe 

required concentration 170to be adsorbed at the air/ solution interface and to produce a  

change of  20mNm-1 30in the surface tension of the solvent used. The greater  

surface  activity is attributed to hydrophilic group of ImS3-12 as it differs from C12mimBr by 

anionic propyl sulfonate group and from SDS by zwitterionic imidazolium-propyl sulfonate, though 

hydrophobic groups are the same. The adsorption efficiency of ImS3-12 and CTAB is approximately 

equal although, the hydrophobic group of CTAB is four –CH2- units greater than ImS3-12. It means 

that the effect of extra methylene units of CTAB on the surface activity has been equalized by the 
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imidazolium-propyl sulfonate hydrophilic group of IS3-12.Therefore, it has been concluded that 

54nature of the hydrophilic group and hydrophobic chain has greater effect on the  

adsorption  efficiency. The discussion of structure’s effect of surfactants (hydrophobic and 

hydrophilic groups of amphipathic structure) over the adsorption efficiency is extended to Gemini 

metallo-surfactant; (ImS3-8)2Ag, (ImS38)2Au, (ImS3-12)2Ag, (ImS3-12)2Au. Figs. (4.5 and 4.6) 

have been used for the calculation of pC20 of these metallo-surfactants and the calculated values 

88have been listed in Table (4. 1). The pC20 values  of (ImS3-8)2Ag and (ImS3-8)2Au 

are 3.43mM, 4.13mM showing that addition of Ag and Au greatly increases the adsorption efficiency 

of the ligand (ImS3-8). pC20 value of ImS3-8 cannot be calculated as it able 114to reduce  

the surface tension of the aqueous media by factor of 20mNm-1  at all. This pronounces 

increase in the adsorption efficiency of the metallo-surfactant confirms the Gemini nature. Metallo-

surfactants of the dodecyl ligand (ImS3-12) with metals i.e., (ImS3-12)2Ag and (ImS3-12)2Au) have 

also showed high surface activity than its ligand. Their pC20 values are 3.85 and 3.35mM not too 

much different from pC20 value of ImS3-12 (3.35mM). It may be assumed that lower hydrophobic 

group ligand greatly changes the surface activity and associated parameters when it dimerizes with 

metals to form Gemini metallo-surfactant as compared to higher hydrophobic group ligand. Another 

important parameter used for the study of performance of surfactant in interfacial phenomenon is 

effectiveness. Determination of effectiveness will help 13to explain the effect of structure  

of any surfactant over the  interfacial properties whereas effectiveness is the maximum 

change produced in interfacial phenomenon by an amphiphile, irrespective of its concentration. The 

8effect of a surfactant on interfacial phenomenon is a function of the interfacial  

concentration of a surfactant. So effectiveness of the  surfactant represents maximum 

surface tension reduction produced by the maximum surfactant concentration that a surface can 

attain at the interface and can be denoted as CMC. The CMC values are calculated from Figs (4.2-
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4.6) for the different selected surfactants and 6are listed in the Table (4.1 ).The data show  

that  CMC 28is strongly dependent on the nature of the amphiphile  used. 

101It can be seen from the data given in Table (4.1) that CMC value of  PEO is very low 

indicating lower effectiveness as compared to the other selected surfactants. The data also reveal 

that CMC of the polymer solution decreases as the molar mass increases. It indicates that with the 

increase of molar mass of PEO, it surface activity increases in terms of maximum reduction in the 

surface tension. Table (4.1) further shows that CMC of C12mimBr is smaller as compared to SDS 

and CTAB which supports the argument that the surface active ionic liquid of imidazolium head 

group are more advantageous over the conventional surfactant. With the insertion of Ag and Au into 

ImS3-8 greatly changes its CMC. The CMC of ImS3-8 is 56.5mNm-1 which decreases to 

34.4mNm-1, 34.5mNm-1 when it interacts with Ag and Au respectively. The results do show that Ag 

and Au interaction with ImS3-8 does not form metallo-surfactant, but form Gemini metallo-surfactant. 

Similarly, the interaction of Ag and Au with ImS3-12does not affect its CMC value as it is affected in 

case of ImS3-8. The 69effectiveness of adsorption is related to the area occupied  

by surfactant molecules at the  interface when it is saturated with surfactant. In this 

connection, greater effectiveness in interfacial phenomenon will be that of the surfactant having 

smaller 69effective cross sectional area at the interface. That is why effectiveness  

sheds light 8on the structural groupings of the surfactant molecule and its  

orientation at the interface. Surface pressure is the maximum amount of reduction  

in212surface tension which can be calculated from the graph when surface tension  is 

plotted against concentration by applying the procedure. Effectiveness of the surfactant 

222can be used to calculate the surface pressure  (ΠCMC) at the concentration having 

the lowest surface tension value using the equation [378]. ΠCMC = o - CMC (4.2) Whereas γₒ 
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92is the surface tension of the pure solvent and CMC is the surface tension of  

the solution at the corresponding value of CMC. Greater is the value of  ΠCMC, higher 

36is the surface concentration of the surfactant adsorbed indicating the  closest 

packing and 248minimum area per molecule. The values of  ΠCMC for CTAB, SDS, PEG 

with variant molar mass, C12mimBr, ligands and of their Gemini metallo-surfactants with Au and Ag 

have been calculated from the Figs. (4.2- 4.6) and 90are listed in Table (4.1). The data  

presented in Table (4.1) indicate that ΠCMC of  PEG is quite smaller as compared to other 

surfactants. Increasing the molar mass of PEG, the ΠCMC value increases reflecting a gradual 

increase in the surfactant activity. The greater ΠCMC of C12mimBr is due its greater steric and 

lower electrical factors in the hydrophilic group as compared to SDS confirming our previous result. 

The difference in the values of ΠCMC of ImS3-8 and its metallo-surfactant with Ag and Au is very 

high indicating that ImS3-8 alone decreases the surface tension to a lesser extent while insertion of 

the Ag and Au form Gemini metallo-surfactant which greatly reduces the surface tension and 

increases surface pressure. The present results reveal that metallo-surfactant of ImS3-8 has close 

packing with the least surface area occupied as compared to ImS3-8. Similarly, the difference 

between the values of ΠCMC of ImS3-12 and its metallo-surfactants is not so prominent showing 

strong surface activity of ImS3-12 but still the values of ΠCMC of the metallo-surfactants are greater 

than ImS3-12. Greater value of the ΠCMC of the metallo-surfactants is an indication that surface 

area occupied by ImS3-12 decreases with the metal insertion. There is another important parameter 

called ratio between critical micelle concentration and concentration of amphiphile (CMC/C20) 

109where C20 is the concentration of the amphiphile which reduces surface tension  

of the solvent by  a factor of 20mNm-1. This ratio tells the correlation between the two 

important properties of a surfactant called micellization and adsorption processes. Both these 

process are affected by similar factors like 6structure of the surfactant and  
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microenvironmental conditions surrounding  the surfactant. These two factors affect 

adsorption and micellization phenomenon differently. Structure factor called steric factor in a 

molecule of the surfactant like bulky hydrophobic or hydrophilic 6group inhibit  

micellization more as compared to adsorption at the air /aqueous solution interface.  

Electrical factor such as presence of 104ionic hydrophilic group in the surfactant  

molecule, inhibit adsorption at the air /solution interface more than micellization.  

So calculation of the CMC/C20 ratio  conveniently determines the effect of structure and 

micro-environmental factors over the micellization and adsorption of a surfactant. Large value of 

CMC/C20 of a surfactant shows greater tendency of adsorption as compared to micellization 

process while lower value of the CMC/C20 6indicates that micellization is more  

facilitated than adsorption  process. Values of CMC/C20 ratio for CTAB and SDS have been 

calculated from Fig. (4.2) and 203are listed in Table (4.1). The calculated values of  

CMC/C20 are  2.46, 2.56 for CTAB and SDS respectively which 55are in close  

agreement with the values reported in  literature [376]. The greater CMC/C20 value of 

CTAB as compared to SDS indicates micellization process is facilitated more than adsorption 

process. Structures of these surfactants reveal greater steric and less electrical effects in CTAB 

molecule due to which micellization process is facilitated and adsorption process is inhibited more 

than SDS. The calculated value of CMC/C20 of C12mimBr, using Fig. (4.2) listed in Table (4.1) is 

6.79 which is consistent with the literature values [75]. Greater CMC/C20 value of C12mimBr means 

that micellization process is more inhibited than adsorption. Greater CMC/C20 ratio of C12mimBr as 

compared to SDS and CTAB is an indication of the presence of greater steric factor in C12mimBr 

than SDS and CTAB. Effect of propyl sulfonate group incorporation in the imidazolium head group of 

C12mimBratthe methyl position(electrical effect)and also less steric factor (hydrophobic chain 
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length) can be estimated by calculating CMC/C20 ratio from the 87surface tension vs.  

concentration curves of ImS3-8 and  ImS3-12as shown in Fig. (4.3). The CMC/C20 ratio of 

ImS3-8 cannot be calculated as it cannot 114reduce the surface tension of the aqueous  

media by factor of 20mNm-  1at all and CMC/C20 ratio of ImS3-12 has been calculated as 

4.94. The present results give an important comparison between the dodecyl hydrophobic group of 

the surfactants like SDS, C12mimBr and ImS3-12 having different hydrophilic groups. Among these 

surfactants, higher value of CMC/C20 is for C12mimBr indicating it’s less electrical effect in the 

hydrophilic group than ImS3-12 which in turn shows less electrical effect in its hydrophilic group than 

SDS. It proves that less is the electrical effect less is the inhibition of the adsorption process. 

Addition of Au and Ag to the ligands form Gemini metallo-surfactant complex. Determination of 

CMC/C20 ratio for these metallo-surfactants leads into their structure that is either steric or electrical 

factor increase with the formation of Gemini metallosurfactants. In order to look into the 

58effect of the structure over the adsorption and micellization process, CMC/C20  

ratio of metallo -surfactants  of Ag and Au with ligands has been calculated 188from  

the surface tension vs. concentration curves as shown in  Figs.(4.4 and 4.5) and 

48are listed in the Table( 4.1). The obtained values of  CMC/C20 of these metallo-

surfactants are in the range of the other studied single head single tail surfactants. This may be due 

to the equal steric and electrical effect induced in the structure of the Gemini metallo-surfactant. As 

Gemini metallo-surfactant comprise of two hydrophobic and two hydrophilic groups meaning that in 

these Gemini metallo-surfactant both the steric factor (two hydrophobic groups) and electrical factor 

(two hydrophilic groups)have been equally increased. Since effectiveness and efficiency in interfacial 

phenomenon depend on the adsorbed 100concentration of the surfactants at the  

interface.  As efficiency represents the amount of interfacial adsorbed 
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21concentration of the surfactant which reduces the surface tension  to a specified 

extent while effectiveness represents the maximum adsorbed concentration at the interface which 

produces maximum reduction in the surface tension. The 230maximum amount of  

surfactant adsorbed at the interface  will have closest packing with minimum area 

occupied per molecule. The maximum 13amount of the surfactant molecules adsorbed at  

the air/water interface  called maximum surface access concentration is represented as 

Γmax. For a 8surfactant, the surface excess concentration represents the  actual 

surface concentration with minor error. The 139surface excess concentration can  

therefore, be calculated from the slope of the linear line of surface tension against ln  

concentration  curve just before CMC using Gibbs equation [377, 379]. Γmax= -1/nRT [∂γ/ ∂ 

lnC] T (4.3) Where 76C is the bulk surfactant concentration, n is the number of ionic  

species  which a surfactant contains in its structure. For ionic surfactant n= 2, for the selected 

Gemini metallo-surfactant n=1 for Ag or Au and 2 for the ligands attached with the metal, 24R  

is gas constant, T is the absolute temperature measured, NA is Avogadro number  

and ∂γ/∂lnC is the slope of the  linear line of surface tension curve just before CMC. The 

parameter (Γmax) 1is helpful to understand the surface structure of the solution  by 

measuring the 107number of molecules per unit area at the surface. The  surface 
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excess concentration of CTAB, SDS and PEG (variant molar masses) has been calculated from Fig. 

(4.2) using Eq. (4.3) and 88have been listed in the Table (4. 1). The values  of Γmax 

calculated for CTAB and SDS 1are 2.10 and 1.94 molecules/ nm2 respectively which is  

in close agreement with the  values given elsewhere [379-381]. The value of Γmax for 

C12mimBr calculated from Fig. (4.3), using Eq. (4.3) is 2molecule/nm2 which is in close agreement 

with the value given in the literature [75]. The results show that the value of Γmax of C12mimBr is 

not too much different from CTAB and SDS. Our results of CMC/C20 reveal that these surfactants 

have different steric and electrical effect but Γmax values obtained for these surfactants show that 

when the surface is saturated with surfactant, surface density nearly remains the same. Similarly, 

values of Γmax of the octyl and dodecyl ligands calculated from Fig. (4.4) are 0.68 and 0.98 

molecules/nm2 respectively. These values are lower as compared to the Γmax values of other 

surfactants studied, which indicate their lose packing at the interfacial saturation concentration. Data 

presented in Table (4.1) show lower Γmax value of ImS3-12 as compared to C12mimBr. The 

difference in the values of Γmax of these two surfactants is attributed to the propylsulfonate group in 

the hydrophilic portion of ImS3-12 instead of methyl group in the hydrophilic portion of C12mimBr. 

This indicates that propylsulfonate group of ImS3-12 instead of methyl of C12mimBr as part of the 

hydrophilic portion has hindered the close packing. The Γmax values of Ag and Au complex with 

octyl are 1.2, 1.03 and with dodecyl ligands are 0.88, 0.80 molecules/nm2 respectively which have 

been calculated from Figs. (4.5 and 4.6). The data listed in Table (4.1) report that Γmax value of the 

metal complex with ligands has been found different from the Γmax values of the ligands. The 

results further show that metal complex with ligands helps in increasing the surface density of the 

surfactant. The effect of the metal complex with octyl ligand is greater as compared to the metal 

complex with dodecyl ligand. This effect also indicates that metal addition to the octyl ligand compel 

sit to pack closely at the surface while the longer hydrophobic group of the dodecyl ligand in the 

metal complex may affect the orientation at interface and the metal addition does not greatly 

increase the surface density. The 211minimum area per molecule (Amin) of a surfactant  

occupied at the interface  (when the interface is saturated), 83provides information  

about the degree of packing and about orientation of the adsorbed surfactant. The  

minimum area per molecule is inversely related to Γmax. It is calculated from surface excess 
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concentration using the equation [377, 379]. Amin = 1x1018/NA Γmax T (4.4) Whereas Γmax 

1is the surface excess concentration and NA is the Avogadro number.  The values 

for 48minimum area per molecule (Amin) for all the selected surfactants have been  

calculated using  Eq. (4.4) and are listed in Table (4.1). Amin of PEG 4K is 4.22nm2 which 

increases to 4.47nm2 231as the molar mass of PEG increases to 20K. The  data 

strengthen our results of low surface activity, efficiency, effectiveness and surface pressure of the 

polymer when compared with the other studied surfactants. The increase in the area per molecule 

with the increase of polymer molar mass also supports our results of the effect of polymer molar 

mass over the interfacial properties so for discussed. The value given in Table (4.1) indicate that 

Amin of C12mimBr is 0.50nm2 at room temperature which is in close agreement with the values of 

SDS and CTAB indicating that these different surfactants have the same packing with round about 

same area per molecule occupied when the surface is saturated. The data presented in Table (4.1) 

reveal that Amin value of the octyl ligand changes from 1.46 to 0.83 and 0.97nm2 when the octyl 

ligand form complex with Ag and Au indicating that metal addition forms metallo-surfactant and 

compel the molecules to be closely packed with the least area occupied per molecule. The Amin 

value of dodecyl ligand does not significantly changes when it forms Gemini metallo-surfactants with 

Ag and Au. Hence, it can be concluded that steric and electrical factors are equally affected during 

the course of formation of metallo-surfactant and as a result the packed molecules at the interface of 

ligand and its metallo-surfactants have round about the same area per molecule occupied. 

Thermodynamic parameters in standard states tell more about the nature of adsorption 

208process. The standard free energy change of adsorption informs about the  

adsorption process, whether it is spontaneous 8or not and also about the magnitude of  

the adsorption driving force. The change  in 1free energy of interfacial  

adsorption is important parameter which can help to understand the interfacial  

adsorption  of surfactant. The change in 1free energy of interfacial adsorption can be  
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calculated by using the equation  as under [379]. ΔGads = (ΔGmic - ΠCMC)/Γmax (4.5) 

Whereas ΔGads is the 1change in free energy of the interfacial adsorption, ΔGmic is  

the change in free energy of micellization at CMC, ΠCMC, Γmax are the surface  

pressure and  maximum 1surface excess concentration at CMC respectively. The  

calculated values of121free energy of adsorption (ΔGads) at air/water interface  and 

at room temperature for all the selected surfactants and polymers 86are listed in Table (4.  

1). The value of  ΔGads of aqueous solution of all the surfactants and polymers is negative 

showing spontaneity of the interfacial adsorption process. The value ΔGads of PEG is also negative 

but increases as the molar mass increases. The data in Table (4.1) further show that negative value 

of ΔGads of C12mimBr is greater as compared to SDS and CTAB and hence supports our initial 

result of the greater efficiency of C12mimBr as compared to SDS and CTAB. Similarly, with the 

addition of Au and Ag to the ligands, the negative value of ΔGads increases which reveals that 

interfacial adsorption of the metallo-surfactants is greater as compared to the ligands. The greater 

negative value of ΔGads of the metallo-surfactant favors our previous results of greater efficiency, 

CMC/C20, Γmax and lower Amin of the metallo-surfactant than the ligands. 4.1.2. Effect of 

temperature A huge 35experimental data regarding effect of temperature over the  

equilibrium surface  tension of different surfactants has been presented [312,341,342,361]. 

