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PREFACE 

 

Surfactant-salt mixtures find wide spread uses in biological, technological, medical 

formulations, pharmaceuticals, and enhanced oil recovery for the purpose of improved 

solubilisation, suspension and dispersion. Various organic and inorganic salts are used for this 

purpose.  

Mixed surfactants are extensively used in recent times in the various combinations of 

conventional cationic, anionic, gemini, zwitterionic and non-ionic forms. Studies of mixed 

surfactants are recently gained importance owing to the ‘mixed micelle’ formation in aqueous 

solution which helps the understanding of the various biological supra-molecular assemblies, 

ions transfer, drug delivery and the formation of mimic biological systems. In technology, 

mixed surfactants are used in pharmaceuticals, detergency, foods, cosmetics, solubilization of 

drugs and enhanced oil recovery. 

Interaction of bio polyelectrolyte (carbohydrate polymers, proteins, polypeptides, DNA etc.) 

with surfactant of different kinds has been focused much for their applications in biology, 

foods, drug delivery and biotechnology. Binding of proteins with surfactants either stabilises 

or denatures (unfolding form) them. The excellent example of protein-surfactant system for 

functionalization of enzymes, sodium-potassium and various metabolites in our body is PLP 

(protein-lipid-protein) membrane. The interaction of various biopolyelectrolyte - surfactant 

systems invitro could help us to explore several biological processes in human body. 

Ionic liquids with long hydrocarbon tails constitute a special class of surfactants. Room 

Temperature Ionic liquids (RTILs) are the salts whose melting points are below 1000C. There 

are many kinds of ionic liquids. As mentioned, long chain ionic liquids (Surface Active Ionic 

Liquid, SAIL) behave as surfactants. Now-a-days, the ionic liquids are emerging in the present 

scenario due to their low vapour pressure, low volatility, significant conductivity, high thermal 

stability and non-flammability. Owing to their several physicochemical properties SAILs can 

be used in drug delivery, microbial activity, catalyst and alternative solvent to the traditional 

organic solvents for synthesis of materials.  

For this reason, the interaction of SAILs with salts, conventional surfactants and bio 

polyelectrolytes are very important in the recent times. 
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Introduction 

The word ‘SURFACTANTS’ come from SURFace ACTive ageNTS.1 These are the major 

components of soaps and detergents for the purpose of cleaning at laundry and households. 

Detergent has been used for commercial purpose as a ‘self-activated’ cleaning agent since its 

first preparation 2 in 1907 by a German company, which is termed as ‘PERSIL’ in form of 

laundry detergent. Historically, ‘PERSIL’ had been prepared by sodium PERborate (acting as 

bleaching agent) and sodium SILicate (base washing agent), but none of these components are 

conventional surfactants which we have used in our daily lives as versatile washing agents. In 

this connection, it is worth mentioning the word ‘SURFACTANS’ which activate the interfaces 

(either interfaces of air-liquid, solid-liquid or interface of two immiscible liquids; Fig.1) by 

reducing surface tension of a liquid, an important parameter in surface chemistry, formed by 

molecules with dual solubility towards both in water and oil media. Surfactant molecules reside 

on the interface by approaching their polar heads to the interface and consequently, lowering 

the free energy of interface.  In addition of lowering surface or interfacial tension, apart from 

its rich detergency properties (soluble or insoluble substances), surfactants are used in many 

every day products (toothpaste, shampoo, conditioner, shaving foam, facewash, toilet cleaner, 

adhesive, hair gel, ink, etc.) as emulsifier, dispersants, wetting, foaming and stabilizing agents. 

 

Fig. 1. Adsorption pattern of surfactants at different interfaces: (a) air-water interface, 

(b) air-oil interface, (c) oil-water interface, (d) solid-water interface and (e) solid-oil 

interface. 
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        Due to the dual solubility nature, surfactants are often called amphiphiles. Typically, 

surfactants are formulated by a long alkyl hydrocarbon chain (8-22 carbon atoms) 3 known as 

hydrophobic tail and a hydrophilic head group which may be cationic, 4-13 anionic, 14-20 

nonionic 21-24 and zwitterionic 25, 26 in nature. While normal soaps are prepared by the 

saponification of naturally occurring fatty acids (triglycerides) from vegetable and animal 

sources, surfactants are prepared from petroleum products and their structure can be modulated 

in various forms 4-26 ; such fabrication is not possible in common soaps. A modern detergent at 

least contains 10-20 components, in which surfactants and fatty acid-based salts (sodium and 

potassium salts of C12-18 long alkyl chain, 3, 27, 28 which are extracted from palm kernel oil, 

coconut oil, soy bean oil and animal fats by the process of saponification) are the major one. 

The use of surfactants is more fascinating over soaps as surfactants are more effective to clean 

a surface in presence of hard water and even at low temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Evolution of surfactants from Sumerians to modern century. 
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    Even surfactants play a significant role in our biological system too. Biological cell 

membranes (lipid bilayer) contain amphiphile like molecules (phospholipids) 29 which conduct 

selective transportation of ions, proteins and other molecules inside and outside of cell. Bile 

salt (steroidal anionic surfactants) is present as a major organic solute in bile juice facilitating 

dietary fats adsorption in intestinal.30 Human lungs produce pulmonary surfactant which is 

known as pulmonary epithelial lining fluid (ELF) helping in increase lung compliance and total 

lung capacity. ELF contains lipoprotein type surfactant which is secreted from lung epithelial 

type II cells and has been transported to alveolar space to decrease surface tension at air-liquid 

interface in the lung.31 

1. Cataloguing of surfactants: 

 Surfactants are generally classified according to the charge of head groups in aqueous solution. 

Some surfactants which have been commonly used are given in the Table below: 

Table 1. General classification of surfactants  

Types of Surfactants Examples  

Anionic Surfactant: 

This type of surfactants has 

negatively charged head groups and 

positively charged counterions. Head 
groups may be alkyl-sulfates, 

sulfonates, sulfosuccinates, 

carboxylates, N-acyl amino acids 
etc. Counterions may be positively 

charged alkali metal ions (Na+/K+) or 

quaternary ammonium cations. 

Anionic surfactants have been used 
mostly in daily products. Anionic 

surfactants are almost used in every 

household product. 

 

Sodium lauryl sulphate (SLS/SDS) 

 

            

Sodium laureth sulfate (SLES) 

 

 

Sodium lauryl sarcosinate (SDDS) 

 

Cationic Surfactant: 

These surfactants have positive 

charged head groups (alkyl 

quaternary ammonium salts, 

phosphonium salts, amine salts, 

amine oxides etc.) along with 

negatively charged counterions 

(mainly Cl- and Br-). Preparations 

Dodecyltrimethylammonium chloride (DTAC) 

NH3C Cl
9

 

1-hexadecyltriphenylphosphonium bromide 

(C16TPB) 
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of these type of surfactants are 

expensive, so their use is limited. 

 

Nonionic Surfactant: 

These types of surfactants have no 

electrical charges. These are 

miscible in water due to the 

presence of polar functionality 

present in their structures. 

Polyoxyethylenes, 

alkylpolyglucosides, 

polyglycidols, N-based 

glucamine surfactants belong to 

this class. They are hugely 

produced industrially after 

anionic surfactants. 

Polyoxyethylene (20) sorbitan monolaurate 

(Tween-20)                

 

N-decanoyl-N-methylglucamine 

(MEGA-10) 

 

Zwitterionic Surfactants: 

These surfactants contain both 

negative and positive charged 

centres and can be used either as 

anionic or cationic surfactants 

with variation of pH. Imidazole 

derivatives, phosphatides, 

betaines etc. belong to this class. 

The source of positive charge is 

contributed by generally 

ammonium ions and negative 

charge by sulfates, carboxylates 

or sulfonate ions. These 

surfactants have excellent 

dermatological properties. 

Zwitterionic surfactants are 

frequently used in cosmetic 

products, shampoos, hand and 

dishwashing liquids because of 

their high frothing properties and 

less sensitive to skin. 

Lauramidopropyl betaine 

N
H

O

7
N

CH3

O  

3-[(3-cholamidopropyl) dimethylammonio]-1-

propanesulfonate (CHAPS) 

 

 

Beyond broad classification, surfactants are again subdivided into some special classes. 

Significant attention has been paid in past two decades about these kinds of surfactants 
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Ionic Liquids 

Ionic Liquids (ILs) have been designated as the molten salts (purely ionic semi organic 

molecules) whose melting points are below 100 oC (212 oF).32 Melting point of common table 

salt (NaCl) is around 801 oC, this obviously indicates that there is a significant difference 

between ionic liquids with typical inorganic salts. This difference is due to the components 

(ions) by which these are formed; typical inorganic salts are formed by small symmetrical ions, 

while ionic liquids are formed by large unsymmetrical cations with large anions (Fig. 3.) and 

charges are distributed over large volume through resonance.   

 

Fig. 3. Comparative diagrams of anions and cations with possible orientation between 

conventional inorganic salts with ionic liquids.  

Ethyl ammonium nitrate (m.p. 52–55 °C) was the first synthesized ionic liquid reported by 

Gabriel and Weiner in 1888.33 Room Temperature Ionic Liquid (RTIL) was first synthesized 

(ethylammonium nitrate, (C2H5) NH3
+·NO3

- (m.p. 12 °C)) by Paul Walden, a Russian, Latvian 

and German chemist in 1914.34 Ionic liquids have wide range of melting temperatures below 

100oC. Some ionic liquids with long alkyl chains attached to imidazolium N-atom in 

combination with halide anions (one such example is 1-hexadecyl-3-methyl imidazolium 

chloride, (m.p. 64-65°C)) are solid in room temperature, some containing large organic 

/inorganic anions are generally liquids in room temperature and their melting points are even 

below 0oC (e.g., 1-ethyl-3-methylimidazolium ethylsulfate (m.p.<-20 °C), EMIM dicyanamide 

(m.p. -21oC) etc.). Ionic liquids are formed (Fig. 4) by typical organic cations, e.g., alkyl-

imidazolium, -pyridinium, -ammonium, -phosphonium and -pyrrolidinium types in 

combination with anions, e.g., organic triflate, dicyanamide, acetate, trifluoroacetate, 

trifluoromethylsulfate, or inorganic halides (bromide or chloride), hexafluorophosphate, 

nitrate, perchlorate, chloroaluminate, tetrafluoroborate.35 Presently the use of ionic liquids is 

found as an upsurge of interest due to their low vapour pressure, significant conductivity, low 

volatility, high thermal stability and non-flammability. Owing to their several physicochemical 
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properties, ILs can be used in drug delivery,36 antimicrobial activity,37 micellar catalysis 38 and 

alternative solvent by replacing the traditional organic solvents 39. 

 

      

 

 

 

 

 

 

 

Fig.4. Some commonly used cations (within yellow segment) and anions (within green 

segment) forming ionic liquids. 

       Ionic liquids (IL) with di-alkyl imidazolium, di-alkyl pyridinium and alkylammonium type 

fragments   have been considered a special type of surfactants, called Surface Active Ionic 

Liquids (SAILs), since the last two decades. Among the different cations which form SAILs, 

di-alkyl imidazolium ionic liquids have gained a special attention as varieties of imidazolium 

compounds have been formed by tuning N-substituents the with different alkyl groups along 

with counter anions by simple one-pot synthesis.40-42 Surface activity of many ionic liquids 

have been reported in past and preceding literatures 43-60  and most of the investigations have 

been done in aqueous solution.  

Gemini Surfactant 

Gemini surfactants are the special class of surfactants (Fig. 5) comprising with a extended 

hydrocarbon chain attached to a polar head group, a rigid or non-rigid spacer, and another 

hydrocarbon chain with another polar head group in sequential arrangement having rich surface 

activity than the traditional surfactants. This polar head groups may be positive (ammonium), 

61 negative (sulphates, carboxylate, etc.) 62 and also nonionic (carbohydrate based) 63 in nature. 

Spacer length may contain 2 to 12 methylene groups; may be flexible (saturated hydrocarbon 

chain) or rigid (stilbene). Gemini surfactants were first synthesized by Button et al. in 1971 64. 
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Fig. 5. Schematic representation of gemini surfactants 

 

The term ‘Gemini’ was first coined by Menger et al. in 1991.65 Spacers may be connected to 

the two identical head groups or alternatively it may be connected to the midway of long 

hydrocarbon tails. 

N

CH2

C

O

C11H23

C

O

O

N

2

C

O

C11H23

C

O

O

2Na

  

 

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

 

Fig. 6.  Different types of gemini surfactants (a and b), cationic gemini surfactant [(c): 

1,3-butan-bis-(dimethyl dodecyl ammonium bromide); 12-4-12] and anionic gemini 

surfactant [(d):N, N/-ethylene (bis(sodium N-dodecanoyl-β-alaninate)); 212]  

 

 

 

 

 

Ion Ion Spacer 

Long hydrocarbon chain 
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Fluorosurfactants 

These are the distant class of surfactants where at least one hydrogen of alkyne chain is replaced 

by F-atom. Fluorosurfactants are used in versatile applications, such as, firefighting 

application, biomedicines, cosmetics, adhesives etc.66-68 The surface activity of these 

surfactants has been detected by the number of fluorine atoms which replace the alkyne 

hydrogens. Fluorosurfactants have greater surface activity than the traditional organic 

surfactants. 

     

 

Fig. 7. Perfluorooctane sulfonate (PFOS) generally used in firefighting foam. 

SILICONE surfactants 

Silicone surfactants (siloxane-polyoxyalkylene copolymers) are the special class of surfactants 

containing permethylated siloxane hydrophobic groups in addition with one or more 

hydrophilic polar groups which can be anionic, cationic, nonionic or zwitterionic in nature. 

Nonionic groups comprising either polyoxyethylene (PEO) and polyoxypropylene (PPO) in 

nature are the most common. Silicon surfactants reduce surface tension effectively to 15-20 

mN.m-1 than the typical hydrocarbon surfactants both in aqueous and non-aqueous solvents.69 

These surfactants show unique spreading properties, thereby they have been used commonly 

as stabilizers in polyurethane foams, conditioner in textile, additive in ink and emulsifier in 

cosmetic industries.70    

 

 

 

 

 

 

 

Fig. 8. General structure of silicone surfactants; x = 7 to 10, y = 2 to 5, m = 5 to 15, n = 0 

to 5 and R is the alkyl group which have been selected for the compatibility of surfactants 

in special purpose.  
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There exists a balance between hydrophilicity and lipophilicity for different amphiphilic 

molecules depending on their structure. This is termed as hydrophilic lipophilic balance (HLB), 

which is essential for classification of surfactants as oil soluble or water soluble according to 

its relative solubility.   

 

2. Aggregation of Surfactants 

Most significant property of surfactant is to form self-aggregates in solution. Hydrophobic parts 

of surfactants can make favourable contact to each other at bulk to avoid unfavourable 

interaction of them with polar solvents, resulting in the formation of arrangements at bulk 

where the hydrophobic tails (Fig. 9A) attract each other into an oil-like core and at the same 

time hydrophilic heads are exposed to the polar environment. Such self-assembly of surfactants 

(either small or large sized) is called micelle (Fig. 9B) and that threshold concentration of 

surfactants above which micelles are formed called Critical Micelle Concentration (CMC). 

Micellization is a dynamic process in which free surfactant molecules are in equilibrium with 

micelles. Micelles are colloidal dimensions. Self-assembly of surfactants in solution was first 

anticipated by McBain in 1913.71 Although that time he was harshly criticized by a group of 

scientists in a meeting of Royal Society in London, later it was scientifically established that 

surfactant can practically aggregate in solution which was proved by its superior detergency 

properties by which they easily remove dirt and dissolve it to its hydrophobic core. The driving 

force of micelle formation is mostly hydrophobic in nature generated between the hydrophobic 

tails; apart from that, electrostatic and van der Walls forces have played major role for ionic 

surfactants by binding the counterions to the oppositely charged micellar heads to neutralize 

the charge and concomitant the repulsion between head groups. Positive entropy contribution 

plays a significant role in the micellization process as the loss of entropy due to aggregate of 

the surfactant monomers is overshowed by the gain in entropy by the free water molecules that 

were "trapped" in the solvation cage around the surfactant monomers through H- bonding 

interaction among them.72 Basically, CMC which is addressing ‘inexact’ but ‘convenient’ is not 

a particular surfactant concentration, rather than a narrow range of surfactant concentrations.73 

Depending on microenvironments and nature of surfactants, micelles can be obtained in 

different shapes discussed elsewhere.  

Reverse micelles are formed in a solution in which the content of a non-polar solvent (e.g., 

alkanes, haloalkanes, aromatic solvents etc.) is maximum than the polar one (just like water 

droplets in oil system) and surfactants are used to stabilize the components in solution as the 
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amphiphiles form aggregates. This method was used for the formation of one type 

microemulsion.74 In reverse micelle (Fig. 9C), polar head groups are oriented to inner micellar 

core (which have been termed as Water pool, designated ‘W’ in Fig. 9C) around the water 

molecules, while the hydrophobic parts are exposed outside the non-polar solvents. Reverse 

micelles are in nanometre dimensions and their size can be increased by increasing water 

content in solution. These water pools of reverse micelles are used for synthesis of nano 

materials 75 and solubilization of proteins 76.  

   

 

Fig. 9. Aggregates of surfactants in solution: (A) free monomer, (B) normal micelle 

(spherical structure), (C) reverse micelle. 

 

3. Determination of CMC 

CMC is the most fundamental property of surfactants. There are numerable methods existing in 

literatures for the determination of CMC. For instance, in accordance with Mukerjee and 

Mysels,77 there are 71 possible methods which they have been taken from literatures and have 

critically discussed each method. The appropriate choice of methods however, depends on the 

availability of instruments, personal preference of investigator and the relationship between the 

technique and the ultimate application. A virtuous number of methods can be used for the 

determination of CMC, viz., conductometry, tensiometry, viscometry, vapour pressure 

osmometry, turbidimetry, light scattering, fluorimetry (steady state fluorimetry, steady state 

anisotropy and time resolved fluorimetry), calorimetry, spectrophotometry, magnetic 

resonance etc. Among them, the methods used most frequently are tensiometry, conductometry 
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and fluorimetry. Conductometry methods are only applicable for ionic surfactants. Physical 

properties of surfactants in solution are measured using different techniques with variation of 

surfactant concentration showing a distinct feature in appearance of different plots in different 

methods (Fig. 10).    

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. 

Evaluation of CMC of a surfactant with variation of surfactant concentration (C) by 

different methods: viz., Mag: magnetic resonance; Turb: turbidimetry; Flu: 

Fluorimetry; Spec: spectrophotometry (plotted against C); Surf: surface tension (against 

log C); Equiv: equivalent conductance; Osm: osmotic coefficient (against C1/2). 

All physical properties show the distinct breaks which are considered as CMC denoted by the 

dotted white line. It is to be noted that CMC is not just a point but rather a narrow range (shown 

by a narrow bar denoted by a second bracket), as CMC is method dependent. Significant 

increase of scattering radiation above CMC using light scattering method 78 manifests the direct 

evidence of large assemblies after CMC, as this scattering phenomenon depends on the size of 

scattering units in solution. Another important proof for compactness of surfactant monomers 

in micelle has been made after focusing the self-diffusion of monomers after CMC by nuclear 
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magnetic resonance (NMR) study.79 Both light scattering and magnetic resonance study correct 

the approach of self-assembly of micellar structure which was first proposed by McBain. 

Isothermal titration calorimetry (ITC) study not only gives the information about CMC, but 

also gives the direct information about standard enthalpy of micellization (ΔH0
obs, cf. Fig. 11a) 

and standard Gibbs free energy of micellization (ΔG0). Pyrene (a fluorescent probe) has been 

widely used as a solvetochromic probe as the ratio of first (I1) and third (I3) vibronic peaks of 

pyrene strongly depend on solvent polarity. The ratio of (I1/I3) vs. logC has been plotted with 

sigmoidal fitting to determine CMC from the midpoint of sigmoid or taking intercept at the post 

micellar region (cf. Fig. 11b) 80 to maintain CMC values to keep close proximity with other 

techniques (specially conductometry). 1,6-Diphenyl-1,3,5-hexatriene (DPH) has been used as 

a fluorescence probe to determine CMC 81, 82 by steady state anisotropy method considering its 

linear structure, which helps to detect its rotation when free in solution being its dimer 

formation or in micellar environment. Initial decrease in anisotropy of DPH is observed with 

increasing surfactant concentration; then after further addition of surfactant, anisotropy 

remains constant [cf. Fig. 11c]. CMC has been measured from the intercept of two consecutive 

slopes [Fig. 11c]. It has also been mentioned that, acceptable limit for the determination of 

CMC (method to method variation) is within ± 10%. 

 

 

Fig. 11. Determination of CMC: (a) upper region: raw calorimetric date, lower region: 

enthalpy of dilution (ΔH0
dil) vs. concentration (C) of surfactant. Here enthalpy of 

micellization (ΔH0
obs) is also determined; (b) ratio of I1/I3 vs. C; (c) steady state anisotropy 

(r) of DPH vs. C. 
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4. Micellar characteristics  

 Structures, Shapes, Microenvironment and properties of micelles: In the year 1936, Hartley 83  

has proposed that the micelles are essentially spherical. This proposal also supports McBain’s 

84 idea which published in 1920. Hartley’s spherical micelle model describes the micelles 

should contain 50-100 monomers which are associated in a relatively narrow concentration 

range and the diameter of this associate structure is approximately twice the length of 

hydrocarbon chain. Interior of micelles is essentially hydrophobic as described here, while head 

groups bind with a fraction of counterions to avoid the close proximity due to repulsive 

interaction between them. Classical Hartley model described successfully many characteristics 

of one surfactant system having ionic properties. Ionic micelles form electrical double layer 

structure 85 which exhibits electrophoresis under an electric field by virtue of its surface charge 

and zeta potential. ‘Stern layer’ is formed by the ionic micelles to the immediate environment 

in which head groups and oppositely charged counter ions are in close proximity through 

electrostatic interaction. On the other hand, ‘Gouy Chapman layer’ is formed around the 

outside of ‘Stern layer’ contents, both can unbind free monomers, counterions and free water 

molecules which solvate micelle through ion-dipole interaction. Both ‘Stern layer’ and ‘Gouy 

Chapman layer’ have been jointly called electrical double layer (Fig. 12). Inside ‘Stern layer’, 

there exists hydrophobic core of micelles. Both Stern layer and core jointly form the micellar 

kinetic part. Gouy Chapman layer is also called diffuse layer. The boundary of the diffuse layer 

is also described as shear or slipping plane, which can move with the micelle in solution. The 

slipping plane potential (Fig.12) is called zeta potential (ζ) which is often used to designate the 

stability of colloidal dispersions. Micellar solution in which zeta potential values are beyond ± 

30 mV in magnitude is called stable solution. In case of nonionic micelles, some water 

molecules arrest inside the core just in the close proximity of head groups (palisade layer) 

through the H- bonding interaction with polyethylene oxide groups.  
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 Fig. 12. Schematic representation of ionic micelles demonstrating counter ion binding, 

charge neutralization, micellar core and electrical double layer assuming spherical 

symmetry of micelle.  

 

Using Hartley’s concept as a starting point, modern science has developed more convenient 

microscopic picture of micelles, outcome is that of course micelles are not static. Rapid 

interchange of molecules between micelles and solution phase is possible. If we design a high-

resolution camera or freeze the motion of molecules, then we can find micelles as irregular 

molecular cluster rather than smooth, perfectly uniform. Hartley’s simple ‘two-states’ spherical 

micellar model has opened a criticism as several experimental facts cannot be explained by this 

model. Menger 86 have proposed a molecular model that differs substantially from Hartley 83 

in point of view of solubilization of non-polar substances to micelles. Menger’s ‘porous cluster’ 

model 86 states that water molecules penetrate inside a micelle upto a certain distance (3-4 

methylene carbon atoms after the head group); i.e., greater ease of penetration inside the 

micelle and a relatively smaller interior or core supported by NMR and fluorescence 

measurements.  
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Apart from classical spherical micelle, other proposed geometry is rodlike micelle of 

Debye, 87 lamellar type of Philippoff,88 disk or cylindrical structure of Harkins, 89 worm-like 

structure,90 ellipsoid shape, 91 and spherical bilayer (vesicle) 92 structure. Israelachvili et al. 93, 

94 proposed the concept of packing parameter to distinguish the different supramolecular 

assemblies form in solution. The amphiphile packing parameter (P) of micelle can be evaluated  

from the following equation:     

𝑃 = 
𝜗

𝐴𝑙𝑐
                                                                                                                                  (1) 

𝜗 is the volume of hydrophobic chain (nm3) assuming it as incompressible and 𝑙𝑐 is the 

maximum effective length of hydrophobic chain of an amphiphile (nm). A is the surface area 

of headgroup at micellar-solution interface (nm2/molecule). 𝑛𝑐 is the number of carbon atoms 

in the hydrophobic chain. For pure amphiphiles, the effective length and volume of 

hydrophobic chain are calculated using Tanford’s formula.95, 96 

𝑙𝑐 ≤ 𝑙𝑚𝑎𝑥  ≈ (0.154 + 0.126 𝑛𝑐) and  𝜗 = (0.0274+ 0.0269𝑛𝑐)                                      (2) 

where, 𝑙𝑚𝑎𝑥  is the maximum length of the monomer chain. 

Packing parameter values for different aggregates are tabulated as follows: 

Aggregates P 

Micelles < 0.333 

Non-spherical aggregates 0.333 < P < 0.50 

Bilayers and vsicles  0.5 < P <1 

Inverted aggregates >1 

 

Some aggregated molecular geometries have been seen in Fig. 13.  
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Fig. 13. Schematic representation of geometrical forms of aggregates. A: spherical 

micelle; B. lamellar or bilayer arrangement; C: rodlike micelle, D: wormlike or 

cylindrical micelle and E: oblate ellipsoid (bisected) micelle.     

Modern technological developments lead us to obtain the images and experimental proof of 

different types of micelles. DLS (dynamic light scattering) method gives us first-hand 

experience of micellar size (average hydrodynamic diameter) and diffusivity by considering 

the size distribution assuming spherical micelles 97 without distinguishing the micellar real 

shape. Micellar shape and also size can be determined using static light scattering (SLS), small 

angle neutron scattering (SANS), small angle X-ray scattering (SAXS), Cryo-transmission 

electron microscopy (cryo-TEM) and atomic force microscopy (AFM) techniques.98-101 Cryo-

TEM is the only technique that can distinguish between linear and branched micelles. Shapes 

of micelles undergo transition in presence of various inorganic and organic salts. Few examples 

have been listed here in support of spherical to cylindrical and spherical to wormlike or rod 

like transitions: transformation of sodium dodecyl sulfate micelles from spherical to cylindrical 

conformation in presence of concentrated NaCl solution;102 Na2SO4 induced transformation of 

sodium alkylbenzenesulfonate from spherical to cylindrical micelles and finally multilamellar 

vesicle at high salt concentration;103 cetyl trimethyl ammonium bromide, cetyl pyridinium 

chloride micelles transform to wormlike micelle in presence salicylate salts 104, 105 etc.  
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Aggregation number: Number of molecules which aggregate in micellar assembly is called 

aggregation number (n). Classical method for the determination of aggregation number had 

been introduced by Debye 106 using elastic light scattering technique. Intensity of scattered 

radiation at different angles below and above CMC has been measured for the determination 

of average aggregation number as well as average molecular weight (MW) of the aggregates. 

Other technique which has been employed for the determination of aggregation number as well 

as hydrodynamic diameter, is namely, laser light scattering.107-109 Another important technique 

which is much popular even for the present time is the fluorescence quenching of a luminescent 

probe by a hydrophobic quencher.110, 111 Distribution of probe and also quencher amongst 

micelles follow Poisson statistics, describe one probe which resides in a micelle predominately 

quenched by a quencher. Surfactant solutions were prepared well above their CMC and probe 

concentration has been fixed both in quencher and micellar solution. The ratio of [probe] to 

[micelles] and [quencher] to [micelles] values kept lower enough to ensure Poisson 

distributions. Both probe and quencher should be chosen in such a way that both resides on 

micellar interiors or at least at the surface. In the fluorescence technique, the probes not only 

interact with micellar system giving information about aggregation number, but also it 

determines the polarity of micellar core, its immediate environments and the equilibrium of 

substrate-micelle interaction. Probes frequently chosen for the determination of mean 

aggregation number are pyrene, anthracene sulphonate, safranine-T, fluorescein etc.; on the 

other hand, quenchers have been used like, cetylpyridinium chloride, dodecyl pyridinium 

chloride, thiourea, inorganic complex of Ru2+, Cu2+, Ni2+ etc. Mean aggregation number can 

be estimated by both steady state and time resolved fluorescence methods on depending the 

nature of quenching either static or dynamic. Static quenching method is used extensively (in 

which method it is assumed that increasing quencher concentration may decrease the emission 

of probe located on micelle, but does not change its life time) using the following relation, 

𝑙𝑛
𝐹

𝐹0
= 

𝑛[𝑄]

[𝑆𝑢𝑟𝑓]−𝐶𝑀𝐶
                                            [3] 

where F and F0 are the fluorescence intensities in presence and absence of quencher, [Surf] is 

the total concentration of surfactant, [Q] is the quencher concentration, n is the average 

aggregation number at CMC. Plot of ln (F/F0) vs. [Q] readily yields the value of n from the 

slope.  
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In case of dynamic quenching in which the increasing quencher concentration changes the 

lifetime of a probe along with the decrease in fluorescence intensity, the above equation gives 

the erroneous result in aggregation number values. It is seen that mean aggregation number 

determined by steady state measurement is found lower than those calculated in time resolved 

method specially for the system of relatively large micro viscosity and lower aggregation 

number.112 Fluorescence decay curve of micelle solubilized probe in presence of ‘immobile’ 

quencher shows the different nature than the free probe located on the same micelle. Under 

such situation, fluorescence decay curve in presence of quencher can be fitted by the following 

equation:111, 113, 114 

𝐼𝑡 = 𝐼0𝑒𝑥𝑝 {−
𝑡

𝜏0
− 𝑅[1 − exp(−𝑘𝑄𝑡)]}                                           [4]  

It and I0 are the fluorescence intensities at time t and zero respectively. kQ is the first order 

quenching rate constant. 𝜏0 is the lifetime of a probe in absence of quencher. R can be written 

as, 𝑅 = 
[𝑄]

[𝑀𝑖𝑐𝑒𝑙𝑙𝑒]
; [Micelle] is the concentration of micelle. R values are adjusted close to 1 

and not exceeded to 2 for theoretical consideration.115 Taking the value of R, average no of 

aggregation number (n) can be calculated at a particular quencher concentration [Q] using the 

following relation: 

𝑛 = 𝑅
([𝑆𝑢𝑟𝑓]−𝐶𝑀𝐶)

[𝑄]
                                                                                    [5] 

Light scattering experiment prove overestimate to mass and hence the volume of micelles as 

this experiment includes solvation and also counter ion binding to the micelles. Comparing 

both fluorescence and light scattering study, it is possible to estimate solvation and counterion 

binding. Size and dispersity of micelles can be governed by several internal and external 

factors: 

(I) Internal factor: Greater the length of hydrocarbon chain length of a homologous 

series of surfactants, larger the number of aggregation number. Recent study 116 

evaluates that micelle aggregation number increases linearly by nearly 16 

monomers per micelle with single increase of each carbon atom to alkyl group.  On 

the other hand, decrease in hydrophilicity of head group, e.g., greater the degree of 

ion binding, shorter polyoxyethylene group etc causes the increase in aggregation 

number (n). Tanford 91 predicted to increase micellar aggregation number to 
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maximum for a given alkyne chain length for spherical and ellipsoid structures over 

a given ellipticity ranges. It is seen that 117 increase of spacer length of gemini 

surfactants from 2 to 12, decreases aggregation number from approximately 48 to 

11 in aqueous solution at 298.15K. So, it is obvious that, increase in effective head 

group size (relatively bulky head groups) decreases the aggregation number. The 

aggregation number of bile salt micelles can have lower 118, 119 of 4-10. Aggregation 

numbers of cationic surfactants vary within 20-100 in aqueous solution.    

(II) External factors: With increasing salinity of the medium, aggregation number 

decreases, as increase in salt concentration or higher pH screens the head group 

charges of surfactant monomers residing at the Stern layer and consequently 

increases micellar aggregation number than those measured in pure aqueous 

solution.112, 120 Although, increase in temperature slightly decreases  aggregation 

number of ionic surfactants, but the significant increase in aggregation number of 

nonionic surfactants is due to ‘cloud point’ phenomenon.121 Addition of slight 

amounts of non-amphiphilic organic compound of little solubility will often 

produces an apparent increase in micellar size although that may be more an effect 

of solubilization than an increase in number of surfactant molecules present in the 

micelle. 

Degree of counterion binding: Counterions are the integral part of the micelles,122, 123 to the 

stern layer of micelle. Degree of counterion binding is essential parameter to know the 

electrical double layer and also for the calculation of thermodynamic parameters for the 

micellization process. Extent of degree of counterion binding (𝑔) varies from 20–80% 

depending on amphiphiles, solution media, additives etc. Counterion binding can be 

determined by various methods, of which, the most popular method is conductometry 

measurement. 
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Fig. 14. Specific conductance vs. [Surfactant] profile for determination of CMC and 

degree of counterion binding using pre (S1) and post micellar (S2) slope. 

Initially, at low surfactant concentration, free surfactant monomers with counterions both 

contribute to specific conductance value. With increasing surfactant concentrations, the 

increasing proportion of both monomer and counterions increase specific conductance value 

monotonously (shown in Fig 14). However, after micellization, some counterions bind to the 

micelles and formed micelles become less mobile due to larger size. The only contribution to 

specific conductance values is a smaller number of free monomers and unbound counterions 

(Fig.14), leading to offset of specific conductance values. Due to this conductometric 

phenomenon two distinct slopes of separate magnitude (S1 and S2) are found and these are used 

in a simple relation to determine degree of counterion binding (𝑔), as follows, 

𝑔 = 1 − 
𝑆2

𝑆1
                     (6) 

Although this method is based on some assumptions, it is quite good indeed and uncertainty of 

the degree of counterion binding is within the acceptable error range (approximately 2-3%). 

Another important technique is to determine degree of counterion binding (𝑔) by measuring 

CMCs of surfactants at various salt concentrations of different salts (different added 

counterions). The plots of log (CMC) vs. log Ci yield 𝑔 by using the following equation,124 

where Ci is the total counterion concentration in molarity unit: 
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log(𝐶𝑀𝐶) =  −𝑔𝑙𝑜𝑔𝐶𝑖 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                             (7) 

Apart from above two methods, electrochemical method 125-127 has been used for measuring 

degree of counterion binding. In this process, activities of counterion (𝑎𝑖𝑜𝑛±) have been 

measured by an ion selective membrane electrode coupled with a standard electrode (Ag /AgCl 

or calomel) forming a cell. The following equation can be used: 

𝑎𝑖𝑜𝑛±  = 𝑔𝑎𝑖𝑜𝑛±
𝐵𝑃 + (1 − 𝑔)𝑎𝑖𝑜𝑛 ±

𝐷𝐻                    (8) 

where 𝑎𝑖𝑜𝑛±, 𝑎𝑖𝑜𝑛±
𝐵𝑃 , and 𝑎𝑖𝑜𝑛 ±

𝐷𝐻  are the activities of the surfactant from membrane electrode 

potential (EM), break point of activity-concentration curve and Debye-Hückel equation 

respectively. Membrane electrode potential is given by the following equation, 

𝐸𝑀 = 𝐾𝑀
0 ± 

𝑅𝑇

𝐹
ln 𝑎𝑖𝑜𝑛±              (9) 

𝐾𝑀
0  being constant, depends on electrode system. But again, it has been ascertained that, 

conductance method is the simplest and quite popular than the other two.  

5. Factors affecting micelle formation and CMC 

The hydrophobic group: Micelle formation becomes easier in solution with greater 

hydrophobicity of nonpolar tail part, and has been evidence in case of increased alkyne chain 

length in a homologous series;128 thus hydrocarbon chain length shows major influence on 

CMC. 129 In fact, CMC decreases in a logarithmic pattern as the number of carbon atoms 

increases in hydrophobic part in a homologous series of carbon number, nc. With the addition 

of each methylene group, for straight chain hydrocarbon surfactants, CMC usually reduced to 

approximately one half of its previous value of about 16 carbon atoms or less bound to a single 

terminal head group. However, this is more pronounced for nonionic surfactants in which CMC 

value decreases by a factor of 3 upon addition of one more methylene group to the chain 130 

without any additives. Different effects on CMC have been observed by the insertion of phenyl 

or other linking groups, polar substituent groups on the hydrocarbon chain, branching on 

hydrophobic tail etc. Klevens 131 had given a mathematical relation between the hydrocarbon 

chain length and CMC, as,  

           log10𝐶𝑀𝐶 = 𝐴 − 𝐵𝑛𝑐             (10) 
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where, A and B are constants to homologous series under constant condition of temperature 

and pressure, etc. Although B is fairly constant with a magnitude approximate to log 2 for all 

the paraffin salts belonging single ionic head group, A is different for each type of head group. 

However, B has the different value for the system of two different head group and for the 

nonionic surfactants.  

Polarity of the medium: Polarity of the medium favour surfactant association. When polarity 

of the solvent decreases, CMC value will decrease. It has been seen that CMC increases in 

general for all types of surfactants in different volume fractions of polar organic solvent (acting 

as cosolvent which has dielectric constant values either greater or less than water) in 

comparison with purely aqueous medium.132, 133 Polarity of the medium also influences the 

formation of the different aggregates. Normal micelles have been formed in sufficiently polar 

medium, while reverse micelles are formed in nonpolar medium with a trace amount of water 

contents.  

Temperature: The CMC values of the most ionic surfactant go through a minimum as variation 

of temperature from 0 to 60-70oC.134-136 Although nonionic and zwitterionic surfactants have 

not so predictable minimum CMC with variation of temperature, some nonionic have been 

shown CMC minimum.137 The possible minimum value of CMC with increase in temperature 

may be addressed in terms of degree of hydration of head groups and hydrophobic tails. There 

are two factors contributing with increase of temperature, at lower range, desolvation of water 

structure around surfactant hydrophilic groups before CMC-minimum leading to earlier 

micellization and in the higher temperature range (after CMC-minimum), the breakdown of 

water structures from the surfactant hydrophobic tails, which is unfavourable in the process of 

micellization, leading to CMC at high surfactant concentration. The desolvated head groups 

also promote repulsive type interaction among them as the mobility of the counterions increases 

at higher temperature. In this connection, it is said that surfactants have characteristic 

temperature, known as ‘Krafft temperature’, which is essential to understand the phase 

behaviour of surfactant solutions at different temperatures. Fig. 15, displays such phase 

diagram. In this diagram, there exists three distinct zones, A, B and C, which have been 

designated as free surfactant monomers in solution, monomers in equilibrium with micelle and 

coexistence of monomers and precipitate (crystals) in solution respectively. At point P, all the 

three phases remain coexist, the temperature corresponds to this point P called Krafft 

temperature (Tk).  To avoid precipitation of crystal formation, working solution temperature 

should be above Tk.    
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Fig. 15. Temperature vs. [surfactant] profile showing different state of aggregations of 

surfactant monomers in solution and the Krafft temperature (Tk) 

Pressure: The consequence of pressure 138, 139 on self-aggregation of surfactants has been 

discussed. CMC increases initially with increase of pressure and finally decreases at high 

pressure region. The turnover of CMC at high pressure region has been observed for all kinds 

of surfactants. It is seen that the threshold pressure in which CMC is maximum, varies from 

surfactant to surfactant, lied between 75-150 MPa range. In the low-pressure region, the applied 

thrust destructs water structure to support wider distribution of surfactant monomers in solution 

to oppose their tendency to aggregate, while at high pressure, the monomers associate to 

micelle to the change of dielectric constant of the medium. This has been supported by the 

measurement of aggregation number, which shows a minimum for ionic surfactants and a rapid 

initial decrease for nonionic surfactants with respect to pressure. 

Electrolyte effect: Electrolytes effectively reduced CMC for ionic surfactants mainly. Less 

effect has been observed for zwitterionic and nonionic surfactants. The effect of added 

electrolytes with the same charge as the native counterion of surfactants on studying the 

micellization of ionic surfactant 124 has been empirically quantified by the following relation; 

   log10𝐶𝑀𝐶 = −𝑎log10𝐶𝑠𝑎𝑙𝑡 + 𝑏               (11) 
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where a and b are constants for a given head group for a particular temperature and Csalt is total 

concentration of monovalent counterion in molarity unit. The decrease of CMC has been shown 

more pronounced in presence of bivalent or trivalent counterions than the monovalent 

counterion of same salt type for ionic surfactants. Enhanced counterions in presence of added 

electrolytes effectively screen the head group charge of monomers at the micellar interface and 

consequently, less electrostatic repulsion between the surfactant monomers at the same time 

reduces CMC. Sometimes, relative reduction of CMC of an ionic surfactant by different 

electrolytes of different valencies may be explained by the effective nuclear charge (change to 

radius ratio of hydrated counterions), valency or hydration ability of counterions in solution 

and sometimes may not. It has been said that, counterions have specific effect for individual 

surfactants, yet not properly understandable.   

 In case of nonionic and zwitterionic surfactants, the impact of electrolytes on micellization 

process is significantly less. In this connection, Shinoda 140 has proposed an empirical relation 

between CMC of nonionic/zwitterionic surfactants with added electrolyte concentration (𝐶s) in 

molarity unit: 

log10𝐶𝑀𝐶 = −𝛼𝐶s +  constant         (for, 𝐶s < 1)                                                             (12) 

where, 𝛼 is a constant for a specific surfactant, nature of salts and temperature.  

Electrolyte effect on the micellization of nonionic and zwitterionic surfactants and the observed 

change in CMC cannot be explained by the same perception of electrostatic screening model 

those appearing in fully ionic surfactants (discussed above). Solubility of many materials in 

water can be effectively altered by addition of electrolytes. Addition of such electrolytes can 

reduce (salting out) or increase (salting in) solubility for a material in solution depending on 

nature of electrolytes. For zwitterionic and nonionic surfactants, added salt will decrease 

solubility (salting out) if salt acts as a water structure breaker and CMC will decrease; on the 

other hand, if added salts make the water structure (salting in), solubility of surfactants increase 

and as well as CMC. Organic materials (non electrolytes) also increase or decrease CMC in the 

micellization process of surfactants.141-143 So, to sum up, it has been said that interaction 

phenomenon of different inorganic/organic salts with various surfactants may influence on 

solvent structure, polarity of the medium and also on electrostatic interaction, still remaining a 

matter of further investigation. 



26 

 

Counterion of surfactants: It is not surprising that CMC decreases with the increase of degree 

of counterion biding (𝑔), as the ionic head groups face repulsive interaction at the micellar 

interface. From the outcome of regular solution theory, it is said that the extent of paring of 

counterion increases with the increase of polarizability and valency, although a larger radius of 

hydration will result in ion separation. It is seen that the extent of decrease of CMC of a 

surfactant depends on the hydrated radius of its counterions; the more the hydrated radius, less 

efficient its tendency to decrease CMC. In general, it is found that for a given hydrophobic tail 

and a polar head, CMC decreases in the order, Li+ > Na+ > K+ > Cs+ > N(CH3)4
+ > N(CH2CH3)4

+ 

> N (CH3CH2CH3)4 > Ca2+ ≈ Mg2+ for anionic surfactants (like, surfactant of dodecyl sulfate 

salts,144, 145 while for a cationic surfactant (e.g., cetyltrimethylammonium bromide 146) CMC 

decreases by the anionic counterions shown in the order (formers are more efficient than 

latters): PO4
3- ≈ Citrate 3- > SO4

2- ≈ Oxalate2- > I- > Br- > Cl- > F-. 

Effect of pH: Solution pH has relatively less effect on the industrially important surfactants 

having long alkyl chain length of strong acid. Unlike the salt of strong acid, significant pH 

effect has been observed on carboxylate acid surfactants as the carboxylate groups are not fully 

ionized near or below pKa. Since head group repulsion rendered surfactants to aggregate and it 

is controlled by the variation of pH, CMC is changed. When pH of the solution remains near or 

above pKa of alkyl ammonium salts, CMC decreases. pH has no effect on the CMC of nonionic 

surfactant. However, at very low pH, there is a possibility of protonation of ether oxygen of 

polyoxyethylene surfactants and eventually, the characteristics of the system is changed.147 

6. Cloud Point:  

Nonionic surfactant shows temperature instability. At relatively higher temperature, nonionic 

surfactants lead to formation of aggregate in solution (not like micellar aggregate) due to 

dehydration of polar moieties. As a result, the conformational change of polyoxyethylene 

moieties is possible and turbidity appears. The average threshold temperature at which turbidity 

(phase separation) appears on heating and disappears on cooling is called Critical Solution 

Temperature (CST) of cloud point (CP) of surfactant.148-151 Clouding phenomenon of some 

uncharged polymers having appreciable hydrophobicity is also found in literature.152-154 

Although clouding phenomena of individual nonionic surfactants, viz., triton X-100, brij 56, 

alkyl (linear, branched and cyclic) phenyl ethoxylates, igepal etc., block copolymers, methyl 

cellulose in water have been amply investigated in past, present time witnesses the 

investigation of CP originating from the combination of surfactants, polymers or both polymer 
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with surfactant in presence of other additives 155-161 and also variation of solvents. Both increase 

and decrease of cloud point have been observed for particular nonionic surfactant or uncharged 

polymers in comparison to their native states in aqueous solution with the influence of 

additives. Normally, water structure breaking species increase CP and water structure forming 

species decrease CP.1 The presence of both CP (one is upper critical solution temperature 

(UCST) and another is lower critical solution temperature (LCST) has been reported for 

triblock copolymer (pluronics).162 The effect of nonionic surfactants on the clouding 

phenomena of neutral polymers has been described by Flory-Huggins theory 163, 164 relating to 

the structure of surfactants during phase separation and temperature effect on aggregation 

number. Cloud point temperature for nonionic surfactants, as well as ionic surfactants 

combined with nonionic surfactant or combination of uncharged polymers (including proteins) 

with various surfactants (including lipids, amphiphilic drugs etc.) is very much essential in 

clinical preparations especially for drug immobilization, biomedical formulations, industrial 

extractions, enhanced oil recovery process,165-168 where certain temperature is need to be 

adjusted for formulation of materials.  

7. Thermodynamics of micellization: 

Micellization process is energetically controlled by thermodynamic principles. During 

micellization of surfactant, the so called ‘iceberg’ structure around the surfactant monomer 

disrupts with a resultant increase in entropy.169, 170  

Two approaches have been used extensively in classical literature and these are accepted as 

useful models of micellization: (i) the mass action model, and (ii) the phase separation model 

or pseudo phase model.149, 171 

❖ According to the mass action model, after CMC, monomer and micelles are interdependent 

to each other as with the increase of monomer concentration, micelle concentration also 

increases and vice versa according to the following equilibrium: 

𝑛𝑆 
𝐾𝑀
↔ 𝑆𝑛  or  𝑀                                              [13a] 

for a nonionic surfactant, S, Sn, n and KM denote surfactant monomers, micelles, aggregation 

number and equilibrium micellization constant respectively. 

In case of ionic surfactants, while studying micellization, the above equilibrium takes the new 

equilibrium incorporating the charges and counterions: 
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 𝑛𝑆± + 𝑚𝑍∓
𝐾𝑀
↔ (𝑆𝑛𝑍𝑚)

±(𝑛−𝑚)  or 𝑀±(𝑛−𝑚)            [13b] 

for a ionic surfactant, where Z± and m denote counterions and no of counterions are attached 

to the micelle in the above equilibrium process. 

Hence, it is written as, for nonionics, neglecting activity effect, 

𝐾𝑀 =  
𝑎𝑀

𝑎𝑆
𝑛  ≈  

𝐶𝑀

𝐶𝑆
𝑛                                                          [13c] 

where, a is the activity coefficient and C is the concentration. 

For ionic surfactants, 

𝐾𝑀 =  
𝑎𝑀
±(𝑛−𝑚)

𝑎
𝑆±
𝑛 𝑎

𝑍∓
𝑚  ≈  

𝐶𝑀
±(𝑛−𝑚)

𝐶
𝑆±
𝑛 𝐶

𝑍∓
𝑚                                            [13d] 

For nonionic surfactants, standard Gibbs free energy of micellization can be given by the 

following relation: 

∆𝐺𝑀
0 =  −𝑅𝑇ln 𝐾𝑀 = −𝑅𝑇ln 𝐶𝑀 + 𝑛𝑅𝑇ln𝐶𝑆             [14] 

Change of standard Gibbs free energy of micellization per monomeric unit (n) can be presented 

as: 

∆𝐺𝑀
0

𝑛
=  ∆𝐺𝑚𝑖𝑐

0 =  −
𝑅𝑇

𝑛
ln 𝐶𝑀 + 𝑅𝑇 ln 𝐶𝑆                       [15] 

At CMC, percentage of monomers forms micelles which are very small. Hence, the eq. 15 can 

be approximated as: 

∆𝐺𝑀
0 = 𝑅𝑇ln𝐶𝑆 = 𝑅𝑇ln 𝐶𝑀𝐶                      [16] 

For ionic surfactants, 

∆𝐺𝑀
0 =  −𝑅𝑇ln 𝐾𝑀 = −𝑅𝑇ln𝐶𝑀

±(𝑛−𝑚) + 𝑛𝑅𝑇 ln 𝐶𝑆
± + 𝑚𝑅𝑇 ln 𝐶𝑍

∓     [17] 

Therefore, it can be written as standard Gibbs free energy change per monomeric unit in the 

following form: 

∆𝐺𝑀
0

𝑛
=  ∆𝐺𝑚𝑖𝑐

0 =  −
𝑅𝑇

𝑛
ln 𝐶𝑀

±(𝑛−𝑚)
+ 𝑅𝑇 ln 𝐶𝑆

± + 
𝑚

𝑛
 𝑅𝑇 ln 𝐶𝑍

∓          [18] 
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Again, as the percentage of monomers is very small and usually n is large, the eq. 18 is 

transformed as  

∆𝐺𝑚𝑖𝑐
0 = 𝑅𝑇 ln 𝐶𝑆

± + 
𝑚

𝑛
 𝑅𝑇 ln 𝐶𝑍

∓                                 [19] 

For normal ionizable surfactants, it can be written as 

𝐶𝑆
± = 𝐶𝑍

∓                                                                       [20] 

Hence, at CMC, it is obviously, 𝐶𝑆
± = 𝐶𝑍

∓ = 𝐶𝑀𝐶              [21] 

so that, ∆𝐺𝑚𝑖𝑐
0 = (1 + 

𝑚

𝑛
)𝑅𝑇 ln 𝐶𝑀𝐶  = (1 + 𝑔) 𝑅𝑇 ln 𝐶𝑀𝐶       [22] 

where, 𝑔 is the fraction or degree of counterion binding.    

If 𝑔 = 0, there is no counterion binding in case of nonionic surfactant, 

 ∆𝐺𝑚𝑖𝑐
0 = 𝑅𝑇 ln 𝐶𝑀𝐶                                        [23] 

On the other hand, if 100% counterions are bound, 𝑔 = 1 and the Eq. 22 takes the form: 

∆𝐺𝑚𝑖𝑐
0 = 2𝑅𝑇 ln 𝐶𝑀𝐶                                             [24] 

The above relation is based on constant condition of aggregation number (n) and several valid 

approximations. 

❖ Pseudophase model is based on the assumption that, micelles are considered to constitute 

a new phase at or above CMC and concentration of monomers remains invariant at or above 

CMC.  

 According to Pseudophase model, the following equilibrium can be conferred based on phase 

equilibrium:  𝒎𝒐𝒏𝒐𝒎𝒆𝒓 ↔    𝒎𝒊𝒄𝒆𝒍𝒍𝒆  (𝑷𝒔𝒆𝒖𝒅𝒐𝒑𝒉𝒂𝒔𝒆)                   [25] 

At a constant temperature, chemical potential of free surfactant monomers (𝜇𝑆) in solution is 

equal to chemical potential of surfactant monomers in pseudo micellar phase (𝜇𝑆
𝑚𝑖𝑐𝑒𝑙𝑙𝑒).  

Thus, for nonionic surfactant,   

𝜇𝑆 = 𝜇𝑆
𝑚𝑖𝑐𝑒𝑙𝑙𝑒 or 𝜇𝑀                                                                  [26] 

The eq. 26 can be written for nonionic surfactant, 
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𝜇𝑆
0 + 𝑅𝑇 ln 𝑎𝑆 =  𝜇𝑀

0 + 𝑅𝑇 ln 𝑎𝑀                        [27] 

or, ∆𝐺𝑚
0 =  𝜇𝑀

0 − 𝜇𝑆
0 = 𝑅𝑇 ln 𝑎𝑆  ≈   𝑅𝑇 ln 𝐶𝑀𝐶                [28]    

Since, 𝑎𝑀 (activity of micelle considering it as a separate pure phase or pseudo phase) = 1, 

in case of ionic surfactant, 

𝜇𝑆
± + 

𝑚

𝑛
 𝜇𝑍
∓ =  𝜇𝑀

±                 [29]         as,    𝜇𝑆 = 𝜇𝑀  

Therefore, the eq. 29 is transform to  

𝜇𝑆±
0 + 𝑅𝑇 ln 𝑎𝑆

± + 
𝑚

𝑛
 𝜇
𝑍∓
0 + 

𝑚

𝑛
𝑅𝑇 ln 𝑎𝑍

∓ = 𝜇𝑀± 
0 + 𝑅𝑇 ln 𝑎𝑀

±
             [30] 

Or, [𝜇𝑀± 
0 − ( 𝜇𝑆± 

0 + 
𝑚

𝑛
 𝜇
𝑍∓
0 )] = 𝑅𝑇 ln 𝑎𝑆

± + 
𝑚

𝑛
 𝑅𝑇 ln 𝑎𝑍

∓ − 𝑅𝑇 ln 𝑎𝑀
±

       [31] 

hence, ∆𝐺𝑚
0 =  𝑅𝑇 ln 𝑎𝑆

± + 
𝑚

𝑛
 𝑅𝑇 ln 𝑎𝑍

∓ − 𝑅𝑇 ln 𝑎𝑀
±                [32] 

Since, 𝑎𝑀
± = 1, ∆𝐺𝑚

0 =  𝑅𝑇 ln 𝑎𝑆
± + 

𝑚

𝑛
 𝑅𝑇 ln 𝑎𝑍

∓  = (1 + 
𝑚

𝑛
)𝑅𝑇 ln 𝐶𝑀𝐶   [33] 

Or,  ∆𝐺𝑚
0 = (1 + 𝑔) 𝑅𝑇 ln 𝐶𝑀𝐶                              [34] 

In the equations [29] to [33],  𝜇𝑀
±

 is actually 𝜇𝑀
±(𝑛−𝑚)

; the factor (n-m) has been neglected 

for simplicity. 

We get the same equation for ∆𝐺𝑚
0  from pseudophase model that we get from mass action 

model. 𝜇𝑆
0 and 𝜇𝑀

0  are the standard chemical potentials of monomer and micelle respectively, 

and, 𝑎𝑆  and 𝑎𝑀 are the activities for the same respectively. Here, it is noted that, for the above 

two methods, equilibrium concentration of free monomer (𝐶𝑆) is considered to be equivalent 

to CMC.  

             In case of mass action model, including the contribution of aggregation number (n)172, 

standard Gibbs free energy of micellization (∆𝐺𝑚𝑖𝑐
0 ) and standard enthalpy of micellization 

(∆𝐻𝑚𝑖𝑐
0 ) can be expressed by, 

∆𝐺𝑚𝑖𝑐
0 = (1 + 𝑔) 𝑅𝑇 ln𝑋𝐶𝑀𝐶 + 

𝑅𝑇

𝑛
ln[2𝑛(𝑛 +𝑚)]           [35] 
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and, ∆𝐻𝑚𝑖𝑐
0 = −𝑅𝑇2 [(1 + 𝑔)

𝑑 ln𝑋𝐶𝑀𝐶

𝑑𝑇
+ ln𝑋𝐶𝑀𝐶

𝑑𝑔

𝑑𝑇
+ 

𝑑[(
1

𝑛
) ln{2𝑛(𝑛+𝑚)}]

𝑑𝑇
] [36] 

CMC has been expressed in mole fraction (𝑋𝐶𝑀𝐶) unit in the above two equations. Here, g is 

the number of counterion binding and n is the aggregation number. Usually, the second and 

third terms of equations [35] and [36] are small. In the pseudophase model, the terms can be 

conceptually avoided. 

Thus, for ionic micelles, 

∆𝐻𝑚𝑖𝑐
0 = −𝑅𝑇2 [(1 + 𝑔)

𝑑 ln𝑋𝐶𝑀𝐶

𝑑𝑇
 +  ln 𝑋𝐶𝑀𝐶

𝑑𝑔

𝑑𝑇
]                 [37] 

and for nonionic micelles, 

∆𝐻𝑚𝑖𝑐
0 =  −𝑅𝑇2

𝑑 ln𝑋𝐶𝑀𝐶

𝑑𝑇
                                                         [38] 

Entropy of micellization (∆𝑆𝑚𝑖𝑐
0 ) can be calculated from Gibbs- Helmholtz equation, 

∆𝑆𝑚𝑖𝑐
0 = 

∆𝐻𝑚𝑖𝑐
0 −∆𝐺𝑚𝑖𝑐

0

𝑇
                                                          [39] 

        CMC should be measured at different temperature in order to evaluate ∆𝐻𝑚𝑖𝑐
0  and ∆𝑆𝑚𝑖𝑐

0   

using equations 35 to 39, whichever is applicable for different systems. ∆𝑆𝑚𝑖𝑐
0  values are 

normally positive. Negative entropy contribution due to amphiphilic association in micelle or 

the solvation of monomers are overshadowed by the disruption of iceberg structure around the 

monomers to take them into micelle, this process in terms increase the overall entropy. 

           It may be mentioned that for calculation of thermodynamic parameters, CMC should be 

converted in mole fraction unit (stated earlier). The van’t Hoff method is used to calculate 

standard enthalpy of micellization (∆𝐻𝑚𝑖𝑐
0

 ) by measuring the CMC values at different 

temperatures using the equation 38. By using ITC (isothermal titration calorimetry), both CMC 

and ∆𝐻𝑚𝑖𝑐
0  can be measured directly. Determination of ∆𝐻𝑚𝑖𝑐

0  using calorimetry method 

gives the exact value with high precision of accuracy.173-176 The enthalpies determined by van’t 

Hoff method (by determining CMC at different temperatures) are generally found dissimilar 

with those calculated by direct method, especially for ionic surfactants.177-180  
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           Neither the mass action model nor the pseudophase model for micellization of surfactant 

is precisely correct. In both approaches, it is considered that equilibrium free monomer 

concentration during micellization process is equivalent to CMC. It is also conveniently 

considered that, both the aggregation number and degree of counterion binding are independent 

on temperature or at least independent within the investigated temperature range. Despite these 

limitations, these two models are the simplified version to determine thermodynamic 

parameters. 

            Besides these two above models, there are also some other approaches. A 

thermodynamic model is developed by Hill 181  for small system and applied by Hall and 

Pethica to nonionized and noninteracting systems.149 Hall 182-184 has developed detailed 

treatment of multicomponent system of interacting aggregates. Corkill and coworkers 185-187 

has been proposed another thermodynamic approach for nonionic surfactant systems. Tanford 

188 has proposed an interesting model for micelle formation based on micelle shape. This 

geometrical approach is extended by Israelachvili et al. 93 and is further developed by 

Ruckenstein and Nagarajan.189  

              Several variables such as, change in aggregation number, micellar shape and size, 

counter ion condensation and micellar solvation with variation of temperatures and other 

environmental changes provide challenges to determine thermodynamic parameters with 

absolute precession making this topic worthy of further investigation. 

8. Theory of mixed micelles: 

In aqueous solution, two or more surfactants exhibit rich interfacial properties, such as, 

decrease of CMC, higher surface activity, increase of intensity of scattered radiation, etc., 

compared to their individual components. Mixed micelles are formed in solution by active 

participation of both surfactants (Fig. 16) and formed micelles after CMC; are in equilibrium 

with individual monomeric species.9 Low concentration of mixed surfactants mixture has been 

allowed to the treatment of potential skin irritation.190 As the smaller number of surfactants can 

be required to form mixed micelle, it is also beneficiary for the environment as the amount of 

surfactant release.191 Mixed micelle has enhanced the substantial absorption of hydrophobic 

drugs in human body.192, 193 It is interesting to observe that equimolar mixture of cationic and 

anionic surfactants may form insoluble ion pair, they get solubilized if the proportion of one 

component is appreciably higher than other in solution. Vesicle like structure has also been 

reported in literatures by the conjugation of catanionic surfactants.194-196 Mixture of cationic 
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and anionic surfactants can be used for the use of cleansing product to reduce water hardness. 

197 Mixed micelles of ionic-ionic,198-207 ionic-nonionic,208-214 and nonionic-nonionic 215-217 

combinations have been reported in literature; among them, nonionic-nonionic and cationic-

cationic combinations are rare. Mixed micelle formation of surface active ionic liquid (SAIL) 

in combination with anionic,218-224 amphiphilic drugs,225-229 cationic 9, 230-237 and nonionic 

surfactants 21, 238-243 have also been studied significantly.     

 

Fig. 16. Schematic representation of a mixed micelle formed by two ionic surfactants 

(Surfactant 1 (olive green) and Surfactant 2 (red)). 

A simple theory is proposed by Clint 244 to determine CMC assuming the ideal mixing by the 

monomeric amphiphiles during mixed micelle formation. The proposed relation made by 

Clint’s 244 assumption is given here: 

1

(𝐶𝑀𝐶)𝑚𝑎𝑥
= ∑

𝛼𝑖

(𝐶𝑀𝐶)𝑖
𝑖                                               [40] 

where, 𝛼𝑖 and (CMC)i are the stoichiometric mole fraction and CMC of ith component 

respectively. If the mixing of surfactant components forming mixed micelle is not ideal, eq. 

[40] takes the form: 

1

(𝐶𝑀𝐶)𝑖
=  ∑

𝛼𝑖

𝑓𝑖 (𝐶𝑀𝐶)𝑖
𝑖                                     [41] 

where, f i  is the activity coefficient of the ith species.  

          Clint’s 244 theory provides an adequate description where nearly ideal mixing might be 

expected, i.e., homologous series of surfactants with similar head groups; but on the other hand, 

fails to predict either (𝐶𝑀𝐶)𝑚𝑎𝑥 or the monomeric compositions in the mixed micelle formed 
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by different head group of surfactants. In this connection it has been noted that a theory which 

is based on Regular Solution Theory (RST) provides a way to deal with both enthalpic as well 

as entropic factors in the mixed micelle formation. Prediction of this theory gives the 

satisfactory result with the experimental CMCs ((𝐶𝑀𝐶)𝑚𝑎𝑥) on the compositions of ionic-

nonionic or nonionic-nonionic mixed micelle. 

         Lange 245 developed an equation for binary mixtures of nonionics which accurately 

described CMC-dependence upon bulk composition assuming ideal mixing, i.e., the only 

contribution to the free energy of mixing came from the entropy change upon mixing of two 

surfactant species within the micelle. A similar treatment was also developed independently by 

Lange 246 and Shinoda 247 assuming ideal mixing for homologous pair of ionic surfactants. 

Later, Moroi and coworkers 248 have extended Lange-Shinoda approach of ionic and nonionic 

surfactants. Theories were developed in mid to late seventies 248, 249 to account for micellar 

mole fraction, activity coefficient, extent of interaction among the surfactants in mixed 

micelles. Rubingh 249 formulated a theoretical approach to relate monomer concentration to 

micellar molefraction of surfactants. Although satisfactory result found to explain a micellar 

system,250, 251 Rubingh 249 theory was criticized on thermodynamic grounds. Motomura et al. 

250 proposed a mixed micellar theory claiming to be a better description of mixed surfactant 

solution. In the early nineties, Sarmoria et al. 252 and Puvvada et al. 253 have developed a 

molecular thermodynamic model (SPB model) for mixed surfactant systems. Majority of the 

studies which describe mixed micellar system till now have been based on Rubingh 249 theory 

as it includes a specific interaction parameter (𝛽) measuring the interaction between surfactants 

either synergistic or antagonistic. Rubingh treatment is itself simpler than SPB model. 

 

Rubingh’s treatment on binary mixtures:  

    If two surfactants 1 and 2 form mixed micelle, the mole fraction of surfactant 1 can be 

estimated from the known values of CMC of individual surfactants, C1 and C2 and the CMC of 

mixed micelle, C* and stoichiometric mole fraction of surfactant 1 (α) in the total mixed solute. 

List of symbols: 

𝜇1 = chemical potential of monomeric surfactant 1 

𝜇1
0  = standard chemical potential of monomeric surfactant 1 
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𝜇1𝑀 = chemical potential of 1 in micelle 

𝜇1𝑀0 = chemical potential of 1 in pure micelle 

𝐶1
𝑚 𝑎𝑛𝑑 𝐶2

𝑚  =  concentration of monomeric surfactants 1 and 2 

𝑓1 𝑎𝑛𝑑  𝑓2  = activity coefficient of surfactants 1 and 2 in mixed micelle 

𝑥  =  mole fraction of surfactant 1 in mixed micelle. 

 

The chemical potential of monomeric component 1in mixed micelle solution can be written as: 

𝜇1 = 𝜇1
0 +   𝑅𝑇 ln 𝐶1

𝑚                                                                    [42] 

and chemical potential of component 1 in mixed micelle is  

𝜇1𝑀 = 𝜇1𝑀0 + 𝑅𝑇 ln 𝑓1 𝑥                                                            [43] 

 By using a phase separation model of micellization, we can write for component 1 in the pure 

micelle, 

𝜇1𝑀0 =  𝜇1
0 + 𝑅𝑇 ln𝐶1                                                                      [44] 

As, at equilibrium since 𝜇1 = 𝜇1𝑀 , we obtain from Eq. [42], [43] and [44] that for component 

1, 

𝐶1
𝑚 = 𝑥𝑓1𝐶1                                                      [45] 

Similarly, for component 2, we may write, 

𝐶2
𝑚 = (1 − 𝑥)𝑓2𝐶2                                                                 [46] 

Below C*, the concentration of component 1 is given by, 

𝐶1
𝑚 =  𝛼𝐶                                                                                  [47] 

here, 𝐶 is total surfactant concentration of surfactants 1 and 2 in solution.  

Similarly, for component 2, we can write, 

𝐶2
𝑚 = (1 − 𝛼)𝐶                                                                        [48] 

At the mixed CMC (C*), by considering the Eqs. [45], [46], [47] and [48], it can be written 

𝛼𝐶∗ = 𝑥𝑓1𝐶1                                                           [49] 
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(1- 𝛼) 𝐶∗ = (1 − 𝑥)𝑓2𝐶2                                      [50] 

Eliminating 𝑥 from equation [49] and [50], we can write, 

1

𝐶∗
=  

𝛼

𝑓1𝐶1
+ 

1−𝛼

𝑓2𝐶2
                                                                  [51] 

Since, 𝑓1 = 𝑓2 (ideal approximation), then Eq. [51] reduces to, 

1

𝐶∗
=  

𝛼

𝐶1
+ 

1−𝛼

𝐶2
                                                                              [52] 

Equation [52] is derived by Lange, Beck and Clint. 

On the other hand, we can eliminate C * between the two equations ([49] and [50]) to get the 

mole fraction of component 1 at CMC (Eq. [53]), 

𝑥 =  
𝛼𝑓2𝐶2

𝛼𝑓2𝐶2+(1− α)𝑓1𝐶1
                        [53] 

Relationships of monomer concentrations valid above CMC can be developed from the 

following relation: 

𝑥 =  
𝛼𝐶− 𝐶1

𝑚

𝐶− 𝐶1
𝑚−𝐶2

𝑚                                                [54] 

Substituting 𝐶1
𝑚 and 𝐶2

𝑚 from Eqs. [45] and [46] to Eq. [54], one can get a quadratic expression 

of 𝑥; upon solving yields the following value of 𝑥. 

𝑥 =  
−(𝐶−∆)+ √(𝐶−∆)2+4𝛼𝐶∆

2∆
       [55]      where, ∆ = 𝑓2𝐶2 − 𝑓1𝐶1 

Finally, using [45] again, the monomer concentration of component 1 can be written explicitly, 

𝐶1
𝑚 =  

−(𝐶−∆)+ √(𝐶−∆)2+4𝛼𝐶∆

(
𝑓2𝐶2
𝑓1𝐶1

)−1
       [56]           and, 𝐶2

𝑚 = (1 − 
𝐶1
𝑚

𝑓1𝐶1
)𝑓2𝐶2       [57] 

Although, Eqs. [56] and [57] correct the expression for micellar composition and monomer 

concentrations, remain incomplete without some relation between activity coefficients in 

micelle and micellar composition. Regular solution approximation can be used to determine 

activity coefficient of monomers in mixed micellar state. 

𝑓1 = exp 𝛽 (1 − 𝑥)
2          [58]               and,  𝑓2 = exp 𝛽𝑥

2     [59] 
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This parameter 𝛽 (stated earlier) is also molecular interaction in mixed micelle, 

𝛽 =
𝑁 (𝑊11+ 𝑊22−2𝑊12)

𝑅𝑇
                 [60] 

where, 𝑊11and 𝑊22 are the energies of interaction between surfactant molecules in pure 

micelles and 𝑊12  is the interaction between two species in mixed aggregate. N is Avogadro 

number. It can be demonstrated within regular solution context, the excess enthalpy (𝐻𝐸) is 

given by, 

𝐻𝐸 =  𝛽 𝑅𝑇 𝑥 (1 − 𝑥)                                       [61] 

Since, 𝛽 cannot be 0, this model considers both enthalpy and entropy (for ideal mixing) 

contribution in mixed micelle formation. If 𝛽 is negative, then it can be said that the interaction 

between surfactants is synergistic in mixed micelle and reverse is true for antagonistic type 

interaction. 𝛽 can be calculated using the following relationships in terms of 𝐶1, 𝐶2, 𝛼 and 𝐶∗, 

𝑥2 ln(
𝐶∗𝛼

𝐶1𝛼
)

(1−𝑥)2 ln(
𝐶∗(1−𝛼)

(1−𝑥)
)
  = 1                             [62] 

Eq. [62] is solved iteratively for 𝑥, and substitution of 𝑥 into equation [63] yields the immediate 

solution of 𝛽. 

𝛽 = ln [
(
𝐶∗𝛼

𝐶1𝛼
)

(1−𝑥)2
]                              [63] 

Mixed micellization studies have been attempted in details by several workers. 246, 253-257 CMC 

values for the mixtures of alkyl sulphate anions 246, 258 and also quaternary ammonium cations 

259 have been studied. Moroi et al. 248 and others 260-262 have been studied the mixtures of ionic 

and nonionic surfactants to evaluate CMC. Although it has been seen that CMCs for mixed 

surfactant systems lies in between the CMC of pure surfactants, several studies show that CMC 

of mixed surfactant system are even higher than pure parent components.263-265 

9. Interaction of macrocycle with surfactants: 

An enormous attention has been focused in the synthesis of aza-crown compounds in the past 

and preceding years. The aza-crowns have intermediate complexation properties between those 

of the all-oxygen bound crowns which have strong intake affinity towards alkali and alkaline 
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earth metal ions, and those of the all-nitrogen bound cyclams, which are strongly bound with 

heavy-metal cations inside its cavity due to less electronegativity and strong complexing ability 

of N over O atom. These have important uses as artificial receptors in molecular recognition 

processes 266 and in some cases, complexation of anions which have close similarity with the 

ions found in definite biological systems.267-269 Thus, the introduction of biological entities into 

the crown ether macromolecules has provided researcher with an even greater insight into 

biological ionophores, such as, macrolide antibiotics, cyclic peptides etc. 270, 271 These crown-

based macrocycles have also an enhanced complexing ability for ammonium salts,272, 273 

through H-bonding 274-277 and for transition-metal ions 273, 278 over the crowns containing only 

oxygen atoms. An extensive number of aza-crowns have been synthesized; among them, benzo 

aza-crowns have been studied broadly on its complexation affinity towards main group and 

also transition metal ions since its discovery in the mid-1970s.279-282 Surfactant mediated 

assemblies in solution have great potential applications in routine life. The simplest assembly 

is termed as micelle and the corresponding surfactant concentration abbreviated as critical 

micelle concentration (CMC). 283 These micellar properties are affected by influence of several 

additives, i.e., non-polar and polar organic compounds, small number of electrolytes, etc.283. 

Recently, increasing effort is being emphasized to the study of the assimilation or solubilization 

of neutral molecules into micelle in aqueous solution. Although, a lot of studies have already 

been reported on the complexation properties of crowns with various cations, anions and 

neutral organic molecules, less attention has been devoted on the interaction of crowns with 

surface active agents 284-288 in both pre and post micellar regime and majority of them 

(surfactants) are anionic in nature. The inclusion of crown macromolecules to the surfactant 

solutions during micellization results to the formation of inclusion complexes mediated by 

crown with oppositely charged counterions of surfactants or simply association with 

monomeric and aggregated form of surfactants, and as a result, these crowns alter the 

adsorption of surfactants at interfaces and also influence in bulk micellization process.  

  

 

Fig. 17. Structures of common crown ethers (from left to the right): 12-crown-4, 15-

crown-5, 18-crown-6, dibenzo-18-crown-6, diaza-18-crown-4, and, Cyclam (1,4,8,11-

tetraazacyclotetradecane) 

https://en.wikipedia.org/wiki/12-crown-4
https://en.wikipedia.org/wiki/15-crown-5
https://en.wikipedia.org/wiki/15-crown-5
https://en.wikipedia.org/wiki/18-crown-6
https://en.wikipedia.org/wiki/Dibenzo-18-crown-6
https://en.wikipedia.org/w/index.php?title=Diaza-18-crown-4&action=edit&redlink=1
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10. Uncharged and Charged (Polyelectrolyte) Polymers and Proteins & their 

interaction with surfactants: 

The word ‘polymer’ came from a Greek words; poly,- ‘many’ and mer,- ‘part’, suggesting a 

large molecule or a macromolecule formed by many repeating subunits joined together 

normally by covalent bonds. This combination process of repeating subunits is called 

polymerization. These repeating subunits are called monomers. But the monomers sometimes 

are not at all intact in the polymer chain. This often creates confusion or misconception with 

the term ‘polymer’ due to inconsistency of monomers. For example, polyvinyl alcohol is a 

highly versatile polymer but there is, in fact, no such monomer as vinyl alcohol. To address 

this inconsistency of monomers in polymer chain, Hermann Staudinger in 1920 introduced the 

term ‘macromolecules’289 meaning ‘large molecules’ (macro in Greek means large) for such 

polymeric compounds and it is now used almost interchangeably with the word polymer. If -

A- is the structural unit, then a macromolecule or polymer molecule is represented by: 

 

 

where n is an integer, defined as the degree of polymerization of the macromolecule. Polymer 

molecules were generally considered as physical assemblies of uncharged monomers, so these 

are called associated colloids before 1930. The variety of their molecular compositions and 

also altered physicochemical properties make them useful in many pharmaceutical, industrial, 

technical and medical purposes. Improvement in formulations have been obtained, much need 

in industry, by the use of current synthetic methodologies and through the understanding of the 

molecular interactions in conjugation with polymers and the other components of a care 

product. The macromolecules generally found in nature including proteins, carbohydrates, 

nucleic acids are known as bio-macromolecules or biopolymers 290 whereas, widely used 

plastics, rubbers and adhesives are the synthetic polymers. 

 

Proteins are the functional form of polypeptides. Proteins are biopolymers built from 

amino acids. Proteins contain more than 50 amino acid residues. There are 20 amino acids that 

are common to all living organisms on Earth. These are all -amino acids having the amine 

group attached to the (alpha-) carbon atom next to the carboxyl group in conjugation with 

unique side chains (aliphatic, acyclic, aromatic, containing hydroxyl or sulphur, etc.). All the 

naturally occurring amino acids are L-amino acids (chiral), with the exception of glycine 

(achiral). Many of the constituent amino acids can act as either weak acids or bases depending 
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on pH, or contain polar groups (hydrophilic character) that may be partly dissociated if the side 

chain is polar or hydrophobic, if it is nonpolar in nature. So, the protein charge can be easily 

tuned by varying the solution pH. It is seen that above the isoelectric point (pI), the net charge 

of protein is negative and below it is positive. At their isoelectric point pI, which is the pH at 

which proteins have zero net charge, proteins adopt their most compact conformations and also 

less water soluble. The specific function and structure of each protein depends on its amino 

acid sequence, which is called the primary structure. A polypeptide chain, therefore, has a N-

terminal (amine group of first amino acid) and a C-terminal (carboxyl group of last amino acid) 

section.29 291-293 A polypeptide chain when assembles into two dimensions, the structure is 

called secondary structure. Typical secondary structure motives can be classified into α-helices 

and β-sheets. Folding of these motives into the three-dimensional space results in the fully 

functional form of protein, called native structure, and the structure is called tertiary structure. 

The quaternary structure is the assembly of folded proteins into larger functional complexes. 

Proteins are generally surface active. Proteins can be stabilized by the hydrogen bond, 

disulphide bridges, electrostatic interaction, complex formation with metal ions, and by the 

hydrophobic effects among the amino acid residues that favours a folded conformation 

overcoming the entropy disadvantage. The proteins can undergo both specific and non-specific 

interactions with different kind of substance, and minor to major structural or configurational 

changes of protein may arise by such interactions under various environmental constraints, viz., 

pH, temperature, pressure, additives, etc. 

 

Polymer classification: 

Polymers are categorised according to their source of availability and structure of monomer 

chain. According to the source of availability, there are three types of polymers as natural, 

synthetic and semi-synthetic polymers. Carbohydrates (inulin, cellulose, alginate, starch, 

glycogen), proteins (collagen, silk, keratin), natural rubber and DNA are in the class of natural 

polymers. Polyethylene, polyvinyl chloride, polystyrene etc., are in the group of synthetic 

polymers whereas cellulose nitrate, acetate (rayon) are semi-synthetic polymers.  

The polymers can be classified on the basis of their chemical structures as shown in Fig 

18. Homopolymers comprise of identical bonding linkages to each similar monomer unit. 

Copolymers are usually indicating two or more different types of monomer units. Furthermore, 

depending on the arrangement of the types of monomers in the copolymer chain, the following 

classifications can be shown (Fig.18): (i) In random copolymers, two or more different 

repeating units are distributed randomly, (ii) Alternating copolymers are comprises of 
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alternating sequences of the different monomers, (iii) In block copolymers, the sequences of 

monomer are afterwards sequences of another monomer, (iv) Graft copolymers consist of a 

chain which are formed by one kind of monomers with branches of another type.  

 

 

Fig. 18. Types of polymers (a) homopolymer (b) random copolymer (c) alternating 

copolymer (d) block copolymer, and (e) graft copolymer. 

 

On the basis of the ionic charge of the monomeric groups, the polymers can be further 

classified as: nonionic (polyethylene oxide, polyethylene glycol), anionic (sodium 

carboxymethylcellulose, polyacrylic acid, sodium alginate, sodium polystyrene sulfonate) and 

cationic (polyDADMAC) polymers. Charged polymers are called polyelectrolytes. These have 

both conductive properties in aqueous solution like salts and viscous properties like polymers. 

Biological molecules such as polypeptides, DNA can be classified as polyelectrolytes. 

Recently, polyelectrolytes have gained significant interest as thickeners, conditioners, 

dispersant agents, ion-exchanger, emulsifiers, and clarifying agents. Significant attention has 

been paid for elucidating the properties of natural polyelectrolytes (e.g, alginate, 

carboxymethyl cellulose, starch etc.) in the pharmaceutical and food processing industries as 

their biodegradable and biocompatible properties. 

 

Polymers can also be classified according to their structure. Normally, the 

constitutional units initially form a linear chain. Cyclic polymer molecules result if the two 
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ends of a linear polymer molecule are connected. Small amounts of cyclic molecules are often 

formed during the synthesis of linear chains as by-products. Combinations of linear molecules, 

with cyclic molecules, and of cyclic macromolecules themselves lead to a great variety of 

molecular designs. It can be further categorized according to their applications as rubber or 

elastomer (e.g., natural rubber, BUNA-S), thermosetting polymer (e.g., bakelite), thermoplastic 

polymer (e.g., polyvinyl chloride), plastic (e.g., nonionic), fiber (e.g., nylon) and resin (e.g., 

polysulphides). 

Rheological and physicochemical properties of polymeric solution are obtained by the 

configuration of polymer chain depends on the interaction of the monomer blocks with each 

other and the solvent. Upon dissolution in solvent, the polymer chains implement different 

forms, such as, an extended configuration, a random coil, or a helical form. The polymeric 

chains expand in good solvents leading to significant increase in viscosity of the solution. This 

change in viscosity in solution depends on type of polymer, and charge density of the polymer 

(in case of ionic polymer or polyelectrolytes), polymer concentration and molecular weight of 

the polymer. The polymer molecules are mostly stringing of atoms connected to each other by 

covalent bonds. One can form a polymer that exhibits more than one kind of affinity or 

interaction by combining different kinds of monomer in the same polymeric species.294 The 

study of polymeric solutions can be essential in understanding various physicochemical 

properties, such as: molecular weight distribution, the charge density of ionizable polymer, 

polymeric chain configuration, radius of gyration, the degree of association of polymer 

molecule with the solvent molecules as well as the effect of other solutes present in the solution 

on the configuration and characterization of the macromolecule. 

The electrostatic interactions between the charges on the polyion chain and those 

between the polyion and the surrounding counterions play very important roles in determining 

the behaviour of polyelectrolytes in solution, which are quite distinct from that of the non-

polyelectrolytes (uncharged polymers). The conformations of polyelectrolytes in dilute 

solutions depend on the fraction of charged groups present on the polymers and the ionic 

strength of the solution. Weakly charged polyelectrolytes (or macromolecules carrying a small 

percentage of ionizable groups) in solution can mainly show the interplay between the non-

coulombic interactions, viz., van der Waals interaction, hydrogen bonding and other molecular 

interactions which play an important role in governing their conformations. 

          Polymers are mixtures of the species of various molecular weights. The knowledge of 

distribution of molecular weights determines the mechanical strength of polymer and also has 
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been shown to be essential in many applications, including the flow of melts, adhesion, 

flocculation, or in aging behaviour. Owing to the difficulties in measuring a distribution of 

molecular weights in detail, several mathematical forms are frequently used. The individual 

polymer chains do not all have the same size or mass in any polymer sample. Thus, they have 

various average molecular weights like number average molecular weight (𝑀𝑛̅̅ ̅̅ ), mass average 

molecular weight (𝑀𝑤̅̅ ̅̅̅), and viscosity average molecular weight (𝑀𝑣̅̅ ̅̅ ).  

They are defined as 

𝑀𝑛̅̅ ̅̅ =  
∑ 𝑛𝑖𝑖 𝑀𝑖

∑ 𝑛𝑖𝑖
                                                 (64) 

where 𝑛𝑖  is the number of molecules of molecular weight 𝑀𝑖. 

𝑀𝑤̅̅ ̅̅̅ =  
∑ 𝑛𝑖𝑀𝑖

2
𝑖

∑ 𝑛𝑖𝑖
                                          (65) 

 

𝑀𝑤̅̅ ̅̅̅ is always greater than 𝑀𝑛̅̅ ̅̅ , the ratio of  𝑀𝑤̅̅ ̅̅̅/𝑀𝑛̅̅ ̅̅  known as polydispersity index, gives an 

idea of molecular weight distribution.  Larger values of (𝑀𝑤̅̅ ̅̅̅/𝑀𝑛̅̅ ̅̅ ) > 2 specify a very 

widespread distribution with substantial amounts of material at both extremes. A monodisperse 

polymer sample having a unique molecular mass, M = 𝑀𝑛̅̅ ̅̅  = 𝑀𝑤̅̅ ̅̅̅  can be measured by 

osmometry where as 𝑀𝑤̅̅ ̅̅̅ can be measured by light scattering experiment. Another useful 

technique for the determination of molecular mass is the viscosity average molecular mass 

(𝑀𝑣̅̅ ̅̅ ̅).  𝑀𝑣̅̅ ̅̅ ̅ can be defined as: 

𝑀𝑣̅̅ ̅̅ =  (
∑ 𝑛𝑖𝑖 𝑀𝑖

1+𝛼

∑ 𝑛𝑖𝑖 𝑀𝑖
)

1

𝛼
                                                                                       (66) 

 

where ‘α’ is constant lying between 0.5 and 2.0. Normally, 𝑀𝑤̅̅ ̅̅̅ > 𝑀𝑣̅̅ ̅̅  >𝑀𝑛̅̅ ̅̅ . For ‘α’ = 1, 

theoretically 𝑀𝑤̅̅ ̅̅̅ = 𝑀𝑣̅̅ ̅̅ . For a monodisperse polymer, molecular mass, M = 𝑀𝑛̅̅ ̅̅  = 𝑀𝑤̅̅ ̅̅̅ = 𝑀𝑣̅̅ ̅̅ . 

Solution Properties of Polymer 

Viscosity is a convenient method to characterize a polymer solution. This can be attained by 

measuring the clearance time “t” of a dilute polymer solution with a laminar flow through a 

capillary in an Ubbelohde viscometer and comparing with the time of flow for the solvent, t0. 

The relative viscosity is obtained from the flow time multiplying with the density of the 

solution and the solvent. The common nomenclatures in relation to the solution viscosity are 

given below. 
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Relative viscosity:     𝜂𝑟𝑒𝑙 =
𝜂

𝜂0
 ≈

𝑡𝜌

𝑡𝜌0
                    (67)  

where, ρ and ρ0 are the solution and solvent density, respectively. For fairly dilute solution, its 

density is considered equivalent to the pure solvent, therefore the relative viscosity definitions 

are often used in practice. 

Specific viscosity:     𝜂𝑠𝑝 = 
𝜂−𝜂0

𝜂0
= 𝜂𝑟𝑒𝑙 − 1    (68) 

Reduced viscosity:            𝜂𝑟𝑒𝑑 = 
𝜂𝑠𝑝

𝐶
 (69)  

Intrinsic viscosity:     [𝜂] =  (
𝜂𝑠𝑝

𝐶
)
𝐶=0

= (ln
𝜂𝑟𝑒𝑙

𝐶
)
𝐶=0

                  (70)                                         

where 0 and  denote the measured viscosity coefficients of the pure solvent and the solution, 

respectively. C is the concentration of dilute polymer solution expressed in gm dL-1. The 

specific viscosity is a measure of the thickening effect of the polymer solution as compared to 

the solvent. This quantity depends on polymer concentration and hence, the reduced viscosity 

(𝜂𝑟𝑒𝑑) is informative to specify a polymer system. The intrinsic viscosity is expressed in terms 

of the Huggins equation.295 Thus, 

𝜂𝑠𝑝

𝐶
=  [𝜂] + 𝑘𝐻[𝜂]

2𝐶                                   (71) 

The plot of  
𝜂𝑠𝑝

𝐶
 vs 𝐶 normally gives a straight line, whose extrapolation to zero polymer 

concentration gives the intrinsic viscosity, [] and from the slope we can determine kH which 

is a constant known as Huggins constant. kH is approximately 2.0 for solid uncharged spheres, 

both in theory 296  and practice 297 . For flexible polymer molecules in good solvents, kH is often 

near to 0.35. Somewhat higher values appear in poor solvents. The intrinsic viscosity gives an 

idea about the polymer configuration; its lower value suggests globular feature while for higher 

value, it represents open or non-globular configuration of the polymer. 

            However, in presence of a polyelectrolyte, we cannot determine [] in purely aqueous 

solution using Huggins equation as it is shown that at high polyelectrolyte concentration region, 

reduced viscosity (𝜂𝑟𝑒𝑑) decreases with decreasing concentration of polyelectrolyte (which is 

similar with the uncharged polymers), while at low polyelectrolyte concentration region, 𝜂𝑟𝑒𝑑  

levels into a plateau and increases again with decreasing polyelectrolyte concentration. In order 

to address this problem for determination of [], it is recommended to prepare polyelectrolyte 

in low concentration of salt solution. Under this situation, polyelectrolytes behave like 

uncharged polymers.      
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              It is observed that all the plots of  
𝜂𝑠𝑝
𝐶

  vs. 𝐶 at different solvent media are nicely linear 

to yield [η] and kH from the intercept and slope, respectively. The intrinsic viscosity is 

independent on polymer concentration but depends on the nature of molecular weight of the 

polymer and solvent. It can be utilised to calculate the viscosity average molecular weight, 𝑀𝑣̅̅ ̅̅  

from the Mark-Houwink equation: 298 

[𝜂] = 𝐾(𝑀𝑣̅̅ ̅̅ )
𝛼                                                 (72) 

where 𝐾 and  are constants, whose values depend on the nature of polymer-solvent system 

as well as on the temperature. These constants can conveniently be found for common 

polymer/solvent combinations in the literature.299 

In mixed aquo-organic solvent media, the value of [] is in between aqueous and 

organic solvent. There, structure is also varied with different mixed solvents and salt 

medium.300  Banerjee et al. 301 and Dan et al. 302 have reported [] values of different gums and 

inulin in salt water media, respectively. Magnitude of [] in salt solution is lower than aqueous 

solution. It was proposed that in salt solution, polymer has a compact structure and it has 

elongated structure in mixed solvent medium. Nandi et al. 303 have investigated [] of sodium 

carboxymethylcellulose in aqueous solution as well as acetonitrile-water medium in presence 

of different ionic strength of NaCl by ‘isoionic dilution’ method at different temperatures. It is 

seen that, [] value is found larger in aqueous solution in comparison with mixed solvent 

medium and with increase in temperature.  

 

Hydration 

The outer layer of the polymer is protected through hydration; their stability, local viscosity, 

solubilisation, interaction, etc. are functions of hydration and the vicinal water structure. Water 

soluble polymers solubilize in water through hydration using their available hydrophilic 

centres. Different methods such as viscosity, diffusion, infrared spectroscopy, calorimetry, 

acoustic, light scattering, etc. can be utilized to characterize their hydration behaviour.304-307 

Nuclear magnetic resonance studies have also been suitable. 308 If the hydrated entities are 

constant shearing stress (as in viscosity) or are under constant influence of compression and 

rarefaction (as in ultrasound), the method would essentially monitor the strongly attached water 

molecules. The estimation of hydration by the simple non-equilibrium method of 

conductometry is based on the concept of obstruction 309 to the ionic transport offered by the 

hydrated polymers. When obstructed, the ions take a detour, resulting in an increase in the 



46 

 

overall resistance of the solution. They may, however, penetrate the loosely solvated portion 

of the polymer. This may lead to lowering of hydration that corresponds to the primary 

hydration envisaged by Frank and Evans. 310 

Based on the above obstruction principle, the hydration of the polymer (or dispersion) 

of any shape can be quantitatively estimated by the method of conductance on the basis of the 

following relation: 311 

𝑘′

𝑘
= 1 − 1.93 𝑉ℎ  (

𝑘′

𝑘
) 𝑐                   (73) 

where 𝑘′ and k are the values of specific conductance in the presence and absence of 

obstructants, Vh is the hydrated specific volume, and c is the concentration of the obstructant, 

expressed in g/ mL. Therefore, a direct estimate of Vh is thus possible without assuming any 

shape. From the known specific volume of the water free or dry material, the extent of hydration 

can be estimated. 

Polymer–Solvent interaction 

The characteristics of polymers in solution are extremely dependent upon the quality of solvent. 

A dissolved polymer will encounter attractive forces between certain segments of polymer that 

induce cohesion. Energy must be given to the system to keep away the molecular species from 

their nearest neighbours. This is entitled as cohesive energy, and is associated with ∆Hmix the 

volume fractions, the volume of mixing, and the cohesive energy densities of the components: 

∆𝐻𝑚𝑖𝑥 = 𝑉𝑚𝑖𝑥(𝛿1 − 𝛿2)
2𝜑1𝜑2                                                       (74)                                   

Vmix is termed as the volume of mixing, 𝛿1 and 𝜑1 are defined as the solubility parameter and 

volume fraction of the solvent respectively. 𝛿2 and 𝜑2 are the solubility parameter and volume 

fraction of the polymer respectively. Since ∆Hmix should be small for spontaneous dissolution 

to happen, the solubility parameters of the solvent and polymer must be as close in value as 

possible. In a ideal solvent, the solvent molecules have identical properties to those of the 

polymer and such the polymer would have analogous preference for a solvent molecule as for 

another polymer molecule. This results in formation of random configuration of the chains. 

The opposite is true a poor solvent, and the polymer chains will contract. This will influence 

the viscosity of solution. When the concentration of polymer in a solvent is suitably low, the 

polymer-polymer interactions can be ignored. As a result, a single flexible linear polymer chain 

having many internal degrees of freedom, may fold in various ways to curtail polymer solvent 

contact. This folding can produce a range of structures, such as, unperturbed or perturbed coils, 

wormlike coils and also structures which resembling Euclidian bodies like spheres. 
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Self-Assembling of Polymer 

 Apart from well-established ionic and nonionic surfactants, some polymers are also capable 

of undergoing self-assembling process when dissolved in selective solvents. Associative 

polymer has attracted rigorous interest from both industrial and academic viewpoints due to 

their wide applications in pharmaceutics and biomedicine.312 The polymer usually comprises 

of a hydrophilic group with hydrophobic domains distributed along its backbone. Hence, when 

the polymer dissolves in water, clusters of hydrophobic domains are formed yielding a network 

structure. For the end-capped water-soluble polymer, the hydrophobic group is located at both 

ends of the polymer, with the hydrophilic segments separating them. Such polymer associated 

with strong hydrophobic segments forms flower-like micelles. 313, 314 An associative polymer 

represents a class of polymers that possess surfactant-like properties. They are used as 

thickening agents in environment friendly coating applications. Studies of the self-association 

of water-soluble block315, 316 and graft 317, 318 copolymers have been found extensive interest. 

The laser light scattering is an efficient technique to investigate the association 

behaviours of the polymer in dilute solution. Two common approaches can be used, i.e., static 

light scattering (SLS) 319 and dynamic light scattering (DLS) 320. Through the study of SLS, the 

weight average molar mass (𝑀𝑤̅̅ ̅̅̅), average second-virial coefficient (𝐴2̅̅ ̅), the overall geometry 

(shape) of the scattering species and the average radius of gyration (𝑅𝑔̅̅̅̅ ) can be obtained. From 

DLS, the translational diffusion coefficient (𝐷0̅̅ ̅), average hydrodynamic radius (𝑅ℎ̅̅̅̅ ) and the 

polymer chain conformation can be determined. For example, DLS has been used to study the 

random association of hydrophobically modified water-soluble polymers, statistical 

copolymers, block copolymers composed of elastin-like and poly (ethylene glycol) (PEG) 

blocks, and multiblock copolymers. Marieta et al.321 has investigated self-aggregation of a 

polyelectrolyte having N-alkyl-N, N-dimethyl-N-(2-hydroxypropyl) ammonium chloride 

based on polysaccharides by using of steady state fluorescence and viscometry techniques. 

Recently, Yao et al. 318 studied the self-aggregation behaviour and morphology of graft 

copolymers, oligo (9, 9-dihexyl)-fluorence-graft-poly (ethylene oxide) (OHF-g-PEO) in 

aqueous solutions by light scattering, steady-state fluorescence spectroscopy, time-resolved 

fluorescence, and transmission electron microscopy (TEM). 

 

Interaction of Surfactant with Polymer or Protein 

The interaction of polymer or protein with surfactant in aqueous solution has become a very 

fascinating topic due to the wide range of domestic, pharmaceutical and industrial applications, 
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such as, detergency, food formulations, paints, drug formulation and delivery, formulation for 

crop disease control, high-power solid-state batteries, cosmetics, coatings, water purification, 

enhanced oil recovery, etc.322 Polymer or protein-surfactant mixtures are fundamental units of 

almost all biological cells. Frequently, they are used together, in particular, in complex 

colloidal systems to attain colloidal stability, emulsification or flocculation, structuring and 

suspending properties as well as rheology. In industrial applications, the surfactants act as 

detergents or dispersing and wetting agents, and the polymers play the unique role as thickeners 

in water-based formulations. The solution behaviour of polymer itself, the formation of 

polymer-surfactant complexes in aqueous solution and the manipulation of surfactant 

adsorption by polymers are active fields of interest in colloid science. Polymers are generally 

used as viscosity modifiers. Such a growing demand compels more investigations of polymer-

surfactant interaction to enrich the practical as well as fundamental knowledge of colloid 

chemistry.   

Three types of interactions are prevalent in polymer–surfactant systems, viz, (i) self-

interaction among surfactant molecules, (ii) self-interaction among polymer molecules, and 

(iii) interaction between polymer and surfactant. The first two kinds can be either 

intermolecular or intramolecular. Depending upon the relative magnitude of the above three 

interactions, there may arise a number of physicochemical phenomena in polymer-surfactant 

system, which is a unique property of a particular polymer-surfactant complex. Surfactant-

polymer interactions involve a complex balance of factors assisting and retarding association. 

The dominating forces can be categorized into either dispersion (van der Waals) forces, dipolar 

interactions (including hydrogen bonding or acid-base), coulombic (electrostatic) attractions as 

well as repulsions and the hydrophobic effect.323 While the electrical processes are fairly 

straightforward involving the interaction of surfactant molecule with the charged species 

present upon the polymer, the remaining interactions are not easily quantified and can be quite 

complex. Polymers in particular add their own new twist since they may possess in solution as 

secondary and tertiary structures that must be altered during the surfactant binding process in 

order to afford the bound surfactant molecules.324 Any and all of these changes of the polymers 

in assistance with surfactants result in major alterations in the macroscopic and microscopic 

properties of the system. Forces which opposing the association of molecules usually include 

thermal energy, entropic consideration, and repulsive interactions among the similar electrical 

charges.325 

 The polymer–surfactant interaction is complex and conspicuous in nature; constant 

configurational changes can occur. Quantitative understanding of the interaction process can 
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be thermodynamically achieved as every physical and chemical process is guided by the rules 

of thermodynamics. Initially, the surfactant monomers get attached to the polymer chain and 

undergo hydrophobic interaction. Normally, by the interaction of a polymer with an 

amphiphile, a state of critical aggregation concentration (CAC) appears after that induced small 

micelles start to form in the system, and get bound to the polymer at specific sites that complete 

at a concentration called the saturation concentration, Cs. From that state, amphiphile 

monomers populate at the interface and start forming normal micelles in solution at the 

saturation point, 𝐶𝑒
∗ (called the extended critical micelle concentration).326-328 A complete 

course of oppositely charged polymer-surfactant interaction is schematically presented in Fig. 

19. It has been stated that uncharged polymer containing polarizable groups show more or less 

same interaction pattern with ionic surfactants.329, 330 The interaction between oppositely 

charged polymer with surfactants is governed mainly by electrostatic interaction, while for 

uncharged polymer with charged surfactants mainly hydrophobic interaction play significant 

role.326-328 The lower value of CAC than CMC is ascribed to site specific surfactant-polymer 

interaction by way of elimination of water from the segmental domains of the polymer to 

induce formation of small micelle aggregates. Determination of NMR chemical shift 331 and 

polarity at different regions of micellar microphase using fluorescence measurements 332 can 

provide useful information on the interaction process. Using neutron scattering technique, 

Cabane 333 has shown the thermodynamics of binding of polyethylene oxide (PEO) with small 

aggregates of SDS before formation of its free micelles and also predicted the allowed 

stoichiometry of smaller aggregates of SDS bound to PEO macromolecule.  

 



50 

 

 

 

Fig. 19. Schematic representation for the interaction between a cationic polyelectrolyte 

with an anionic surfactant in aqueous solution 

 

The exact characteristics of the polymer - surfactant or protein–surfactant complex is variable 

because they depend on the nature of the macromolecules and the surfactants. If the surfactant 

has bulky head group, the polymer has rigid backbone or if the polarity of both the surfactant 

head group and the polymer are identical, then the polymer–surfactant complex formation is 

less favoured. Neutral polymers interact with both anionic and cationic surfactants, but their 

mode of interaction is different. Generally, cationic surfactants weakly interact with neutral 

polymers than anionic surfactants of similar chain length. Due to strong electrostatic attraction 

polyelectrolytes interact with oppositely charged surfactants, but similarly charged polymer 

and surfactant interact only when polymer is markedly hydrophobic. Some model systems in 

this category include aqueous solutions of polyethylene oxide (PEO)-sodium dodecyl sulfate 

(SDS),334, 335 polyvinylpyrrolidone (PVP)–SDS,336 PEO-cetyltrimethylammonium bromide 

(CTAB) 337  and polyethylene glycol (PEG)-CPC 338 . 
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 In the interaction process between polymer and oppositely charged surfactant, 

hydrophobicity of the complex further increases leading to their self-aggregation to form 

coacervates. The coacervates may induce turbidity to the solution, precipitation of the complex, 

etc. This initial interaction is electrostatic in nature, which is reinforced by hydrophobic 

interaction between the hydrophobic domains of the polymer and the surfactant tail. Such 

interaction decreases the degree of residual charge on the polymer, resulting in hydrophobicity 

of the complex. If the electrostatic interaction is dominant in the polymer–surfactant complex 

(PS-complex), the peripheral binding of the surfactant monomers onto the oppositely charged 

peripheral polymer sites leads to coacervation. At a certain surfactant concentration, maximum 

precipitation of the coacervate takes place. Beyond saturation of the polymer adsorption sites, 

the surfactant forms free aggregates in the bulk solution. The resolubilization process is 

assumed to be solubilization of the coacervates, that form in solution before the free aggregates, 

in the hydrophobic micellar domain. Sometimes, adsorption of surfactant onto the polymer 

binding sites causes unfolding of the polymer (mostly observed in case of proteins). This 

unfolding process is driven by increasing surfactant concentration. The unfolding exposes the 

charged sites, that increase the solubility of the amphiphile adsorbed on the polymer backbone 

through the increasing degree of solvation, as well as undergoes a second mode of amphiphile 

adsorption onto the polymer. During this mode of adsorption, the local [surfactant] in the 

vicinity of the polymer increases below the CMC of free surfactants resulting in smaller 

aggregates of surfactant wrapping onto the polymer backbone.339 The second mode of 

oppositely charged polymer–surfactant interaction, however, comprises the adsorption of both 

monomeric and aggregated surfactant structures wrapping around the polymer.326-328  

The interplay between proteins and surfactants has a say on the protein denaturation 

and received much attention 340, 341 but the process is in general not well understood. Interaction 

of proteins with the anionic surfactant SDS are mostly found in literature. Proteins studied are 

lysozyme 342, 343 bovine serum albumin (BSA), 344, 345 trypsin,346, 347  papain, 348 and bromelain 

349 etc. Apart from SDS, different other surfactants (including conventional cationic 

surfactants, SAILs, gemini surfactants, nonionic surfactants) have been used in past and 

preceding years 350-359 to elucidate protein-surfactant interactions. Surfactants denature proteins 

differently than classical denaturants such as guanidine hydrochloride (GdnHCl) and urea. 

Surfactants interact strongly with protein as compared with other denaturants such as urea and 

GdnHCl which weakly interact with the protein backbone. Depending on the method of 

denaturation, the end state may be different; it is typically a completely feature-less random 

coil with considerable conformational freedom in presence of chemical denaturants, while the 
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thermally denatured state and the acid-denatured state of protein tend to be compact and contain 

residual secondary structure.360 Numerous factors influence the interactions between 

surfactants and proteins. The mode of the interactions with proteins has been found to be both 

electrostatic and hydrophobic 361 depending on the nature of both proteins and surfactants. 

Thus, proteins are denatured by surfactants at millimolar concentrations, while urea and 

GdnHCl denature proteins at molar concentrations. Proteins act as polyelectrolyte depending 

on the pH of the solution. At isoelectric pH, the overall charge of a protein is ‘zero’. Above 

isoelectric pH, it carries negative charge, and below isoelectric pH, it carries positive charge 

which facilitates the interaction between oppositely charged species. Interactions between SDS 

and proteins carrying a positive net charge leading to precipitation of the complex, because of 

charge neutralization. Often, it is possible to redissolve the precipitated complex by adding 

excess amount of SDS; however, some protein-surfactant complexes are not readily 

redissolved.342  

 

Factors influencing the polymer surfactant interaction 

Several factors trigger the association of surfactant in presence of polymer in the same way as 

they do with micellization of the surfactant in the absence of polymer, confirming the similarity 

of the two processes. Contributing terms for the surfactant in the presence of polymer are: 

Specific binding: electrostatic attraction between the polar moieties of the surfactant and the 

polymer. 

Nonspecific binding: hydrophobic part of the polymer protects the micellar core from the 

aqueous environment and vice versa. 

Other factors that play an important role in the interaction are the following: 

Surfactant alkyl chain length: It is possible to tune the hydrophobicity of a polymer chain by 

modifying the surfactant’s chain length. In a homologous series, the initial binding 

concentration, CAC decreases with increasing number of alkyl chain carbons (n) of the 

surfactant binding to the polymer.362 This same observation has also been found for sodium 

alginate- ILs (1-alkyl-3-methylimidazolium bromide, CnMIMBr, where n = 12, 14 and 16) 

increasing the alkyl carbon length of IL from 12 to 16.363 The morphology, size and charge of 

the polymer–surfactant complex is drastically modified on varying chain length as evidenced 

when studying hydroxyethyl cellulose with tetradecyltrimethylammonium bromide (TTAB) 

and cetyltrimethylammonium bromide (CTAB).364 Neutron reflection illustrates that in the 

lower concentration regime of sodium polystyrene sulfonate (NaPSS) - alkyl 
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trimethylammonium bromide (ATAB) interaction, a 20-22 Å ‘thin’ adsorbed film occupies the 

interface, but this changes into a ‘thick sandwich’ layer at higher concentration. However, for 

ATAB (C16), only ‘thin’ monolayer adsorption occurs at all concentration.365  

Types of surfactants: The interaction between uncharged water – soluble polymers are much 

more facile with anionic surfactants than with cationic.366, 367 Dodecylammonium thiocyanate 

(DA+SCN-) interacts quite strongly with polyvinylacetate (PVAc), as found from specific 

viscosity data at low DASCN concentration, whereas the corresponding halides show 

comparatively weak interaction.367 Petcova et al. 368 have compared the foam formation and its 

stability for the investigation of cationic polymer polyvinylamine (PVAm) with anionic 

surfactant sodium dodecyl sulphate (SDS) and another anionic surfactant sodium dodecyl 

oxyethylene sulphate (SDP1S) individually. They showed that the ethoxy group in SDP1S 

enhances the surfactant association with the polyelectrolyte molecules (PVAm) than SDS and 

consequently, the formation and stabilization of foam decreases from the solution containing 

PVAm with SDP1S. Interaction between polymer and surfactant having opposite charges is 

much more complex from a physicochemical point of view as compared to interaction between 

nonionic polymer with ionic surfactants. The contribution of both electrostatic and 

hydrophobic interactions interplay in the former, whereas the hydrophobic effect is the 

deciding factor in the latter. Nonionic polymers and nonionic surfactants show only very weak 

interactions. One exception is the strong interaction between polyoxyethylated nonionic 

surfactants and polyacrylic acid.369  

Temperature:  Temperature plays a significant role in maintaining system equilibrium. Surface 

activity of PS-complex may be invariant with temperature, but CAC increases with increase in 

temperature. Increasing temperature generally induces a high degree of ionization and lower 

aggregation number.370 

Medium: With addition of alcohol, the dielectric constant of the medium decreases which 

enhanced stability of the aggregates formed and a close proximity of the head groups over the 

micelle surface. It also influences the various charge effects involved including counterion 

dissociation which in turn depends on the size and shape of micelles. Interaction mainly occurs 

through the penetration of alcohol molecules into micelles formed around the protein. Protein-

surfactant interaction studied by potentiometry has been found to increase in presence of 

alcohol.371 

Additives: Addition of salt can enhance oppositely charged polyelectrolyte-surfactant complex 

(lower CAC) up to certain increasing concentration, then above a threshold salt concentration, 

it supresses the complex formation and finally at higher salt concentration, complexation 
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between oppositely charged polyelectrolyte-surfactant is completely hampered.372, 373 Such 

observation has been found when studying the complex formation between NaCMC- DTAB 

in presence of NaBr. Addition of salt or nonionic surfactant may either induce or screen the 

polymer-surfactant interaction, will produce either a constant or an accelerated CAC due to 

reduced monomer concentration with polymer, as manifested in NaCMC-cationic gemini / TX-

100 combination.374 Addition of salt also increases the binding ratio of surfactant to polymer. 

For PVP/SDS system, addition of 0.1 M NaCl increased the ratio to 0.9 SDS per base mol of 

PVP from 0.3/1 ratio which is observed in water.294 The counterions of surfactants modified 

the water structure differently which influenced the interaction between nonionic polymer with 

charged hydrophobic surfactants, and it has been reported by Saito and Kitamura 375 that 

chaotropic (structure - breaking) anions (counterions) tend to increase the tendency of cationic 

surfactant (mostly for the surfactants containing long chain alkyl group) to associate with 

uncharged polymer, whereas, kosmotropic (structure-making) anions do the reverse. The 

organic anions with small hydrophobic groups are quite similar to kosmotropes like chloride 

ion in the interaction of the polymers and the long- chain cations. 

Molecular Weight of Polymer: A minimum molecular weight of polymer must be required to 

ensure complete interaction with surfactant. Molecular weight of polymer depends 

significantly on polymer architecture.376 In case of polystyrene sulfonate (PSS), due to rigidity 

of the chain, they cannot effectively bend around surfactant micelles. SDS interacts differently 

with polyethylene glycol (PEG) if the PEG molecular weight is greater than equal to 1500: an 

exothermic interaction at low [SDS]; on the other hand, interaction between PEG-SDS is 

endothermic at higher [SDS].377 Francois et al.378 found that the polyethylene oxide  

(PEO) - SDS interaction is independent of the PEO molecular weight ranging from 6,000-

900,000. It is seen that phase separation is more pronounced in presence of larger alkyl change 

length and also in presence of higher molecular weight of polymer; specially for oppositely 

charged polyelectrolyte and surfactant. Increase of molecular weight of polyelectrolyte has the 

same impact on the polyelectrolyte-surfactant complex as increasing polyelectrolyte 

concentration and for the both cases, extended critical micelle concentration (C*
e) increases and 

CAC hardly changes for the same polyelectrolyte-surfactant system. Tseng  et al. 379 have 

observed that in presence of oppositely charged polyacrylic acid (PAA) with 

tetradecyltrimethyl ammonium bromide (C14TAB), when PAA molecular weight was less than 

5,000, no precipitation is formed due to the aggregation of polyelectrolyte-surfactant complex; 

while for ≥ 130,000, stable aggregates were formed and they are precipitated.  
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Amount of polymer: CAC and C*
e values depend on polymer concentration; CAC decreases 

slightly with increasing polymer concentration; C*
e on the other hand increases linearly with it. 

The number of available binding sites increases with increasing polymer concentration, leading 

to enlarge the interaction region, i.e., the binding of induced small micelles to the polymer 

completes at higher surfactant concentration. Both the critical concentrations corresponding to 

the polymer saturation by surfactant micelles (psc or Cs) and free micelle formation (C*
e) 

increases with increasing polymer concentration as expected from the mass balance 

consideration. 

Polymer Structure and Hydrophobicity: The polymer flexibility influences the activity to 

interact with the surfactant molecules. The lack of interaction activity of the polymer, such as, 

hydroxyethyl cellulose (HEC) may be due to a lower level of macromolecular flexibility,380  

but even the more flexible polysaccharide dextran shows little tendency to interact with SDS 

and dodecylbenzenesulfonate sodium (DDBS). The influence of macromolecular flexibility is 

shown by the relatively strong interaction of SDS with amylose (which can undergo a helix-

coil transition) and the relatively weak interaction of SDS with amylopectin (which cannot).381 

Fishman and Miller 382 reported that interaction of polymers (derived from starch) towards a 

cationic surfactant (CTAB) could be induced in highly alkaline solution (pH ≥ 12). The same 

phenomenon is observed with insulin, dextran and starch; this demonstrated the role of the 

negative charge of the polymers at high pH by way of ionization of their hydroxyl groups.  

 

The Role of Organic Solvent to Polymer-Surfactant Interaction and Micelle 

formation 

Polymer-surfactant interactions are mostly studied in aqueous medium. The interaction process 

is highly affected in the presence of organic solvent. In practice (especially in cosmetics and 

pharmaceuticals), alcohol like additives is frequently used for better solubility, dispersity and 

durability. Isopropanol is non-toxic and bio-friendly and has safe uses in the formation of 

emulsion, microemulsion, and other cosmetic formulations. 

Polar solvents like methanol, polyols, and acetone increase the CMC. In presence of 

organic solvent, the solubility of a surfactant increases that is, the solution becomes more 

hydrophobic. Concomitantly, the dielectric constant of the solvent decreases. Both these factors 

help to increase the CMC, a process known as the cosolvent effect.383 However, an opposing 

effect can occur for middle chain alcohols (e.g. C5–C9), a decrease in the CMC is due to 

solubilization of these hydrophobic counterparts of large chain alcohols in the micellar palisade 
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leading to reduce surface charge density on micelle surface and increase in hydrophobic 

interaction between the surfactants and the added alkanols. This is known as the “cosurfactant 

effect”.384  Ethanol, propanol and isopropanol bring about both effects: CMC-decrease at low 

alkanol concentration and CMC-increase at higher concentration. In general, short chain 

alcohols act as cosolvents; they are localized in the continuous phase and affect the solvent 

structure around the headgroup.385 Medium chain alcohols partition between the palisade 

region and the aqueous solution, whereas long chain alcohols are solubilized into the micellar 

core. For SDS, a decrease in the CMC with increasing ethanol content is observed at low ethanol 

concentrations (cosurfactant effect), which is subsequently converted to the cosolvency effect 

at higher ethanol concentration, that is, with increasing CMC by the increasing amount of 

ethanol. Hence, the CMC goes through a minimum at some ethanol concentration.384  Therefore, 

it will be informative to see what happens if such organic compounds are added to polymer-

surfactant systems. The driving force for polymer/surfactant complexation is due to the 

adsorption of polymer segments into the micelle palisade layer 386 shielding part of the 

hydrophobic core of the micelle from the aqueous phase. This is a more favourable 

arrangement, as the polymer is inherently more hydrophobic than water, and thus, a decrease 

in the micellization concentration of the surfactant results. If the solvent polarity is altered, this 

will cause a change in the effective dielectric constant of the medium, which in turn will have 

a profound effect on the electrostatic interactions present between the bound micelles. 

Shirahama et al. 387 observed that the binding affinity of dodecyl pyridinium chloride to poly 

(styrene sulfonate) decreased with an increase in ethanol content. Griffiths et al. 388 investigated 

the effect of increasing ethanol concentration on the interaction between the nonionic PVP and 

the SDS. Recently, Sultana et al. 389 has recently studied the influence of different aqua-organic 

mixed solvents (9% w/w of acetonitrile, DMF and dioxane) for the interaction of nonionic PVP 

with tetradecyltrimethylammonium bromide (TTAB) at different temperatures. They showed 

that CMCe of TTAB increases in presence of aqua-organic mixed solvent comparing with pure 

water medium.   

Structure of polymer-surfactant complex 

The structure of polymer surfactant complex is still not convincing. Different models have been 

proposed such as (A) “Necklace-bead” model in which clusters of micelles are stabilized by 

the polymer 390 Fig. 20 (a and b), (B) “Rod like” prolate ellipsoidal surfactants aggregate with 

a semi minor axis (the surfactant chain length) 391 (Fig. 20 c), and (C) Flexible capped helical 

cylindrical micelle with polymer wrapping round the micelle (Fig. 20d).  Among these, the 
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necklace model is best supported by SANS,392 SAXS,393 viscometry, 394 and NMR 395. It has 

been reported that NMR can distinguish the two possible “necklace and bead” models; in one 

the surfactant aggregates with polymer wrapping by hydrophobic interaction (Fig. 20a) and in 

the other the polymer backbone is used with the hydrophobic moiety of micelles (Fig. 20 b).395 

 

 

 

Fig. 20. Structure of polymer-surfactant complexes (a) and (b) two possible necklace bead 

structures (c) rod like prolate ellipsoidal and (d) flexible capped helical cylindrical 

micelle. 

 

Techniques for evaluating the Interaction Process between polymer and 

surfactant: 

Surfactants bind strongly with proteins and polymers, inducing a conformational change. Many 

experimental methods can be applied to understand the topology and other characteristics of 

polymer or protein - surfactant interaction, such as ITC for the determination of binding 

enthalpy,396 DSC for thermal denaturation of protein,397 turbidimetry for protein aggregation, 

fluorimetry for polaritry,398 NMR for the structure of the complex,395, 399 circular dichroism and 

cyclic voltammetry,400 SANS 401 and viscometry to examine conformational changes upon 

protein (or polymer) unfolding and denaturation, electrophoretic mobility to determine the 

number of binding sites in protein etc.402 Several frequently used techniques to study polymer-

surfactant interaction process are presented below in relation to the information derived on the 

interacting systems. 
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Tensiometry: Commonly used method for quick determination of surface tension (γ) with 

significant accuracy is the du Noüy ring detachment method. It is based on the measurement 

of the force P, required to detach a horizontal platinum ring (of radius R) from the surface of 

the experimental liquid. The force required to overcome the pull is due to surface tension. So, 

P = 4πRγ, or, γ = P/4πR. The precise relation is expressed as, γ = (P/4γR) φ, where φ is the 

Harkins and Jordan correction factor depending on the size of the ring, thickness of the wire, 

and, density of the liquid etc.403 The measured γ at different [surfactant] or C when plotted as γ 

vs. log C produces a decline ending a plateau whose junction is the CMC. For polymer–

surfactant interaction, tensiometry can reveal the nature of interaction of the surfactant with 

polymer both at the interface, and in the bulk. Jones 334 reported two new transitions (denoted 

by CAC and C*
e) in PEO/ SDS interaction in tensiometric isotherm comparing with the 

tenssiometric profile of pure SDS in aqueous solution. A more or less general tensiometric 

profile for neutral polymer -ionic surfactant and surfactant interaction with ionic polymer are 

shown in Fig. 21.  

  

Fig. 21. Schematic presentation of tensiometric profile of (A) polymer/surfactant 

interaction (B) Comparison between neutral polymer-surfactant and charged polymer-

surfactant interaction. 

 

An additional transition, Cs, intermediate between CAC and C*
e was also observed. It was 

reported that CAC < CMC < C*
e, with CAC pointing the onset of polymer – surfactant interaction, 

CAC representing the saturation of PEO chain with SDS aggregates and C*
e being the extended 

CMC of SDS in presence of the polymer or protein. Tensiometrically, it was shown that feebly 

surface-active hydroxyethyl cellulose (HEC) showed a small interaction with SDS, whereas 

much more surface-active methyl cellulose (MeC) showed pronounced interaction. Lower CAC 
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compared with CMC implies that the adsorbed or aggregated state of the SDS with the polymer 

represents a more favourable energy state for the surfactant molecules than the regular micelles. 

It has been observed that CAC is only weakly dependent on polymer concentration in solution, 

i.e., the concentration of the onset of polymer – surfactant interaction is solely a function of the 

surfactant concentration for a particular polymer.334 On the other hand, the value of C*
e is 

directly proportional to the polymer concentration. In case of oppositely charged 

polyelectrolyte-surfactant system, CAC is lowered by one order of magnitude or more leading 

to a strong electrostatic driving force. However, the values of CMC and CAC are comparable 

for systems like PEO–SDS.404 A point to worth noting is that the polymers containing charge 

centres essentially along the backbone lead to much lower surface tension in the precipitation 

zone with surfactant, also, that in some instances, it is not possible to solubilize the 

stoichiometric precipitation aggregates by addition of excess surfactant, especially if the charge 

density of the polyelectrolyte is high.405 

Conductometry: Conductometry is a potential method for probing the bulk property of 

interaction between neutral polymer and an ionic surfactant. The specific conductance (κ) of a 

solution depends on several factors, such as, the concentration of the ions in solution, the 

mobility of the ions, etc. Now, addition of the surfactants in the aqueous phase makes the 

amphiphilic molecules to dissociate to furnish the amphiphile ions and the counter-ions. On 

successive additions, the concentration of ions increases and thereby the conductance (κ) goes 

on increasing till the CMC is reached. At CMC, a number of monomer ions aggregate to form 

micelles with adhered counter-ions. Thus, the number of free ions in solution decreases and 

also the mobility of the aggregates decreases; thereby the rate of increase of κ decreases. Thus, 

we obtain two straight lines with different slopes before and after CMC. From the cross-section 

of these two lines, we get the CMC (Fig. 14).406 Generally, two break points are obtained in 

case of polymer-surfactant interaction. The break point in the lower concentration range (CAC) 

can be explained by the loss of free ions of the surfactant from the solution due to addition it 

upon polymer backbone. The second break (C*
e) corresponds to the formation of free micelles 

in solution that depends on polymer concentration. 

Microcalorimetry: ITC (isothermal titration calorimetry) is a versatile, sensitive technique to 

determine the enthalpy change in polymer surfactant binding process. The heat produced by 

different physical and chemical processes in the bulk of a solution can provide valuable insights 

into the origin and nature of polymer – surfactant interactions and the factors that influence 

them. The processes which give rise to measurable enthalpy changes are (a) demicellization 
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(b) dilution effect of surfactants (c) conformational changes of polymer and (d) binding 

interaction (mostly electrostatic and hydrophobic) which gives the most significant and 

measurable enthalpy change. Bloor et al.406 have studied the SDS–PVP system using ITC and 

EMF measurements. Olofsson and Wang 407 have also investigated the interaction between 

uncharged polymers and ionic surfactants using this technique. Majhi et al.174 have used the 

methods of microcalorimetry, conductometry, fluorimetry and dynamic light scattering (DLS) 

for the understanding of the interaction of both anionic and cationic surfactants with PVP and 

other natural and hydrophobically modified polymers and proteins in aqueous medium. 

Recently, Mal et al.328 have been investigated on the interaction of cetyltrimethylammonium 

p-toluenesulfonate (CTAT) with NaCMC and hydroxy ethyl cellulose (HEC) by using different 

physicochemical techniques including ITC.  

Turbidity: The aggregation of surfactant bound polymer produces turbidity in solution. 

According to Dubin et al. 408 the electrophoretic mobility of such complexes approaches zero 

in the vicinity of the turbidity maximum. According to their observation, the progressive 

binding of the micelles to the polymer (which enhances most for oppositely charged 

polyelectrolytes) eventually leads to charge neutralization; the higher order aggregation of 

these electrically neutral complexes produces multi-polymer complexes that scattered light 

strongly. After saturation, the complexes again acquire a net charge, and then dissociation of 

the complex takes place due to repulsion. Hence, turbidity decreases. Salt effect on the 

interaction of anionic polyelectrolyte, NaCMC (sodium salt of carboxymethyl cellulose) with 

cationic Gemini surfactant has been investigated using turbidimetric titration by Wang et al.374 

Turbidimetric experiments on the polymer/surfactant interaction were also cited elsewhere. 328, 

409, 410 

Viscometry:  Solution viscosity is also an important indication to the bulk complexation 

process because of changes in the conformation of the polymer–surfactant complex in solution. 

Jones 334 reported a steady increase in the relative viscosity of PEO on adding increasing 

amount of SDS. A clear change in viscosity is occurred at a concentration about C*
e, but no 

prominent slope change near cac. These results obviously imply a change in polymer 

conformation, viz. an enlargement of the polymer coils, on association with the charged 

surfactant, as reported by Takagi et al.411 and by Nagarajan and Kalpakci 380 for PEO/SDS 

systems. From rheological analysis, Prud’homme and Uhl 412 demonstrated that coiling of 

polymer chain is collapsed and viscosity decreases with increasing concentration of SDS, 

followed by gel formation (network structure formation) and higher viscosity due to coiling 

follows at higher SDS concentration. Viscosity changes of the carbohydrate polymer inulin on 
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interaction with alkyl trimethyl ammonium halides has been reported by Dan et al.413 Similar 

studies are also found in literature. However, it is seen that, viscosity decreases rapidly with 

increase in concentration of surfactants in presence of oppositely charged polyelectrolyte-

surfactant complex.414 

Light Scattering: Static light scattering can be used in polymer–surfactant systems to obtain 

information on aggregate size, shape and mass. Dubin and co-worker 415have made extensive 

use of static and dynamic light scattering techniques to study aggregate size and the role of 

micellar surface charge in polymer–surfactant systems. Micellar surface charge density can be 

varied by using ionic–nonionic mixed surfactant systems. Wang and co-workers 416 used light 

scattering technique to study the interaction between Fullerene containing polyacryl and 

Triton-X-100. For DLS study, particle dimension (hydrodynamic diameter) diffusion 

coefficient and Zeta-potential can be determined. Literature is fairly rich with such information. 

 

Microscopy: Visible microscopy is generally not suitable to observe the nm-scale structure of 

polymer-surfactant complex in bulk solution. Scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and atomic force microscopy (AFM) are powerful 

techniques allowing visual observation of aggregate structures with adequate image 

enlargement. Spectacular examples include the thread-like structures sometimes observed in 

micellar and polymer-surfactant system by TEM.414, 417 The morphological transformations of 

fullerene containing amphiphilic copolymers (PPA-b-C60) by the addition of nonionic 

aromatic surfactant (TX-100) were observed by Wang et al.416 

Fluorimetry: A variety of static and dynamic fluorescence techniques have been applied to 

polymer-surfactant systems. Steady state techniques, including depolarization measurements, 

give information on such quantities as probe environments, microviscosity, and aggregation 

number of the aggregates. Time-resolved techniques have become particularly powerful 

yielding surfactant aggregation number, and polydispersity measurements as well as kinetic 

information. Both small probe molecules and polymer-anchored probe may be used. For 

pyrene, the most widely used probe for such studies, the measurement is provided by the ratio 

of the first to third vibronic fluorescence peaks. Turro and co-workers 418 investigated both 

PVP/SDS and PEO/SDS systems using pyrene. They actually speculate that an interaction is 

involved between pyrene and the polymer at the micellar surface. Recently Mal et al. 328 have 

been investigated life time of pyrene when studying the interaction of 0.01g% NaCMC and 

HEC individually with the increasing concentration of CTAT. They found that average life 

time vs. [CTAT] shows several break points which one similar with CAC, Cs and C*
e. 
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Fluorescence spectroscopy is a powerful technique for the investigation of protein structure, 

dynamics, and conformations. The intrinsic fluorescence emission from tryptophan residue 

within proteins is an inherent probe and is sensitive to the microenvironment surrounding the 

fluorophore residue.419 Fluorescence spectra are usually used to detect the effect of molecules 

on proteins, as it is supposed that fluorescence techniques are relatively more sensitive in 

interpreting small changes at the molecular level. 

UV-visible Spectroscopy: The main use of UV-vis spectroscopy in polymer–surfactant 

interactions involve the interpretation of absorbance wavelength shifts of dye which is 

solubilized in hydrophobic domains of the aggregates. Many such studies are performed in 

connection with fluorescence measurements. UV–vis spectroscopy is an important tool to 

explore conformational changes in protein molecules.420 Proteins generally show absorption 

maxima between 275 and 280 nm, due to absorbance of the two aromatic amino acids tyrosine 

(Tyr) and tryptophan (Trp). The absorbance intensity of Trp and Tyr around 280 nm depends 

on the microenvironment. The exposed residues to solvent and those that are buried have 

different contributions to the absorption. 

Circular Dichroism:  Circular dichroism (CD) is an authentic method in structural biology that 

has been used to study proteins and biomolecules since 1960s.421 This spectroscopic method  

depends upon the differential absorption of left and right-circularly polarized light by optically 

active molecules.421 A molecule shows optically activity (or chirality) if it can rotate the plane 

of polarized light. In proteins, different optical activity generates due to the presence of L-

amino acids and different folding of the polypeptide chain. Far-UV CD spectra, typically in the 

range 250-190 nm gives the informations of peptide backbone conformation, particularly 

secondary structure.422 α-helix, β-sheet, and random coil structures each gives characteristic 

shape and magnitude in CD spectrum. From Far-UV CD spectra, it is thus possible to estimate 

the fraction of secondary structure elements. The information deducted from CD spectra does 

not provide information about where in the sequence the secondary structures are located, but 

gives an average of the total content of secondary elements. In the far-UV CD spectral region 

α-helical proteins can be characterized by three peaks; two negatives at ~222 and ~208 nm and 

a stronger positive at ~192 nm. Spectra arising from β-sheets can be characterized by a small 

negative peak near 217 nm and a positive peak near 195 nm that has approximately half the 

intensity of the -helix peak in this region.423 β-sheets give rise to considerably less intense 

signals than helixes and show far more variation in spectral characteristics; the latter is partly 

attributable to the fact that β-sheets are much more structurally diverse than -helices with 
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strands which may run parallel or anti-parallel to each other, and with sheets displaying 

differing degrees of twisting. While far UV CD spectroscopy gives information of secondary 

structure of protein, near UV CD (250-300 nm) can be used to indicate changes in tertiary 

structure. Aromatic side chains in asymmetric environments have optical activity in folded 

proteins. Signals in the region from 250-270 nm are attributable to phenylalanine (Phe) 

residues, signals from 270-290 nm are attributable to Tyr residues, and those from 280-300 nm 

are attributable to Trp. Disulphide bonds give rise to broad weak signals throughout the near-

UV spectrum. A protein can hold a large degree of secondary structure without having a well-

defined three-dimensional structure (e.g., molten globule state). In this condition, the signal in 

the near UV region will be almost zero. Another important class of protein called proteolytic 

cysteinyl protease class has lesser amount of α-helix (or α+β class proteins, e.g., papain, 

bromelain, etc.) structure. Bromelain shows negative ellipticities at 208, 215, and 222 nm in 

CD spectrum and it is seen that the peak at 208 nm is more intense than that at 222 nm.424 A 

significant signal in the near UV CD region is a good sign of a folded protein. In general, the 

signal in the near-UV region is much weaker than the signal in the far-UV region. Near UV 

CD thus requires substantial amounts of protein compared to near UV CD. 

Other methods which are used to investigate the bulk complexation of proteins with 

surfactants are DSC for thermal change due to the interaction; fluorimetry for polarity; NMR 

for structure of complex; SANS for conformational change, and rheology, electrophoresis to 

understand the internal dynamics and the number of binding sites, etc. 

11.  Scope and Objectives of the present work 

Self-aggregation of amphiphiles with different types of polymers including biopolymers 

(proteins) comes well under ‘soft colloid’ or in general ‘soft systems’ under differential 

environmental conditions and in presence of additives. Such investigations have potential 

implications and applications in pharmaceutical preparations, chemical synthesis, enzymatic 

reactions, oil recovery, painting, coating, drug encapsulation and delivery, synthesis of 

nanomaterials, synthetic membrane formation and their pharmaceutical and biological uses, 

etc. Although amphiphilic aggregation and their interaction with polymer/protein, salts or with 

other surfactants/ILs (mixed micelle formation) have a long tradition of exploration, their 

profound uses and applications add upsurge interest to this field, but the exploration is yet 

challenging because of vast coverage of this field, and scope of availability of numerous 

amphiphile and polymeric compounds by virtue of isolation, synthesis and chemical 

modification. 
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In recent years, ionic liquids (ILs) have generated intense scientific and industrial interests due 

to their special physicochemical properties. ILs bearing long alkyl chains are emerging as novel 

surfactants because of their inherent amphiphilic character and are named as surface-active 

ionic liquids (SAILs). Imidazolium-based SAILs have been most studied in the field of colloid 

and interface chemistry. It is reported that both cationic and anionic SAILs have more superior 

surface activity than the corresponding traditional ionic surfactants, which have comparable 

structures with the same hydrophobic chain.  For SAILs, one of the great advantages is that 

their physicochemical properties which can be designed by reasonable selection of cations, 

anions, and substituents. Unique physicochemical properties and superior surface activity of 

SAILs can be exploited as a potential substitute for traditional surfactants in some applications. 

Recently, the application of ILs in the life sciences is becoming one of the hotspots in the 

research arena. By considering several utilities of ionic liquids in both industrial and medicinal 

purpose, investigations have been performed to elucidate the property of micelles made by ILs 

in combination with various additives (e.g., salts, macrocycles, conventional surfactants, and 

biopolymers, etc.). 

Proteins are abundant and vital in living systems and participate in nearly all biological 

processes. The function of a protein directly depends on its structure. Since surfactants can 

change the conformation of the water-soluble proteins, protein− surfactant interactions are 

being widely studied. The protein – surfactant interaction not only provides the denaturing and 

renaturing capacity of surfactants on proteins, but also has importance in biological, industrial, 

cosmetic, and pharmaceutical fields.  

Macrocyclic crown ether related compounds are well known and widely synthesized for their 

applications in biological chemistry for their selective binding with cations, drug delivery, 

mimic to biological molecules, etc. Surfactants form micelles and solubilize the macrocyclic 

compounds in its hydrophobic core and form inclusion complex, though the macrocyclic 

compounds are not soluble in water. Interaction of such types of macrocyclic compound with 

surfactants has not been studied widely. 

In this dissertation, the micellization of surface-active ionic liquid (SAIL), 1-hexadecyl-3-

methyl imidazolium chloride in conjugation with dodecytrimethylammonium bromide 

(DTAB) forming mixed micelles in various stoichiometry has been investigated thoroughly by 

conductometry, tensiometry, spectrofluorimetry methods. Interaction parameters, micellar 

composition of two surfactants in binary mixture of surfactants, activity coefficient of two 

components in micellar medium have also been calculated using established theoretical models 

discussed elsewhere. CMC of pure and mixed surfactants in different stoichiometry, counterion 
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binding of the micelles and thermodynamics of mixed micellization using regular solution 

theory (RST) have been studied. Micellization of the same surface-active ionic liquid (1-

hexadecyl-3-methyl imidazolium chloride) has been investigated in presence of different salts 

having different valences with variation of temperature and salt concentrations by 

conductometry, tensiometry, fluorimetry, microcalorimetry and dynamic light scattering 

methods. One of the motives of this work was to compare the van’t Hoff enthalpy (by 

determining CMC at different temperatures) and the enthalpy by direct calorimetric 

measurements and found the dissimilarity between the two values. The dissimilarity has also 

been observed in the CMC order assisted by different anions (counterion of salts) when 

comparing CMC trend with the Hofmeister series of anions. Micellization of same ionic liquid 

and a conventional surfactant, 1-hexadecyltriphenylphosphonium bromide individually has 

been investigated in presence of an oppositely changed bio polyelectrolyte, sodium alginate. 

Alginate is a biodegradable polymer with less toxic agent. Alginate has several applications in 

biomedical and food industry due to its enrich gelling property. Change of conformation of 

polyelectrolyte and point of appearance of turbidity due to charge neutralization on the 

polyelectrolyte backbone, critical aggregation points (CAC, Cs, C*
e), morphology of 

polyelectrolyte-surfactant complex, and thermodynamics of micellization in absence and 

presence of sodium alginate have been predicted by tensiometry, conductometry, fluorimetry, 

dynamic light scattering, infrared and transmission electron microscopy, etc. in this present 

study also.  

Stem bromelain (BM), a proteolytic enzyme isolated from pineapple (ananus cosmosus) stem 

belongs to cysteine proteinase family. This protein belongs to α + β protein class with 23% 

helical structure, containing five (5) tryptophan (Trp.) units, whose characteristic absorbance 

(~280 nm) and emission (~354nm) varies with solvent polarities, determine the exposure of 

Trps in different environments, mediated by the interaction with surfactants. In this present 

study, we have used two bile salt surfactants sodium cholate (NaC) and sodium deoxycholate 

(NaDC) along with two conventional anionic surfactants sodium lauroylsarcosinate (SDDS) 

and sodium dodecylbenzene sulfonate (SDBS), which interact with BM (0.005%) at phosphate 

buffer medium of pH 7. Bromelain has various health benefits including sinus problems, 

reducing inflammation, and improving digestion. Bromelain also improves the condition of 

osteoarthritis and sometimes also impede the growth of a tumour. Due to this several potential 

effect, bromelain shows the enormous possibility of research in present times. However, only 
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a limited amount of research work about interaction of bromelain with surfactants have been 

found in literature so far.   

Aza-crown ethers containing nitrogen atoms have been used commonly for the chelation of 

heavy metal ions and also has potential applications in magnetic resonance imaging (MRI) and 

positron emission tomography (PET). Benzo aza-crowns have superior host-guest activity 

comparing with the traditional crowns. In this connection, a comprehensive investigation has 

been executed on the interaction of a synthesized chromophoric dihydroxy dibenzoaza-crown 

(1,16-dihydroxy-tetraaza-30-crown-8) with arbitrarily chosen surfactants, conventional 

cationic DTAB, anionic SDS, cationic gemini (butanediyl-1,4-bis (dimethylcetylammonium 

bromide),16-4-16), surface active ionic liquid (1-hexadecyl-3-methylimidazolium chloride) 

and nonionic surfactant (polyoxyethylene sorbitan monostearate, Tween-60] covering all the 

classes in 15% EtOH-water medium at 298.15 K. Conductometry, tensiometry, UV-Vis 

spectroscopy, isothermal titration calorimetry, spectrofluorimetry were employed to elucidate 

the interaction of crown-surfactants both in surface and in bulk. Such type of comprehensive 

study is seldom found in literature.  

This dissertation (thesis) comprises the following sections: Introduction, Five chapters 

entailing research findings, Summary and Conclusion section and an Appendix containing all 

the basic data. Photocopies of the published papers are also attached. 
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Formation of Mixed Micelle in an Aqueous Mixture of a Surface-Active Ionic Liquid and 

a Conventional Surfactant: Experiment and Modeling ǂ 

 

 

 

 

 

ABSTRACT: The aggregation behavior in binary mixtures of two surfactants, 1-hexadecyl-3-

methylimidazolium chloride and dodecyltrimethylammonium bromide has been investigated in aqueous 
solutions using conductometric, tensiometric, spectrofluorimetric and Zeta potential measurements. 
The counterion-binding, aggregation number, and anisotropy of the micellar environment have been 
ascertained. The results have been analysed on the basis of the theories of Clint, Rubingh, and 
Motomura. The thermodynamic parameters of the micellization process have been evaluated and 
discussed. The interfacial adsorptions of the mixed surfactants including their surface excesses and 
head-group areas have also been evaluated. Existence of an attractive interaction among the 
constituents of the mixed surfactant systems investigated has been inferred. 

 

(ǂ Published in J. Chem. Eng. Data 63 (2018) 3784-3800) 

 

1. INTRODUCTION 

  Surfactants find widespread applications in both industry and everyday life.1-3 Because of the 

amphiphilic chemical structure, surfactant in an aqueous solution has a preference towards 

interfacial adsorption at low concentration; whereas beyond a critical concentration, it self-

aggregates to form assembled structure whose size, shape and average number of amphiphile 

per aggregated structure depend on the amphiphile concentration and other physicochemical 

parameters like temperature, presence of salt, etc. The critical amphiphile concentration 

required for the onset of the formation of an aggregated structure, referred to as a micelle, is 

called critical micellar concentration (cmc).4-6 

   Mixed surfactant systems almost invariably manifest enhanced interfacial properties (e. g., 

decreased critical micellar concentration, higher surface activity, etc.) compared to those of 

their individual components.7-15 This behavior of mixed surfactants allows their use in low 

concentrations in cosmetic industries to avoid potential skin irritation.16,17 It can also be 

beneficial for the environment as the amount of surfactants released and hence their impact 

could be substantially reduced.18 In the pharmaceutical field, the absorption of various drugs 

in the human body is found to be enhanced by mixed micelles.19-21 Mixtures of cationic and 
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anionic surfactants find use in cleansing products to facilitate their dissolution and improved 

tolerance of water hardness.22 In view of the remarkable application potential and economic 

viability of mixed surfactant systems, a significant amount of research work has been devoted 

for searching and elucidating the physicochemical properties of these systems. 

   Recent years have witnessed23-31 an upsurge of interest in the self-aggregation aptitude of a 

new class of ionic liquids, known as the surface active ionic liquids (ILs). This is because of 

the possibility of fine-tuning of the hydrophobicity of ionic liquid molecules by varying the 

length of the alkyl chains, the type of the head-group or the nature and size of the counterions 

which might permit the modulation of the structure and the delicate dynamics of their micellar 

aggregates for specific purposes. 

   The micellar and thermodynamic properties of the imidazolium-based surface active ionic 

liquids32,33 and their mixtures with anionic, nonionic, zwitterionic and gemini surfactants have 

been investigated in detail.34,35 However, studies involving ILs and cationic surfactants are 

scarce with the exception of a very few reports.36,37 In general, mixtures of cationic surfactants 

have, so far, been paid relatively less attention.11,33,38 

   In this work, the micellar and thermodynamic behavior of the mixed micelles formed in the 

aqueous mixtures of two cationic surfactants - 1-hexadecyl-3-methylimidazoliumchloride 

(HDMimCl), and dodecyltrimethylammonium bromide (DTAB) have been investigated in 

order to shed light on various interactions prevailing in this system.  The two surfactants with 

different lengths of the alkyl groups have been selected such that they differ in their cmcs by 

one order of magnitude capable of producing discernible effects in their mixtures. 

2. EXPERIMENTAL SECTION 

   2.1 Materials  

   HDMimCl was purchased from Acros Organics and reagent grade DTAB was procured from 

Sigma Aldrich. These were used as received without any further purification. Their structures 

are shown in Figure 1. Pyrene was purchased from Sigma Aldrich. Cetylpyridinium chloride 

(CPC) purchased from Acros Organics was used as a quencher. 1,6-diphenyl-1,3,5-hexatriene 

(DPH) from Sigma Aldrich was prepared in THF and used without purification. The 

specifications of the chemicals used in this study are listed in Table 1.  
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(A) 

 

 

 

 

(B) 

Figure 1. Structure of (A) HDMimCl, (B) DTAB 

 

 

Table 1. Properties of the Materials Used in the Study 

Material Chemical formula CAS Supplier Purity 

(mass 

fraction) 

1-Hexadecyl-3-

methylimidazolium 

chloride monohydrate 

C20H39ClN2.H2O 404001-62-3 Acros Organics 

(USA) 

0.98 

Pyrene C16H10 129-00-0 Sigma-Aldrich 0.99 

Cetylpyridinium 

chloride monohydrate 

C21H38ClN.H2O 6004-24-6 Acros Organics ≥ 0.98 

1,6-Diphenyl-1,3,5-

hexatriene 

C6H5(CH=CH)3C6H5 1720-32-7 Sigma-Aldrich 0.98 

Dodecyltrimethyl-

ammonium bromide 

CH3(CH2)11N(CH3)3Br 1119-94-4 Sigma-Aldrich 0.98 

 

2.2 Methods 

2.2.1 Conductometry. The specific conductivity measurements of the pure surfactants as well 

as their mixtures were performed on a Thermo scientific conductivity meter, USA (working 

frequency of 2 kHz as checked against a Pye Unicam PW 9509 conductivity meter). A dip-

type conductivity cell with a cell constant of 1 cm-1 was used. The specific conductivity at each 

mole fraction of the surfactants was measured by successive additions of the stock solutions in 

https://www.sigmaaldrich.com/catalog/search?term=129-00-0&interface=CAS%20No.&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=6004-24-6&interface=CAS%20No.&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=1720-32-7&interface=CAS%20No.&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=1119-94-4&interface=CAS%20No.&lang=en&region=US&focus=product
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triply distilled water (uncertainty = 1 µS.cm-1). The temperatures (303.15, 313.15 and 323.15) 

K with an uncertainty of ± 0.1 K were maintained by a thermostatic water bath.   