35For the solution of dilute concentration of ionic surfactant,  increase in temperature 

decreases the 35equilibrium surface tension which can be attributed to the decrease  

in the surface tension of the solvent. The  data indicate that 21no effect of  

temperature over the equilibrium surface tension  has been observed 35in the  
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medium concentration range of the  surfactant. At or near CMC, temperature affects the 

30process of interfacial adsorption and micellization phenomenon which can be  

explained by  different factors. For example, increase in temperature effects aqueous solution 

of surfactant in two ways near critical micelle concentration range i.e., increase in temperature either 

reduce water of 154hydration of the head group or breaks the structured water  

surrounding the hydrophobic part of the  surfactant. The dehydration of hydrophilic 

214group of the surfactant with increase in temperature  facilitates micelle formation 

which decreases the CMC. Breaking of the ordered structure of water 19surrounding the  

hydrophobic part of the surfactant with increase in temperature  disfavor micelle 

formation and as a result CMC increases or in other words facilitate interfacial adsorption. Effect of 

temperature over the interfacial properties of the surfactants like SDS, CTAB, surface active ionic 

liquid (C12mimBr), zwitterionic ligands (ImS3-8, ImS3-12) and metallo-surfactants of Ag and Au with 

the zwitterionic ligands can be estimated from the Figs. (4.9-4.17). It can be seen from Figs. (4.9-

4.11) that increase in temperature of aqueous solution of the surfactants like CTAB, SDS and 

C12mimBr, increases the interfacial properties and decreases the surface tension. Effect of 

temperature on the interfacial properties of ImS3-8 and ImS3-12 and their metallo-surfactants with 

Ag and Au can be explained by plotting surface tension versus concentration of these surfactants as 

shown in Figs. (4.12-4.17). Figs. of the ligands and their metallo-surfactants show same trend in 

general as those of conventional surfactants while discussing effect of Fig. 4.9 46:Surface  

tension vs. ln concentration of SDSaq at  different temperature Fig. 4.10 

46:Surface tension vs. ln concentration of CTABaq at  different temperature Fig. 4.11 

46:Surface tension vs. ln concentration of C12mimBraq at  different temperature 50 55 
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60 65 70 75 0 0.5 1 1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln ImS3 - 8 conc.(mM ) aq 191298 K 303 K  

308 K 313 K 50  55 60 65 70 75 0 0.5 1 1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln ImS3 - 8 conc.(mM ) 

aq 198298 K 303 K 308 K 313 K  Fig. 4 46.12: Surface tension vs. ln  

concentration of ImS3-8aq at  different temperature 25 30 35 40 45 50 55 60 65 70 75 -3 -2 

-1 0 1 2 3 γ ( mNm - 1 ) ln ( ImS 3 - 8) 2 Ag conc.(mM) aq K 298 K 303 303 K 308 K 25 30 35 40 45 

50 55 60 65 70 75 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ( ImS 3 - 8) 2 Ag conc.(mM) aq 88K 298 K  

303 303 K 308 K Fig.  4.13: Surface tension vs. ln concentration of (ImS3-8)2Agaq at different 

temperature 25 30 35 40 45 50 55 60 -4 -3 -2 -1 0 1 2 3 γ mNm ( - 1 ) ln (ImS3 - 8) 2 Au conc.(mM) 

aq K 298 303 K 308 K 313 K 25 30 35 40 45 50 55 60 -4 -3 -2 -1 0 1 2 3 γ mNm ( - 1 ) ln (ImS3 - 8) 2 

Au conc.(mM) aq K 298 303 K 308 K 313 K Fig. 4.14: Surface tension vs. ln concentration of (ImS3-

8)2Auaq at different temperature 30 35 40 45 50 55 60 65 70 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ImS3 - 

12 conc.(mM ) aq 298 K K 303 308 K 313 K 30 35 40 45 50 55 60 65 70 -3 -2 -1 0 1 2 3 γ ( mNm - 1 

) ln ImS3 - 12 conc.(mM ) aq 298 K K 303 308 K 313 K Fig. 4.15: Surface tension vs. ln 

concentration of ImS3-12aq at different temperature 25 30 35 40 45 50 55 60 65 70 -4 -3 -2 -1 0 1 2 

3 γ mNm ( - 1 ) ln (ImS3 - 12) 2 Ag conc.(mM) aq 298 K K 303 K 308 313 K 25 30 35 40 45 50 55 60 

65 70 -4 -3 -2 -1 0 1 2 3 γ mNm ( - 1 ) ln (ImS3 - 12) 2 Ag conc.(mM) aq 298 K K 303 K 308 313 K 

Fig. 4.16: Surface tension vs. ln concentration of (ImS3-12)2Agaq at different temperature 30 35 40 

45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ mNm ( - 1 ) ln (ImS3 - 12) 2 Au conc.(mM) aq 298 K K 303 

K 308 313 K 30 35 40 45 50 55 60 65 70 75 -4 -3 -2 -1 0 1 2 3 γ mNm ( - 1 ) ln (ImS3 - 12) 2 Au 

conc.(mM) aq 298 K K 303 K 308 313 K Fig. 4.17: Surface tension vs. ln concentration of (ImS3-

12)2Auaq at different temperature temperature over surface tension. All the Figs. so obtained show 

greater reduction 20in the surface tension with increase in temperature in the  dilute 

concentration (pre micelle) range of the surfactant. This greater decrease in 35surface  

tension can be attributed to the decrease in the surface tension of the solvent  
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(water) used for the preparation of surfactant  solution. In the medium concentration range 

(pre micellar range but near CMC), the 17effect of temperature over the surface activity  

decreases and at CMC of the surfactant,  effect of temperature can be explained from the 

determination of CMC which further explain whether the micellization process is facilitated or 

inhibited as compared to the adsorption process. The effect of temperature over the interfacial 

activity can be best 117explained in terms of the effect of temperature over the  

interfacial and also thermodynamic parameters of the interfacial adsorption. Efficiency in interfacial 

phenomenon (pC20) explains the interfacial adsorption process at 133concentration of the  

surfactant required to reduce the surface tension of the solvent by 20mNm -1. The  

concentration of the  surfactant of pC20 is lower as compared to the concentration required for 

producing maximum 8reduction in the surface tension (CMC). The  data presented in 

Table (4.2 and 4.3) indicate that increase in temperature alters the interfacial properties of the 

surfactants by increasing pC20 and decreasing CMC of all the surfactants studied. The results also 

show that interfacial 176adsorption of the studied surfactants has increased with  

increase in temperature but this is not  final conclusion regarding the effect of temperature 

over the interfacial adsorption as there are other interfacial adsorption parameters like 

151surface excess concentration (Γmax) and minimum area per molecule (Amin)  

which can be calculated when the  surface is saturated with the surfactant molecules. The 

calculated values of Γmax and Amin of all the surfactants at different temperature 54listed in  
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Table(4. 2and 4.3) show that surface Table 4. 2 Effect of  temperature over the interfacial, 

bulk and thermodynamic properties of studied ampiphiles Amphi -phile Temp1 CMC2 CMC3 

ΠCMC3 pC201 CMC/C204 Γmax5 Amin6 ΔGmic7 ΔHmic7 TΔSmic7 ΔGads7 CTAB CTAB 298 308 

318 1.01 0.95 0.87 38.70 38.00 37.40 33.8 32.8 32.2 3.39 3.40 3.41 2.46 2.43 2.42 2.10 1.95 1.81 

0.47 0.51 0.55 -27.04 -28.10 -29.25 -0.23 ------ ------ 26.81 27.88 29.02 -36.75 -38.23 -39.96 328 

0.78 36.80 31.5 3.41 2.37 1.68 0.59 -30.47 ------ 30.24 -41.78 SDS SDS 298 308 318 8.06 7.30 6.70 

38.30 37.30 36.80 34.2 33.5 32.8 2.47 2.49 2.55 3.25 2.93 2.63 1.94 1.68 1.54 0.51 0.59 0.65 -21.89 

-22.88 -23.85 -0.20 ------ ------ 21.69 22.68 23.65 -32.50 -34.89 -36.70 328 6.00 36.00 32.3 2.60 2.31 

1.41 0.71 -24.90 ------ 24.70 -38.67 64C 12 mim Br C 12 mim Br  298 308 318 328 10.18 

10.40 10.68 10.85 37.40 37.20 36.90 36.60 35.1 33.2 32.6 31.4 2.82 2.84 2.85 2.85 6.79 7.17 7.63 

7.75 2.00 1.74 1.54 1.36 0.50 0.57 0.65 0.74 -42.63 -43.95 -45.24 -46.58 -3.75 ------ ------ ------ 38.88 

40.21 41.49 42.83 -53.22 -55.47 -57.98 -60.52 Units.1K, 2mM, 3mNm-1, 4 no unit, 5molecules/nm2, 

6nm2, 7kjmol-1 94 Table 4.3 Effect of temperature over the interfacial, bulk and thermodynamic 

properties of the ligands and their Gemini metallo-surfactants. Amphi- phile Temp1 CMC2 ϒCMC3 

ΠCMC3 pC204 CMC/C204 Γmax5 Amin6 ΔGmic7 ΔHmic7 TΔSmic7 ΔGads7 ImS3 - 8 ImS3 - 8 298 

308 318 11.02 10.75 10.48 56.5 55.6 55 16 15.8 15.6 ----- ----- ----- ----- ----- ----- 0.68 0.67 0.66 1.46 

1.48 1.51 -41.53 -42.36 -43.20 -9.75 ------ ------ 31.78 32.61 33.45 -55.64 -56.50 -57.45 328 9.97 

54.4 15.5 ----- ----- 0.65 1.55 -44.17 ------ 34.42 -58.61 ImS3 - 8) 2 Ag ImS3 - 8) 2 Ag 298 308 318 

1.4 1.34 1.31 34.4 33.8 33.4 38.1 37.6 37.2 3.43 3.45 3.48 3.78 3.82 3.97 1.20 1.10 1.02 0.83 0.91 

0.98 -51.58 -52.68 -53.67 -10.88 ------ ------ 40.70 41.80 42.80 -64.33 -66.43 -68.33 328 1.25 33 36.9 

3.52 4.17 0.96 1.04 -54.80 ------ 43.92 -70.30 ImS3 - 8) 2 Au ImS3 - 8) 2 Au 298 308 318 0.28 0.27 

0.26 34.5 34 33.5 38 37.4 37.1 4.13 4.14 4.15 3.78 3.70 3.66 1.03 0.99 0.97 0.97 1.00 1.03 -59.42 -

60.62 -61.82 -11.33 ------ ------ 48.09 49.29 50.49 -74.22 -75.71 -77.16 328 0.25 32.8 37.1 4.16 3.62 

0.94 1.06 -63.05 ------ 51.71 -78.82 ImS3 - 12 ImS3 - 12 298 308 318 2.22 2.12 2.09 38.1 37.2 36.2 

34.4 34.2 34.4 3.35 3.37 3.40 4.94 4.92 5.23 0.98 1.00 1.02 1.02 0.99 0.98 -49.34 -50.41 -51.32 -

5.90 ------ ------ 43.43 44.50 45.42 -70.42 -70.97 -71.72 328 2.09 35.6 34.3 3.43 5.66 1.02 0.98 -

52.17 ------ 46.27 -72.47 ( 12) ImS 2 Ag ( 12) ImS 2 Ag 298 308 318 328 0.93 0.9 0.87 0.85 33.2 

32.7 32.1 31.5 39.3 38.7 38.5 38.4 3.85 3.88 3.89 3.92 6.64 6.92 6.69 7.08 0.88 0.87 0.85 0.83 1.13 

1.15 1.18 1.20 -53.58 -54.65 -55.74 -56.78 -9.12 ------ ------ ------ 44.45 45.53 46.62 47.65 -71.45 -

72.60 -73.96 -75.32 ( 3 ImS - 12) 2 Au ( 3 ImS - 12) 2 Au 298 308 318 1.46 1.3 1.25 35 34.2 33.6 

37.5 37.2 37 3.35 3.37 3.40 3.24 2.84 3.12 0.80 0.82 0.81 1.25 1.22 1.23 -51.38 -52.83 -53.91 -

28.28 ------ ------ 23.09 24.55 25.63 -70.18 -71.11 -72.24 328 1.08 33.2 36.7 3.43 2.92 0.80 1.24 -

55.55 ------ 27.27 -73.92 -++Units.1K, 2mM, 3mNm-1, 4no unit, 5molecules/nm2, 6nm2, 7kjmol-1 95 
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excess concentration decreases while the area per molecule of the surfactant increases as the 

temperature increases. These results further indicate that the interfacial adsorption decreases as the 

temperature increases which is contrary to the previous conclusion which has been made on the 

basis of pC20 andCMC value. The values of CMC/C20 calculated for these systems lead to look 

into the processes of micellization and interfacial adsorption and also help to show whether 

micellization or adsorption is dominant when the temperature increases. The values of CMC/C20 of 

CTAB and SDS decrease 21with increase in temperature which is an indication that  

micellization process  rather than adsorption process is facilitated with increasing the 

temperature while the values CMC/C20 of C12mimBr increases as the temperature increases which 

further supports the result of increase of CMC with increase in temperature. In other words, 

adsorption process is more facilitated as compared to micellization with increase in temperature [1]. 

Comparison of the micellization with adsorption process for the ligands and their metallo-surfactants 

can be estimated from the listed values of CMC/C20 in Table (4.3). It is a general rule that if value of 

the CMC/C20 increases with increasing temperature, adsorption is facilitated as compared to 

micellization and vice versa. Tables (4.2 and 4.3) contain CMC/C20 data of all the studied 

surfactants and by applying the general rule, it can be decided whether adsorption or micellization 

process is facilitated. 30Change in the standard free energy of interfacial adsorption  

(ΔGads) with the change of temperature, sheds light on the interfacial phenomenon of the surfactant 

solution. Values of the ΔGads for all the surfactants studied in the present work are negative and are 

listed in Table (4.2and 4.3). The negative values of ΔGads 21indicate that the adsorption  

process is spontaneous and with increase of temperature from  298 to 328K, ΔGads 

becomes more negative which indicate that adsorption process further increases. Greater negative 

value of ΔGads of C12mimBr reports greater adsorption ability as compared to SDS and CTAB 

which further increases with temperature. Similarly, -ΔGads of the ligands greatly increases when it 

forms complex with Ag and Au and negative value of ΔGads further increases with increase in 

temperature. The question which ultimately arises “temperature facilitates the interfacial adsorption 

or micellization process?” is yet to answer. Effect of temperature over the interfacial activity and 

thermodynamic of interfacial adsorption has been evaluated in detail but the present work is not 

enough to conclude the answer, however, further work is required in this regard and this problem 
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can be solved if the 123effect of temperature over the CMC and thermodynamic of  

micellization of  all the surfactants is determined. 4.1.3 Effect of salts Addition of electrolyte 

increases while surfactant decreases the surface tension of the water. 27Addition of  

electrolyte to the surfactant solution also decreases the surface tension  because the 

adsorbed monolayer (charged surface) 42of ionic surfactant attracts ions of the  

electrolyte (opposite ions) towards the surface and decreases the74repulsive  

interaction between the charged hydrophilic groups and hence increases the  interfacial 

4concentration of the surfactant. The surface properties of the mixture of the  ionic 

surfactants and electrolytes are significant in the fundamentals of surface chemistry and 

technological processes [382]. To evaluate the surface chemistry of ionic surfactants with the effect 

of electrolytes, the study of surface tension of cationic ionic liquid surfactant with electrolyte of 

different co-ion and counter-ion is made and presented in Table (4.4) and can be explained with 

Figs. (4.18-4.20). Effect of NaCl and Cu(NO3)2 over the interfacial activity in terms of the interfacial 

parameters of C12mimBr is a beneficial Fig. 4.18: 82Surface tension vs. ln concentration  

of C12mimBraq with variant concentration of  NaCl at 25ºC Fig. 4.19: 82Surface  

tension vs. ln concentration of C12mimBr with variant concentration of  Cu(NO3)2 at 

25ºC 30 35 40 45 50 55 60 65 70 75 -1 0 1 2 3 4 γ/ mNm - 1 ln C 12 mimBr conc.(mM) aq mM salt 

0.00 10 mM NaCl mM Cu(NO 10 ₃ ) ₂ 30 35 40 45 50 55 60 65 70 75 -1 0 1 2 3 4 γ/ mNm - 1 ln C 12 

mimBr conc.(mM) aq mM salt 0.00 10 mM NaCl mM Cu(NO 10 ₃ ) ₂ Fig. 4.20: Surface tension vs. ln 

concentration of C12mimBr with NaCl and Cu(NO3)2at 25ºC Table 4.4 Effect of Cu(NO3)2, NaCl 

and PVP over the interfacial, bulk and thermodynamic properties of C12mimBr at 25ºC C12mimBr 

CMC1 ϒCMC2 ΠCMC2 pC201 CMC/C203 Γ4 Amin5 ΔGmic6 ΔGads6 NaCla 8.6 38.5 34 3.00 8.00 

1.21 0.82 -43.47 -60.34 NaClb 7.5 38.7 33.8 3.12 10.0 1.10 0.90 -44.15 -62.56 NaClc 6.68 39 33.5 
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3.70 33.0 0.98 1.01 -44.72 -65.22 Cu(NO3)2a 6.30 35.5 37 3.10 7.24 1.87 0.53 -45.01 -56.95 

Cu(NO3)2b 5.75 34 38.5 3.60 24.0 1.37 0.73 -45.46 -62.34 Cu(NO3)2c 5.05 33 39.5 4.00 50.0 1.31 

0.76 -46.11 -64.26 Cu(NO3)2d 6.36 36 36.5 3.10 7.10 1.92 0.52 -44.96 -56.39 PVPe 10.18 37.7 

34.8 2.84 7.00 2.03 0.49 -42.63 -52.95 Cu(NO3)2d+PVPe 6.74 36 36.5 3.10 7.10 1.88 0.53 -44.67 -

56.39 Units.1mM, 2mNm-1, 3no unit, 4molcule/nm2, 5nm2, 6kjmol-1 a10mM, b25mM, c50mM, 

dstoichiometric conc.e0.25% addition to the study of the surface chemistry of such a system. 

Further, Surface chemistry of the mixture of ionic surfactant with the electrolyte can be suggested 

from the surface tension measurement of such a system. Figs. (4.18 and 4.19) present the surface 

tension vs. concentration curve of C12mimBr with different concentration of NaCl and Cu(NO3)2at 

25ºC. These two Figures clearly show that 42surface tension curve of the aqueous  

solution of C12mimBr-salt mixture  is lower as compared 42to the surface tension  

curve of the aqueous solution of  C12mimBr suggesting that salt addition has increased the 

surfactant adsorption at the surface in the dilute concentration range. 161In order to check  

the effect of salts on the surface properties of the  surfactant in aqueous medium, it is 

considered necessary to study the interfacial parameters with the added salts like NaCl and 

Cu(NO3)2. Figs. (4.18 and 4.19) have been used for the calculation of the interfacial parameters of 

the C12mimBr-salt mixed system. Table (4.4) contains the calculated values of the interfacial 

parameters of C12mimBr with the concentration and counter ion effects of the salts added. 4.1.3.1 

Effect of Concentration of the Salts Figs. (4.18 and 4.19) clearly indicate 229that as the  

concentration of the added salts increases, surface tension  of aqueous solution of 

C12mimBr decrease. When 10mM NaCl salt is added to C12mimBr solution, it increase the 

efficiency (pC20), effectiveness (ΠCMC), maximum reduction in surface tension (γCMC) and 

micellization to adsorption ratio (CMC/C20) to 3.00mM, 34mNm-1, 38.5mNm-1 and 8.00 respectively 

indicating that interfacial activity greatly increases with the addition of NaCl. The 242change  

in free energy of adsorption also increases with the  addition of salt favoring our result 
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while the results showing decrease in 63surface excess concentration (Γmax) and  

increase in the area per molecule (Amin)  of C12mimBr with NaCl addition is contradictory 

to our results presented in Table (4.4). This contradiction in the data of 174surface excess  

concentration and area per molecule of the surfactant with the addition of  salt may be 

due to the reason that fixed concentration (10mM) of the salt has been used with the series of 

surfactant concentration of the solution (pre micelle and post micelle concentration). The effect of 

10mM salt over the surface tension in dilute concentration range of the surfactant, therefore, 

significantly reduces 236repulsion between hydrophilic groups of the surfactant  

molecules  adsorbed 4at the surface and as result great reduction of the surface  

tension in the  dilute concentration range is observed. Similarly, the effect of the same 

concentration(10mM)of the salt in the medium and near CMC region of the surfactant over the 

surface activity shows less 126reduction of the repulsion between hydrophilic groups  

of the molecules of the  surfactant adsorbed at the surface and thus less 8reduction in  

surface tension is observed. Due to this reason, the negative slope of the plot of the  

surface tension vs. concentration decreases and as result Γmax decreases and Amin increases. 

However, when concentration of NaCl increases from 10 to 25mM, the interfacial parameters 

undergo further increase and decrease. Similarly further increase in concentration of the salt to 

50mM, greatly affect values of the studied interfacial parameters of C12mimBr in the same direction. 

Furthermore, the addition of Cu(NO3)2brings more prominent change in the values of the interfacial 

parameters which further change when concentration of the salt is increased. Effect of the added 

salts over interfacial parameters of C12mimBr can clearly be observed from the data presented in 

Table (4.4). In order to estimate the zwitterionic nature of ImS3-8 and ImS3-12, 28plot of the  
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surface tension against concentration  of the ligands with and without salt is used. 

Figs.(4.21 and 4.22) represent surface tension against concentration of the ligands 50 55 60 65 70 

75 0 0.5 1 1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln ImS3 - 8 conc.(mM ) aq 0.00 mM NaCl mM NaCl 100 50 

55 60 65 70 75 0 0.5 1 1.5 2 2.5 3 3.5 γ ( mNm - 1 ) ln ImS3 - 8 conc.(mM ) aq 0.00 mM NaCl mM 

NaCl 100 Fig. 4.21: Surface tension vs. ln concentration of ImS3-8 with 100mM of NaCl at 25ºC 30 

35 40 45 50 55 60 65 70 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ImS3 - conc.(mM ) 12 aq mM NaCl 0.00 

mM NaCl 100 30 35 40 45 50 55 60 65 70 -3 -2 -1 0 1 2 3 γ ( mNm - 1 ) ln ImS3 - conc.(mM ) 12 aq 

mM NaCl 0.00 mM NaCl 100 Fig. 4.22: Surface tension vs. ln concentration of ImS3-12 with 

100mMof NaCl at 25ºC with the added 100mM NaCl. Effects of NaCl over the interfacial parameters 

of the ligands have been calculated and have been listed in Table (4.5). Addition of 100mM NaCl, 

affect interfacial parameters of both the ligands which can be seen and compared from the Table 

(4.5). 4.1.3.2. Effect of Counter-ion of the Salt It has been discussed earlier that decrease in the 

101surface tension of the solvent is related to concentration of the surfactant  adsorbed 

at the interface. Let consider 68adsorption of the ionic surfactant at the air/water  

interface. When concentration of the ionic surfactant increases, the number  

of48surfactant molecules at the air/water interface also increases which in turn  

decreases the surface tension and as116a result mutual repulsion between the ionic  

hydrophilic groups of  adsorbed surfactant molecules increases. In order to decrease the 

mutual 44repulsion between the ionic hydrophilic groups of adsorbed surfactant  

molecules, salt is  added. Salt on dissociation in surfactant solution provides two types of ions 

called as cation and anion. One of these ions will have opposite charge to that of the ionic 

hydrophilic group of the surfactant molecule called as counter-ion and the other ion of the salt will 

have the same charge as that 239of the ionic hydrophilic group of the surfactant  
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molecule  called as co-ion in the this specific case. Figs. (4.18 and 4.19) show the effects of 

different salts over the 38surface tension of aqueous solution of C12mimBr while the  

effects of the counter-ions of  the added salts can be seen from Fig.(4.20). Figs.(4.20), clearly 

reports greater reduction 182of the surface tension of the aqueous solution of  

C12mimBr by adding Cu(NO3)2 as compared to NaCl which is attributed 187to the difference  

in the size of the counter-ion  of the added salts. The counter-ion effect is significant near 

CMC region in Fig. (4.20). Table (4.4) reports Table 4.5 Effect of 100mM NaCl over the interfacial, 

bulk and thermodynamic properties of ImS3-R at 25ºC ImS3-R CMC1 ϒCMC2 ΠCMC2 pC201 

CMC/C203 Γ4 Amin5 ΔGmic6 ΔGads6 ImS3-8+NaCla 11.02 56.5 16 ----- ----- 0.68 1.46 -41.53 -

55.64 ImS3-8+NaClb 11.02 55.5 17 ----- ----- 0.61 1.63 -41.53 -58.27 ImS3-12+NaCla 2.22 38.1 34.4 

3.35 4.94 0.98 1.02 -49.34 -70.42 ImS3-12+NaClb 2.22 36.6 35.9 3.41 5.15 1.04 0.96 -49.34 -56.95 

Units.1mM, 2mNm-1, 3no unit, 4molcule/nm2, 5nm2, 6kjmol-1 a0.00mM, b100mM that pC20 of 

C12mimBr increases 2.82 to 3.00mM with the addition of 10mM NaCl while pC20 increases to 

3.10mM with the addition of 10mM Cu(NO3)2. This difference in pC20 of the salts used seems to be 

little but actually, it is greater because of the logarithmic function (pC20= -logC20).Similarly, the 

effect of NO3-1counter ion over the other interfacial parameters of C12mimBr is also significant as 

compared to Cl-1 ion as indicated in Table (4.4). The data listed in Table (4.4) also indicates 

pronounce effect of Cu(NO3)2 as compared to NaCl over the interfacial properties of C12mimBr. 

Greater effect of Cu(NO3)2 is due to weak hydration due to low charge density and strong 

effectiveness due to strong binding of NO3-1as compared to high hydration and weak effectiveness 

of Cl-1 ions to the imidazolium head group of C12mimBr [45]. Table (4.4) further shows high ϒCMC 

and low ΠCMC of the aqueous solution of C12mimBr-NaCl mixture as compared aqueous solution 

of C12mimBr. 60This is due to high charge density and high hydration of  Cl-1as 

compared to low charge density and less hydration of Br-1. Due to this reason, the chloride ion 

shows less interaction as compared to bromide ion with imidazolium cation and hence causes less 

reduction in the surface tension(ϒCMC) as represented ( Cl-1 < Br-1) [45]. 4.1.4 81Effect of  
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the polymer Addition of polymer to the surfactant affects both the  interfacial and bulk 

properties of the solution all the amphiphiles through mutual interaction. Interaction of the polymer 

with the surfactant can either be strong or weak. However, as a result of such interactions, mixture of 

the polymer-surfactant has got widespread applications. Studies of the polymer-surfactant mixed 

system have mainly focused on the bulk properties of the solution whilst the interfacial properties of 

such system have been less studied. Interfacial properties of the polymer-surfactant mixture of weak 

interaction can be evaluated using surface tensiometry. Regarding polymer-surfactant interaction, 

measurement 219of the surface tension of aqueous solution of the polymer  called PVP 

having mass 40,000g/mol mixed with surface active ionic liquid (C12mimBr) has been made. The 

surface tension measurement data of PVP-C12mimBr has been evaluated in terms of surface 

parameters for understanding the interaction and effect of PVP over the interfacial properties of the 

surfactant. Fig. (4.23) reports about the curves of 180surface tension of the aqueous  

solution of C12mimBr and its mixture  with PVP. This Figure also reports about the 

deviation of the surface tension curve of PVP-C12mimBr from the C12mimBr in the very dilute 

concentration region but overlap in the medium and in the CMC region. 20As the  

concentration of the polymer increases, deviation of the surface tension curve of the  

PVP-C12mimBr from the C12mimBr in the dilute concentration region increases which reveals that 

PVP affects the interfacial properties of C12mimBr in the very dilute concentration region. With the 

addition of 0.25% PVP, the pC20 of C12mimBr increases from 2.82mM to 2.84mM while the other 

interfacial parameters do not change at all. In order to investigate the polymer-surfactant 

interactions, stoichiometric concentration (stoic. conc.) of (CuNO3)2 has been added to PVP-

C12mimBr mixed system having 0.25% of PVP. It can be seen from Fig. (4.24) that 42surface  

tension curve of the aqueous solution of ternary mixture of PVP-C12mimBr and  stoic. 

Conc. of Cu(NO3)2 is almost similar to that of the aqueous solution of binary mixture of C12mimBr 

and stoic. Conc. of (CuNO3)2 informing that that polymer has no significant interaction with the 

surfactant. It is concluded from Fig. (4.23) that PVP does not with C12mimBr interact at the interface 

javascript:openDSC(43102732,%2037,%20'74496');
javascript:openDSC(2915235,%2037,%20'73254');
javascript:openDSC(2915235,%2037,%20'73254');
javascript:openDSC(594471052,%2037,%20'76595');
javascript:openDSC(594471052,%2037,%20'76595');
javascript:openDSC(594471052,%2037,%20'76595');
javascript:openDSC(42502639,%201353,%20'62234');
javascript:openDSC(42502639,%201353,%20'62234');
javascript:openDSC(42502639,%201353,%20'62234');
javascript:openDSC(41308526,%2037,%20'67641');
javascript:openDSC(41308526,%2037,%20'67641');
javascript:openDSC(41308526,%2037,%20'67641');


whilst effect of PVP over pC20 may be due to interfacial activity of the 63Fig. 4. 23: Surface  

tension vs ln concentration of C12mimBr with the effect of  PVP at 25ºC 63Fig. 4. 24:  

Surface tension vs ln concentration of  C12mimBr with 0.25% PVP and stoichiometric 

concentration of (CuNO3)2at 25ºC polymer itself. Probably, PVP interacts with C12mimBr in the bulk 

of the aqueous solution because hydrophobic interaction is often present between their mixtures. 

4.2. Effects of Structure of the Surfactant, 65Temperature and Additives on Critical  

Micelle Concentration and  on its Thermodynamic Parameters 4.2.1. 237Critical  

Micelle Concentration One of the fundamental properties of the  surfactant is that, it 

decreases 14surface tension of the solution and this14decrease in surface tension  

of the solution continues with the increase in concentration of the  surfactant till a 

specific concentration beyond which 14further addition of surfactant does not change  

surface tension of the solution.  Thus, the 4concentration of the surfactant at  

which maximum reduction in surface tension of the  solution occurs and above which 

surface tension remains constant 38is called as critical micelle concentration (CMC).  

The value of CMC is specific for a particular surfactant and  tells about its physicochemical 

and thermodynamic properties. When a surfactant is dissolve in the solvent like water, the 

hydrophobic 37part of the surfactant distorts water structure and as a result, free  

energy of the  system increases. 107In order to minimize this increase in energy of  
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the system, the surfactant molecules  are pushed towards the surface where they orient 

in 31such a way that the hydrophobic groups remain away from the surface. But  

when the surface  is saturated with the surfactant molecules, then the system energy is 

minimized by 137aggregation or cluster formation of the surfactant molecules in the  

bulk of  the solvent so that the hydrophobic groups are in the interior of the aggregate 

surrounded by the hydrophilic groups. Therefore, it can be said that micellization and interfacial 

adsorption are the two alternate processes of keeping the 6hydrophobic groups away  

from contact with water to minimize free energy of the system. As micellization is  

favored by the  hydrophobic effect but during micellization (ionic surfactant), the ionic 

hydrophilic groups come close, electrostatically repel each other and as a result 6free energy  

of the system increases and micellization is disfavored. Micellization  process actually 

depends on the balance between hydrophobic and electrostatic effect. CMC of a surfactant can be 

measured from the sharp change in the physical properties. Different methods are used to measure 

the Sharpe change in the 108physical properties such as electrical conductivity,  

surface tension, light scattering,  dye solubalization etc. Micelle is an important colloid 

having vast uses. For example, micelle of an anionic surfactant, on one hand uses its adsorption 

property for removing the metallic pollutants and on other hand, solubilizes the organic material in 

the interior of the micelle [383]. 4.2.1.1. Effect of Structure of the Surfactant 61Physical  

properties of solution of the surfactant  sharply changes when micelles formation starts. 
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This marked 61change in physical properties of solution of the surfactant  can be 

measured by different methods. However, in the present study measurement of CMC of different 

surfactants has been carried out applying surface tension and conductivity methods. The CMCs of 

different surfactants have been measured 166from the break point of the surface  

tension versus concentration curve  which is specific and tells us about the physicochemical 

properties of the surfactants. Fig.(4.2) shows the surface tension curves of the conventional ionic 

surfactants and of the polymers like polyethylene glycol (PEG) of different molar masses. The CMCs 

of the surfactants and polymers have been calculated 93from the inflection point of the  

curve of γ vs lnC. The CMCs of  SDS and CTAB are 8.06 × 10-3 and 1.01 × 10-3 mol/liter 

whereas CMCs of PEG having molar masses 4000, 10,000 and 20,000g/mol are 1.67 × 10-5 , 5.5 × 

10-6 , 2.15 × 10-6 mol/liter respectively. The values of CMCs of these amphiphiles are listed in Table 

(4.1) which are matching the values given in the literature [372, 384]. From the 1calculated  

CMCs of the surfactants and polymer, it is obvious that the CMC of CTAB is smaller  

than SDS while CMC of the higher  molar mass PEG is smaller than the lower molar mass 

PEG represented as CMC of PEG 20K > PEG 10K > 4K. The smaller CMC of CTAB as compared to 

SDS is due its long aliphatic chain having greater hydrophobicity. As discussed earlier that CMC 

depends on the hydrophobic and electrostatic effects. Therefore, in this particular case of different 

hydrophobic and hydrophilic groups of CTAB and SDS, the credit of lower CMC of CTAB goes to its 

greater hydrophobicity as compared to SDS. It has been reported from the 1surface activity  

study of PEG that only 20% mass of the polymer anchored to the interface  

whereas the remaining mass of the polymer forms long bulk phase loops  [385]. 

Therefore, it can be said that small number of 1molecules or loops of polymer are  
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required to saturate the interface  and at very low concentration, the polymer starts micelle 

formation. That is one of the reasons of the very low CMC value of the PEG as compared to the 

surfactants. The second reason of very low value of CMC of PEG as compared to the surfactants is 

its very high molar mass. The lower CMC of higher molar mass PEG having greater number of 

ethylene oxide unit is due its greater hydrophobicity. The value of CMC of aqueous solution of 

C12mimBr has been calculated from Fig. (4.3) at room temperature and 86listed in Table (4.  