2.2.2. Tensiometry. Surface tension was measured at air/solution interface using a calibrated 

Krüss (Germany) tensiometer (Model-K8) by duNoüy ring detachment method within an 

accuracy of ± 0.1 mN.m-1 at 313.15 ± 0.1 K.  

The tensiometer was connected to a water flow thermostat to maintain the desired temperature 

equilibration. Prior to each measurement, the ring was heated briefly by holding it above a 

Bunsen burner until glowing. Duplicate measurements were performed in each case to check 

the reproducibility. The calibration of the instrument was performed daily prior to the 

measurement with triply-distilled water.at the experimental temperature available in the 

literature.39  

2.2.3. Zeta potential. Zeta potential measurements were performed on a Nano ZS Zetasizer 

(Malvern, UK) at 900 scattering angle with a He-Ne laser (λ = 632.8 nm) at (298.15 ± 0.1) K. 

For measurements, at (298.15 ± 0.1) K with 90 0 scattering angle using a gold coated copper 

electrode in the cell. All experimental solutions were filtered 3 - 4 times through membrane 

filters (porosity 0.25 μm) to remove dust particles. Zeta Potential of all experimental solutions 

was measured 3 times and average values are taken. 

2.2.4. Spectrofluorimetry. Steady state fluorescence experiments were carried out in order to 

evaluate the aggregation number of the micelles with a Hitachi F-7000 spectrofluorimeter with 

a 150W xenon lamp at (298.15 ± 0.005) K. Pyrene was used as the probe and its concentration 

was approximately equal to 0.07 mM in all experiments so as to avoid the interference of 

pyrene in the micellization processes. Cetylpyridinium chloride (CPC) was used as the 

quencher. Pyrene fluorescence was measured at 335 nm excitation and 10 nm band pass and 

emission was monitored between 350-450 nm at 1nm band pass.  The quencher solution was 

added successively into the mixed surfactant solutions with different compositions.  Intensity 

of pyrene without (I0) and with quencher (I) was measured at first vibronic peak of pyrene at 

375 nm for the determination of aggregation number of mixed surfactants. 

2.2.5. Fluorescence Anisotropy. Steady-state fluorescence anisotropy was measured using the 

probe DPH in a Perkin-Elmer LS 55 (USA) fluorescence spectrophotometer with a Peltier 

attachment using quartz cell of 1 cm path length at (313.15 ± 0.005) K. The concentration of 

DPH remains constant at 0.001 mM throughout the experiment. Anisotropy measurements 

were performed with a polarization filter having “L-format” configuration. The anisotropy 

values were averaged over an integration time of 20s and a maximum number of three 

measurements were taken for each sample.  
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3. RESULTS AND DISCUSSION 

3.1. Critical Micellar Concentrations 

   The values of the specific conductances ( ) as a function of surfactant molality ( )m  for the 

pure as well as the mixed surfactant solutions having different mole fractions of HDMimCl 

obtained from conductometry at three desired temperatures are recored in Table 2. A 

representative plot (Figure 2) shows the concentration dependence of the specific conductance 

of the aqueous mixtures of HDMimCl and DTAB with varying mole fractions at 303.15 K. 

   The critical micellar concentrations (cmc) were determined from the inflections in the 

specific conductance vs. surfactant concentration profiles. The characteristic features of the 

specific conductance-concentration profiles (Figure 2) are the existence of distinct breaks. 

Below the cmc, the addition of surfactant to an aqueous solution causes an increase in the 

number of charge carriers (the surfactant ions and counterions) and consequently, an increase 

in the specific conductivity of the solution. Above the cmc, further addition of surfactant 

increases the micelle concentration while the monomer concentration remains invariant. Since 

a micelle is much larger that the surfactant monomer, it is transported more slowly through the 

solution and hence is a less efficient charge carrier. Thus, the rate of increase in the specific 

conductivity with surfactant concentration above cmc is smaller than that below it thus 

manifesting a break point. The experimental data points below and above the inflection were 

fitted to two linear equations, and the intersection provided a measure of the cmc of the 

surfactant system. This procedure is found to be reliable and convenient for the systems under 

investigation as the slopes of the two linear segments in the pre- and post-micellar regimes of 

the specific conductance vs. surfactant concentration profiles vary appreciably, thus enabling 

unambiguous determination of the cmcs. The cmc values of the mixed surfactant solutions in 

conjunction with those of the pure components at different temperatures thus obtained are 

collected in Table 3. The cmcs of aqueous HDMimCl and DTAB are found to be in good 

agreement with those reported in the literature.40,41 The micellization process depends, in 

general, on two factors, namely, the electrostatic interactions between the charged head groups 

of the mixing surfactant components, and the hydrophobic interactions owing to their 

hydrocarbon tails.42-46 In the present study, both HDMimCl and DTAB surfactant ions bear 

positive charges which would try to hinder the formation of mixed micelles. So, in the mixtures 

studied the first factor opposes mixed micelle formation. The cmc values of the surfactant 

mixtures are found to fall in between the cmcs of the pure components. The hydrophobic 
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interactions predominate over the electrostatic interactions thus favoring the micellization 

process in the mixed systems. 

 

 

Figure 2. Specific conductance (κ) vs. molality (m) plot of different mole fractions ( 1 ) of 

surfactants at 303.15 K at 0.1 MPa. The plots have been shifted vertically by 40 µS cm-1 for 

clarity of presentation. Error bar is introduced for 9.01 =  in the inset. The error bars for all 

the mole fractions are same. 
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3.2. Counterion Binding 

   Ionic micelles often bind a considerable fraction of counterions, which can be conveniently 

quantified from electrochemical measurements. Following the procedure of Evans,14,15 the 

degrees of counterion binding (g) have been evaluated (Table 4) from the specific conductance 

vs. concentration profiles using the following equation: 

1

21
S

S
g −=

                                                                                                                            

(1)

 

where S1 and S2 are respectively the pre- and post-micellar slopes obtained from the plots of 

specific conductance of the surfactant solution as a function of concentration. 

3.3. Interactions of Surfactants in Micelles 

   In order to check whether the mixed surfactant systems studied here behave ideally, the 

critical micellar concentrations were calculated ( Ccmc ) using the Clint model47 for the 

prediction of the cmc of a mixed surfactant system with a known stoichiometric composition 

from a knowledge of the individual cmcs of the components by employing the following 

equation assuming ideal mixing: 

                                                                                                     (2)                                                                                                                                         

 

where 1cmc  and 2cmc  are the cmcs of components, respectively and  -values are their 

stoichiometric mole fractions. The 
Ccmc values thus computed are recorded in Table 3. Eq. 2 

reveals the difference between ideal and non-ideal mixtures of surfactants. A lower observed 

cmc value for the mixture, i.e., a negative deviation from Eq. 2 indicates synergistic interactions 

(attractive interactions) among the mixing components, whereas a positive deviation signifies 

antagonistic interactions (repulsive interactions). 

   From the Ccmc values listed in Table 3, it is at once evident that the mixed HDMimCl + 

DTAB system always yielded an enhanced interfacial property over the entire range of 

composition within the temperature range (303.15 - 323.15) K, i.e., synergism prevails in this 

system. This phenomenon may be ascribed to a resultant attractive interaction between the 

amphiphiles due to non-ideal mixing. 

   The observed non-ideality can, however, be taken into account by considering the activity 

coefficients (f) of the surfactants into the Clint model,47 and the cmc of the mixture ( mixcmc ) 

under this situation can be conveniently expressed through the following equation  

2

2

1

1

C

1

cmccmccmc
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where
1f and

2f are the activity coefficients of components 1 and 2, respectively. For ideal cases,

12 1 == ff , and Eq. 3 reduces to the ideal form, Eq. 2. 

   The micellar mole fraction of component 1 ( 1X ), that of component 2 ( 2X ) and molecular 

interaction parameter of the mixed micelle ( R ) can be calculated by solving the following 

coupled equations put forwarded by Rubingh48 based on regular solution theory (RST)                  
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   The values of 1X , 2X , R , and mixcmc have been evaluated by an iterative solution of Eqs. 4 

and 5. The parameter R is an indicator not only of the degree of interaction between the two 

surfactants, but also accounts for the deviation from ideality. For ideal mixing of two 

surfactants, R assumes a value of zero. A positive R  value indicates repulsive (antagonistic) 

interactions among the mixing components, whereas a negative value of R  implies an 

attractive (synergistic) interaction.7-11 

   The calculated values of 1X , R , and mixcmc are summarized in Table 3. As expected from 

the analysis of Table3, the R  values are negative over the whole range of composition at the 

investigated temperatures, which indicates that formation of micelle is favored. The present 

surfactant mixtures, thus, manifest synergism during formation of the mixed micelles. The 

magnitude of the R values increase with the increase in the mole fraction of DTAB for the 

three investigated temperatures. The extent of inclusion of DTAB monomer into the mixed 

micelle is low (Table 3) and it is negligible in HDMimCl-rich mixtures. With the increase in 

the amount of DTAB ( 2 ), the micellar mole fractions of HDMimCl ( 1X ) have not been 

reduced enough thus resulting in an enhanced synergism in the mixed micelle. According to 

the RST, the values of the activity coefficients of surfactants 1 and 2 within the mixed micelle 

( 1f and 2f ) can be evaluated from the equations: 
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)exp( 2

2

R

1 Xf =                                                                                                                       (6)  

)exp( 2

1

R

2 Xf =                                                                                                                       (7) 

   The values of
1f , and 

2f as a function of the stoichiometric mole fraction of HDMimCl thus 

obtained are listed in Table 3. The values of 
1f and

2f are found to be less than unity over the 

entire composition range of the present system indicating non-ideal behavior and attractive 

interactions between the components. 

   For the present HDMimCl + DTAB system, the population of HDMimCl in the micellar 

phase ( 1X ) is higher at all its stoichiometric proportions ( 1 ). The lower cmc value of 

HDMimCl as compared to DTAB reflects relatively higher affinity of the former towards self-

aggregation, which is amply manifested in the above computation. The interaction parameters 

are found to be negative over the entire composition range at all the temperatures investigated. 

This implies a strong synergistic interaction in the present surfactant system as also inferred 

from the Clint model.47 

   The surfactant mole fractions in micelle obtained from the Rubingh’s model48 have been 

compared with the micellar mole fractions in the ideal state as computed by applying 

Motomura's approximation49 

1221

21
1 ideal)(

cmccmc

cmc
X





+
=                                                                                              (8) 

   It is clear from Table 3 that 1X values are lower than the ideal)(1X  values for the present 

mixed surfactant system. This suggests that higher amount of DTAB is present in the micellar 

phase than that in the ideal mixed state. 

   A negative value of the interaction parameter ( R ) indicates the existence of attractive 

interactions between the constituent surfactants in the mixed micelles. Positive values of R

arise when repulsive interactions prevail, while R values close or equal to zero indicate ideal 

mixing. In the present study, the R values are always found to be negative thus demonstrating 

attractive interactions between the constituents in the mixed micelles. In accordance with the 

RST, for any given mixed system R should remain independent of mixture composition which 

is often not realized in practice. In the present study, the parameter R was found to be 

composition dependent at the three temperatures investigated. The non-constancy of R with 

mixture composition has also been reported earlier for a variety of surfactant mixtures, 

manifesting the shortcomings of the Rubingh’s approach for binary mixtures.45, 50-52  
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Table 3. Experimental Critical Micellar Concentrations ( mixcmc ), Calculated Critical 

Micellar Concentrations ( mixcmc ) according to Rubingh, Calculated Critical Micellar 

Concentrations ( mixcmc ) according to Clint, Micellar Mole Fractions of HDMimCl ( 1X ) 

according to the Regular Solution Theory (RST) and Motomura Model, the Interaction 

Parameters of the Mixed Micelle ( R ), and the Activity Coefficients of HDMimCl ( 1f ) 

and DTAB ( 2f ) within the Mixed Micelle according to RST at Different Stoichiometric 

Mole Fractions of HDMimCl ( 1 ) for Aqueous HDMimCl + DTAB systems at (303.15, 

313.15, and 323.15 K) at 0.1 MPaa 

 

T/K 
1  mix

410 cmc /mol.kg-1 

1X  1X  
R

/kT
 

1f  2f  

  Exptl. Rubingh Clint (RST) (Motomura)    

 0.0 149.7        

 0.1 25.56 26.59 57.64 0.558 0.654 -3.35 0.51 0.35 

 0.2 18.16 17.93 35.69 0.635 0.809 -3.25 0.64 0.27 

 0.3 13.16 13.17 25.85 0.669 0.879 -3.66 0.66 0.19 

 0.4 12.74 11.96 20.26 0.728 0.919 -3.12 0.79 0.19 

303.15 0.5 11.70 10.77 16.65 0.772 0.944 -2.92 0.86 0.17 

 0.6 11.21 10.20 14.14 0.825 0.962 -2.56 0.92 0.17 

 0.7 10.43 9.55 12.29 0.865 0.975 -2.41 0.95 0.15 

 0.8 9.56 8.87 10.86 0.893 0.986 -2.56 0.97 0.12 

 0.9 9.37 9.03 9.73 0.959 0.994 -1.78 0.99 0.15 

 1.0 8.82        

 

 0.0 157.5        

 0.1 27.03 28.03 60.56 0.558 0.654 -3.32 0.52 0.35 

 0.2 19.46 19.04 37.48 0.637 0.810 -3.15 0.65 0.27 

 0.3 14.05 13.98 27.14 0.672 0.879 -3.62 0.67 0.19 

 0.4 13.91 12.88 21.27 0.736 0.919 -2.91 0.81 0.20 

313.15 0.5 12.77 11.62 17.49 0.783 0.945 -2.69 0.88 0.19 

 0.6 11.38 10.40 14.85 0.813 0.963 -2.79 0.91 0.15 

 0.7 11.10 10.17 12.40 0.872 0.975 -2.35 0.96 0.16 

 0.8 10.52 9.87 11.40 0.921 0.986 -2.12 0.99 0.17 

 0.9 9.99 10.39 10.22 0.972 0.994 -1.38 0.99 0.27 

 1.0 9.26        

 

 0.0 166.5        

 0.1 28.00 27.58 67.26 0.548 0.637 -3.56 0.47 0.33 

 0.2 19.8 19.51 42.15 0.62 0.798 -3.48 0.59 0.25 
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 0.3 16.43 16.39 30.68 0.673 0.871 -3.43 0.69 0.21 

 0.4 15.99 15.95 24.12 0.735 0.913 -2.77 0.82 0.22 

323.15 0.5 14.34 14.30 19.87 0.776 0.941 -2.68 0.87 0.19 

 0.6 14.20 14.17 16.90 0.846 0.959 -2.04 0.95 0.22 

 0.7 12.58 12.57 14.70 0.867 0.974 -2.25 0.96 0.17 

 0.8 12.11 12.11 13.00 0.926 0.984 -1.87 0.99 0.19 

 0.9 11.18 27.58 11.66      

 1.0 10.57        

a Relative standard uncertainties: 03.0)( mixr =cmcu , 03.0)( 1r =Xu , 04.0)( R

r =u , 

05.0)( 1r =fu , and 05.0)( 2r =fu .  

 

3.4. Thermodynamics of Micellization   

The regular solution theory (RST)48 has been used to compute the thermodynamic functions of 

mixing which assumes that the excess entropy of mixing is zero. This theory has been amply 

used to describe the behavior of a variety of mixed surfactants in aqueous solutions by the 

researchers.53-66 

   According to this theory, the excess free energy (
EG ), excess enthalpy (

EH ), and enthalpy 

of micellization ( MH ) are given by55,56  

 )ln()ln( 2211M

EE fXfXRTHHG +===                                                                         (9) 

   The excess free energy of micellization represents the deviation from the ideal behavior (

ideal

MM

E GGG −= ). For an ideal mixing, the free energy of micellization, can be given by 

 )ln()ln( 2211

ideal

M XXXXRTG +=                                                                                      (10) 

   The nonideal free energy of micellization is given by 

 )ln()ln( 222111M fXXfXXRTG +=                                                                                  (11) 

   Using the values of the enthalpy of micellization and free energy of micellization, the entropy 

of micellization can be obtained from 

T

GH
S MM

M

−
=

                                                                                                              
(12) 

where T is the temperature in absolute scale.  

   Table 4 demonstrates that the free energy of micellization on a real state ( MG ) has a 

negative deviation from the free energy of micellization on an ideal state ( ideal

MG ), favoring 

the formation of mixed micelle. The negative value of excess free energy of micellization 

indicates the energetic stabilization accompanied by the mixed micelle formation.57,58 The 
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negative values of enthalpy of micellization ( MH ) shown in Table 4 imply that micellization 

of HDMimCl + DTAB is an exothermic process in aqueous solutions over the entire 

temperature range investigated here. This indicates that the total energy change including 

translational energy loss by the individual surfactants and the heat released by the interaction 

among the hydrocarbon bonds is less than the energy absorbed due to the destruction of the 

iceberg structure of water during micellization. Further, the degree of disorderliness increases 

due to micellization and the entropy change is favourable to the formation of mixed micelle as 

demonstrated by the positive values of the entropy of micellization ( MS ), cf. Table 4. The 

contribution of 𝑇𝛥𝑆𝑀 towards MG is always found to be more than 50% for 1 0.5 

indicating that micellization in an entropically-driven process for 1 0.5 while it becomes 

an enthalpy-driven process for 1 < 0.5. The leading role played by the entropy in the process 

of mixed micellization has also been reported earlier for other mixed surfactant systems.59-66 It 

is also seen that the ratio of 𝑇𝛥𝑆𝑀 to MG varies with the mixture composition 1 . This may 

be ascribed to the variation of the contributions from the electrostatic attraction between the 

surfactant molecules, the steric effect and molecular repulsion with 1 . 
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Table 4. Degrees of Counterion-binding (g), Free Energy of Micellization for Ideal Mixing 

( ideal

MG ), Non-ideal Free Energy of Micellization ( MG ), Excess Free Energy ( E

MG ), Non-

ideal Enthalpy of Micellization ( MH ), Non-ideal Entropy of Micellization (T MS ),  and 

MM / GST  at Various Stoichiometric Mole Fractions of HDMimCl (
1 ) for HDMimCl 

+ DTAB Mixed Systems at (303.15, 313.15 and 323.15) K at 0.1 MPa Evaluated from 

Conductivity Measurement a 

T 
1  G ideal

MG  
MG  

E

MG  
MH  T MS  /MST MG  

      K   (kJ.mol-1) (kJ.mol-1) (kJ.mol-1) (kJ.mol-1) (kJ.mol-1)  

 0.0 0.74       

 0.1 0.16 -1.73 -3.84 -2.11 -2.11 1.73 0.45 

 0.2 0.24 -1.65 -3.57 -1.92 -1.92 1.65 0.46 

 0.3 0.29 -1.60 -3.69 -2.09 -2.09 1.60 0.43 

 0.4 0.37 -1.47 -3.05 -1.58 -1.58 1.47 0.48 

303.15 0.5 0.45 -1.35 -2.67 -1.31 -1.31 1.36 0.51 

 0.6 0.46 -1.17 -2.11 -0.94 -0.94 1.17 0.55 

 0.7 0.49 -0.99 -1.73 -0.73 -0.73 1.00 0.58 

 0.8 0.50 -0.86 -1.50 -0.64 -0.64 0.86 0.57 

 0.9 0.54 -0.43 -0.63 -0.20 -0.20 0.43 0.68 

 1.0 0.55       

 0.0 0.70       

 0.1 0.18 -1.79 -3.96 -2.16 -2.16 1.80 0.45 

 0.2 0.24 -1.70 -3.64 -1.93 -1.93 1.71 0.47 

 0.3 0.28 -1.64 -3.76 -2.11 -2.11 1.65 0.44 

 0.4 0.40 -1.50 -3.00 -1.50 -1.50 1.50 0.50 

313.15 0.5 0.41 -1.36 -2.57 -1.21 -1.21 1.36 0.53 

 0.6 0.45 -1.25 -2.37 -1.12 -1.12 1.25 0.53 

 0.7 0.47 -0.99 -1.68 -0.69 -0.68 1.00 0.59 

 0.8 0.48 -0.72 -1.12 -0.39 -0.39 0.73 0.65 

 0.9 0.52 - - - - - - 

 1.0 0.54       

 0 0.68       

 0.1 0.19 -1.85 -4.27 -2.42 -2.42 1.85 0.45 

 0.2 0.23 -1.78 -4.06 -2.28 -2.28 1.78 0.46 
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 0.3 0.28 -1.69 -3.73 -2.03 -2.03 1.70 0.43 

 0.4 0.42 -1.55 -3.03 -1.48 -1.48 1.55 0.48 

323.15 0.5 0.44 -1.43 -2.71 -1.28 -1.28 1.43 0.51 

 0.6 0.47 -1.15 -1.89 -0.74 -0.74 1.15 0.55 

 0.7 0.47 -1.05 -1.78 -0.73 -0.73 1.05 0.58 

 0.8 0.56 -0.71 -1.06 -0.35 -0.35 0.71 0.57 

 0.9 0.53 - - - - - - 

 1.0 0.46       

 

aRelative standard uncertainty of g : =)(r gu  0.04.   

 

3.5. Interfacial properties at air water interface 

The cmc values can also be calculated from tensiometric data at 313.15 K from the intersection 

of the two lines before and after the cmc as depicted in Figure 3. From Table 5, it is evident 

that the experimental cmc values obtained from surface tension are found to be lower than those 

computed theoretically (cmcc); this may be attributed to the synergism in the process of mixed 

micelle formation. For all the compositions of binary surfactants of HDMimCl and DTAB, 

several interfacial parameters can be calculated using the Eqs. 13-16 and these have been listed 

in Table 5. The surface excess ( maxΓ ) at the air/water interface can be calculated by the Gibbs 

adsorption equation67  as given below: 

maxΓ 2mol.m
log

lim
303.2

1 −

→












−=

CCiRT CMC



                      (13) 

The Γmax appeared in the above equation can be defined as how much the air/water interface 

can be covered by surfactants reducing the surface tension of water at cmc while γ is the surface 

tension expressed in mN.m-1 and i, R and T are the number of species per surfactant molecule 

at air/water interface, universal gas constant and temperature at Kelvin scale respectively.  

The number of species (i) participating at the air/water interface for various binary 

combinations of HDMimCl and DTAB can be calculated using the equation,66 ii Xni = , 

where in  is the number of species of HDMimCl and DTAB individually. For both pure and 

mixed components, the value of i is 2.
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   The addition of even a very small amount of HDMimCl to DTAB increases the maxΓ values 

of the mixtures. There are two opposing contributing factors that determine the Γmax for binary 

combinations of surfactants:46 (a) the hydrophobic interactions between the tails of surfactants, 

(b) the repulsive interactions between the surfactant bulky head groups of same charge. Long 

chain HDMimCl has the greater surface activity than DTAB, so the Γmax value of the former is 

larger than later. The interesting fact is that with the increase in the mole fraction of DTAB, 

there is an overall increase of Γmax values and even the value is higher at high mole fractions of 

DTAB than the individual two components. Probably, with the increasing DTAB content, the 

bulky head group of HDMimCl decreases at the air/water interface and also synergistic 

interaction increases as compared to bulk.

    The minimum area per surfactant monomer (Amin) can be calculated using the following 

equation: 

12

maxA

18

min moleculenm
10 −=
ΓN

A

                (14) 

Amin values has the reverse trend than that of  Γmax as expected. 16-carbon chain IL has the 

greater hydrophobic interaction at pure state than pure DTAB attributed to the closely packed 

structure of HDMimCl (Amin= 0.80) at air/water interface. With the increase of DTAB content, 

the repulsion between larger imidazolium group decreases, Amin decreases resulting the 

formation of closely packed structure.   

    The efficiency of interfacial adsorption can be predicted using pC20 values. The more 

efficiency the adsorption, more is the decrease of surface tension by the amphiphiles. C20 values 

are empirically defined as the reduction of surface tension by the amphiphiles to 20 mN.m-1. 

pC20 value can be calculated using the Eq. 15, 

2020 logC Cp −=
                                            (15)

 

   From Table 5, it is evident that pC20 values increase with the increase of mole fraction of 

HDMimCl due to greater surface activity of HDMimCl. 

The surface pressure at cmc (πcmc) can be obtained using Eq. 16. 

cmc0cmc  −=
                                                                                (16) 
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whereγ0and γcmc are the surface tension of pure solvent and surface tension at cmc of the solution 

of individual and mixed surfactants respectively. The value of πcmc of DTAB is greater than 

HDMimCl. πcmc values are more or less same for the different mole fractions of surfactants. 

   The packing parameter (P) deals with the micellar geometry predicted by Israelachvili34 by 

the following equation: 

Al
P

c


=

                                                               (17) 

where lc is the maximum effective length of hydrophobic tail of a monomer, A is surface area 

of head group of surfactant monomer and ν is the hydrophobic chain volume assuming to be 

fluid and incompressible. Both lc and ν of a saturated hydrocarbon chain of carbon number Cn, 

can be evaluated using Tanford69 formulae: 

( )nm 1265.0154.0 nc Cl +=
                                      (18) 

( ) 3

n nm 0269.00274.0 C+=
                                    (19) 

   As the exact determination of the head group area (A) of micellar surface is quite difficult,70 

Amin values obtained from tensiometry were used instead of A as stated earlier.68,70,71 For the 

binary mixed surfactant system, the modified form of Israelachvili (Eq. 20)37,68,70-72 was used 

( ) cii

ii

effminc

eff
lXA

X

Al
P




=








=



                                      (20) 

   For all stoichiometric mole fractions (Xi) of binary mixture of HDMimCl and DTAB, lc is 

equal to value of longer component HDMimCl. It is well documented that for the mixed 

micellization of ternary alkyl (C12-, C14- and C16-) triphenylphosphonium bromides the value 

of lc to be taken the larger component C16-triphenylphosphonium bromide57. Ai is equal to the 

Amin value of individual components of HDMimCl and DTAB. Calculated Peff values are 

displayed in Table 5. For spherical micelles, P ≤ 0.333; for nonspherical shape, 0.333 <P < 0.5; 

for vesicles and bilayers, 0.5 <P < 1; and for inverted structures, P > 1. From Table 5, it is 

evident that for HDMimCl and DTAB and all the mole fractions of their binary combinations, 

P <0.333. So, all the individual and mixed micelle investigated here are spherical in shape.  
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Figure 3. Tensiometric isotherms at various mole fractions of IL and DTAB at 313.15 K at 

0.1MPa. Error bar is introduced for α1 = 0, separately in the insert. The error bar for all the 

mole fractions is same.  
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Table 5. Experimental Critical Micellization Concentration ( cmc ), Calculated Critical 

Micellization Concentration according to Clint (
Ccmc ), Surface Pressure at cmc (

cmc ), 

Surface Excess at the Air-water Interface ( maxΓ ), Minimum Area Per Surfactant 

Monomer ( minA ), Efficiency of Interfacial Adsorption (pC20), and Packing Parameter (P) 

for Various Mole fraction of HDMimCl (
1 ) in HDMimCl + DTAB Mixtures at 313.15 

Ka 

 

1  1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 

cmc (mmol.kg-1) 0.89 0.97 1.06 1.11 1.21 1.46 1.78 2.24 2.48 3.15 12.9 

cmcc (mmol.kg-1) - 0.98 1.09 1.23 1.42 1.67 2.02 2.55 3.49 5.49 - 

103πcmc (J.m-2) 28.8 31.3 29.7 30.0 30.3 31.4 29.9 31.7 32.0 32.1 32.5 

106Γcmc (mol.m-2) 2.06 1.88 1.84 2.05 2.12 2.63 2.65 2.63 2.67 2.66 1.52 

Amin 

(nm2.molecule-1) 

0.80 0.88 0.90 0.81 0.80 0.63 0.63 0.63 0.62 0.62 1.09 

pC20 3.4 3.9 3.4 3.5 3.4 3.3 3.1 3.2 3.0 2.9 2.5 

P 0.26 0.25 0.23 0.22 0.21 0.20 0.18 0.17 0.17 0.16 0.15 

aThe uncertainty limit of cmc (mM), πcmc (J.m-2), Γcmc (mol.m-2), Amin (nm2.molecule-1), and  

pC20 are ± 4, ± 3, ± 5, ± 5, and  ± 3 % respectively. 

 

3.6. Mixture of HDMimCl and DTAB in different mole fractions and effect of 

temperature

 
   Due to the 16-carbon chain, HDMimCl has the greater surface activity than the DTAB. So in 

aqueous solution, micellization starts earlier in HDMimCl than the DTAB. cmcc of HDMimCl 

is ~1mmol.kg-1 and for DTAB is ~14mmol.kg-1 at room temperature. When they are mixed 

together in definite mole fraction ( ), the cmc of mixed surfactant system decreases 

dramatically even at a low HDMimCl content ( 1.01 = ). So a strong synergistic interaction is 

observed in the mixed micellization of DTAB and HDMimCl. The experimental values of cmcs 

for different mole fractions of HDMimCl are listed in Table 3. It is seen that at 303.15K, cmc 

of HDMimCl is 0.882 mmol.kg-1 and DTAB is 14.97 mmol.kg-1, but when mixed together at 

very low content of HDMimCl ( 1.01 = ), the cmc is 2.556 mmol.kg-1. The specific 

conductance ( ) vs. molality (m) plot at 0.5 mole fraction of HDMimCl for three desired 

temperatures is displayed in Figure 4. It is observed that cmc increases with the increase of 

[DTAB] as well as with temperatures. For all compositions, it is obvious that with increasing 

temperatures, cmc increases which is listed in Table 3. 
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3.7. Comparison of Experimental and Theoretical cmcs  

   The experimental values of cmcs are listed for individual and mixed surfactants of different 

mole fractions in Table 3. Considering Rubingh’s RST,48 the X1 values were calculated by an 

iterative method, which were then used to calculate the values of  f1 and f2 using Eqs. 6 and 7, 

and hence the values of cmcs using Eq. 3. The cmc values thus calculated agreed very well with 

the experimental values. The conclusion is that RST is fairly valid for the mixed micellization 

of HDMimCl and DTAB. Experimental cmcs, along with the cmcs calculated by Rubingh and 

Clint equations are listed in Table 3 and are displayed graphically in Figure 5. 

 

 

Figure 4. Plot of specific conductance vs. concentration for mixtures of DTAB and HDMimCl 

at 0.5 mole fraction of each at three different temperatures at 0.1 MPa. Error bar is introduced 

for 323.15 K. The error bar for all the temperatures is same. 
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Figure 5. Plot of cmc vs. mole fraction for the mixed micellization of DTAB and HDMimCl: 

experimental cmcs (   ), and calculated from RST (   ) at 303.15 K at 0.1 MPa. Solid line 

represents cmcs calculated form Clint model.Error bar is introduced for experimental cmc(   ) 

values. 

 

3.8. Determination of various interaction and thermodynamic parameters experimentally 

HDMimCl is a long chain ionic liquid which forms micelle more easily than does DTAB (Table 

3). The extent of incorporation of DTAB monomer into the mixed micelle is low in all the 

surfactant mixtures investigated (Table 3) and it is found to be negligible when the DTAB-

content of the mixtures is low. With the increase in the amount of DTAB, the micellar mole 

fractions of HDMimCl (X1) would not get reduced enough. So HDMimCl also plays a leading 

role in DTAB-rich mixtures in the process of micellization. Table 3 and Figure 6 demonstrate 

that there is a negligible effect of temperature on βR. Degree of counter ion binding (g) is found 

to increase significantly with the increase in the mole fraction of the HDMimCl at a particular 

temperature (Table 4) manifesting the formation of micelles at lower surfactant concentration 

when HDMimCl-content is high. That Cl− is more hydrated than Br−38 is reflected in the higher 

g value of DTAB compared to HDMimCl in pure state (Table 4). For the case of mixed 
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micelles, both Cl− and Br− ions are present as counterions. But here, the solvation of the 

counterions is overshadowed by the compactness and charge density of the micelle with the 

increase in the HDMimCl-content. The nonideal character of micelle formation is further 

supported by the difference of 1X and ideal

1X (Motomura) values (Table 3). The activity 

coefficients are found to increase which approach unity for low mole fractions of DTAB at a 

particular temperature; this is reflected in the lower difference of mixcmc and 
Ccmc (Clint) for 

the high mole fraction of HDMimCl leading to ideality. The g value, in general, decreases from 

303.15 K to 313.15 K, but increases slightly at 323.15 K. It is probably due to the fact that at 

high temperature, the effect of mobility of counterions predominates over the effect of 

desolvation of counterions.  

From Table 4, it is evident that the free energy of micellization ( MG ) is negative and becomes 

more negative as the concentration of DTAB in the surfactant mixtures increases over the entire 

range of the investigated temperatures. The MG values are also found to increase as the 

temperature increases in any given mixture. The negative values of MG  suggest that the 

process of micellization in the investigated surfactant mixtures is, in general, spontaneous, and 

that the process becomes more spontaneous as the DTAB-content increases or as the 

temperature is elevated. The difference in MG  and 
ideal

MG values is also significant indicating 

deviation of ideality for the mixed micellar system. We have also obtained a similar trend for 

the values of MH indicating that translational energy loss by monomers and heat generation 

due to hydrophobic interaction is lesser than the energy absorbed by breaking the iceberg 

structure of water during micellization. Olasani et al.43 investigated the interactions of CTAB 

+ DTAB in aqueous medium. The values of MG and βR are more negative for CTAB + DTAB 

system than our system indicating that micellization of HDMimCl + DTAB is less energetically 

feasible than CTAB+ DTAB system.43 The values of MS for all the HDMimCl + DTAB 

mixtures are found to be positive, indicating that the degree of disorderliness increases due to 

micellization and that the entropy change is favourable. The From Table 4 it is apparent that 

the process of micellization gradually becomes more entropy-driven as the mixtures gets richer 

in the HDMimCl while enthalpy factor somewhat overrides the entropy-contribution in DTAB-

rich region. 
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Figure 6. Dependence of the interaction parameter (βR) on the temperature and mole fraction 

of HDMimCl. Points are fitted with second order polynomial. Error bar is introduced for 303.15 

K and error bar of βR for all other temperatures are same. 

 

3.9. Aggregation number (N), Zeta potential (ξ) and anisotropy (r) for different mole 

fractions of HDMimCl and DTAB in surfactant mixtures 

   The aggregation number of a micelle can be conveniently determined by measuring the 

steady-state fluorescence quenching using hydrophobic quencher using the equation7-11 

 
   CMCSurf

NQ

I

I

−
=0ln

                                                                                                         

(21) 

[Surf] is the initial concentration of the surfactant solution (here, 0.05 mol.kg-1), [Q] is the 

concentration of the quencher which is added to the surfactant solution and the plot is presented 

in Figure 7. Following Eq. 21, if 
I

I 0ln  values are plotted as a function of [Q], 

(Figure 8), the aggregation numbers (N) of individual components and different mixtures of 

HDMimCl and DTAB can be determined from the slopes. From Table 6, it is evident that the 

aggregation number of mixed system increase initially with the increase in the mole fraction 

of HDMimCl ( 1 ), but further increase of the mole fraction of HDMimCl causes an overall 
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decrease of aggregation number. When the mole fraction of HDMimCl is low, HDMimCl 

causes a reduction in the head group repulsions between surfactant monomers of two 

components. Thus, a large number of surfactant molecules are required to form the micellar 

aggregates; hence, aggregation number would increase initially. At high mole fractions of 

HDMimCl, however, it acts as a cosolvent. A cosolvent generally enhances the electrostatic 

interactions in solution. So, the head groups of HDMimCl prevent large number of surfactant 

monomers to assemble to form the micellar aggregates. So, the aggregation number decrease 

afterwards.36 

 

 

 

 

Figure 7. Quenching of pyrene by CPC at α1 = 0.1. Total CPC concentration decreases from 

1.46 x 10-4 M from top to bottom. 
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Figure 8. Plot of ln(I0/I) vs. [Q] for the determination of aggregation number. 

 

Table 6. Aggregation Number (N), Zeta Potential ( ) and Anisotropy (r) of Mixed 

Surfactant System HDMimCl + DTAB as a Function of the Stoichiometric Mole Fractions 

( 1 ) of HDMimCl at 298.15Ka 

 

Mole fraction 

( 1 ) 
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 

Aggregation 

number(N) 

(0.05mol.kg-1) 

54 56 59 61 56 57 62 79 70 62 49 

Zeta Potential 

(ξ)/ mV 

(0.05mol.kg-1) 

32.5 34.6 46.2 47.3 35.5 36.8 29.6 24.7 19.9 5.9 28.9 

Anisotropy (r) 0.045 0.041 0.039 0.038 0.032 0.03 0.029 0.025 0.028 0.026 0.025 

aRelative standard uncertainties: 04.0)(r =Nu , 03.0)(r =u , 05.0)(r =ru  
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Zeta potential (ξ) values are displayed in Table 6. The values of Zeta potential are positive for 

all the individual and mixed surfactant systems of different mole fractions of HDMimCl and 

DTAB. From Table 4, it is evident that number of counterion binding of HDMimCl is lower 

than DTAB. So the adsoption of Br- in DTAB micelle is greater than that of Cl- in HDMimCl 

in Stern layer and also the ξ potential value of DTAB is less than HDMimCl. It is also reported 

that at higher concentration of DTAB, the counterion binding increases resulting the 

minimization of ξ potential.73 But in the mixture of HDMimCl and DTAB, the situation is quite 

different. With increase of the mole fraction of DTAB, the degree of counter-ion binding 

decreases (cf. Table 4), so the counterions behave like free salts which decrease the thickness 

of Gouy-Chapman layer and decrease the ξ potential with the increase of DTAB. The effect of 

counter-ion binding for the pure surfactant is overshaded by the increasing salt concentrations 

with the increase of the mole fraction of DTAB. It is reported that in presence of increasing 

concentration of electrolytes, the ξ potential decreases.73,74 At 9.01 = , the micelles are mostly 

formed by HDMimCl and its ξ potential is comparable with pure HDMimCl. The increasing 

of ξ potential with increasing mole fraction of HDMimCl makes the micelles more stable. 

The steady state fluorescence anisotropy (r) can be defined by Eq. 22, 

( )
( )hv

hv

GII

GII
r

2+

−
=

                                                      

(22) 

and the G factor expressed as Eq. 23, 

                                                    (23) 

where, Iv and Ih are vertically and horizontally polarized emission intensity respectively when 

the vertically polarized light is used to excite the pure and mixed micelle solutions containing 

DPH as fluorescent probe. G factor relates the sensitivity of the instrument for vertically and 

horizontally polarized light ratio. The values of r mainly detects the restriction of the probe in 

the micellar environment. With increase of the mole fraction of HDMimCl, the anisotropy and 

also microviscosity of the micellar environment increase. As HDMimCl increases, the 

hydrophobicity of the micellar medium increases which restrict the hydrophobic DPH more 

(Figure 9). 
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Figure 9. Steady state fluorescence anisotropy at different mole fractions of DTAB and 

HDMimCl at 313.15 K at 0.1 MPa. Error bar is introduced. 
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4. Conclusions: 

Micellization behavior of binary mixtures of 1-hehaxadeyl-3-methylimidazolium chloride 

(HDMimCl) and dodecyltrimethylammonium bromide (DTAB) was investigated in aqueous 

solutions using conductometry, tensiometry, spectrofluorimetry along with Zeta potential and 

fluorescence anisotropy measurements. The regular solution theory (RST) and other 

thermodynamic models of micellar solutions e.g., Clint’s model, Rubingh’s model and 

Motomomura’s model were employed to estimate the compositions of the mixed micelle, the 

parameters characterizing the interactions between the surfactants, the activity coefficients in 

the mixed micelle, and other parameter relating to micellization. The critical micellar 

concentrations (cmc) of HDMimCl-DTAB mixtures demonstrate some negative deviation from 

the ideal behavior, implying a nonideal mixing. Mixed micelles of HDMimCl-DTAB are also 

characterized by negative interaction parameter values, i.e., the actual mixed micelles are 

thermodynamically more stable compared to hypothetical ideal state. Thermodynamic 

parameters indicate that the spontaneous process of micellization is entropically favorable for 

HDMimCl-rich mixtures while it is enthalpy-driven for DTAB-rich mixtures. The 

contributions from the electrostatic attraction between the surfactant molecules, the steric 

effect, and the repulsive molecular interaction vary with the mixture composition. Evaluation 

of the packing parameter values indicate spherical shape of the micelles formed individual and 

mixed surfactant solutions. Aggregation number of the mixed micelles initially increase with 

the increase in the HDMimCl-content followed by a decrease in the HDMimCl-rich region. 

Hydrophobicity of the mixed micellar solutions increases with the increase in the amount of 

the HDMimCl in the binary surfactant mixtures.  
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Table 2. Specific Conductance ( ) vs. Molality ( )m Data in Aqueous HDMimCl + DTAB Solutions for Different Mole fractions of HDMimCl ( 1 ) at 

(303.15, 313.15, and 323.15) K at 0.1 MPa  

       
0.11 =

                                                                                                                      
9.01 =  

   T = 303.15 K             T = 313.15 K                      T = 323.15 K
                     

T = 303.15 K                        T = 313.15 K                        T = 323.15 K  

m 

(mol.kg-1) 

κ 

(µS.cm-1) 

m 

(mol.kg-1) 

Κ 

(µS.cm-1) 

m 

(mol.kg-1) 

κ 

(µS.cm-1) 

m 

(mol.kg-1) 

κ 

(µS.cm-1) 

m 

(mol.kg-1) 

κ 

(µS.cm-1) 

m 

(mol.kg-1) 

κ 

(µS.cm-1) 

0 0 0 0 0 0 0 0 0 0 0 0 

0.00011 12.06 0.00011 15.22 0.00011 17.15 0.00015 16.88 0.00015 20.40 0.00015 21.58 

0.00022 23.39 0.00022 29.50 0.00022 33.40 0.00029 31.88 0.00029 39.78 0.00029 45.66 

0.00033 34.10 0.00033 43.20 0.00033 49.10 0.00044 47.38 0.00044 58.98 0.00044 68.96 

0.00043 44.40 0.00043 56.00 0.00043 64.00 0.00059 63.38 0.00059 78.08 0.00059 91.06 

0.00052 54.10 0.00052 68.60 0.00052 79.10 0.00073 76.78 0.00073 96.18 0.00073 114.06 
0.00062 63.60 0.00062 80.30 0.00062 92.90 0.00087 90.28 0.00087 113.18 0.00087 135.36 

0.00071 72.60 0.00071 91.80 0.00071 106.1 0.00101 99.28 0.00101 125.88 0.00101 155.26 

0.00079 80.90 0.00079 102.4 0.00079 118.8 0.00115 107.28 0.00115 136.18 0.00115 170.46 

0.00088 88.00 0.00088 111.8 0.00088 133.3 0.00129 114.78 0.00129 145.48 0.00129 183.76 

0.00096 93.30 0.00096 119.2 0.00096 142.9 0.00143 121.68 0.00143 154.18 0.00143 195.06 

0.00104 97.70 0.00104 125.4 0.00104 152.8 0.00156 128.18 0.00156 162.78 0.00156 205.76 

0.00112 101.7 0.00112 130.7 0.00112 161.1 0.00169 135.48 0.00169 171.18 0.00169 216.46 

0.00119 105.5 0.00119 135.8 0.00119 168.2 0.00196 148.58 0.00196 187.28 0.00196 236.96 

0.00126 108.8 0.00126 140.6 0.00126 175.0 0.00222 161.38 0.00222 202.58 0.00222 255.96 

0.00133 111.9 0.00133 145.1 0.00133 180.8 0.00248 173.78 0.00248 217.18 0.00248 274.86 

0.00139 115.0 0.00139 149.1 0.00139 186.2 0.00273 186.08 0.00273 231.78 0.00273 293.66 
0.00146 118.3 0.00146 153.5 0.00146 191.7 0.00297 197.08 0.00297 246.28 0.00297 311.66 

0.00153 121.1 0.00153 157.3 0.00153 197.0 0.00321 208.08 0.00321 259.68 0.00321 327.66 
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8.01 =

                                                                                                                   
7.01 =  

0 0 0 0 0 0 0 0 0 0 0 0 

0.00015 15.77 0.00015 17.05 0.00015 20.87 0.00015 15.96 0.00015 19.18 0.00015 22.93 

0.00029 30.12 0.00029 35.16 0.00029 43.29 0.00029 31.39 0.00029 37.90 0.00029 44.93 

0.00044 45.32 0.00044 52.16 0.00044 64.59 0.00044 46.89 0.00044 56.20 0.00044 66.63 

0.00059 60.02 0.00059 69.56 0.00059 85.99 0.00059 61.79 0.00059 74.20 0.00059 88.63 

0.00073 74.02 0.00073 85.56 0.00073 106.49 0.00073 76.89 0.00073 90.60 0.00073 109.43 

0.00087 87.62 0.00087 101.26 0.00087 127.39 0.00087 90.99 0.00087 109.2 0.00087 129.73 

0.00101 97.82 0.00101 116.36 0.00101 146.59 0.00101 101.69 0.00101 126.1 0.00101 149.23 

0.00115 105.52 0.00115 128.56 0.00115 163.09 0.00115 109.79 0.00115 138.1 0.00115 168.23 
0.00129 112.22 0.00129 137.76 0.00129 175.99 0.00129 117.59 0.00129 148.4 0.00129 183.23 

0.00143 119.32 0.00143 146.96 0.00143 187.29 0.00143 124.99 0.00143 157.7 0.00143 196.03 

0.00169 131.92 0.00169 162.96 0.00169 204.49 0.00156 132.29 0.00156 166.6 0.00156 207.83 

0.00196 143.52 0.00196 179.06 0.00196 222.19 0.00169 139.39 0.00169 175.1 0.00169 218.93 

0.00222 154.82 0.00222 194.26 0.00222 238.79 0.00196 153.09 0.00222 208.1 0.00222 260.53 

0.00248 177.32 0.00248 208.96 0.00248 253.79 0.00222 166.59 0.00248 224.5 0.00248 279.83 

0.00273 188.92 0.00273 223.06 0.00273 270.09 0.00248 179.09 0.00273 240.2 0.00273 299.03 

0.00321 210.92 0.00297 236.96 0.00321 300.89 0.00273 191.69 0.00321 271.3 0.00321 336.03 

0.00368 231.32 0.00321 250.26 0.00368 340.89 0.00321 216.09     

0.00412 250.52 0.00345 262.96 0.00412 362.89       

0.00458 268.92 0.00368 276.06 0.00458 389.89       
0.00500 286.52 0.00391 287.96 0.00500 414.89       

0.00561 311.52 0.00458 323.26 0.00561 449.89       

0.00619 334.52 0.00521 354.26 0.00619 487.89       

0.00674 355.52 0.00581 384.26 0.00674 523.89       

0.00727 376.52 0.00638 423.26 0.00727 554.89       
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6.01 =

                                                                                                                       
5.01 =  

0 0 0 0 0 0 0 0 0 0 0 0 

0.00015 15.11 0.00015 17.93 0.00015 21.09 0.00009 8.34 0.00027 32.95 0.00015 21.41 

0.00029 29.60 0.00029 35.71 0.00029 41.96 0.00019 17.98 0.00053 64.45 0.00029 43.96 

0.00044 44.40 0.00044 53.91 0.00044 62.56 0.00029 27.69 0.00078 96.75 0.00044 65.76 

0.00059 58.40 0.00059 72.91 0.00059 83.86 0.00039 38.10 0.00104 126.35 0.00059 87.06 

0.00073 73.20 0.00073 89.81 0.00073 104.06 0.00049 48.30 0.00129 153.45 0.00073 107.76 

0.00087 86.70 0.00087 106.71 0.00087 124.06 0.00058 57.80 0.00154 173.45 0.00087 129.26 

0.00101 99.40 0.00101 124.11 0.00101 144.36 0.00068 69.50 0.00178 191.55 0.00101 149.66 

0.00115 109.3 0.00115 138.21 0.00115 162.96 0.00077 80.30 0.00203 209.45 0.00115 169.86 
0.00129 117.7 0.00129 149.41 0.00129 181.06 0.00086 89.70 0.00226 226.75 0.00129 195.96 

0.00143 125.6 0.00143 159.71 0.00143 195.36 0.00095 97.50 0.0025 244.35 0.00143 206.96 

0.00169 141.3 0.00169 178.51 0.00169 213.76 0.00104 105.4 0.00273 260.95 0.00169 232.16 

0.00196 155.7 0.00196 196.91 0.00196 234.46 0.00113 111.3 0.00296 276.85 0.00196 256.76 

0.00222 169.7 0.00222 214.21 0.00222 256.26 0.00122 117.9 0.00319 293.15 0.00222 279.96 

0.00248 183.6 0.00248 229.01 0.00248 274.66 0.00131 122.2 0.00342 309.05 0.00248 302.56 

0.00273 197.3 0.00273 243.71 0.00273 299.56 0.00139 126.7 0.00386 340.05 0.00273 324.56 

0.00321 222.6 0.00321 272.41 0.00321 346.96 0.00148 132.9 0.00429 369.05 0.00345 381.56 

0.00368 248.1 0.00368 303.81 0.00368 380.96 0.00165 142.7 0.00471 399.05 0.00414 443.56 

0.00414 269.4 0.00414 333.81 0.00414 408.96 0.00182 152.6 0.00512 427.05 0.00479 501.56 

0.00458 288.8 0.00458 357.81 0.00458 431.96 0.00198 161.9 0.00552 454.05 0.00541 557.56 
0.00500 311.4 0.00500 388.81 0.00500 456.96 0.00214 171.9 0.00629 507.05 0.00600 606.56 

0.00561 341.4 0.00561 426.81 0.00561 502.96 0.00230 181.0 0.00703 554.05 0.00674 669.56 

0.00619 370.4 0.00619 453.81 0.00619 544.96 0.00246 189.9 0.00774 602.05 0.00744 720.56 

0.00674 398.4 0.00674 495.81 0.00674 582.96 0.00276 207.3 0.00875 652.00 0.00810 778.00 

0.00727 423.4 0.00727 528.81 0.00727 623.96 0.00305 224.8 0.00939 695.00 0.00872 830.00 

0.00778 445.4 0.00778 557.81 0.00778 659.96 0.00333 241.8 0.01059 772.00 0.00931 881.00 

0.00843 477.4 0.00843 598.81 0.00843 698.96 0.00361 257.4 0.01169 841.00 0.00987 924.00 

0.00902 507.4 0.00902 636.81 0.00902 746.96 0.00425 293.7 0.01273 905.00   

0.00959 535.4 0.00959 665.81 0.00959 783.96 0.00485 328.2 0.01368 962.00   

0.01000 557.4 0.01000 703.81 0.01000 814.96 0.00540 358.2 0.01458 1013.0   

      0.00639 411.2 0.01500 1089.0   
      0.00726 445.2 0.01521 1102.0   

      0.00802 498.0     

      0.00931 560.0     

      0.01034 610.0     

      0.01118 653.0     

      0.01138 662.0     
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4.01 =

                                                                                                                
3.01 =  

0 0 0 0 0 0 0 0 0 0 0 0 

0.00015 15.09 0.00015 17.68 0.00015 21.43 0.00015 16.74 0.00015 20.83 0.00015 23.16 

0.00029 30.54 0.00029 35.39 0.00029 43.14 0.00029 32.46 0.00029 39.77 0.00029 45.86 

0.00044 45.44 0.00044 53.39 0.00044 63.64 0.00044 47.46 0.00044 58.97 0.00044 68.56 

0.00059 61.04 0.00059 71.09 0.00059 106.64 0.00059 63.26 0.00059 77.87 0.00059 90.86 

0.00073 76.54 0.00073 87.79 0.00073 127.24 0.00073 79.46 0.00073 97.27 0.00073 113.06 

0.00087 90.94 0.00087 105.19 0.00087 148.34 0.00087 94.86 0.00087 114.77 0.00087 135.26 

0.00101 104.94 0.00101 122.59 0.00101 189.14 0.00101 109.96 0.00101 132.87 0.00101 156.76 

0.00115 118.14 0.00115 138.39 0.00115 208.24 0.00115 124.96 0.00115 149.97 0.00115 178.26 
0.00129 129.34 0.00129 153.39 0.00129 225.24 0.00129 137.96 0.00129 166.77 0.00129 199.16 

0.00143 138.64 0.00143 167.69 0.00143 239.94 0.00143 149.76 0.00143 183.47 0.00143 219.96 

0.00169 157.34 0.00169 190.99 0.00169 260.44 0.00156 160.76 0.00156 198.17 0.00156 240.06 

0.00196 175.34 0.00196 209.09 0.00196 284.24 0.00169 171.46 0.00169 211.97 0.00169 258.46 

0.00222 192.94 0.00222 228.49 0.00222 305.34 0.00196 192.26 0.00196 237.07 0.00196 290.36 

0.00248 209.64 0.00248 247.29 0.00248 329.34 0.00222 212.16 0.00222 262.47 0.00222 319.26 

0.00273 226.14 0.00273 266.99 0.00273 352.34 0.00248 231.56 0.00248 285.97 0.00248 347.26 

0.00321 258.74 0.00321 305.89 0.00321 398.34 0.00273 251.16 0.00273 310.67 0.00273 375.26 

0.00368 289.74 0.00368 340.89 0.00368 441.34 0.00297 269.86 0.00321 354.67 0.00297 401.26 

0.00414 320.14 0.00414 374.89 0.00414 482.34       

0.00458 348.14 0.00458 409.89 0.00458 519.34       
0.00500 376.14 0.00500 442.89 0.00500 553.34       

0.00561 414.14 0.00561 488.89 0.00561 610.34       

0.00619 452.14 0.00619 531.89 0.00619 661.34       

0.00674 487.14 0.00674 571.89 0.00674 711.34       

0.00727 519.14 0.00727 608.89 0.00727 759.34       

0.00778 551.14 0.00778 646.89 0.00778 803.34       

0.00842 589.14 0.00842 686.89 0.00842 859.34       

0.00902 624.14 0.00902 730.89 0.00902 910.34       

0.00959 658.14 0.00959 766.89 0.00959 959.34       

0.00993 676.14 0.00993 800.89 0.00993 988.34       
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2.01 =

                                                                                                                   
1.01 =  

0 0 0 0 0 0 0 0 0 0 0 0 

0.00015 15.07 0.00015 18.35 0.00015 20.01 0.00015 15.46 0.00015 17.57 0.00015 21.16 

0.00029 29.94 0.00029 36.38 0.00029 41.72 0.00029 30.42 0.00029 36.10 0.00029 43.26 

0.00044 45.54 0.00044 53.58 0.00044 63.42 0.00044 45.42 0.00044 54.30 0.00044 65.06 

0.00059 59.94 0.00059 72.08 0.00059 85.02 0.00059 59.82 0.00059 73.00 0.00059 87.06 

0.00073 75.14 0.00073 89.78 0.00073 105.22 0.00073 76.02 0.00073 89.30 0.00073 107.36 

0.00087 89.74 0.00087 107.18 0.00087 125.82 0.00087 90.32 0.00087 107.9 0.00087 128.96 

0.00101 103.64 0.00101 124.38 0.00101 145.72 0.00101 105.12 0.00101 125.0 0.00101 149.06 

0.00115 117.84 0.00115 141.08 0.00115 165.82 0.00115 119.92 0.00115 141.9 0.00115 170.76 
0.00129 131.84 0.00129 157.48 0.00129 186.42 0.00129 134.02 0.00129 158.6 0.00129 191.06 

0.00143 145.64 0.00143 174.28 0.00143 207.02 0.00143 148.02 0.00143 174.9 0.00143 210.76 

0.00169 172.34 0.00169 201.48 0.00169 238.32 0.00169 175.92 0.00169 206.4 0.00169 238.86 

0.00196 194.04 0.00196 228.18 0.00196 272.32 0.00196 201.82 0.00196 236.3 0.00196 271.96 

0.00222 214.94 0.00222 252.58 0.00222 306.02 0.00222 227.22 0.00222 263.5 0.00222 306.66 

0.00248 234.84 0.00248 275.18 0.00248 332.02 0.00248 251.32 0.00248 291.9 0.00248 340.66 

0.00273 255.04 0.00273 298.18 0.00273 365.02 0.00273 275.02 0.00273 321.4 0.00273 374.66 

0.00321 294.44 0.00321 347.18 0.00321 415.02 0.00321 320.02 0.00321 374.4 0.00321 441.66 

0.00368 331.44 0.00368 394.18 0.00368 468.02 0.00368 362.02 0.00368 425.4 0.00368 501.66 

0.00414 366.44 0.00414 436.18 0.00414 525.02 0.00414 403.02 0.00414 473.4 0.00414 559.66 

    0.00458 577.02 0.00458 443.02 0.00458 519.4 0.00458 613.66 
    0.00500 627.02 0.00500 480.02 0.00500 563.4 0.00500 667.66 

    0.00561 697.02 0.00561 534.02 0.00561 626.4 0.00561 748.66 

    0.00619 761.02 0.00619 584.02 0.00619 684.4 0.00619 818.66 

    0.00674 822.02 0.00674 631.02 0.00674 743.4 0.00674 887.66 

    0.00727 881.02 0.00727 674.02 0.00727 795.4 0.00727 952.66 

    0.00778 937.02 0.00778 716.02 0.00778 846.4 0.00778 1010.7 

    0.00842 1008.0 0.00843 769.02 0.00843 910.4 0.00843 1093.7 

    0.00902 1073.0 0.00902 817.02 0.00902 969.4 0.00902 1169.66 

    0.00959 1124.0 0.00959 874.02 0.00959 1021.4 0.00959 1241.66 

    0.01000 1168.0 0.01000 894.02 0.01000 1062.4 0.01000 1262.66 
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0.01 =        

0 0 0 0 0 0       

0.00178 193.71 0.00178 234.15 0.00178 281.54       

0.00353 374.11 0.00353 467.05 0.00353 546.64       

0.00524 553.11 0.00524 668.05 0.00524 801.64       

0.00692 727.11 0.00692 871.05 0.00692 1048.6       

0.00857 893.11 0.00857 1070.0 0.00857 1284.6       

0.01019 1055.1 0.01019 1263.1 0.01019 1515.6       

0.01178 1210.1 0.01178 1453.1 0.01178 1741.6       

0.01333 1361.1 0.01333 1633.1 0.01333 1955.6       

0.01486 1491.1 0.01486 1802.1 0.01486 2162.6       

0.01636 1568.1 0.01636 1932.1 0.01636 2343.6       

0.01784 1618.1 0.01784 2009.1 0.01789 2472.6       

0.01929 1661.1 0.01929 2075.1 0.01929 2577.6       

0.02071 1701.1 0.02071 2131.1 0.02071 2652.6       

0.02211 1739.1 0.02211 2186.1 0.02211 2722.6       

0.02348 1776.1 0.02348 2239.1 0.02348 2789.6       

0.02483 1813.1 0.02483 2286.1 0.02483 2851.6       

0.02615 1850.1 0.02615 2336.1 0.02615 2918.6       

0.02746 1885.1 0.02746 2381.1 0.02746 2973.6       

0.02874 1919.1 0.02874 2426.1 0.02874 3036.6       

0.03000 1953.1 0.03000 2467.1 0.03000 3096.6       
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Studies on the self-aggregation, interfacial and thermodynamic properties of a surface-

active imidazolium-based ionic liquid in aqueous solution: Effects of salt and 

temperatureǂ 

 

 

ABSTRACT 

The influence of four sodium salts (NaCl, NaBr, Na2SO4, and Na3PO4) on the self-aggregation, 
interfacial, and thermodynamic properties of a surface-active ionic liquid (1-hexadecyl-3-
methylimidazolium chloride, C16MImCl) has been explored in aqueous solutions by conductometry, 
tensiometry, spectrofluorimetry, isothermal titration calorimetry and dynamic light scattering (DLS). 
Analyses of the critical micellar concentration (cmc) values indicate that the anions of the added salts 

promote the self-aggregation of C16MImCl in the order:  Cl− < Br− < PO4
3−<SO4

2−. Melting of iceberg, in 
general, governs the process of micellization of aqueous C16MImCl in presence of the investigated salts 
within the investigated temperature range (298.15-318.15 K), while the dehydration of imidazolium head 
groups takes the leading role below 303.15 K for the C16MImCl-Na3PO4 system. The results indicate 
that addition of salt leads to a greater spontaneity of micellization, and that exothermicity prevails in 
these systems. Differential effect of the salts on the interfacial properties of C16MeImCl has been 
interpreted on the basis of the coupled influence of the electrostatic charge neutralization of surfactants 
at the interface, and the van der Waals repulsion of surfactant tails and electrostatic repulsion of 
surfactant head groups. C16MeImCl has been shown to form spherical micelles in presence of varying 
amounts of NaCl, Na2SO4 and Na3PO4, while there occurs probably a transition in the micellar geometry 
from spherical to non-spherical shape when added NaBr concentration exceeds 0.01 mol.kg-1. 
Fluorescence studies demonstrate that a combined quenching mechanism is operative for the 
quenching of pyrene fluorescence in the investigated C16MImCl-salt systems. Micellar aggregation 
numbers obtained from Steady State Fluorescence Quenching method have always been found be 
somewhat smaller than those estimated from Time Resolved Fluorescence Quenching method. The 
order of instability of the C16MImCl-micelles ascertained from Zeta potential measurements conforms 
to what has been inferred from the cmc values. The hydrodynamic diameters of C16MImCl-micelles, 
obtained from DLS studies, have been found to increase with increasing salinity of the solutions. 

 
 

(ǂ Published in J. Mol. Liq., 320 (2020) 114497) 

 

 

1.Introduction 

In recent years, considerable attention is being paid to the studies on ionic liquids with surface 

activity (commonly referred to as surface active ionic liquids) in colloid and interface science. 

1-9 Surface active ionic liquids, like conventional surfactants, form self-aggregates 10-18 owing 

to the balance of hydrophilic and hydrophobic interactions above a particular concentration 

known as the critical micellar concentration (cmc).19-22 Current interest in the area of surface 

active ionic liquids stems from the ease of fine-tuning of the hydrophobicity of ionic liquid 

molecules by varying the length of the hydrocarbon chains, the type of the head-group or the 



120 

 

nature and size of the counterions which might permit the modulation of the structure and the 

delicate dynamics of their self-aggregates for specific purposes. Additives could also result in 

the modification of the interaction and self-aggregation behavior of surfactants appreciably.23-

35 Studies on surfactant solutions in presence of a salt have been shown to provide important 

insight into various interactions prevailing in these solutions. 32-36 Surfactant-salt mixtures find 

widespread use in biological, technological, medical formulations, pharmaceuticals, enhanced 

oil recovery for the purpose of improved solubilization, suspension and dispersion. 2 Various 

organic and inorganic salts in combination with various surfactants are also used for this 

purpose. 3-9,14-47 However, there had been, so far, a very few attempts which explored the effect 

of salts on the self-aggregation properties of surface active ionic liquid solutions. 48-52 Keeping 

this in view, we have taken up a comprehensive program to investigate the self-aggregation, 

interfacial, and thermodynamic properties of a surface active ionic liquid (1-hexadecyl-3-

methylimidazolium chloride) in presence of each of sodium chloride (NaCl), sodium bromide 

(NaBr), sodium sulfate (Na2SO4), and sodium phosphate (Na3PO4) in aqueous solutions. 

Different experimental techniques e. g., conductometry, tensiometry, spectrofluorimetry, 

isothermal titration calorimetry and dynamic light scattering methods have been employed to 

explore the very many facets of micellization behavior of the selected surface active ionic 

liquid-salt solutions in aqueous media. 

2. Experimental 

2.1. Materials 

1-Hexadecyl-3-methylimidazolium chloride (C16MImCl) (structure shown in Fig.1), and 1-

hexadecylpyridinium chloride (CPC) have been purchased from Acros Organics. These were 

used as received. Reagent grade sodium chloride (NaCl), sodium bromide (NaBr), sodium 

sulfate (Na2SO4) and sodium phosphate (Na3PO4, 12H2O) were purchased from Sigma 

Aldrich.Pyrene solutions prepared in ethanol and 1,6-diphenyl-1,3,5-hexatriene (DPH) 

solutions prepared in tetrahydrofuran (THF), were purchased from Sigma Aldrich, and were 

used as fluorophore. Triply distilled water with a specific conductance around 0.98 µs.cm-1 at 

298.15 K was used to prepare the different solutions throughout the experiments at different 

temperatures. 

 

N+

N

Cl-  
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Fig. 1. Structure of 1-hexadecyl-3-methylimidazolium chloride. 

 

2.2. Methods 

2.2.1. Conductometry 

Measurements on specific conductivities (κ) have been carried out using an Orion (Thermo 

Fisher, USA) conductivity meter with a conductivity cell of cell constant 1 cm-1, dipped in the 

experimental solution maintained within 0.05 K of the desired temperature in a thermostatic 

water bath. 

The specific conductances of aqueous C16MImCl solutions in absence as well as in the presence 

of the salts (NaCl, NaBr, Na2SO4, and Na3PO4) have been plotted against the concentration of 

C16MImCl (please see the representative Fig. 2). The specific conductance vs. surfactant 

concentration profiles have always been found to reveal inflections.  For any given system, the 

values of the specific conductances above and below the inflection point have been fitted to 

two separate linear equations, squared correlation coefficient (r2) being always greater than or 

equal to 0.99, and the intersection of these straight lines provided an estimate of the cmc (cf. 

Table 1). As the inflection points for C16MImCl solutions in presence of salts having higher 

concentrations obtained by conductometry have been found to be incompatible with those 

obtained from other experimental techniques employed here to represent the cmc values, 

conductometric determination of cmc has been restricted to low-salt solutions. 

2.2.2. Tensiometry 

Surface tensions at air/water interface have been measured using a calibrated Krüss (Germany) 

tensiometer by du Noüy ring detachment method with an accuracy of ± 0.1 mN.m-1. The 

platinum ring has been thoroughly cleaned by water and acetone successively and has been 

dried in ethanol oxidizing flame before and after each experiment. The tensiometer was 

connected to a water-flow cryostat in order to maintain the temperature equilibration. The 

surface tension vs. surfactant concentration for aqueous C16MImCl-NaCl, C16MImCl-NaBr, 

C16MImCl-Na2SO4, and C16MImCl-Na3PO4 solutions in presence of varying concentration of 

the added salts at 298.15 K have been shown in Figs. 3(a) through 3(d). Tensiometry records 

the threshold surfactant concentration required to saturate the air/solution interface as the cmc 

which has been obtained (listed in Table 1) from a sharp break in these surface tension vs. 

surfactant concentration profiles; a representative plot showing such a break has been shown 

in Fig. 3(a). 
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2.2.3. Isothermal titration calorimetry (ITC) 

ITC measurements were carried out with GE Microcal ITC 200(Northampton, USA) 

microcalorimeter. Distilled water was taken as reference in the whole experiments. Surfactant 

solutions in water and different salt solutions having initial concentrations approximately ten 

times their cmc values measured by conductometry were prepared, taken in syringe and added 

to the respective solutions initially 0.5 μl, then 2 μl (total 20 additions) with an interval of 120s. 

The temperature was kept constant at 298.15 K throughout the experiments. ITC experiments 

directly measure the enthalpy of micellization (∆𝐻m
0 ) (shown in Table 2.) as well as the cmcs 

(cf. Table 1) accurately. 10,17,52,58-62  

 

2.2.4. Flourimetry 

Steady-state fluorescence measurements have been made on a Perkin-Elmer LS 55 (USA) 

fluorescence spectrophotometer with a Peltier attachment using quartz cell of 1 cm path length 

at 298.15 K. Pyrene has been used as the probe.  The excitation of pyrene has been performed 

at 335 nm with a band pass of 14 nm and emission has been monitored at 371nm (I1) and 384 

nm (I3) using a band pass of 4 nm. To determine the micropolarity (𝐼1/𝐼3), a set of aqueous 

C16MImCl solution in absence and in presence of different salts having varying concentrations 

have been prepared, where both the surfactant concentration (10 x 10-3 mol.kg-1 for 

micropolarity study, and 12 x 10-3mol.kg-1 for steady-state quenching study) and the pyrene 

concentration (1x10-6 mol.kg-1) were kept fixed for each of the solution for the measurement. 

All solutions have been well sonicated and kept for 4-5 hours for equilibrium before irradiation. 

Experimental (𝐼1/𝐼3) values have been listed in Table 4. 

Steady-state fluorescence anisotropy measurements were performed on the same instrument 

[Perkin-Elmer LS 55 (USA)] fitted with a polarizer using DPH as probe in a quartz cell of 1 

cm path length at 298.15 K. Excitation wavelength has been fixed at 353 nm and emission of 

DPH has been measured at 437 nm. Initially a measured amount of DPH is added to water or 

to salt solution taken in a quartz cell and then the stock surfactant solution (having 

concentration approximately 15 times the cmc measured with the above-mentioned techniques) 

with the same amount of DPH is added to the cuvette. The concentration of the probe has been 

fixed at 2 x 10-6 mol.kg-1both in cuvette and in the stock solution. DPH, because of its rod like 

shape, is used as a fluorescent anisotropic probe as it retains the polarization in the restricted 

medium. The steady state anisotropy (r) can be defined by the following equation 18, 53, 54: 

𝑟 =
𝐼v−𝐺𝐼h

𝐼v +2𝐺𝐼h
                                                                                                                                 (1)                                                 



123 

 

where Iv and Ih are respectively the fluorescence intensities when the emission polarizer parallel 

and perpendicular to the exiting electromagnetic radiation, and the factor G, defined as the ratio 

of Iv to Ih, rectifies the unequal transmission generated by the diffraction gratings of the 

instrument for the horizontally and vertically polarized lights. 

Time-resolved fluorescence decay has been measured in Horiba-Jobin-Yvon Fluoro Cube 

fluorescence lifetime system by the time-correlated single photon counting (TCSPC) 

technique. A Nano LED (IBH, UK) at 330 nm has been used as the excitation source for pyrene 

and the decay emission has been recorded at 374 nm. A TBX photon detection module has 

been used as the detector. The decay data have been fitted with the help of IBH DAS-6 decay 

analysis software by nonlinear least square procedure so that the values of residuals (χ2) do not 

exceed 1.5. The lamp profile was collected using a dilute aqueous micellar solution of sodium 

dodecyl sulfate as a scatterer in place of the experimental solution. Pyrene has been used as 

probe, and its concentration has been fixed at 10-4 mol. L-1 so that it cannot form excimer in the 

micellar region. CPC has been used as the quencher, and final CPC concentration has been kept 

fixed within 0.3 x 10-3 mol.kg-1 to avoid micelle formation of CPC itself in the experimental 

solutions for both steady state and time resolved experiments. The ratio of 

([quencher]/[micelle]) in pyrene-solubilized micellar solution has been kept near unity to 

ensure the residence of one quencher molecule per micelle, as stated in the earlier literatures. 