1). The calculated value of CMC of C12mimBr is  10.18mM at 25ºC 29which is in  

close agreement with the results  presented [45, 75]. The CMC of C12mimBr is higher as 

compared to the CMCs of the conventional surfactants like SDS and CTAB. The difference in CMC 

of C12mimBr and CTAB is because of the different hydrophobic and different hydrophilic group in 

both of these surfactant but the lower CMC of CTAB is mainly attributed to its longer aliphatic group 

called hexadecyl. The greater CMC of C12mimBr as compared to SDS is due to the structure factor 

effect (steric factor). As micellization and adsorption processes are the two alternate phenomena of 

the surfactant and both are affected by similar factors. Steric factor arising from bulky hydrophobic 

and hydrophilic groups inhibit micellization while the electrical factor arising from similar charges 

inhibit adsorption process. Therefore, it can be said that on one hand, the bulky methyl imidazolium 

hydrophilic group of C12mimBr inhibits micellization process and on the other hand, the electrical 

factor support one of our previous conclusion of greater adsorption efficiency (adsorption process is 

facilitated). The values of CMC of ImS38 and ImS3-12 have been calculated from Fig. (4.3), which 

are 11.2 and 2.2mM respectively. From the results so obtained, effects of important steric and 

electrical factors over CMC have been concluded. The data presented in Table (4.1) indicate that 

when the hydrophobic chain length of ImS3-8 increases with four methylene units giving ImS3-12, 

CMC decreases from 11.2 to 2.2mM. The results so obtained have contradiction with the general 

rule of the hydrophobic group effect over CMC of the ionic surfactants as well as of the zwitterionic 

surfactants. The addition of one methylene unit 29to the hydrophobic group of the ionic  

surfactants in water with  terminal hydrophilic group reduces the CMC to half of its initial 

value while two extra methylene 38units in the hydrophobic group of non- ionic or  
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zwitterionic surfactant decrease the  CMC about one-tenth to its initial value [1]. The change in 

CMC from 11.2 to 2.2mM of ImS3-R when R increases from C8 to C12, neither follows the general 

rule of the ionic surfactant nor of the zwiterionic surfactants. This is presumably due to the 

imidazolium ring and the propylene unit in the hydrophilic group of ImS3-R as shown in Fig (3.2). 

The second comparison of ImS3-12 can be made with the surfactants of the same hydrophobic 

group such as SDS and C12mimBr having different steric and electrical factors. Such comparisons 

are difficult as both the steric and electrical factors change simultaneously but attempt has been 

made to evaluate. The lower value of CMC of ImS3-12 as compared to SDS and C12mimBr is an 

obvious indication that electrical factor has been greatly reduced and actually it is because of the 

zwitterionic nature of the ImS3-12. The C12mimBr changes to ImS3-12 when the methyl group is 

replaced by propyl sulfonate group and cationic charge by zwitterionic charge and the structural 

difference can be seen from Figs. (3.1 and 3.2). CMC of C12mimBr changes from 10.18 to 2.2mM 

when it changes to ImS3-12. This change in CMC presumably is due to the change in the electrical 

factor which decreases due to zwitterion. If the steric factor of ImS3-12 has been increased due to 

incorporation of the propyl sulfonate group at the place of CH3 of C12mimBr, It would have 

increased the interfacial adsorption which has not been observed as the interfacial adsorption of 

C12mimBr is greater as compared to ImS3-12 as made clear in Table (4.1). The effect of addition of 

Ag and Au to the octyl ligand (ImS3-8) reduces its CMC many folds, which is an indication that metal 

induction dimerizes the ligand and forms Gemini metallo-surfactant. Similarly, metal induction to the 

dodecyl ligand also shows effect on CMC of the ligand indicating the formation of metallo-surfactant. 

Effect of metals over the inflection point of the two decaying curves of pre-micelle and post-micelle 

concentration in surface tension vs concentration graph of the ligands can be easily seen from the 

Figs. (4.7 and 4.8) while quantitatively, for the effect of metals over the CMC of the ligands, Table 

(4.1) can be consulted. The data presented in Table (4.1) also indicates that CMC of ImS3-8 has 

been greatly reduced by the gold metal as compared to the silver while that of ImS3-12 has been 

affected more by silver atom rather than gold. It is therefore, suggested that ratio of the (ImS3- R)Au 

and (ImS3-R)2Au formation during the course of addition of Au to the (ImS3R)2Ag plays its role in 

anomalously reducing the CMC of ImS3-R. It is concluded on the basis of the results discussed that 

the ratio of (ImS3-8)Au and (ImS3-8)2Au is smaller when (ImS3-8)2Ag is used to form gold metallo-

surfactant and ratio of (ImS312)Au to (ImS3-12)2Au is greater when (ImS3-12)2Ag is used to form 

gold metallosurfactant. The formation of (ImS3-R)Au and (ImS3-R)2Au from (ImS3-R)2Ag can be 

seen from Fig. (3.4) 4.2.1.2. Effect of the Salts It has been observed that CMC of the surfactants 

changes 218with the addition of salt. Effect of salt  over 200CMC of the  
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surfactant sheds light on binding of the counterion  to the surfactant’s micelle, which in 

turn depends on the surface 58area per head group of the surfactant molecule and ionic  

radius of the  counter ion. Greater surface 58area per head group of the ionic  

surfactant molecule and  larger hydrated radius of the counter ion show weak interaction with 

each other at the micelle surface showing less effect on CMC and vice versa [154]. Variation of 

61CMC of the aqueous solution of a particular surfactant  with counter ion puts light on 

the extent of binding. Similarly, change in 61CMC of the aqueous solution of a particular  

surfactant with changing the nature and concentration of  the counterion leads to the 

chemistry of the binding [361, 362, 363]. Figs. (4.18-4.20) indicate variation of the inflection point 

87of the surface tension vs concentration curves of  C12mimBr while Table (4.4) 

quantitatively shows variation in CMC with effect of the concentration and nature of the counter ions. 

Addition of salts such as NaCl or Cu(NO3)2to C12mimBr decreases its CMC while increase in 

concentration of each salt brings more reduction in CMC of the aqueous solution of C12mimBr. It 

can be assumed from this discussion that binding of the counter ions on the micelle surface 

increases with salt addition which further increases when concentration of the added salt increases. 

The results presented in Table (4.4) also indicate that reduction in CMC of C12mimBr is more 

significant when counter ion is changed from Cl-1 to NO3-1. This is presumably due to the small 

hydrated radius of the NO3-1as compared to the larger hydrated radius of the Cl-1. The effect of salt 

over CMC of the aqueous solution of C12mimBr can be assigned to the effect of counter-ion on the 

electrical factor, there by facilitating the CMC of C12mimBr. Our results further clarify that greater is 

the number of counter ions, greater would be the effect on the electrical factor and decrease in CMC 

would be facilitated. Larger is the hydrated radius of the added counter ions, smaller is its effect on 

the electrical factor as well as on the CMC and vice versa. Fig (4.25) reports the effect of salts on the 

CMC of C12mimBr at room temperature. Effect of NaCl over CMC of ImS3-8 and ImS3-12 

calculated from the inflection point of the Figs. (4.21 and 4.22) show no change confirming the 
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zwitterionic nature of the ligands. 4.2.1.3. Effect of the Polymer 46It can be observed from  

Fig. (4.23) and also from the data presented in Table (4.4) that  addition of the polymer 

(PVP) to the C12mimBr does not affect its interfacial properties of C12mimBr except pC20. The 

effect of PVP over pC20 ofC12mimBr is assumed to be the surface activity of the PVP rather than its 

interaction with C12mimBr. 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 0 10 20 30 40 50 60 C 12 mimBr 

CMC(mM) Electrolytes conc.(mM) NaCl Cu(NO₃)₂ 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 0 10 20 30 40 50 

60 C 12 mimBr CMC(mM) Electrolytes conc.(mM) NaCl Cu(NO₃)₂ Fig.4.25: Electrolytes 

concentration vs CMCof C12mimBr at 25ºC In order to check whether PVP and C12mimBr interact 

in the bulk of the solution, CMC of C12mimBr-PVP is determined from 193Fig. (4. 23). It is  

observed from the figure that  no difference is found between CMC of C12mimBr-PVP 

mixed system and that of CMC of C12mimBr. Different concentrations of PVP (1%,0.5% and 0.25%) 

have been mixed with C12mimBr and studied but no appreciable change in CMC of C12mimBrhas 

been observed. It is therefore, concluded that PVP does not interact withC12mimBr. They may have 

negligible interactions and may be of the hydrophobic type which is often present in the polymer-

surfactant system. It can be said that either due to the technique or due to the concentration used for 

the polymer and surfactant, make us unable to detect significant change in the CMC of the mixed 

system. 4.2.1.4. Effect of Temperature The literature available regarding effect of temperature over 

CMC of aqueous solution of surfactants has not found a linear relation instead of 49increase  

in temperature decreases CMC of the surfactant to a minimum value and then  

increase  linearly. It is because; increase in temperature favors two opposite processes of the 

aqueous solution of the surfactant counteracting each other. These two processes are (i) Increase in 

temperature reduces water of 6hydration of the hydrophilic group of the surfactant  

which favor micellization  and decreases CMC (ii) Increase in temperature 68breaks  

the ordered structure of the water surrounding the hydrophobic part of the  
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surfactant, disfavors micellization process and increase in CMC [386]. The relation of temperature 

with CMC of the aqueous solution of ionic surfactant has been found to show minima in CMC at 

25ºC whilst onward increase in temperature decreases the CMC. The effect of temperature in the 

range 6-60ºCon CMC of the aqueous solution of zwitterionic alkyl betain has found a steady 

decrease in CMC [215]. The current study concerns different classes of the surfactant, therefore, 

effect of temperature in the range 25-55ºC over CMC will be considered valuable addition to the 

available literature. Table (4.2 and 4.3) quantitatively show variation of CMC with increase in 

temperature and to zoom in the relation of CMC vs temperature, Figs (4.26-4.28) have been 

included. The data presented in Table(4.2) and also in Fig. (4.26) show that CMC of SDS and CTAB 

has decreased while that of C12mimBr has increased with increase in temperature which is 

consistent with the work published [387]. It can be described that in between the two opposite 

processes of 68the effect of temperature on the CMC,  the first process is dominant over 

the second one for SDS and CTAB while the relative magnitude of the second process is greater as 

compared to the first one in case of C12mimBr. It is therefore, recommended that 175for the  

effect of temperature over CMC of the aqueous solution of ionic surfactant, the  minima 

of CMC at 25ºC does not hold good for the conventional ionic surfactant but holds good for the 

surface active ionic liquid. Fig. (4.27) contains CMC curves of the octyl zwitterionic ligand and its 

metallo-surfactants with the effect of temperature and Fig. (4.28) contains the temperature against 

CMC curves of the dodecyl zwitterionic ligand and its metallosurfactants. Curves of both the ligands 

and their metallo-surfactants show 19decrease with increase in temperature,  

suggesting that temperature decreases the hydrated radius of  the hydrophilic groups. 0 2 4 

6 8 10 12 295 300 305 310 315 320 325 330 CMC(mM) Temperature(K) SDS CTAB C ₁₂ mimBr 0 2 

4 6 8 10 12 295 300 305 310 315 320 325 330 CMC(mM) Temperature(K) SDS CTAB C ₁₂ mimBr 

Fig. 4.26: CMC vs temperature i.e., variation in CMC with temperature -1 1 3 5 7 9 11 13 295 300 

305 310 315 CMC(mM) Temperature(K) ImS3-8 ( ImS 3 - 8) ₂Au ( ImS 3 - 8) ₂Ag -1 1 3 5 7 9 11 13 

295 300 305 310 315 CMC(mM) Temperature(K) ImS3-8 ( ImS 3 - 8) ₂Au ( ImS 3 - 8) ₂Ag Fig. 

4.27:Variation in CMC of octyl ligand and its metallo-surfactants with temperature 0.5 0.7 0.9 1.1 1.3 

1.5 1.7 1.9 2.1 2.3 2.5 295 300 305 310 315 CMC(mM) Temperature(K) ImS3-12 ( ImS 3 - 12) ₂Au ( 

ImS 3 - 12) ₂Ag 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5 295 300 305 310 315 CMC(mM) 

Temperature(K) ImS3-12 ( ImS 3 - 12) ₂Au ( ImS 3 - 12) ₂Ag Fig. 4.28: CMC vs temperature of 
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dodecyl ligand and its metallo- surfactants 4 254.2.2. Thermodynamic Parameters of  

Micellization54Thermodynamic parameters of micellization are important to  

understand the process of micellization  which in turn helps to understand the structural 

factor’s effect of the surfactant and environmental conditions surrounding the micelle. Also 

measuring of the thermodynamic parameters of the micellization with variation of the structural 

factors of the surfactant and environmental conditions has a great role in understanding the effect of 

each factor which further explores new findings of the surfactant applications. Change in free energy 

of micellization 115(ΔGmic), enthalpy (ΔHmic) and entropy (ΔSmic) are the  different 

thermodynamic parameters, which have been calculated for different classes of the studied 

surfactants and also helped to elucidate the 128effect of the structure of the surfactant  

and temperature over the  micellization phenomenon. Change in 1free energy of  

micellization (ΔGmic) is an important parameter for understanding the  micelle formation of 

the surfactant. To understand the desired structural and environmental factors affecting the 

micellization phenomenon, 249change in free energy of micellization  has been 

measured for the surfactants having different structures and with changing the environmental 

conditions like temperature. The standard 44free energy change of micellization of the  

ionic surfactants has been calculated using  the Gibbs equation [388, 389]. ΔGmic= RT 

lnXcmc (4.6) Where ΔGmic 80is the free energy change of micellization, R is gas  

constant, T is absolute temperature and Xcmc is mole fraction of the  surfactant. Once 

ΔGmic is obtained, 83standard enthalpy change of micellization can be calculated  
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using the Gibbs-Helmholtz equation for aqueous  ionic surfactant. ΔHmic= -2RT2 

(dlnXcmc/ dT) (4.7) Where ΔHmicis standard enthalpy change of micellization, 1R is gas  

constant, T is absolute temperature, Xcmc is mole fraction of surfactant in aqueous  

solution.  When ΔGmic andΔHmic are obtained then standard entropy 109change of  

micellization can easily be determined from the following  relation. ΔSmic= (ΔHmic - 

ΔGmic)/ T (4.8) Where ΔGmic, ΔHmic, and ΔSmic are the standard change of micellization 

177in free energy, enthalpy and entropy respectively and T is  the absolute 

temperature of surfactant in aqueous solution. 4.2.2.1. Effect of Structure of the Surfactant Change 

in 121standard free energy of micellization for all the studied surfactants have been  

calculated  as well as 205listed in Table (4.1). The negative value of change in free  

energy  of micellization is an indication of spontaneity of the process. Table (4.2 and 4.3) 

contains thermodynamic parameters of micellization of the aqueous solution of conventional ionic 

surfactants, Imidazolium surfactant, betain ligands and their metallo-surfactants calculated at 

different temperature (298-328K). The data presented in Table (4.2 and 4.3) show positive value of 

the TΔSmic for all the surfactants indicating that the spontaneity of micellization process is 

presumably due to the entropy gain where the 169driving force for the micellization is  

the hydrophobic effect as hydrophobic group of the surfactant  has the ability to minimize 

contact with water by transferring the hydrophobic group into the interior of the micelle. Spontaneity 

of the process of micellization increases as the polymer molar mass increases which indicates that 

increase in the oxy ethylene units, increase the hydrophobicity of the polymer. The greater negative 

value of ΔGmic of C12mimBr as compared to SDS and CTAB show greater spontaneity of the 

process for C12mimBr. Similarly, replacing methyl group of C12mimBr with propyl sulfonate form 

ImS3-12 and as a result ΔGmic changes from -42.63 to -49.33 kjmol-1 indicating that process of the 
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micellization has been enhanced. This may due to the reason that either hydrophobicity of the 

surfactant increases or due to the decrease of the electrostatic factor (zwitterionic surfactant). As 

both the factors i.e. increase hydrophobicity and decrease electrostatic 36repulsion  

between the head groups of the surfactant has a  positive effect on the micellization 

process. Ag and Au insertion affect the structure of ImS3-R. Greater -ΔGmic of ImS3-8-metal as 

compared to ImS3-12-metal show greater effect of the metal insertion on the structure of ImS3-8. 

Metallo-surfactant of Ag and Au with octyl and dodecyl ligands has greater -ΔGmic value than its 

ligands which shows positive effect of the metal towards 190the micellization process.  

The enthalpy and entropy changes of micellization  for all the surfactants have been 

calculated using Eq. (4.7 and 4.8) respectively and the values have been listed in Table (4.2 and 

4.3). The data clearly indicate that enthalpy and entropy change of micellization is greatly affected 

with the change in structure of the surfactant. Data present in Table (4.2) shows that positive value 

of ΔSmic and negative value of ΔHmic increase when the surfactant is changed from conventional to 

surface active ionic liquid. In other words, it can describe that positive value of ΔSmic and negative 

value of ΔHmic of C12mimBr is greater as compared to SDS and CTAB. The results of the structure 

effect on the ΔSmic and ΔHmic is more pronounced when the SAIL is changed to betain and when 

the betain is changed to metallo-surfactant with metal insertion. 4.2.2.2. Effect of Temperature 

123Effect of temperature on the thermodynamic parameters of the micellization  

has been studied and the results so obtained are presented in Table (4.2 and 4.3). The data show 

that with increase in temperature the –ve values of ΔGmic for all the selected amphiphiles increases 

indicating that the process of micellization has been favored. The value of ΔHmic for all the 

investigated surfactants is negative and remains constant in the studied temperature range (298-

328K). The negative value of enthalpy change of micellization (ΔHmic) suggests that micellization 

process is exothermic and this is due to possible dispersion force of the solvent and surfactant [390, 

391]. As with increase in temperature, the value of ΔHmic does not change which implies 

227that the environment surrounding the hydrophobic domain does not  vary or the 

surface tension measurement technique used is not suitable for measuring the enthalpy change of 

micellization. Among the selected surfactants, ΔHmic of ImS3-R is the highest. With the induction of 

metal into ImS3-R, the negative value of ΔHmic increases. The calculated value of TΔSmic of 
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C12mimBr is positive and at 298K it is 38.88kjmol-1 55which is in close agreement with  

the results reported by the authors  [387] and is greater than that of the SDS and CTAB. 