55-57 The initial concentrations of C16MImCl prepared in water and in different salt solutions 

have been kept fixed at 12 x 10-3 mol.kg-1. Mean (average) fluorescence lifetimes (τav) for bi-

exponential iterative fittings have been calculated from the pre-exponential factors (a1 and a2) 

and the decay times (τ1 and τ2) by using the following equation: 

𝜏av = 𝑎1𝜏1 + 𝑎2𝜏2                                                                                                                   (2) 

2.2.5. Dynamic light scattering (DLS) and Zeta potential  

DLS measurements have been carried out using a Nano ZS Zetasizer (Malvern, UK) at 900 

scattering angle with a He-Ne laser having wavelength (λ) of 632.8 nm at 298.15 K. 

Zeta potential measurements have been performed at 298.15 K with 900 scattering angle using 

a gold coated copper electrode in the cell. All experimental solutions (concentration fixed at 

10 x 10-3 mol.kg-1) were filtered 3-4 times through membrane filters (porosity 0.25 μm) to 

remove dust particles. The values of Zeta potential have been measured 3 times for all 

experimental solutions and average values are taken. The values of the hydrodynamic diameter 

(Dh) and the Zeta potential (ζ) are recorded in Table 4. 

3. Results and discussions 

3.1. Critical micellar concentration (cmc) 
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The values of cmc of aqueous C16MImCl solutions in absence of any added salt obtained from 

conductometry, tensiometry, fluorimetry and isothermal titration calorimetry at 298.15 K in 

the present study (Table 1) are found to be in good agreement with each other and also with 

the literature reports. 17,18,63 At the other four temperatures namely, 303.15, 308.15, 313.15 and 

318.15 K, the literature cmc values obtained from conductometry and tensiometry have been 

listed in Table 1(a).  

3.2. Degree of counter-ion Binding (β ) 

Conductivity measurements can be conveniently used to quantify the fraction of counterions 

that binds with the ionic micelles. Indeed, the degree of counterion binding (β) can be 

calculated from the specific conductivity vs. concentration profiles of the surfactant solutions 

by using the following equation: 

𝛽 = 1 −
𝑆2

𝑆1
                                                                                                                                   (3) 

where𝑆1and𝑆2represent respectively the pre- and postmicellar slopes shown in the 

conductometric profiles in Fig. 2(b). The β values for the systems C16MImCl-NaCl thus 

obtained are listed in Table 2. It has been observed that these values are found to be strongly 

dependent on additives and that these increase with increasing salinity (Table 2) caused by 

changed micelle-counterion interaction in presence of varying concentrations of the added 

salts. 

3.3. Effect of Added Salt on the cmc of Aqueous C16MImCl 

Addition of each of the salt to C16MImCl solution was found to cause a reduction in the cmc 

value from what is observed in salt-free solution. Further, the higher the amount of the added 

salt, the more is the reduction in the cmc. An interpretation of the observed decrease in the cmc 

values upon addition of a salt may be provided on the basis of a model put forward by Davis 

and Rideal 64, later modified by Borwankar and Wasan. 65 This model pictures the Stern layer 

comprising of the surfactant ions with counterions constituting the diffuse part of the electrical 

double layer, i.e., the Guoy-Chapman layer. The added salt ions squeeze the electrical double 

layer and, consequently, induce the shielding of the electrostatic repulsion among the polar 

head groups; this results in a marked reduction in the cmc compared to that of the salt-free 

system. 

Anions have been found to have pronounced influence on the cmc of aqueous C16MImCl 

solutions. In particular, in presence of a given amount of an added sodium salt, the values of 

the cmc of C16MImCl are found to decrease in the order: Cl−>Br−>PO4
3−>SO4

2−(cf. Table 1) 
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indicating that the ability of these ions to promote self-aggregation of C16MImCl increase in 

the reverse order:SO4
2−>PO4

3−>Br−>Cl−. 

In this context, it would be interesting to examine the relevance of the “Hoffmeister Series” or 

the “Lyotropic Series” in the light of the effect of the salt ions on the micellization of C16MImCl 

in aqueous solutions. The Hoffmeister or the Lyotropic series for the efficiency of the salting 

out effect of the anions of a lyophilic substance from a colloidal solution which is controlled 

by ionic hydration follows the order 20:SO4
2−>PO4

3−>Cl−>Br−. 

A rationale for the observed trend may be sought by invoking the idea of ionic hydration.   

Generally, the more the hydration of the ions, the less is their efficacy to neutralize the charges 

on the micelle surface, and hence the less is the reduction of the cmc in their presence. Now, 

the extent of ionic hydration has been shown to decrease in the order 66:PO4
3− >

SO4
2−>Cl−>Br−and hence the cmc should follow the order:Br−<Cl−<SO4

2− < PO4
3−,which is 

not in accordance with the experimental observation here. 

In presence of a given concentration of the added electrolytes, the ionic strength of the solution 

varies in the order: PO4
3−>SO4

2−>Cl− = Br−. This indicates that squeezing of the electrical 

double layer and consequent shielding of the electrostatic repulsion among the polar head-

groups would also follow the same order. Hence the cmc of C16MImCl should follow the order: 

Cl− = Br−>SO4
2−>PO4

3−. This is also not in accordance with what observed experimentally. 

 

Thus, neither the extent of hydration of the added anions nor the effect of the ionic strength of 

the added salt solutions could explain the observed order of the cmc values of aqueous 

C16MImCl in the investigated salt solutions. 

The apparent departure from the Hoffmeister series may be a consequence of basic difference 

between the two processes. Micelle formation is governed simultaneously by the electrostatic 

and hydrophobic effects, while the salting out of polymers and hydrocolloids is mainly 

controlled by the dehydration67 of soluble polymers and hydrocolloids. Hence a strict 

adherence to this series is not expected for aqueous C16MImCl in presence of different salts. 

Such a non-compliance of the Hoffmeister effect has also been reported earlier for other 

amphiphile-salt solutions.20, 45Additional factors must, therefore, be identified to account for 

the salt effect on micellization: (a) One possible reason for the observed discrepancy may be 

sought in specific interaction between the added counter-anions and the micelle.50 The effect 

of counterion specificity on the physical properties of micelle formation is, however, not well 

understood yet 68, (b) Another factor might be the locally varying dielectric constant which has 
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not been taken into account in the theories of micellar solutions. The immediate neighbourhood 

of the micelle may exhibit a considerably different dielectric constant than the bulk water thus 

influencing the micelle-counterion interaction, (c) Effect of the added anions on the water 

structures, i.e., structure-making / structure-breaking capabilities of these ions might also 

contribute to their relative influences on the micellization behavior in aqueous C16MImCl 

solutions. Further studies are, therefore, required to clarify this aspect. 

3.4. Effect of temperature on cmc 

Influence of temperature on the cmc of aqueousC16MImClas well as C16MImCl-salt solutions 

has been investigated in presence of two different salt concentrations, namely 0.001 and 0.005 

mol·kg-1 and has been demonstrated in Table 1. With the increase in temperature, the cmc 

values in aqueous C16MImCl, C16MImCl-NaCl, C16MImCl-NaBr, and C16MImCl-Na2SO4 

solutions increase monotonically. For C16MImCl-Na3PO4 system, on the other hand, the cmc 

is found to pass through a minimum on elevation of temperature. Literature reports on the 

temperature-dependence of cmc in other amphiphile solutions without or with a minimum are 

also available. 16,39,45 An explanation may be sought in the differential effect of temperature on 

the dehydration of the polar head and the apolar tail of the amphiphile which contributes 

differently to the variation of cmc with temperature. There are two opposite factors contributing 

16, 39, 45 to this anomaly in the cmc trends: (a) the desolvation of water molecules from surfactant 

hydrophilic groups at lower temperature, leading to earlier micellization, (b) the breakdown of 

water structure from the surfactant hydrophobic tails, which is unfavourable in the process of 

micellization at higher temperature.  

For aqueous C16MImCl as well as for C16MImCl-NaCl, C16MImCl-NaBr, and C16MImCl-

Na2SO4 systems, the results indicate that the latter effect (dehydration of hydrophobic tail) 

predominates within the investigated temperature range, and the cmc values of these systems 

increase with temperature. It can, however, be hypothesized that a minimum could possibly 

occur at some temperature below 298.15 K where the former effect (dehydration of 

imidazolium head groups) is expected to be decisive. For C16MImCl-Na3PO4 system, however, 

below 303.15 K, the former effect takes the leading role, while beyond this critical temperature 

the latter effect controls the aggregation process of C16MImCl in presence of Na3PO4. 

3.5. Thermodynamics of micellization 

Standard free energy of micellization ∆𝐺𝑚 
0 can be calculated using the following equation based 

on the mass action model of micellization10: 

∆Gm 
0 = RT(1 + β)lnxcmc                                                                         (4) 
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where, 𝑥cmc is the cmc expressed in terms of mole fraction. The parameter β in the above 

expression refers to the fraction of free energy required to condense the counter ions onto the 

monomer head groups during the process of micellization to reduce the repulsion.  

The corresponding standard enthalpy of micellization (∆𝐻𝑚
0 ) can be obtained from the 

following equation: 

∆𝐻𝑚  
0 = −𝑅𝑇2[ (1 + 𝛽) (

𝜕ln𝑥𝑐𝑚𝑐

𝜕𝑇
)
𝑃
− ln𝑥𝑐𝑚𝑐 (

𝜕𝛽

𝜕𝑇
)
𝑃

]                                                         (5) 

When the β values do not vary appreciably with temperature, Eq. (5), as a first approximation, 

reduces to   

∆𝐻𝑚  
0 = −𝑅𝑇2[ (1 + 𝛽)(

𝜕ln𝑥𝑐𝑚𝑐

𝜕𝑇
)𝑃]                                                                     (6)  

The values of (∂lnxcmc/∂T)p were obtained from the slopes of the second order polynomial 

fitting of lnxcmc vs. T profiles (shown in Fig. S1, supplementary section). The standard entropy 

of micellization(ΔS0
m) can then be calculated using the following Gibbs-Helmholtz equation: 

∆𝐺𝑚 
0 = ∆𝐻𝑚

0 −  𝑇∆𝑆 𝑚 
0                                                                                                           (7) 

The ∆𝐺m
0 ,  ∆𝐻m

0  and ∆𝑆m
0 values for the micellization of aqueous C16MImCl solutions in 

presence of all the salts investigated are shown in Table 2 and Fig. 6. ∆𝐻𝑚  
0 values for the 

micellization of C16MImCl are always found to be relatively more negative in presence of the 

added salts than those in salt-free aqueous solution.63 ∆𝐻𝑚  
0 values calculated from Eq. 6 are 

always found to be negativein presence of two different concentrations (0.001 and 0.005 

mol·kg-1) of all the added salts (Table 1) indicating an exothermic nature of micellization 

prevailing in these systems. Further, micellization processes become more exothermic in the 

higher temperature region or in presence of higher salt concentration. The relatively larger 

negative ∆𝐻𝑚  
0 values found for 0.005 mol·kg-1 Na2SO4 (cf. Table 2)as a function of temperature 

as compared to the other salt solutions is probably due to the estimation of ∆𝐻𝑚  
0  using Eq. (5), 

as the β values are significantly temperature-dependent in this system (cf. Table 3).There are 

two factors which might contribute to the enthalpy of micellization and its variation with 

temperature 16,69: (a) a positive contribution is attributed to the release of water molecules from 

hydration layer around the hydrophilic heads and the hydrophobic tails of the amphiphile 

molecules due to breakdown of the electrostatic attraction of counterions with coions, and 

secondly, (b) transfer of the hydrophobic tails from aqueous phase to the micellar core and 

regenerate the H-bonding of water molecules around the micelles leading to negative 

contribution to∆𝐻𝑚  
0 . As the temperature increases, the first factor becomes less prominent as 

the degree of H-bonding around the surfactant monomers diminishes at higher 
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temperatures.∆𝐻𝑚  
0 values did not exhibit any specific trend with respect to the added anions 

except in the high temperature region, where negative ∆𝐻𝑚  
0  increases in the order: Cl-< Br-

<SO4
2−< PO4

3-. Micellization of C16MImCl is more exothermic in presence of Br- than in 

presence of Cl- at the salt concentration of0.001 mol·kg-1throughout the entire investigated 

temperatures, whereas an opposite trend is observed when added salt concentration is 0.005 

mol·kg-1upto 313.15 K (cf. Table 2, Fig. 6). From Fig. 6(b), it is evident that, ∆𝐻𝑚  
0 values show 

a sharp decline ranging from positive to negative values when the micellization is studied at 

0.005mol·kg-1 NaBr compared to its lower concentration. A relatively larger contribution in 

terms of negative ∆𝐻𝑚  
0 valueshas been observed in presence of PO4

3- at higher temperatures, 

whereas ∆𝐻𝑚  
0  values remained almost invariant with temperature in presence of for both salt 

concentrations investigated (cf. Figs. 6 (a) and 6(b)). The ∆𝐻𝑚  
0 values in presence of SO4

2−are 

found to be intermediate between those in presence of Cl- and PO4
3- (cf. Fig.6 (a)). Table 2 

demonstrates that the entropy of micellization (∆𝑆𝑚
0 ) is in the majority of cases are positive, 

and that ∆𝑆𝑚
0  decreases as the temperature increases. Aqueous C16MImCl-Na3PO4 solutions 

exhibit both positive and negative entropy values, with the negative values found at high 

temperature (cf. Table 2). The positive ∆𝑆𝑚
0  values may be attributed 42 to the breakdown of 

the ice-berg structure due to removal of hydrophobic tail to the micellar core, and to the 

increase of the degrees of rotational freedom of the hydrophobic tails inside the core. The 

negative ∆𝑆𝑚
0  values could have arisen from the restoration of water structure around the 

amphiphile, and this effect becomes more important than the above two effects at elevated 

temperatures. The ∆𝐺𝑚 
0  values are found to be more negative in presence of electrolytes than 

those observed in aqueous solutions 63 indicating greater spontaneity of micellization in 

presence of salts with a concomitant reduction in the cmcs values (cf. Table 2). Improved 

spontaneity of micellization has also been observed as the salinity of the solutions increases 

except for C16MImCl-Na2SO4 systems in the low temperature regions. The ∆𝐺𝑚 
0  values in 

C16MImCl-salt solutions are found to be slightly dependent on temperature (C16MImCl-

Na2SO4 system is an exception) (Table 2, Figs. 6(a)-(b)) probably due to close compensation 

of T∆𝑆𝑚
0  and ∆𝐻𝑚  

0  values. A comparison of the ∆H0
m and T∆Sm

0 values for C16MImCl-salt 

systems indicates that the micellization process is entropy-driven in presence of 0.001 mol·kg-

1 NaCl throughout the entire range of temperature, while enthalpy takes the lead in micelle 

formation in presence of 0.001 mol·kg-1 NaBr (cf. Table 2).  In presence of 0.005 mol·kg-1 NaCl 

or NaBr, the micellization is, however, enthalpy driven at the higher temperatures. Similar 

behavior has also been observed for 0.001 mol.kg-1 Na2SO4 as well as for all concentrations of 
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Na3PO4, where the trivalent additive enhances the enthalpy contribution over entropy 

contribution significantly (cf. Table 2) at higher temperatures during micellization. Finally, it 

can be stated that, in this present work micellization of C16MImCl is enthalpy driven at higher 

temperature, whereas the entropy play significant role at lower temperature, in presence of the 

investigated salts. Such observation underscoring the importance of both hydrophobic and 

electrostatic interactions during micellization in presence of added salts has also been reported 

earlier. 31 

An empirical equation often used 43,44,62,70 for correlating ∆𝐻𝑚
0  and ∆𝑆𝑚

0  to determine the 

compensation temperature (Tcom) describing the dehydration of hydrophobic part of 

surfactants, 

 

∆𝐻m
0 = ∆𝐻m

0∗ + 𝑇com∆𝑆m
0                                                               

(8)
 

here ∆𝐻𝑚
0∗, intrinsic enthalpy gain, reflects the solute-solute interaction and it has been 

described as chemical part for micelle formation in terms of association of the hydrophobic 

part to the micellar core. 43,44,62,70 Tcom values have been calculated for C16MImCl in presence 

of different concentration of electrolytes using ∆𝐻m 
0 vs. ∆𝑆m 

0  profile (Fig.S2, in the 

supplementary section), and are summarized in Table 2. The quality fit has always been 

excellent, the squares of the correlation coefficients lying between 0.98 and 0.99. The 

compensation temperature for the micellization of aqueous C16MeImCl has been reported to 

be 280 K. 63 For the micellization of aqueous C16MImCl in presence of the electrolytes 

investigated here, the compensation temperatures are found to be between 270 and 301 K. It 

has been suggested earlier that the Tcom value in aqueous solution is expected to lie between 

270 and 294 K for processes dominated by hydration. 71 The observed values of Tcom are, 

therefore, very close to these values. However, relatively low Tcom value observed in presence 

of 0.001 mol·kg-1 NaBr (223 K) might be due to the difference of the bulk structural property 

of the solution from that of the water in this particular system. It is, however, worth mentioning 

that the linearity of the ∆𝐻𝑚
0  vs. ∆𝑆𝑚

0  plots should not be over-interpreted 72, though this 

linearity is observed quite frequently. 
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Fig. 2. Specific conductance (κ) vs. concentration of C16MImCl in presence of (a) 0.001 

mol.kg-1 Na2SO4, and (b) 0.005mol.kg-1 NaBr at five different temperatures. Error bars are 

given at the inset. 

 

3.6. Interfacial properties for the micellization of C16MeImCl in presence of salts 

The excess surface concentration (Γmax) and the minimum area per surfactant molecules (Amin) 

at the air/water interface have been obtained using the Gibbs adsorption equation 63,73: 

𝛤max =  − 
1

2.303𝑖𝑅𝑇
lim
c→cmc

(
𝜕𝛾

𝜕log𝑐
)                                                                                                     (9) 

𝐴min =
1018

𝑁A𝛤max
                                                                                                                           (10) 

where, i is the number of species per surfactant monomer, R the universal gas constant, NA the 

Avogadro number, (∂𝛾/∂logc) is the slope of tensiometric isotherm (cf. Fig. 3) at cmc, and, T 

the temperature in Kelvin scale. The values of n have been calculated for the surfactant-salt 

solutions using the equation put forward by Matijevic and Pethica [74]: i= 1+ cmc/(cmc+me), 

where, me is the concentration of electrolytes in molality unit. The Γmax and Amin values 

computed through Eqs. (9) and (10) have been recorded in Table 3. The Γmax values of 

C16MImCl in aqueous solution have been found to be 2.04 at 298.15K. 63 The variations of Γmax 

of C16MImCl in presence of different salts have not always been found to be regular with the 

molality of the surfactant, revealing sometimes a minimum (Fig. S3 in the supplementary 

section). Such phenomenon has also been observed for the micellization of CTAB in presence 

of NaBr at low salt concentration.75 The calculated Γmax values of C16MImCl in presence of 

different concentrations of NaBr have been found to be greater than that of aqueous solution, 

while addition of NaCl reveals an opposite trend beyond 0.001 mol.kg-1. The reduction of Γmax  

in presence of  higher amount of added NaCl may be attributed to an enhanced repulsion among 
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the Cl- ions at the interface 33 thus disfavouring the charge neutralization of C16MIm+. On the 

other hand, greater charge neutralization of C16MIm+ ions facilitated by the Br- ions leads to 

larger adsorption of imidazolium head groups with concomitant decrease in Amin. Two opposing 

effects have been believed to operate33 at the air/water interface with increasing ionic strength 

of the medium: i) electrostatic charge neutralization of surfactants at the interface and 

compression of the double layer leading to larger adsorption, and ii) van der Walls repulsion 

of surfactant tails and electrostatic repulsion of surfactant head groups due to incomplete charge 

neutralization, which slow down the adsorption process. The present observations indicate that 

when the concentration of added NaCl is low, the second factor predominates, whereas at high 

concentration of NaCl the first factor controls the adsorption process. The divalent SO4
2- ions 

can easily neutralize the C16MIm+ ions at the interface at relatively low concentration (0.001 

mol.kg-1) and its Γmax value is larger than that in presence of NaBr of identical salinity. PO4
3-  

ions show the same behavior as do the Cl- ions (shown in Fig. S3, supplementary section) 

despite its trivalent character. Higher hydrophobicity of the two larger added anions (over the 

entire concentration range of PO4
3- ions, and within a relatively moderate concentration range 

of SO4
2- ions) keeps them apart from the interface with significant lowering of the adsorption 

of C16MIm+ ions leading to a low Γmax and a high Amin. 

   The geometrical shape of micelles formed in surfactant solutions can be conveniently 

predicted by a parameter, known as the packing parameter (P), defined by Israelachvili as [76] 

𝑃 =
𝜈

𝑙C𝐴
                                                                                                                                 (11) 

where ν is the volume of the hydrophobic hydrocarbon chain assuming it to be fluid and 

incompressible, lC the maximum effective length of that chain, and A the surface area of the 

surfactant monomer head-group. The values of lC (in nm) and ν (in nm3) of a saturated 

hydrocarbon chain bearing Cn number of carbon atoms have been calculated using the Tanford 

formulas with the following equations 77 

𝑙C = (0.154 + 0.1265𝐶n)                                                                                                         (12) 

𝜈 = (0.0274 + 0.0269𝐶n)                                                                                                        (13) 

The exact determination of head group area (A) on the micellar surface is quite difficult. 78 We 

have, therefore, used Amin values (obtained from tensiometry) instead of Ain Eq. 11 as suggested 

in the literature.78,79 P values, thus obtained are listed in Table 3. For spherical micelles, P ≤ 

0.333; for nonspherical shape, 0.333 <P < 0.5; for vesicles and bilayers, 0.5 <P < 1; and for 

inverted structures, P > 1. From Table 3, it is evident that C16MImCl forms spherical micellar 

aggregates in presence of varying concentrations of NaCl, NaBr, Na2SO4 and Na3PO4 
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investigated here, except in presence of 0.02 mol.kg-1 NaBr. Although the predictions made 

here is solely based on the validity of the Israelachvili model 76, a plausible molecular rationale 

of which could be provided. We may infer that the strong binding tendency of Br- ion could 

convert the spherical micelles of C16Mim+ions into rod-like micelles in presence of the highest 

amount of added NaBr. Compared with Br- ions, other added ions are more highly hydrated 66, 

and thus are less effective in penetrating and shielding the charge of the surfactant aggregates. 

Efficient shielding of the charge on the aggregates in presence of 0.02 mol.kg-1 NaBr by 

reducing the electrostatic repulsion among the ionic charges on micelles results in a larger 

reduction of the ionic head-group area, and hence an increase in the P value beyond 0.33. That 

is, only the least hydrated Br- ion when present in a large amount can bind the cationic micelle 

to an amount large enough to stabilize a rod-like micelle.Such salt-induced transition of the 

shape of ionic micelles has also been observed earlier.80-82 However, scattering experiments 

would be useful to provide a direct proof which, at present, is not possible for the lack of 

facility. We contemplate to take up the matter in a future occasion. 

 The efficiency of interfacial adsorption of any given amphiphile solution can be conveniently 

expressed by a parameter pC20 defined as  

𝑝𝐶20 = −log𝐶20                                                                                                                      (14) 

where C20 is the is the concentration of the amphiphile which reduces the surface tension of the 

solution by 20 mN·m-1. The pC20 values for aqueous C16MImCl solutions in absence and in the 

presence of different salt solutions are listed in Table 3. A higher pC20 value is indicative of a 

higher adsorption efficiency of the surfactant at the interface and more efficiency in reducing 

the surface tension. The results indicate that addition of salt to aqueous C16MImCl solutions 

leads to a reduction in the adsorption efficiency of the surfactant. 

    The surface pressure at the cmc (πcmc) was calculated using the following equation 

𝜋cmc = 𝛾0 − 𝛾cmc                                                                                                                      (15) 

where 𝛾0 and 𝛾cmc are the surface tension of pure solvent and that for the pure and mixed 

surfactants at their cmc respectively. The πcmc values for aqueous C16MImCl solutions in 

absence and in the presence of different salt solutions are recorded in Table 3. This parameter 

indicates the maximum reduction of surface tension caused by the dissolution of surfactant 

molecules and hence becomes a measure for the effectiveness of the surfactant to lower the 

surface tension of the solvent medium. Addition of the investigated salts to the aqueous 

C16MImCl solutions caused an enhancement of the effectiveness of the surfactant in reducing 

the surface tension compared to the salt-free solutions. 
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 Fig. 3. Tensiometric isotherms of aqueous C16MImCl in presence of (a) NaCl, (b) NaBr, (c) 

Na2SO4, and (d) Na3PO4. The error bars are shown in the inset in each case. 

 

 

3.7. Isothermal titration calorimetry (ITC) 

All cmc values and ΔH0
m values (within the brackets) measured by ITC at 298.15 K for the 

micellization of C16MImCl in presence of different salts are listed in Table 2. Calorimetric 

titration curves along with the heat-flow results for aqueous C16MImCl in absence and in 

presence of salts at different concentrations have been shown in Fig. 4  

Profiles showing the variation of the standard enthalpies of dilution (ΔH0
dil) per mole of 

surfactant added per injection with the concentration of the C16MImCl reveal three distinct 

regions 17: one in the premicellar region (I), where dilution of surfactant solution (having 
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concentration ≈10 times the cmc as mentioned in experimental section), leads to micellar break 

up into monomers; another in the post micellar region (III), where dilution of both the micelles 

and free monomers takes place; and one in the middle (II) between the above two regions, 

where a sharp decrease occurs in the enthalpogram due to the dissociation of a fraction of 

micelles into free monomers. In particular, these plots are more or less “sigmoidal” in nature 

and the inflection point in the intermediate region of these enthalpograms provides a measure 

of the cmc. 10, 17, 52, 58-61 The cmc values have, however, been more precisely determined from 

the optimum of the plot of the first derivative of the enthalpy change as a function of the 

surfactant concentration.60 In presence of salts both exo and endothermic processes were 

obtained for the micellization of C16MeImCl. In presence of investigated salts, the 

enthalpograms shown initial increase or decrease in their pattern, and finally become almost 

constant at high surfactant concentration (cf. Fig. 4). The cmc values thus obtained agree well 

with the cmcs calculated by other methods, i.e., conductometry, tensiometry and steady state 

anisotropy techniques. For salt-containing surfactant solutions, these two regions can be 

identified as the pre- and postmicellar regions respectively. 

    The intersection of the vertical line passing through the cmc and the premicellar line is the 

initial enthalpy of dilution [ΔH0
dil (initial)] while that of this vertical line with the postmicellar 

line provides a measure of the final enthalpy of dilution [ΔH0
dil (final)] as shown in Fig. 4. For 

some investigated systems (0.01 mol.kg-1 NaBr, 0.001 mol.kg-1 Na2SO4, and 0.005 mol.kg-1 

Na2SO4), however, the initial enthalpy of micellization was considered to be equal to the heat 

of the first injection assuming complete demicellization as suggested by Anderson et al. and 

Chadha et. al.83-84 The heat change due to micellization (ΔH0
obs) is then given by the difference 

between ΔH0
dil (initial) and ΔH0

dil (final) values.  

In some of the cases the data obtained here did not represent a plateau in the premicellar region, 

rather a linear variation of ∆𝐻dil
0  as a function of surfactant concentration with a definite slope 

was observed. Similar behavior has also been reported earlier for other surfactant solutions.58, 

59, 85-89  Further, for some solutions the enthalpy values at high concentrations have been found 

toreach a plateau below zero. These results are in accordance with what observed earlier 10, 52 

where for some surface active ionic liquids at high concentrations the enthalpy values have 

been reported to reach a plateau well above (~ +2.5 kJ.mol-1) or below (~ -2.0 kJ.mol-1) zero 

instead of tending to zero. 

The enthalpies of micellization (ΔH0
m) can be obtained from the following empirical equation 

52, 60: 
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∆𝐻m
0 =

∆𝐻obs
0 𝑐T

cT−𝑐𝑚𝑐
                                                                                                                         (17) 

where cT is the initial concentration of stock surfactant solution. Micellization of C16MImCl in 

aqueous solution is exothermic (ΔH0
m = -3.34 kJ.mol-1) and thecmc has been found to be 0.70 

x 10-3 mol.kg-1 at 298.15 K. Seoudetal.17 also investigated the micellization of C16MImCl and 

they found a ΔH0
m value of -2.75 kJ.mol-1 and a cmcof 0.99 x 10-3 mol.L-1. Thus, there is a 

good agreement between the values obtained in this study and those reported earlier. Addition 

of salts greatly influences the thermodynamics of the micellization of C16MImCl (cf. Fig. 5, 

Table 2). In presence of 0.001 mol.kg-1 NaCl, micellization is found to be endothermic (ΔH0
m 

= +0.56 kJ.mol-1), while for higher salinity it becomes exothermic, the enthalpy of micellization 

reaching a plateau within the limits of experimental error (cf. Fig. 5). On the other hand, in 

presence of the lowest amount of added NaBr, micellization is exothermic (ΔH0
m = -3.65 

kJ.mol-1)which then becomes endothermic and passes through a maximum (+ 4.16 kJ.mol-1) at 

0.01 mol.kg-1(Fig. 5).Luczak et al.52 also observed both positive and negative enthalpy changes 

during while studying the micellization of 1-decyl-3-methylimidazolium chloride in presence 

of KBr at 298.15K. Micellization of C16MImCl both in presence of Na2SO4 and Na3PO4 shows 

overall endothermicity at all electrolyte concentrations, the process being more endothermic in 

presence of Na3PO4.Enthalpy of micellization, as discussed in section 3.1, can be enlightened 

by two compromising factors. It is known that a cavity needs to be formed within the water 

structure to accommodate the micellar aggregate, and the addition of kosmotropes strengthens 

the water structure52. So, more energy is required to break the water structure in presence of 

the added kosmotropes compared to the kosmotrope-free situation, and consequently positive 

contribution to enthalpy factor increases and hence micellization becomes less exothermic in 

presence of these kosmotropes. Na2SO4 and Na3PO4 being the higher order kosmotropes 

produce greater endothermicity than the other two salts (NaCl and NaBr) except an unusual 

observation in presence of 0.01 mol.kg-1 NaBr. Due to the higher charge to radius ratio of 

hydrated Br - ion compared to that of the Cl- ion, Br-ions easily replace Cl- ions from the Stern 

layer of micelle 33 due to electrostatic reason and bind more easily with C16MIm+. The relatively 

large crowding of Br - ions in the Stern layer when NaBr concentration is sufficiently high 

might progressively destabilize the micelle, and contribute less to negative enthalpy. Beyond a 

threshold concentration (0.01 mol.kg-1) of Br - ion, to gain stability, some Cl- ions might defuse 

into the Stern layer, and finally micellization becomes exothermic (Fig.5) at 0.02 mol.kg-1 salt 

concentration. ΔH0
m values obtained by ITC measurements, however, deviate from those (van’t 
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Hoff enthalpies) obtained from the mass action model (cf. Section 3.1), though the relative 

trends are the same (cf. Table 2). Similar observations have also been reported earlier 45. 
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Fig. 4.  Calorimetric titration curves of C16MImCl in water and in presence of different salts 

with four different concentrations (0.001, 0.005, 0.01 and 0.02 mol.kg-1). (For each plot: top 

row (a): raw calorimetric traces (heat flow vs. time), bottom row (b): integration of peaks with 

thermodynamic parameters). 
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Fig. 5. Variation of calorimrtric enthalpies (ΔH0
m) in different C16MImCl-salt solutions as a 

function of salt concentrations at 298.15K. Error bars are given for each 
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Fig. 6. Thermodynamic parameters derived from mass action model using conductometry at 

different temperatures for the micellization of C16MImCl in the presence of two different 

concentrations of the added salts: (a) 0.001 mol.kg-1, and (b) 0.005 mol.kg-1
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3.8. Steady state anisotropy(r), steady state and time resolved fluorescence quenching: 

cmcs, micropolarity (I1/I3), life time (τ), Stern-Volmer quenching constant (KSV), and, 

aggregation number (Na) 

Fig.7(a) displays the steady state anisotropy (r) values as a function of surfactant molality (m) 

in presence of the four different salts each having a concentration of 0.001 mol.kg-1. The plots 

show the similar trend: with the addition of surfactant, r values decrease gradually and finally 

reach a plateau beyond a certain inflection point [54]. The intersection of the two linear profiles 

above and below that inflection has been identified as the cmc (Fig.7 (a)). The solubility of 

DPH in water as well as in salt solutions is very low. Hence, prior to the addition of surfactant, 

DPH molecules remain self-aggregated 53,54 impeding their rotational movement which results 

in a high value of anisotropy. Now, initial addition of surfactant to DPH solutions causes 

dissolution of the probe molecules leading to a gradual reduction in the anisotropy values. After 

commencement of surfactant aggregation, DPH molecules enters the hydrophobic micellar 

core of lower microviscosity53,54, and after that anisotropy remains invariant with added 

surfactant concentration. The cmc values obtained from anisotropy measurements agree well 

with those calculated from conductometric and tensiometric methods (cf. Table 1). 

The ratio of intensity of the first vibrational peak to that of the third of pyrene (I1/I3) has been 

widely used to determine the solvent polarity of pyrene environment 46, 90, 91. The ratio is 1.87 

in water and 0.58 in cyclohexane 92. The polarity of the pyrene environment increases as the 

I1/I3 ratio increases. Micropolarity (I1/I3) in the micellar region, which is an indicator of the 

feasibility of micellization, has been plotted as a function of the concentration of the added 

salts for all C16MeImCl-salt solutions in Fig. 7(b). Pyrene usually gets solubilized near the 

palisade layer of the micelle accompanied with some water molecules, and micropolarity 

senses the water penetration in this layer 46, 93. From Fig.7(b), it is clear that with the increase 

in salt concentration, micropolarity in the micellar region decreases within the error range, and 

the ratio I1/I3 changes marginally in the second or third decimal place (cf. Table 4).The change 

in the value of I1/I3with increasing salt concentrations in presence of Na2SO4 and Na3PO4 is, 

however, found to be relatively higher indicating that micellization of C16MImCl becomes 

more feasible in presence of these salts the more their concentrations.  
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Fig. 7. (a) Steady state fluorescence anisotropy (r) vs. concentration of C16MImCl in presence 

of different salts (each with a concentration of 0.001 mol.kg-1) at 298.15 K. Error bars are 

shown for the C16MImCl- Na2SO4 system. (b) A comparative plot of miropolarity (I1/I3) of 

micelle (surfactant concentration: 10 x 10-3 mol.kg-1) solubilized pyrene environment vs. 

concentration of added salts. Error bars are shown. 

 

The fluorescence probe, pyrene, has a lower fluorescence life time than the residence time of 

CPC (an immobile quencher) 93. Under these circumstances, the equation based on the 

proposed kinetic model of Gratzel and Tachiya 94, 95 can be transformed into the following form 

46, 55-57, 96, 97 

𝐼(𝑡) = 𝐼(0)exp [−
𝑡

𝜏0
− 𝑛{1 − exp (−𝑘q𝑡)}]                     (18) 

where I(t) and I(0) are the fluorescence intensities of pyrene at time t and zero respectively; τ0 

and τ are the pyrene life times in the micellar atmosphere in the absence and in presence of 

CPC respectively, and τ is defined as the reciprocal of the intramolecular first order quenching 

rate constant (kq) with one quencher molecule in or on the micelle. In Eq. (18), n is the ratio of 

the molal concentration of the quencher [Q] added to the surfactant solution to that of the 

micelle, and is given by 

𝑛 =  𝑁a
[𝑄]

[𝑆]−𝑐𝑚𝑐
                            (19) 

where Na is the aggregation number determined from time resolved fluorescence quenching 

(TRFQ) method, [S] and cmc are the initial surfactant concentration (here, 12 x 10-3 mol.kg-1) 

and corresponding cmc (the average values of cmcs from Table 1 were used for the 

determination of ND). The values of n have been obtained from a fitting of the Eq.19 by 
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nonlinear least squares method (χ2 test) for each quencher concentration in presence of different 

salt solutions with the help of IBH DAS-6 decay analysis software stated in the experimental 

procedure (section 2.2.3). The values of n have been kept here within 2 for theoretical 

consideration 98 and have been taken the average for all quencher concentration in each set of 

salts. 

Aggregation number (ND) has also been calculated from the steady state fluorescence 

quenching (SSFQ) measurements, assuming static quenching of probe in the micellar medium 

with the following equation 18, 99-103: 

𝑙𝑛
𝐹0

𝐹
= 

[𝑄]𝑁𝐷

[𝑆]−𝑐𝑚𝑐
                                         (20) 

where F0 and F are the fluorescence intensities of pyrene in absence and in the presence of 

CPC, respectively. Other terms in Eq. 20 have their usual significance, as already discussed 

above.  

Stern-Volmer equation can be used to determine the equilibrium bimolecular quenching 

constant (KSV) of pyrene by CPC which in case of static quenching takes the following form 

104: 

𝐹0

𝐹
= 1 + 𝐾SV[𝑄]                      (21) 

In case of dynamic quenching Eq. (20) may be written as 105 

𝜏0

<𝜏>
= 1 + 𝐾SV[𝑄]  = 1 + 𝑘𝑞𝜏0[𝑄]               (22) 

where<τ> and kq average lifetime in presence of quencher and the first order intramolecular 

quenching constant.  

Static and Dynamic quenching both show a linear dependence on quencher concentration[Q] 

when plotted F0/F and τ0/<τ> against [Q] respectively. Sometimes static and dynamic can 

occur simultaneously. Fig. 8(b) compares the F0/F vs. [Q] profiles with τ0/<τ> vs. [Q] profiles 

for some representative C16MImCl-salt solutions. Upward curvatures (second order polynomial 

dependence) in the steady state fluorescence quenching plots (F0/F vs. [Q]) demonstrate that 

quenching of pyrene in micellar environment in presence of electrolytes are both static and 

dynamic in nature. This statement was further proved by the dissimilarly in the values of F0/F 

and τ0/<τ> for the same [Q]. Linear time-resolved fluorescence quenching plots (τ0/<τ> vs. 

[Q]) accompanied with non-zero slope confirms dynamic quenching of pyrene in presence of 

CPC in the micellar environment of aqueous C16MImCl-salt solutions investigated here. So 

coupled influences of both the dynamic and static quenching have been operated. Such a 
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combined effect has also been reported earlier where quenching of anthracene fluorescence by 

CPC in SDS micelle environment has been investigated 105. 

Stern-Volmer constant (Ksv) values calculated from Eq. (20) have been listed in Table 5. Also 

included in this table are the kq values calculated using the Ksv values along with the unquenched 

life times (τ0). In absence of the quencher, the decay curve of pyrene is single-exponential, 

whereas these are bi-exponential in presence of CPC 55-57, 96 for aqueous surfactant and for all 

surfactant-salt solutions. This means, pyrene can be accessible by CPC in two different regions 

of micelle. These bi-exponential plots provide two sets of life time values (𝜏1and 𝜏2; cf. Table 

S1). Average life time values (<τ>) for all the sets in presence of CPC have been considered 

here, and are shown in Table S1. Quenching plots [log(count) vs. time] of pyrene in micellar 

environment of C16MImCl by CPC for all the salts (concentration: 0.001 mol.kg-1) have been 

shown in Fig. S4 of the supplementary section. Fig. 8(a) demonstrates the variation of life time 

as a function of the concentration of the added salts in absence of the quencher. The observed 

pyrene lifetime (136 ns) agrees fairly well with the literature values of the lifetimes (108-119 

ns) in various aqueous cationic micellar solutions106. The lifetime reflects the accessibility of 

chloride ions into the different micelles to quench the pyrene. The present observation thus 

indicates that pyrene was quenched by the chloride ions in slightly different ways depending 

on the nature of the surfactant. The life time values in absence of the quencher (τ0) are found 

to vary within the range of 99-154 ns for aqueous C16MImCl-NaBr solutions, while for aqueous 

C16MImCl-NaCl, C16MImCl-Na2SO4, and C16MImCl-Na3PO4 systems τ0 values are found to 

be relatively higher (143-160 ns) probably due to an increase in the hydrophobicity in micellar 

region resulting from the decrease in the micropolarity in the later cases (cf. Table 4). Relative 

lifetime values of pyrene in micellar media in presence of different electrolytes at 0.02 mol.kg-

1 have been shown at the inset of Fig. 8(a). Pyrene while defusing into the micelle in NaBr 

soluion quenched by Br- ions 107 in the vicinity of Stern layer, manifested in lower life time 

values at high ionic strength of Br- which was reflected in the high Ksv values with increasing 

Br- (cf. Table 5) comparing with the other salts. The adsorbed Cl- ions around C16MIm+ may be 

replaced by other anions in presence of different added electrolytes which lead to a varying 

quenching of the excited state.107 The variation in lifetime thus indicates that pyrene was 

quenched in different ways depending on the nature of the added salts.  

The values of the Stern-Volmer constants (Ksv) are always found to be greater than those in water 

(Table 5). Micellar aggregation numbers have been obtained both from SSFQ (Na) and TRFQ 

(ND) methods, and are listed in Table 5. The aggregation number values obtained with TRFQ 
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method are always found to be higher than those obtained with the SSFQ method. That the 

TRFQ method produces higher values of the aggregation numbers of a number of gemini 

surfactants has also been reported earlier by Tehrani-Bagha et al. 106 Addition of any of the 

investigated salts results in an increase in the aggregation number of C16MImCl micelles (cf. 

Table 5). The aggregation numbers of C16MImCl micelles  in presence of the salts have been 

found to increase in the order: NaCl ≈ Na2SO4< NaBr < Na3PO4. The present study revealed 

an approximate linear relationship between the aggregation number and the hydrodynamic 

diameters of C16MImCl micelles in presence of NaBr, Na2SO4, and Na3PO4 while this is not 

the case in the presence of NaCl indicating that the micelles are less compact in the latter case 

compared to the former cases. 

 

Fig. 8. (a) Life time (τ) of solubilized pyrene in micelle (surfactant concentration: 12 x 10-3 

mol.kg-1) in water and in different salt solutions vs. salt concentration. Error bars are also 

shown. The inset depicts a comparative decay curve of pyrene in micellar medium in presence 

of different salts each with a concentration of 0.02 mol.kg-1 without quencher. (b) F0/F (black) 

and τ0/τ (red) vs. CPC concentration in presence different salts.  

 

3.9. Zeta potential (ζ ) and hydrodynamic radius (Rh) from DLS 

The Zeta potential (ζ) defines the potential of the diffused electrical double layer of the ionic 

micellar aggregates. It provides a measure of the extent of electrostatic repulsion between 

aggregates with like charges in solution. The magnitude of Zeta potential also gives an estimate 

of the stability of colloidal systems.108 In the present study, the magnitude of ζ has been found 

to decline for C16MImCl micelles as the concentration of each of the added salt increases. The 

influence of the concentration of the added salt on ζ is consistent with the classical electrical 

double layer theory, according to which an increase in salt concentration causes a reduction of 

the thickness of the electrical double layer (Gouy-Chapman layer) and consequently there is a 
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decrease in Zeta potential (cf. Table 4 and Fig. 9).The stability of the system decreases with the 

decrease of ζ and it is generally considered that the instability window in terms of ζ varies 

within +30 mV to -30 mV. From Fig. 9, it is evident that the highest ζ values are obtained in 

presence of NaCl and the least in presence of Na2SO4. Bivalent and trivalent anions have 

reduced ζ significantly as these anions compress electrical double layer more effectively. This 

trend in ζ is similar to that what we find for the cmc values in presence of the investigated salts. 

(cf. Table 1). It is evident from Table 4 and Fig. 9 that the hydrodynamic radius (Rh) of 

C16MImCl micelles increases with the increase of salt concentration. Presence of different salts 

affect the Rh values of C16MImCl micelles differently, and the following sequence of these 

values have been found in presence of the investigated salts: NaCl > Na3PO4> NaBr > Na2SO4. 

Representative plots of the number (%) vs. size (nm) of the C16MImCl micelles in presence of 

0.02 mol.kg-1 of all the salts have been included in the supplementary section (Fig. S5) for 

better understanding of the size distribution of the micellar aggregates in salt medium. 

 

 
Fig. 9. Zeta potential (ζ) of C16MImCl micelle in water and in different salt solutions (surfactant 

concentration: 6 x 10-3 mol.kg-1) vs. salt concentration. Error bars are given. At the inset: the 

hydrodynamic diameter (Dh) of micelle (surfactant concentration: 6 x 10-3 mol.kg-1) vs. salt 

concentration profile. Error bar for one system is given and the error bars for other systems are 

same. 

 

4. Conclusions 

A comprehensive study on the factors affecting the micellization of a surface-active ionic 

liquid, 1-hexadecyl-3-methylimidazoilium chloride, in presence of different alkali metal salts 

in aqueous solutions unravelled the nature of the subtle interactions prevailing in these 

solutions. Since surfactant-salt mixtures have enormous potential in biological, technological, 
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medical and pharmaceutical formulations, in enhanced oil recovery etc. for the purpose of 

improved solubilization, suspension and dispersion, it is anticipated that the information 

obtained here might help modulate the properties of the 1-hexadecyl-3-methylimidazoilium 

chloride micelles, in particular, and other surface-active ionic liquids in general. This study 

signifies the importance of conductometry, tensiometry, spectrofluorimetry, isothermal 

titration calorimetry and dynamic light scattering in conjunction with judicious choice of 

appropriate theoretical models to elucidate the behaviour of surface-active ionic liquid micellar 

solutions. 

Table 1. Critical micellar concentration (cmc) of aqueous C16MImCl in absence and presence 

of various salts with varying molal concentrations using conductometry (cond.), tensiometry 

(ST), steady state fluorescence anisotropy (FA), isothermal titration calorimetry (ITC)within 

the temperature range 298.15 K to 318.15 Ka 

Added 

salt conc. 

(mol.kg
-1

) 

 

T (K) 

10
4
cmc (mol.kg

-1
)

 

cond. ST FA ITC Average 

C16MimCl in water 

0 298.15 8.55, 8.76,a 8.60b 8.28, 9.55a 9.06 7.70, 9.90b 8.80 

303.15 9.42,a 8.82c 9.71a - - 9.32 

308.15 9.49,a 9.10b 10.17a - - 9.59 

313.15 9.95,a9.26c 10.93a - - 10.0 

318.15 10.63,a 10.10b 11.07a - - 10.6 

 

C16MimCl in NaCl solutiond
 

0.001 

 

 

298.15 5.99 6.32 5.40 6.67 6.09 

303.15 6.02 - - - - 

308.15 6.40 - - - - 

313.15 6.59 - - - - 

318.15 7.18 - - - - 

0.005 

 

 

298.15 2.29 1.99 2.23 2.10 2.15 

303.15 2.68 - - - - 

308.15 2.72 - - - - 

313.15 2.70 - - - - 

318.15 
3.37 

- - - - 

0.010 298.15 - 1.32 1.09 0.60 1.00 

0.020 298.15 - 0.91 0.91 0.54 0.79 

 

C16MimCl in NaBr solutiond
 

0.001 

 

 

298.15 3.29 2.97 3.39 1.10 2.70 

303.15 3.42 - - - - 

308.15 3.95 - - - - 

313.15 4.60 - - - - 
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aRef. [63]. 
bRef. [17]. 
cRef. [18]. 
dCalculated in this present work. 

 

318.15 4.94 - - - - 

0.005 

 

 

298.15 1.46 1.27 1.47 0.91 1.30 

303.15 1.47 - - - - 

308.15 1.48 - - - - 

313.15 1.58 - - - - 

318.15 1.81 - - - - 

0.010 298.15 - 1.21 0.77 0.81 0.93 

0.020 303.15 - 0.53 0.48 0.45 0.49 

 

C16MimCl in Na2SO4 solutiond 

0.001 

 

 

 

298.15 1.28 1.01 1.52 0.43 1.06 

303.15 1.31 - - - - 

308.15 1.41 - - - - 

313.15 1.53 - - - - 

318.15 1.70 - - - - 

0.005 298.15 1.07 0.58 0.98 0.40 0.65 

303.15 1.25 - - - - 

308.15 1.28 - - - - 

313.15 1.37 - - - - 

318.15 - - - - - 

0.010 298.15 - 0.51 0.70 0.34 0.52 

0.020 303.15 - 0.50 0.65 0.23 0.46 

 

C16MImCl in Na3PO4 solutiond 

0.001 

 

 

298.15 2.33 2.20 2.25 - 2.26 

303.15 2.29 - - - - 

308.15 2.67 - - - - 

313.15 3.01 - - - - 

318.15 3.46 - - - - 

0.005 

 

 

298.15 1.16 0.90 1.27 0.96 1.07 

303.15 0.87 - - - - 

308.15 1.47 - - - - 

313.15 1.51 - - - - 

318.15 1.71 - - - - 

0.010 298.15 - 0.80 0.81 0.57 0.73 

0.020 303.15 - 0.75 0.75 0.52 0.67 
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Table 2. Degree of counterion binding (β), Gibbs free energy of micellizationfrommass action 

model (ΔG0
m), enthalpy of micellization (ΔH0

m) / from ITC (within the bracket), entropy of 

micellization (ΔS0
m), compensation temperature (Tcom), intrinsic enthalpy gain (ΔH0

m
*) in 

absence and presence of different salt solutions within the temperature range 298.15 K to 

318.15 Ka 

[Salt] 
(mol.kg-1) 

T 

(K) 

β 
 

ΔG 0m 
(kJ.mol-1) 

ΔH 0m 
(kJ.mol-1) 

ΔS 0m 
(kJ.mol-1.K-1) 

 

Tcom 

(K) 
ΔH 0*m 

(kJ.mol-1)

 

|
𝑻∆𝑺𝒎

𝟎

∆𝑮𝒎
𝟎
| 

 
                                   C16MImCl in waterb 

0 

 

 

298.15 0.50 -41.04 -6.94  0.11 - - - 

303.15 0.49 -41.26 -9.40 0.10 - - - 

308.15 0.48 -41.56 -11.99 0.09 - - - 

313.15 0.47 -41.74 -14.69 0.08 - - - 

318.15 0.46 -41.85 -17.52 0.07 - - - 

 
                                  C16MimCl in NaCl solutionc 

0.001 298.15 0.63 -46.2 -3.63(0.56) 0.14 - - 0.92 

 303.15 0.62 -46.7 -8.36 0.13 - - 0.82 

 308.15 0.59 -46.3 -13.2 0.11 278 -43.3 0.71 

 313.15 0.57 -46.3 -18.2 0.09 - - 0.61 

 318.15 0.56 -46.4 -23.6 0.07 - - 0.49 

0.005 298.15 0.64 -50.4 -17.1(-0.67) 0.11 - - 0.66 

 303.15 0.64 -50.6 -21.5 

-25.9 

-30.6 

0.09 

0.08 

0.06 

- - 

-48.4 

0.57 

0.49 

0.40 

308.15 0.62 -50.8 279 

313.15 0.61      -51.2 - 
 318.15 0.57 -49.8 -34.9 0.05 - - 0.29 

0.010 298.15 - - (-2.62) - - - - 

0.020 298.15 - - (-2.85) - - - - 

 
                                 C16MimCl in NaBr solutionc

 

0.001 298.15 0.67 -49.8 -26.1(-3.65) 0.08 - - 0.47 

 303.15 0.66 -50.2 -28.3 0.07 - - 0.43 

 308.15 0.64 -49.8 -30.4 0.06 223 -44.2 0.39 

 313.15 0.61 -49.0 -32.3 0.05 - - 0.34 
 318.15 0.57 -48.2 -34.1 0.04 - - 0.29 

0.005 298.15 0.68 -53.5 8.57(0.21) 0.21 - - 1.00 

 303.15 0.67 -54.0 -2.79 0.17 301 -53.8 0.95 

 308.15 0.66 -54.5 -14.8 0.13 - - 0.73 

 313.15 0.65 -54.8 -27.4 0.08 - - 0.49 

 318.15 0.64 -54.8 -40.6 0.04 - - 0.26 

0.010 298.15 - - (4.16) - - - - 

0.020 298.15 - - (-1.61) - - - - 

 
                             C16MimCl in Na2SO4 solutionc 

0.001 298.15 0.79 -57.6 -8.41(0.65) 0.16 - - 0.85 

 303.15 0.76 -57.4 -15.2 0.14 - - 0.73 

 308.15 0.74 -57.4 -22.4 0.11 299.6 -57.1 0.61 

 313.15 0.71 -56.9 -29.6 0.09 - - 0.48 

 318.15 0.78 

-59.7 -39.3 0.06 

- - 0.34 

 

0.005 298.15 0.57 -51.2 -38.6b (0.09)   -  

 303.15 0.58 -52.6 -148.8b   -  
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 308.15 0.70 -58.3 -266.6b   -  

 313.15 0.83 -61.5 -388.3b   -  

0.010 298.15 - - (0.24)   -  

0.020 298.15 - - (0.17)   -  

 
                              C16MimCl in Na3PO4 solutionc

 

0.001 298.15 0.63 -50.0 -10.7 0.13 - - 0.78 

 303.15 0.62 -50.6 -20.9 0.09 - - 0.58 

 308.15 0.61 -50.5 -31.7 0.06 291 -49.0 0.37 

 313.15 0.56 -49.2 -41.9 0.02 - - 0.15 

 318.15 0.55 -49.1 -53.5 -0.01 - - 0.09 

0.005 298.15 0.64 -53.1 -10.4(2.02) 0.14 - - 0.80 

 303.15 0.64 -55.2 -22.5 0.11 - - 0.59 

 308.15 0.54 -50.6 -33.2 0.06 297 -53.1 0.34 
 313.15 0.65 -55.0 -49.4 0.02 - - 0.10 

 318.15 0.57 -52.6 -60.9 -0.03 - - 0.16 

0.010 298.15 - - 0.34 - - - - 

0.020 298.15 - - 1.07 - - - - 

 
 

aΔH0
m calculated using Eq. (5). 

bΔH0
m, ΔS0

m, and ΔG0
m values taken from Ref. [63] for the micellization of C16MImCl in water. 

cCalculated in this study 

 

Table 3. Surface excess at air/water interface (Γcmc), minimum area per surfactant monomer at 

air/water interface (Amin), efficiency of interfacial adsorption (pC20), surface pressure at the cmc 

(πcmc), and micellar packing parameters (P) in absence and in presence of different salts with 

varying concentrations at 298.15 K. 

Added 

salt 

[Salt]  

(mol·kg-1) 

103πcmc 

(J·m-2) 

106Γcmc 

(mol·m-2) 

Amin(nm2·molecule-1) 𝒑𝑪𝟐𝟎 P 

NaCl 0 28.7 1.95 0.85 3.40 0.25 

0.001 30.5 1.28 1.29 1.11 0.16 

0.005 30.8 1.76 0.94 1.56 0.22 

0.010 32.8 1.82 0.91 1.47 0.23 

0.020 33.4 1.54 1.08 2.06 0.19 

NaBr 0.001 34.3 2.36 0.70 1.14 0.30 

0.005 35.6 2.53 0.66 1.58 0.32 

0.010 37.2 2.60 0.64 1.78 0.33 

0.020 36.3 3.15 0.53 1.84 0.40 

Na2SO4 0.001 29.0 2.28 0.72 1.52 0.29 

0.005 31.0 1.74 0.95 1.92 0.19 

0.010 31.0 1.15 1.44 1.98 0.16 

0.020 32.7 1.90 0.87 2.00 0.23 

Na3PO4 0.001 29.7 1.15 1.15 1.55 0.14 

0.005 31.1 1.11 1.49 1.87 0.14 

0.010 30.0 1.50 1.10 1.70 0.19 

0.020 33.0 1.39 1.19 2.02 0.18 
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Table 4. Experimental values of hydrodynamic radius (Rh), Zeta potential (ζ)and 

micropolarity (I1/I3) in different C16MImCl-salt solutions at 298.15K. 

Added salt [Salt] 

(mol·kg1) 

Rh (nm) ζ  

(mV) 

I1/I3 

   

NaCl 0 - -   0.996  ± 0.0008 

0.001 1.56 ± 0.03 57.0 ± 2 0.996  ± 0.0009 

0.005 2.42 ± 0.02 51.2 ± 3 0.994  ± 0.0010 

0.010 2.90 ± 0.04 45.2 ± 2 0.992  ± 0.0008 

0.020 2.80 ± 0.02 32.6 ± 3 0.992  ± 0.0008 

NaBr 0.001 1.56 ± 0.02 54.6 ± 3 0.996  ± 0.0010 

0.005 1.81 ± 0.04 38.1 ± 2 0.998  ± 0.0008 

0.010 2.42 ± 0.03 32.2 ± 2 0.991  ± 0.0007 

0.020 2.42 ± 0.04 26.1 ± 1 0.987  ± 0.0010 

Na2SO4 0.001 1.56 ± 0.03 10.3 ± 2 0.996  ± 0.0008 

0.005 1.95 ± 0.02 4.62 ± 1 0.989  ± 0.0007 

0.010 2.09 ± 0.04 3.19 ± 0.8 0.978  ± 0.0009 

0.020 2.09 ± 0.02 0.14 ± 0.5 0.972  ± 0.0010 

Na3PO4 0.001 1.81 ± 0.01 43.6 ± 3 0.996  ± 0.0010 

0.005 2.42 ± 0.04 12.9 ± 2 0.989  ± 0.0007 

0.010 2.42 ± 0.02    11.0 ± 0.7 0.980  ± 0.0010 

0.020 2.81 ± 0.03   10.7 ± 0.5 0.973  ± 0.0009 

 

Table 5. Stern-Volmer quenching constant (KSV), bimolecular quenching constant (kq), 

aggregation number by steady state quenching method (Na) and time resolved fluorescence 

quenching method (ND) of pyrene of micelle solution (12 x 10-3 mol.kg-1) with CPC at 298.15 

K 

Added salt [salt] 

(mol.kg-1) 

10-3Ksv 

(mol-1.kg) 

10-10kQ 

(s-1) 

Na 

 

ND 

 

NaCl 0 0.84 0.62 48 ± 5 91±4 

 0.001 1.93 1.21 74± 5 - 

 0.005 2.35 1.47 81± 4 104±6 

 0.010 2.26 1.43 - 102±6 

 0.020 1.43 0.89 95± 5 128±4 

NaBr 0.001 1.66 1.08 - 96± 5 

 0.005 2.36 1.73 - 109±5 

 0.010 2.27 1.95 - 109±5 

 0.020 2.99 3.01 - 117±7 

Na2SO4 0.001 1.38 0.97 64 ± 5 93±7 

 0.005 1.52 1.05 74± 5 103±6 

 0.010 2.11 1.42 86± 6 105±9 

 0.020 2.05 1.40 92± 4 131±5 

Na3PO4 0.001 2.10 1.35 61 ± 5 101±6 

 0.005 1.91 1.25 74± 4 109±5 

 0.010 2.29 1.46 99± 6 110±4 

 0.020 1.88 1.25 117± 6 155±8 
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Supplementary Section 

 

Studies on the self-aggregation, interfacial and thermodynamic properties of a surface 

active imidazolium-based ionic liquid in aqueous solution: Effects of salt and 

temperature. 

 

Fig. S1: (dlnXcmc/dT) vs. Temperature (T) plot for the micellization of C16MImCl in 

presence two different salt concentrations. 
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Fig. S2: Enthalpy vs. Entropy compensation plot for the micellization of C16MImCl in 

presence of water and different salt concentrations 

 

Fig. S3: Γcmc vs. molality (m) plot for the micellization of C16MImCl in presence different 

salt concentrations. 
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Fig. S4: Time resolved quenching of pyrene by CPC in micellar environment of 

C16MImCl in presence of different salts (a:  NaCl, b: NaBr, c: Na2SO4, d: Na3PO4) at 

0.001 m concentration. Concentrations of CPC [CPC] have been given in the individual 

plots. 
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Fig. S5: Intensity (%) vs. size (nm) profile for the micellization of C16MImCl in presence 

salts of 0.01 m; a:  NaCl, b: NaBr, c: Na2SO4, d: Na3PO4 
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Table S1.  Time resolved fluorescence quenching data of pyrene on C16MImCl solution (12mmolal) with 

CPC as quencher at 298.15 ± 0.1 Ka 

 

m Water/Salts [CPC] 

10-3m 

(τ0)/τ1 

ns 

     b1 τ2 

ns 

b2 <τ> 

ns 

χ2 

  0.00 (136) 100.0   136.0 1.25 

0 Water 0.16 31.7 24.64 148.1 75.36 119.4 1.05 

  0.31 32.2 36.31 151.5 63.69 108.2 1.05 

  0 (160) 100.0   160.0 1.13 

 

 

 

 

 

0.001 

NaCl 0.16 29.0 31.30 155.3 68.70 115.8 1.17 

 0.31 31.1 39.28 146.4 60.72 101.1 1.11 

 0 (154.4) 100.0   154.4 1.17 

NaBr 0.16 32.8 25.30 157.3 74.70 125.8 1.05 

 0.31 31.3 40.40 145.9 59.60 99.61 1.10 

 0.00 (142.6) 100   142.6 1.22 

Na2SO4 0.16 38.24 30.90 150.8 69.10 116.0 1.02 

 0.31 33.08 48.46 143.3 51.54 89.87 1.00 

 0 (155.0) 100   155.1 1.20 

Na3PO4 0.16 36.6 29.03 154.6 70.97 120.3 1.06 

 0.31 31.09 44.21 141.2 55.79 92.50 1.07 

 NaCl 0 (159.6) 100.0   159.6 1.05 

 

 

 

 

 

0.005 

 0.16 36.0 24.52 154.1 75.48 125.1 1.06 

 0.31 28.6 45.49 144.8 54.51 91.92 1.05 

NaBr 0 (136.8) 100.0   136.8 1.08 

 0.16 35.3 30.34 132.6 69.66 103.0 1.09 

 0.31 34.0 50.25 120.9 49.75 77.29 1.13 

Na2SO4 0 (144.6) 100   144.6 1.16 

 0.06 85.0 35.0 155.3 65.0 130.7 1.03 

 0.31 33.67 51.61 133.9 48.39 98.44 1.02 

Na3PO4 0 (151.7) 100   151.7 1.01 

 0.16 47.84 34.77 165.2 65. 23 124.3 1.07 

  0.31 39.44 53.38 152.8 46.62 92.31 1.17 

 NaCl 0 (157.9) 100.0 0  157.9 1.27 

 

 

 

 

 

0.01 

 0.16 28.9 33.61 152.2 66.39 110.7 1.16 

 0.31 30.5 43.80 140.9 56.20 92.55 1.18 

NaBr 0 (116.2) 100.0 0  116.2 1.14 

 0.16 36.70 33.07 112.7 66.93 87.57 1.11 

 0.31 29.3 44.76 97.55 55.24 67.03 1.07 

Na2SO4 0 (148.9) 100.0   148.9 1.07 

 0.16 41.38 35.12 147.5 64.88 110.3 1.08 

 0.31 33.18 51.27 124.7 48.73 77.79 1.01 

Na3PO4 0 (156.9) 100.0   156.9 0.99 

 0.16 45.1 33.8 160.8 66.2 121.7 1.15 

 0.31 34.91 47.81 139.4 52.19 89.45 1.06 

 

 

 

 

 

 

0.02 

 0 (159.6) 100.0 0  159.6 1.05 

NaCl 0.16 29.8 33.45 155.7 66.55 113.6 1.27 

 0.31 34.6 46.46 139.1 53.54 90.54 1.10 

 0 (99.4) 100.0 0  99.40 1.17 

NaBr 0.16 27.2 29.89 91.20 70.11 72.06 1.09 

 0.31 25.9 49.22 73.41 50.78 50.06 1.07 

 0 (146.4) 100   146.4 1.25 

Na2SO4 0.16 44.29 39.74 150.9 60.26 108.6 1.08 

 0.31 33.89 55.37 130.9 44.63 77.22 1.10 

 0 (151.0) 100.0   151.0 1.12 

Na3PO4 0.16 44.07 31.78 158.6 68.22 122.2 1.00 

  0.31 39.03 50.31 148.4 49.69 93.37 1.03 

 

aτ0 values (within the first bracket) indicate life time when the quencher concentration is 

0 mmol.kg-1. Standard relative uncertainties (ur ): ur(<τ>) = 0.4 
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A detailed assessment on the interaction of sodium alginate with a surface-active ionic 

liquid and a conventional surfactant: a multitechnique approach ǂ 

                                                  

Abstract: 

Investigation has been made on the interaction of a biodegradable anionic polyelectrolyte, sodium 
alginate (NaAlg) with two oppositely charged cationic surfactants, 1-hexadecyl-3-methyl imidazolium 
chloride (C16MImCl) and 1-hexadecyl triphenylphosphonium bromide (C16TPB), former is a Surface-
Active Ionic Liquid (SAIL) and latter a conventional surfactant over a wide concentration regime of 
polyelectrolyte. Dual influence of electrostatic and hydrophobic interactions plays in this investigation 
when mixing surfactants to oppositely charged polyelectrolyte. A number of different experimental 
techniques, e.g., conductometry, tensiometry, steady state and time resolved spectrofluorimetry, 
turbidimetry, isothermal titration calorimetry (ITC), dynamic light scattering (DLS), attenuated total 
reflection (ATR), high resolution transmission electron microscopy (HR-TEM) and fluorescence 
microscopy have been implemented to get comprehensive information originated from the interaction 
of oppositely charged polyelectrolyte and surfactants. Tensiometry study reveals the existence of 
several conformations of NaAlg influenced by different concentrations of surfactants titrated to it and 
these are abbreviated as, critical aggregation concentration (cac), saturated concentration of polymer-
surfactant complex (Cs) and finally extended critical micelle concentration (Cm*) due to aggregation of 
surfactant itself, appeared in chronological order from low to high concentrations of surfactants. Apart 
from tensiometry, these above concentrations have been well found and the values are well comparable 
when investigating polyelectrolyte-surfactant interaction by other physicochemical techniques also. 
Irreversible phase separation of oppositely charged polyelectrolyte- surfactant complex (PS-complex) 
occurs at higher polyelectrolyte concentration investigated here for both the surfactants in the vicinity 
of cac for C16MImCl and near Cm*1 for C16TPB and finally persists after further addition of surfactants 
above the formation of free micelles. Several bulk and interfacial parameters, viz., Gibbs free energy of 
micellization (ΔG0m), enthalpy of micellization (ΔH0m), entropy of micellization (ΔS0m), degree of 
counterion binding (β), surface excess at cmc (Γmax), area minimum (Amin), surface pressure at cmc 
(πcmc), pC20, packing parameter (P), hydrodynamic radius (r) and aggregation number (Na) of two 
surfactants both in presence and absence of NaAlg have been calculated for these investigated 
systems. Characterization of NaAlg, both surfactants and their individual complexes were performed 
using FTIR-ATR. DLS shows the distribution of size of polymer surfactant complexes over a wide range 
of surfactant concentrations at a fixed polyelectrolyte concentration, while HR-TEM study reveals not 
only the size of agglomerated clusters of PS-complex and also its shapes. Images of NaAlg-surfactatant 
complexes were also captured using fluorescence microscopy in solution phase. Strong PS-complex in 
presence of C16MImCl has been reported here over C16TPB.  
 

 

(ǂ Published in Phys. Chem. Chem. Phys., 24, (2022) 13738-13762) 

 

1. Introduction: 

Surfactants form a specific type of aggregate in both aqueous and non-aqueous solvents at a 

threshold concentration, called critical micelle concentration (cmc)1-3. Significant attentions 

have been paid for decades till now4-14 on the oppositely charged polyelectrolyte with different 

conventional surfactant systems for their complexation ability and rich aggregation behaviour 
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in aqueous solution by considering emerging applications in cosmetic and paint industries, and 

also in enhanced oil recovery process. This complexation ability originates from the coulombic 

attraction between the oppositely charged polyions and surfactant monomers as well as the 

hydrophobic attraction among the apolar chain of surfactants, hydrophobic moieties of 

polyelectrolytes and tails of surfactants. Recently,15-19 some interests grow on the interaction 

of carbohydrate type polyelectrolytes with surface active ionic liquids (SAIL) in aqueous 

solution15-19. Carbohydrate based polymers gain special attraction for their biocompatible, 

biodegradable and low immunogenic nature17, 20, 21 and on the other hand, SAILs can improve 

mechanical, thermal and electrochemical properties of materials in addition with polymers in 

industrial arenas. For example, ILs have been used as curing agents22, modifier of glass 

temperature transition23, conducting agent in polymer electrolytes film24 as well as building 

blocks of polymer matrix25, as plasticizers for polysaccharides26 and also as heterogeneous 

catalyst in conjugation with polyelectrolyte27. Moreover, easy tune of hydrophobic moieties 

and also counterions make the ionic liquids (‘designer solvents’) attractive in recent scenario 

over conventional surfactants28. Sodium Alginate (NaAlg), an anionic biodegradable 

polysaccharide has been synthesized from marine brown algae containing 1-4 linked α-L-

guluronic (G) and β-D-mannuronic (M) acid residues arranged in an irregular blockwise pattern 

of varying proportions of GG, MG, and MM blocks., widely used12, 17, 20, 22, 29 in medical, 

pharmaceutical industry for the purpose of gelling agents and in food industries as a stabilizer 

and thickener21, 29. This anionic polyelectrolyte (block copolymers) has enormous uses for the 

production of bio films, bandages, beads, nanoparticles, and microcapsules by recognising its 

significant biocompatible stable gelling properties29, 30 which is obtained mainly by 

incorporation of surfactants and inorganic salts (K2CO3, CaCO3 etc.) at much higher NaAlg 

concentration with different proportions, investigated in previous literatures.20, 31, 32 Keeping in 

mind these several uses of NaAlg in medical, pharmaceutical and food industry, a systematic 

study on the interaction of NaAlg with various surfactants in aqueous solution also with other 

additives have much needed at wide concentration range of NaAlg both for the purpose of 

industrial as well as academic interest. Off late, although a significant amount of research work 

have been devoted to elucidate the physicochemical parameters for another biodegradable 

polyelectrolyte, sodium carboxymethylcellulose (NaCMC) with imidazolium SAILs in 

aqueous solution by researchers16, 18, 19, 33-35, a comprehensive physicochemical investigation 

on the interaction of NaAlg with imidazolium ionic liquids in aqueous solution at low to 

moderately high polyelectrolyte concentration scarcely found in literature17. 
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In this present study, investigation has been performed on the aggregation phenomena and their 

thermodynamics of a cationic SAIL 1-hexadecyl-3-methylimidazolium chloride (C16MeImCl), 

and a conventional surfactant, 1-hexadecyl triphenylphosphonium bromide (C16TPB) in 

aqueous solution in absence as well as in presence of NaAlg as a function of polyelectrolyte 

concentration as probed by tensiometry, conductometry, isothermal titration calorimetry (ITC), 

steady state and time resolved fluorimetry and dynamic light scattering at 298.15 K. 

Characterization of NaAlg-surfactant complexes (PS-complex) were performed using FTIR-

ATR technique. Fluorescence imaging and high-resolution transmission electron microscopy 

(HR-TEM) were used for the visual impression of polyelectrolyte surfactant complex (PS- 

complex) mediated by NaAlg with different surfactants investigated here, and also determining 

its size and shape. Two surfactants having different head groups and same number of carbon 

chain have been selected to gain better insight on the effect of different head groups with NaAlg 

in aqueous solution, also comparing the effect of SAIL to the conventional surfactant on 

NaAlg. 