The TΔSmic value increases as the temperature increases which suggests that entropy gain with the 

transferring of the hydrophobic group to the interior of the micelle increases as temperature 

increases. The results of the structure and temperature effect over the thermodynamic parameters of 

micellization have been visualized in Figs.(4.29-4.37). So for the discussion made, Table (4.2 and 

4.3) and also from Figs (4.294.37), it is clear that ΔHmic remains constant while positive value of 

TΔS and negative -50 -40 -30 -20 -10 0 10 20 30 40 295 300 305 310 315 320 325 330 5Δ  

Gm, Δ Hm , T Δ Sm  (kjmol - 1 ) Temperature ( K) 7Δ Gm Δ Hm T Δ S  -50 -40 -30 -

20 -10 0 10 20 30 40 295 300 305 310 315 320 325 330 5Δ Gm, Δ Hm , T Δ Sm  (kjmol - 1 ) 

Temperature ( K) 7Δ Gm Δ Hm T Δ S  Fig. 4.29: Thermodynamic parameters of micellization 

as a function of temperature of CTAB -50 -40 -30 -20 -10 0 10 20 30 40 295 300 305 310 315 320 

325 330 5Δ Gm, Δ Hm , T Δ Sm(  kjmol - 1 ) Temperature( K) 7Δ Gm Δ Hm T Δ S  -

50 -40 -30 -20 -10 0 10 20 30 40 295 300 305 310 315 320 325 330 5Δ Gm, Δ Hm , T Δ  

Sm(  kjmol - 1 ) Temperature( K) 7Δ Gm Δ Hm T Δ S  Fig. 4.30: Thermodynamic 

parameters of micellization as a function of temperature of SDS -50 -40 -30 -20 -10 0 10 20 30 40 

295 300 305 310 315 320 325 330 5Δ Gm, Δ Hm , T Δ Sm(  kjmol - 1 ) Temperature(K) 

7Δ Gm Δ Hm T Δ S  -50 -40 -30 -20 -10 0 10 20 30 40 295 300 305 310 315 320 325 330 

5Δ Gm, Δ Hm , T Δ Sm(  kjmol - 1 ) Temperature(K) 7Δ Gm Δ Hm T Δ S  Fig. 4.31: 

Thermodynamic parameters of micellization as a function of temperature of C12mimBr -50 -40 -30 -

20 -10 0 10 20 30 40 295 300 305 310 315 5Δ Gm, Δ Hm , T Δ Sm(  Kjmol - 1 ) 
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Temperature(K) 7Δ Gm Δ Hm T Δ S  -50 -40 -30 -20 -10 0 10 20 30 40 295 300 305 310 315 

5Δ Gm, Δ Hm , T Δ Sm(  Kjmol - 1 ) Temperature(K) 7Δ Gm Δ Hm T Δ S  Fig. 4.32: 

Thermodynamic parameters of micellization as a function of temperature of ImS3-8 -56 -36 -16 4 24 

44 295 300 305 310 315 5Δ Gm, Δ Hm , T Δ Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm  

Δ Hm T Δ S  -56 -36 -16 4 24 44 295 300 305 310 315 5Δ Gm, Δ Hm , T Δ Sm(  Kjmol 

- 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  Fig. 4.33: Thermodynamic parameters of 

micellization as a functionof temperature of (ImS3-8)2Ag -65 -45 -25 -5 15 35 55 295 300 305 310 

315 5Δ Gm, Δ Hm , T Δ Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  -65 -

45 -25 -5 15 35 55 295 300 305 310 315 5Δ Gm, Δ Hm , T Δ Sm(  Kjmol - 1 ) Temperature 

(K) 7Δ Gm Δ Hm T Δ S  Fig. 4.34: Thermodynamic parameters of micellization as a function 

of temperature of (ImS3-8)2Au -55 -35 -15 5 25 45 295 300 305 310 315 5Δ Gm, Δ Hm,T Δ  

Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  -55 -35 -15 5 25 45 295 300 305 

310 315 5Δ Gm, Δ Hm,T Δ Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  Fig. 

4.35: Thermodynamic parameters of micellization as a function of temperature of ImS3-12 -60 -40 -

20 0 20 40 295 300 305 310 315 5Δ Gm, Δ Hm,T Δ Sm(  Kjmol - 1 ) Temperature (K) 

7Δ Gm Δ Hm T Δ S  -60 -40 -20 0 20 40 295 300 305 310 315 5Δ Gm, Δ Hm,T Δ  

Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  Fig. 4.36: Thermodynamic 

parameters of micellization as a function of temperature of (ImS3-12)2Ag -60 -50 -40 -30 -20 -10 0 
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10 20 30 295 300 305 310 315 5Δ Gm, Δ Hm,T Δ Sm(  Kjmol - 1 ) Temperature (K) 7Δ  

Gm Δ Hm T Δ S  -60 -50 -40 -30 -20 -10 0 10 20 30 295 300 305 310 315 5Δ Gm, Δ  

Hm,T Δ Sm(  Kjmol - 1 ) Temperature (K) 7Δ Gm Δ Hm T Δ S  Fig. 4.37: 

Thermodynamic parameters of micellization of (ImS3- 12)2Au as a function of temperature value of 

ΔGmic increases as temperature increases in the investigated temperature range 298-328K. It 

further 74indicates that the term (TΔS) plays a dominant role in the negative  value 

of 241free energy change of micellization (ΔGmic). Hence the micellization  in the 

range of temperature used (298-328K) 16is entropy driven which is consistent with the  

reported literature of  micellization process of the conventional surfactant [392, 393]. 4.3 

Characterization of the morphology of ligands and their metallo-surfactants by SANS. Data analysis 

The model adopted to analyse the SANS data describes the micelle structure as that of a charged 

particle, defined by the structure factor S(Q), 33with an elliptical core-shell morphology,  

defined by the  shape related factor F(Q). Models describing morphologies based on solid 

spheres or ellipsoids with hard sphere or charged particle structure factors did not give satisfactory 

fits. Therefore, the 13intensity of scattered radiation, I(Q), as a function of the wave-

vector, Q, is given by an equation [394]. I(Q) = nm [S (Q){F(Q)}2 + {|F(Q)|2 } – {F(Q)}2]  

+ Binc (4.9) 149Where nm is the number of micelles per unit volume, S(Q) is  

the196structure factor and Binc is the incoherent background.43For an elliptical  

micelle, both F(Q) and F(Q)2 require numerical integration over an angle   
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between Q and the axis of the ellipsoid to account for the random distribution of  

orientations of the ellipse. For clarity, we omit this.15F(Q) = V1 (ρ1 – ρ2) Fₒ (QR1)  

+ V2 (ρ2 – ρsolvent) Fₒ (QR2) (4.10) The first term  in Eq. (4.10) 15represents the  

scattering from the core with radius R (subscript 1) and the second, the polar shell  

(subscript 2). Vi =Ri3 and 9772501016783ji (QRi ) (ji is the first-order spherical  

Bessel function of the first kind). F0(QRi ) = QRi S (Q) represents the spatial  

arrangement of the micelles in solution and n the micelle number density.  is  

the neutron scattering length density of the micellar core (subscript 1), the polar  

shell (subscript 2) and the solvent (subscript 0).33It is expedient here to limit the  

number of adjustable parameters within the core-shell fit and this is most  

conveniently undertaken by first delineating the headgroup and tail regions, most simply by setting 

the alkyl group as the tail. The volume of the headgroup and tail were calculated according to a 

molecular volume fragment summation approach [395] and this ratio constrained in the fitting routine 

to define the micelle curvature. For the dodecyl surfactant, this ratio is 0.77 whereas for the octyl 

1.13. With this delineation, the scattering length densities () for the alkyl region and of the 

anhydrous surfactant headgroups may then be calculated,  = -0.38 (octyl), -0.27 (dodecyl) and 1.33 

Å-2. The scattering length density for the D2O solvent was set at 6.33 and not allowed to deviate. 

The best fit for the 130amount of water associated with the headgroup region  was 

found through trial-and-error to be approximately 50%. Hence, the initial guess for the fit is 

constrained by the volumes of the molecular fragments and their molecular composition. It is 

somewhat harder to constrain the parameters defining the structure factor, S(Q), as the ionic nature 

of these surfactants is not known. The electrostatic component is treated in terms of the Hayter-

javascript:openDSC(210480765,%201394,%20'23896');
javascript:openDSC(210480765,%201394,%20'23896');
javascript:openDSC(581545356,%2037,%20'54294');
javascript:openDSC(581545356,%2037,%20'54294');
javascript:openDSC(581545356,%2037,%20'54294');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(581545356,%2037,%20'54298');
javascript:openDSC(13570467,%2037,%20'52822');
javascript:openDSC(13570467,%2037,%20'52822');
javascript:openDSC(13570467,%2037,%20'52822');
javascript:openDSC(43887862,%2037,%20'54784');
javascript:openDSC(43887862,%2037,%20'54784');


Penfold model, which requires knowledge (estimate) 246of the (effective) hard sphere  

radius, volume fraction  of the scattering centres (which may be calculated from the mass 

concentration), the effective 130charge on the micelle and the screening length.  

Clearly, the last two parameters are coupled via the distribution of the various ions. Practically, an 

estimate (25%) of the counterion dissociation is used to calculate the screening length, and the 

charge per micelle allowed to float. Once a fit is achieved, the screening length was systematically 

varied and the charge refitted. The “best” fit was taken as whichever combination of the values of 

charge and screening length led to the lowest residuals. Post-fitting, the absolute scattering intensity 

is compared with the known concentration of surfactant and its calculated composition, 13to  

validate the fit. The calculated and observed intensities should lie within  ~20%. 

4.3.1 Micelle Structure of ImS3-8 and its Metallo-surfactants The ImS3-8 without and with 50mM 

NaCl form almost spherical micelle with ellipticity x = 1 ± 0.5. The shell thickness is from 4-5 ± 0.5 Å 

while radius of the core is 11 ± 0.5 which shows no appreciable involvement of the carbon alkyl 

chain in the shell. But addition of the Ag and Au to the ImS3-8 changes micelle structure interestingly 

by changing some parameters of the micelle. The ellipticity for ImS3-8Au is 3 ± 0.5 indicating prolate 

micelles appearance in the solution. In addition, shell thickness and charge of the micelle become 

approximately doubled. The insertion of Ag to ImS3-8 also changes its spherical micelle to prolate 

micelle with ellipticity x = 1.5 ± 0.2 while the shell thickness does not increase as observed in our 

results presented. The effect of counter ion on the silver metallo-surfactant is not very prominent. 

The water contribution to the shell thickness in all the above mentioned compounds has been 

recorded between 40 to 60%. Fig. 4.38: Small angle neutron data of 25M aqueous solution of octyl 

ligands andits Ag and Au metallo-surfactant at 25 0C Fig. 4.39: Small angle neutron data of 25M 

aqueous solution of dodecyl ligands and its Ag and Au metallo-surfactant at 25 0C Fig. 4.40: Small 

angle neutron data of 25M aqueous solution of metallo-surfactant of Ag and Au with octyl and 

dodecyl ligands at 25 0C Table 4.6. 33Parameters describing the fit to the core-shell  

model  used to describe the SANS data Surfactant Radius (Ǻ) Ellipticity(Ǻ) Shell thickness(Ǻ) 

Charge Hard sphere radius ImS8+D2O 11.2 1.0 4.8 2.3 16.2 ImS8+Salt 11.4 1.1 5.1 3.1 16.8 
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ImS8_Ag 11.5 1.2 6.4 1.6 18.9 ImS8_Au 11.3 3.7 9.2 8.3 20.2 ImS8_AgoAcSo3_S 11.5 1.6 6.6 6.6 

18.4 ImS12+Salt 15.9 0.8 9.4 10.0 26.0 ImS12_Ag 15.6 3.0 8.3 10.0 24.6 ImS12_AuBrMe_S 15.9 

1.4 7.6 10.7 24.0 ImS12_AgoAcMe_S 16.7 0.9 8.2 8.0 25.0 ImS12_AuClSO3_S 16.0 3.1 8.7 10.2 

25.2 4.3.2: Micelle structure of ImS3-12 and its Metallo-surfactants All the parameters calculated for 

ImS3-12 and its metallo-surfactants from the fish fitting by ellipsoid core shell model as tabulated in 

Table (4.6) show different results as compared to ImS3-8 and its metallo-surfactants. ImS3-12 

indicates results for the oblate micelle structure with x= 0.8 ± 0.1. The core radius is 16 ± 0.5 which 

shows no involvement of the carbon alkyl chain to the shell. Insertion of Ag and Au also change 

ellipticity of the micelle structure from oblate to prolate with ellipticity x = 3 ± 0.2 while the effect of 

counter ion reports that ImS3-12-AgoAcMe_S form again oblate micelle but for ImS3-12_AuBrMe_S, 

the micelle structure remain prolate with decrease in the ellipticity x= 1.4 ± 0.2. In the present case, 

the water percentage remains the same as in section 4.3.1. 4.4 Polymer surfactant interaction 

Polymer-surfactant mixture is of great interest because of its widespread applications. These 

widespread applications are due to complex behaviors of the mixture 34both in the bulk and  

at the interface. The complex behavior of the surfactant  and polymer mixture in the bulk 

and at the interface may be due to the interaction between the components of the mixture. Three 

types of interactions are possible between molecules of the surfactants and polymers; (I). Strong 

interaction also called 116electrostatic interaction occurs between the oppositely  

charged head groups of the surfactants and  polyelectrolytes. (II). Weak interaction also 

called as 41ion-dipole interaction is found between the polymer chains and  

surfactant  head groups. (III). Hydrophobic interaction is present between the chain of the 

surfactant and polymer. Hydrophobic interaction is always found in addition to the strong or weak 

interaction while in some cases only hydrophobic interaction 34between polymer and  

surfactant is present. Most of the study of the  polymer-surfactant mixed system is 

concentrated in bulk properties of the solution but the interfacial properties of such system have 

been less studied up till now. For studying weak and hydrophobic interactions of the systems of 
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polymer-surfactant, surface tension measurement can be used as main toll for the determination of 

the interfacial properties. Surface tension technique is 9very simple and informative for  

the study of polymer-surfactant  pair (polymer-surfactant mixture having weak or 

hydrophobic interaction), because it only involves measurement of the surface tension. In such 

system, often the 9polymer is weakly surface active and hence the measured surface  

tension is sensor essentially for the free or uncomplexed surfactant molecules in  

the solution. Departure of the mixed system from surface tension of the polymer  

free surfactant would then be an indication of the binding of polymer with  

surfactant. To estimate the type and extent of  the 34interaction between the  

polymer and surfactant14in the bulk and at the interface, surface tension (γ)  

measurement of the components of the  mixture and of the mixture has been made 

17to investigate the amphiphilic character of the surfactant and effect of the  

polymer over it. Deviation of the polymer-surfactant system 9from the surface tension of  

the surfactant would then  help to find the interaction. Regarding weak interaction between 

the polymer(PEO or PEG) and surfactants (SDS, CTAB), surface tension of the surfactants, polymer 

and of the mixture has been measured. The data of the measured surface tension has been 

interpreted in a 1way, which would help to understand the interaction  between the 

systems under study and would be a positive addition to the interaction literature. 4.4.1 

1Effect of Variant Concentration and Variant Molar Mass of PEG on the Interfacial  
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and Micellar Behavior of  the Ionic Surfactants In order to investigate the 30effect of  

the molar mass and concentration of polyethylene glycol (PEG) on the strength and type  

of  interactions with surfactant, varied composition of PEG-surfactant mixed systems have been 

used. For this purpose, mixtures of SDS-PEG and CTAB-PEG with different molar masses (4, 10, 20 

kg/mol) and different concentrations (0-1%) of PEG have been made. To find out the type and extent 

of 160interactions at the interface and in the bulk of the solution, interfacial study of  

the42aqueous solutions of surfactants and of their mixtures with polymers have  

been  made. The surface tension curves of the systems under observation against the 

concentration of the surfactant have been graphically presented in Figs. (4.41-4.46). Figs(4.41-4.43) 

and Figs. (4.44- 4.46)show 1surface tension vs ln concentration of  CTAB with respect 

to variant concentration and variant molar mass of PEG respectively. 1All the curves of  

surface tension of the surfactant and its mixture with polymer (CTAB -PEG  mixed 

system) with respect to surfactant concentration in general looks like as observed for other such 

mixed systems [373, 396]. To understand polymersurfactant interaction from surface tension curve, 

Fig. (4.47) has been included which reports about all the processes occurring within the mixed 

system (polymersurfactant) with mentioning the identifiable points. The 13plot of surface  

tension vs concentration of pure surfactant and  of the polymer-surfactant mixture 

1can be divided into three regions. Region Ι starts from very dilute concentration  

and ends at 1a point called critical concentration represented as  CC for surfactant 
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system andT1for polymer-surfactant mixed system. In this Fig. 4.41: 1Surface tension vs ln  

concentration of  CTAB with variant concentration of PEG 4kg/mol at 250C Fig. 4.42:Surface 

tension vs concentration of CTAB with variant concentration of PEG 10 kg/mol at 250C Fig. 4.43: 

Surface tension vs concentration of CTAB with variant concentration of PEG 20 kg/mol at 250C Fig. 