 

2. Experimental section: 

2.1. Materials and solution preparation: 

1-Hexadecyl-3-methylimidazolium chloride monohydrate [C16MImCl] was purchased from 

Acros Organics (Germany) and 1-hexadecyl triphenylphosphoniumbromide (C16TPB), 98% 

has been procured from Alfa Aesar (India), a part of Thermo Fisher Scientific. Alginic acid 

sodium salt (NaAlg) from brown algae (W201502) was obtained from Sigma Aldrich (USA). 

All the samples are used without further purification. Structures of polyelectrolyte and 

surfactants are displayed in Fig. 1. Reagent grade (ACS reagent, ≥99.0%) NaCl, fluorescence 

probe, pyrene (98%), cetylpyridinium chloride (CPC) and 1,6-diphenyl-1,3,5-triene (DPH) 

were purchased from Sigma Aldrich (USA) and used as received.  

https://www.sigmaaldrich.com/catalog/product/sigald/s9888?lang=en&region=IN
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Figure 1. Structures of C16MImCl (a), C16TPB (b) and NaAlg (c) 

 

 

All solutions are prepared in triply distilled water of specific conductance ~1.0 µS/cm 

throughout the experiments at 298.15K. Concentration of NaAlg was chosen as 0.001, 0.005 

and 0.01% (w/v) in this investigation. Polyelectrolyte concentration was fixed throughout the 

experiments during the titration of each surfactant to it. All the physicochemical parameters 

were measured after addition of stock surfactant solution to the corresponding polyelectrolyte 

solution of same concentration progressively with 5-10 min intervals (in short equilibration 

time) after proper stirring.  No further modifications of any physicochemical properties with 

time are observed for all polyelectrolyte concentrations. 
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2.2. Methods: 

2.2.1. Tensiometry: 

A calibrated Krüss-K8 tensiometer (Germany) was used to determine surface tension at air 

water interface by du Noüy ring detachment method at 298.15 K. A clean platinum ring was 

used for this purpose. This ring has been cleaned using deionized water and acetone 

successively and burned briefly until glowing in ethanol flame prior to each measurement. A 

measured amount of 5 mL aqueous polyelectrolyte solutions (different % w/v) was taken in a 

double jacket container attached with a thermostatic water bath to maintain the desired 

temperature with an accuracy of ± 0.1 K. Stock surfactant solutions were prepared ~15 times 

above the cmcs19, 36-38; shown in Table 1& Table 2. in respective solvents (different % w/v 

polyelectrolyte solution) and added to the double jacket container by a Hamiltonian micro 

syringe and stirred well after each addition and kept for 5 minutes before taken the data. The 

same procedure has been followed for studying micellization of surfactants in aqueous solution 

also (cf. Figure. 2A (a) for C16MImCl and Fig 2B (b) for C16TPB.). Two or three consecutive 

readings of surface tension were taken for a particular addition of surfactant into polyelectrolyte 

solution by a syringe for better reproducibility. Surface tension of distilled water used for 

preparation of different solutions was found to be 70.8 mN.m-1 with the precision of ±1 mN.m-

1 at 298.15 K. The concentrations of NaAlg in this present study have been chosen (maximum 

concentration = 0.1 gm/L or, 4.6x10-4 mol saccharide unit/L) in such a manner that, NaAlg 

cannot show significant surface activity adopting extra complexity in tensiograms upon 

addition of surfactants. It has been observed that, surface activity of NaAlg in aqueous solution 

does not increase significantly even as high as of its 2x10-3 mol saccharide unit/L concentration 

at 298.15 K 39. Moreover, such low concentration of NaAlg deducts the possibility of polyion-

polyion interaction between the alginate backbones. Representative plots of surface tension (γ) 

vs. log [surfactant] / mM of two surfactants at different wt% of NaAlg medium with individual 

inflection points (discussed elsewhere in this manuscript) were shown in Figure.3. Different 

interfacial parameters in presence and absence of NaAlg for both the surfactants calculated are 

displayed in Table 3. 

 

2.2.2. Conductometry: 

A conductivity meter (304, Systronics, India) equipped with a glass electrode (cell constant 1.0 

cm-1) was used for the measurement of conductance. Glass electrode was dipped in a double 

jacket glass container. This glass container was connected with a thermostatic water bath to 

maintain the solution temperature to a fixed value, 298.15±0.1K. Different % w/v of 
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polyelectrolyte solution (7 mL) kept in the glass container and surfactants prepared in same 

concentration in respective polyelectrolyte solutions, as those stated in section 2.2.1., were 

added from a Hamiltonian microsyringe and specific conductance values were measured. The 

same work has also been performed for studying micellization in aqueous solution for the two 

surfactants. Cmcs have been measured from the well specified inflection points represented at 

the specific conductance (κ) vs. total surfactant concentration plots for two pure surfactants (cf. 

Figure 2A (b), 2B (b)). Representative plots of specific conductance (µS) vs. [surfactant]/ mM 

of two surfactants at different wt% of NaAlg medium with individual inflection points (cf. 

Table 1 and 2, discussed elsewhere in this manuscript) were shown in Figure 4. 

 

2.2.3. Turbidimetry: 

Turbidimetry experiment was performed by using a Shimadzu 1601 UV-VIS 

spectrophotometer (made in Japan) at 298.15 ± 0.1 K. Baseline correction was done using 

different wt% of NaAlg prepared in deionized water prior to each experiment. Different wt % 

of NaAlg solution (2.5 mL) was taken in the cuvette for the measurement of transmittance. In 

the cuvette, surfactants were added using micro syringe and determined % transmittance (% T) 

between the wavelengths range from 200-800 nm. Plots containing absorbance (100-%T) at 

400 nm (average value of wavelength taken) vs. concentration of surfactants with different 

turbidimetry points in presence of NaAlg were displayed in Fig. 5 and values are shown in 

Tables 1 and 2. 

 

2.2.4. Spectrofluorimetry:  

Steady state spectrofluorimetry technique was carried out using a Perkin-Elmer LS 55 (USA) 

fluorescence spectrofluorimeter attached with Peltier facility at 298.15K with an accuracy of ± 

0.02K. Measured amount of 2.5 mL solution of different wt% of polyelectrolyte was taken in 

transparent quartz cuvette and prepared surfactant solution (~15 times above cmc in aqueous 

solution) in respective wt% of polyelectrolyte was added with a Hamilton micro syringe. 

Pyrene was used as a fluorescence probe exited at 335 nm with 14 nm band pass, while 

emission was monitored between wavelength ranges of 350- 550 nm with emission band pass 

of 4 nm. Pyrene excimer emission (occurred here nearly at 467 nm) along with monomeric 

vibrational peaks in presence of 0.005% (w/v) NaAlg with variation of concentration of both 

surfactants have been displayed in Fig. 6A and 6B. Ratio of first (I1 = 374 nm) to third (I3 = 

384 nm) vibrational peak of pyrene (I1/I3) vs. [surfactant] in absence and presence of NaAlg 
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have been represented in Fig. 2A(c), 2B(c) and Fig. 7 (a-f) respectively. Probe concentration 

(1x10-4 mM) was kept fixed in both cuvette and syringe. 

Time resolved fluorescence experiments have been performed by means of 

Horiba−Jobin−Yvon Fluoro Cube lifetime arrangement using time-correlated single photon 

counting (TCSPC) technique at 298.15 K. A Nano LED (IBH, UK) of 330 nm was used as 

excitation source of pyrene. Emission was monitored at 374 nm corresponding to pyrene first 

vibronic peak using TBX photon detection module. Decay profiles (at the inset of Fig. 8A and 

8B) of pyrene in pure polyelectrolyte and in presence of surfactants titrating into it were fitted 

and analysed with the support of IBH DAS-6 software by nonlinear least square iterative 

method to minimize residual values (χ2 values close to 1). The experimental procedure was 

same as those stated in steady state method. Lamp profile was collected using micellar aqueous 

solution of SDS, which is used as a scatter in place of sample. Average lifetime (<τ>) was 

calculated from the bi exponential iterative fitting in presence of surfactants using the pre-

exponential factors (a1, a2) and decay times (τ1, τ2) with the assist of following equation: 

<τ> = a1τ1 + a2τ2                                                                                                                                                                                                    (1) 

The values of a1, a2 and τ1, τ2 were given in Table S1 (refer to the supplementary section). 

Pyrene concentration was fixed to 1x10-4 throughout the measurements. Here 0.005 % (w/v) of 

NaAlg was used for TCSPC measurement. 

 

 

2.2.5. Isothermal titration calorimetry: 

Isothermal Titration Calorimetry (ITC) was executed with the help of a GE, MicroCal ITC200 

(Malvern, UK) microcalorimeter equipped with a thermostatic arrangement. Experimental 

temperature was maintained at 298.15 K with a precision of ± 0.02 K. In this investigation, 

surfactant solutions were prepared 10-15 times above their cmcs (cf. Table 1), those measured 

by conductometry and tensiometry in aqueous polyelectrolyte solution of different weight 

fractions. Deionised water and different aqueous % (w/v) NaAlg solution (200 μL) taken in 

calorimeter cell and surfactant solutions was titrated (initially 0.5 μL, then 2μL; total 20 

injections) at a time interval of 120s using a micro syringe. Polyelectrolyte concentrations were 

fixed both at cell and in the syringe. Raw data were analysed by OriginTM 7.0 software in terms 

of μcal/s vs. Time (min) [such plots regarding both surfactants shown in Fig. 9e & 9f in 

presence of 0.001% (w/v) NaAlg] after the subtraction of integrated baseline which was 

performed by taking deionized water in reference cell and polyelectrolytes with different 
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concentrations at the sample container (cell) prior to each experiment. Enthalpies of 

micellization (ΔH0
m) determined (cf. Table.4.) from the normalised integration data plot 

(kcal.mol-1 per mole of injectant vs. concentration of surfactant [Surf]; cf. Fig. 9(c) and 9(d)) 

obtained by the software with assistance of instrument generated data in terms of μcal/s vs. 

Time (min) (cf. Fig. 9(e) and 9(f)). Cmcs were measured for all the systems from kcal.mol-1 of 

injectant vs. [Surf] plots [shown in, Fig. 9] designated by arrow. Cmc values [Table 1 and 2] 

determined by ITC found well similarities with those obtained by other techniques for two 

surfactants both in presence and absence of different polyelectrolyte concentrations. ITC 

profiles of pure surfactants in aqueous solution were displayed in Fig. 2A (d) and 2B (d). 

 

2.2.6. FTIR-ATR spectroscopy: 

FT-IR spectra were performed using a Perkin Elmer (model no. spectrum Two) FTIR 

spectrometer using attenuated total reflectance (ATR) technique. A LiTiO3 detector has been 

used to measure spectra. Small amount of samples was taken in diamond plate and pressure 

was adjusted and performed measurements between the ranges of 500-4000 cm-1 wavelength. 

NaAlg, surfactants and NaAlg-surfactant complexes were characterized (shown in Fig. 10A 

and 10B). To prepare polyelectrolyte surfactant complex, 2mL 0.08% (w/v) of NaAlg has been 

mixed with 1.28 mL 15 mM surfactants (both C16MImCl and C16TPB separately in two vials) 

prepared in 0.01% (w/v) NaAlg. Phase separation occurred after addition and these were well 

sonicated at room temperature. The resultant polyelectrolyte-surfactant complexes were dried 

under vacuum.  

 

2.2.7. Viscosity: 

Average viscometric molecular weight (𝑀𝑣) of NaAlg was determined with the help of an 

ubbelohde viscometer fitted in a thermostatic water bath at 298.15 K in the medium of 0.1 M 

NaCl, used as solvent. Using Mark–Houwink equation, viscosity average molecular weight of 

sodium alginate was found to be 123.19 kDa at 298.15K. Detailed procedure40-43 and the 

relevant values for determination of 𝑀𝑣 have been shown in supplementary section (Fig.S1). 

Ratio of mannuronic (M) to guluronic (G) acid (M/G) was found to be 0.45 obtained 44 from 

absorption intensity values at 1123 and 1025 cm-1 respectively in FTIR profile of pure alginate 

(Fig.10). The intense band at 1025 cm-1 (Fig.10) clearly suggests that NaAlg used in this study 

contains high amount of guluronic acid.  
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2.2.8. Dynamic Light Scattering (DLS): 

DLS measurement was performed using a a Nano ZS Zetasizer (Malvern, UK) measuring at 

900 angle with an exposure of He-Ne laser having wavelength (λ) of 632.8 nm at 298.15 K 

under thermostatic control. Experimental NaAlg solution (0.01% w/v) of 1mL was taken in a 

fluorescence cell and both surfactants were added using micropipette. Each time the solution 

was thoroughly mixed after addition of surfactant prior to each measurement. Experiments 

were repeated twice for reproducibility. Computer generated % Intensity vs. Size (r.nm) plots 

in presence of 0.01% (% w/v) of NaAlg for varying the concentration of both surfactants were 

presented in Fig. S2 in the supplementary section. 

 

2.2.9. High Resolution (HR) transmission electron microscopy (TEM): 

TEM images of sodium alginate associated with surfactants were obtained using a JEOL JEM 

2010 (Tokyo, Japan) high resolution transmission electron microscope (HRTEM) operating at 

200 kV. One small drop of a solution was prepared in 0.01% (w/v) NaAlg for both the 

surfactants, where surfactant concentration exceeded individual Cm
* values. This drop was 

placed onto a gold-coated copper grid, and it was then kept overnight on dried silica gel prior 

to the measurement being taken. 

 

 

2.2.10. Fluorescence microscopy: 

Fluorescence images were taken from Olympus inverted fluorescence microscope (model- 

IX73: one deck system). DPH was used as a fluorophore, prepared in absolute EtOH and taken 

in less turbid solutions containing NaAlg (0.01% w/v) and both surfactants individually above 

2-3 times of Cm
*. Final DPH concentration remains 0.1 mM in surfactant containing polymer 

solutions. DPH containing polyelectrolyte-surfactant solutions were kept overnight prior to 

measurements. Fluorescence images were taken using FITC filter attached to the instrument 

with 100X zooming. 
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Fig. 2A: cmc of C16MImCl determined by several experimental techniques: Tensiometry 

(a), Conductometry (b), spectrofluorimetry (c) and ITC (d). Error bar is given in each 

plot. 
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Fig. 2B: cmc of C16TPB determined by several experimental techniques: Tensiometry (at 

the inset: zoomed view of cmc2) (a), Conductometry (b), spectrofluorimetry (c) and ITC 

(at the inset: zoomed view of cmc2) (d). Error bar have been introduced 
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3. Results and discussions: 

3.1. Tensiometry: Surface active and inactive polyelectrolyte-surfactant complex formation, 

Effect of polyelectrolyte concentrations, Interfacial and bulk parameters: 

 Critical micelle concentration (cmc) of a pure surfactant has been unambiguously determined 

from surface tension (γ) vs. log [surfactant] profiles by taking a sharp break point (cf. Fig. 2) 

which designates the onset of micellization. Surface tension profiles of two pure surfactants 

have been displayed in Fig. 2A (a) for C16MImCl and 2B (a) for C16TPB. The appearance of 

these two tensiometric profiles of both surfactants differs in the premicellar regions. Existence 

of second cmc (cmc2) for the micellization of C16TPB have been found earlier36, 38 by means 

of conductance measurement. Although cmc2 of C16TPB was not focused by tensiometric 

technique earlier38, here second break (cmc2) for pure C16TPB may has been obtained after 

precise investigation and zooming in small changes of surface tension (from 38.8 to 37.4 

mN.m-1, at the inset of Fig. 2B(a)) in this region after cmc1. The second micellar transition 

(cmc2) as the existing micelles those appeared in first inflection region might have undergone 

secondary aggregation or change in shape and size 45. These small changes in γ may be due to 

the fact that tensiometric technique (interfacial properties) lost its significance in its lowering 

regions at high surfactant concentration in the bulk. Besides the found cmc2 value of C16TPB 

is quite similar to those obtained by the other techniques (viz. conductometry, ITC; cf. Table 

2). On the other hand, pure C16MImCl shows only one sharp break point in the tensiometry 

profile (Fig. 2A (a)). Apart from tensiometry, pure C16MImCl also shows only one inflection 

point determined by other methods (refer to Table 1). Tensiometric profile of pure C16MImCl 

initially decreases slightly with sparsely surfactant populated at air/water interface, while for 

C16TPB, amphiphile molecules co-operatively get populated from the very low concentration 

of surfactant. 

In presence of polyelectrolyte NaAlg, the situation is quite complex. Tensiograms (Fig 3A & 

3B) exhibit several inflection points during studying micellization of both C16MImCl and 

C16TPB respectively in presence of varying concentration (% w/v) of sodium alginate due to 

strong electrostatic interaction between anionic NaAlg with cationic surfactants in the 

premicellar regime. 
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Fig. 3. Tensiometry profiles of (A) γ vs. log ([surfactant]/C) for the micellization of C16MImCl; 

(B) C16 TPB in presence of different wt% (w/v) of sodium alginate. Each tensiogram has been 

shifted 10 units upward for better visualization of break points. At the inset: comparative plots 

of surfactants in aqueous and in presence of different % (w/v) of NaAlg without changing the 

scale. Error bars are given in surface tension plots (D) Schematic diagram of different species was 

found due to interaction of oppositely charged polyelectrolyte and surfactants. At the inset of fig 

3A & 3B: comparable line diagrams for tensiometric profiles of surfactants in presence and 

absence of NaAlg without shifting the data towards surface tension axes. 

 

The decreasing pattern of pre micellar regions of surfactants in presence of NaAlg resemble 

with the alginate free tensiometry profiles (cf. Fig. 2A (a) & 2B(b)) of respective pure 

surfactants. It has been seen from the inset of Fig. 3A and 3B that, surface tension values 

decrease rapidly at the low surfactant concentration in presence of NaAlg in contrast with 

alginate free pure one. The decrement is more produced in 3B in case of C16TPB at all NaAlg 

concentration. This initial decrease in surface tension clearly indicates some sort of 

modification in terms of surface activity of surfactants adopted in presence of sodium alginate. 

Degen et. al. 12 have been shown the significant increase in interfacial thickness due to 
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formation of thin monolayer at liquid–gas interface upon addition of low concentration of 

surfactants (CTAB, DTAB and TTAB) on 0.1 g/ml NaAlg aqueous solution as compared with 

NaAlg free surfactant solution of same surfactant concentrations by X- ray reflectivity 

technique. The pattern of tensiograms for all alginate concentrations in presence of respective 

surfactant/NaAlg found to be more or less similar and different for different surfactants 

investigated here. With addition of C16MImCl in 0.001% NaAlg solution surface tension 

initially decreases followed by a slight hump observed which is associated with another linear 

rapid decrease in tensiometric profile on further addition of ILs. Initial decrease is mainly 

attributed to the pure IL adsorption on the air –water interface; then on further addition of 

C16MImCl, second decrease in tensiometric profile is observed due to formation surface active 

NaAlg - C16MIm+ complex owing to electrostatic reason along with monomeric adsorption. 

This small hump has been reasonably chosen as the threshold concentration corresponding to 

the onset of surface-active polyelectrolyte-surfactant complex formation at the interface, called 

critical aggregation concentration (cac). Adsorption of IL on NaAlg backbone at the interface 

leads to the increase of hydrophobicity of the complex and they preferably populate at 

Langmurian interface. On further addition of IL, there occurs a large plateau after the formation 

of surface active anionic NaAlg- C16MIm+ complex. Formation of plateau is attributed to the 

non-surface active NaAlg-C16MIm+ complex associated with the formation of small micellar 

aggregates of C16MImCl wrapped by alginate backbone (necklace like conformation). This 

phenomenon is observed at a concentration, called polymer saturation concentration, CS, 

(displayed in Fig. 3A). After that IL molecules again repopulate at air water interface leading 

to the decrease in the value of surface tension again and finally, free micelle of C16MImCl is 

formed after complete saturation of interface at a particular surfactant concentration called 

extended critical micelle concentration (Cm*) just like cmcs of pure surfactants. After that, 

surface tension does not vary with surfactant concentrations. Formation of large plateau has 

been stated above was also documented in previous study due to formation of surface-active 

polyelectrolyte surfactant (IL) complex (AHX/ CnMImBr system, n = 12, 14, and 16), by de 

Freitas et. al. 17 at lower polyelectrolyte concentration (0.01 g L-1 of AHX). Sometimes, 

maxima have also been reported (previously reported systems, NaCMC/C16MImCl19, 

NaCMC/CnMImBr (n = 14 and 16)18) in this region after cac due to dislodging of 

polyelectrolyte-surfactant complex from air-water interface to bulk. Unlike 0.001% (w/v) 

NaAlg, different behaviours were observed in the tensiograms while studying the interaction 

of IL with higher concentration (0.005% and 0.01%) of NaAlg. From Fig. 3A, it has been seen 
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that in both 0.005% and 0.01% of NaAlg, addition of IL initially decreases surface tension 

mildly, beyond which surface active NaAlg-C16MIm+ complex is formed (at cac) leading to 

stiff nonlinear decrease in surface tension profiles until the completion of non-surface active 

NaAlg-C16MIm+ complex (at CS) at bulk. The nonlinear decrease is also due to the hydrophobic 

interactions between the NaAlg backbones wrapped with ILs and small micelle- like aggregates 

of ILs. Such type of appearance in tensiometric profiles of oppositely charged polyelectrolyte 

and surfactant have been shown by our group10. Widths of plateaus were gradually shortened 

from 0.001% to 0.005% NaAlg concentration and finally remain disappear at 0.01% NaAlg. 

The disappearance of plateau at high alginate concentration might be attributed to the increase 

of NaAlg population at the interface leading to increase of the stability of surface active 

polyelectrolyte-surfactant complex for the greater ease of electrostatic interaction between 

oppositely charged NaAlg and ILs and hindered the early formation of necklace type 

conformations at bulk. Screening of small IL aggregates neutralizes the surface charge density 

of NaAlg backbone leading to appearance of turbidity and finally, increased hydrophobicity 

due to formation of larger IL aggregates wrapping in NaAlg backbone and also inter chain 

interaction between NaAlgs leading to coacervation. These coacervates may be partially 

soluble in micellar medium of IL near Cm
*. At low NaAlg concentration (0.001% w/v) no 

noticeable turbidity was found during the whole course of addition of IL, whereas, for 0.005 

and 0.01% NaAlg, visual coacervates appear after cac and partial phase separation appeared 

near CS. Threshold concentration for the first appearance of coacervate was displayed in the 

tensiograms of 0.005 and 0.01% NaAlg in conjugation with IL by a both side double headed 

arrow connecting a solid line between t1 and t2 and phase separation zone presented by a dotted 

curve indicating the symbol p (cf. Fig. 3A). Phase separation in presence of 0.005 and 0.01% 

NaAlg with IL is transient in nature and converted to complex coacervates after further addition 

of ILs. We cannot detect the threshold concentrations where maximum turbidity appeared 

visually which in terms is obtained by turbidimetry measurement (refer to Sec. 3.1). These 

coacervates were slightly soluble in micellar medium after Cm
* manifested in turbidity profiles 

(cf. Fig. 5(a), (b) and (c)). Both turbidity and phase separations were appeared at relatively 

lower IL concentrations when the increase of the concentration of NaAlg from 0.005 to 0.01% 

(w/v) due to the increased hydrophobicity in solution.  The tensiometric profiles of C16MImCl 

in presence of 0.001, 0.005 and 0.01% (w/v) concentrations of NaAlg with the different 

inflection points, cac, CS and Cm
* are presented clearly in Fig. 3A. 



 

176 

 

Addition of C16TPB into NaAlg differs appreciably (cf. Fig. 3A) from the profile of C16MImCl, 

especially at low surfactant concentration regime. With the increase of the concentration of 

C16TPB, surface tension rapidly decreases initially, after that increases in the tensiometric 

profiles in presence of 0.001 and 0.005% NaAlg, whereas a large plateau appears in presence 

of 0.01% NaAlg. Initial surfactant concentrations at which surface tension values increase, are 

termed here as cac and CS respectively. Formation of maximum values of surface tension can 

be explained in terms of Taylor et. al.46, 47 regarding the stability between PS and P′S complexes 

(see Fig. 3D) referred to the surface active polyelectrolyte- surfactant complex and another 

surface-active polymer-surfactant complex binds on to the underside of Ps complex 

respectively. As C16TPB head groups, containing three bulky phenyl groups, bind weakly to 

the NaAlg, surface activity due to PS complex was somewhat compromised comparing with 

free C16TPB monomers adsorption manifested in the absence of decayed tensiometric trends 

(cf. Fig.3B) after free surfactants adsorption at low surfactant concentration; those present in 

the tensiograms of C16MImCl in presence of NaAlg (cf. Fig. 3A). Moreover, instability in PS 

and later P′S dislodges polyelectrolyte-surfactant complex in bulk from the interface as a 

consequence of formation of bulk necklace type conformation (stated above), forming maxima 

at CS at 0.001 and 0.005% NaAlg solution. Surplus of polyelectrolytes at 0.01% NaAlg injects 

little stability in P′S as the availability of more charged site is introduced with increasing NaAlg 

concentration, resulting to the formation of large plateau appeared without maximum. 

Schematic diagram has been displayed compiling all the conformations of NaAlg originated 

from the interaction with surfactants along with free surfactant aggregates with notations 

discussed here in Fig. 3C. After complete saturation of NaAlg backbone by means of small 

micelle like aggregates (at CS, cf. Fig. 3B) of C16TPB covering, free C16TPB again populate at 

interface up to a certain concentration where free micelle formation (first extended cmc) 

occurred at Cm
*1. This process repeats itself as the increase of free monomer again forms second 

inflection point corresponding to the formation of another aggregates, which may be changed 

in shape and size relative to former aggregates, at Cm
*2. The extended second cmcs (Cm

*2) of 

C16TPB in presence of NaAlg were clearly visible in Fig. 3B. Moreover, it has been seen from 

Fig. 3B that, the sharp inflections appear in the region of first cmc at low polyelectrolyte 

concentrations, whereas, at high alginate content, prominent second inflection point (Cm
*2) 

appears. First visible coacervate was appeared during the addition of C16TPB to alginate 

solution after Cm
*1 in presence of 0.005% NaAlg, whereas turbidity appears near Cm

*1 at 0.01% 

alginate concentration. Transient phase separation of polyelectrolyte-surfactant (C16TPB) 
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complex only occurred after Cm
*2 in presence of 0.01% of NaAlg. The concentration zone 

where visual turbidity first appeared was denoted by a curved line of ab.  The appearance of 

late coacervates in presence of C16TPB as compared with C16MImCl clearly indicates weak 

electrostatic interaction operating in the complexation process of NaAlg-C16TPB combination 

comparing with NaAlg-C16MImCl system. The turbidity that appeared at near Cm
*1 for 0.005 

and 0.01% NaAlg solution might be slightly soluble in micellar aggregates of C16TPB.  Phase 

separated complexes comprise of 0.01% NaAlg with C16TPB are further converted to complex 

coacervates before Cm
*2 on further addition of C16TPB and are negligible soluble in micellar 

medium manifested in turbidimetric plots (cf. Fig. 5(f)). Solubilization of these polyelectrolyte- 

surfactant complexes occurs either in partially dissociated or rearranged form 35 into micellar 

hydrophobic core.  The tensiometric profiles of C16TPB in presence of 0.001, 0.005 and 0.01% 

(w/v) concentrations of NaAlg with the different inflection points, cac, CS and Cm
* are clearly 

depicted in Fig. 3B.  

The appearance of minima and subsequent maxima in the γ isotherms is not a rare phenomenon 

48. The existence of a surface tension peak or a pleautu have also been recorded for the 

oppositely charged polyelectrolytes-conventional surfactant systems: PDADMAC–SDS 

system49 and NaPSS–DTAB system 46, 47 respectively in between the region of cac and Cs.  This 

phenomena in case of oppositely charged polyelectrolyte in combination with surfactant also 

have been explained by Ábraham et al. as the transient states to the pseudo equilibrium 

isotherm 50. In fact, the study of oppositely charged polyelectrolyte-surfactant system, 

PDADMAC–SDS system by Campbell et al.51 after aging the samples to three days (time 

dependent investigation) showed the different pattern of surface tension isotherms with time. 

This observation of Campbell et al. leads to the expiation that the depletion of surface active 

polyelectrolyte-surfactant complexes take place from interface to balk and settled down in form 

of precipitation after aging which is manifested in cliff edge peak in surface tension isotherm 

51, which is also reflected in peak height at which surface tension suddenly rises. To defined 

these types of systems properly Guzman et al. concluded that, it is necessary to leave the 

mixtures to stabilize for 24-48 hours before taking any measurement52. However, in present 

study, the appearance of maximum in the surface tension isotherms (0.001 and 0.005% NaAlg 

in presence of C16TPB) show small in magnitude with absence of significant phase separation 

in between cac and Cs and it has been seen that the turbidity values remains more or less 

constant after aging to 48 hours and no precipitations settled down. Kinetically trapped 

oppositely charged polyelectrolyte-surfactant complexes sometimes have been formed due to 
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fast mixing of polyelectrolytes with surfactants as a consequence of non-equilibrium mixing as 

pointed out in previous literature53. Moreover, it has also found that, more or less same 

turbidimetry data was found for the set of solutions at same concentration (which concentration 

have been studied in surface tension measurements) of surfactants at 0.005% (w/v) of NaAlg 

by using the both mixing protocols (slow and fast) rule out the possibility of kinetically trapped 

NaAlg-surfactant complex for the both investigated systems. Similar observation have been 

found for the mixing of sodium poly[(vinyl alcohol)-co-(vinyl sulfate)] with DTAB  not 

forming any kinetically trapped complex 54.  

The values of cac, CS and Cm
* as well as pure cmcs are presented in Tables 1 and 2 for 

C16MImCl and C16TPB respectively. From Table 1, it has been seen that Cm
* of C16MImCl 

gradually increases with the increase in proportion of NaAlg as compared with its pure state 

indicating delayed micellization in presence of NaAlg. This observation has been recorded in 

previous literatures10, 13 for oppositely charged polyelectrolyte and cationic surfactants and 

explained in terms of increase of charge centres with the increasing proportion of 

polyelectrolyte and consequent increase of the number of surfactant monomers to neutralize 

them before reaching Cm*. For this reason, cac and later CS also increase with increasing the 

concentration of NaAlg during the addition of IL shown in Table 1. On the other hand, a slight 

decrease in Cm
*1 and Cm

*2 values is observed at 0.005% NaAlg in presence of C16TPB while 

comparing Cm
* by other techniques (cf. Table 2.) discussed in the latter sections. Similar 

observation has been reported formerly in HTAB + 0.005% NaPSS, TTAB + 0.005% DX and 

NaPSS, DDGB + 0.005% NaCMC systems by conductometric measurements55. Same type of 

minimum point was also observed while determining CS at the intermediate NaAlg 

concentration for C16TPB at 0.005% NaAlg solution in this study. Probably, the difference of 

head groups between C16MImCl and C16TPB is responsible for such type of difference during 

micellization in presence of same wt % of NaAlg, former shows a straight forward increasing 

pattern in Cm
* (Table 1) and later a minimum point is found in both Cm

* (cf. Table 2). 

From tensiometric isotherms (cf. Fig. 3A and 3B), the efficiency of surface adsorption of 

surfactant monomers of both C16MImCl and C16 TPB has been measured at cmc or Cm
* in terms 

of surface excess (Г𝑐𝑚𝑐) in presence and absence of NaAlg using Gibbs adsorption equation17: 

Г𝑐𝑚𝑐 =
1

2.303𝑛𝑅𝑇
𝑙𝑖𝑚𝐶→𝑐𝑚𝑐(𝐶𝑚∗ )

𝑑𝛾

𝑑𝑙𝑜𝑔𝐶
 mol.m-2                                                                   (2) 

Here, n is the number of species dissociated per monomer of surfactants adsorbed at interface. 

The value of n is 2 for both the surfactants. R is the universal gas constant and T is the 

temperature in Kelvin scale. (dγ/dlogC) was defined as the slope at cmc or Cm
*. (dγ/dlogC) 
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was determined from the tensiograms (cf. Fig. 2A (a), 2B (a) for pure surfactants and Fig. 3 in 

presence of alginate) by taking γ with corresponding log [surfactant] values upto cmc/ Cm
* and 

fitted them with second order polynomials (Y = A + B1X + B2X
2) of fairly good R2 values 

displayed in the supplementary section (Fig. S3). Coefficients of A, B1 and B2 values for all 

the systems were given in Table S2 (Supplementary Section). In principle, 

the bulk concentration (c) of surfactants should be replaced by the chemical activity, (a)56 

for the corresponding surfactant using the equation, a = γ C, where, γ activity coefficient of 

corresponding surfactants both in presence and absence of NaAlg in different wt% 

aqueous solution. It has been stated that, for dilute system, concertation of surfactants must 

be in the order of ~ 1 mM, while for nonideal system surfactant concertation in the order of ~ 

100 mM 57. In this present study, investigated surfactant concentration mentioned within the 

limit of ideal range. Under these circumstances, Eq. 2 can be reasonably used as an 

approximation as γ nearly independent in this investigated concentration range58. In case of 

C16TPB, the values of γ have been taken with corresponding log [C16TPB] values upto cmc1 

for pure C16TPB and Cm
*1 in presence of different wt% of NaAlg for determination of Г𝑐𝑚𝑐 and 

hence, it has been designated here as Г𝑐𝑚𝑐
1  (refer to Table 3). Three bulky triphenyl containing 

phosphonium groups with relatively less charge density of pure C16TPB did not allow it for 

preferable adsorption on air-solution interface over C16MImCl, while latter has relatively 

smaller head group size manifested in lower Г𝑐𝑚𝑐 value of C16TPB than C16MImCl as seen in 

Table 3. The values of Г𝑐𝑚𝑐 and Г𝑐𝑚𝑐
1 of both surfactants in presence of NaAlg have lower 

magnitude while comparing with their pure states shown in Table 3 in aqueous solution. The 

values of  Г𝑐𝑚𝑐 of C16MImCl in comparison with NaAlg-free aqueous solution initially 

decreases rapidly at 0.001% (w/v) NaAlg solution, increases slightly at 0.005% NaAlg 

solution, beyond which further decrease occurs at 0.01% NaAlg concentration. The same 

observations have been found in case of C16TPB with increasing NaAlg concentration. Initial 

huge decrement of Г𝑐𝑚𝑐 or Г𝑐𝑚𝑐
1  of C16MImCl and C16TPB respectively at lower NaAlg 

concentration (0.001% w/v) is due to lesser population of surfactants present at interface than 

bulk due to electrostatic interaction of oppositely charged surfactants with NaAlg. However, 

both increase and decrease occurred at larger extent in Г𝑐𝑚𝑐
1  profile for C16TPB over the entire 

NaAlg concentrations comparing with the same in presence of C16MImCl (See Table 3.). The 

increase in Г𝑐𝑚𝑐
1 or Г𝑐𝑚𝑐  of C16TPB and C16MImCl respectively at 0.005% (w/v) NaAlg 

solution, shown in Table 3.; former is due to the increasing adsorption of C16TPB+ monomers 

at the interface after clearance or depletion of surface active polyelectrolyte surfactant complex 
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from interface to bulk after Cs to some extent, and latter is due to the formation of surface active 

polymer complex in larger extent after cac.  

Guzman, Thomas, Eastoe, Penfold, and others 59-64 have been shown that, neutron reflection 

(NR) and Gibbs surface excess method using surface tension (ST) have given the similar 

satisfactory results to wide variety of nonionic surfactant, including polymer or polydisperse 

system in the proximity of cmc or at lower concentration beyond cmc. The consistency of two 

methods suggests that, the surface have been saturated near completely before cmc. The major 

discrepancy arises in case of ionic surfactants, especially for anionic surfactant, where, it has 

been seen that, ST underestimates Г𝑐𝑚𝑐 values in comparison with NR65. Moulik et. al.66 have 

calculated  Г𝑐𝑚𝑐 for ionic surfactants using the second order polynomial fitting of γ-log 

[Surfactant] plots taking the data of γ from the very beginning (surfactant concentration nearly 

equal to zero) upto cmc using Gibbs equation (Eq. 2). They found that, taking reliable data for 

γ values of SDS from another source [Addison and Hutchinson et. al.67], calculated Г𝑐𝑚𝑐 using 

ST method found quite similarly than those found by NR. Although NR have been used as an 

excellent technique for determination of Г𝑐𝑚𝑐 
59-64, ST method using polynomial fitting give 

Г𝑐𝑚𝑐  values which have fair representability to NR for ionic surfactants and they 66 pointed 

out the apparent discrepancy for determine Г𝑐𝑚𝑐  by NR to ST in terms of impurity present in 

surfactant or lacuna in measurement of experimental data. So, it is reasonable to use Eq. 2. for 

determination of  Г𝑐𝑚𝑐/Г𝑐𝑚𝑐
1    in absence of NR facility.  

Minimum area of surfactant monomers (Amin) at air-water interface can be obtained using the 

following equation: 

𝐴𝑚𝑖𝑛 = 
1018

𝑁𝑎Г𝑐𝑚𝑐
𝑛𝑚2/ molecule                                                        (3) 

Amin has the reverse order with Г𝑐𝑚𝑐, as the minimum surface area of surfactants increases; 

decrease in surface coverage is possible in terms of decrease in Г𝑐𝑚𝑐 and also vice versa. The 

term 𝐴𝑚𝑖𝑛
1 was denoted for the C16TPB in presence and absence of NaAlg whereas Amin for 

C16MImCl. The values of Amin and  𝐴𝑚𝑖𝑛
1  have been presented in Table 3. 

Efficiency of adsorption of amphiphiles on air-water interface in presence and absence of 

various wt% (w/v) of NaAlg have been defined by the parameter, 𝑝𝐶20 , 

𝑝𝐶20  = −𝑙𝑜𝑔10 𝐶20                                                                                             (4) 

The term 𝐶20 has been defined as the concentration at which reduction of surface tension of 

amphiphiles is 20 mN m-1. Higher 𝑝𝐶20values indicate high efficiency of adsorption of 

amphiphiles at air – water interface and consequently more reduction of surface tension. Higher 
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𝑝𝐶20  value of pure C16TPB compare with C16MImCl indicates high efficiency of adsorption of 

C16TPB at air-water interface.  From Table 3, it has been seen that, adsorption of both 

surfactants was overall enhanced in presence of NaAlg and increases at high NaAlg contents. 

Surface pressure at cmc/ Cm
* (πcmc) can be defined by the expression given below: 

𝜋𝑐𝑚𝑐 = 𝛾𝑆 − 𝛾𝑐𝑚𝑐 (𝑜𝑟)𝐶𝑚∗                                                                     (5) 

where, 𝛾𝑆 is the surface tension of pure solvents (deionised water, different wt% (w/v) of NaAlg 

in deionised water) and 𝛾𝑐𝑚𝑐 (𝑜𝑟)𝐶𝑚∗  is the surface tension of pure surfactants at cmc in aqueous 

solution or surface tension of surfactants at cmc (Cm
*) in presence of varying wt % (w/v) of  

NaAlg. 

The symbol of 𝛾𝑐𝑚𝑐  with two superscripts 1 and 2 designate 𝛾𝑐𝑚𝑐  at cmc1 and cmc2 or Cm
*1 

and Cm
*2 respectively for surfactants both in pure state and in presence of polyelectrolytes. 

From Table 3, it is seen that,  𝜋𝑐𝑚𝑐 denotes the effectiveness of amphiphiles to reduce surface 

tension of a solvent medium while dissolute in it. The values of  𝜋𝑐𝑚𝑐 of C16MImCl and C16TPB 

in presence and absence of NaAlg have been displayed in Table 3. Superscripts 1 and 2 denote 

first and second cmcs or first and second Cm
* respectively whichever is applicable. From Table 

3, it is seen that C16MImCl is more effective in reducing surface tension at Cm* in its pure state 

as compared with C16TPB in aqueous solution and improved effectiveness in reducing surface 

tension at Cm
* observed in presence of NaAlg for both the surfactants. 

The geometrical shape of micelle can be defined by a parameter, called packing parameter (P), 

which was defined by Israelachvili68 as, 

𝑃 = 
𝑣

𝑙𝑐𝐴
                                                                                                        (6) 

𝑣 and 𝑙𝑐 were defined as the volume of the hydrocarbon chain of surfactant assuming it to be 

fluid and incompressible and maximum effective length of that hydrophobic chain, 

respectively. 𝐴  is the area of the surfactant head groups forming micellar surface at the bulk. 

As the exact determination of 𝐴 is difficult (depends on several external conditions, viz., 

temperature, local micropolarity, additives etc.), already stated in our previous literatures 2, 3, 

69, we have approximately used 𝐴𝑚𝑖𝑛 instead of 𝐴 for determination of packing parameters.𝑣 

and 𝑙𝑐 were determined using the following formulae defined by Tanford70, 

𝑙𝑐 = (0.154 + 0.1265𝐶𝑛) nm                                               (7) 

𝑣 = (0.0274+ 0.0269𝐶𝑛) nm3                              (8) 
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where, 𝐶𝑛 is the no of carbon atoms in saturated hydrocarbon chain of surfactants. It is stated 

that, 𝑃 ≤ 0.333, for spherical micelles; for non spherical micelles, 0.333 <𝑃 < 0.5; for 

vesicles and bilayers, 0.5<𝑃 < 1;  𝑃>1, denotes inverted structures. Calculated packing 

parameter values were presented in Table 3 which clearly indicates the forming micelles are 

spherical in nature for both C16MImCl and C16TPB in aqueous solution in presence and absence 

of different wt% of NaAlg. As Г𝑐𝑚𝑐 and corresponding 𝐴𝑚𝑖𝑛 values are calculated at cmc1 for 

pure C16TPB and at Cm
*1 of C16TPB in presence of NaAlg, here 𝑃1 is chosen to define packing 

parameters for C16TPB in absence and presence of NaAlg. 

3.2. Conductometry; Transportation properties of conformers, Degree of counterion binding 

and Gibbs free energy of micellization: 

Electrical conductance study provides the evidence of different conformers mediated by 

polyelectrolytes and surfactants in terms of ions transportation properties of charged species. 

Conductometry profiles of pure surfactants exhibits sharp inflection at cmc (cf. Fig. 2A (b) & 

2B (b)). Initially, free monomers increase with the increase of the concentration of surfactants; 

increase the charged species (both monomers and counterions) to increase electrical 

conductance progressively which attribute to the steep slope (designated as m1) obtained in 

specific conductance (κ) vs. concentration profiles (Fig. 2A (b)) in the pre micellar region. In 

the post micellar regime, free monomers are associated to form micellar aggregates with 

counterion condensation onto micellar surface; less transportation of relatively bulk micelles 

results in the decrease in κ attributed to relatively decreasing slope (designated as m2) than 

those obtained in pre micellar regime. Intersection point between two lines (m1 and m2) 

designates the onset of micellization, called cmc. Degree of counter ion dissociation (α) from 

the micellar surface can be expressed as the ratio of slope of post micellar (m2) to pre micellar 

(m1) slope. On the other hand, degree of counter ion binding (𝛽) can be expressed as 2, 3, 10, 14, 

16-19: 

𝛽 = 1 − 
𝑚2

𝑚1
                                                                                (9) 

Only one inflection with two different slopes (m1 and m2; cf. Fig. 2A (b)) was obtained for 

pure C16MImCl. Two inflections with three distinct different slopes of decreasing magnitude 

were obtained [Fig. 2B (b)] for pure C16TPB conductometrically due to the formation of both 

cmcs, termed as cmc1 and cmc2; first cmc (cmc1) is the threshold concentration where the free 

monomers aggregate to form micelle like structures, while latter inflection point (cmc2) may 

be due to the change in micellar shape and size. Both cmc values of C16TPB have been 

documented in the literature with the help of conductance measurement36, 38. Here, both β1 



 

183 

 

(degree of counterion binding at cmc1) and β2 (degree of counterion binding at cmc2) have been 

calculated for C16TPB. Degree of counterion binding for C16MImCl has been designated as β. 

The process is same for the determination of β1 and β2 as those applied in the determination of 

β. The values of cmcs, β, β1 and β2 for the micellization of both the surfactants in presence and 

absence of NaAlg have been displayed in Tables 1 and 2. 

The plot of κ vs. [surfactant] show several break points apart from cmcs (for polyelectrolyte 

surfactant complex it has been termed as extended cmc or Cm
*) due to the interaction of 

oppositely charged NaAlg with the surfactants.  

 

 

Fig. 4. Specific conductance (κ) vs. concentration of surfactant ([surfactant]), designated 

by open circle (○). Plots are presented in a sequential way: a, b and c for titration of 

C16MImCl in presence of 0.001, 0.005 and 0.01 % (w/v) of NaAlg respectively, whereas, 

d, e and f for titration of C16TPB in presence of 0.001, 0.005 1nd 0.01 % (w/v) of NaAlg 

respectively (At the inset of few diagrams: displaying cac, Cs or both clearly, whichever 

obtained). Error bars are given in different plots. 

 

Introduction of C16MImCl into 0.001% NaAlg solution produces three break points with four 

distinct slopes of decreasing magnitude (cf. Fig. 4(a)) in conductometric profile. First break 

point with well-defined variation of specific conductance segments (at the inset of Fig. 4a) in 

this region, corresponds to cac due to the formation of NaAlg- IL complex (adsorption of 

C16MIm+ on to the anionic backbone of NaAlg) having relatively lesser transport properties 
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than free surfactant monomers which is attributed to the decrease in slope in κ vs. [C16MImCl] 

profile than the initial one. Faint variation in slope (cf. Fig. 4a) near the second break point 

(defined as CS) proves the necklace type complex which comprises of NaAlg backbone with 

smaller micellar aggregates of ILs hardly affecting κ; only the depletion of counterions10  due 

to wrapping of micellar aggregates with NaAlg backbone causes little variation in slopes. 

Beyond CS, free micelles are formed by ILs, after prominent third break, called extended critical 

micelle concentration (Cm
∗ ) like cmc of pure surfactants. This prominent third break in the 

vicinity of Cm
∗  appears due to the condensation of depleted counterions onto the micellar surface 

and follows the formation of less mobile free micellar aggregates of C16MImCl. In presence of 

0.005 and 0.01% NaAlg in comparison with 0.001% NaAlg, only variation occurred at low 

concentration of C16MImCl. At higher NaAlg concentration (0.005% and 0.01% w/v), initially 

there is an ascending part with lower slope (figs. 4(b) and 4(c)) observed due to the formation 

of sufficient amount of C16MIm+ adsorbing onto anionic NaAlg site; the slopes tend to a stiff 

rise after a certain IL concentration due to the formation of sufficient coacervate. At that time, 

NaAlg-ILs complexes partially screen out from the solution and free monomer population 

increases upon further addition of ILs, which in term increases κ stiffly. At higher NaAlg 

concentrations (0.005, and 0.01%), the first break is denoted as cac (see Figs. 4(b) & 4(c)). In 

presence of 0.005 and 0.01% NaAlg, no inflection points are observed at the region of CS as the 

increasing population of polyelectrolyte-surfactant complex (small surfactant aggregates 

wrapping along polyelectrolytes backbone) at high polyelectrolyte content media nullify the 

counterions depletion effect after CS; hardly produce any detectable change in conductometric 

profiles (cf. Fig. 4(b) and (c)) until free micelles of C16MImCl were formed, after the complete 

saturation of NaAlg backbone leading to phase separation (‘p’ zone, shown in Fig.3A) at Cm
*. 

The cac values of C16MImCl obtained by conductometric method in presence of 0.005 and 

0.01% NaAlg were found relatively greater than those determined by tensiometry (Sec. 3.1.). 

Such observations have been documented in previous literatures10, 14 investigating the other 

oppositely charged polyelectrolyte surfactant systems. Possible reason for this disparity is that 

tensiometric technique detects the onset of formation of surface active NaAlg-C16MIm+ 

complex earlier, while conductometric technique shows significant change until the turbidity 

is formed in large amount. The cac values of C16MImCl found in conductometric method in 

presence of 0.005 and 0.01% NaAlg can be compared only with the first turbidity point (T1) 

appeared in Turbidimetric experiments (see. Table1) discussed.  
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For C16TPB, conductometric profile (Fig. 4(d)) in presence of 0.001% NaAlg show three 

distinct break points with four different slopes, while for the other two concentrations of NaAlg 

(0.005% and 0.01%), four distinct break points have been observed with five different slopes. 

First break point in presence of 0.001% of NaAlg in conjugation with C16TPB corresponds to 

Cs. The break point cac have been not found in presence of 0.001% NaAlg with C16TPB as the 

electrostatic interaction between carboxylate anion of NaAlg with C16TP+ have lesser in 

magnitude than SAIL in conjugation with NaAlg stated in tensiometry section. From the inset 

of Fig. 4(d), it is evident that initially κ increases very slightly then increase steadily (reversal 

of slope in the conductometric profile). Initial slight increase is due to the formation of least 

amount of less mobile NaAlg- C16TP+ complex as the interaction of C16TP+ with NaAlg is 

somewhat lesser than C16MIm+. As a result, although negligible amounts of free surfactant 

monomers along with small micellar aggregates are wrapped along the polymer backbones, but 

free surfactant monomers were adequate in solution medium to increase κ steadily after CS. As 

[C16TPB] increases, conductance increases steadily until free monomers form free micelles; 

occurring second break in conductometric profile (Fig. 4 (d)) and the corresponding break point 

is associated with significant change of slopes found in conductometric plot termed as first 

extended cmc (Cm
*1). Post micellar slope has slightly lesser in magnitude than pre-micellar 

slope (Fig. 4(d)) near Cm
*1 due to formation of less mobile C16TPB micelle. After Cm

*1, micelles 

formed by free monomers change its shape and size upon further addition of C16TPB resulting 

to the formation of third inflection with negligible change in κ. The concentration of C16TPB 

where the third break point is found has been termed as second extended micelle concentration 

(Cm
*2). At higher alginate concentrations (0.005 and 0.01% w/v), however, surplus 

polyelectrolytes forced some amount of C16TPB monomers to be associated to some extent on 

to NaAlg backbone leading to formation of cac which appeared to the first break points shown 

at the inset of Fig. 4(e) and 4(f). Change in slopes below and above cac at 0.01% (w/v) is quite 

prominent (compare Fig 4(e) and 4(f); shown at the inset of both figures) than those found in 

0.005% (w/v) in presence of C16TPB clearly indicating feasibility of surfactant head groups 

attached on to alginate backbone at higher polyelectrolyte content. Reversal of slopes is also 

found for 0.005 and 0.01% (w/v) of NaAlg in conjugation with C16TPB near the region of CS 

(shown at the inset of Fig. 4(e) and 4(f)) like Fig. 4(d)). First visual turbidity was appeared in 

presence of 0.01% and 0.005% NaAlg in conjugation with [C16TPB] closed to Cm
*1 values 

calculated by tensiometric method (Table 2). The value of Cm
*1 calculated from the inflections 

shown in κ vs. [C16TPB] profiles (Fig. 4(e) & 4(f)). This was found relatively larger at 0.005 
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and 0.01% (w/v) than those obtained from tensiometry (shown in Table 2) as the break points 

were appeared in conductometry until sufficient turbidity formed in the medium leading to 

change in slope below and after of Cm
*1. The change in slopes in κ vs. [C16TPB] profile near 

Cm
*1 is found more prominent at 0.01% (w/v) than 0.005% (w/v) probably due to the formation 

of maximum coacervates near Cm
*1 in presence of 0.01% NaAlg upon addition of C16TPB 

which has also been concluded in turbidimetry plot (designated by Φm; Fig. 5 (f)) and also 

displayed in Table 2. The trend for variation in Cm
*1 with the variation of NaAlg in presence of 

C16TPB is consistent with tensiometry (cf. Table 2). From Fig. 5 (f) it is evident that, post 

micellar slope is found in greater magnitude than premicellar slope (reversal of slopes) in 

vicinity of Cm
*2 in presence of 0.01% polyelectrolyte concentration, while reverse is obtained 

in presence of 0.005% (cf. Fig. 5(e)) in vicinity of Cm
*2. The different nature of slopes above 

and below the Cm
*2 with increasing the concentration of NaAlg from 0.005 to 0.01% medium 

clearly indicates the polyelectrolyte assisted change in topology of free surfactant micelles 

during second micellization process. Like cacs, the values of Cm
*2 calculated by conductometric 

method for NaAlg + C16TPB system are also found larger than those calculated by tensiometry 

(cf. Table 2). 

Degree of counter ion binding (β) onto micellar surface formed by C16MImCl monomers have 

more or less increasing trend with slight variation upon increase the concentration of NaAlg 

displayed at the parenthesis (shown in Table 1.). The same observation has been found 

previously for AHX or ALG/ CnMIMBr (n = 12, 14, and 16) system 17. On the other hand, β1 

for C16TPB initially increased at 0.001% (w/v) NaAlg comparing with alginate free medium 

and decreased significantly at high alginate concentrations (0.005 and 0.01%), while β2 was 

found lower value as compared with alginate free C16TPB and also with β1. Degree of counter 

ion binding was found larger for C16MImCl than compared with C16TPB both in pure state as 

well in all polyelectrolyte concentrations (Table 1). This clearly indicates that chloride ions are 

partially associated to greater extent onto C16MImCl micelles than the bromide ions on to 

micellar surface of C16TPB. Difference of degree of counterion binding onto the two different 

surfactant micelles manifested in the aggregation number (Na, cf. Table 3) both in presence and 

absence of NaAlg discussed later in this manuscript. 

Standard Gibbs free energy of micellization (∆𝐺𝑚
0 ) for the pure surfactants in aqueous medium 

as well as in presence of different concentrations of NaAlg can be expressed as: 

For, free surfactants forming micelles in aqueous medium, 

∆𝐺𝑚
0 = (1 + 𝛽)𝑅𝑇𝑙𝑛𝑋𝑐𝑚𝑐                                                       (10) 
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𝑋𝑐𝑚𝑐 is the cmc in molefraction unit. R is the universal gas constant and T denotes the 

temperature in Kelvin scale. For C16TPB, having two cmcs (cmc1 and cmc2) and corresponding 

β1 at cmc1 and β2 at cmc2, ∆𝐺𝑚
0  be replaced to ∆𝐺𝑚

0  (1) and ∆𝐺𝑚
0  (2) respectively to the equation 

10.  

For, surfactants in presence of NaAlg in aqueous medium, 

∆𝐺𝑚
0 = (1 + 𝛽)𝑅𝑇𝑙𝑛𝑋𝐶𝑚∗                                                                                 (11) 

For C16TPB, 𝐶𝑚
∗  is replaced to equation 11 by 𝐶𝑚

∗1 and 𝐶𝑚
∗2 and corresponding β by 𝛽1and 𝛽2 

respectively. The value of ∆𝐺𝑚
0  has been replaced by ∆𝐺𝑚

0  (1) and ∆𝐺𝑚
0  (2) for the first and 

second micellization to equation 11. 

The values of ∆𝐺𝑚
0  were displayed for individual pure surfactants and in presence of different 

wt% (w/v) of NaAlg in Table 4. From Table 4., it is evident that, negative values of  ∆𝐺𝑚
0  (1) 

initially increases at 0.005% NaAlg medium (more spontaneous) compared with pure 

surfactant in aqueous medium for the first micellization of C16TPB, beyond which decreases 

steadily up to 0.01% NaAlg medium. The values of ∆𝐺𝑚
0 (2) decrease regularly, i.e., less 

spontaneous process with increase in polyelectrolyte concentrations for the second 

micellization process. For C16MImCl, micellization process is more spontaneous in presence 

of NaAlg and spontaneity increases overall at higher concentration of NaAlg (cf. Table 4). 

3.3. Turbidimetry; Determination of onset and maximum turbidity exactly compare with 

visual impressions, Solubilization of polyelectrolyte-surfactant complexes in to micellar 

medium, Effect of polyelectrolyte concentration: 

Turbidimetric profiles ((100-T%) vs. [surfactant]) for NaAlg-C16MImCl and NaAlg- C16TPB 

were displayed in Fig. 5 (a-c) and Fig. 5(d-f) respectively. T1, T2 and Tm (displayed in Table 

1.) represented here first, second and maximum turbidimetric points respectively that appear 

from low to high surfactant concentrations of C16MImCl chronologically interacting with 

NaAlg. Alike, C16MImCl + NaAlg systems, the notion Φ with the subscripts 1, 2 and m also 

designates the same turbidimetric significance for C16TPB + NaAlg systems (cf. Table 2.) from 

low to high C16TPB concentrations respectively.   
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Fig. 5. Turbidimetric profiles for the interaction of each of C16MImCl and C16TPB with 

different wt % of NaAlg (0.001% (a)/(d), 0.005%(b)/(e) and 0.01%(c)/(f)). 

 

From Fig. 5(a), it is evident that, turbidity (a little bit, maximum turbidity approaches to 12%) 

increases steeply upto 0.04 mM concentration of C16MImCl, corresponding to the first 

inflection point (T1); beyond which turbidity slightly increases upto1.07 mM of [C16MImCl] 

(maximum Turbidity point, Tm) following with slight decrease in turbidity due to slight 

solubilization of it in micellar environment. From Table 1, it is seen that T1 in presence of 

0.001% (w/v) NaAlg has similarity to cac found by other techniques. In 0.005% NaAlg medium 

upon addition of C16MImCl (cf. Fig. 5 (b)), little turbidity appears different upto 0.167 mM of 

IL concentration corresponding to first inflection point, T1. Then steep increase in turbidity 

arises in solution medium up to 0.41 mM of surfactant concentration where second inflection 

point (T2) appeared, while for 0.01% (w/v) NaAlg medium, both T1 and T2 have the relatively 

larger turbidity content comparing to the turbidity axes (100-T%) of Fig. 5 (b) with Fig. 5(c). 

Concentration of C16MImCl corresponding to T1 has the similarity with cac, those found by 

conductometric measurements and also relatively larger in magnitude than those found by other 

techniques (cf. Table 1). T2 values found for the interaction of 0.005 and 0.01% (w/v) in 

conjugation with C16MImCl are relatively lesser than those found in terms of CS obtained by 
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tensiometry (cf. Table 1). For C16MImCl + NaAlg system, inflections due to maximum 

turbidity (Tm) are relatively greater to the Cm
* found by other techniques (viz. conductometry, 

tensiometry and fluorimetry (discussed latter)) and sufficiently larger than Cm
* found by 

isothermal titration calorimetry (ITC) measurements (also discussed later) shown in Table 1. 

Like 0.001% (w/v) NaAlg medium, it is seen that turbidity appeared in solution in presence of 

0.005 and 0.01% (w/v) NaAlg are also soluble in micellar environments after Tm which are 

found in turbidimetric profiles of Fig. 5(b) and 5(c) respectively. This observation has the 

similarity with the former studied systems like, NaCMC/CTAB combination in conjugation 

with NaBr 10, and NaCMC/ C12mimBr/ NaBr 35. 

Turbidimetric profiles in presence of 0.001% and 0.005% NaAlg in conjugation with C16TPB 

(cf. Fig. 5(d) and 5(e)) have the similarity with C16MImCl in presence of alginate 

concentrations. Different inflection points in terms of Φ have been shown in Fig. 5(d), (e) and 

(f) and also recorded in Table 2. For C16TPB in presence of 0.001% (w/v) NaAlg (cf. Fig. 5(d)), 

slight turbidity appeared up to 0.11 mM of [C16TPB] corresponding to the first inflection point 

denoted as Φ1 which has the close similarity with Cm
∗1 found by tensiometry as well as 

fluorimetry and ITC measurements (cf. Table 2.) under identical condition. After Φ1, turbidity 

slightly increases to maximum at Φm. In between Φ1 and Φm, another inflection was found 

designated as second turbidimetry point (Φ2). Steep increase in turbidity is observed up to 

second inflection point (Φ2, cf. Fig. 5(e)) in the solution of 0.005% NaAlg in presence of 

C16TPB and intensity of turbidity is found larger as compared with C16MImCl (cf. Fig. 5(b)) 

under identical condition. Like 0.001% NaAlg solution in conjugation with C16TPB, Φ1value 

in presence of 0.005% (w/v) NaAlg also has well similarity with Cm
∗1 values those found by 

other techniques, like, tensiometry, fluorimetry and ITC (cf. Table 2.). The Φ2 values are found 

in between Cm
∗1 and Cm

∗2 those assigned by conductometry and fluorimetry (cf. Table 2.) in 

presence of 0.001 and 0.005% (w/v) of NaAlg in conjugation with C16TPB, whereas Φm values 

are found greater than Cm
∗2 obtained by conductometry (cf. Table.2.). In presence of 0.01% 

(w/v) NaAlg (Fig.5 (f)), turbidity is found maximum at [C16TPB] = 0.44 mM and even to a 

greater extent (turbidity approaches to 100%) as compared with other two lower alginate 

concentrations (0.001 and 0.005% w/v) and also larger than that of the highest alginate 

concentration (0.01%) in presence of C16MImCl. The Φ1 value for 0.01% NaAlg + C16TPB 

system is found similar to CS obtained by conductometry under similar condition and Φm is 

close to Cm
∗1 assigned by conductometry (Table 2); Cm

∗2, calculated by tensiometry, fluorimetry 

and ITC techniques (Table 2). The maximum turbidity (Φm) appeared at relatively lower 
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C16TPB concentration in presence of 0.01% (w/v) NaAlg due to the greater ease of 

hydrophobicity assisted by surplus of NaAlg and also by the micelles which wrapped along 

polyelectrolyte backbones leading to formation of agglomerated complex.  

3.4. Spectrofluorimetry: Variation of micropolarity (I1/I3) due to change of local 

environment of Pyrene, determination of aggregation number of surfactants in presence 

and absence of different wt% of NaAlg, time resolved study for 0.005% (w/v) of NaAlg 

in presence of both surfactants titrimetrically: 

3.4 (a). Steady state fluorimetry: 

Fluorescence intensity ratio of first (I1) to third (I3) vibronic peak of pyrene (I1/I3) or 

‘micropolarity index’ has been used extensively 71-76 to sense micropolarity in the immediate 

neighbouring medium of it. For instance, I1/I3 value of pyrene in hydrocarbon solvent is 0.6, 

for ethanol, it is 1.1 and for water the value is 1.6 76. The behaviour of pure surfactants in 

aqueous solution containing fixed pyrene concentration and variation of [surfactant] have been 

displayed in Fig 2A (c) and 2B (c) for C16MImCl and C16TPB respectively with the assistance 

of (I1/I3) vs. [surfactant] plots. From Fig 2A(c), the observation is initial plateau like 

appearance at low surfactant concentration, rapid decrease in I1/I3 at intermediate surfactant 

concentration and following by saturation occurring with nearly same I1/I3 with magnitude less 

than 1.0 above cmcs, while for C16TPB (cf. 2B(c)), rapid decrease in micropolarity is observed 

from the very low surfactant concentration and finally remains saturated in I1/I3 nearly equal 

to 1.02. 

 

Fig. 6. Fluorescence intensity vs. wavelength profiles of pyrene in presence of 0.005% 

(w/v) NaAlg in conjugation with different concentrations of C16MImCl (A) and C16TPB 

(B). 
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I1/I3 vs.[surfactant] profiles (Fig 2A/2B (c)) for pure surfactants have been fitted with a 

decreasing sigmoidal Boltzmann equation of sufficiently fair R2 values (R2 ~ 0.99) and cmcs 

have been assigned 14, 18, 75 from the middle of sigmoid (indicating by a heavy arrow). Passage 

of pyrene molecule from aqueous phase to hydrophobic micellar environments show the 

sigmoid pattern of micropolarity index (I1/I3) of pyrene around cmc as the concentration of 

surfactant increases. For micellization of pure surfactants, at low surfactant concentrations with 

few numbers of surfactant monomers, pyrenes are little soluble in aqueous environment but 

not associated with each other. Increasing concentration of surfactants form some premicellar 

aggregates form which can draw pyrene molecules to hydrophobic environment (rapid decrease 

of micropolarity) associated with pyrene excimer formation77 due to availability of pyrene 

molecules at close proximity  following the formation of free micelles. At high surfactant 

concentrations, the number of micelles increases in solution and pyrenes were redistributed in 

each micellar medium, scarcely change micropolarity and also pyrene excimer disappears 77. 

Pyrene excimer has been shown in presence of surfactant polyelectrolyte system of oppositely 

charged species at very low surfactant concentration (even lower than cac) due to migration of 

pyrene molecules in the hydrophobic domain offered by tails of surfactants attached to the 

polyelectrolyte backbone 73. In this way, due to formation of hydrophobic pockets, pyrene 

molecules come together in pair and increase excimer intensity and consequently, decrease in 

monomer emission intensity at low surfactant concentration. Here, formation of pyrene 

excimer for our present system at all NaAlg concentrations below cac. Different pattern 

observed in fluorescence profiles of pyrene for C16MImCl and C16TPB in conjugation with 

NaAlg. We have shown fluorescence intensity vs. wavelength profiles (cf. Fig. 6) compasses 

in between 350-550 nm in presence of 0.005% (w/v) sodium alginate in conjugation with both 

C16MImCl (cf. Fig 6A) and C16TPB (cf. Fig. 6B). Excimer emission (IE) was recorded around 

467 nm, while first (I1) and third (I3) monomer peaks appeared at 374 and 385 nm respectively. 

Profound differences have been observed between Fig. 6A and 6B with increasing 

concentration of each surfactant. In case of C16MImCl (cf. Fig 6A), it is seen that fluorescence 

intensity initially of pyrene monomer initially drops at 0.012 mM of [C16MImCl] with 

concomitant increase its excimer around 467 nm. After that, monomer emission hardly changes 

but excimer emission increases significantly upto 0.06 mM [C16MImCl] and that concentration 

is slightly higher than the recorded cac value (cf. Table1.) which is measured by pyrene 

micropolarity technique. Upon further increase of the concentration of C16MImCl monomer, 

emission increases and finally, saturates around 0.81 mM of [C16MImCl]. In the range of 0.14 

to 0.82, excimer emission shows its nearly constant values and CS has been recorded (Table 1). 
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With further increase of [C16MImCl] monomer, emission increases significantly and finally 

saturates with the disappearance of excimer. In case of C16TPB monomer, pyrene emission 

decreases with concomitant increase in excimer up to 0.025 mM of [C16TPB]. After that, 

decrease of monomer emission occurs with decrease in excimer intensity upon further addition 

of surfactants and finally excimer disappears at sufficiently high surfactant concentration and 

monomer emission comes to saturation. Continuous decrease in pyrene monomer intensity with 

increase of concentration of C16TPB is possibly due to the quenching of pyrene by three 

benzene rings attached to tertiary P cation. This quenching of pyrene as the increase of C16TPB 

also manifested in rapid decrease in life time (< 𝜏 >), cf. Table S1) with increasing 

concentration of C16TPB in presence of 0.005% (w/v) NaAlg medium. Pyrene micropolarity 

(I1/I3) has been displayed in Fig. 7 by varying the concentration of both surfactants in presence 

of different weight % of NaAlg. 

 

 

Fig. 7. Micropolarity (I1/I3) index vs. concentration of surfactant with different concentrations of 

NaAlg. Plots were designated as: I1/I3 vs. [C16MImCl] in presence of different wt% of NaAlg (a. 

0.001%, b. 0.005% and c. 0.01%) & I1/I3 vs. [C16TPB] in presence of difference wt% of NaAlg (d. 

0.001%, e. 0.005% and f. 0.01%). cac, CS and Cm*, whichever found, have been designated by 

dotted lines for both systems. Pyrene excimer emission (IE) has been monitored at 467 nm and 

monomer emission (Im) monitored at 474 nm corresponding to first vibrational peak of pyrene. 

Error bars are given 
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Unlike initial plateau like appearance formed in case of pure C16MImCl (Fig. 2A(c)) at low 

surfactant concentration, initial steady decrease is observed in presence of NaAlg irrespective 

of concentration end to a nearly equal I1/I3 region which persists in presence of 0.01% (w/v) 

NaAlg (cf. Fig. 7 (c)) upon further addition of C16MImCl, but found to be another decreasing 

in the I1/I3 values beyond complete saturation in presence of 0.001% (Fig. 7(a)) and 0.005% 

(Fig. 7b). From Fig. 7 (a), it is evident that, sigmoid pattern was observed in the second 

decreasing portion just like micropolarity vs. concentration profiles of pure C16MImCl (cf. Fig. 

2A(c)), while sigmoidal appearance deviates from ideality in presence 0.005% NaAlg (Fig. 7b) 

and finally, disappears at high alginate concentration (cf. Fig. 7(c)). First inflections of all the 

plots (cf. Fig. 7(a), 7(b) and 7(c)) where rapid change occurs are defined as cac; after that, 

second break point corresponding to CS is found in presence of 0.001 and 0.005% NaAlg, 

whereas no observation of CS has found in presence of 0.01% NaAlg. The Cm
* value in presence 

of 0.001% polyelectrolyte is defined from the middle of the second decreasing region (Fig. 

7(a)), while it is rather an inflection point found in presence of 0.005 and 0.01% NaAlg. After 

Cm
* in presence of 0.005 and 0.01% (w/v) NaAlg in conjugation with C16MImCl (cf. Fig. 7(b) 

and 7(c)), slight increase in I1/I3 values have been observed which is attributed to sensing of 

pyrene to polar environment for the formation of coacervate screening out partially from 

solution. The Cm
* values show well similarities for C16MImCl in presence of different wt % of 

alginate with the other methods, such as, conductometry and tensiometry; while, cac and Cs 

values are resembled to tensiometry technique (Table 1). On the other hand, sharp decrease has 

been shown in micropolarity vs. concentration profiles (Fig. 7(d), 7(e) and 7(f)) at the low 

concentration region of C16TPB. Middle points of the profiles (cf. Fig. 7(d), 7(e) and 7(f)) have 

been taken as cac for all the alginate concentrations in presence of C16TPB and for second and 

third inflections designation have been given as Cm
*1 and Cm

*2 comparing to the tensiometry 

results (cf. Table 1). For 0.001% NaAlg in presence of C16TPB, micropolarity decreases 

gradually till the formation of second cmc (Cm
*2), while for other two alginate concentrations 

saturation occurred near first cmcs (Cm
*1). From Fig. 7f, it is evident that, slight increase in 

micropolarity has been occurred after first cmcs (Cm
*1) and remain constant near second cmcs 

(Cm
*2). This slight increase in micropolarity is probably due to the turbidity effect 

corresponding to the slight change in pyrene microenvironment as displayed in the high 

alginate content medium. Nearly ideal micropolarity vs. concentration plots were appeared at 

low alginate concentrations (cf. Fig. 7(a), 7(b) and 7(d)) of both the surfactants as presented by 

Turro et. al.76. A comparative representation (cf. Fig. 7(b) and 7(e)) has been presented in terms 
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of IE/Im (ratio of intensity of pyrene excimer to monomer ratio, cf. Fig. 7(b’) and 7(e’)) along 

with I1/I3 within the same concentration range of individual surfactants in presence of 0.005% 

(w/v) of NaAlg. IE/Im ratio has been used as a tool to determine cac and cmc in previous 

literature72. Initial decrease in micropolarity with corresponding increase in pyrene excimer to 

monomer ratio (IE/Im) has been occurred and it finally approaches to a peak which is nearly 

equal to the cac (shown by the dotted line, cf. Fig 7(b) and 7(e)) found in the present study. 

The appearance of peak near cac is due to the formation of micelle like microdomains which 

were attached on oppositely charged polyelectrolyte backbones and keep pyrenes to close 

proximity leading to formation of pyrene excimer (cf. Fig. 6A and 6B). After peak formation, 

ratio of IE/Im of pyrene diminishes rapidly, after that a plateau was formed (cf. Fig. 7(b’)) upto 

~ 1 mM [C16MImCl] close to the extended cmc (Cm
*) of C16MImCl. Further increase 

[C16MImCl], IE/Im decreases and finally show saturation at high surfactant concentration (cf. 

Fig. 7(b’)). For C16TPB, in presence of 0.005% (cf. Fig.7e’), a peak is also observed in IE/Im 

value near cac, beyond which IE/Im decreases and finally go to saturation near Cm
*2. On the 

contrary with the earlier observation 72, no peak is formed near Cm
* for both the surfactants in 

presence of 0.005% NaAlg.  

Mean aggregation number (Na) of both surfactants in absence and presence of NaAlg at 

different wt % has been determined using steady state fluorescence quenching of pyrene by 

CPC used as quencher. To perform it, a set of fresh surfactant solutions both in presence and 

absence of NaAlg has been prepared. 2.5 ml of each solution is taken in a cuvette and CPC is 

added by means of titration. Concentration of pyrene was fixed both in cuvette and in CPC 

solution. Intensity of pyrene in absence of quencher has been designated as I0 and in presence 

of CPC designated as I are depicted in equation 12,  

𝑙𝑛
𝐼0

𝐼
=  

𝑁𝑎[𝐶𝑃𝐶]

[𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]−𝑐𝑚𝑐(𝐶𝑚
∗ )

               (12) 

Here, [surfactant] is the concentration of surfactant either C16MImCl or C16TPB prepared in 

same concentration (~10 mM) both in aqueous and NaAlg solutions. Average values of cmc 

and Cm* have been calculated from Tables 1 and 2 for the calculation of aggregation number 

for pure C16MImCl in aqueous solution and surfactants in presence of different wt% of NaAlg 

respectively. In case of C16TPB, we have used average cmc2 or Cm
*2 in the denominator of 

equation 12. In this context, 𝑙𝑛
𝐼0

𝐼
 vs. [CPC] profiles (refer to supplementary section, Fig. S4) 

have been displayed for both surfactants either in pure or in presence of difference wt% of 
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NaAlg. Aggregation numbers (Na) have been displayed in Table 3. From this Table, it is evident 

that, Na values of C16MImCl increase in presence of NaAlg and later decrease at 0.01 % w/v 

NaAlg medium. On the other hand, for C16MImCl, aggregation number increases with the 

increase of alginate concentration within the investigated concentration range of 

polyelectrolyte. Increase of aggregation number of both surfactants in presence of NaAlg is 

probably due to the increase in hydrophobicity near the micellar surface, while in presence of 

0.01% (w/v) NaAlg in conjugation with C16MImCl lowering in aggregation number may be 

owing to increase of hydrophilicity near micellar interface leading to effective phase separation 

of polyelectrolyte-surfactant complex. Moreover, increase in aggregation number for 

C16MImCl both in presence and absence of NaAlg than C16TPB probably due to the steric 

hindrance of three bulky phenyl head groups of C16TPB. Loosely packed micelles penetrate 

some water molecules interior to the micelle74 of C16TPB in comparison with C16MImCl 

manifested in relatively greater micropolarity (I1/I3) in the micellar region of C16TPB than 

C16MImCl both in aqueous solution (comparing Fig. 2A(c) with 2B(c)) and also in presence of 

different wt % of NaAlg (comparing Fig. 7a, with 7d; Fig. 7(b) with 7(e) and Fig. 7(c) with 

7(f)).  

3.4 (b). Time resolved fluorimetry: 

Time resolved emission of pyrene may be the indirect tool to determine cac, CS and Cm
*for 

polyelectrolyte- surfactant systems. Titration of two investigated surfactants was performed at 

0.005% (w/v) of NaAlg medium keeping pyrene concentration fixed same as steady state 

measurements. From Table S1, it is evident that log (count) vs. time (ns) profile (shown at the 

inset in Fig. 8A and B) for pure NaAlg (0.005% w/v) in conjugation with probe pyrene shows 

single exponential pattern (single lifetime (τ1) value is close to 123.5 ns), while in presence of 

surfactants bi-exponential patterns have been observed (two lifetime values τ1 and τ2, cf. Table 

S1). Average life times (<τ>) vs. concentration of both surfactants (C16MImCl and C16TPB) 

have been displayed in Fig. 8.  
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Fig. 8. <τ> vs. [surfactant] profiles in presence of C16MImCl (A) and C16TPB (B) at 

0.005% w/v of NaAlg: at the inset; log (count) vs. time (ns) profiles for respective 

surfactants. Error bars are included in each diagram. 

 

From Fig. 8A, it is probable that, <τ> initially decreases from 123.5 ns to 101.8 ns at nearly 

0.07 mM of [C16MImCl] which is close to cac, those calculated by steady state measurement 

and also by tensiometry for the same system (cf. Table 1). Pyrene excimer was formed due to 

electrostatic complexation between oppositely charged polyelectrolyte and surfactants forming 

hydrophobic domains which ensure two pyrene molecules in close proximity. Beyond the 

minimum, <τ> increases to a maximum due to the redistribution of pyrene molecules from one 

polyelectrolyte- surfactant complex to another and prevents its close proximity. There is again 

decrease in <τ> values after the maximum probably due to some close proximity of pyrene 

molecules again for the formation of premicellar aggregates on to polyelectrolytes backbone 

(CS) following the formation of free micelles of surfactants at Cm
*. After Cm

*, both 

polyelectrolytes and surfactants were diluted and equally distributed among the species formed 

in the solution due to stabilization of pyrene molecules in hydrophobic domains and finally, 

increase of [C16MImCl] did not change pyrene lifetime. Concentration of C16MImCl indicating 

CS and Cm
*(cf. Fig. 8A) are quite similar to those found by tensiometry and steady state 

fluorimetry [cf. Table 1]. On the other hand, increase of [C16TPB] stepwise decrease <τ> 

gradually (Fig. 8B) and finally remains unchanged (28.6-35.9 ns, cf. Table S1.) after 0.5 mM 

of [C16TPB]. This gradual decrease in <τ> was probably due to the quenching of pyrene 

molecules by phenyl moieties of C16TPB which overshadowed the effect of pyrene excimer 

found during the surfactant induced conformational change of NaAlg in presence of C16MImCl 
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(cf. Fig. 8A). Several break points were obtained in <τ> vs. [C16TPB] profile (cf. Fig. 8B) and 

these are designated as CS, Cm
*1 and Cm

*2 from low to high surfactant concentration 

corresponding to the similar inflections with those found in tensiometry and cac, Cm
*1 and Cm

*2 

obtained by steady state measurement (cf. Table 2.). 

3.5. Isothermal Titration Calorimetry (ITC): Enthalpy of micellization and Entropy of 

micellization 

ITC plays a very important role to investigate heat changes (standard enthalpy of micellization, 

ΔH0
m) due to conformational changes of polyelectrolyte mediated by oppositely charged 

surfactants in solution as well as free micelle formation between the surfactant monomers. ITC 

profiles (heat injection (ΔH0
obs) in kJ.mol-1 vs. [surfactant]) of pure surfactants have been 

reported in Fig. 2A (d) for C16MImCl and 2B(d) for C16TPB respectively. ITC profile for pure 

surfactants shows sigmoidal pattern and these are fitted with Boltzmann-sigmoidal equation 78 

and the values of cmc have been taken 3, 79, 80 from the inflection of fitted plots intermediated 

of sigmoidal region (designated by the heavy arrows). Evaluation of second cmc (cmc2) has 

been performed for C16TPB in aqueous solution by zooming the region in between 0.2 – 0.5 

mM of [C16TPB] shown at the inset of Fig. 2B (d). All cmcs for pure surfactants determined 

by ITC technique have been presented in Tables 1 and 2. Standard enthalpy of micellization 

(ΔH0
m) of pure surfactants has been calculated by simply taking the subtraction between 

ΔH0
final to ΔH0

initial (ΔH0
m = ΔH0

final - ΔH0
intial), which are the enthalpy changes at two extremes 

of sigmoidal profiles shown in Fig. 2A/2B (d). The values of ΔH0
m are calculated by above 

method have been presented in Table 4. For C16TPB both values of enthalpy of micellization 

were obtained and these are designated as ΔH0
m(1) and ΔH0

m corresponding to heat change for 

two micellization for cmc1 and cmc2 respectively. From Table 4, it has been seen that ΔH0
m (1) 

for C16TPB is relatively higher in negative magnitude (more exothermic) than ΔH0
m of 

C16MImCl. Bulky head groups containing three phenyl rings of C16TPB are easily dehydrated 

compared to the imidazolium head groups of C16MImCl, i.e., less energy has been required to 

promote C16TPB comparing with C16MImCl to aqueous phase into micellar interior, more 

exothermic the enthalpy of micellization for C16TPB. After the formation of first micelle, 

enthalpy change is negligible for the second one during cmc2 probably owing to change in 

micellar shape and size manifested in less negative ΔH0
m (2) value (cf. Table 4.) both in 

presence and absence of NaAlg in conjugation with C16TPB. In presence of different wt % of 

NaAlg, enthalpograms are no longer sigmoid in nature and therefore, the Cm
* values have been 

taken from the intersection points of two linear segments before and after Cm
* shown in Fig. 9 
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(a) and 9 (b). Although the break point near Cm
* for C16MImCl + 0.01% NaAlg system is not 

prominent, a sharp breakpoint is also formed (cf. Fig. 9 (a)) before Cm
* for that system at lower 

surfactant concentration which was close to Cs determined tensiometrically. In presence of 

NaAlg at different wt % solution, enthalpograms resemble to its polyelectrolyte free profiles 

of pure surfactants (cf. 9(c) and 9 (d)), except the enthalpy values are quite different in between 

alginate free and alginate containing solution during the course of surfactant additions. Such 

difference of dilution of micelles clearly indicates there some conformational change of 

polyelectrolytes 33 as the free surfactant monomer. From Fig. 9(c), it is evident that, almost no 

change is observed during the titration of C16MImCl in different wt % solution of NaAlg but 

change is found to pure C16MImCl in aqueous solution. At low [NaAlg] the enthalpogram 

shows more endothermic nature than pure surfactant and also endothermicity persists in post 

micellar regime. More endothermic contribution at low surfactant concentration is probably 

due to the electrostatic binding of C16MImCl on to the backbone of NaAlg with consequent 

break down of water molecules around NaAlg backbone. Similar observation33 has been found 

in for C16mimBr in 1 g/L NaCMC medium in comparison with C16mimBr in aqueous solution. 
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Fig. 9. 9(a). ITC profile for C16MImCl in presence of different wt% of NaAlg 

(enthalpograms are shifted to 4 units upward for better representation); 9(b). ITC profile 

for C16TPB in presence of different wt% of NaAlg; 9(c) and 9(d). Combined 

enthalpogram of C16MImCl and C16TPB respectively, in presence and absence of NaAlg 

for comparison purpose; 9 (e) and (f). Raw calorimetric traces (heat flow vs. Time) for 

C16MImCl and C16TPB respectively in presence of 0.001% (w/v) NaAlg medium.  

 

After free micelle formation, no further heat change was observed as the medium contained 

only micelles, manifested in tending to zero of the enthalpograms (Fig. 9(c)) except for the 

micellization of pure C16MImCl where constant negative heat change has been observed at the 

post micellar region. It has been reported 78, 79 that for some surface active ionic liquid, constant 

enthalpy values have been observed in post micellar region above and below to zero without 

tending to zero. Again, enthalpograms of C16TPB in conjugation with different wt% of NaAlg 

show less endothermic in nature (Fig. 9(d)) at low [C16TPB] when compared with 

enthalpogram of free C16TPB in aqueous solution. This observation clearly indicates the weak 

binding of oppositely charged C16TP+ with NaAlg backbone which has been assigned in 

tensiometry section. Faint inflections (cf. Fig. 9(b)) have been observed at low concentration 

of C16TPB designated as cac displayed in Table 2. Representative diagram of raw calorimetric 

traces (μcal/s vs. Time (min)) for C16MImCl and C16TPB in conjugation with 0.001% (w/v) 

NaAlg has been presented in Fig. 9(e) and 9(f) respectively. Enthalpy of micellization (ΔH0
m) 

for the surfactants in presence of different wt % NaAlg has been calculated by the procedure 

discussed above for pure surfactants in aqueous solution. The values of cac, CS and Cm
* are 

found for the present two surfactants in presence of different wt % of NaAlg by ITC 

measurement shown in Tables1 and 2. It has been seen from Table 1 that, Cm
* values for 

C16MImCl in aqueous solution and in presence of 0.001 and 0.005% NaAlg media are found 

comparatively lower than those found in presence of other techniques, while for 0.01% NaAlg 
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medium, Cm
* is relatively higher than the prediction of other techniques. The values of enthalpy 

of micellization (ΔH0
m) for C16MImCl and C16TPB in conjugation with NaAlg have been 

reported in Table 4 denoting exothermic in nature. Two enthalpies of micellization (ΔH0
m (1), 

and ΔH0
m (2)) for C16TPB corresponding to two cmcs have been presented here in Table 4. 

This shows that, with increase of the concentration of NaAlg in conjugation with C16TPB, 

negative ΔH0
m (1) decreases gradually from -4.31 to -0.31 kJ.mol-1 at 0.005% NaAlg. Beyond 

which negative ΔH0
m (1) increases again in presence of 0.01% NaAlg, while negative second 

enthalpy of micellization (ΔH0
m (2)) decreases with increase [NaAlg]. On the other hand, 

negative ΔH0
m decreases from -3.52 to -3.35 at 0.005 % NaAlg concentration in conjugation 

with C16MImCl and decreases sharply in presence of 0.01% NaAlg medium. Unlike to the 

earlier observation for C16TPB, no minimum is found for the ΔH0
m trending for C16MImCl 

within the investigated concentration range of NaAlg (from 0 to 0.01%). 

Here, standard entropy of micellization (ΔS0
m) has been calculated taking the values of ΔG0

m 

which have been discussed in previous section and ΔH0
m using Gibbs-Helmholtz equation: 

∆𝐺𝑚
0 = ∆𝐻𝑚

0 − 𝑇∆𝑆𝑚
0                                                 (13) 

Micellization of C16MImCl and C16TPB is spontaneous (positive ΔS0
m) shown in Table 4. 

Positive ΔS0
m increases (more spontaneous) with increase of NaAlg concentration in presence 

of C16MImCl, while less spontaneous in presence of C16TPB for both micellization process 

(both entropy of micellization designated as ΔS0
m (1) and ΔS0

m (2) respectively) with increase 

of the concentration of NaAlg (cf. Table 4). Contribution of TΔS0
m over ΔG0

m has been found 

≥ 90% (cf. Table 4), which indicates micellization of C16MImCl and C16TPB in presence and 

absence of different wt % of NaAlg driven by entropy factor.   
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3.6. FTIR-ATR spectroscopy: Characterization of NaAlg-surfactant complexes in 

conjugation with pure NaAlg, C16MImCl and C16TPB 

  

Fig. 10. Comparative profiles of % transmittance vs. wavenumber (cm-1) for C16MImCl 

(A) and C16TPB (B). Three panels of each figure have been designated as: lower panel for 

NaAlg, middle panel for pure surfactant and upper panel for NaAlg-surfactant complex. 

Complex formation of NaAlg with C16MImCl and C16TPB has been done in 0.01% (w/v) 

NaAlg solution. 

 

Characteristic absorption bands of NaAlg (both the lower panel of Fig. 10A and 10B) around 

3315, 1594, 1403 and 1025 cm-1 correspond to stretching of hydroxyl (-OH) group, asymmetric 

stretching vibration of COO- group, symmetric stretching vibration of COO- group and 

elongation of C-O-C group in between the two adjacent residues respectively 80-82.  

ATR spectrum of C16MImCl (middle panel of Fig. 10A) shows characteristics absorption peaks 

around 3087 and 3054 cm-1 due to the stretching vibration of aromatic H of imidazolium ring. 

Strong absorption peaks around 2117 and 2850 cm-1 are found due to the stretching vibration 

of alkyl-H in the 16-carbon long chain. Absorption peaks at 1571 and 1472 cm-1 are due to the 

vibrations of C=C and C=N of imidazolium ring respectively. Absorption Peaks at 3463 and 

1637 cm-1 are owing to presence of free hydroxyl group (trapped H2O molecules due to water 

of hydration attached to pure C16MImCl). Absorption peak at 3410 cm-1 is due to the H bonded 

H….OH stretching vibration between water molecules 83.  

ATR spectrum of C16TPB has been shown in Fig. 10B (middle panel). Asymmetric and 

symmetric stretching vibration of -CH2 group containing 16-carbon alkyne chain are found 
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around 2917 and 2849 cm-1 respectively 84. Peak around 1435 cm-1 is due to the -CH2 bending 

vibration.  

Solid polyelectrolyte-surfactant complexes were formed due to 1:1 charge neutralization 

between cationic surfactant head groups of surfactants with negatively charged COO- groups 

on to NaAlg backbone at moderately high surfactant concentration well above CNC (critical 

neutralization concentration)85. ATR spectrum of NaAlg-C16MImCl complex has been shown 

in Fig. 10(A) (upper panel). Absorption peaks at low wavenumber region (<1000 cm-1, 

fingerprint region) are found less intense and sometimes disappeared in complex than those 

found in pure C16MImCl, i.e., pure C16MImCl loss its individual identity in complex. Inclusion 

of new peak at 1033 cm-1 was found in alginate-C16MImCl complex which was not found in 

the spectrum of pure C16MImCl. The intense peak at 1033 cm-1 is close to the relatively less 

intense peak of 1025 cm-1 which is found in pure NaAlg spectrum attributed to elongation of 

C-O-C of NaAlg requiring higher energy in presence of IL. Intense peak at 1175 cm-1 found in 

pure C16MImCl profile is transformed to less intense peak found at 1166 cm-1 in presence of 

NaAlg-C16MImCl complex. Intense peak at 1472 cm-1 for pure C16MImCl becomes less intense 

in presence of C16MImCl-NaAlg complex. Peaks at 1571, 1637, 3054, 3087, 3410 and 3463 

cm-1 found in C16MImCl profile remain absent in the profile of NaAlg-C16MImCl, while peak 

at 1597 cm-1 and the broad peak (peak centre at 3396 cm-1) with shifting of values and change 

in intensities carry the identity of pure NaAlg to the complex comprise of NaAlg-C16MImCl. 

On the other hand, fingerprint region in presence of NaAlg-C16TPB complex remains more or 

less intact comparing with pure C16TPB. Peak positions at 1111, 2917 and 2849 cm-1 in 

presence of pure C16TPB (middle panel of Fig. 10B) remain unchanged at the ATR spectrum 

of complex made by NaAlg + C16MImCl (upper panel of Fig. 10B) and peak intensity remains 

same in both the profiles. ATR peak at 1435 cm-1 for pure C16TPB changed to slightly high 

energy peak at 1438 cm-1 found in complex. Strong absorption peak at 1600 cm-1 appeared in 

NaAlg- C16TPB complex which was seen at 1594 cm-1 in pure NaAlg profile. Broad peak 

around 3391 cm-1 masks the other small intensity peak within 3000-3500 cm-1 found in case of 

pure C16TPB has observed for the polyelectrolyte-surfactant complex. Overall, it has been said 

by scrutinizing the comparative ATR- profiles of NaAlg, surfactants and their complexes that 

formation of complexes have made by inclusion of surfactants to polyelectrolyte backbone. 
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3.7. Dynamic Light Scattering (DLS), HR-TEM and fluorescence microscopy: 

We have applied here first mixing procedure 86 when surfactants are added to NaAlg solution 

for the measurement of hydrodynamic radius (r) of NaAlg-surfactant complex. Diagrams of 

average hydrodynamic radius (r) vs. [surfactant] have been represented in Fig. 11(A) and 11(B) 

for C16MImCl and C16TPB respectively in presence of 0.01% (w/v) of NaAlg.  

 

Fig. 11. Average hydrodynamic radius (r) vs. [surfactant] for C16MImCl (A) and C16TPB 

(B) in presence of NaAlg (0.01% w/v). Error bars are given at each diagram. 

 

Wide range of mean hydrodynamic radius (r) distribution has been shown for C16MImCl  

+ NaAlg system (Fig. 11(A)) at and above 0.98 mM concentration of C16MImCl due to 

existence of several polyelectrolyte-surfactant species present in the medium. Initially, below 

0.98 mM, size of free NaAlg (229 -265 nm) decreases upon increase of C16MImCl upto 0.18 

mM of [C16MImCl] probably due to the charge neutralization on polyelectrolyte backbone by 

positively charged surfactant monomers which in terms decrease intramolecular repulsion in 

the polyelectrolytes and shrink polyelectrolyte hydrodynamic diameter bound with surfactants. 

After that, r increases again from 0.3 mM to 0.7 mM due to attachment of small premicellar 

aggregates containing C16MImCl monomers onto NaAlg backbone (necklace conformers). 

After Cm
* ([C16MImCl] ≥ 0.98 mM), three types of distributions present in medium: (i) r > 

1000 nm due to formation of agglomerated species comprise of free micelles of C16MImCl 

intercalated in necklace type conformers of polyelectrolytes., (ii) Complete charge 

neutralisation of polyelectrolyte is often not found throughout the polyelectrolyte backbone. 

Such incompletely neutralized polyelectrolytes adsorb on the free micellar surface due to 

electrostatic reason which is manifested in species formed in solution having radius in between 

500 – 1000 nm., and thirdly, (iii) some polyelectrolyte-surfactant complexes break down in 
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solution and absorb in micellar medium forming complex of relatively less hydrodynamic 

radius (80-140 nm). On the other hand, single size distribution has been observed at different 

[C16TPB] in the range between 90 to 250 nm (cf. 11(B)) within the size limit of DLS 

instrument. Hydrodynamic radii of free NaAlg drop from ~ 230 nm to 127 nm when [C16TPB] 

increases from 0 to 0.018 mM. The decrease in r is probably due to charge neutralization in 

polyelectrolyte chains stated above. Further increase in surfactant concentration from 0.05 mM 

to 1.6 mM, r hardly changes (95-110 nm) shown in Fig. 11(B). We have not found higher sized 

species for the interaction of C16TPB with NaAlg after Cm
*, those found in presence of 

C16MImCl in conjugation with NaAlg. This observation suggests that weak interaction 

prevailed in presence of NaAlg with C16TPB than C16MImCl. Same observation has also found 

by other investigated techniques discussed above. Polydispersity index (PDI) values (cf. Fig 

S2) of NaAlg (0.01% w/v)-surfactant interacted complexes are lower than the free NaAlg 

(0.01% w/v), but the values are within the limit of monodispersity (<0.7). Furthermore, it was 

seen from Fig. S2 that PDI values of NaAlg + C16MImCl systems (even greater at high 

C16MImCl concentration) have greater than NaAlg + C16TPB systems indicating less 

monodisperse character of NaAlg + C16MImCl system (multiple size distribution with variation 

of surfactant concentration) character than C16TPB in conjugation with NaAlg. HR- TEM 

images of polyelectrolyte-surfactant complexes have been shown in Fig. 12. 

 

 

Fig. 12. Complex formation between NaAlg (0.01% w/v) with C16MImCl (A) and C16TPB (B).  

 

NaAlg (0.01% w/v) + C16MImCl complexes (Fig. 12(A)) show non uniform globular like 

structure with radius varying between the range of 50-65 nm associated with small globular 

fragments (10-25 nm). Larger aggregates are not found for NaAlg - C16MImCl complex above 
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100 nm radius, those found using DLS measurement in solution phase. For NaAlg (0.01% w/v) 

+ C16TPB system (Fig. 12B), complexes look like different morphology, such as, non-uniform 

unpolished stone shaped coacervates (average radius within the range of 30-45 nm) along with 

single and fused ring like appearance structure. Average radii of these single and fused ring-

shaped complexes (Fig. 12B) are found around 55 and 100 nm respectively. Less aggregated 

ring-shaped complex has been found in coacervates formed by 0.01% NaAlg with C16TPB 

clearly indicating less association of NaAlg with C16TPB in compared to C16MImCl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Fluorescence microscopy images of polyelectrolyte-surfactant complexes: NaAlg (0.01% 

w/v) + C16MImCl (a,b) and NaAlg (0.01%) + C16TPB (c,d, and e). Scale bar = 10μm. 

 

Non uniform cluster of polyelectrolyte surfactant complexes (NaAlg concentration fixed at 

0.01% w/v) in coacervate form of relatively larger size have been found in Fig. 13. Clusters 

formed by NaAlg with C16MImCl are found relatively denser (Fig. 13 (a), (b)) than NaAlg + 

C16TPB system (Fig. 13(c), (d) and (f)) by observing the fluorescence intensity of DPH probes 

(bright green spots) attached to the micellar aggregates wrapped by NaAlg chains in 
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agglomerated form. Polyelectrolyte-surfactant clusters are found in different shapes (Fig. 13). 

As DPH selectively strains the micelles inside the aggregated complexes, free NaAlg structure 

cannot be detected. No smaller aggregates (< 1000 nm) are observed in fluorescence 

microscopic study. 

 

Table1.  Tabulated values of cmc for pure C16MImCl in aqueous solution and cac, CS and 

Cm* values appeared at different concentrations of C16MImCl in presence of 0.001, 0.005 

and 0.01% (w/v) of NaAlg in aqueous solution by different experimental techniques 

employed here at 298.15 K.
†
 

[NaAlg] 

% w/v 

Conductometry tensiometry fluorimetry ITC Turbidimetry 

cac 

mM 
 

CS 

mM 

cmc / 

Cm*(β) 

mM 

cac 

mM 

CS 

mM 

cmc/ 

Cm* 

mM 

cac 

mM 

CS 

mM 

cmc/Cm* 

mM 

cac 

mM 

CS 

mM 

cmc  

/Cm* 

mM 

T1 

mM 

T2 

mM 

Tm 

mM 

  

 0 

  
0.85(0.51) 

0.876 

(0.50)a 

0.860 b 

  
0.83 

0.955 

a 

  
0.72 

 

  
0.68 

0.99b 

   

0.001% 0.030 0.43 0.92(0.57) 0.033 0.35 0.85 0.044 0.34 0.85 - - 0.74 0.04 - 1.07 

0.005% 0.140 - 1.06(0.61) 0.049 0.62 0.88 0.051 0.65 0.97 - - 0.86 0.167 0.41 1.34 

0.01% 0.36 - 1.18(0.59) 0.069 0.76 1.14 0.062 - 1.24 - 0.65 1.55 0.26 0.54 1.36 

 

a. Ref. [19] 

b. Ref. [37] 
†
Standard uncertainties in terms of cac, CS and Cm*/ cmc are ± 0.01%, ± 0.005% and ± 0.02% 

respectively. 
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Table 2.  Tabulated values of cmc1, and cmc2 for pure C16TPB in aqueous solution and cac, CS and Cm*1, Cm*2 values appeared at different 

concentrations of C16TPB in presence of 0.001, 0.005 and 0.01% (w/v) of NaAlg in aqueous solution by different experimental techniques 

employed here at 298.15 K.
†
 

 
 

[NaAlg] 

% w/v 

conductometry Tensiometry fluorimetry ITC Turbidimetry 

Cac 
mM 

Cs 
mM 

cmc1/cmc2 
or 

Cm*1/Cm*2 
mM 

β1/ β2 cac Cs cmc1/cmc2 
or 

Cm*1/Cm*2 
mM 

Cac Cs cmc1/cmc2 
or 

Cm*1/Cm*2 
mM 

cac Cs cmc1/cmc2 
or 

Cm*1/Cm*2 
mM 

Φ1 
 

mM 

Φ2 
 

mM 

Φm 
 

mM 

 
0 

- - 0.16/0.39 

0⋅20/0⋅42c 

0.14/0.34d 

0.28/0.37 
0.32/0.54c 

0.308/0.52d 

  
0.12/0.31 
0.24/- c 

  
0.14/- 

  
0.12/0.36 
0.11/- d 

  
 

0.001% - 0.022 0.24/0.67 0.33/0.18 0.009 0.026 0.13/0.53 0.013 0.023 0.14/0.33 0.008 - 0.11/0.41 0.12 0.49 0.98 

0.005% 0.007 0.02 0.21/0.59 0.07/0.20 0.011 0.025 0.10/0.40 0.024 - 0.09/0.30 0.007 - 0.09/0.38 0.11 0.29 0.91 

0.01% 0.009 0.117 0.43/0.63 0.02 / - 0.015 0.056 0.15/0.52 0.026 - 0.16/0.42 0.008 - 0.13/0.42 0.073 - 0.44 

 

c. Ref. [38] 

d. Ref. [36] 
†
Standard uncertainties of cac, CS and Cm*/ cmc are ± 0.01%, ± 0.03% and ± 0.02% respectively. 
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Table 3. Interfacial and bulk parameters of surfactants measured in absence and presence of varying concentration of NaAlg (0.001, 0.005 

and 0.01% w/v) in aqueous solution at 298.15 K. † 

 

†
Standard uncertainties of Γcmc, Amin, πcmc and pC20 are ± 0.04%, ± 0.04%, ± 0.02% and ± 0.03% respectively. 

 

Table 4. Thermodynamic parameters for the micellization of C16MImCl and C16TPB determined in absence and presence of varying 

concentrations of NaAlg (0.001, 0.005 and 0.01% w/v) in aqueous solution at 298.15 K. † 

 

 

 

[NaAlg] 

C16TPB C16MImCl 

 

ΔG0m(1)/ΔG0m(2) 

kJ.mol-1 

 

ΔH0m(1)/ΔH0m(2) 

kJ.mol-1 

 

ΔS0m(1)/ ΔS0m(2) 

kJ.K-1.mol-1 

 

 |
𝑇∆𝑆𝑚

0

∆𝐺𝑚
0 | 

(1)/ (2)  
 

 

ΔG0m 
kJ.mol-1 

 

ΔH0m      

kJ.mol-1 

 

ΔS0m 
kJ.K-1.mol-1 

|
𝑇∆𝑆𝑚

0

∆𝐺𝑚
0
| 

 
  

0 -40.9/-40.4 -4.31/-0.73 0.123/0.133 0.89/0.98 -41.8 -3.52 0.128 0.92   

0.001% -42.3/-34.0 -3.03/-0.25 0.132/0.113 0.92/0.99 -43.2 -3.47 0.133 0.92   

0.005% -34.6/-35.1 -0.31/-0.25 0.115/0.117 0.99/0.99 -43.9 -3.35 0.136 0.93   

0.01% -31.3/-28.8 -2.38/-0.11 0.097/0.096 0.92/0.99 -42.8 -0.59 0.142 0.99   

 

†
Standard uncertainties of ΔG0m, ΔH0m and ΔS0m   are ± 0.04%, ± 0.03%, ± 0.04% respectively 

 

 

[NaAlg] 

%w/v 

                                              C16TPB            C16MImCl 

106Γcmc1 

mol.m-2 

103Amin1 

nm2/molecule 

πcmc1/πcmc2 γcmc1/ γcmc2 
mN.m-1 

P1 pC20 Na 106Γcmc 

mol.m-2 

103Amin 

nm2/molecule 

πcmc γcmc 

mN.m-1 

P pC20 Na 

0 0.93 1.78 27.6/29.2 39.1/37.5 0.117 1.49 8±5 1.15 1.46 30.6 36.4 0.144 0.58 49±6 

0.001% 0.11 15.4 30.4/34.2 37.3/33.5 0.013 1.93 9±6 0.44 3.77 29.0 31.3 0.056 0.46 60±4 

0.005% 0.69 2.40 29.3/32.8 36.4/32.9 0.087 1.95 16±6 0.97 1.71 33.2 31.7 0.121 0.79 59±5 

0.01% 0.04 41.1 28.1/33.6 37.5/32.0 0.005 1.92 18±5 0.93 1.79 32.1 30.9 0.115 0.91 44±7 
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Conclusions: 

We have tried to shaded light on the interaction of oppositely charged surfactants with 

polyelectrolyte probed by different experimental techniques in this manuscript. Difference of 

head groups of two surfactants is responsible for different extents of interaction with the 

carboxylate groups of M and G residues of NaAlg. Presence of bulky head groups of C16TPB 

containing triphenyl attached to phosphonium cation makes it less accessible to COO- groups 

of NaAlg over imidazolium cations of C16MImCl, while C16TPB enhances hydrophobicity in 

NaAlg medium forming greater amount of coacervates comparing with C16MImCl + NaAlg 

systems. Existence of second cmc has been found clearly in presence of C16TPB in aqueous 

solution by conductometry, ITC and fluorimetric techniques while, that cmc of C16TPB is 

clearly detectable in presence of higher NaAlg concentration medium by tensiometry and 

conductometric techniques. Micellization process in presence of both surfactants is exothermic 

in presence of different wt% of NaAlg and overall decrease in exothermicity is observed with 

increase of polyelectrolyte concentration. The values of cac, CS and Cm
* for two surfactants in 

corporation with different wt% (w/v) of NaAlg are estimated by different experimental 

techniques which have well similarity to each other. ATR spectra of polyelectrolyte-surfactant 

complex reveal the incorporation of surfactants into polyelectrolyte. DLS study reveals the 

hydrodynamic radii of NaAlg-surfactant complexes with variation of surfactant concentrations, 

while HR-TEM study reveals not only size but also shape of NaAlg-surfactant complexes. 

Fluorescence microscopy study detects relatively larger aggregates of NaAlg-surfactant 

complexes.   
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Supplementary Section 

 

Table S1.  Fitting parameters and lifetimes (τ1, τ2 and <τ>) for different time resolved 

decay plots calculated using IBH DAS-6 software by nonlinear least square iterative 

method in presence of two different surfactants with their different concentrations in 

presence and absence of 0.005% (w/v) NaAlg.  

[NaAlg] = 0.005% (w/v) 

[C16MImCl]/ mM a1 a2 τ1 τ2 <τ> χ2 

0   123.5  123.5 1.05 

0.012 13.5 86.5 32.57 124.8 112.3 1.06 

0.036 16.9 83.0 36.07 124.8 109.8 1.01 

0.073 23.1 76.9 39.14 120.6 101.8 0.99 

0.121 34.4 65.6 64.38 163.9 129.6 0.99 

0.211 35.2 64.8 75.76 192.3 151.3 1.01 

0.318 30.4 69.6 70.39 180.6 147.1 1.13 

0.469 29.7 70.3 69.44 170.9 140.7 1.08 

0.668 37.6 62.3 74.51 180.5 140.6 1.03 

0.943 27.9 72.0 67.64 161.9 135.5 0.95 

1.310 11.1 88.9 52.62 163.8 151.5 1.06 

1.756 17.1 82.9 83.42 184.7 167.4 1.06 

2.939 4.38 95.6 55.35 170.4 165.4 1.03 

3.690 9.17 90.8 81.80 175.3 166.7 0.99 

4.510 3.18 96.8 40.71 170.3 166.2 1.02 

5.353 6.96 93.0 82.24 174.1 167.7 1.02 

[NaAlg] = 0.005% (w/v) 

[C16TPB]/ mM a1 a2 τ1 τ2 τav χ2 

0   123.5  123.5     1.05 

0.005 6.80 93.2 16.89 125.9 118.5 1.03 

0.017 20.6 79.4 21.50 123.3 102.3 1.01 

0.032 37.6 62.4 27.43 118.8 84.38 1.01 

0.058 52.2 47.8 29.65 113.3 69.65 1.05 

0.097 65.8 34.2 32.04 106.3 57.47 1.05 

0.146 71.3 28.7 32.11 82.93 46.72 1.12 

0.232 74.1 25.9 33.14 71.71 43.15 1.14 

0.338 74.9 25.0 32.05 70.67 41.72 0.95 

0.446 80.3 19.7 32.14 54.52 36.54 1.06 

0.555 53.9 46.1 25.80 47.49 35.79 1.09 

0.695 74.4 25.6 27.72 54.82 34.65 1.06 

0.852 24.2 75.8 18.55 35.59 31.46 1.16 

1.025 79.0 20.9 26.81 64.89 34.79 1.03 

1.220 11.4 88.6 17.47 31.60 29.98 0.97 

1.424 74.1 25.9 26.31 42.58 30.52 1.05 

1.707 8.98 91.0 10.27 30.57 28.75 1.09 

1.965 11.9 88.0 12.61 31.34 29.09 1.11 

2.274 12.5 87.5 19.99 29.84 28.60 1.08 
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Table S2.  Coefficients of A, B1 and B2 values derived from the fitting of Y = A + B1*X + 

B2*X2 of γ vs. log [surfactant] plots given in Fig. S3. 

 

[NaAlg] 

% w/v 

            C16TPB             C16MImCl 

A B1 B2 A B1 B2 
0 30.4 -8.67 1.16 34.8 -19.8 -3.94 

0.001 41.8 7.78 5.12 37.5 -7.55 -0.004 

0.005 43.2 -1.06 3.00 39.9 -16.6 -1.72 

0.01 61.9 7.49 4.86 50.8 -15.6 -2.53 

 

 

Fig. S1. Plot of reduced viscosity (cm3/gm) vs. concentration of alginate (gm/ml) at 298.15 

K at a fixed NaCl concentration (0.1 M) # 
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#
Intrinsic viscosity [η] of a polyelectrolyte can be determined in salt medium using Huggins 

equation: 

𝜂𝑠𝑝
𝐶𝑃
= [𝜂] + kH[𝜂]

2CP 

where,  𝜂𝑠𝑝 is the specific viscosity and CP is the concentration of NaAlg (gm/ml). kH is the 

Huggins constant. 
𝜂𝑠𝑝

𝐶𝑃
 , termed as reduced viscosity in cm3/g unit. A stock NaAlg solution was 

prepared in 0.1 M NaCl solution and progressively added to a 0.1 M NaCl solution taken in an 

ubbelohde viscometer fitted in a thermostatic water bath at 298.15 K and flow times were 

measured in triplicate after each addition of stock NaAlg. Reduced viscosity vs. concentration 

of alginate was plotted (shown in above). Intrinsic viscosity determined for NaAlg is 235 cm3 

/gm at 298.15 K and 0.1 M NaCl medium. Average viscometric molecular weight (𝑀𝑣) of 

NaAlg was determined using Mark–Houwink equation: 

[ η ] = K 𝑀𝑣
α  

K and α are constants and characteristic of the medium, temperature and polymer. K and α 

values are taken from Clementi et. al. [41],
 

and Masuelli M. A. et al. [42]. K = 0.0023 cm3 /gm 

, α = 0.984.  

 

Fig.S2. Plot of % Intensity vs. hydrodynamic diameter of pure NaAlg (0.01% w/v) and with 

varying the concentrations of C16MImCl (A) and C16TPB (B) added to it. Concentrations of 

surfactants have been shown at the bottom of each plot. PDI values are given within a bracket 

beside each figure caption. 

A 

Free NaAlg 0.01% (PDI = 0.668) 
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NaAlg 0.01% + 0.09 mM C16MImCl (PDI = 0.218) 

 

NaAlg 0.01% + 0.30 mM C16MImCl (PDI = 0.221) 

 

NaAlg 0.01% + 1.42 mM C16MImCl (PDI = 0.470) 
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NaAlg 0.01% + 3.32 mM C16MImCl (0.490) 

 

B

 

 

NaAlg 0.01% + 0.05 mM C16TPB (PDI = 0.184) 
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NaAlg 0.01% + 0.18 mM C16TPB (PDI = 0.186) 

 

NaAlg 0.01% + 0.89 mM C16TPB (PDI = 0.197) 

 

NaAlg 0.01% + 1.95 mM C16TPB (PDI = 0.150) 
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NaAlg 0.01% + 2.33 mM C16TPB (PDI = 0.181) 

Fig. S3. γ with corresponding log[surfactant] values up to cmc /Cm* and fitted them with 

second order polynomials [a: free C16MImCl, b: free C16TPB, c: C16MImCl + 0.001% 

(w/v) NaAlg, d: C16MImCl + 0.005% (w/v) NaAlg, e: C16MImCl + 0.01% (w/v) NaAlg, f: 

C16TPB + 0.001% (w/v) NaAlg, g: C16TPB + 0.005% (w/v) NaAlg, h: C16TPB + 0.01% 

(w/v) NaAlg] 
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Fig. S4. ln (I0/I ) vs. [CPC] in presence of two different surfactants in presence and 

absence of NaAlg with varying wt %. Surfactant concentrations have been fixed to ~ 10 

mM for each system showing in the legend. 
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Physicochemical and Spectroscopic Study on the Interaction of a Novel Azabenzocrown 

Dye with Different Surfactants 

 

Abstract: 

Interaction of a novel azabenzocrown ether (H2DTC) with different kinds of surfactants such as, 
conventional anionic (SDS), cationic (DTAB), gemini cationic (16-4-16), ionic liquid (C16MImCl) and non-
ionic (Tween-60) has been investigated at the wide range of surfactant concentrations (premicellar, 
micellar and post micellar regime) in 15% (V/V) EtOH-water medium at 298.15 K. Several 
physicochemical techniques, viz., tensiometry, steady state fluorimetry, UV-VIS spectroscopy was 
employed. H2DTC show several inflection points in surface tension, steady state fluorimetry and 
absorption profiles with variation of [surfactant] from very low to high, apart from critical micelle 
concentration (cmc). Equilibrium binding constants (Kb) for the binding of H2DTC with micellar 
environment, partition coefficient values for H2DTC (Kx) in micellar to solvent phase, molar absorptivity 
of H2DTC in absence (ε0) and presence (ε) of micellar solution, Gibbs energy of binding (𝛥𝐺𝑏

0), Gibbs 

energy of partition (𝛥𝐺𝑝
0) for H2DTC in solvent to micellar phase have been evaluated in this present 

study. It has been seen that H2DTC strongly binds with micelles of Tween-60 than the anionic and 
cationic surfactants and correspond Kx values are found higher for micelle medium of non-ionic 
surfactant. On the other hand, ε value of H2DTC found lower in micellar Tween-60, whereas, it is found 
high in cationic and anionic micellar medium comparing with the pure solvent (15% V/V EtOH-water). 
Negative Gibbs binding and negative values of partition coefficient clearly indicates the spontaneity of 
both these processes. The binding of H2DTC with Tween-60 micelles is greater than the other 
surfactants. 

 

1. Introduction: 

An enormous attention has been focused for the synthesis of azacrown compounds in past and 

preceding years. The azacrowns show intermediate complexation properties in between those 

crowns bind with only oxygens, which have strong intake affinity towards alkali and alkaline 

earth metal ions, and those of the all-nitrogen bound cyclams which strongly bind with heavy-

metal cations inside in its cavity due to less electronegativity and strong complexing ability of 

N over O atom. These have important uses as artificial receptors in molecular recognition 

processes1 and, in some cases, complexation of  anions which have close similarity with the 

ions participate in definite biological systems.2-4 Thus, the introduction of biological entities 

into the crown ether macromolecules has provided researcher an even greater insight into 

biological ionophores, such as macrolide antibiotics, cyclic peptides etc.5, 6 These crown based 

macrocycles have also an enhanced complexing ability for ammonium salts7, 8  through H- 

bonding 9-12 and for transition-metal ions 8,13   over the crowns containing only oxygen atom. 

Extensive numbers of azacrowns have been synthesized; among them, benzoazacrowns have 

been studied broadly on its complexation affinity towards main group and also transition metal 
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ions since its discovery in the mid-1970s.14-17 Surfactant mediated assemblies in solution 

medium have great potential applications in routine life. The simplest assemble is termed as 

micelle and the corresponding surfactant concentration abbreviated as critical micelle 

concentration (cmc).18 These micellar properties are affected by influence of several additives, 

i.e, non-polar and polar organic compounds, small amount of electrolytes etc.18 Recently, 

increasing effort is being emphasized to the study of the assimilation or solubilization of neutral 

molecules into micelle in aqueous solution. Although a lot of studies have already reported on 

the complexation properties of crowns with various cations, anions and neutral organic 

molecules, less attention has been devoted on the interaction of crowns with surface active 

agents19-23 in both pre and post micellar regime and majority of them (surfactants) are anionic 

in nature. The inclusion of crown macromolecule to the surfactants during micellization results 

to the formation of inclusion complex mediated by crown cavity with oppositely charged 

counterions or simply association with monomeric and aggregated form of surfactants with 

crowns, and as a result, these crowns alter the adsorption of surfactants at interfaces and also 

influence in bulk micellization. On the other hand, the partition, absorption and emission 

properties of azacrown are influenced by surfactants in both monomeric and micellar solution. 

In this connection, a comprehensive investigation has been executed on the interaction of a 

synthesized chromophoric dihydroxy dibenzoaza-crown (1,16-dihydroxy-tetraaza-30-crown-

8) with arbitrarily chosen surfactants [conventional cationic (dodecyltrimethylammonium 

bromide, DTAB) and anionic (sodiumdodecyl sulfate, SDS), cationic gemini (butanediyl-1,4-

bis(dimethylcetylammonium bromide),16-4-16), surface active ionic liquid (1-hexadecyl-3-

methylimidazolium chloride, C16MImCl) and non-ionic surfactant (polyoxyethylene sorbitan 

monostearate, Tween-60] covering all the classes in 15% EtOH-water medium at 298.15K. 

Tensiometry, UV-VIS spectroscopy and steady state  spectrofluorimetry techniques were 

employed to elucidate the interaction between crown with surfactants both at the surface and 

in the bulk. 

 

2. Experimental Section: 

2.1. Materials: 

 DTAB, Tween-60 (HLB = 14.9), N, N-Dimethylhexadecylamine, 1,4-Dibromobutane, and 

Ethyl acetate were purchased from Merck (Sigma Aldrich), India and these are used without 

any further purification. SDS was obtained from SRL, India (assay min 85%) and used as 

received. C16MImCl, 98%, monohydrate was purchased from Acros Organics (Germany) and 

used as received. Acetone (certified ACS) was purchased from Fisher Scientific (Germany). 
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Absolute Ethanol (EMSURE® ACS, for analysis, was purchased from Merck, Germany) and 

deionised water with a specific conductance of 0.98 μS.cm-1 were used to prepare the 

experimental solutions. The gemini surfactant, 16-4-16 was synthesized in our laboratory (See 

below). H2DTC was received as a gifted sample from Dr. Amrita Saha, Department of 

Chemistry, Jadavpur University. Structures of different surfactants and H2DTC have been 

shown in Fig. 1. 

2.2.  Synthesis of butanediyl-1,4-bis (dimethylcetylammonium bromide) [16-4-16]: 

Cationic gemini surfactant, 16-4-16 has been synthesized in our laboratory using the protocol 

mentioned by Menger et. al. 24 N,N-Dimethylhexadecylamine (2.67 g, 9.93 mmol) was added 

to a 5 ml dry acetone in a small clean round flask. After that, 1,4-Dibromobutane (1 g, 4.63 

mmol) was added drop wise to the flask with continuous starring by a mechanical stirrer and 

this mixture was finally brought for refluxing for 18 hours. During refluxing, white product 

was separated out form the solution. After cooling the refluxing mixture, 20 ml acetone was 

added and continuously stirred followed by decantation of supernatant liquid. This washing 

procedure was followed 2 - 3 times. After that, crude product was filtered and further washed 

with cold diethyl ether and dried with a rotary evaporator at moderate temperature. Product 

was recrystallized with ethanol and ethyl acetate and characterized by 1H NMR. The calculated 

Yield was: 1.89 g (54%). 

1H NMR (400 MHz, DMSO-d6, Fig.S1 in the supplementary) δ ppm:  3.25-3.32 (qurt. N(+)-

CH2) (m, 8H), 3.00 (qurt.N(+)-CH3)  (s, 12H), 1.65 (spacer-CH2-CH2-) (m, 4H), 1.24 (long 

chain-CH2) (m, 52H), 0.85 (long chain terminal-CH3) (t, 6H, J = 6.5 Hz). 

 

2.3.  Determination of molar absorptivity coefficient of H2DTC and preparation of 

experimental Solutions: 

 

Required weighted H2DTC was dissolved in 15% EtOH-water under sonication at room 

temperature until soluble (maximum solubility range: ~ 0.15 mg H2DTC in 1 ml 15% EtOH-

water). Molar absorptivity of the H2DTC (ε0) in 15% v/v EtOH-water medium was calculated 

using rearranged Beer-Lambert equation: ε0 = A/lC, where A. l and C represent absorbance at a 

given wavelength corresponding to maximum absorbance (238, 356 and 423 nm, cf. Fig. S2(a) 

and S2(b)), the length of cuvette and concentration of H2DTC, respectively. The calculated ε0 

values have been found to be 12000, 2531 and 2867 L mol-1 cm-1 at 238, 356 and 423 nm 

wavelength respectively corresponding to maximum absorbance (𝜆𝑎𝑏𝑠
𝑚𝑎𝑥) at 298.15K 

respectively. Detailed discussions have been given in results and discussions section in this 
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manuscript. Appearance of three absorbance peaks of dye molecules in 15% EtOH-water 

medium are probably due to n → * transition between nonbonding electron of N and -N=C- 

group present in H2DTC (for 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥= 356 and 423 nm; relatively less intensity (cf. Fig. S2(b)) 

with H- bonding type interaction between phenolic -OH and azo group hamparing n → * 

transitions; while relatively lager absorbance intensity is observed at 238 nm probably due to 

 → * transition.  All surfactant solutions were prepared 15 times above their aqueous cmcs 

25-43 and also cmc values are evaluated in aqueous solution in the present study by different 

techniques shown elsewhere (cf. Table 1). Determined cmc values in this work in aqueous 

solution at 298.15 K are in good agreements with the literatures 25-43, [Ref. for SDS 25-31; DTAB 

32-39; 16-4-16 40; C16MImCl 39; Tween-60 41-43. All surfactants (same weightage as those taken 

for aqueous solution for tensiometry and later for spectrometry, 15 times the cmc values those 

calculated in tensiometric method) were dissolved in 15% EtOH-water both in presence and 

absence of H2DTC and cmc values were evaluated and displayed in Table 1. Respective 

concentration of H2DTC remains fixed both in the solutions containing only H2DTC and 

surfactants with H2DTC (Stock Solutions) for all the measurements. All experiments were 

performed at 298.15 K. 

               

          

 

 

 

 

 

Fig.1. Structure of surfactants & H2DTC: SDS (a), DTAB (b), C16MImCl (c), 16-4-16 (d), 

Tween-60 (e), and H2DTC (f: line structure, fˊ: stick representation of H2DTC 

(optimized)).      
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3. Methods Employed: 

3.1.  Tensiometry: 

A calibrated Krüss-K8 tensiometer (Made in Germany) was used to determine surface tension 

at air water interface by du Noüy ring detachment method at 298.15K. A clean platinum ring 

was used for this purpose. This ring has been cleaned using deionized water and acetone 

successively and burned briefly until glowing in ethanol flame prior to each measurement. Pure 

ethanol and ethanol (15%) solubilised H2DTC (concentration ~ 0.15 mM) were taken in a 

double jacket container attached with a thermostatic water bath to maintain the desired 

temperature with an accuracy of ± 0.1 K. Stock surfactant solutions were added to the double 

jacket container by a Hamiltonian micro syringe and stirred well after each addition and kept 

for 5 minutes before taken the data. Two or three consecutive readings of surface tension were 

taken for a particular addition of surfactant by syringe for better reproducibility. Surface 

tension of distilled water used for preparation of solution was found to be 70.8 mN.m-1 with 

the precision of ±1 mN.m-1 at 298.15 K. Representative plots of surface tension (γ) vs. log 

[surfactant/ mM] were shown in Fig. 2. Several inflection points were identified and those were 

also verified by other methods (Spectrophotometry (Fig. 3.), and Fluorimetry (Fig. 4.)) 

 

 

 

Fig.2. Plot of Surface tension (γ) vs. log ([surf]/ mM): Surfactants in aqueous solution (a), 

different surfactants employed here in 15% EtOH-water in absence (b), and presence (c) 

of H2DTC. Cmcs and several inflection points (C1, C2, C3 and C4) have been specified. 

 

3.2. Spectrophotometry: 

 

Spectrophotometry was conducted using a Shimadzu UV-VIS spectrophotometer (made in 

Japan) attached with a thermostatic water bath to maintain 298.15 ± 0.15 K. Initially, base line 

was done using the solvent (15% EtOH-water). 2.5 mL of H2DTC (~ 0.13 mM) prepared in 

15% EtOH-water was taken in a quartz cuvette of 1 cm path length and surfactant solutions 
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(Prepared in ~15 times above their cmcs those calculated in tensiometry) were prepared in 

same concentration of H2DTC, added with a Hamiltonian micro syringe and spectrum was 

recorded (cf. Fig.3.).  

 

 

  

 

 

 

 

 

 

 

 

   

 

Fig.3. UV-VIS spectroscopy of H2DTC (0.13 mM) upon addition of surfactants: SDS (a),  

DTAB (b) and C16MImCl (c), 16-4-16 (d) and Tween 60 (e) in 15% EtOH-water medium. 

 

3.3.  Spectrofluorimetry:  

A Perkin-Elmer LS 55 (USA) fluorescence spectrofluorometer attached with a Peltier have 

been used for steady state measurements at 298.15 ± 0.1K. Spectroscopic behaviour of H2DTC 

was observed in 15% EtOH-water at the excitation wavelength of 421 nm with 14 nm band 

pass. While emission monitored between 450 – 650 nm with a width of 4 nm band pass, 

emission maxima (λmax) of   H2DTC was measured at 527 nm. Surfactants were added using a 

microsyringe to H2DTC and the spectrum was measured (cf. Fig. 4). Same concentration of 

H2DTC and same experimental procedure has been followed that stated in photometry section.  

Spectra were recorded in Fig.4. 
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Fig.4. Fluorescence spectra of H2DTC (0.09 mM) upon addition of surfactants: DTAB (a), 

C16-4-C16 (b) and Tween-60 (c) in 15% EtOH-water medium. 

 

4. Results and Discussions: 

4.1. Micellization of surfactants in aqueous, 15% EtOH-water solvent in absence and 

presence of H2DTC by tensiometry   

The variation of surface tension (γ) vs. log [surf] profiles were exhibited in Fig. 2. for different 

surfactants in aqueous (a), in 15% EtOH-water (b) and in H2DTC (0.15 mM) medium dissolved 

in 15% EtOH-water used as solvent (c). It is well known that amphiphiles residing at the air-

water interface reduce γ significantly, and finally, remain invariant of surfactant concentration 

after the onset of micelle formation (cf. Fig 2a.). The inflection point obtained in the surface 

tension profiles for surfactants in aqueous solution was shown in Fig. 2a, and that concentration 

was termed as critical micelle concentration (cmc). Two intersecting linear slopes with 

different magnitude have been assigned (cf. Fig. 2) in this context and often used 44, 45 to 

determine cmcs. Cmc values of surfactants in aqueous solution are displayed in Table 1.                         
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Determination of cmc for SDS in aqueous solution is found difficult due to the existence of a 

minimum (Fig. 2(a)). During the addition of SDS solution in water, initially, surface tension 

decreases and finally a plateau is appeared followed by a sharp minimum. The minimum 

appears due to the n-dodecanol impurity 25, 26, 44 , which is more surface active, found mostly 

in technical grade SDS samples. The more surface active n- dodecanol reduces the surface 

tension more even after the surface is saturated by SDS and finally, it is solubilised in SDS 

micelle causing a minimum. Even the minimum point has been reported for laboratory grade 

SDS (≥ 98% purity) due to auto hydrolysis of SDS forming n- dodecanol during the process of 

micellization.25, 44 From the minimum formation to the appearance of plateau is designated in 

between two dotted lines shown in Fig.2a. Same observation in the tensiometry profile (Fig.2b.) 

of SDS in 15% EtOH-water is also observed. To determine the cmc of SDS, the convenient 

concentration is used immediate after the concentration where minimum in γ is observed.  

Although a number of researchers have taken the minimum point in tensiometry profile to 

designate cmc in case of SDS, we have adopted the aforesaid method and also found excellent 

similarities with those obtained from literatures 25-27 and in accord with the cmc determined by 

spectrometry (Table 1) in this present investigation. In 15% (v/v) ethanol content medium, cmc 

value of SDS is found to be 5.08mM, lower than that obtained in aqueous solution. This clearly 

indicates that EtOH wound not act as a cosolvent at its 15% (v/v) volume fraction solution 

during the micellization of SDS while for the micellization of other cationic surfactants 

investigated here, increment of cmc is observed (Table 2) in 15% EtOH-water medium 

comparing with aqueous system (Table 1). The decrease of cmc in presence of SDS at 15% 

EtOH- water medium would be explained in terms of decrease of interfacial energy between 

the solvent and micelles by the adsorption of EtOH molecules on micellar surface attributed to 

greater micelle stability. 46  It has been reported that at its low concentration, EtOH behaves 

like a cosolvent and at higher concentration, cosurfactant nature predominates and in this 

consequence, a manifestation of minima in cmc trend 47, 48 is observed for a particular (both 

anionic and cationic) surfactant at varying EtOH volume fractions. 

Cmc of Tween-60 is found around 0.035 mM when studying micellization both in aqueous and 

15% EtOH-warer medium. The exact similarity in cmc of Tween-60 in both media is probably 

due to H- bonding interaction of polyoxyethylene hydrophilic moiety with water molecules 

and such interaction hinders EtOH molecules to influence the micellization of Tween-60. 

Similar observation was found by Gokturk et. al. 49, while micellization of TX100 was 

investigated in aqueous and ethanol-water medium.   
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From Fig. 2. It is found that, γ values of surfactants in presence of 15% EtOH-water decreases. 

The γ values in 15% EtOH-water is found to be 40 – 42 mN.m-1 without surfactants attributed 

to the surface activity of the solvent itself. The decrease of surface tension in alcohol-water 

medium with respect to deionized water is also reported in previous literatures. Surface tension 

at cmc (γcmc, cf. Table 3) of surfactants decreases in presence of 15% EtOH-water when 

compare with aqueous medium.  

Presence of slight minima in the tensiometric profile of DTAB and C16MImCl is also observed 

and can be explained in terms of intercalation of EtOH molecule into micelles followed by 

more surface activity of EtOH along with these surfactants.  

Interesting observation is obtained in the tensiometric profiles (Fig.2c.) of surfactants, except 

Tween-60, in presence of 0.15 mM H2DTC in 15% EtOH water medium.  

Several breaks are obtained in the tensiometric profiles in presence of H2DTC except the non-

ionic Tween. We have termed these break points as C1, C2, C3 and C4 (shown in Fig. 2c) from 

low to high surfactant concentration regions in sequential order. Each point probably has 

distinct significance. During the addition of surfactants into H2DTC solution, the concentration 

of H2DTC is kept constant in both media. Here, monolayer formation is possible at a particular 

surfactant concentration (termed as C1), then an interpretation with H2DTC probably occurred 

at the break point (C2); after that, micelle formation by the surfactant monomers occurred (that 

concentration is cmc, here we termed as C3 for studying of micellization in presence of H2DTC) 

and finally, termination of the interaction at a particular concentration (C4) associated with 

solubilisation of bound H2DTC with surfactants along with EtOH were observed owing to the 

system coming from surface to the micelle region. In presence of 15% (v/v) ethanol, less 

population of surfactant monomers has been observed (confirmed by less surface coverage of 

monomers at cmc, discussed elsewhere in this section) at air-water interface. There is the 

greater tendency of ethanol molecules to reside on the surface by disruption of the H- bonded 

structure of water and at the same time, they attract hydrophobic H2DTC molecules along with 

them to the less polar surface by means of some hydrogen bonding interaction. When the 

surfactants are added to the solution, surface tension gradually decreases as the surfactants 

reside on the surface replacing some ethanol/water molecules due to its greater surface activity 

than solvents, until a concentration of surfactants (C1) reached when some bulk monomer 

population facilitate some sort of interaction with H2DTC at the bulk. The mode of this 

interaction is different for different kind of surfactants. Until the completion of interaction 

mediated by surfactants and H2DTC, we obtained a plateau in the tensiogram (Fig. 2c), that 

means, at that region (from C1 to C2) surfactants do not reside on surface. After C2, further 
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addition of surfactants reduces surface tension and form micelles (at C3) followed by a deep 

(except for SDS, which shows a plateau (Fig. 3c), here plateau and deep occurred in same 

region), After that, added surfactant monomers form micelle, increase the aggregation number 

and at the same time, H2DTC is dissolved in micellar region which is associated with EtOH 

coming from interface, increase the surface tension. Finally, saturation of surface (at C4) takes 

place and the whole process ends to completion and after C4 there is no noticeable change of 

surface tension upon further addition of surfactants. The mode of interaction of anionic and 

cationic surfactants with H2DTC is mostly ionic type (non covalent interaction) in nature at 

premicellar region, as there is not shown any such break except at cmc, while studying 

micellization of non-ionic Tween-60 in presence of H2DTC.   

The lone pairs of crown are oriented to the exterior in hydrophilic region, whereas, interior 

orientation is observed at the hydrophobic region.50 Anionic surfactant, SDS has Na+ 

counterion, which is encapsulated in H2DTC cavity at relatively high surfactant concentration, 

as the increasing hydrophobicity restricts the lone pairs orienting into the cavity of H2DTC. 

The plateau in the tensiometric profile of SDS at its high concentration comparing with other 

cationic surfactants obtained supports aforesaid explanation with the experimental point of 

view. Dodecyl sulphate anions interact with Na+, those encapsulated by H2DTC forming 1:1 

SDS-H2DTC complex51 (detailed in sec 4.2,) due to electrostatic reason. Cationic surfactants 

(DTAB, C16MeImCl, and, 16-4-16) with quaternary ammonium head groups have the 

possibility to interact with the benzene rings through cation-π interaction as quaternary 

ammonium groups cannot be capable of forming H-bonds with N and O atoms. Although 

cation-π interaction predominates in the gas phase, there  are few published literatures 

demonstrating the interaction occurred in solution phase52 Cation-π interaction plays 

fundamental role for the recognition of quaternary ammonium cations in biological system. 50 

As their needs no such orientation of H2DTC in terms of lone pairs,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

that are required for SDS, there is the possibility for cationic surfactants easily binding with 

H2DTC at relatively lower surfactant concentrations ( see the values of C1 and C2 in Table 1)     

       Maximum surface excess (Гmax) at the air/water interface can be calculated using the Gibbs 

adsorption equation53  as given below: 

𝛤𝑚𝑎𝑥 = −
1

2.303𝑛𝑅𝑇
lim
𝐶→𝑐𝑚𝑐

(
𝜕𝛾

𝜕𝑙𝑜𝑔𝐶
) mol. m-2                                        (1) 

 Γmax can be defined as how much the air/water interface can be covered by surfactants which 

reduce the surface tension of solvent at cmc, γ is the surface tension in mN.m-1 unit, c is the 

total surfactant concentration in solution and n, R and T are the number of species per surfactant 
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molecule at air/water interface, universal gas constant and temperature at Kelvin scale 

respectively. The number of species (n) participating at the air/ water interface for SDS, DTAB 

and C16MeImCl is 2; for 16-4-16 it is 3 and for nonionic surfactant, the value is 1. Variation of 

γ with the function of logC up to the cmc in 15% ethanol-water medium and in presence and 

absence of H2DTC dissolved in 15% ethanol are displayed in Fig. S3 (a) & (b) (in the 

supplementary section). This can be best fitted by second order polynomial by scrutinizing the 

regression (𝑅2 factor, Table S1 in the supplementary section, found good correlation) analysis 

using the following equation: 

𝛾 = 𝐴 + 𝐵1𝑙𝑜𝑔𝐶 + 𝐵2(𝑙𝑜𝑔𝐶)
2                                            (2) 

where C is the concentration of surfactants. In equation 2, A, B1 and B2 values are the constants 

for particular surfactants outlined in Table S1 (in the supplementary section).  These estimated 

values used to execute 𝛤𝑚𝑎𝑥  (cf. Table 3.) by taking the first derivative of equation 2 to obtain 

𝜕𝛾

𝜕𝑙𝑜𝑔𝐶
  at cmc. From Table 3, it is quite evident that 𝛤𝑚𝑎𝑥  decreases in presence of 15% EtOH 

solvent comparing with aqueous medium significantly in presence of all surfactants. This 

would be explained in terms of association of EtOH on the surface decreasing polarity by 

destructing water structure at interface. Further slight reduction in presence of H2DTC is 

probably due to association of some H2DTC with EtOH by H-bonding type interaction, which 

further hampered the association of hydrophilic head groups of surfactant monomers to reside 

on the surface.    

Minimum area per surfactant monomer (Amin) can be calculated using the following equation 

41: 

𝐴𝑚𝑖𝑛 = 
1018

𝑁𝑎𝛤𝑚𝑎𝑥
 nm2 molecule-1                 (3) 

 

 Surface pressure at cmc (πcmc) can be obtained using the following equation: 

𝜋𝑐𝑚𝑐 = 𝛾0 − 𝛾𝑐𝑚𝑐                                                                   (4) 

where 𝛾0and 𝛾𝑐𝑚𝑐  are the surface tension values of pure solvent and at cmc of the solution. 

   Efficiency of interfacial adsorption can be predicted by evaluating 𝑃𝐶20 which is defined how 

much the decrease of  𝛾 of the solution by adsorption of the surfactants on the interface. 𝐶20 

values are defined empirically from the tensiograms (Fig.3) by the reduction of surface tension 

to 20 mN.m-1 upon addition of surfactants. 𝑃𝐶20 is expressed by the following way: 

𝑃𝐶20 = −𝑙𝑜𝑔𝐶20                                                           (5) 
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Packing parameter (P) deals with the micellar geometry predicted by Israelachvili 54 by the 

following equation: 

𝑃 =
𝜐

𝑙𝑐  𝐴
                                                                              (6) 

where 𝑙𝑐 is the maximum effective length of hydrophobic tail of a monomer, A is surface area 

of head group of surfactant monomer and 𝜐 is the hydrophobic chain volume assuming to be 

an incompressible fluid. Both 𝑙𝑐 and 𝜐 of a saturated hydrocarbon chain of carbon number 𝐶𝑛, 

can be evaluated using Tanford formulae 55 : 

𝑙𝑐 = 0.154 + 0.1265 𝐶𝑛  nm               (7) 

𝜐 = 0.0274 + 0.0269 𝐶𝑛  nm3                            (8) 

𝐶𝑛 values are 12 for SDS and DTAB, for C16MeImCl, 16-4-16 and Tween 60, the values are 

16.  

As the exact determination of the head group area (A) of surfactants on micellar surface is quite 

difficult, Amin values those obtained from tensiometry have been used instead of A. The packing 

parameter values for the investigated surfactants both in presence and absence of H2DTC 

predicted by empirical equation of Israelachvili 54 is given below: 

𝑃 =
𝜐

𝑙𝑐  𝐴𝑚𝑖𝑛
                       (9) 

for spherical micelles, P ≤ 0.333; for nonspherical shape, 0.333 <P < 0.5; for vesicles and 

bilayers, 0.5 <P < 1; and for inverted structures, P > 1. 

 

4.2. Investigation of interaction of surfactants with H2DTC in presence of 15% EtOH probed 

by photometry and fluorimetry 

The analysis of UV-VIS spectra of H2DTC in presence of different surfactants in 15% v/v 

EtOH-water medium has been performed by taking 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 at 356 nm and 423 nm respectively 

in this manuscript.  H2DTC shows significant red shift in the UV-VIS spectra in presence of 

all cationic surfactants (423 to 428 nm for DTAB (Fig. 3b), 423 to 439 nm for C16MImCl (Fig. 

3c), and for 16-4-16, the shifting of wave length from 423 to 431 nm (Fig. 3d) after cmc, while 

relatively less red shift was obtained for SDS (spectral shift from 423 to 427 nm, cf. Fig. 3a) 

in UV-VIS spectra. On the other hand, in presence of Tween 60, significant blue shift (423 to 

416 nm) was observed at post micellar region in the UV-VIS profile (Fig. 3e) when monitoring 

𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 at 423 nm and 356 nm. In presence of cationic surfactants, H2DTC absorbance intensity 

was decrease (except C16MImCl, where less decline of absorbance intensity was observed at 

premicellar region) to a certain value followed by a large increase observed in micellar region 
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when monitoring 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 at 423 nm as a function of surfactant concentration (cf. Fig. 3b, c and 

d). The initial small decrease in absorbance intensity at low concentration of surfactant is 

attributed to the formation of weakly interacting complex of H2DTC with surfactant monomers; 

after that, increase of surfactant concentration leads to formation of micelle. After micelle 

formation, weakly bound H2DTC releases free surfactant monomers and bound to micelles due 

to hydrophobic interaction, resulting increase in absorbance intensity (cf. Fig. 3b, c and d) 56, 

57 associated with red shifting and exciting the intensity of free H2DTC. Similar type of 

observation was reported us in the absorbance spectra of Safranine T by adding surface active 

ionic liquid.58 The change of absorbance intensity decreases with increase of concentration of 

all cationic surfactants at 356 nm of H2DTC and decrease in intensity is more pronounced at 

the post micellar region of these surfactants. In case of SDS, the change of absorbance intensity 

is negligible though the same type of observation is found for cationic surfactants at 423 nm 

after cmc of SDS (cf. Fig.3a) and decrease of absorbance intensity is also less pronounced at 

356 nm. Strong inclusion complex like, SDS-H2DTC (stated earlier in tensiometry section) is 

mostly present in solvent and hardly allows the formation of free H2DTC in solution medium 

and the binding of H2DTC in interior of SDS-micelle. No shifting in wavelength is observed at 

356 nm for all cationic and anionic surfactants. Gradual decrease is observed in the H2DTC 

abs. intensity in presence of Tween 60 with concomitant blue shift at 423 nm, while 

concomitant increase of absorbance intensity is found at 356 nm also with blue shift (spectral 

shift from 356 to 360 nm, cf. Fig. 3e). All these observations in H2DTC spectra in presence of 

varying concentrations of different surfactants reveal prominent interaction of cationic and 

non-ionic surfactants with H2DTC specially, in the micellar region due to penetration of dye 

into the micelle interior; while for SDS, a strong inclusion complex probably formed with 

H2DTC at free solvent or at the outer sphere (stren layer) of micelle.  Local environment of 

H2DTC decides the the shifting of its absorbance maximum at different surfactant solutions 

with varying surfactant concentrations. The reason for red shifting of H2DTC in presence of 

anionic and cationic surfactants may be explained in terms of less energy gap between non-

bonding (n-orbital) and anti-bonding (π*) molecular orbitals of H2DTC in less polar 

environment and increase of intensity of H2DTC after cmc of surfactants (both cationic and 

anionic) due to positioning of dye in micellar core 59 and therefore, solubilizing the dye to 

micelle leading to more or less same absorbance intensity. Nonionic Tween-60 in presence of 

H2DTC in 15% v/v EtOH-water medium shows isosbestic points at 𝜆𝑎𝑏𝑠
𝑚𝑎𝑥  = 318 and 380 nm at 

the post micellar region (shown at the inset of Fig. 3e). The blue shifted spectra of H2DTC were 
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obtained at 356 and 423 nm with conjugation of isosbestic point at post micellar region of 

Tween-60 due to the formation of H – aggregated structure of  H2DTC in parallel 

arrangement.60 Absorbance at 423 nm vs. [surfactants] has been given in Fig. 5.     