4.44 1:Surface tension vs ln concentration curve of  CTAB with variant molar mass of 

1PEG (4,10 and 20kg /mol) at 250C Fig. 4.  45: 1Surface tension vs ln  

concentration curve of  CTAB with variant molar mass of PEG (4, 10 and 20kg/mol) at 250 

0C Fig. 4.46: 1Surface tension vs ln concentration curve of  CTAB with variant molar 

mass of PEG (4,10 and 20kg/mol) at 25 0C Fig. 4.47: Schematic plot 87of the surface  

tension vs concentration of the polymer-surfactant mixed system.  T1 is critical 

aggregation concentration, T’is the polymer saturation with micelle, T3 is surfactant free micelle 

formation region, surfactant molecules and polymer 1surfactant molecules are present in  

molecular state in solution.59Surfactant molecules in the bulk of the solution  co-

exist 75in equilibrium with the monolayer at air water interface in  case of surfactant 

system and polymer 59surfactant molecules in the bulk of the solution  co-exist 

75in equilibrium with the monolayer at air water interface in  case of polymer-

surfactant mixed system. Region ΙΙ starts from CC and ends at CMC. From CC point onward 

increase in 4concentration of the surfactant decreases the surface tension drastically  
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till the surface tension  decreases to its minimum value called CMC. At this concentration, 

surface of the solution is covered and saturated by surfactant molecules. In case of 

polymersurfactant mixed system, region ΙΙ starts from T1 and ends at T2. After T1 increase in 

concentration of the mixed system, decreases the surface tension and the surfactant molecules start 

to form polymer bound micelles. The process of surface tension reduction and polymer bound 

micelle formation continue till the polymer loops are saturated with surfactant micelle at T2 [373, 

374]. At T2, surface of the solution is saturated with surfactant-polymer molecules where polymer is 

surface active. Region ΙΙΙ, starts from CMC for surfactant system and T2 for polymer-surfactant 

mixed system and in case of surfactant system, no other point can be assigned because the curve of 

surface tension remains straight after CMC and 27further increase in concentration  

brings no significant change in the surface tension  curve while that in polymer surfactant 

mixed system, region ΙΙΙ ends at T3 point. Proceeding on concentration axis beyond point T2, 

addition of the surfactant molecules either probably replace 1polymer molecules or its  

loops from the interface and  get their places at the interface and saturates the polymer 

chains. The concentration axis of the polymer-surfactant reaches at point where it coincides with the 

surface tension curve of the surfactant at point designated as T3. This point represents 

concentration of the mixed system at which surfactant molecules have completed competition with 

the polymer molecules or its loops in interfacial adsorption process. All polymer molecules (loops) 

have been replaced from the interface and beyond T3, surfactant molecules start forming 

30micelles in the mixed system. In  most of the mixed systems, the 1surface  

tension curve of the pure surfactant and polymer -surfactant mixed system become  

level at point  T3. Addition of polymer to the 1surfactant solution changes the  

shape of the surface tension curve of the surfactant due to many factors. Amongst  

these factors, nature of the surfactant and of the polymer  is important because nature of 
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the polymer and surfactant defines the type of interaction between them. In the pair of ionic 

surfactant and neutral polymer, two factors are responsible for reactivity between surfactant and 

polymer (a) hydrophobicity of the both the components (b) surface activity of the surfactant 

(significantly) and polymer (surface active polymer) [397]. The 17plot of surface tension of  

the surfactant- polymer paired system can be divided into three  identifiable regions 

17which are conventionally designated as T1, T2, and T3  [384, 398], as discussed in 

Fig(4.47). It can be seen from Figs. (4.41-4.46), that 1surface tension curves of the mixed  

system of CTAB-PEG  has deviated from the 1surface tension curve of the  

surfactant  system. These Figures also show 1that surface tension curves of the  

mixed system are lower than the34surface tension of the pure surfactant in the  

dilute region (T1). This greater reduction in the surface tension shown by the mixed system is 

36due to the associative behavior of the polymer and surfactant at the interface  

indicating the presence of polymer’s molecules (loops) at 1interface along with the  

surfactant molecules. As concentration of the CTAB-PEG 4K increases,  

difference in the surface tension curves of the pure surfactant and surfactant-

PEG become zero at point which is called as T1. In region T2, mixed aggregates of  

the  polymer with surfactant in the bulk of the solution and presence of the polymer loops and 

surfactant molecules at the surface can be assumed because of the higher 217surface  
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tension value of the mixed system than that  of pure surfactant in the same concentration 

range. Then after, increasing concentration of the mixed system, difference 172in the  

surface tension value of the mixed system and that of the pure surfactant decreases and  

at last become nearly zero. This point is called T3. This is presumably due to gradual 

34replacement of the polymer loops from the interface by the surfactant  molecules 

and at last all the polymer loops anchored are replaced. In other words, 37this is presumably  

due to the adsorption of surfactant molecules at the interface  when the polymer chains 

are saturated. 1Further increase in concentration of the surfactant in CTAB-PEG.  

4Kmay result in formation of the free micelle of the surfactant and also 1changing the  

aggregate size and shape rather than changing the surface tension  [372]. It has 

also been clearly shown in Fig. (4.41) 1that as the concentration of PEG (4K)  

increases from 0.1-  1%, 99difference in the surface tension curves of the pure  

surfactant (CTAB) and surface tension curves of the  polymer-surfactant mixed system 

(CTAB-PEG) increases in the dilute concentration region before T1 and then 1T1 decreases,  

T3 increases. From intersection point of the curves shown in  Figs. (4.41-4.43), CMC 

of the 1aqueous solution of CTAB and its mixed system (CTAB -PEG  (PEG molar 

masses= 4, 10 and 20K)) have been calculated 75and listed in the Table (4.7). It is clear  
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from the  data that with 1addition of PEG to CTAB solution, CMC of the surfactant  

increases and41with the increase of the polymer concentration,  CMC further 

increases. Figs. (4.44-4.46), report the effect of variant molar mass of the same polymer over the 

physiochemical properties of CTAB indicating the trend in surface tension curve as in Figs. (4.41-

4.43). The 1difference in the surface tension curve of pure surfactant and  its 

mixture with different molecular masses of PEGs increase in the dilute concentration region which as 

result decreases T1, increases T3 and also increases CMC of CTAB as molar mass of PEG 

increases. In the present work, T1, T2 and T3 have not been calculated, however, 1effect of  

the concentration and molar mass of PEG over the  physiochemical properties of CTAB 

can be made understandable when the interfacial parameters, CMC, thermodynamic of interfacial 

adsorption and micellization for all the systems are measured. CMC for the all the 1system of  

CTAB-PEG (variant concentration and molar mass of PEG)  have been calculated from 

Figs. (4.41-4.46) and are listed in the Table (4.7). 199In order to investigate comparative  

effect of the PEG on SDS and  CTAB, it is easy to achieve the same type of curve for SDS 

without and with PEG as obtain for CTAB and CTAB-PEG. The information so obtained is helpful to 

find out the different behaviors of the surfactants in the presence of PEG. Figs.(4.48-4.50) and Figs. 

(4.51-4.53) show the effect of PEG of variant concentration (0-1%) and variant molar masses i.e., 4, 

10, 20 kg/mol 1over the surface tension of SDS respectively. The surface tension  

curves of SDS and SDS -PEG  mixed system generally look like those of the CTAB and 

CTAB 1-PEG, but possess some differences in the CMC region and at T3 point, which  

can be explained on the basis of polymersurfactant interaction and surface activity. All the Figs. 
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(4.48-4.53) report 1lower surface tension curves for SDS-PEG mixture in the dilute  

concentration region as compared to the curve of the pure SDS  indicating that higher 

surface activity (lower surface tension) has been attained by the mixed system. This high surface 

activity of 1SDS-PEG in the dilute concentration region  is 1due to associative  

behavior of the mixed system  i.e. polymer and surfactant cooperatively adsorbed at the 

air/solution Fig. 4.48: 1Surface tension vs ln concentration of  SDS with variant 

concentration of PEG 4 kg/mol at 25 0C 35 40 45 50 55 60 65 -7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 γ mNm ( 

- 1 ) ln SDS conc.(M) 1SDS + 0.0% PEG SDS + 0.1% PEG 10K SDS + 0.5% PEG 10K  

SDS + 1. 00% PEG  10K 35 40 45 50 55 60 65 -7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 γ mNm ( - 1 ) ln 

SDS conc.(M) 1SDS + 0.0% PEG SDS + 0.1% PEG 10K SDS + 0.5% PEG 10K SDS +  

1. 00% PEG  10K Fig. 4.49: 1Surface tension vs ln concentration of  SDS with 

variant concentration of PEG 10kg/mol at 25 0C 35 40 45 50 55 60 65 -7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 γ 

mNm ( - 1 ) ln SDS conc.(M) 1SDS + 0.0% PEG SDS + 0.1% PEG 20K SDS + 0.5% PEG  

20K SDS + 1. 00% PEG  20K 35 40 45 50 55 60 65 -7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 γ mNm ( - 1 ) 

ln SDS conc.(M) 1SDS + 0.0% PEG SDS + 0.1% PEG 20K SDS + 0.5% PEG 20K SDS +  

1. 00% PEG  20K Fig. 4.50: 1Surface tension vs ln concentration of  SDS with 

variant concentration of PEG 20kg/mol at 25 0C Fig. 4.51: 1Surface tension vs ln  

concentration curve of  SDS with variant molar mass of PEG (4,10 and 20kg/mol) at 25 0C 
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Fig. 4.52: 1Surface tension vs ln concentration curve of  SDS with variant molar mass of 

1PEG (4, 10 and 20 kg/mol) at 25 0C Fig. 4.  53: 1Surface tension vs ln  

concentration curve of  SDS with variant molar mass of 1PEG (4, 10 and 20  

kg/mol)  at 25 0C interface. Figs. (4.48 - 4.53) also informs that the 1competitive  

adsorption of PEG molecules (loops) and surfactant molecules starts at interface  

and some free PEG contents are displaced from the interface by surfactant  

molecules at point T1. However, in SDS-PEG system all the contents of PEG cannot  

be displaced from the interface as clear from the synergetic surface tension  

curve (lower effectiveness in surface tension) of the mixed SDS-PEG system after  T, 

shown in Figs. (4.48-4.53). 1Furthermore, the calculated CMC of the mixed system  

(SDS-PEG) is lower than CMC of the pure SDS as  observed [372]. In addition, 

1with increase in concentration and molar mass of the  polymer, a significant 

decrease in T1 and CMC of the polymer surfactant pair also occur. Once 1CMC of the CTAB  

and SDS with respect to different concentration and  different molar mass of PEG 

have been calculated, it then clarifies the effect of PEG (variant concentration and variant molar 

mass) 1over CMC of the CTAB and SDS. Quantitatively change in  the values of 

1CMC of CTAB and SDS with respect to polymer concentration and molar mass  
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have been listed in the Table( 4.7), but to make clear the effect of concentration and  

molar mass of PEG on the CMC of CTAB and SDS, Figs. (4.54 and  4.55) can be 

consulted. Figs.(4.54 and 4.55) clearly show that CMC of the CTAB increases 1as the  

concentration and molar mass of the polymer increases  while SDS shows an opposite 

behavior regarding CMC in the presence of the same polymer. 4.4.2 1Effect of Variant  

Concentration and Variant Molar Mass of PEG on the  Surface Activity of Ionic 

Surfactants in Terms of Interfacial Parameters Surface tension measurement can be used as the 

main toll for the determination of interfacial properties of weak and hydrophobic interactions between 

1 1.2 1.4 1.6 1.8 2 2.2 2.4 0 0.2 0.4 0.6 0.8 1 1.2 Surfactant CMC(mM) Polymer conc.(%) 

1CTAB + PEG 4K CTAB + PEG 10K CTAB + PEG 20K 1  1.2 1.4 1.6 1.8 2 2.2 2.4 0 0.2 

0.4 0.6 0.8 1 1.2 Surfactant CMC(mM) Polymer conc.(%) 1CTAB + PEG 4K CTAB + PEG  

10K CTAB + PEG 20K  Fig. 4.54: 1Effect of (0-1%) of PEG 4, 10 and 20kg /mol  

over the CMC of CTAB  at 25 0C 5 5.5 6 6.5 7 7.5 0 0.2 0.4 0.6 0.8 1 1.2 Surfactant 

CMC(mM) Polymer conc.(%) 1SDS + PEG 4K SDS + PEG 10K SDS + PEG 20K 5 5.5 6  

6.5 7 7.5 0 0.2 0.4 0.6 0.8 1 1.2 Surfactant CMC(mM) Polymer conc.(%) 1SDS + PEG 4K  

SDS + PEG 10K SDS + PEG 20K  Fig. 4.55: 1Effect of (0-1%) of PEG 4, 10 and  

20kg /mol over the CMC of SDS  at 25 0C polymer-surfactant pair. 183As the  

surface tension technique only involves measurements of the surface tension,  
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therefore, in these systems, 9polymer is weakly surface active and hence the  

measured surface tension  is actually 136the surface tension of the free  

surfactant molecules in solution.  As already discussed, surface tension 14depends  

on the surface concentration of the surfactant. Therefore, measurement of the surface  

tension of the surfactant  and polymer-surfactant pair would help to investigate the effect 

produced by the polymer on the surface 72concentration of the surfactant due  

polymersurfactant interaction. One of the important interfacial  parameter is 

54surface excess concentration, which calculates the surface density of the  

surfactant molecules at the  surface and 1is helpful to understand the surface  

structure of the solution.  The surface excess concentration (Γmax) 1for all the  

systems, CTAB and SDS with and without PEG have been calculated using  Eq. 

(4.3) and their values have been 90listed in the Table (4. 7). The data presented in Table  

(4. 7) indicate that1surface excess concentration of CTAB decreases to 1.  

76molecule/nm2 when 0.1% PEG having molar mass 4kg 1/mol is added to the CTAB  

solution. When concentration  of the same PEG is further increased, it decrease the 

surface excess concentration of CTAB further. In addition, increase in 1molar mass of PEG  
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from 4 to 20kg /mol, changes the Γmax of CTAB  in the same pattern. The data presented 

in Table (4.7) also indicate quantitatively that when the concentration of PEG has been 

1increased to 1% and molar mass to 20kg /mol, the surface excess concentration  

of CTAB has decreased to 1.  57molecules/nm2. Similar results for the 1effect of  

PEG over the Γmax of CTAB  have also been reported [379]. Decrease in Γmax of the 

CTAB due to PEG can be 1because of the hydrophobic interaction between CTAB  

and PEG in the bulk of the solution  which allow less number of 1molecules of  

CTAB to come to the air/solution interface in the presence of PEG rather than in its  

absence. The addition of PEG  also affects Γmax of SDS in same pattern as CTAB which are 

presented in Table (4.7), but 27decrease in Γmax of SDS with the addition of  PEG is 

greater as compared to CTAB. Similar change in Γmax 1of SDS with the addition of PEG  

has been reported [381]. The Γmax of SDS decreases to1.55 molecules/nm2 when 0.1% PEG with 

molar mass 4kg/mol is added. When concentration of PEG of the same polymer is increased, it 

further decrease Γmax of SDS. Similarly, increase in molar mass of the PEG from 4kg/mol to 

20Kg/mol, also decreases the surface excess concentration of SDS. The data presented in Table 

(4.7) indicates that when the concentration of PEG has 1increased to 1% and molar mass  

to 20kg /mol, the Γmax of SDS decreased to1.  10molecules/nm2. The 1decrease in  

the Γmax of SDS is greater as compared to CTAB with the addition of PEG. It is  

presumably due to the presence of strong ion-diploe interaction at air /solution  
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interface between  SDS and PEG as 1compared to the weak hydrophobic  

interaction between CTAB and PEG molecules. The  ion-dipole interaction in case of 

SDS and PEG occurs 81between the head groups of SDS molecules and chains of the  

polymer. Dipoles are 1formed on oxygen and carbon atoms due to different  

electronegativity of oxygen and carbon  atom. This type of interaction may be 

55present in bulk of the solution and at the  air/solution interface. However, as T3 is not 

observed in SDS-PEG system as found in CTAB-PEG system. This is either due to the 

concentration range studied that is not up to the mark or due to the 1presence of PEG at  

the interface.  To explore the 1interface of the aqueous solution of the  

surfactant,  another important parameter to be determined is the minimum area per molecule 

(Amin). This important parameter has already been estimated and discussed in the section (4.1) for 

the polymer free surfactant systems. To understand the 1effect of variant concentration  

and molar mass of PEG,  it has been once again 1calculated for CTAB and SDS  

with PEG  using Eq. (4.4). The Amin values 1for all the systems of aqueous solutions  

CTAB, SDS with and without have been calculated and are listed in Table  (4.7). 

The data indicate that 1addition of 0.1% PEG having 4kg /mol  to CTAB has increased the 

Amin to 0.57nm2. Similarly, when concentration 1and molar mass of PEG have been  
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increased from 0.1 to  1% and 4 to 20kg/mol respectively, the values of Amin of CTAB 

further increases to 0.63nm2. Increase in Amin of 1CTAB with addition of PEG have  

been reported  which are consistent with our results [379]. 1This small change in  

area per molecule of CTAB in the presence of PEG is due to the presence of  

some polymer segments present at the interface with surfactant molecules near  

CMC.  In other words this change may be 1due to hydrophobic interaction  

between CTAB and PEG in the bulk of the solution  and hence less number of 

1molecules of the surfactant are available to be adsorbed at the interface.  

The1effect of PEG over the Amin of SDS is quite prominent and it nearly becomes  

double when concentration is increased from 0.1 to1% and molar mass of PEG is  

increased from 4  to 20kg/mol. Our data regarding change in Amin of 1SDS with the  

addition of PEG is in  agreement with the results published [381]. Increase in Amin of 

1SDS with the addition of PEG shows that there are less number of surfactant  

molecules adsorbed at the air-water interface which is due to the presence of PEG  

segments at the interface with SDS molecules and also due to the strong  

interaction (ion-dipole) between SDS and PEG molecules.  4.4.3 1Effect of  
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Variant Concentration and Variant molar Mass of PEG on the Interfacial and Micellar  

Behavior of  Ionic Surfactants in Terms of 1Thermodynamic Parameters of  

Micellization and Interfacial Adsorption Once CMC of the CTAB and SDS in the  

absence and  presence of variant concentration and variant molar mass of PEG 1have  

been calculated, then thermodynamics parameters such as free energy of  

micellization can be calculated using the Gibbs  Eq. (4.6). 1All the values of  

ΔGmic for CTAB, SDS, CTAB-PEG and SDS-PEG have been obtained  and listed in 

Table (4.7). ΔGmic of CTAB is 27.04kj/mol and is consistent with the work reported [399]. The data 

indicate that the –ΔGmic of CTAB decreases to 26.78kj/mol with the addition of 0.1% PEG having 

molar mass 4kg/mol. When concentration of the PEG is further increased from 0.1% to 0.5% and 

then to 1%, it concomitantly reduces the –ve value of Gmic of CTAB. Similarly, increasing the 

1molar mass of PEG, produces the same effect as  that of the concentration 1over  

the free energy of micellization of CTAB.70When the molar mass of the polymer is  

increased from 4kg /mol to  20kg 1/mol and concentration is increased to 1%,  

then the value of  ΔGmic decreases to -25.97kj/mol. As 179the negative value of  

free energy of micellization shows spontaneity of the  process and 1with the  

addition of PEG to CTAB solution decreases the negative value of  ΔGmic which 

reveals that the spontaneity of micellization of CTAB has been depressed. Also, with 

1increase in molar mass and concentration of PEG, the negative values of  ΔGmic 
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further decreases indicating that 1spontaneity of the micellization of CTAB is  more 

affected or depressed. 1It is due to hydrophobic interaction of CTAB with PEG  

molecules in the bulk of the solution and thus aggregates of CTAB and PEG is  

cooperatively formed. Therefore,  it can be concluded that less number of molecules of the 

surfactant are available for the formation of free surfactant micelle until polymer molecules are 

saturated by the surfactant molecules. 1Similarly, when concentration or polymer  

molar mass is increased, more surfactant molecules are needed to interact and to  

saturate polymer molecules in the bulk of the solution and  hence less number of molecules 

of the surfactant are available for free surfactant micellization. It is further concluded from the 

discussion that –ΔGmic of 1CTAB in the presence of PEG  decreases. Further 

1increase in concentration or molar mass of the PEG  decreases – ΔGmic to a greater 

extent. The current data support our previous results stating 1that CMC of CTAB decrease  

in the presence of PEG.  Fig. (4.56) has been displayed 1to visualize the effect of  

PEG over ΔGmic of CTAB.  The data presented in the Table (4.7) show that the value of 

ΔGmic of the polymer free SDS is -21.90kj/mol which is consistent with the reported results [400]. 

With the addition of 0.1% PEG having molar mass 4kg/mol, the –ve value of ΔGmic increases to -

22.14kj/mol and when the concentration is further increased, the negative value of 1free  

energy of micellization of SDS  further increases. 1Increase in the molar mass of  
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PEG also increases the  –ve value of ΔGmic of SDS. When concentration of the PEG is 

increased 1to 1% and molar mass is increased to 20kg /mol, the –ve value of ΔGmic of  

SDS increases to -22. 74kj /mol indicating that spontaneity of the micellization of SDS  

increases.  This behavior 1of SDS in the presence of PEG can be explained by  

the strong ionic dipoles type of interaction at the  interface between anionic head of SDS 

and the dipole formed on PEG chain whereas this interaction is responsible to keep some of the 

molecules of PEG to reside on the surface even near CMC [401]. Because of the ionic 1dipole  

interaction between SDS and PEG molecules at the interface, polymer  segments reside 

at the interface in addition to the surfactants molecules. Due to which, the interface is quickly 

saturated; therefore, less 1number of surfactant molecules will saturate the air/ solution  

interface.  Thus, at low concentration the surfactant molecules form micelle and increase the 

spontaneity of the micellization. Fig. (4.57) reports that 1increase in polymer concentration  

and molar mass, increases the –ΔGmic of  SDS. This can be explained as, the surfactant 

molecules favor the 1polymer molecules or loops of polymer to reside at the  

interface with surfactant molecules through the ionic dipole type of  interaction, 

saturating the air/solution interface at lower surfactant concentration and decreasing the CMC 

(enhancing the micellization of SDS). 1Free energy of adsorption is an important  

parameter to know about the surfactant adsorption at air/ solution interface.  This 

javascript:openDSC(58647428,%2037,%20'28226');
javascript:openDSC(58647428,%2037,%20'28275');
javascript:openDSC(58647428,%2037,%20'28275');
javascript:openDSC(58647428,%2037,%20'28275');
javascript:openDSC(58647428,%2037,%20'28275');
javascript:openDSC(58647428,%2037,%20'28301');
javascript:openDSC(58647428,%2037,%20'28301');
javascript:openDSC(58647428,%2037,%20'28301');
javascript:openDSC(58647428,%2037,%20'27577');
javascript:openDSC(58647428,%2037,%20'27577');
javascript:openDSC(58647428,%2037,%20'27577');
javascript:openDSC(58647428,%2037,%20'28157');
javascript:openDSC(58647428,%2037,%20'28157');
javascript:openDSC(58647428,%2037,%20'28157');
javascript:openDSC(58647428,%2037,%20'27376');
javascript:openDSC(58647428,%2037,%20'27376');
javascript:openDSC(58647428,%2037,%20'27376');
javascript:openDSC(58647428,%2037,%20'28312');
javascript:openDSC(58647428,%2037,%20'28312');
javascript:openDSC(58647428,%2037,%20'28312');
javascript:openDSC(58647428,%2037,%20'28337');
javascript:openDSC(58647428,%2037,%20'28337');
javascript:openDSC(58647428,%2037,%20'28337');


parameter has been calculated from Eq. (4.5). The surface pressure values (πCMC) at CMC of the 

1aqueous solution of the surfactants and their separate mixture with PEG are in the  

range  30.5 to 34.5mN/m which 86are consistent with the values reported [379].  

The calculated values  of ΔGads 1are -32.50, -37.10, -55.12, -61.27 and -68. 63kj  

/mol for SDS, CTAB,  4K, 10K and 20K which have been listed in Table (4.1) and (4.2) 

1respectively. Mixing of PEG with SDS and CTAB  has produced synergism in their 

1free energy of interfacial adsorption. The -ΔGads of  SDS has increased 1with  

the addition of PEG which further increased when the concentration or molar mass  

of PEG  is increased. The -ΔGads of 1CTAB also increases with the addition of  

PEG but the effect228is not as pronounced as observed in case of  SDS. This greater 

change so obtained in the -ΔGads 1of SDS with the addition of PEG  is presumably due to 

the adsorption of PEG molecules or its loops 113at the air/solution interface along with  

surfactant molecules. Due to this  interfacial 1interaction between SDS and PEG  

as compared to CTAB and PEG, the adsorption of CTAB is less  affectedas compared 

to SDS. -26.6 -26.4 -26.2 -26 -25.8 -25.6 -25.4 -25.2 -25 0 0.2 0.4 0.6 0.8 1 1.2 Surfactant Δ 

Gmic(Kjmolˉ¹) Polymer conc.(%) 1CTAB + PEG 4K CTAB + PEG 10K CTAB + PEG 20K  

-26.6  -26.4 -26.2 -26 -25.8 -25.6 -25.4 -25.2 -25 0 0.2 0.4 0.6 0.8 1 1.2 Surfactant Δ 
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Gmic(Kjmolˉ¹) Polymer conc.(%) 1CTAB + PEG 4K CTAB + PEG 10K CTAB + PEG 20K  

Fig. 4.56: 1Effect of (0.1-1%) of PEG (4, 10 and 20kg /mol) over the free energy of  

micellization of CTAB  at 25 0C -22.8 -22.7 -22.6 -22.5 -22.4 -22.3 -22.2 -22.1 0 0.2 0.4 0.6 

0.8 1 1.2 Surfactant Δ G mic ( ) Kjmolˉ¹ Polymer conc.( %) 1SDS + PEG 4K SDS + PEG  

10K SDS + PEG 20K -22.  8 -22.7 -22.6 -22.5 -22.4 -22.3 -22.2 -22.1 0 0.2 0.4 0.6 0.8 1 1.2 

Surfactant Δ G mic ( ) Kjmolˉ¹ Polymer conc.( %) 1SDS + PEG 4K SDS + PEG 10K SDS +  

PEG 20K  Fig. 4.57: 1Effect of (0.1-1%) of PEG (4, 10 and 20kg /mol) over the  

free energy of micellization of SDS  at 25 0C 4.5 Conductometric Characterization of 

Polymer-Surfactant Mixed Systems Polymer-surfactant mixed systems have been characterized 

conductometerically giving 1valuable information about the CMC and fraction of the  

counter ion binding to the micelle. Fraction of counter ion binding (β) is  

important parameter in micelle formation. Two types of opposing forces are  

responsible for micellization of the ionic surfactant: (a) hydrophobic effect which  

favors micelle formation and is responsible for the removal of hydrocarbon chain  

from water matrix (b)  electrostatic effect which 1arises due to the electrostatic  

repulsion among the similar charged head groups  and disfavors micelle formation. 

Measurement of the 1counter ions binding (β) to the micellar interface is basically  
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decreasing the opposing force of the charged head groups and increasing the  

favor of micelle formation [402, 403]. Counter ion binding can be obtained from the  

degree of micelle ionization (α) as under. β = 1 – α  (11) Where β is 1counter  

ions bound to the micellar interface and α is the degree of  micelle ionization. The 

1degree of micelle ionization (α) is obtained from the ratio of the post micellar  

slope to the pre micellar slope using the conductance vs concentration curve of  

the surfactant. α = S2/S1  (12) Where S2 is the post micellar slope and S1 is the pre 

micellar slope Figs. (4.58-4.60) 1show conductance vs concentration curves of CTAB  

with variant concentration and  Figs. (4.61-4.63) show conductance vs concentration curves of 

variant molar mass of PEG. Similarly, Figs. (4.64-4.66) and Figs. (4.67-4.69) indicating 

1conductance vs concentration curves of SDS with variant concentration and  variant 

molar mass of PEG 1respectively. All the values of the counter ions bound are  

listed in the Table (4.7) for all the systems of CTAB and SDS with PEG having  

variant concentration and molar mass. The values of β obtained from aqueous  

solution of SDS and CTAB are 0.593 and 0.71, which are202in close agreement with  

the values reported in the literature  [379, 403, 404 ]. The data presented in Table (4.7) 

indicate that β 1decreases with the addition of PEG to the aqueous solution of SDS  
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and also it further decreases with the increase in concentration of PEG.  Similarly, 

1increase in molar mass of PEG, decreases the  β which can be quantitatively observed 

from the Table (4.7). The 1effect of PEG over β of SDS studied is in  good agreement with 

the results reported [381]. It means that micellization of SDS enhances 1with the addition of  

PEG, CMC of SDS decreases as  noted in the present work as well as in the work reported 

[372]. Therefore, it is concluded that 1decrease in β is due to the ion dipole interaction  

between SDS and PEG molecules, which shields the electrostatic repulsion  

between head groups of SDS. A consistent decrease in the values of β is observed in  

the  present work 1for the mixed system of CTAB-PEG with increase in  

concentration and molar mass of PEG. Decrease in β shows that CMC of CTAB  

may decrease with the addition of PEG, however, increase in CMC of CTAB is  

observed which is  in accordance to the work cited [384]. This anomalous behavior indicating 

increase in CMC and decrease in β of the CTAB 1is because of the hydrophobic  

interaction, which is dominant over the ion dipole interaction. The ionic dipole type of  

interaction is the  attraction 1between the ionic head groups of the surfactant  

molecules and the dipole formed on oxygen atom and carbon atom within the PEG  
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chain.  This shields the 1electrostatic repulsion of the head group of CTAB and  

thus enhancing the micellization process. However, the hydrophobic interaction  

between CTAB and PEG do stay some of the CTAB  0 10 20 30 40 50 60 70 80 0 

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB  

+ 0.0% PEG 4K CTAB + 0.1% PEG 4K CTAB + 0.5% PEG 4K CTAB + 1. 0% PEG 4K  

0 10 20 30 40 50 60 70 80 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) 

CTAB conc.(mM) 1CTAB + 0.0% PEG 4K CTAB + 0.1% PEG 4K CTAB + 0.5% PEG  

4K CTAB + 1. 0% PEG 4K  Fig. 4.58: 1Conductance vs concentration of CTAB  

with  variant concentration of PEG 4 kg/mol at 25 0C 0 20 40 60 80 100 120 140 160 0 0.0005 

0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0%  

PEG 10K CTAB + 0.1% PEG 10K CTAB + 0.5% PEG 10K CTAB + 1. 0% PEG  10K 0 20 

40 60 80 100 120 140 160 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) 

CTAB conc.(mM) 1CTAB + 0.0% PEG 10K CTAB + 0.1% PEG 10K CTAB + 0.5% PEG  

10K CTAB + 1. 0% PEG  10K Fig. 4.59 1:Conductance vs concentration of CTAB  

with  variant concentration of PEG 10kg/mol at 25 0C 0 20 40 60 80 100 120 140 160 180 0 

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB  

+ 0.0% PEG 20K CTAB + 0.1% PEG 20K CTAB + 0.5% PEG 20K CTAB + 1. 0% PEG  

20K 0 20 40 60 80 100 120 140 160 180 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 
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Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0% PEG 20K CTAB + 0.1% PEG 20K  

CTAB + 0.5% PEG 20K CTAB + 1. 0% PEG  20K Fig. 4.60 1:Conductance vs  

concentration of CTAB with  variant concentration of PEG 20kg/mol at 25 0C 0 20 40 60 

80 100 120 140 160 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB 

conc.(mM) 1CTAB + 0.0% PEG CTAB + 0.1% PEG 4K CTAB + 0.1% PEG 10K CTAB  

+ 0.1% PEG 20K 0  20 40 60 80 100 120 140 160 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 

0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0% PEG CTAB + 0.1% PEG 4K  

CTAB + 0.1% PEG 10K CTAB + 0.1% PEG 20K  Fig. 4.61: 1Conductance vs  

concentration of CTAB with  same concentration of 1PEG (4, 10 and 20 kg/mol)  

at 25 0C 0 20 40 60 80 100 120 140 160 180 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 

Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0% PEG CTAB + 0. 5% PEG 4K CTAB +  

0. 5% PEG 10K CTAB + 0. 5% PEG 20K 0  20 40 60 80 100 120 140 160 180 0 0.0005 

0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0%  

PEG CTAB + 0. 5% PEG 4K CTAB + 0. 5% PEG 10K CTAB + 0. 5% PEG 20K  Fig. 

4.62 1:Conductance vs concentration of CTAB with  same concentration 1of  

PEG (4, 10 and 20 kg/mol)  at 25 0C 0 20 40 60 80 100 120 140 160 180 0 0.0005 0.001 

0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB conc.(mM) 1CTAB + 0.0% PEG  
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CTAB + 1 .0% PEG 4K CTAB + 1.0% PEG 10K CTAB + 1.0% PEG 20K  0 20 40 60 80 

100 120 140 160 180 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 Conductance(µS) CTAB 

conc.(mM) 1CTAB + 0.0% PEG CTAB + 1 .0% PEG 4K CTAB + 1.0% PEG 10K CTAB  

+ 1.0% PEG 20K  Fig. 4.63 1:Conductance vs concentration of CTAB with  same 

concentration of 1PEG (4, 10 and 20 kg/mol)  at 25 0C 0 100 200 300 400 500 600 0 0.01 

0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS + 0.0% PEG SDS + 0.1%  

PEG 4K SDS + 0.5% PEG 4K SDS + 1. 0% PEG 4K  0 100 200 300 400 500 600 0 0.01 

0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS + 0.0% PEG SDS + 0.1%  

PEG 4K SDS + 0.5% PEG 4K SDS + 1. 0% PEG 4K  Fig. 4.64: 1Conductance vs  

concentration of SDS with  variant concentration of PEG 4 kg/mol at 25 0C 0 200 400 600 

800 1000 1200 1400 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS +  

0.0% PEG SDS + 0.1% PEG10K SDS + 0.5% PEG10K SDS + 1.  0% PEG10K 0 200 400 

600 800 1000 1200 1400 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS  

+ 0.0% PEG SDS + 0.1% PEG10K SDS + 0.5% PEG10K SDS + 1.  0% PEG10K Fig. 4.65: 

1Conductance vs concentration of SDS with  variant concentration of PEG 10 kg/mol at 

25 0C 0 200 400 600 800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) 

SDS conc.(mM) 1SDS + 0.0% PEG 20K SDS + 0.1% PEG 20K SDS + 0.5% PEG 20K  
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SDS + 1. 0% PEG  20K 0 200 400 600 800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 0.04 

0.05 Conductance(µS) SDS conc.(mM) 1SDS + 0.0% PEG 20K SDS + 0.1% PEG 20K  

SDS + 0.5% PEG 20K SDS + 1. 0% PEG  20K Fig. 4.66: 1Conductance vs  

concentration of SDS with  variant concentration of PEG 20kg/mol at 25 0C 0 200 400 600 

800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 

1SDS + 0.0%PEG SDS + 0.1% PEG4K SDS + 0.1% PEG10K SDS + 0.1% PEG20K 0  

200 400 600 800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS 

conc.(mM) 1SDS + 0.0%PEG SDS + 0.1% PEG4K SDS + 0.1% PEG10K SDS + 0.1%  

PEG20K Fig. 4.67: 1Conductance vs concentration of SDS with  same concentration 

1of PEG(4, 10 and 20 kg/mol)  at 25 0C 0 200 400 600 800 1000 1200 1400 1600 1800 0 

0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS + 0.0% PEG SDS + 0.  