 

 

 

 

 

 

 

 

 

Fig. 5. absorbance intensity at 423 nm vs. concentration of surfactants profiles of H2DTC 

(0.09 mM) upon addition of surfactants: SDS (a), DTAB (b), C16MImCl (c), C16-4-C16 (d) 

and Tween-60 (e) in 15% EtOH-water medium. 
 

Except Tween 60, all the plots in Fig. 5 show a sigmoidal nature in the micellar region which 

revealed the dynamic equilibrium in terms of partition of H2DTC between bulk solution and 

micellar region. Several inflection points were designated in Fig. 5 and found close similarity 

those obtained from tensiometry (see Table 3). The decrease of absorbance intensity of H2DTC 

in presence of Tween 60 at all concentration ranges and slight decrease of intensity in presence 

of cationic and anionic surfactants clearly indicates the interaction of H2DTC with different 

surfactants. The equilibrium reaction for the binding of dye to the micelles can be written as 61: 

𝐷 + 𝑆𝑚  
𝐾𝑏
↔  𝐷𝑆𝑚      (10)                   &                            𝐾𝑏 = 

[𝐷𝑆𝑚]

[𝐷][𝑆𝑚]
       (11) 

where Kb is the binding constant, 𝐷𝑆𝑚  and 𝐷 are the concentrations of bound and free dye 

(H2DTC), respectively, and  𝑆𝑚 is the concentration of micellized surfactant. Binding constant 

can be determined using the Benesi Hildebrand equation.62  This equation is used in the 

following modified form for the dye surfactant micelle system 63, given below in Eq. 12: 
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𝑑 [𝐷]0

𝐴−𝐴0
=  

1

𝜀−𝜀0
+ 

1

(𝜀−𝜀0)𝐾𝑏𝑆𝑚
                                                           (12) 

where is the total concentration of dye is [𝐷]0, d is the optical path length of the solution, A 

and A0 are the absorbance values of dye in the presence and absence of surfactant, respectively, 

휀 and 휀0 are the molar absorptivity of dye fully bound to micelles determined in large excess 

of the micelles and the molar absorptivity of dye in aqueous solution without surfactant, 

respectively. [Sm] is equal to the difference between the total surfactant concentration and the 

cmc of surfactant solution containing dye. In this work, constant concentration of H2DTC 

[0.308 mM] has been maintained throughout the addition of surfactants. The cmc values of 

each surfactants containing H2DTC have been taken by averaging the three methods 

(tensiometry, spectrophotometry and spectrofluorimetry). The term 
𝑑 [𝐷]0

𝐴−𝐴0
 was plotted as a 

function of 1/[Sm] (shown in Fig. S4) according to Eq. 12 using the absorbance values at the 

maximum absorption wavelength of the micelle-bound H2DTC (at 423 nm) in order to find the 

Kb and 휀 (Shown in Table 4). From Table 4, it is evident that binding of H2DTC with cationic 

surfactant micelles are greater than SDS and for non-ionic, maximum binding is observed. 

Among the cationic micelles, for 16-4-16 gemini, Kb was observed greater than DTAB and 

C16MImCl. On the other hand, molar extinction coefficient of H2DTC in fully bound micellar 

medium (휀) also shows greater value for cationic surfactants than SDS, and the 휀 values in 

micellar medium are shown to exceed than the 휀0 of H2DTC found in without micelle bound 

environment except for Tween -60, where 휀 value of H2DTC is minimum even than 휀0 at 423 

nm. Partition coefficient, Kc, is an important parameter to determine the partition of dye 

between the micellar and to the solvent phases. It can be calculated from the following equation 

64:  

1

𝐴−𝐴0
= 

1

𝐾𝑐(𝐴−𝐴0)
∗([𝐷]0+[𝑆]𝑚)

+ 
1

(𝐴−𝐴0)
∗                                                                  (13) 

where (𝐴 − 𝐴0)
∗ is the differential absorbance at the infinity of surfactant concentration where 

all H2DTC molecules are assumed to be formed aggregates with the surfactant. The Kc values 

were obtained from the intercepts and slopes of the plots of 
1

𝐴−𝐴0
 versus 1/([𝐷]0 + [𝑆]𝑚) have 

been shown in Fig. S5. Kc is defined as partition constant. Dimensionless partition coefficient, 

Kx is defined as the ratio of mole fraction of dye in micellar phase to mole fraction of dye in 

aqueous phase related with Kc as Kx = Kc X nw, where nw is the molarity of water at 298.15 K 

representing the number of moles of water per dm3. The calculated Kc and Kx values are shown 

in Table 4. From Table 4, it is evident that, Kc and Kx values for cationic surfactants are greater 

than anionic SDS. Among the cationic surfactants, the values of Kc and Kx of H2DTC are found 
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to be the following increasing order, C16MImCl > 16-4-16 > DTAB. H2DTC shows greater 

partition in Tween-60 micellar medium than the cationic and anionic micelles (cf. Table 4). 

Increase in the values of Kb and Kx can be attributed to the lower cmc, enhanced hydrophobicity 

and increased affinity of dye towards micelle. 56 Gibbs energies, i.e., the free energy of binding 

(ΔGb) and free energy of partition (ΔGp) can be calculated using the following equations 14 

and 15: 

ΔGb = -RTln Kb                                                                              (14) 

ΔGp = -RTln Kp                                                                  (15)                                                         

From Table 4 it is evident that negative ΔGb increases in terms of binding of H2DTC with the 

different surfactant micelles showing the increasing trend, like, SDS < DTAB < C16MImCl < 

16-4-16 < Tween-60. So, the binding of H2DTC with surfactant micelles is spontaneous in the 

present investigating systems. This trend somewhat changes in the negative ΔGp values [cf. 

Table 4], showing similar pattern in the case of Kc and Kx. It has been seen that, binding of 

H2DTC with the surfactant micelles are more spontaneous than partition of H2DTC to the 

micellar core. 

Fluorescence studies reveal the possible environmental transition of H2DTC in the surfactant 

medium at both low and high concentration. It is seen that like absorbance,  

 

Fig.6. Fluorescence intensity at 527 nm vs. concentration of surfactants profiles of H2DTC 

(0.09mM) upon addition of surfactants: SDS (a), C16MImCl (b), and Tween-60 (c), DTAB 

(d) and 16-4-16 (e) in 15% EtOH-water medium. 
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fluorescence intensity of H2DTC does not change significantly in case of SDS, but the more 

profound sigmoidal nature is observed in fluorescence intensity plot [ cf. Fig. 6(a)]. Blue shift 

in fluorescence spectra is observed for all anionic and cationic surfactants except Tween 60, 

where a regular decrease in fluorescence intensity were observed, revealing the transfer of 

H2DTC in the hydrophobic core of micelle at high surfactant concentration 
 

5. Conclusions: 

 Interaction of H2DTC with different varieties of surfactants has been studied with the help of 

tensiometry and spectrometry. Binding constant determination using Benesi- Hildebrand 

equation shows its limitation as both increasing and decreasing patterns of λmax are observed 

with variation of [surfactant] in absorbance and fluorescence spectroscopy of H2DTC.  Specific 

types interaction between the H2DTC with different surfactants can only be achieved by other 

sophisticated experimental techniques, like ITC and also from DFT, will be undertaken as a 

future scheme. 

Table 1. Critical micelle concentration (cmc) values of different investigated surfactants 

in aqueous solution at 298.15 K by tensiometry (S.T.), spectrophotometry (S.P.), 

spectrofluorimetry (S.F.) and isothermal titration calorimetry (ITC) a,b,c,d 

 

 

Surfactants 

Critical micelle concentration / mM 

S.T. S.P. 

 

S.F. 

 

 

 

SDS 

8.45a, 

8.10 [25]b, 

7.98 [26]b, 

8.60 [27]b, 

8.10 [28]b 

(p-DMAB probe), 

8.26 [29]b 

7.09 [35]b 

(Pyrene absorbance 

method) 

 

7.28 [26]b 

8.304 [31]b 

7.05[35]b 

(Pyrene I1/I3 method) 

 

 

DTAB 

12.07a, 

14.6 [32]b 

 

15.3 [35]b 

(Pyrene absorbence 

method) 

14.9 [35]b 

15.1 [38]b 

(Pyrene I1/I3 method) 

C16MImCl 0.86a, 

0.83a 

  

 

16-4-16 

0.021a, 

0.0272 [40]c, 

  

 

 

Tween 60 

0.036a, 

0.022 [41]b 

0.021 [42]b 

0.0209 [42]b 

(I2 absorbance method) 

 

0.0210[43]b 

(Safranine-T absorbance 

method) 

0.020 [43]b 

(using Safranine-T) 

a. Found in this study 

b. Taken from literatures. References are given within the parenthesis. 

c. cmc at 303.15 K  

d. cmc at 300.15K 



 

239 

 

Table 2. Interfacial properties evaluated from tensiometry measurement for all the 

surfactants investigated here in aqueous, 15% (v/v) EtOH and in H2DTC prepared in 

15% (v/v) EtOH at 298.15±0.1 K. a 

 

surfactants 

 

solvents 

𝜸𝒄𝒎𝒄  

mN.m-1 

106Γmax 

mol.m-2 

Amin 

nm2.molecule-1 

103πcmc 

J.m-2 

 

𝒑𝑪𝟐𝟎  

 

P 

 

SDS 

water 30.6±0.2 2.17 0.76 42.2 0.287 0.27 

EtOH 29.6±0.3 0.94 1.84 17.4  0.11 

H2DTC 25.2±0.2 0.64 2.59 21.6  0.08 

 

DTAB 

water 38.9±0.3 2.74 0.61 31.2 0.719 0.35 

EtOH 29.0±0.5 1.09 1.54 10.2  0.14 

H2DTC 30.0±0.4 0.89 1.86 11.6  0.11 

 

C16MeImCl 

water 35.9±0.3 1.56 1.06 28.4 0.674 0.16 

EtOH 34.7±0.3 0.54 3.06 6.70  0.06 

H2DTC 34.3±0.4 0.46 3.63 0.70  0.05 

 

16-4-16 

water 48.5±0.3 1.80 0.92 24.2 1.780 0.08 

EtOH 33.5±0.3 0.41 4.05 7.30  0.04 

H2DTC 32.5±0.5 0.66 2.50 8.70  0.07 

 

Tween-60 

water 43.1±0.2 0.95 1.75 27.5 0.993 0.12 

EtOH 34.8±0.3 0.43 3.87 12.6  0.05 

H2DTC 35.8±0.5 0.26 6.47 11.5  0.03 

 

a. Error limits for Γmax, Amin, πcmc, 𝒑𝑪𝟐𝟎   and P are ±3, ±4, ±3, ±3 and ±4 % respectively. 
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Table 3. Various concentrations (C1, C2, C3 and C4) determined during micellization of surfactants in presence of H2DTC 

solubilised in 15% EtOH-water at 298.15 K from several techniques employeda. 

 

 

 

Surfactants 

Critical concentrations 

Tensiometry Spectrophotometry Spectrofluorimetry 

15% 

EtOH 

H2DTC H2DTC H2DTC 

cmc 

(mM) 

C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 

SDS 5.08 0.841 2.08 3.36 7.21 - 1.83 2.90 5.94 0.72 - - 3.11 

DTAB 15.75 2.23 6.33 12.4 15.1 2.49 - 12.7 17.4 - 7.88 - 14.6 

C16MImCl 1.15 0.016 0.07 0.33 0.77 - - 0.36 1.13 - - 0.57 0.95 

16-4-16 0.069 0.006 0.008 0.02 0.03 - - 0.007 0.05   0.018 0.03 

Tween-60 0.035 - - - 0.024 - - - 0.025 -  0.034  

 

 

a. Error limits for the critical concentrations; within the brackets, the techniques are mentioned: ±5% (tensiometry), ±4% 

(isothermal titration calorimetry), ±4% (spectrophotometry), and ± 5% (fluorimetry) 
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Table 4. Molar absorptivity of H2DTC in absence (ε0) and presence (ε) of micellar solution prepared in 15% v/v EtOH-water 

medium, binding constant (Kb), partition constant (Kc), partition coefficient (Kx), Gibbs energy of binding (𝜟𝑮𝒃
𝟎), Gibbs energy 

of partition (𝜟𝑮𝒑
𝟎) forH2DTC/surfactant systema 

 

Surfactants 

ε0 (M
-1.cm-1) of 

H2DTC (15% v/v 

EtOH-H2O) 

λabs(max) = 423 

nm 

ε (M-1.cm-1) of 

H2DTC 

in micellar solution 

(15% v/v EtOH-

H2O) 

λabs(max) = 423 nm 

Kb × 10-3 

(M-1) 

Kc × 10-2 

(M-1) 

Kx × 10-4 

(M-1) 

𝛥𝐺𝑏
0 

(kJ.mol-1) 

𝛥𝐺𝑝
0 

(kJ.mol-1) 

SDS  

 

2867 ±172 

2969 ± 171 0.02 ± 0.004 0.62 ± 0.025 0.34 ± 0.02 -7.63 -10.2 

DTAB 3080 ± 184 0.19 ± 0.01 1.79 ± 0.072 0.99 ± 0.05 -13.1 -12.9 

C16MImCl 3151 ± 189 4.44 ± 0.22 15.5 ± 0.620 8.63 ± 0.43 -20.8 -18.2 

16-4-16 3056 ± 183 42.8 ± 2.14 3.95 ± 0.178 2.20 ± 0.12 -26.4 -14.8 

Tween-60 2172 ± 130 70.9 ± 3.50 18.6 ± 0.824 10.3 ± 0.57 -27.7 -18.7 

 

a. Error limit for 𝜟𝑮𝒃
𝟎 and 𝜟𝑮𝒑

𝟎 are ±5 and ±6% respectively 
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Supplementary Section 

 

 

Fig. S1. 1H NMR spectra of 16-4-16 
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Fig. S2 (a). Absorbance Intensity vs. wavelength as a function of concentration of H2DTC 

[H2DTC] in mM unit in  15% EtOH-water medium at 298.15K. 
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Fig. S2 (b): Linear dependence of absorbance intensity vs. concentration of H2DTC 

[H2DTC] at different absorbance wavelength in 15% EtOH-water medium at 298.15K. 
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Fig. S3 (a): Surface tension (γ) vs. log [C/mM] plots with fitting of experimental data by 

second order polynomial equation [𝛾 = 𝐴 + 𝐵1𝑙𝑜𝑔𝐶 + 𝐵2(𝑙𝑜𝑔𝐶)
2 ] for different 

surfactants (a. SDS, b. DTAB, c. C16MImCl, d. 16-4-16 and e. Tween-60) at 15% v/v 

EtOH-water medium in absence of H2DTC.  
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Fig. S3 (b): Surface tension (γ) vs. log [C/mM] plots with fitting of experimental data by 

second order polynomial equation [𝛾 = 𝐴 + 𝐵1𝑙𝑜𝑔𝐶 + 𝐵2(𝑙𝑜𝑔𝐶)
2 ] for different 

surfactants (a. SDS, b. DTAB, c. C16MImCl, d. 16-4-16 and e. Tween-60) at 15% v/v 

EtOH-water medium in presence of H2DTC. 
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Fig. S4: Plot of [D]0/(A-A0) vs. 1/[Sm] for the interaction of H2DTC with different 

surfactants: SDS (Fig.1), DTAB (Fig.2), C16MImCl (Fig.3), 16-4-16 (Fig.4) and Tween 60 

(Fig. 5).  
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Fig. S5: Plot of 1/(A-A0) vs. 1/([D]0 + [Sm]) for the interaction of H2DTC with different 

surfactants in 15% v/v EtOH-water medium at 298.15 K; plots are given for different 

surfactants:  SDS (Fig.1), DTAB (Fig.2), C16MImCl (Fig.3), 16-4-16 (Fig.4) and Tween 60 

(Fig. 5).  
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In presence of 15% v/v EtOH in absence of H2DTC 

Surfactants A B1 B2 R2 

SDS 45.8 -20.4 -2.41 0.97 

DTAB 61.4 -9.58 -9.43 0.99 

C16MImCl 41.2 -26.9 -6.87 0.99 

16-4-16 63.5 31.4 13.5 1.00 

Tween-60 -5.98 -50.8 -11.8 0.99 

In presence of 15% v/v EtOH in presence of H2DTC 

Surfactants A B2 B3 R2 

SDS 35.6 -7.24 -2.16 0.97 

DTAB 38.2 -5.89 -2.88 0.97 

C16MImCl 34.1 -6.25 -1.41 0.99 

16-4-16 21.4 -11.1 -1.54 0.94 

Tween-60 18.8 -13.7 -2.09 0.99 

 

Table S1. List of Fitting parameters of γ vs. log [surfactant] before cmc for different 

surfactants in presence of H2DTC in 15% EtOH-water medium using second order 

polynomial. γ vs. log [surfactant] plots where [Surfactants] ≤ cmc were given in Fig. S3 

(a) and S3 (b).  
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Addressing the Interaction of Stem Bromelain with different anionic Surfactants, below, 

at and above the critical micelle concentration (cmc) in Phosphate Buffer at pH 7: 

Physicochemical, Spectroscopic, & Molecular docking Study 

 

ABSTRACT 

This paper attempts to reveal the interaction and structural stability of stem Bromelain (BM) in presence 
of two different types of anionic surfactants (one type is bile salts, NaC and NaDC and others are the 
conventional anionic surfactants, SDDS and SDBS), below, at and above the critical micelle 
concentration in aqueous phosphate buffer medium (pH 7). Several biophysical techniques have been 
executed here. Several physicochemical parameters like, surface excess (Γcmc), minimum areas of 
surfactants at air water interface (Amin) are calculated from tensiometry both in absence and presence 
of BM. Several inflection points (C1, C2 and C3) have been found in tensiometry profile of surfactants in 
presence of BM due to the conformational change of BM assisted by surfactants. Similar observation 
also found in isothermal titration calorimetry (ITC) profiles where the enthalpy of micellization (ΔH0

obs) 
of surfactants in absence and presence of BM have calculated. Steady state fluorescence spectra at 
298 K reveal the quenching of tryptophan emission of BM in presence of bile salts/surfactants with blue 
shifting below the free micelle formation followed by the determination of binding constant (Kb) of BM 

with surfactants, bimolecular quenching constant (kq), free energy of binding (𝛥𝐺𝑏
0) of bile 

salts/surfactants with BM have been calculated exploiting steady state fluorescence technique. It is 
observed that, the binding of NaC with BM is greater than any other surfactants investigated here, while 
Stern-Volmer quenching constant (KSV) is found greater in presence of SDBS. From steady state and 
time resolved fluorescence study it is observed that static quenching of tryptophan is functional in 
presence of bile salts/surfactants. Circular Dichroism (CD) study shows the stability of secondary 
structure of BM in presence of NaC and NaDC below C3, while BM lost its structural stability even at 
very low surfactant concentration of SDDS and SDBS. The molecular docking studies have also been 
substantiated for better understanding the interaction of BM with the surfactants. 

 

1. Introduction: 

Proteins are the major and most abundant component of living body contributing in several 

biological activities. Little change in normal biological environment causes adverse effect to 

the protein activity, disrupting (denature) protein structure by way of unfolding1. The 

interaction of surfactants with proteins has manifold applications in the field of biology, 

cosmetic and pharmaceutical industry, medicine etc. by recognizing significant impact of 

surfactants on physicochemical, rheological and detergency properties 2. Several studies have 

been witnessed in past and preceding years for studying the interaction of surfactants with 

globular proteins in presence and absence of additives 3-21. Among them, most of the studies 

reveal that surfactant binds to single protein, unfolds or disrupts native structure of proteins 

5,19-23. The comprehensive physicochemical investigations between globular proteins with 

surfactants are found very few in literature 2, 9-12,16, 24-30. In fact, the physicochemical study of 

proteases (which hydrolyse proteins to amino acid or other compounds) with surfactants have 

been seen limited in literature 2, 9, 10, 25-26. Proteases are the new class of proteins used widely 
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in the detergent industry in conjugation with traditional surfactants for the cleaning and 

removal of various proteinaceous stains 2, 9, 25. It is seen that, binding of ionic surfactants is 

greater than non-ionic surfactants and among ionic surfactants, anionic surfactants (the most 

studied surfactant, sodium dodecyl sulphate (SDS)) may drastically change the conformation 

of proteins 1, 31-34. 

Naturally occurring amphiphilic molecules, especially bile salts sodium cholate (NaC) and 

sodium deoxycholate (NaDC) (Scheme 1a) are produced in the human liver and released into 

duodenum during food intake for the solubilization and absorption of fats 35, 36. Bile salts 

aggregation is more complex in nature as compared to that of conventional surfactants which 

form simple micelles37. Several methods have been applied to understand the self-aggregation 

behaviour of bile salts. The most widely accepted model amongst them, proposed by Small et. 

al. 38, 39 stated the formation of primary aggregates (generally 2−10 monomeric units) at lower 

bile salt concentration region driven by the hydrophobic interaction among the monomers of 

bile salts. The hydrophilic groups on the other hand, are believed to be oriented outward in the 

primary aggregates 38, 39. However, at higher bile salt concentrations, the primary aggregates 

get clustered to form secondary aggregates believed to be elongated rodlike morphology 38, 39. 

Bile salts have been used in several steps during protein purification process, e.g., selective 

membrane solubilization, reconstitution of proteins, and, chromatographic separation 40, 41. Due 

to the several utilities of bile salts, the interaction of different types of proteins with the bile 

salt surfactants gain utmost interest although found inadequate in literature 42-46.  

Anionic surfactant namely, sodium dodecyl benzenesulfonate (SDBS) (Scheme 1a) resembles 

the lipid molecules which is present in biological membranes and thus assisted as model system 

47. Anionic surfactants having similarity with the lipid molecules have the property of amyloid-

like fibrils formation in several proteins 48. Khan et. al. reported on investigation 47 that the 

insulin fibrillation using SDBS probed by the optical spectroscopy and microscopy. Recently, 

Wajira et. al. 49 reported the denaturation effect of SDBS on water and fat adsorption properties 

of canola protein isolates to improve mechanical and tensile strength of protein-based plastics. 

Negatively-charged sulfate moiety of SDBS (behave like head group of surfactants) attached 

to hydrophobic aliphatic chain, contains 18 carbon atoms and also an attachment with a 

benzene ring. SDBS is commonly used in chemical, biochemical, and industrial applications 

50. Several studied have been reported in recent years regarding the interaction of SDBS with 

digestive protease Candida rugosa lipase 51, equine heart haemoglobin 52, BSA 53 etc. An amino 

acid based anionic surfactant, Sodium-N-dodecanoyl sarcosinate (SDDS) (Scheme 1a), has 
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numerous commercial and biological utility owing to its capability for the formation of particle 

emulsions in addition to its low toxicity and fair biodegradability. It can also be recommended 

for one of the components of tooth paste for controlling dental caries in order to strengthen 

tooth enamel from acid dissolution by recognising SDDS’s upright foaming property 54, 55, 56. 

To the best of our knowledge, very few reports have been documented for studying the 

interaction of SDDS with different proteins; of which the recent documentation have been 

found in literature 57-59.  

Stem Bromelain (BM), (Scheme 1b) containing a single polypeptide chain, is composed of 212 

amino acid residues with a molecular mass of 23.8 kDa specified in previous literature 60. 

Bromelain can be extracted from either the pulp, stem, core, or peel of pine apple which is 

found at huge abundance in tropical and subtropical countries 61. The structure of BM contains 

6 phenylalanine (Phe), 14 tyrosine (Tyr), 5 tryptophan (Trp), 14 tyrosine (Tyr) with 3 disulfide 

bonds and a single free cysteine (Cys) residue 62.  It is found that optimum pH and temperature 

required for the activity of BM are in the range of 6.5–8.0 and 55–600C, respectively63. 

Bromelain has found substantial attention from a wide array of industrial areas, such as, food, 

cosmetic, dairy, pharmaceutical etc., owing to its proteolytic activity, and high commercial 

value 64, 65. Moreover, bromelain shows numerous therapeutic applications, such as, it can be 

used in the treatment of malignant cell growth, thrombophlebitis, angina pectoris, inhibition of 

platelet aggregation, digestive problem, osteoarthritis, post-surgical traumas and so on 66-68. In 

the context of the enormous applications of bromelain, it is supposedly needed to understand 

the structural stability of BM while encountering with various surfactants both for academic 

and industrial points of view. Investigations in past and preceding years have been undertaken 

to elucidate the interaction of BM with cationic surfactants 63, 68, surface active ionic liquids 60, 

62, 69, zwitterionic surfactants 70 at different pH media to observe proteolytic activity and 

surfactant-mediated amyloidogenesis property of BM. To the best of our knowledge, the 

interaction of BM with anionic surfactants is hardly found in literature 71. This scenario 

demands the study of structural stability of BM in presence of different anionic surfactants 

including bile salt surfactants.  

In this present study, our focus to explore the structural aspects of stem bromelain in presence 

of two bile salt surfactants, NaC and NaDC, two conventional anionic surfactants, SDDS and 

SDBS and also the investigation of those interactions by the physicochemical and 

photophysical processes. A comparative study of BM with the different bile salts and 

surfactants exploiting different techniques viz. tensiometry, isothermal titration calorimetry 
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(ITC), steady state absorption and fluorescence studies, time resolved fluorescence studies, 

circular dichroism (CD) studies have been carried out to understand the extent of stability of 

BM in presence of the bile salts and surfactants. Surface excess and area minimum of 

surfactants in absence and presence of BM, enthalpy of micellization, binding constant, bi 

molecular quenching constants followed by free energy of binding due to the interaction of BM 

with the surfactants have calculated and the critical concentrations of surfactants before and 

after micellization in presence of BM have also compared with the tensiometry and calorimetry 

data. The nature of quenching is tried to infer by the time resolved fluorescence quenching 

studies. The molecular docking studies have also been substantiated for better understanding 

the interaction of BM with the surfactants. 

 

2. Experimental Section: 

2.1.  Materials and Sample Preparation: 

   Sodium cholate hydrate, 98% (NaC), sodium deoxycholate (NaDC), sodium dodecyl 

benzenesulfonate (SDBS), sodiumlauroyl sarcosinate (SDDS) and bromelain (BM) from 

pineapple stem, B4882 were purchased from Sigma Aldrich. The detailed structures of these 

compounds are given in scheme 1(a) and (b). These chemicals were used as received without 

any further purification. Structure of surfactants were drawn by Avogadro software and 

optimized 72 further to obtain the energy minimized structure (shown in Scheme 1a). Crystal 

structure of BM are given in Scheme 1(b). Phosphate buffer solution has been prepared at pH 

7 using deionised water. Triply distilled water of specific conductance 0.99 µS/cm was used 

throughout the experiments at 298.15K. For surface tension and isothermal titration 

calorimetry (ITC) measurements, BM was prepared at the concentration of 20 μM in pH 7 

phosphate buffer. BM concentration was kept fixed at 10 μM in pH 7 phosphate buffer for 

spectrometry. Apart from spectrometry, BM concentration has been taken in 20 μM for the 

other measurements.  Each surfactant was prepared at a surfactant concentration ≈ 15 times 

their cmc in pH 7 phosphate buffer at 298.15 K and have been used as a stock solution. 

Progressive addition method has been used in the dilution process of BM with that concentrated 

stock surfactant solutions in different experimental processes employed here. For different 

temperature variation processes, same surfactant stocks, which are prepared at 298.15 K, have 

been used assuming negligible expansion and compression of volume of such a low volume of 

stock solution at higher or lower temperature respectively.  



 

257 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme. 1(a). Structure of surfactants drawn in Avogadro software 
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Scheme. 1(b). Crystal structures of Bromelain are obtained from protein data bank [PDB 

1D: 1W0Q] 

 

2.2. Methods employed:  

2.2.1. Tensiometry: 

A calibrated Krüss-K8 tensiometer (made in Germany) was cast off to determine surface 

tension at air water interface by du Noüy ring detachment method at 298.15 K. For this purpose, 

a platinum ring has been cleaned using deionized water and acetone successively and burned 

briefly until glowing in ethanol flame prior to experiment. A measured amount of 5 mL BM 

(20 μM) was prepared in phosphate buffer at pH 7 and taken in a double jacketed glass 

container attached with a thermostatic water bath to maintain the desired temperature (298.15 

K) during experiment with an accuracy of ± 0.1 K. Stock surfactant solutions, which have been 

prepared, were added to the double jacketed container having BM by a Hamilton micro syringe 

and stirred well after each addition and kept for 5 minutes before taken surface tension value. 

Surface tension of phosphate buffer at pH 7 was found in the range between 65.6 to 70.8 mN.m-

1 by considering the experimental error. On the other hand, surface tension value of 0.02 % w/v 

BM solution at the same pH was found to be 59 to 60 mN.m-1 (shown in Fig 1.). Relatively, 

little change in the value of surface tension of BM solution as compared with BM free buffer 

solution at pH 7 is due to the protease nature of BM (containing less α helix structure of BM) 

which is not usual for the other proteins containing well existence of α helix structure 73. 

Representative plots of surface tension (γ) vs. log [surfactant]/ mM of different surfactants in 

presence and absence of BM in phosphate buffer at pH 7 with individual inflection points 

(discussed elsewhere in this manuscript) were shown in Fig. 1. Different interfacial parameters 

in presence and absence of BM for all the surfactants were displayed in Table 1. 
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2.2.2. Isothermal Titration Calorimetry (ITC): 

ITC200 (Malvern, UK) microcalorimeter was well equipped with a thermostatic arrangement. 

Experimental temperature was maintained at 298.15 K with a precision of ± 0.02 K. The 

concentration of BM for ITC measurements was 20 μM. Enthalpograms for the dilution of 

surfactants in presence and absence of BM in phosphate buffer medium of pH 7 have been 

presented in Fig. 2. The solutions of BM were taken in a calorimeter cell and surfactant 

solutions were added (initially 0.5 μL, then 2μL; total 20 injections) at a time interval of 120s 

using a micro syringe. Raw data were analysed by OriginTM 7.0 software with the help of μcal/s 

vs. time (min) [given in Fig. 3] after the subtraction of integrated baseline which was performed 

by taking buffer solution in reference cell at the same experimental temperature. Enthalpies of 

micellization (∆𝐻𝑚
0 ) were determined (cf. Table. 2.) from the normalised integration data plot 

(kcal.mol-1 per mole of injectant vs. concentration of surfactant [Surf]; cf. Fig. 2) manually. 

Cmc values were calculated form enthalpograms and have been presented in Table 2. 

2.2.3. Specrophotometry: 

Spectrophotometry was executed using a Shimadzu UV-vis spectrophotometer (made in Japan) 

attached with a thermostatic water bath to maintain 298.15 ± 0.15 K. Initially, base line 

correction was done using pH 7 phosphate buffer solution. Comparative spectra of BM in 

phosphate buffer at pH 7 in presence of different surfactants above critical micelle 

concentration have been presented in Fig. 4. BM shows absorbance maximum at 280 nm due 

to amino acid (AA) residues. 

2.2.4. Spectrofluorimetry: 

Steady state spectrofluorimetry was carried out using a Perkin-Elmer LS 55 (made in USA) 

spectrofluorometer attached with Peltier facility at 298.15 K with an accuracy of ± 0.02 K with 

excitation band pass fixed at 14 nm and emission band pass at 4 nm. Measured amount of 2.5 

mL solution of BM (concentration is 10 μM) was taken in a quartz cuvette of 1 cm path length 

and stock surfactant solutions were added with a Hamilton micro syringe. Maximum emission 

wavelength of BM was found at 347 nm containing AA acid residues such as tryptophan (Trp), 

tyrosine (Tyr) and phenylalanine (Phe). Fluorescence intensity vs. wavelength (nm) of BM in 

presence of various surfactants were presented in Fig. 5.  

Time resolved fluorescence experiments have been performed by means of 

Horiba−Jobin−Yvon Fluoro Cube lifetime arrangement using time-correlated single photon 

counting (TCSPC) technique at 298.15 K. A Nano LED (IBH, UK) of 280 nm was used as 
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excitation source of BM. Emission of BM was monitored at 347 nm using TBX photon 

detection module. Decay profiles were fitted and analysed with the support of IBH DAS-6 

software by nonlinear least square iterative method to minimize residual values (χ2 values close 

to 1). The experimental procedure was same as those stated in steady state method. Lamp 

profile was collected using micellar aqueous solution of SDS, which is used as a scatter in place 

of sample. Average lifetime (𝜏𝑎𝑣) was calculated from the bi exponential iterative fitting of 

BM in presence and absence of surfactants used in this present study with the help of the pre-

exponential factors (𝑎1, 𝑎2) and decay times (𝜏𝑎𝑣) with the assistance of following equation: 

𝜏𝑎𝑣 = 𝑎1𝜏1 + 𝑎2𝜏2                                                       (1) 

The values of 𝑎1, 𝑎2 and 𝜏1 , 𝜏2 and 𝜏𝑎𝑣 of BM as a function of surfactant concentration for 

different surfactants have been presented in Table 4. 

2.2.5. Circular Dichroism: 

All the Circular Dichroism (CD) spectra were recorded on a Jasco model J-1500 

spectrophotometer at 298.15 K. The final specta of BM (5 μM in phosphate buffer of pH 7) in 

absence of surfactants and with the variation of concentration of individual surfactant were 

obtained by averaging at least three consecutive scans. Baseline was corrected by subtracting 

the spectrum of the buffer (pH 7) from individual BM spectrum. CD spectra of BM were 

recorded in both far UV regions (total scanning range from 190 to 300 nm) in presence and 

absence of surfactants.  

2.2.6. Docking Studies: 

The crystal structure of BM was obtained from protein data bank (PDB ID: 1W0Q; cf. scheme. 

1b) and the associated molecules were removed prior to the docking. The three-dimensional 

structures of SDBS, SDDS, NaC and NaDC were drawn in Avogadro software72 and optimized 

further to obtain the energy minimized structure. All the docking studies between Bromelain 

and the ligands (surfactants) were carried out using Auto Dock Vina software with centre at x 

= -0.536; y = 2.928; z = 0.083 and grid size of 54×48×48 Å 74. The structure with the most the 

minimum energy value was selected and analysed using UCSF Chimera software 75. 

 

2.2.7. Accessible surface area (ASA) calculations 

The accessible surface area of a protein residue is a measure of the amount of solvent exposure 

of the residue when the protein is not bound with any molecules. Residues with high ASA are 
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generally found to lie on the surface of the protein whereas those lying within the core of the 

protein have low ASA values. When a ligand interacts with the protein, it attaches itself with 

certain amino acid residues (either through hydrophilic or hydrophobic interaction) thereby 

reducing the solvent exposure of those residues. Thus, by measuring the change in the 

accessible surface area (ΔASA) of the residues of the protein, it can be predicted which residues 

are most prone to interact with the ligand and the ligand binding region of the protein. The 

accessible surface area (ASA) of BM residues before and after docking with the ligands were 

obtained using NACCESS software and the change in the surface area values were calculated 

according to the equation, ∆ASAi = ASAfree BM − ASABM+ligand(i) , where i = ith ligand. 

 

3. Result and discussions: 

3.1. Interfacial and bulk property of surfactants in presence and absence of BM 

BM show some surface activity at phosphate buffer of pH 7. (cf. Fig. 2). The study of surface 

tension of surfactants in phosphate buffer gives a break point which is the normal 

characteristics of surfactants after a certain concentration, called critical micelle concentration 

(cmc) (shown in Fig. 1). When surfactants added to BM solution (20 μM), the different break 

points were shown for surfactants in tensiometry profile (cf. Fig. 1) and these break points have 

been designated here as C1, C2 and C3, from low to high surfactant concentrations respectively. 

C3 corresponds to free micelles of surfactants having similarity with cmc both in presence and 

absence of BM. The first point (C1) corresponds to the minimum (or the trough) and the second 

(C2) indicated the maximum binding of the induced small surfactant micelles (or the crest) 

leading to unfolding of the native state of BM 16. This binding interaction may be due to 

electrostatic and hydrophobic reason.3 It is seen from Fig. 1a (NaC) and 1b (NaDC) that, γ 

values for these two surfactants in presence of BM found well below as compare their BM free 

counterpart; tend to merge around cmc/C3; after cmc/C3 both profiles match to each other. In 

case of SDDS (Fig. 1c) and SDBS (Fig. 1d), γ values in presence of BM shows lower at initial 

surfactant concentration and the values match to the free BM profiles after C1. Initial depression 

of γ values clearly indicating the surface-active nature of stem bromelain and surface activity 

retains in presence of NaC and NaDC (Fig. 1a and b) upto cmc confirms the presence of 

surface-active surfactant – BM complex, while for NaC and NaDC, the depletion of surface-

active species (BM-surfactant) from air/water surface to bulk at C1, result to produce similarity 

between the BM free and BM containing profiles (Fig. 1c and 1d). All the typical points 

originating from the interaction of BM with surfactants are displayed in Fig. 2. In presence of 
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NaC all three break points (C1, C2 and C3) have been found in tensiometry profile, but for SDDS 

and SDBS only C1 and C3 were found in tensiometry (Fig. 1c and 1d). NaDC shows only one 

inflection point (C3) in tensiometry profile indicating formation of free micelle. All the values 

of C1, C2, cmc / C3 are presented in Table 1. Although similar inflection points have been 

reported previously16 using tensiometry measurement, here the final break points (C3) for all 

protein surfactant systems (see Table 1) cannot be termed as ‘extended cmc’, as the value of 

C3 is found somewhat lesser than cmc for all surfactants. So, BM acts as an enhancer to reduce 

cmc of surfactants at this experimental condition and formed micelles incorporated with BM. 

Similar observation have been reported while studying trypsin in presence of bile salts 45.   

From tensiometric isotherms (cf. Fig. 1), the efficiency of surface adsorption of surfactant 

monomers (NaC, NaDC, SDDS and SDBS) has been measured at cmc or C3 in terms of surface 

excess (ΓC3/Г𝑐𝑚𝑐) in presence and absence of BM using Gibbs adsorption equation: 

Г𝑐𝑚𝑐 =
1

2.303𝑛𝑅𝑇
𝑙𝑖𝑚𝐶→𝑐𝑚𝑐(𝐶3)

𝑑𝛾

𝑑𝑙𝑜𝑔𝐶
   mol.m-2                          (2) 

here, n is the number of species dissociated per monomer of surfactants adsorbing at the air-

solution/buffer interface. The value of n is 2 for both the surfactants. R is the universal gas 

constant and T is the temperature in Kelvin scale. The slope at cmc/ C3 (dγ/dlogC) was 

determined from the tensiograms (cf. Fig. 1) by taking γ with corresponding log[surfactant] 

values upto cmc/ C3 and fitted the values with second order polynomials of fairly good R2 (0.99) 

values. It is seen from Table 2 that, Г𝑐𝑚𝑐 values of BM-surfactant system are relatively lesser 

than free surfactants (for NaC, NaDC) in pH-7 buffer medium, while, the reverse has been seen 

in case of SDDS and SDBS with same concentration of BM comparing with the micellization 

of SDDS and SDBS in phosphate buffer (pH 7).  

Minimum area of surfactant monomers (Amin) at air-water interface can be obtained using the 

following equation: 

𝐴𝑚𝑖𝑛 = 
1018

𝑁𝑎Г𝑐𝑚𝑐
𝑛𝑚2/ molecule                               (3) 

Amin has the reverse order with  Г𝑐𝑚𝑐, as the minimum surface area of surfactants on the surface 

increases; decrease in surface coverage is possible in terms of decrease in Г𝑐𝑚𝑐 and also vice 

versa.  

 The surface pressure at the cmc (πcmc) was calculated using the following equation 

𝜋cmc = 𝛾0 − 𝛾cmc                                                                               (4) 
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where 𝛾0 and 𝛾cmc are the surface tension of surfactant in phosphate buffer at pH 7 and that for 

the surfactant in presence of buffer of pH 7 at the cmc respectively. This parameter indicates 

the measurement for the effectiveness of the surfactant to lower the surface tension of the 

solution medium (free buffer and free buffer in presence of BM). It is seen in Fig. 1 that 𝜋cmc  

values of surfactants in presence of BM found lower than the BM free surfactants in aqueous 

phosphate buffer medium. 

 

 

Fig. 1.  Surface tension profiles (γ vs. log [surfactant]) of NaC (a), NaDC (b), SDDS (c) 

and SDBS (d) at 298.15 K 
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Table 1. Critical concentrations (C1, C2 and cmc or C3) of surfactants, surface excess at 

cmc or C3
 (Γcmc or, 𝜞𝑪𝟑 ), surface pressure at cmc (πcmc), area minimum (Amin) in presence 

and absence of BM in phosphate buffer of pH 7.0. BM concentration were fixed at 20 μMa 

 

Systems C1 C2 cmc/C3  103πcmc 

(J.m-2) 

106Γcmc/ 

106𝜞𝑪𝟑(mol.m-2) 

Amin 

(nm
2
.molecule

-1
) 

NaC 
  

11.3 21.3 1.02 1.63 

BM + NaC 0.47 0.72 9.53 15.8 0.67 2.47 

NaDC 
  

3.09 31.1 1.34 1.23 

BM + NaDC 
  

2.82 18.8 0.73 2.26 

SDDS 
  

6.95 39.9 1.46 1.13 

BM + SDDS 0.59 
 

6.19 29.5 1.81 0.98 

SDBS 
  

0.82 42.1 0.69 2.56 

BM + SDBS 0.15 
 

0.77 29.7 1.71 0.97 

a Errors in C1 = ± 3%, C2 = ± 3% and cmc/C3 = ± 5% respectively. 

 

3.2. Isothermal titration calorimetry: 

A heat change (standard enthalpy of micellization of surfactant monomers, ΔH0
obs) along with 

the conformational change of bromelain in presence of monomers has been analysed using ITC 

measurements. ITC profiles (heat injection (ΔH0
dil) in kJ.mol-1 vs. [surfactant] in mM) of pure 

surfactants in presence and absence of BM in phosphate buffer of pH = 7 have been reported 

in Figure 2.  ITC profiles of surfactants near the vicinity of cmc (pure surfactant in phosphate 

buffer of pH 7) or C3 (surfactants in presence of BM in phosphate buffer pH 7) show sigmoid 

nature and therefore were fitted by Boltzmann-sigmoidal equation76 and the corresponding 

cmc/C3 has been selected from the inflection of the sigmoidal fittings. The same procedure has 

been presented in previous literature12. Standard enthalpy of micellization (ΔH0
obs) of pure 

surfactants in presence and absence of BM has been calculated by simply taking the subtraction 

between ΔH0 
final to ΔH0

initial (ΔH0
obs = ΔH0

final - ΔH0
intial), which are the enthalpy changes at 

two extremes of sigmoidal profiles (see Fig. 2). The straight lines were drawn (see in Fig. 2) 

through the transition region (cmc or C3) in the enthalpograms met the pre- and post- cmc / C3 

dilution enthalpy designated by horizontal lines. The vertical distance was considered as the 
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enthalpy for the micellization process (ΔH0
obs, given in Table 2) 12.  Apart from NaC, all 

endothermic enthalpy changed have been observed (documented in Table 2). It is seen that for 

NaDC, SDDS and SDBS, the ΔH0
obs values were found more positive in presence of bromelain 

than their pure states in phosphate buffer at 298.15 K. Exception has been found in the 

interaction of NaC in presence of BM where exothermic heat change has been observed (ΔH0
obs 

= -0.11 kJ.mol-1), although NaC in absence of BM shows the positive contribution of enthalpy 

change during micellization. Enthalpy change during micellization of pure NaC, NaDC, SDDS 

and SDBS in aqueous solution at 298.15 K has been documented in previous literatures. 77, 56, 

78 It is seen that, for NaC and NaDC, the experimental values of ΔH0
obs in phosphate buffer 

(pH = 7) medium were found lower than the values in aqueous solution77 at 298.15K, but both 

values are endothermic; whereas for SDDS, the enthalpy change of micellization (ΔH0
obs) is 

found more or less similar at 298.15 K with same sign 56 in both aqueous and phosphate buffer 

(pH-7) medium. In case of SDBS, little endothermic heat change was observed in presence of 

phosphate buffer at pH 7, while exothermic heat change (-1.0 kJ.mol-1) was observed 

previously.78 Thus, it is obvious that, salinity as well as different nature and charge of surfactant 

monomers influence enthalpy of micellization by changing the ionic strength of the aqueous 

solution. Different break points (C1 and C2) at low and intermediated surfactant concentration 

apart from C3 in presence of BM in enthalpogram profiles of NaC and SDBS (Fig. 2a and 2d) 

were found and the values of C1 and C2 (Table 2) have similarity with those calculated by 

tensiometry measurements. It is also seen that C3 values of surfactants were found lower than 

the corresponding cmc of pure surfactants in absence of BM calculated by calorimetry (Table 

2). Cmc/C3 values of surfactants in phosphate buffer medium in absence and presence of 

bromelain were found in fair agreement with those calculated by tensiometry (comparing Table 

1 and 2).   
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Fig. 2. Calorimetric titration curves of surfactants in Phosphate buffer (pH  7) in presence 

and absence of BM (20 μM); surfactants are shown in different diagrams along with their 

interaction with BM:  (a)NaC, (b)NaDC, (c) SDDS& (d)SDBS  
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Fig. 3. Raw data (calorimetric traces) of ITC for different surfactants in presence and 

absence of different surfactants (a. NaC, b. NaDC, c. SDDS and d. SDBS). For each 

diagram (top compartment: calorimetric traces of surfactant in presence of BM, bottom 

compartment: calorimetric traces of surfactants in pH 7 aqueous phosphate buffer) 
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Table 2. Table for assessment of critical parameters (C1, C2 and cmc/C3) and enthalpy of 

micellization (∆H0
obs) of surfactants in presence and absence of BM in phosphate buffer 

(BM concentration was fixed at 20 μM) at pH 7 at 298.15 Ka. 

 

 

   

 

 

 

 

 

  

aErrors for the calculation of ∆H0obs = ± 2% 

  

3.3.UV-VIS absorbance and fluorescence study 

3.3.1. Steady state absorption and emission studies at 298.15 K: 

    The interaction between the surfactants with biomolecular system could be well understood 

by the spectroscopic technique, viz., steady state absorption and emission studies at 298.15 K.  

The absorption spectra of stem bromelain (BM) (10 M) and BM in presence of the varying 

concentrations of two bile salts, namely, NaC and NaDC and two surfactants, namely SDDS 

and SDBS were recorded in aqueous phosphate buffer of pH 7 at 298.15 K (Fig.4) A 

characteristic peak at around 280 nm is observed in each case which signifies the involvement 

of the Trp or Tyr residues in all the interactions. Also, it is observed that in each case, the 

intensity of the peak at around 280 nm increases with the gradual addition of surfactants (Fig 

not shown). A representative figure (Fig. 4) comprising absorption spectra of free BM and BM 

in presence of saturating concentration of bile salts and the surfactants respectively with the 

slight shift of the absorption maxima in all the BM-surfactant complexes. This could be 

proposed that step by step alteration in the microenvironment occurs due to the interaction of 

BM with the bile salts and the surfactants. For SDBS, however, the absorption pattern is 

Systems C1 

mM 

C2 

mM 

C3/ cmc 

mM 

∆H0obs  
kJ.mol

-1
 

NaC   11.95 0.23 

BM + NaC 0.55 2.04 8.58 -0.11 

NaDC 
  

2.52 0.21 

BM + NaDC 
 

 1.83 3.05 

SDDS 
  

7.96     1.62 

BM + SDDS 
  

6.65 5.68 

SDBS 
 

- 1.02 0.11 

BM + SDBS 0.048 0.60 1.00 0.82 
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different indicating the perturbation of the microenvironment which is more sensitive in case 

of SDBS-bromelain interaction. Also, the C3 is observed in each case due to the formation of 

free micelles and this proposition is also justified with the steady state fluorescence studies at 

298.15 K (the break points are shown in F vs [surfactant] plots at the inset of Fig. 5) The values 

of C3 which have been found by steady state fluorescence techniques for different surfactants 

in presence of BM show good similarity with those calculated by other techniques 

(tensiometry, ITC).  Apart from C3, we also found the other break points in F vs [surfactant] 

plots for NaC, SDDS and SDBS and the corresponding [surfactant] are found close to the value 

of C1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Absorbance spectra of BM in free state and in presence of four different 

surfactants in buffer solution (pH 7) at 298.15 K 

 

The steady state fluorescence spectra of bromelain in presence of two conventional 

surfactants and two bile salts have been carried out at 298.15 K (Fig. 5) monitoring the intrinsic 

fluorescence of Trp residue(s). Tyrosine (Tyr) and Phenylalanine (Phe) are also known as the 

natural fluorophore in proteins. Owing to a larger difference in quantum yield, lifetime and 

energy transfer from Phe to Tyr and Tyr to Trp for the fluorescence, only Trp molecule is 

responsible for fluorescence. 79-84 
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Our present study on Bromelain is concerned on the interaction of the surfactants and 

bile salts in presence of five Trp residues (Trp 8, Trp 27, Trp 67, Trp 176 and Trp 180) in 

Bromelain. Interestingly, the environmental features of the Bromelain help one to find out the 

differential behaviour of emission of Bromelain in presence of different surfactants and bile 

salts. The widespread sequence homology of papain suggests that two Trp residues are located 

near the surface of the molecule and three tryptophans are buried in hydrophobic core of the 

molecule.62, 85, 86 The exposure of the buried residues to the protein surface leads to unfolding 

of the protein. 

Steady state fluorescence spectra of intrinsic Trp residue(s) in free stem Bromelain (10 

μM) at 298.15 K show that λmax of the emission at ~347 nm on excitation at 290 nm clearly 

matches with the earlier literature data.62,87 This emission maximum of free Bromelain 

molecule indicates that the emitting Trp residues(s) are in solvent exposed environment as the 

solvent exposed Trp residue(s) generally appears around 347 - 350 nm. Our focus is to studythe 

interaction of Bromelain with two bile salts, viz. NaC and NaDC by the fluorescence spectra 

at 298.15 K shows the appreciable decrement of Trp emission with gradual addition of varying 

concentrations of both the bile salts, NaC and NaDC (Fig. 5) at 298.15 K in aqueous phosphate 

buffer of pH 7 at λexc =290 nm. The λmax value of the emitting Trp residue(s) gradually shifted 

towards from 347 nm (free Bromelain) to 340 nm (for NaC) and 339 nm (for NaDC) (Fig. 5) 

clearly indicates the change of microenvironment of Trp residue(s) due to the interaction of 

NaC and NaDC. The blue shifted emissions of Trp residue(s) in both the cases specifically 

suggest that the less polar or more hydrophobic environment of Trp residue(s) experience after 

the interaction with the bile salt molecules.  

The interaction of Bromelain with the two surfactants SDDS and SDBS has been also 

performed to visualize the alteration of the microenvironment of the Trp residue(s) in presence 

of two surfactants SDDS and SDBS and also compared to that with the bile salts NaC and 

NaDC respectively.   
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Fig. 5. Steady state fluorescence spectra of BM in presence of different surfactants (a: 

NaC, b: NaDC, c: SDDS and d: SDBS) at 298.15 K. Excitation wavelength = 280 nm; 

excitation and emission band pass = 10 and 5 nm, respectively, for each case. Inset: 

fluorescence area under the curve (10-4 x F) vs. [surfactant] predicting different break 

points. 

  

The gradual addition of two surfactants, SDDS and SDBS to the free stem bromelain 

(10 μM) is responsible for quenching of the Trp fluorescence at 298.15 K in both the cases with 

excitation at 290 nm. (Fig. 5) In both the cases, the fluorescence quenching clearly imposes on 

the fact that SDDS and SDBS also interact appreciably with the Trp residue(s) of the Bromelain 

molecule. The λmax of the emission of Trp residues in Bromelain is blue shifted to 343 nm for 

SDDS molecules inferring that the emitting Trp residue(s) of Bromelain molecule is blue 

shifted indicating somewhat the alteration of the microenvironment occuring in presence of 

SDDS molecule.(Fig. 5) Conversely, no peak shift is observed for the interaction of bromelain 
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with the SDBS molecule indicating no such change in the surrounding environment of emitting 

Trp residue(s) happening while interaction with the SDBS molecule. (Fig. 5) 

The comparative nature of the interactions of stem bromelain with the bile salts and 

surfactants helps one to reach to the fact that the Trp residue(s) move towards more buried or 

hydrophobic region in case of bile salts as compared to that with the surfactant SDDS. The 

further time resolved fluorescence studies and docking studies corroborate with this connection 

(See next section). 

The fluorescence quenching of Trp residue(s) of the bromelain molecule by the bile 

salts and surfactants is generally analysed by the following Stern-Volmer equation (Eq.2) 79 

F0/F = 1 + KSV[L] = 1 + kqτ0[L]                                                                                       (2) 

where, F0 and F are the fluorescence intensities of bromelain in the absence and the 

presence of the quencher (bile salts and surfactants). KSV is the Stern-Volmer quenching 

constant, [L] is the concentration of quencher compounds, NaC, NaDC, SDDS and SDBS, kq 

is the bimolecular quenching rate constant, and ⟨τ0⟩ is the average fluorophore lifetime in the 

F0 and F in Figure 5 are calculated using the area under the emission curve. The KSV values for 

the different surfactant systems in conjugation with stem bromelain are summarized in Table 

3. 

 

Table 3.  Stern- Volmer Quenching Constant (KSV) and Bimolecular Quenching Constant 

(kq) of the complex of surfactants and the bile salts with the Bromelain molecule in 

aqueous buffer (pH 7) at 298.15 K. 

 

 

Systems 

(10 μM BM in phosphate 

buffer pH 7 + surfactants) 

λmax (nm) KSV (M-1) 

 
kq (M

-1s-1) R2 

Free BM (10 μM) 347 - - - 

+NaC (16.27 mM) 

 

340 

 
6.00 x 102 1.69 x 1011 0.975 

+NaDC (4.08 mM) 

 

339 

 
1.77 x102 0.50 x 1011 0.962 

+SDDS (6.70 mM) 343 

 
6.68 x 102 1.89 x1011 0.983 

+SDBS (0.39 mM) 347 

 
30.35 x102 8.59 x1011 0.954 
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The fluorescence quenching of bromelain due to binding with bile salts and surfactants 

could be investigated through static quenching and dynamic quenching processes. The 

formation of a stable complex between the protein and quencher usually occurs via static 

quenching process whereas the collisional encounters between the protein and quencher mostly 

occurs through dynamic quenching process. 79 The linearity of the Stern-Volmer equation may 

be ascribed to infer on the operational concept of the static and dynamic quenching process. 

All the bile salt and surfactant complexes with the bromelain molecule show the linear S-V 

plot indicating that the emitting Trp residue(s) of the proteins which are prompt to response 

mainly in the static quenching process over the dynamic quenching process 79 (Fig. 6 and Table 

3). The fluorescence quenching parameters (Table 3) reveal that the fluorescence quenching is 

not so much significant for NaDC while it is more appreciable for SDBS. The time-resolved 

fluorescence studies could also be helpful to realize the nature of fluorescence quenching 

operational in all the complexes. (see next section, 3.3.2) 

 

 

 

Fig. 6. Stern-Volmer (SV) plots for fluorescence quenching of BM with the different 

concentrations of (a) bile salts (NaC and NaDC) (b) surfactants (SDDS and SDBS) at 

298.15 K. λexc=280 nm, [BM]= 10 μM; Excitation band-pass = 10 nm and Emission band-

pass = 5 nm. 
 

3.3.2. Time-Resolved Fluorescence Studies at 298.15 K:  

To understand the nature of the observed quenching of the fluorescence, the lifetime 

measurement by time-resolved fluorescence decay technique monitoring the emission maxima 

of Trp emission was performed at 298 K. The relevant lifetime data for all the complexes of 
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bromelain with the bile salt and surfactants are provided in Table 4., and Fig. 7 represents one 

representative decay profile of free BM and BM with varying concentrations of NaC in aqueous 

buffer of pH 7 at 298.15 K. Free protein shows biexponential decay with good χ2 values in 

aqueous phosphate buffer of pH 7. 

The data collected in Table 4 provide that BM is slightly perturbed with increasing 

concentration of the bile salts and surfactants. In all the cases, a comparatively constant lifetime 

values of BM are observed (Figure, Table 4 ) from the fluorescence decay and clearly implies 

that the static quenching process is predominant over the dynamic quenching process in all the 

cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Representative time resolved fluorescence decay profile of Free BM (10 µM) and 

its complex with varying concentration of bile salt, NaC in aqueous phosphate buffer (pH 

7). λexc= 280 nm, λmonitor = 335 nm. The excitation and emission band passes are 10 nm 

each. 

 

However, a characteristic observation has been noted for the BM-NaDC complex where 

the shorter and longer component values of the lifetime along with the respective percent 

contribution of both the components keeping the average fluorescence lifetime of protein is 

almost constant (Table 4). The slight variation in both the component and also percent 

contribution pointed out (Table 4) that the microenvironment of Trp residue of BM near the 
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binding site of NaDC is perturbed to a greater extent as compared to that of other compounds 

viz., other bile salt and surfactants. This reflected in the fluorescence quenching study of BM-

NaDC complex where the lowest KSV as well as kq value (Table 3) enables one to infer that the 

contribution of the surrounding environment of NaDC is prompt as compared to that of Trp 

residue(s) in BM those are responsible for quenching. Docking study also supports to analyse 

this observable fact. 

Table 4. Singlet state lifetime data of BM (10 µM) and its complexes with bile salts and 

surfactants in aqueous phosphate buffer (pH 7) at 298 K where λexc = 280 nm, λmonitored = 

347 nm. 
 

    a Error in the measurements is ± 0.1 ns. 

 

[Bile salts/ 

Surfactants] 

(mM) 

τ1
a(ns) τ2

a(ns) 1(%) 2(%) <τ> (ns) χ2 

Bromelain-NaC 

0 0.48 4.43 22.88 77.12 3.53 1.01 

0.15 0.51 4.61 26.54 73.46 3.52 1.11 

0.29 0.45 4.54 25.44 74.56 3.50 1.05 

0.58 0.53 4.59 28.21 71.79 3.44 0.99 

1.02 0.59 4.49 26.87 73.13 3.44 1.23 

1.74 0.55 4.55 28.08 71.92 3.43 1.11 

Bromelain-NaDC 

0 0.48 4.43 22.88 77.12 3.53 (= τ0) 1.14 

0.10 0.63 5.22 37.33 62.67 3.50 0.99 

0.25 0.56 4.74 29.95 70.05 3.49 0.92 

0.59 0.71 5.61 33.98 57.59 3.47 0.93 

0.78 0.75 6.77 42.41 47.65 3.54 1.18 

0.97 0.72 5.34 41.13 58.87 3.44 1.08 

Bromelain-SDDS 

0 0.48 4.43 22.88 77.12 3.53 (= τ0) 1.14 

0.50 0.42 4.44 20.75 79.25 3.61 1.14 

1.00 0.49 4.24 20.41 79.59 3.47 1.06 

1.49 0.48 4.17 19.77 80.23 3.44 1.03 

2.97 0.47 4.35 21.86 78.14 3.50 1.18 

5.38 0.48 4.54 24.14 75.86 3.56 1.22 

Bromelain-SDBS 

0 0.48 4.43 22.88 77.12 3.53 (= τ0) 1.14 

0.02 0.48 4.40 22.82 77.18 3.51 1.10 

0.11 0.43 4.23 21.32 78.68 3.42 1.21 

0.15 0.45 4.55 22.74 77.26 3.62 1.04 

0.22 0.41 4.39 21.86 78.14 3.52 1.19 

0.30 0.49 4.27 17.55 82.45 3.61 1.15 
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3.3.3. Binding Data from Fluorescence Spectra: 

The binding interaction between bromelain with the bile salts and the surfactants are 

quantitatively analysed by evaluating the binding constants (Kb) and the associated free-energy 

change (∆𝑮𝒃
𝟎) for the interaction processes (Table 5) by the following Eqs.79, 88 

log [(F0 − F)/F] = log Kb + n log[Q]        (3)  

∆𝐺𝑏
0 = −𝑅𝑇 𝑙𝑛 𝐾𝑏                                  (4) 

where F0 and F represent the corrected fluorescence intensities of bromelain in absence and 

presence of quencher (bile salts and surfactants) molecule, respectively, T is the temperature 

in Kelvin scale, R is the universal gas constant, Kb is the binding constant of all of the 

complexes of bromelain, n is the number of binding sites, F0 and F in all of the cases of Fig. 8 

are calculated considering the area under the emission curve of the corrected fluorescence 

spectra. The double-logarithmic plots of log [(F0 −F)/F] versus log [Q] of the complexes of 

bromelain with bile salts and surfactants are presented in Fig 8. The values of Kb and n along 

with the correlation coefficients (R2) are listed in Table 5. 

Several reports of the fluorescence quenching technique (using Eq. 3) are utilised for the 

determination of binding parameters 79, 88, 89 and the quantitative determination of Kb and ∆𝑮𝒃
𝟎 

by the equation (Eq. 3 and 4) depicts the equilibrium between free and bound units when they 

bind independently to a set of equivalent sites in a macromolecule. 

 

Table 5. Binding Parameters of Bromelain (BM)- Surfactants at 298.15 K. 

Systems 

(10 μM BM in aqueous 

phosphate buffer at pH 

7 + surfactants) 

Kb (M
-1) R2 N ∆𝑮𝒃

𝟎  

(kJ.mol-1) 

NaC 64.4 x 102 0.982 1.60 -21.7 

NaDC 1.29 x 102 0.995 0.94 -12.1 

SDDS 2.18 x 102 0.976 0.86 -13.3 

SDBS 7.34 x 10-2 0.981 0.82 -16.4 
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Fig. 8. Representative double logarithmic plot of log [(F0-F)/F] vs. log [Surfactant] of BM 

with the different bile salts/surfactant concentration (A) NaC and NaDC, (B) SDDS and 

SDBS at 298.15 K where λexc= 280 nm, [BM]=10 μM; Excitation band pass = 10 nm and 

Emission band pass = 5 nm. 
 

 

3.4. Circular Dichroism study:  

Secondary structure of native BM shows two characteristic absorption band in far UV CD 

spectra, one at 208 nm (sharp band) and another at 222 nm (shallow band) 79, 80 (cf. Fig.10, 

more clearly shown at the inset of Fig. 9a). These types of bands suggest BM lies in the α+β 

class of enzymes. The band at 208 nm stands for π to π* transitions of the α-helix of native BM, 

while the band at 222 nm (shallow is due to π to π* transition for both α-helix and random coil 

of the protein. It is seen from Fig. 9 (a) and (b) that, the CD spectra of bromelain in presence 

of NaC and NaDC show negative ellipticity at all concentration of surfactants. Secondary 

structure of native BM retains at low and moderate concentration of both NaC and NaDC below 

their cmc. In presence of NaC, upto 3.46 mM, secondary structure remains intact and also both 

208 and 222 nm bands. For NaDC, nearly 1.15 mM, similar observation was noted. This 

implies that at low surfactant concentration the secondary structure of BM somehow stabilized 

in comparison with its native state, while near and above cmc of the two surfactants (NaC and 

NaDC), the band at 208 nm shifts and 222 nm gradually disappears with negative ellipticity 

(Fig. 9 (a) and (b)). The shifting of 208 nm band with negative ellipticity is ascertained the 

disruption of secondary structure. It is also seen that the stability of secondary structure of BM 

is greater in presence of NaC rather NaDC. 

The situation is quite different while studying the stability of secondary structure in presence 

of SDDS and SDBS (Fig. 9 (c) and (d)). Both in presence of SDDS and SDBS at low 

concentration, secondary structure of BM is stabilized compare with its native form. But after 
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that, at moderate and very high surfactant concentration (near to cmc or above cmc), the 

negative ellipticity gradually decreases, shifting of 208 nm peak and finally complete 

disruption of BM secondary structure. At higher concentrations of SDDS and SDBS, a 

fundamental modification is observed (Fig. 9 (a) and (d)) where simultaneous various kinds of 

distorted secondary structures such as 3π-helix, β-turn, and many other disordered structures 

can be prominently observed instead of α and β structures. Similar kind of observations have 

been reported in previous literatures.     

 

 

Fig. 9. Far UV- VIS CD-spectra analysis of BM (2 μM) in phosphate buffer (pH 7) 

medium with varying concentration of surfactants: (a) NaC, (b) NaDC, (c) SDDS and (d) 

SDBS. Final concentration of surfactants was chosen nearly 1.5 times of cmc for NaC and 

NaDC, while for SDDS and SDBS, the final concentrations were chosen up to cmc in 

buffer medium.  
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3.5. Molecular Docking Studies: 

Molecular docking studies have been employed to demonstrate the experimental data since the 

docking study aids to visualize the probable location of the compounds (bile salt surfactants 

and conventional surfactants) in the surrounding microenvironment of the Trp residue(s) of 

BM with the significant change in the parameters responsible for the molecular docking studies 

by the interaction between BM and bile salts/surfactants. The docked pose of BM and 

surfactants are presented in Fig. 10 (panel A) and the binding energy (ΔG) of bile 

salts/surfactants with BM have been given in Table 6 and out of 5 Trp residues (Trp8, 27, 

67,176 and 180), Trp180 has been found to be closest Trp residue to the different atoms of 

surfactants (Table 6). Distance of tryptophan residue 180 (Trp 180) of BM from the different 

atoms of bile salts and surfactants obtained from the docked complexes are provided in Table 

7 and shown in Fig. 10 (panel B).  

Sodium cholate (NaC) and sodium deoxycholate (NaDC) are amphiphilic molecules which 

constitute an important constituent of the bile salt. The non-polar steroid part constitutes the 

hydrophobic part of the molecule whereas the carboxylic part forms the hydrophilic portion of 

the molecule.  NaC binds predominantly in cavity 1 of BM but with much negative binding 

energy (Table 6) indicating highly stable interaction of the bile salt with BM. This is reflected 

in the binding constant as well as binding energy value of the BM with the surfactants obtained 

experimentally. Also, the closest distances of different atoms/groups bile salts from Trp 180 in 

Table 6 reveals that NaC/NaDC situated much closure to Trp 180 as compared to SDDS/SDBS 

which are reflected also in change in ASA values (Table 8). Nonpolar amino acid residues like 

Val (14, 17), Ala (30,33), Ile163 and aromatic residues like Phe29 and Tyr185 lies in close 

(around 3-4 Å) to the steroid moiety of NaC which stabilizes the interaction through 

hydrophobic interaction (Table 9, Fig. 11). This has been further supported by the significant 

changes in the ΔASA values (Table 8), which suggest that these residues are shielded upon 

interaction with the ligand and are less solvent exposed. The other hydrophobic residues like 

Trp180, Ile186, Ala136 and Phe140 also lie in close proximity (around 3.5 Å) to the aliphatic 

chain which may also take part in hydrophobic interaction (Table 7 and 9). Although π-stacking 

interaction is not possible for NaC/NaDC (unlike SDBS) but the higher ΔA SA values of the 

residues (Table 8) may be accounted due to the greater surface area of NaC/NaDC (82.11 Å2 / 

81.99 Å2) over SDBS/SDDS (32.06 Å2 / 42.04 Å2). Greater surface area of the ligand suggests 

that it would reduce the solvent exposure of the amino acids to a greater extent which also 
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supports the higher extent of protein ligand binding. In addition, the polar COOH part is can 

solved with H-bonding with the His158. 

The binding energy of NaDC does not vary much as compared to NaC (Table 6), but the overall 

ΔASA value is slightly higher for NaC than NaDC (Table 8). This may be due to the additional 

OH functional group in NaC which lies within a H-bond distance of ~4.5 Å from Tyr 185 

(Table 9, Fig. 11) thereby reducing the solvent exposure of Tyr somewhat more than that in 

NaDC. However, the slightly higher stabilization for NaDC may be explained on the basis of 

hydrophobic interaction with the steroid moiety. Generally, the hydrophobic amino acids prefer 

to lie in close proximity to the hydrophobic steroid group, but the presence of polar OH group 

might affect the hydrophobic interaction. Similar situation can be observed for 

fullerene/fullerenol interaction with RNase A, where the protein ligand interaction is reduced 

upon addition of OH groups in fullerenol NaC has 3 -OH groups in the steroid part whereas 

NADC has 2, which makes the interaction more favourable for the former ligand with BM. 

 

Table 6: Distance of tryptophan residue 180 (Trp 180) of BM from the different atoms of 

bile salts and surfactants obtained from the docked complexes. 

Systems         

(Bile Salts/ 

Surfactants) 

Protein Residue 

(Trp180) 

Atom/ Group of 

bile salts and 

surfactants 

Distance 

(Å) 

ΔG in  

(kJ/mole) 

NaC 
Cα-(Trp180) H (CH3-C21) 4.97 -41.2 

 N indole ring-(Trp180) O- (OOC24) 4.55 

NaDC 
Cα-(Trp180) H (CH3-C21) 6.18 

-41.6 N indole ring-(Trp180) O- (OOC24) 4.33 

SDDS 
Cα-(Trp180) O- (COOH) 9.23 

-25.2 N indole ring-(Trp180) O- (COOH) 8.39 

SDBS 
Cα-(Trp180) C4 (Phe ring) 10.96 

-30.7 N indole ring-(Trp180) C4 (Phe ring) 10.95 
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Table.7. Distance of different atoms of bile salts and surfactants and neighbouring 

different polar and non-polar residues of protein BM within a distance of ~5Å obtained 

from the docked complexes. 

 

 

 

 

 

 

 

 

 

 

 

Systems (Bile 

Salts/ 

surfactants) 

Atom (Protein 

Residue) 

Atom/ group of bile 

salts and surfactants 
Distance (Å) 

NaC 

Cα-(Val17) H (OH-C3) 3.47 

Cα-(Lys18) O (OH-C12) 5.57 

Cα-(Phe29) H (CH3-C19) 4.11 

Cα-(Ala33) H (CH3-C19) 4.09 

Cα-(Val160) H (CH3-C18) 3.96 

NaDC 

Cα-(Val17) O (OH-C3) 3.47 

Cα-(Lys18) O (OH-C12) 5.40 

Cα-(Phe29) H (CH3-C19) 4.00 

Cα-(Ala33) H (CH3-C19) 4.05 

Cα-(Val160) H (CH3-C18) 4.19 

SDDS 

Cα-(Val17) N (N-CH3) 6.04 

Cα-(Lys18) N (N-CH3) 5.89 

Cα-(Phe29) O= (CO-N-CH3) 4.28 

Cα-(Ala33) H (C7) 3.66 

Cα-(Val160) N (N-CH3) 5.92 

Cα-(Tyr185) C (C14) 3.98 

SDBS 

Cα-(Val17) H (C15) 3.04 

Cα-(Lys18) O (SO3) 3.98 

Cα-(Phe29) C1 (Phe ring) 4.44 

Cα-(Ala33) HC1 (Phe ring) 4.28 

Cα-(Val160) H (C5) 3.64 

Cα-(Tyr185) H (C11) 3.26 
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Fig.10. Panel A: Docked pose of the complexes of BM with the bile salts and the 

surfactants with BM: (i) NaC, (ii) NaDC, (iii) SDDS, (iv) SDBS. 

Panel B: Distances (in Å) obtained from docked poses of Trp residue 180 of BM from 

the different atoms of bile salts and surfactants. (i)’ NaC, (ii)’ NaDC, (iii)’ SDDS,  

(iv)’ SDBS. 
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Table. 8. The changes in accessible surface area (ΔASA, Å2) of the amino acid residues of 

docked complexes of BM with bile salt surfactants and conventional surfactants. 