5% PEG4K SDS + 0. 5% PEG10K SDS + 0. 5% PEG20K 0  200 400 600 800 1000 1200 

1400 1600 1800 0 0.01 0.02 0.03 0.04 0.05 Conductance(µS) SDS conc.(mM) 1SDS + 0.0%  

PEG SDS + 0. 5% PEG4K SDS + 0.5% PEG10K SDS  + 0.5% PEG20K Fig. 4.68: 

1Conductance vs concentration of SDS with  same concentration of 1PEG (4, 10  

and 20 kg/mol)  at 25 0C 0 200 400 600 800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 

0.04 0.05 Conductance(µS) SDS conc.(mM) SDS + 0.0% PEG SDS + 1.0% PEG4K SDS + 1.0% 

PEG10K SDS + 1.0% PEG20K 0 200 400 600 800 1000 1200 1400 1600 1800 0 0.01 0.02 0.03 

0.04 0.05 Conductance(µS) SDS conc.(mM) SDS + 0.0% PEG SDS + 1.0% PEG4K SDS + 1.0% 
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PEG10K SDS + 1.0% PEG20K Fig. 4.69: 1Conductance vs concentration of SDS with  

same concentration of 1PEG (4, 10 and 20 kg/mol)  at 25 0C 1molecules in the  

core of the micelle. Due to this reason, decrease in β does not affect the increase in  

CMC of CTAB. Counter ion binding to the micelle surface against polymer  

concentration for the two surfactants can be represented graphically in Figs.( 4.70  

and  4.71). 0.48 0.53 0.58 0.63 0.68 0.73 0 0.2 0.4 0.6 0.8 1 1.2 β Polymer conc.(%) 1654  

K 10 K K 20 0. 48 0. 53 0. 58 0. 63 0. 68 0. 73 0  0.2 0.4 0.6 0.8 1 1.2 β Polymer conc.(%) 4 K 

10 K K 20 Fig. 4.70: Counter ion bounds to micelle of CTAB vs concentration of PEG (4, 10, 

20kg/mol) at 25 0C 0.48 0.53 0.58 0.63 0.68 0.73 0 0.2 0.4 0.6 0.8 1 1.2 β Polymer conc.(%) 4 K 10 

K 20 K 0.48 0.53 0.58 0.63 0.68 0.73 0 0.2 0.4 0.6 0.8 1 1.2 β Polymer conc.(%) 14 K 10 K 20  

K  Fig. 4.71: 1Counter ion bounds to micelle of SDS vs concentration  of PEG (4, 

10, 20kg/mol) at 25 0C Table 4.7 1CMC, Surface excesses concentration, area per  

molecules, free energy of micellization, interfacial adsorption energy and  

counter ions bound of CTAB and SDS with and without PEG, calculated from  

surface tension and conductance techniques.  -68579-17505Surfactants + PEG CMC1 

CMC2 Γmax/ Acmc4 ΔG5mic ΔG6ads Β7 Cond S.T molcule3 SDS SDS+PEGa4K 8.05 8.15 1.94 

0.51 -21.90 -32.50 0.59 SDS+PEGb4K 7.25 7.30 1.55 0.64 -22.14 -34.80 0.45 SDS+PEGc4K 7.05 

7.15 1.41 0.71 -22.20 -36.02 0.43 SDS+PEGd4K 7.00 7.01 1.33 0.75 -22.24 -36.73 0.39 

SDS+PEGb10K 6.60 6.74 1.44 0.73 -22.34 -35.69 0.38 SDS+PEGc10K 6.55 6.60 1.41 0.78 -22.40 -

35.91 0.36 SDS+PEGd10K 6.30 6.35 1.40 0.82 -22.50 -35.91 0.33 SDS+PEGb20K 6.10 6.10 1.18 

0.84 -22.59 -38.49 0.34 SDS+PEGc20K 5.90 5.95 1.15 0.87 -22.64 -38.78 0.32 SDS+PEGd20K 
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5.80 5.74 1.09 0.91 -22.74 -39.53 0.30 CTAB CTAB+PEGa4K 1.01 1.01 2.10 0.47 -27.04 -37.10 

0.71 CTAB+PEGb4K 1.10 1.12 1.76 0.57 -26.78 -37.96 0.68 CTAB+PEGc4K 1.15 1.18 1.65 0.60 -

26.65 -38.66 0.66 CTAB+PEGd4K 1.25 1.28 1.64 0.61 -26.45 38.63 0.65 CTAB+PEGb10K 1.20 

1.24 1.76 0.57 -26.53 -37.84 0.65 CTAB+PEGc10K 1.30 1.29 1.71 0.58 -26.43 -38.20 0.63 

CTAB+PEGd10K 1.42 1.40 1.60 0.62 -26.23 -38.86 0.61 CTAB+PEGb20K 1.40 1.36 1.64 0.61 -

26.30 -38.59 0.62 CTAB+PEGc20K 1.50 1.45 1.61 0.62 -26.14 -38.69 0.60 CTAB+PEGd20K 1.60 

1.55 1.57 0.64 -25.98 -39.01 0.59 Units: 1mM, 2mM, 3nm, 4nm2, 5kJmol-1, 6kJmol-1, 7no unit, 

a0%, b0.1%, ºC.5%,1% 4.6 201Dynamic Light Scattering Dynamic light scattering  

technique was also employed  in detailed manner 66to estimate the size and types  

of the mixed aggregates present in the  polymer-SDS and polymer-CTAB mixed 

systems. 39A well-known constrained regularized CONTIN method was applied to  

analyze the data obtained from dynamic light scattering (DLS). The correlation  

functions (G) were transformed into the distributions of decay rate (Г) which  

were in turn converted to distributions of apparent mutual diffusion coefficient  

through the relation  [405-407]. 58440320245Dapp = /q2 (13) 86139032608Where q = 

(4n/)sin 24(/2) is the scattering vector, n is the refractive index of the solvent  

and  is the scattering angle. Finally the apparent translational diffusion coefficient  

was converted to apparent hydrodynamic radius (Rh,app) of the micelle by using  

the Stokes–Einstein relationship  [406, 407]. 65793616077Rh,app = kT/(6Dapp) (14) 

220In order to know about the interactions between PEG and conventional  
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surfactants,  few representative plots of the hydrodynamic radius (Rh) and diffusion 

coefficients (D) of the mixed systems have been plotted in Figs. (4.72-4.77). It is clear from the Eqs. 

(4.13 and 4.14) that hydrodynamic radius and diffusion coefficients are inversely related to each 

other and this behavior is clearly reflected in all the Figs. (4.72-4.77). The plots of Rh versus 

surfactant concentration, in the presence of different molar mass of PEG show clear changes in the 

size of polymer. The results so obtained are an indication of the interaction of the surfactant with 

PEG chains. From the overall values of the hydrodynamic radius, it can be said 0 1 2 3 4 5 6 7 8 -

0.01 0.01 0.03 0.05 0.07 0.09 0.11 Rh(nm) SDS conc.(mM) SDS+3%PEG 4K 0 1 2 3 4 5 6 7 8 -0.01 

0.01 0.03 0.05 0.07 0.09 0.11 Rh(nm) SDS conc.(mM) SDS+3%PEG 4K Fig.4.72: Plot of 

hydrodynamic radius (Rh) 9as a function of SDS concentration in the presence of  3% 

PEG (Molecular weight 4K) at T = 30 oC 220.00E+00 2.00E-07 4.00E-07 6.00E-07 8.00E-

07 1.00E-06 1.20E-06 1.40E-06 1.60E-06 1.80E-06 2.00E-06 -0.  01 0.01 0.03 0.05 0.07 

0.09 0.11 D(cm 2 S - 1 ) SDS Conc.(mM) SDS+3%PEG 4K 220.00E+00 2.00E-07 4.00E-07  

6.00E-07 8.00E-07 1.00E-06 1.20E-06 1.40E-06 1.60E-06 1.80E-06 2.00E-06 -0.  01 

0.01 0.03 0.05 0.07 0.09 0.11 D(cm 2 S - 1 ) SDS Conc.(mM) SDS+3%PEG 4K Fig.4.73: Plot of 

57diffusion coefficient (D) as a function of SDS concentration in the presence of  

3% PEG (Molecular weight 4K) at T = 30 oC 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 -0.01 0.01 0.03 0.05 0.07 

0.09 0.11 Rh(nm) SDS conc.(mM) SDS+3%PEG 10K 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 -0.01 0.01 0.03 

0.05 0.07 0.09 0.11 Rh(nm) SDS conc.(mM) SDS+3%PEG 10K Fig. 4.74: Plot of hydrodynamic 

radius (Rh) 9as a function of SDS concentration in the presence of  3% PEG 

(Molecular weight 10K) at T = 30 oC 320.00E+00 2.00E-07 4.00E-07 6.00E-07 8.00E-07  

1.00E-06 1.20E-06 1.40E-06 1.60E-06 -0.  01 0.01 0.03 0.05 0.07 0.09 D(cm 2 S - 1 ) SDS 

conc.(mM) SDS+3%PEG 10K 320.00E+00 2.00E-07 4.00E-07 6.00E-07 8.00E-07 1.00E-
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06 1.20E-06 1.40E-06 1.60E-06 -0.  01 0.01 0.03 0.05 0.07 0.09 D(cm 2 S - 1 ) SDS 

conc.(mM) SDS+3%PEG 10K Fig. 4.75: Plot of 57diffusion coefficient (D) as a function  

of SDS concentration in the presence of  3% PEG (Molecular weight 10K) at T = 30 oC 0 

0.5 1 1.5 2 2.5 3 3.5 -0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 Rh(nm) CTAB conc.(mM) 

CTAB+3%PEG 10K 0 0.5 1 1.5 2 2.5 3 3.5 -0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 Rh(nm) 

CTAB conc.(mM) CTAB+3%PEG 10K Fig. 4.76: Plot of hydrodynamic radius (Rh) 37as a  

function of CTAB concentration in the presence of  3% PEG (Molecular weight 10K) at 

T = 30 oC 500.00E+00 5.00E-07 1.00E-06 1.50E-06 2.00E-06 2.50E-06 -0.  01 0.04 0.09 

0.14 D(cm 2 S - 1 ) CTAB conc.(mM) CTAB+3%PEG 10K 500.00E+00 5.00E-07 1.00E-06  

1.50E-06 2.00E-06 2.50E-06 -0.  01 0.04 0.09 0.14 D(cm 2 S - 1 ) CTAB conc.(mM) 

CTAB+3%PEG 10K Fig. 4.77: Plot of 57diffusion coefficient (D) as a function of CTAB  

concentration in the presence of  3% PEG (Molecular weight 10K) at T = 30 oC that the 

original size, reflected by DLS is mainly because of the polymer chains. In case of SDS-polymer 

system, the size of the polymer 181increases with an increase in the concentration of  

surfactant  till 0.01mM of surfactant and after this concentration the hydrodynamic size 

becomes almost constant. It means that at concentration of surfactant less than 0.01mM, the 

surfactant unimers are attached with the PEG chain in string-beed fasion. 29Increase in the  

number of surfactant unimers on the polymer chain increases  its size. At concentration 
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higher than 0.01mM, the 53polymer chains become saturated with surfactant unimers  

and there is  no more change in the size of polymer chain. It can also be seen from the Figs. 

that by increasing the overall 84molecular weight of the polymer, the original polymer  

chain size is  a bit larger and the range of interaction/polymer saturation also extends. 

However, the relative increases in size of PEG(4K)-SDS is larger as compared to PEG(10K)-SDS. It 

means that in case of polymer having shorter chain, the surfactant head group experiences more 

electrostatic repulsion between themselves as compared to those present on the polymer chain 

having higher molar mass. This effect 186can be attributed to the accommodation of more  

surfactant unimers by the polymer.  Furthermore, Figs. (4.724.77) records that size of the 

polymer 65decreases with increase in the concentration of the cationic CTAB which  

also  reflects interaction of this surfactant with PEG chain. This decrease in the size of the 

polymer continues till 0.09mM of CTAB while beyond this concentration, there is no prominent 

change in the size of mixed aggregates, reflecting the saturation of PEG with CTAB unimers. Unlike, 

PEG-SDS system, size of the mixed aggregates in case of PEG-CTAB mixed system decreases. 

This trend 29can be attributed to the bulky size of the CTAB head group  as compared 

to that of SDS. In the light of overall results, it is summarized that interactions of the both polymer-

SDS and polymer-CTAB are of the same type and the hydrophobic interaction may be the 

predominant one in both cases. In a more comprehensive way, the interactions exist 

6between the hydrophobic chains of the surfactants and hydrophobic organic polymer  

chain of the  polymer. Likewise, there may also exist some interactions of the –OH-groups of 

the PEG with the ionic head groups of the surfactants. It is therefore, concluded that interactions of 

CTAB with PEO chain of the polymer is relatively weaker as compared to polymer-SDS system. This 
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effect arises due to the bulky 66size of trimethylammonium head group and displays  

certain hydrophobic character which avoids the water shielding effect of the  

polyoxyethylene chains.  Conclusions A systematic physicochemical study of three 

different classes of the surfactants called conventional surfactants, surface-active ionic liquid and 

metallo-surfactants, with the effects of temperature and different additives has been carried out for 

the first time using different techniques. From the overall results of this project, few concluding points 

are summarized as under; The results obtained from surface tension show that surface active ionic 

liquid (C12mimBr) has reduced the surface tension of water to its minimum value (CMC) 

i.e.37.40mNm-1 which is lower than the surface tension of the studied conventional surfactants. Two 

new ligands, 3-(1-octyl-3 imidizolio) propane sulfonate and 3-(1-dodecyl-3 imidizolio) propane 

sulfonate have been synthesized and also characterized as conventional surfactants. It has also 

been found that surface activities and micellar behaviors of all the amphiphiles increase with 

increase in temperature from room temperature to 55ºC and decrease in CMC of all the surfactants 

except C12mimBr. The Energetics changes in micellization and interfacial adsorption of all the 

surfactants 168increase with increase in temperature. It has also been observed that  

enthalpy of  micellization is negative and remains constant while entropy of micellization is 

positive and increases when temperature is increased in the range investigated. Thus, it can be said 

that micellization process of all the surface active compounds studied are entropy control in the 

temperature range mentioned. The amphiphilicity of the surfactants are also affected by the addition 

of additives (salts and polymers). In case of SAIL, addition of the salts has decreased CMC of 

C12mimBr while addition of polyvinylpyrollidone has brought no change in its CMC. Change in 

efficiency and effectiveness of the C12mimBr by the addition of counter ions is due to ionic strenght. 

The synthesized octyl ligand has not been found very surface active and has shown weak indication 

of CMC. On increasing the hydrophobic length from octyl to dodecyl, the ligand becomes much more 

surface active and there is a noticeable decrease in the CMC. On addition of Ag and Au chloride 

salts to the ligands, the metal complexes with the ligands, drive a significant reduction in the CMC 

and increase in the 152area per molecule at the air/water interface which  
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commensurate the formation of the  Gemini structures. The 1effect of concentration  

and molar mass of PEG over the interfacial adsorption, micellization and  

associated parameters of CTAB and SDS have been evaluated  for the first time in 

the current work, which can be proved helpful 1to find out the factors responsible for  

the different behaviors of CTAB and SDS in presence of PEG. Interfacial  

adsorption of CTAB in the presence of PEG has reduced while that of the SDS  

has enhanced. Effect over the Interfacial adsorption of1CTAB and SDS is more  

pronounced when the concentration or molar mass of PEG is increased. Critical  

micelle concentration of CTAB has increased in the presence of PEG but the CMC  

of76SDS has decreased in the presence of  PEG. 1Thermodynamic  

parameters calculated for CTAB-PEG and SDS-PEG mixed systems, further  

strengthened our conclusions. Counter ions bound of the SDS decreased in the  

presence of PEG which favored decreased in the CMC of SDS  while in case of CTAB, a 

little bit different results were obtained. 1Finally, it was concluded that PEG interacted  

hydrophobically with CTAB molecules in the bulk of solution and did not interact at  

the interface. All the PEG segments were displaced by CTAB molecules from the  
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interface at/after the CMC. While ion-dipole type of interaction could be present  

between SDS and PEG segments at the interface  in addition to the hydrophobic type 

1interaction in the bulk of solution.  Laser light scattering technique study revealed that 

size of the mixed aggregate of SDS-PEG decreased while size of the mixed aggregate of 

1CTAB-PEG increased with increase in molar mass of PEG  indicating that PEG chain 

surrounded the SDS micelle while PEG chain resided inside the CTAB micelle. Small angle neutron 

scattering data showed spherical micelle structure for ImS3-8 which changed to prolate one with the 

addition of metals while ImS3-12 reported oblate micellar structure, which changed to prolate micelle 

structure on addition of the metals.  
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