 

 

 

 

 

 

 

 

 

 

 

Protein Residue  NaC NADC SDDS SDBS 

ΔASA (Å2) ΔASA (Å2) ΔASA (Å2) ΔASA (Å2) 

VAL  14 5.04 5.09 6.39 5.38 

THR 15 5.59 5.87 9.51 8.54 

SER 16 2.70 2.71 2.68 2.68 

VAL 17 26.62 26.61 24.45 22.48 

LYS 18 21.56 22.41 24.20 22.89 

GLN 20 1.20 1.35 6.64 0.67 

CYS 26 0.23 0.20 0.92 0.26 

PHE 29 21.55 22.04 24.60 27.81 

ALA 30 2.56 2.57 2.74 2.74 

ILE 32 - - 0.32 0.32 

ALA 33 17.48 17.74 22.67 21.5 

GLU 36 - - 2.41 2.23 

GLU 51 - - 3.40 3.40 

ALA 136 8.78 8.46 - - 

PHE 140 8.17 8.17 - 0.28 

GLN 141 8.33 8.29 - - 

HIS 158 30.76 29.93 15.21 10.12 

ALA 159 2.12 2.06 2.79 2.76 

VAL 160 30.70 30.54 19.88 32.91 

THR 161 16.55 15.90 16.15 21.8 

ILE 163 11.36 11.12 11.65 11.76 

TRP 180 40.35 40.93 - 9.69 

GLY 184 17.38 17.20 11.42 15.09 

TYR 185 17.61 14.48 19.22 21.95 

ILE 186 6.19 6.12 1.21 13.12 

Total 302.83 299.79 228.46 260.38 
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Table 9. Hydrogen bonding distances between bile salts and surfactants and different 

groups of polar and non-polar residues around tryptophan residue(s) of the docked  

complexes of protein BM with the bile salts and the surfactants 

 

Systems      

(Bile Salts/ 

surfactants) 

Protein Residue 
Atom/ Group of bile 

salts and surfactants 

H-Bond 

Distance* 

(Å) 

NaC 

HO-(Tyr185) H (OH-C3) 2.8 

NH-amide (Val17) O (OH-C3) 3.58 

NaDC 

O=C amide (Thr15) H (OH-C3) 1.95 

O=C amide (Ser16) H (OH-C3) 3.19 

SDDS 

H-N(ε) (His158) O- (COOH) 2.36 

H-N(ε) (His158) O= (COOH) 2.67 

SDBS 

HO- (Glu36) O (SO3) 3.57 

HO- (Thr15) O (SO3) 3.47 

NH-(Lys18) O (SO3) 3.32 

NH-amide (Lys18) O (SO3) 2.58 

*(Strong H-bond: 1-2 Å; Weak: >3.5Å) 
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Fig. 11 H-Bonding distances between bile salts and surfactants from the different polar 

and non-polar residues around tryptophan residue(s) of protein BM of the docked 

complexes.  
 

 

 

SDBS has an aliphatic dodecyl long chain along with a benzene sulfonic moiety which 

constitutes the hydrophobic part of the molecule. The docked structure of the BM-SDBS shows 

that the ligand binds to the surface of the protein (Fig. 10, panel A). The docked ligand is placed 

near the protein in such a way that the hydrophobic amino acid residues like Val14, Val17, 

Val160, Ile 163, Ile 186 lies at the close proximity near the aliphatic tail within a distance 

ranging from 1.5 Å (Ile186) to ~3.75 Å (Val17) [Table 7]. In addition, the aromatic amino acid 

residues like Phe29, Tyr185 and Trp180 is situated with 5 Å distance from the ligand. This 

suggests that the molecule is stabilized preferentially through hydrophobic interaction between 

the non-polar amino acid residues. Presence of Phe29 close to the phenyl ring of SDBS 

highlights the possibility of π-stacking interaction. Accessible surface area calculation (cf. 

Table 8) clearly shows significant change in surface area (ΔASA) for the non-polar protein 

residues which indicates that these residues become less exposed to the solvent upon binding 

with the ligand. Apart from the above-mentioned residues, Ala30 and Ala33 shows noticeable 
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changes in surface area and it lies at a distance of ~4.5 Å from SDBS. However, it can be seen 

in Fig. 11 that certain polar residue like Thr15, Ser16, Lys18, Glu36 lies near the sulfonic 

moiety of SDBS out of which Gln36 and Thr15 can be involved in hydrogen bonding with the 

oxygen atom of –SO3ˉ (Table 9). The neighbouring ligands around SDBS indicates that the 

binding occurs preferentially in cavity-1 of BM with slight involvement of cavity-2 and the 

stabilization occurs primarily through hydrophobic interaction along with hydrogen bonding 

between the ligand and protein residues. Out of the five Trp residues in BM, SDBS and SDDS 

both lie close to Trp180 which can be also seen from the changes in the ΔASA values of Trp180 

(see. Table 6 and 8) 

The significance of the π-stacking interaction through the phenyl moiety in SDBS can 

be understood upon comparison with SDDS, since the latter is devoid of any phenyl part within 

the structure and the binding energy is almost 1.2 times lower as compared to the former (cf. 

Table 6). The aliphatic chain of SDDS is one carbon shorter than SDBS, but it binds almost in 

the similar region to SDBS, i.e., in cavity-1 and it stabilized the binding through hydrophobic 

interaction with the non-polar amino acid residues. As observed from the surface area 

calculation (Table 8), the ΔASA values for Val17 and Ala33 are somewhat higher for SDDS 

as compared to SDBS, however the ΔASA for Phe29, Ile163, Gly184, Tyr185 and Ile186 are 

significantly lower than the former. This may be due to the lack of phenyl moiety in SDDS 

which cannot promote sufficient hydrophobic interaction with the amino acid residues of BM, 

which in turn does not affect the solvent exposure of the residues significantly. One noticeable 

difference between SDBS and SDDS is the orientation of the ligand while binding to the protein 

surface since the –SO3ˉ is directed towards OH or NH2 regions of Glu36, Thr15 and Lys18 

whereas sarcosinate part [–N(CH3) –CH2–COOH] of SDDS faces the opposite side thereby 

interacting more with Gln20 and His158 which is also supported by the higher ΔASA values 

of these residues in SDDS over SDBS (Table 8). This change in orientation of the polar part of 

SDDS may be due to the sarcosinate moiety which consist of a methyl group in addition of 

CH2 group which prefer non-polar residues like Val17 (located at a distance of 2.27 Å) and 

Val160 (distance of around 3.37 Å) (Table 7). In addition, certain degree of stabilization is also 

obtained from the hydrogen bonding interaction between the SO3¯ group (SDBS) or COO¯ 

group (SDDS) with the polar residues like Thr15, Lys18, Glu36, His158 (Table 9).  
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Conclusions: 

In this study, an attempt has been made to elucidate the structural stability of stem bromelain 

(BM) with the possible interaction it shows two different kinds of anionic surfactant at 298.15 

K. The interaction of different surfactants with stem bromelain at all concentration of 

surfactants: below, at and above of the cmc in phosphate buffer medium (pH 7) was 

investigated by several physicochemical methods, like, tensiometry and isothermal titration 

calorimetry. From tensiometry, several physicochemical parameters like, surface excess 

(Г𝑐𝑚𝑐), minimum area of surfactants at air water interface (Amin) were calculated both in 

presence and absence of BM. Several inflection points (C1, C2 and C3) have been found in 

tensiometry profiles of surfactants in conjugation with BM. These break points were found due 

to the conformational change of BM assisted by surfactants. Similar observation was also found 

in isothermal titration calorimetry (ITC) profiles. Г𝑐𝑚𝑐 values of BM-surfactant system are 

relatively lesser than free surfactants (for NaC and NaDC) in pH-7 buffer medium, while, the 

reverse has been seen in case of SDDS and SDBS with same concentration of BM comparing 

with the micellization of SDDS and SDBS in phosphate buffer (pH 7). Enthalpy of 

micellization (ΔH0
obs) of surfactants in presence and absence of BM were calculated. It is seen 

that for NaDC, SDDS and SDBS, the ΔH0
obs values were found more positive in presence of 

BM than their pure states in phosphate buffer. Exception has been found in the interaction of 

NaC with BM, where exothermic heat change has been observed (ΔH0
obs = -0.11 kJ.mol-1), 

whereas, NaC in absence of BM shows the positive contribution of enthalpy change during 

micellization. Steady state fluorescence revels the quenching of Trp. emission of BM in 

presence of all surfactants with blue shift below the free micelle formation. Binding constant 

(Kb) of BM with surfactants, bimolecular quenching constant (kq), free energy of binding (𝛥𝐺𝑏
0) 

of surfactants with BM were calculated using steady state fluorescence method. It is observed 

that, the binding of NaC with BM is greater than any other surfactants investigated here, while 

Stern-Volmer quenching constant (KSV) is found greater in presence of SDBS. From steady 

state and time resolved fluorescence study it is observed that, quenching of tryptophan in 

presence of surfactants are static in nature. Circular Dichroism (CD) study shows the stability 

of secondary structure of BM in presence of NaC and NaDC below C3, while BM lost its 

structural stability even at very low surfactant concentration of SDDS and SDBS. Molecular 

docking studies have been employed to visualize the probable location of the compounds (bile 

salt surfactants and conventional surfactants) in the surrounding microenvironment of the Trp 

residue(s) of BM. The binding energy (ΔG) of NaDC  with BM does not vary much as 

compared to NaC, but the energy values are more negative than SDDS and SDBS.  
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Summary and Conclusions 

The interaction and self-aggregation of binary surfactants, 1-hexadecyl-3-methylimidazolium 

chloride (HDMimCl or can be written as, C16MImCl), a Surface Active Ionic Liquid (SAIL) 

and dodecyltrimethylammonium bromide (DTAB) have been investigated in three desired 

temperatures (T = 303.15 K, 313.15 K and 323.15 K) and different stoichiometric mole 

fractions using conductometry, tensiometry, spectrofluorimetry, steady state fluorescence 

anisotropy and dynamic light scattering (DLS) techniques. From conductometry 

measurements, the bulk properties, like critical micellar concentrations (cmcs), degree of 

counterion binding (g), free energy of micellization ( MG ), enthalpy of micellization ( MH ) 

and entropy of micellization ( MS ) have been evaluated at three different temperatures. With 

the help of well-established models such as Clint, Rubingh and Motomura, ideal cmc in 

mixtures (cmc), interaction parameters (βR), micellar mole fraction of components (X) and 

activity coefficients (f) of components have been calculated theoretically using conductometric 

cmcs of individual and mixed surfactants. Several interfacial parameters, like surface excess 

(Γmax), minimum monomer area (Amin), surface pressure at cmc (πcmc) and efficiency of 

adsorption of amphiphiles at air water interface (pC20 ) of mixed and individual components  

have been calculated using tensiometry at 313.15 K.  It is seen that the experimental cmcs of 

mixed surfactants differ significantly with cmc of individual one from both conductometry and 

tensiometric measurements. Spectrofluorimetry technique helps to determine the aggregation 

number (N). Zeta potential (ξ) values are calculated at different mole fractions of two 

investigated surfactants using dynamic light scattering. Spectrofluorimetry technique helps to 

determine the aggregation number (N) and anisotropy (r) using 1, 6-diphenyl-1, 3, 5-hexatriene 

(DPH) at different mole fractions of surfactants in both pure and mixed states. Anisotropy of 

DPH increases with increase of mole fraction of HDMimCl. Both aggregation number and 

hydrodynamic diameter increase at high DTAB content, while, zeta potential has the more 

positive value at higher mole fraction of HDMimCl. The critical micellar concentrations (cmc) 

of HDMimCl-DTAB mixtures demonstrate some negative deviation from the ideal behavior, 

implying a nonideal mixing. Mixed micelles of HDMimCl-DTAB are also characterized by 

negative interaction parameter values, i.e., the actual mixed micelles are thermodynamically 

more stable compared to hypothetical ideal state. Thermodynamic parameters indicate that the 

spontaneous process of micellization is entropically favourable for HDMimCl-rich mixtures 

while it is enthalpy-driven for DTAB-rich mixtures. The contributions from the electrostatic 
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attraction between the surfactant molecules, the steric effect, and the repulsive molecular 

interaction vary with the mixture composition. Evaluation of the packing parameter values 

indicate spherical shape of the micelles formed individual and mixed surfactant solutions. 

Aggregation number of the mixed micelles initially increase with the increase in the 

HDMimCl-content followed by a decrease in the HDMimCl-rich region. Hydrophobicity of 

the mixed micellar solutions increases with the increase in the amount of the HDMimCl in the 

binary surfactant mixtures. 

The influence of four sodium salts (NaCl, NaBr, Na2SO4, and Na3PO4) on the self-

aggregation, interfacial, and thermodynamic properties of a surface-active ionic liquid (1-

hexadecyl-3- methylimidazolium chloride, C16MImCl) has been explored in aqueous solutions 

by conductometry, tensiometry, spectrofluorimetry, isothermal titration calorimetry and 

dynamic light scattering (DLS). Analyses of the cmc values indicate that the anions of the 

added salts promote the self-aggregation of C16MImCl in the order: Cl− < 𝐵𝑟−  < PO4
3− < SO4

2−. 

Melting of iceberg, in general, governs the process of micellization of aqueous C16MImCl in 

presence of the investigated salts within the investigated temperature range (298.15 - 318.15 

K), while the dehydration of imidazolium head groups takes the leading role below 303.15 K 

for the C16MImCl-Na3PO4 system. The results indicate that addition of salt leads to a greater 

spontaneity of micellization, and that exothermicity prevails in these systems. Differential 

effect of the salts on the interfacial properties of C16MImCl has been interpreted on the basis 

of the coupled influence of the electrostatic charge neutralization of surfactants at the interface, 

and the van der Walls repulsion of surfactant tails and electrostatic repulsion of surfactant head 

groups. C16MImCl has been shown to form spherical micelles in presence of varying amounts 

of NaCl, Na2SO4 and Na3PO4, while there occurs probably a transition in the micellar geometry 

from spherical to non-spherical shape when added NaBr concentration exceeds 0.01 mol.kg-1. 

Fluorescence studies demonstrate that a combined quenching mechanism is operative for the 

quenching of pyrene fluorescence in the investigated C16MImCl-salt systems. Micellar 

aggregation numbers obtained from Steady State Fluorescence Quenching method (SSFQ) 

have always been found be somewhat smaller than those estimated from Time Resolved 

Fluorescence Quenching (TRFQ) method. The order of instability of the C16MImCl-micelles 

ascertained from Zeta potential measurements confirms to what has been inferred from the cmc 

values. The hydrodynamic radii of C16MImCl-micelles, obtained from DLS studies, have been 

found to increase with increasing salinity of the solutions. Bivalent and trivalent anions have 

reduced ζ significantly as these anions compress electrical double layer more effectively. This 
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trend in ζ is similar to that what we find for the cmc values in presence of the investigated salts. 

Presence of different salts affect the Rh values of C16MImCl micelles differently, and the 

following sequence of these values have been found in presence of the investigated salts: NaCl 

> Na3PO4> NaBr > Na2SO4. 

Investigation have been made on the interaction of a biodegradable polyelectrolyte, 

sodium alginate (NaAlg) with two oppositely charged cationic surfactants, 1-hexadecyl-3-

methyl imidazolium chloride (C16MImCl) and (1-Hexadecyl) triphenylphosphonium bromide 

(C16TPB), while later a conventional surfactant over a wide concentration regime of 

polyelectrolyte (0.001, 0.005 and 0.01% w/v) at 298.15 K. Dual influence of electrostatic and 

hydrophobic interactions operates in this investigation when mixing surfactants to oppositely 

charged polyelectrolyte. A number of different experimental techniques, e.g., conductomery, 

tensiometry, steady state and time resolved spectrofluorimetry, turbidimetry, isothermal 

titration calorimetry (ITC), dynamic light scattering (DLS), attenuated total reflection (ATR), 

high resolution transmission electron microscope (HR-TEM) and fluorescence microscopy 

have been implemented to get comprehensive information originated from the interaction of 

oppositely charged poltelectrolyte and surfactants. Tensiometry study reveals the existence of 

several conformations of NaAlg influenced by different concentrations of surfactants titrated 

to it and these are abbreviated, critical aggregation concentration (cac), so-called ‘neckless’ 

type polymer-surfactant complex (Cs) and finally extended critical micelle concentration (Cm
*) 

due to aggregation of surfactant itself, appeared in chronological order from low to high 

concentration of surfactants. Apart from tensiometry, these above concentrations have been 

well found and the values are well comparable when investigating polyelectrolyte-surfactant 

interaction by other physicochemical techniques also. Irreversible phase separation of 

oppositely charged polyelectrolyte- surfactant complex (PS-complex) occurs at higher 

polyelectrolyte concentration investigated here for both the surfactants in the vicinity of cac 

for C16MImCl and near Cm
*1 for C16TPB and finally remain persist after further addition of 

surfactants above the formation of free micelles. Several bulk and interfacial parameters, viz., 

Gibbs free energy of micellization (∆𝐺𝑚
0 ), enthalpy of micellization (∆𝐻𝑚

0 ), entropy of 

micellization (∆𝑆𝑚
0 ), degree of counterion binding (β), surface excess at cmc (Γmax), area 

minimum (Amin), surface pressure at cmc (πcmc), pC20, packing parameter (P), hydrodynamic 

radii (r) and aggregation number (Na) of two surfactants both in presence and absence of NaAlg 

have been calculated for these investigated systems. Characterization of NaAlg, both 

surfactants and their individual complexes were performed using FTIR-ATR. DLS show the 
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distribution of size of polymer surfactant complexes over a wide range of surfactant 

concentrations at a fixed polyelectrolyte concentration, while HR-TEM study revealed not only 

the size of agglomerated clusters of PS-complex and also its shapes. Images of NaAlg- 

surfactant complexes were also captured using fluorescence microscopy in solution phase. 

Strong PS-complex in presence of C16MImCl has been reported here over C16TPB. Presence 

of bulky head groups of C16TPB containing triphenyl attached to phosphonium cation makes 

it less accessible to COO- groups of NaAlg over imidazolium cations of C16MImCl, while 

C16TPB enhances hydrophobicity in NaAlg medium forming greater amount of coacervates 

comparing with C16MImCl + NaAlg systems. Existence of second cmc has been found clearly 

in presence of C16TPB in aqueous solution by conductometry, ITC and fluorimetric techniques 

while, that cmc of C16TPB is clearly detectable in presence of higher NaAlg concentration 

medium by tensiometry and conductometric techniques. Micellization process in presence of 

both surfactants is exothermic in presence of different wt% of NaAlg and overall decrease in 

exothermicity is observed with increase of polyelectrolyte concentration. The values of cac, CS 

and Cm
* for two surfactants in corporation with different wt% (w/v) of NaAlg are estimated by 

different experimental techniques which have well similarity to each other. ATR spectra of 

polyelectrolyte-surfactant complex reveal the incorporation of surfactants into polyelectrolyte. 

Interaction of a novel azabenzocrown ether (H2DTC) with different kinds of surfactants 

such as, conventional anionic (SDS), cationic (DTAB), gemini cationic (16-4-16), ionic liquid 

(C16MImCl) and non-ionic (Tween-60) has been investigated at the wide range of surfactant 

concentrations (premicellar, micellar and post micellar regime) in 15% (V/V) EtOH-water 

medium at 298.15 K. Several physicochemical techniques, viz., tensiometry, steady state 

fluorimetry, UV-VIS spectroscopy was employed. H2DTC show several inflection points in 

surface tension, steady state fluorimetry and absorption profiles with variation of [surfactant] 

from very low to high, apart from critical micelle concentration (cmc). Equilibrium binding 

constants (Kb) for the binding of H2DTC with micellar environment, partition coefficient values 

for H2DTC (Kx) in micellar to solvent phase, molar absorptivity of H2DTC in absence (ε0) and 

presence (ε) of micellar solution, Gibbs energy of binding (𝛥𝐺𝑏
0), Gibbs energy of partition 

(𝛥𝐺𝑝
0) for H2DTC in solvent to micellar phase have been evaluated in this present study. It has 

been seen that H2DTC strongly binds with micelles of Tween-60 than the anionic and cationic 

surfactants and correspond Kx values are found higher for micelle medium of non-ionic 

surfactant. On the other hand, ε value of H2DTC found lower in micellar Tween-60, whereas, 

it is found high in cationic and anionic micellar medium comparing with the pure solvent (15% 



 

295 

 

V/V EtOH-water). Negative Gibbs binding and negative values of partition coefficient clearly 

indicates the spontaneity of both these processes. The binding of H2DTC with Tween-60 

micelles is greater than the other surfactants. Kx values for cationic surfactants are greater than 

anionic SDS. Among the cationic surfactants, the values of Kx of H2DTC are found to be the 

following increasing order, C16MImCl > 16-4-16 > DTAB. H2DTC shows greater partition in 

Tween-60 micellar medium than the cationic and anionic micelles. Increase in the values of Kb 

and Kx for Tween-60 can be attributed to the lower cmc, enhanced hydrophobicity and 

increased affinity of dye towards micelle. 

An attempt has been made to elucidate the structural stability of stem bromelain (BM) 

with the possible interaction it shows two different kinds of anionic surfactant at 298.15 K. The 

interaction of different surfactants with stem bromelain at all concentration of surfactants: 

below, at and above of the cmc in phosphate buffer medium (pH 7) was investigated by several 

physicochemical methods, like, tensiometry and isothermal titration calorimetry. From 

tensiometry, several physicochemical parameters like, surface excess (Г𝑐𝑚𝑐), minimum area of 

surfactants at air water interface (Amin) were calculated both in presence and absence of BM. 

Several inflection points (C1, C2 and C3) have been found in tensiometry profiles of surfactants 

in conjugation with BM. These break points were found due to the conformational change of 

BM assisted by surfactants. Similar observation was also found in isothermal titration 

calorimetry (ITC) profiles. Г𝑐𝑚𝑐 values of BM-surfactant system are relatively lesser than free 

surfactants (for NaC and NaDC) in pH-7 buffer medium, while, the reverse has been seen in 

case of SDDS and SDBS with same concentration of BM comparing with the micellization of 

SDDS and SDBS in phosphate buffer (pH 7). Enthalpy of micellization (ΔH0
obs) of surfactants 

in presence and absence of BM were calculated. It is seen that for NaDC, SDDS and SDBS, 

the ΔH0
obs values were found more positive in presence of BM than their pure states in 

phosphate buffer. Exception has been found in the interaction of NaC with BM, where 

exothermic heat change has been observed (ΔH0
obs = -0.11 kJ.mol-1), whereas, NaC in absence 

of BM shows the positive contribution of enthalpy change during micellization. Steady state 

fluorescence revels the quenching of Trp. emission of BM in presence of all surfactants with 

blue shift below the free micelle formation. Binding constant (Kb) of BM with surfactants, 

bimolecular quenching constant (kq), free energy of binding (𝛥𝐺𝑏
0) of surfactants with BM 

were calculated using steady state fluorescence method. It is observed that, the binding of NaC 

with BM is greater than any other surfactants investigated here, while Stern-Volmer quenching 

constant (KSV) is found greater in presence of SDBS. From steady state and time resolved 
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fluorescence study it is observed that, quenching of tryptophan in presence of surfactants are 

static in nature. Circular Dichroism (CD) study shows the stability of secondary structure of 

BM in presence of NaC and NaDC below C3, while BM lost its structural stability even at very 

low surfactant concentration of SDDS and SDBS. Molecular docking studies have been 

employed to visualize the probable location of the compounds (bile salt surfactants and 

conventional surfactants) in the surrounding microenvironment of the Trp residue(s) of BM. 

The binding energy (ΔG) of NaDC  with BM does not vary much as compared to NaC, but the 

energy values are more negative than SDDS and SDBS. 
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Chapter- I 

1.1. Data of ln (I0/I) with the variation of [CPC] at 298.15K. I0 and I are the Fl. Intensity 

of Pyrene in absence and presence of CPC at different mole fractions of HDMimCl. Total 

[Surf] = 0.05 mol.kg-1 

 

[CPC]/ mol.kg-1 

ln (I0/I) 

α1/ 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

0 0 0 0 0 0 0 0 0 0 

2.99x10-5 0.022 0.063 0.042 0.004 0.032 0.041 0.060 0.042 0.037 

5.94x10-5 0.064 0.110 0.104 0.051 0.057 0.065 0.111 0.076 0.070 

8.87x10-5 0.113 0.162 0.147 0.094 0.100 0.103 0.163 0.124 0.100 

1.18x10-4 0.162 0.201 0.197 0.136 0.132 0.134 0.212 0.155 0.169 

1.46x10-4 0.217 0.254 0.230 0.179 0.172 0.170 0.273 0.227 0.195 

 

 

1.2. Anisotropy data of Pyrene at various mole fractions of HDMimCl (α1) at 298.15 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

α1 Anisotropy (r) 

0 0.025 

0.1 0.026 

0.2 0.028 

0.3 0.025 

0.4 0.029 

0.5 0.030 

0.6 0.032 

0.7 0.038 

0.8 0.039 

0.9 0.041 

1 0.045 
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Chapter-II 

2.1. Specific conductance (κ) data with variation of [C16MImCl] at different temperatures 

in presence of 0.001 mol.kg-1 Na2SO4 

 

298.15 K 303.15 K 308.15 K 313.15 K 318.15K 

10 5 
[C16MImCl] / 

 mol.kg-1 

κ 
/μS.cm-1 

10 5 
[C16MImCl] 

/ mol.kg-1 

κ 
/μS.cm-1 

10 5 
[C16MImCl] / 

mol.kg-1 

κ 
/μS.cm-1 

10 5 
[C16MImCl] 

/ mol.kg-1 

κ 
/μS.cm-1 

10 5 
[C16MImCl] / 

mol.kg-1 

κ 
/μS.cm-1 

0 253 0 280 0 310 0 339 0 370 

0.3 256 0.23 283 0.3 314 0.3 342 0.3 374 

0.6 259 0.45 286 0.6 317 0.6 345 0.6 378 

0.9 262 0.75 290 0.9 320 0.9 348 0.9 382 

1.19 264 1.04 293 1.19 323 1.19 352 1.19 386 

1.49 265 1.34 296 1.49 326 1.49 354 1.49 389 

1.78 266 1.63 297 1.78 327 1.78 356 1.78 392 

2.07 267 1.92 299 2.07 328 2.07 357 2.07 394 

2.36 268 2.22 300 2.36 329 2.36 358 2.36 395 

2.65 269 2.51 301 2.65 330 2.65 359 2.65 396 

2.94 269 2.8 302 2.94 331 2.94 360 2.94 397 

3.23 270 3.09 303 3.23 332 3.23 361 3.23 398 

3.94 271 3.37 304 3.94 334 3.94 363 3.94 400 

4.65 273 3.66 305 4.65 336 4.65 365 4.65 402 

    4.37 307             

 

2.2. Specific conductance (κ) data with variation of [C16MImCl] at different temperatures 

in presence of 0.005 mol.kg-1 NaBr 

298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 

10 5 
[C16MImCl] 

/ mol.kg-1 
κ /μS.cm-1 

10 5 
[C16MImCl] 
/ mol.kg-1 

κ /μS.cm-1 
10 5 

[C16MImCl] 
/ mol.kg-1 

κ /μS.cm-1 
10 5 

[C16MImCl] 
/ mol.kg-1 

κ /μS.cm-1 
10 5 

[C16MImCl] 
/ mol.kg-1 

κ /μS.cm-1 

0 620 0 623 0 633 0 638 0 640 

2.01 621 2.01 625 2.01 635 2.01 639 2.01 641 

3.34 622 3.34 626 3.34 636 3.34 640 3.34 643 

4.68 623 4.68 627 4.68 637 4.68 641 4.68 644 

6.01 624 6.01 628 6.01 638 6.01 642 6.01 645 

6.68 624 6.68 628 6.68 639 6.68 643 6.68 645 

13.3 628 13.3 633 13.3 644 13.3 648 13.3 651 

19.9 630 19.9 635 19.9 646 19.9 652 19.9 656 

26.4 631 26.4 636 26.4 648 26.4 654 26.4 658 

33 633 33 638 33 650 33 655 33 659 

45.8 635 45.8 641 45.8 653 45.8 659 45.8 663 

64.8 639 64.8 645 64.8 657 64.8 663 64.8 668 

83.5 644 83.5 649 83.5 662 83.5 668 83.5 673 

101.8 648 101.8 654 101.8 667 101.8 673 101.8 678 

125.6 653 125.6 659 125.6 673 125.6 679 125.6 685 



 

iv 

 

2.3. Tensiometric data of C16MImCl at different [NaCl] at 298.15 K 

[NaCl] = 0.001 mol.kg-1 [NaCl] = 0.005 mol.kg-1 [NaCl] = 0.01 mol.kg-1 [NaCl] = 0.02 mol.kg-1 

[C16MImCl]/ 
mmol.kg-1 

γ/  
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ mN.m-1 

0.000 66.3 0.000 67.4 0.000 61.4 0.000 63.2 

0.001 66.5 0.002 61.4 0.005 57.1 0.001 55.0 

0.003 61.0 0.004 56.3 0.014 53.6 0.003 48.7 

0.005 60.0 0.006 55.3 0.024 50.0 0.005 46.9 

0.008 58.1 0.008 53.0 0.038 46.7 0.008 44.0 

0.012 57.0 0.012 50.0 0.062 42.2 0.012 41.7 

0.017 55.0 0.020 49.1 0.098 38.4 0.017 40.2 

0.023 53.5 0.032 46.9 0.145 36.5 0.024 38.2 

0.030 51.6 0.044 45.0 0.239 36.3 0.034 36.0 

0.038 50.0 0.064 42.7 0.376 36.2 0.049 33.8 

0.048 48.9 0.094 39.8   0.069 31.3 

0.059 47.5 0.133 38.1   0.089 30.3 

0.074 46.7 0.192 36.4   0.119 30.4 

0.093 45.4 0.288 36.2   0.169 30.4 

0.122 43.9 0.476 36.4   0.269 30.7 

0.169 41.7 0.748 36.4   0.469 30.7 

0.261 38.8 1.090 36.5   0.669 31.0 

0.349 37.0 1.716 36.5   0.869 31.2 

0.434 36.3     1.169 31.0 

0.632 35.4       

0.885 36.0       

1.139 36.3       
 

2.4. Tensiometric data of C16MImCl at different [NaBr] at 298.15 K 

[NaBr] = 0.001 mol.kg-1 [NaBr] = 0.005 mol.kg-1 [NaBr] = 0.01 mol.kg-1 [NaBr] = 0.02 mol.kg-1 

[C16MImCl]/ 

mmol.kg-1 

γ/ 

mN.m-1 

[C16MImCl]/ 

mmol.kg-1 

γ/  

mN.m-1 

[C16MImCl]/ 

mmol.kg-1 

γ/ 

mN.m-1 

[C16MImCl]/ 

mmol.kg-1 

γ/ 

mN.m-1 

0.000 64.4 0.000 64.1 0.000 64.8 0.000 65.3 

0.001 63.9 0.001 63.1 0.001 60.1 0.002 59.9 

0.002 61.6 0.002 62.0 0.001 58.2 0.006 53.3 

0.005 60.2 0.004 58.5 0.004 54.1 0.011 48.5 

0.009 58.7 0.008 54.9 0.008 50.9 0.015 44.3 

0.015 55.7 0.013 50.9 0.013 46.4 0.020 42.0 

0.025 52.7 0.019 47.2 0.020 42.1 0.024 38.9 

0.038 49.4 0.027 43.9 0.029 37.7 0.029 36.5 

0.055 47.2 0.036 40.9 0.039 35.8 0.034 33.9 

0.074 44.2 0.046 38.3 0.052 32.4 0.040 31.8 

0.096 41.4 0.058 35.2 0.064 30.8 0.045 30.0 

0.121 39.8 0.076 32.4 0.080 28.6 0.054 28.9 

0.149 37.3 0.100 30.1 0.099 27.7 0.064 28.5 

0.179 35.2 0.129 28.5 0.120 26.9 0.081 28.4 

0.215 32.8 0.163 28.4 0.147 26.9 0.102 28.4 

0.256 31.3 0.218 28.0 0.183 27.2 0.128 28.6 



 

v 

 

0.301 29.9 0.323 28.0 0.223 27.6 0.179 28.3 

0.350 29.8   0.279 27.6   

0.403 29.9       

0.478 30.4       

0.574 30.5       

0.705 30.6       

0.825 30.6       
 

 

Fig. 2.5.  Tensiometric data of C16MImCl at different [Na2SO4] at 298.15 K 

 

 

  

[Na2SO4] = 0.001 mol.kg-1 [Na2SO4] = 0.005 mol.kg-1 [Na2SO4] = 0.01 mol.kg-1 [Na2SO4] = 0.02 mol.kg-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

0.000  0.000  0.000  0.000  

0.006 47.9 0.003 45.2 0.003 46.4 0.001 54.4 

0.009 44.3 0.006 40.3 0.006 41 0.004 48 

0.012 42.6 0.009 37.8 0.009 38.2 0.007 43.2 

0.018 39.9 0.014 35.2 0.015 34.1 0.010 40.3 

0.024 38 0.020 32.9 0.021 31.9 0.014 38.3 

0.036 33.6 0.031 29.1 0.027 31.1 0.020 35.4 

0.048 31.7 0.049 26.2 0.039 28.2 0.027 33.3 

0.060 29.9 0.066 25.3 0.051 25.9 0.036 29.4 

0.078 28 0.088 24.9 0.069 25.9 0.050 27.3 

0.101 26.9 0.116 24.4 0.093 25.6 0.071 27.1 

0.131 26.8 0.173 24.1 0.123 25.2 0.105 27.5 

0.172 26.5 0.284 23.9 0.182 24.4 0.166 27.2 

0.459 25.9   0.748 25.2 0.630 27.1 

0.736 25.6   1.272 25 0.962 27.6 

1.259 25.6       

1.744 25.6       



 

vi 

 

2.6. Tensiometric data of C16MImCl at different [Na3PO4] at 298.15 K 

[Na3PO4] = 0.001 mol.kg-1 [Na3PO4] = 0.005 mol.kg-1 [Na3PO4] =  0.01 mol.kg-1 [Na3PO4] = 0.02 mol.kg-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

[C16MImCl]/ 
mmol.kg-1 

γ/ 
mN.m-1 

0.000 59.1 0.000 56.7 0.000 60.3 0.000 60.5 

0.002 50.1 0.003 48.0 0.005 51.4 0.003 47.2 

0.005 47.8 0.008 38.9 0.008 48.2 0.006 43.2 

0.007 46.3 0.013 37.4 0.013 43.8 0.011 39.5 

0.012 44.7 0.024 32.7 0.018 41.2 0.017 37.5 

0.019 41.4 0.050 28.0 0.028 37.7 0.023 35.0 

0.028 39.0 0.076 27.2 0.043 34.0 0.029 33.4 

0.040 37.2 0.115 25.9 0.064 31.4 0.034 31.6 

0.052 35.7 0.191 25.7 0.089 30.1 0.040 30.2 

0.076 33.9 0.318 26.0 0.139 30.3 0.052 28.4 

0.111 32.3 0.563 26.0 0.263 30.0 0.063 27.7 

0.157 30.8 1.026 25.9 0.503 30.1 0.080 27.5 

0.202 30.0 1.858 26.5 0.958 30.0 0.108 28.2 

0.314 29.4     0.165 28.2 

0.531 29.2     0.304 28.2 

0.942 29.0     0.574 28.8 

1.323 28.9     1.083 28.7 

1.847 28.7       

2.320 28.7       
 

2.7. Calorimetric titration data of C16MImCl in different [NaCl] in mol.kg-1 at 298.15 K 

Demicellization of C16MImCl in different [NaCl] in mol.kg-1 

0.001 0.005 0.01 0.02 
[C16MImCl]/

mM 
ΔH0

m / 

kJ.mol-1 

[C16MImCl]/

mM 

ΔH0
m / 

kJ.mol-1 

[C16MImCl]/

mM 

ΔH0
m / kJ.mol-

1 

[C16MImCl]/

mM 

ΔH0
m / kJ.mol-

1 

0   0   0   0   

0.27 -0.648 0.075 0.661 0.006 2.097 0.004 1.664 

0.35 -0.646 0.108 0.642 0.029 1.761 0.018 1.649 

0.44 -0.618 0.140 0.585 0.052 0.956 0.033 1.093 

0.52 -0.602 0.172 0.451 0.075 0.324 0.047 0.432 

0.60 -0.585 0.204 0.369 0.098 0.083 0.061 0.091 

0.67 -0.512 0.236 0.286 0.120 -0.364 0.075 -0.280 

0.75 -0.394 0.267 0.217 0.142 -0.475 0.089 -0.224 

0.83 -0.322 0.298 0.104 0.164 -0.414 0.102 -0.160 

0.91 -0.243 0.328 0.027 0.186 -0.540 0.129 -0.068 

0.98 -0.195 0.358 0.010 0.207 -0.537 0.143 -0.146 

1.06 -0.128 0.388 0.011 0.228 -0.524 0.156 -0.178 

1.13 -0.065 0.418 0.005         

1.20 -0.046             

1.27 -0.072             

1.35 -0.058             

1.42 -0.046             



 

vii 

 

2.8. Calorimetric titration data of C16MImCl at different [NaBr] at 298.15 K 

Demicellization of C16MImCl in different [NaBr] in mol.kg-1 

0.001 0.005 0.010 0.020 

[C16MImCl]/mM 
ΔH0

m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 

0   0   0   0   

0.060 2.811 0.005 0.455 0.003 -3.420 0.002 1.284 

0.108 1.914 0.027 0.465 0.017 -3.489 0.011 1.366 

0.155 0.527 0.048 0.466 0.031 -3.374 0.019 1.606 

0.201 -0.367 0.069 0.509 0.044 -2.859 0.027 1.697 

0.247 -0.885 0.090 0.560 0.070 -3.105 0.035 1.480 

0.293 -0.859 0.111 0.611 0.083 -3.262 0.043 1.203 

0.338 -0.772 0.131 0.604 0.096 -1.459 0.052 0.859 

0.383 -0.664 0.152 0.570 0.109 0.301 0.059 0.350 

0.427 -0.655 0.172 0.523 0.122 1.009 0.067 0.127 

0.471 -0.668 0.192 0.468 0.134 1.596 0.075 0.013 

0.514 -0.628 0.211 0.412 0.146 1.437 0.083 -0.060 

0.557 -0.641 0.231 0.369 0.159 1.608 0.090 -0.123 

0.599 -0.662 0.250 0.329 0.171 1.281 0.098 -0.188 

0.641 -0.611 0.269 0.299 0.183 1.800 0.105 -0.228 

0.683 -0.574 0.288 0.257 0.194 1.656 0.113 -0.271 

0.724 -0.558 0.306 0.213 0.206 1.979 0.120 -0.294 

0.764 -0.603 0.324 0.181 0.218 2.442 0.127 -0.332 

0.804 -0.617 0.343 0.142 0.229 2.363 0.134 -0.356 

0.843 -0.526 0.361 0.126 0.240 1.891 0.141 -0.355 

            0.148 -0.405 

 

2.9. Calorimetric titration data of C16MImCl at different [Na2SO4] at 298.15 K 

Demicellization of C16MImCl in different [Na2SO4] in mol.kg-1 

0.001 0.005 0.010 0.020 

[C16MImCl]/mM 
ΔH0

m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 
[C16MImCl]/mM 

ΔH0
m / 

kJ.mol-1 

0   0   0   0   

0.018 -0.470 0.003 0.176 0.015 0.028 0.001 0.207 

0.025 -0.442 0.024 0.192 0.019 0.037 0.012 0.210 

0.033 -0.237 0.038 0.221 0.023 0.048 0.020 0.233 

0.036 -0.022 0.049 0.249 0.025 0.053 0.029 0.334 

0.040 0.002 0.060 0.253 0.029 0.100 0.043 0.377 

0.043 -0.107 0.071 0.253 0.032 0.140 0.072 0.364 

0.047 0.079 0.082 0.248 0.034 0.178 0.086 0.357 

0.069 0.125 0.093 0.241 0.038 0.201 0.101 0.345 

0.079 0.140 0.093 0.241 0.042 0.211 0.115 0.339 



 

viii 

 

0.083 0.165 0.103 0.238 0.046 0.216 0.129 0.329 

0.086 0.175 0.114 0.234 0.047 0.216 0.144 0.318 

0.094 0.167 0.125 0.228 0.051 0.211 0.158 0.304 

0.108 0.173 0.136 0.224 0.053 0.205 0.172 0.294 

0.111 0.150 0.146 0.219 0.055 0.200 0.186 0.284 

0.133 0.186 0.157 0.214 0.059 0.187 0.200 0.275 

0.157 0.157 0.167 0.209 0.062 0.171 0.229 0.259 

0.168 0.112 0.178 0.206 0.066 0.158 0.271 0.239 

0.171 0.106 0.191 0.199 0.070 0.142 0.299 0.222 

0.178 0.105 0.199 0.195 0.077 0.116 0.327 0.212 

0.213 0.124 0.207 0.192 0.081 0.101     

0.227 0.099 0.217 0.188 0.083 0.092     

0.241 0.100 0.228 0.183 0.087 0.076     

0.255 0.070 0.243 0.176 0.090 0.064     

    0.253 0.171         

    0.264 0.167         

    0.274 0.162         

    0.284 0.157         

    0.294 0.153         

    0.305 0.149         

 

2.10. Calorimetric titration data of C16MImCl at different [Na3PO4] at 298.15 K 

Demicellization of C16MImCl in different [Na3PO4] in mol.kg-1 

0.005 0.010 0.020 

[C16MImCl]/mM 
ΔH0

m / 
kJ.mol-1 

[C16MImCl]/mM 
ΔH0

m / 
kJ.mol-1 

[C16MImCl]/mM 
ΔH0

m / 
kJ.mol-1 

0   0   0   

0.048 2.064 0.025 0.327 0.022 -0.081 

0.051 2.002 0.030 0.332 0.029 -0.023 

0.055 1.851 0.035 0.335 0.036 -0.011 

0.059 2.092 0.041 0.339 0.040 0.021 

0.062 2.163 0.043 0.505 0.047 0.074 

0.066 2.108 0.046 0.629 0.051 0.287 

0.070 2.261 0.049 0.655 0.054 1.173 

0.073 2.338 0.051 0.662 0.058 1.260 

0.077 2.443 0.054 0.654 0.061 1.306 

0.081 2.417 0.057 0.649 0.068 1.350 

0.084 2.337 0.059 0.632 0.076 1.333 

0.088 2.113 0.062 0.643 0.083 1.330 

0.091 2.395 0.065 0.623 0.090 1.275 

0.095 3.293 0.067 0.627 0.101 1.214 

0.099 3.950 0.073 0.612 0.108 1.167 

0.117 3.349 0.078 0.610 0.118 1.114 

0.120 3.159 0.083 0.592 0.125 1.038 



 

ix 

 

0.124 2.955 0.089 0.578 0.132 1.032 

0.128 2.586 0.094 0.579 0.143 0.968 

0.135 2.287 0.097 0.558 0.154 0.939 

0.138 2.170 0.099 0.587 0.161 0.866 

0.142 2.069 0.102 0.542 0.168 0.857 

0.145 1.948 0.105 0.542 0.178 0.817 

0.149 1.711 0.110 0.518 0.185 0.729 

0.153 1.404 0.112 0.523 0.192 0.723 

0.156 1.112 0.115 0.541 0.199 0.682 

0.163 0.709 0.118 0.507 0.206 0.651 

0.167 0.507 0.120 0.481 0.213 0.626 

    0.126 0.499 0.220 0.603 

  0.131 0.477 0.227 0.555 

  0.134 0.464 0.234 0.532 

  0.139 0.458 0.241 0.538 

  0.144 0.449 0.247 0.431 

  0.149 0.440 0.254 0.371 

  0.154 0.428 0.261 0.334 

  0.160 0.417 0.268 0.336 

  0.165 0.404 0.275 0.316 

  0.170 0.389 0.282  

  0.175 0.383   

  0.180 0.367   

  0.186 0.358   

  0.191 0.353   

  0.196 0.343   

  0.201 0.337   

  0.206 0.323   

  0.211 0.300   

  0.216 0.282   

  0.222 0.275   

  0.227 0.256   

  0.232 0.245   
 

  



 

x 

 

2.11. Steady state fluorescence anisotropy (r) vs. concentration of C16MImCl in presence 

of different salts (each with a concentration of 0.001 mol.kg-1) at 298.15 K. 

 

[Salt] = 0.01 mol.kg-1 

NaCl NaBr Na2SO4 Na3PO4 

103  
[C16MImCl] / 

mol.kg-1 
r 

103  
[C16MImCl] / 

mol.kg-1 
r 

103  
[C16MImCl] / 

mol.kg-1 
r 

103  
[C16MImCl] / 

mol.kg-1 
r 

0 0.342 0 0.252 0 0.299 0 0.245 

0.007 0.313 0.011 0.219 0.004 0.310 0.006 0.255 

0.022 0.303 0.022 0.181 0.009 0.336 0.017 0.257 

0.050 0.304 0.045 0.171 0.017 0.301 0.029 0.257 

0.079 0.279 0.067 0.165 0.026 0.306 0.044 0.254 

0.107 0.258 0.100 0.162 0.043 0.295 0.067 0.248 

0.150 0.231 0.155 0.128 0.060 0.283 0.090 0.240 

0.206 0.223 0.209 0.109 0.085 0.248 0.113 0.227 

0.275 0.198 0.317 0.081 0.111 0.230 0.147 0.173 

0.344 0.180 0.423 0.067 0.153 0.206 0.204 0.105 

0.447 0.156 0.579 0.063 0.236 0.192 0.261 0.079 

0.580 0.117 0.781 0.059 0.358 0.188 0.317 0.071 

0.777 0.096 1.025 0.058 0.556 0.181 0.372 0.062 

1.029 0.077 1.398 0.050 0.929 0.181 0.455 0.056 

1.273 0.061     1.276 0.181 0.563 0.055 

1.566 0.060     1.599 0.176 0.671 0.053 

1.846 0.061     1.901 0.177     

2.370 0.062     2.450 0.176     

 

2.12. Time resolved quenching data of Pyrene in presence of different [CPC] in presence 

of Na2SO4 and Na3PO4 (0.001 mol.kg-1) at 298.15 K 

Time (ns) 
prompt 

Quenching of Pyrene in presence of CPC at 

0.001 mol.kg-1 concentration of Na2SO4 

Quenching of Pyrene in presence of CPC at 

0.001 mol.kg-1 concentration of Na3PO4 

[CPC] = 0 
mmol.kg-1 

[CPC] = 0.16 
mmol.kg-1 

[CPC] = 
0.31 

mmol.kg-1 

[CPC] = 0 
mmol.kg-1 

[CPC] = 
0.16 

mmol.kg-1 

[CPC] = 0.31 
mmol.kg-1 

log (Count) log (Count) log (Count) log (Count) log (Count) log (Count) log (Count) 

0.48 0 0 0 0 0 0 0 

0.96 0 0 0 0 0 0 0 

1.44 0 0 0 0 0 0 0 

1.92 0 0 0 0 0 0 0 

2.40 0 0 0 0 0 0 0 

2.87 0 0 0 0 0 0 0 

3.35 0 0 0 0 0 0 0 

3.83 0 0 0 0 0 0 0 

4.31 0 0 0 0 0 0 0 

4.79 0 0 0 0 0 0 0 

5.27 0 0 0 0 0 0 0 

5.75 0 0 0 0 0 0 0 



 

xi 

 

6.23 0 0 0 0 0 0 0 

6.71 0 0 0 0 0 0 0 

7.19 0 0 0 0 0 0 0 

7.67 0 0 0 0 0 0 0 

8.14 0 0 0 0 0 0 0 

8.62 0 0 0 0 0 0 0 

9.10 0 0 0 0 0 0 0 

9.58 9 6 7 3 0 2 7 

10.06 889 357 312 361 236 254 281 

10.54 2160 1248 1298 1362 1258 1281 1267 

11.02 893 1806 1835 1877 1750 1748 1882 

11.50 158 1940 1989 2003 1980 2003 2001 

11.98 39 2000 2005 1945 2002 1948 1961 

12.46 10 1908 1840 1890 1926 1803 1793 

12.94 2 1949 1923 1786 1870 1831 1843 

13.41 1 1972 1806 1807 1925 1824 1781 

13.89 1 1819 1730 1742 1826 1750 1724 

14.37 0 1892 1893 1759 1832 1768 1692 

14.85 0 1872 1895 1715 1981 1827 1767 

15.33 0 1862 1646 1598 1785 1620 1705 

15.81 0 1836 1605 1533 1768 1649 1614 

16.29 1 1820 1701 1583 1846 1733 1583 

16.77 0 1793 1654 1502 1800 1686 1495 

17.25 0 1746 1550 1457 1681 1551 1466 

17.73 0 1768 1586 1519 1872 1596 1516 

18.21 0 1741 1564 1455 1770 1581 1476 

18.68 0 1658 1567 1367 1725 -- 1412 

19.16 0 1777 1522 1445 1792 1534 1393 

19.64 0 1768 1552 1420 1767 1513 -- 

20.12 0 1735 1518 1360 1640 1494 1391 

20.60 0 1675 1475 1372 1673 1558 1355 

21.08 0 1691 1513 1252 1808 1488 1319 

21.56 0 1618 1510 1264 1754 1442 1274 

22.04 0 1609 1418 1284 1631 1365 1191 

22.52 1 1639 1465 1246 1763 1455 1306 

23.00 0 1650 1451 1233 1645 1392 1259 

23.48 0 1615 1382 1241 1609 1367 1176 

23.95 0 1664 1376 1211 1633 1392 1246 

24.43 0 1641 1459 1146 1603 1373 1233 

24.91 0 1595 1392 1111 1669 1347 1087 

25.39 0 1610 1340 1154 1677 1365 1136 

25.87 0 1570 1382 1193 1629 1289 1165 

26.35 0 1565 1313 1077 1592 1328 1005 

26.83 0 1598 1241 1104 1638 1345 1142 



 

xii 

 

27.31 0 1550 1332 1088 1609 1301 1135 

27.79 0 1516 1283 1027 1426 1295 1006 

28.27 0 1471 1327 1028 1619 1261 1004 

28.74 0 1535 1199 973 1612 1216 1055 

29.22 0 1490 1253 1020 1546 1257 1007 

29.70 0 1524 1228 1005 1567 1263 1008 

30.18 0 1518 1233 991 1582 1208 1023 

30.66 0 1524 1284 943 1568 1166 958 

31.14 0 1500 1137 907 1531 1118 981 

31.62 0 1509 1134 924 1518 1185 975 

32.10 0 1536 1136 902 1466 1167 950 

32.58 0 1498 1100 958 1487 1075 935 

33.06 0 1434 1149 909 1544 1177 935 

33.54 0 1472 1146 889 1482 1130 940 

34.01 0 1442 1121 898 1466 1141 855 

34.49 1 1374 1070 837 1429 1106 869 

34.97 0 1468 1102 828 1414 1062 854 

35.45 0 1436 1068 811 1445 1053 829 

35.93 0 1432 1083 805 1502 1058 830 

36.41 0 1441 1074 824 1442 1048 831 

36.89 0 1374 1049 823 1447 1057 774 

37.37 0 1354 981 750 1436 1033 784 

37.85 0 -- -- 756 1433 1027 842 

38.33 0 1359 1032 710 1417 1078 824 

39.28 0 1407 1066 762 1458 1067 820 

39.76 0 1393 1043 709 1372 1032 772 

40.24 0 1369 1011 668 1395 992 760 

40.72 0 1370 1000 719 1401 1011 816 

41.20 0 1343 953 710 -- 1013 744 

41.68 0 1342 947 691 1344 958 719 

42.16 0 1342 953 659 1372 981 733 

42.64 0 1334 977 694 1370 955 730 

43.12 0 1306 999 661 1299 948 692 

43.60 0 1328 974 673 1386 942 682 

44.08 0 1256 966 677 1372 953 662 

44.55 0 1289 922 668 1272 917 696 

45.03 0 1330 949 649 1376 989 712 

45.51 0 1329 915 621 1291 930 678 

45.99 0 1249 915 593 1399 909 653 

46.47 0 1255 901 618 1280 886 659 

46.95 0 1234 872 636 1316 880 635 

47.43 0 1223 882 584 1324 895 654 

47.91 0 1245 856 560 1222 857 666 

48.39 0 1255 908 597 1411 849 635 



 

xiii 

 

48.87 0 1268 910 574 1308 794 676 

49.35 0 1255 820 556 1265 817 659 

49.82 0 1285 856 546 1265 874 659 

50.30 0 1206 776 559 1274 828 615 

50.78 0 1271 804 558 1257 854 606 

51.26 0 1216 847 550 1281 821 604 

51.74 0 1230 805 513 1220 877 621 

52.22 0 1105 828 537 1204 776 595 

52.70 0 1208 823 533 1246 863 562 

53.18 0 1191 829 560 1188 771 574 

53.66 0 1144 820 559 1230 780 578 

54.14 0 1215 774 536 1256 819 558 

54.62 0 1210 780 536 1170 795 625 

55.09 0 1184 780 535 1220 802 575 

55.57 0 1203 787 532 1258 768 520 

56.05 0 1221 794 491 1204 772 522 

56.53 0 1096 735 472 1240 767 549 

57.01 0 1191 760 484 1191 744 487 

57.49 0 1156 715 461 1267 742 536 

57.97 0 1201 756 483 1217 803 478 

58.45 0 1104 740 454 1215 770 506 

58.93 0 1118 772 435 1192 747 546 

59.41 0 1148 711 465 1149 791 528 

59.89 0 1159 708 495 1209 736 488 

60.36 0 1151 732 471 1191 762 505 

60.84 0 1115 756 485 1105 747 521 

61.32 0 1138 717 443 1194 725 481 

61.80 0 1088 790 450 1248 726 465 

62.28 0 1098 697 467 1154 738 503 

62.76 0 1077 687 408 1164 709 509 

63.24 0 1063 697 416 1179 737 433 

63.72 0 1161 716 448 1151 678 479 

64.20 1 1122 686 434 1175 695 441 

64.68 0 1088 726 416 1088 691 450 

65.16 0 1137 631 431 1147 710 460 

65.63 0 1169 659 409 1121 712 428 

66.11 0 1043 696 417 1158 725 453 

66.59 0 1116 715 402 1148 648 416 

67.07 0 1079 626 423 1109 669 402 

67.55 0 1090 648 400 1103 641 438 

68.03 0 1092 691 424 1127 675 442 

68.51 0 1098 667 383 1113 636 446 

68.99 0 1014 640 378 1143 686 443 

69.47 0 1033 649 392 1122 679 419 



 

xiv 

 

69.95 0 1090 630 405 1031 643 439 

70.43 0 1038 710 383 1180 677 440 

70.90 0 1078 618 388 1076 663 445 

71.38 0 1088 648 329 1075 618 388 

71.86 0 1094 625 375 1038 635 415 

72.34 0 1033 659 364 1164 599 436 

72.82 0 997 639 364 1076 610 412 

73.30 0 1014 585 358 1051 624 416 

73.78 0 1034 610 360 1089 638 442 

74.26 0 1029 606 345 1032 586 394 

74.74 0 1030 577 347 1082 642 361 

75.22 0 1000 555 352 1048 603 373 

75.70 0 992 622 339 1071 605 404 

76.17 0 973 566 367 1036 607 360 

76.65 0 1025 579 367 1028 623 379 

77.13 0 996 563 341 1034 589 367 

77.61 0 991 544 329 1051 573 338 

78.09 0 968 514 318 1009 576 357 

78.57 0 957 560 331 960 583 348 

79.05 0 924 533 314 1058 591 371 

79.53 0 913 545 346 1012 572 360 

80.01 0 990 550 306 1006 574 367 

80.49 0 950 569 309 1015 534 379 

80.96 0 975 586 289 1029 551 353 

81.44 0 980 530 307 1003 569 370 

81.92 0 994 508 325 955 538 318 

82.40 0 920 533 309 987 542 337 

82.88 0 928 542 293 1055 539 338 

83.36 0 997 532 284 968 518 348 

83.84 0 953 531 292 1030 547 331 

84.32 0 952 524 283 985 541 333 

84.80 0 926 539 287 987 564 298 

85.28 0 957 527 274 1016 520 342 

85.76 0 920 533 274 1059 546 322 

86.23 0 963 513 294 939 568 340 

86.71 0 914 523 284 967 508 331 

87.19 0 950 499 294 954 526 309 

87.67 0 953 503 278 919 510 326 

88.15 0 918 516 270 1033 543 312 

88.63 0 888 509 278 935 539 313 

89.11 0 878 492 272 936 487 307 

89.59 0 930 511 263 966 502 320 

90.07 0 894 497 269 964 492 276 

90.55 0 898 465 272 985 483 300 



 

xv 

 

91.03 0 928 505 283 935 535 278 

91.50 0 882 492 267 928 472 288 

91.98 0 887 482 254 954 525 331 

92.46 0 862 487 239 912 501 296 

92.94 0 899 470 243 888 486 312 

93.42 0 908 476 273 916 489 322 

93.90 0 893 473 266 958 496 284 

94.38 0 876 426 254 962 503 291 

94.86 0 815 421 250 904 478 287 

95.34 0 865 457 246 898 482 248 

95.82 0 887 470 251 919 441 290 

96.30 0 854 482 238 922 474 304 

96.77 0 869 467 260 829 451 278 

97.25 0 846 428 274 846 493 263 

97.73 0 859 464 220 902 452 298 

98.21 0 865 502 248 869 486 300 

98.69 0 884 467 231 940 457 254 

99.17 0 853 424 229 868 465 280 

99.65 0 770 422 232 903 483 262 

100.1 0 882 446 216 870 429 259 

100.6 0 897 425 216 927 465 298 

101.1 0 798 446 253 886 505 251 

101.6 0 819 419 199 873 418 251 

102.0 0 792 393 242 883 423 260 

102.5 0 846 444 229 867 446 277 

103.0 0 857 400 205 903 431 224 

103.5 0 816 400 213 875 458 229 

104.0 0 838 408 202 891 459 278 

104.4 0 775 444 203 836 439 240 

104.9 0 779 432 244 841 431 264 

105.4 0 744 443 205 886 404 233 

105.9 0 820 379 210 854 440 253 

106.4 0 857 428 234 872 435 250 

106.8 0 734 417 204 842 399 252 

107.3 0 804 400 195 856 443 242 

107.8 0 767 400 225 849 405 217 

108.3 0 748 428 194 879 408 254 

108.8 0 763 425 220 829 426 256 

109.2 0 771 410 202 863 428 232 

109.7 0 771 433 200 822 418 246 

110.2 0 760 415 207 862 418 250 

110.7 0 800 402 183 836 405 203 

111.1 0 764 367 209 832 434 253 

111.6 0 767 369 200 824 425 214 



 

xvi 

 

112.1 0 811 400 192 842 378 271 

112.6 0 804 404 179 853 419 243 

113.1 0 751 395 195 796 426 247 

113.5 0 727 395 204 863 368 196 

114.0 0 751 384 208 805 400 250 

114.5 0 715 413 187 812 420 224 

115.0 0 761 368 179 818 374 238 

115.5 0 770 369 196 753 420 219 

115.9 0 776 390 187 781 411 199 

116.4 0 714 356 169 782 370 218 

116.9 0 763 380 161 724 405 205 

117.4 0 753 351 174 776 371 185 

117.9 0 744 361 177 801 361 219 

118.3 0 741 346 185 795 380 234 

118.8 0 742 382 179 816 396 199 

119.3 0 715 360 148 829 373 218 

119.8 0 775 385 169 791 386 202 

120.2 0 707 342 167 796 365 197 

120.7 0 737 386 163 791 381 219 

121.2 0 715 353 186 782 362 214 

121.7 0 722 362 172 711 377 212 

122.2 0 672 379 168 772 316 203 

122.6 0 672 353 142 759 356 205 

123.1 0 690 352 186 759 316 201 

123.6 0 694 364 172 748 413 208 

124.1 0 668 331 165 768 368 202 

124.6 0 677 357 170 726 351 200 

125.0 0 695 316 153 725 362 186 

125.5 0 712 350 166 758 340 200 

126.0 0 695 360 168 703 336 221 

126.5 0 632 314 185 726 341 184 

127.0 0 676 347 138 739 367 200 

127.4 0 693 346 161 775 356 200 

127.9 0 701 320 149 715 327 184 

128.4 0 626 351 155 735 342 177 

128.9 0 686 309 161 638 358 186 

129.4 0 653 334 142 737 372 187 

129.8 0 687 353 150 743 350 184 

130.3 0 661 326 145 727 324 159 

130.8 0 665 338 149 693 322 164 

131.3 0 651 329 136 685 332 188 

131.7 0 644 338 130 730 316 162 

132.2 0 660 367 144 733 306 165 

132.7 0 621 310 160 750 351 166 



 

xvii 

 

133.2 0 615 291 150 722 353 191 

133.7 0 674 319 142 766 344 167 

134.1 0 621 300 137 684 309 179 

134.6 0 646 297 138 667 297 192 

135.1 0 598 313 163 702 343 162 

135.6 0 688 292 149 735 300 177 

136.1 0 601 305 154 731 328 182 

136.5 0 642 288 131 694 322 164 

137.0 0 709 311 162 679 317 143 

137.5 0 628 302 141 673 309 183 

138.0 0 631 293 131 726 310 167 

138.5 0 602 313 170 653 304 178 

138.9 0 572 302 160 653 283 179 

139.4 0 631 329 135 641 328 150 

139.9 0 595 300 135 678 350 163 

140.4 0 636 320 132 652 321 158 

140.9 0 610 277 149 669 306 162 

141.3 0 637 306 151 694 291 169 

141.8 0 597 281 125 643 289 167 

142.3 0 594 305 126 712 270 150 

142.8 0 632 320 116 639 305 144 

143.2 0 582 297 142 665 308 144 

143.7 0 568 300 152 661 302 138 

144.2 0 573 269 141 709 322 159 

144.7 0 613 293 128 681 296 150 

145.2 0 602 280 130 663 301 170 

145.6 0 613 267 139 684 298 154 

146.1 0 623 275 142 652 310 155 

146.6 0 615 269 136 664 283 155 

147.1 0 593 257 122 658 294 184 

147.6 0 601 280 146 628 290 160 

148.0 0 582 271 146 626 311 140 

148.5 0 606 285 113 649 300 130 

149.0 0 519 301 117 627 292 172 

149.5 0 617 282 144 585 301 166 

150.0 0 590 268 119 599 274 145 

150.4 0 604 241 114 611 286 153 

150.9 0 583 273 114 613 267 132 

151.4 0 571 298 113 636 266 159 

151.9 0 571 284 112 662 282 159 

152.3 0 588 266 125 629 279 149 

152.8 0 551 273 124 658 301 150 

153.3 0 595 247 125 590 245 138 

153.8 0 565 264 124 631 276 139 



 

xviii 

 

154.3 0 556 264 124 589 273 129 

154.7 0 539 272 128 624 312 136 

155.2 0 548 271 118 613 257 147 

155.7 0 567 267 118 582 288 146 

156.2 0 548 248 114 632 268 158 

156.7 0 583 243 120 594 254 139 

157.1 0 498 260 121 587 250 128 

157.6 0 563 265 106 620 263 152 

158.1 0 552 215 130 625 255 138 

158.6 0 543 273 103 641 272 142 

159.1 0 573 246 97 592 286 133 

159.5 0 532 227 110 598 285 131 

160.0 0 565 257 117 568 279 117 

160.5 0 551 255 114 568 270 147 

161.0 0 524 269 130 626 247 139 

161.5 0 551 226 114 556 244 124 

161.9 0 557 277 100 577 261 123 

162.4 0 480 252 124 610 251 128 

162.9 0 466 243 96 614 257 122 

163.4 0 531 256 108 570 259 130 

163.8 0 522 227 116 554 296 123 

164.3 0 485 258 118 548 255 124 

164.8 0 534 252 99 560 252 134 

165.3 0 469 252 138 594 257 112 

165.8 0 500 216 97 564 261 122 

166.2 0 526 234 104 578 238 107 

166.7 0 529 230 107 568 236 125 

167.2 0 514 234 92 542 238 152 

167.7 0 483 251 110 527 238 111 

168.2 0 509 275 106 591 244 136 

168.6 0 527 241 112 536 259 131 

169.1 0 526 250 105 563 230 111 

169.6 0 515 229 123 544 233 112 

170.1 0 502 241 86 539 232 118 

170.6 0 494 242 117 563 203 122 

171.0 0 504 232 90 530 236 111 

171.5 0 512 213 103 545 225 132 

172.0 0 464 231 105 546 243 108 

172.5 0 473 194 97 579 260 115 

172.9 0 494 232 95 517 242 107 

173.4 0 471 222 99 587 242 106 

173.9 0 503 235 85 561 244 116 

174.4 0 485 210 96 560 227 123 

174.9 0 504 222 91 541 217 119 



 

xix 

 

175.3 0 468 217 116 545 236 127 

175.8 0 464 210 116 515 244 119 

176.3 0 491 203 83 528 223 116 

176.8 0 474 245 100 556 254 110 

177.3 0 511 212 86 496 240 116 

177.7 0 477 218 90 533 209 114 

178.2 0 464 212 101 524 240 103 

178.7 0 480 219 96 541 243 107 

179.2 0 443 217 85 529 222 119 

179.7 0 419 215 95 511 241 124 

180.1 0 484 217 96 544 261 130 

180.6 0 453 216 98 511 238 114 

181.1 0 469 232 98 524 221 122 

181.6 0 483 215 109 535 216 106 

182.1 0 468 187 92 539 243 120 

182.5 0 494 189 91 539 217 113 

183.0 0 447 204 81 498 231 101 

183.5 0 469 200 113 487 221 94 

184.0 0 458 216 95 538 200 104 

184.4 0 438 211 98 545 203 98 

184.9 0 479 209 100 549 220 94 

185.4 0 446 197 92 487 228 98 

185.9 0 441 198 101 478 206 111 

186.4 0 429 194 91 524 198 106 

186.8 0 464 192 92 504 216 105 

187.3 0 430 209 91 486 208 83 

187.8 0 432 197 81 510 192 105 

188.3 0 426 182 78 511 185 84 

188.8 0 482 172 83 507 197 100 

189.2 0 447 183 88 450 203 110 

189.7 1 424 203 77 489 205 96 

190.2 0 432 181 88 486 190 101 

190.7 0 437 189 74 458 202 96 

191.2 0 446 200 71 453 197 116 

191.6 0 465 194 82 474 193 89 

192.1 0 403 195 96 531 181 96 

192.6 0 418 184 84 465 196 103 

193.1 0 430 198 86 460 182 94 

193.5 0 425 196 85 498 190 100 

194.0 0 428 177 95 503 207 81 

194.5 0 442 206 86 459 196 114 

195.0 0 424 188 100 481 191 107 

195.5 0 420 178 67 450 192 94 

195.9 0 400 192 69 482 187 85 



 

xx 

 

196.4 0 397 188 84 453 170 101 

196.9 0 406 190 70 458 199 106 

197.4 0 395 189 79 442 187 85 

197.9 0 441 187 81 425 193 96 

198.3 0 392 196 78 443 200 82 

198.8 0 397 216 96 431 175 98 

199.3 0 362 207 71 471 183 96 

199.8 0 412 213 69 463 181 94 

200.3 0 443 155 75 450 220 100 

200.7 0 432 193 82 462 202 87 

201.2 0 390 187 95 434 175 93 

201.7 0 438 182 67 467 197 80 

202.2 0 409 189 80 462 206 97 

202.7 0 377 201 84 468 180 94 

203.1 0 425 184 84 430 174 86 

203.6 0 403 178 77 418 188 92 

204.1 0 402 194 76 434 176 101 

204.6 0 441 170 90 477 187 100 

205.0 0 422 194 70 463 181 91 

205.5 0 398 175 74 474 198 81 

206.0 0 422 176 62 448 151 83 

206.5 0 368 147 75 437 171 73 

207.0 0 423 164 77 443 180 80 

207.4 0 420 177 93 413 169 85 

207.9 0 379 172 69 441 188 86 

208.4 0 367 176 70 457 154 88 

208.9 0 376 178 63 456 158 82 

209.4 0 355 166 64 431 173 82 

209.8 0 355 177 86 444 175 76 

210.3 0 412 174 69 432 183 93 

210.8 0 368 163 78 430 155 83 

211.3 0 385 174 61 426 156 80 

211.8 0 365 194 76 405 186 82 

212.2 0 362 176 66 407 179 105 

212.7 0 351 142 58 413 191 83 

213.2 0 373 150 69 412 183 83 

213.7 0 377 169 62 395 181 85 

214.2 0 398 154 63 425 168 84 

214.6 0 381 161 64 465 182 78 

215.1 0 369 165 74 394 183 81 

215.6 0 363 193 76 438 166 98 

216.1 0 389 159 66 423 181 90 

216.5 0 388 179 65 415 181 79 

217.0 0 384 185 77 385 182 80 



 

xxi 

 

217.5 0 351 149 74 426 188 89 

218.0 1 349 171 64 430 145 76 

218.5 0 347 166 61 417 154 81 

218.9 0 372 147 74 389 161 88 

219.4 0 353 140 65 388 136 75 

219.9 0 331 155 78 413 156 88 

220.4 0 344 148 71 406 158 79 

220.9 0 373 148 73 373 155 85 

221.3 0 353 146 65 395 156 88 

221.8 0 369 169 73 418 166 77 

222.3 0 362 147 65 393 164 88 

222.8 0 360 176 70 417 161 76 

223.3 0 366 152 77 400 153 73 

223.7 0 346 146 83 374 171 68 

224.2 0 337 150 67 364 147 74 

224.7 0 342 147 70 392 186 71 

225.2 0 388 154 57 403 152 77 

225.6 0 320 133 56 400 151 86 

226.1 0 380 151 66 413 149 73 

226.6 0 325 144 71 356 147 75 

227.1 0 369 184 78 385 168 80 

227.6 0 319 158 70 390 176 89 

228.0 0 338 154 72 395 144 80 

228.5 0 333 138 60 389 174 79 

229.0 0 319 132 62 404 167 91 

229.5 0 360 156 67 380 127 73 

230.0 0 339 141 46 387 158 78 

230.4 0 352 152 77 380 167 76 

230.9 0 320 144 87 376 151 84 

231.4 0 343 149 76 373 178 83 

231.9 0 314 147 60 343 151 59 

232.4 0 340 131 52 392 179 76 

232.8 0 309 140 63 392 149 82 

233.3 0 334 145 64 382 145 77 

233.8 0 323 154 47 374 144 76 

234.3 0 328 127 60 373 130 74 

234.8 0 321 134 65 340 138 75 

235.2 0 311 130 52 345 135 73 

235.7 0 333 121 66 373 153 73 

236.2 0 334 156 60 347 165 77 

236.7 0 310 155 68 380 144 70 

237.1 0 305 150 55 373 152 61 

237.6 0 333 170 69 355 154 63 

238.1 0 313 147 55 372 154 73 



 

xxii 

 

238.6 0 315 127 63 353 159 70 

239.1 0 298 139 63 368 139 65 

239.5 0 299 102 58 342 184 77 

240.0 0 353 135 62 329 139 68 

240.5 0 313 136 62 378 132 69 

241.0 0 308 150 60 361 135 76 

241.5 0 328 134 46 361 145 79 

241.9 0 310 127 59 375 136 56 

242.4 0 296 127 58 377 146 65 

242.9 0 311 134 44 346 126 72 

243.4 0 294 141 51 366 138 75 

243.9 0 315 154 66 322 128 62 

244.3 0 306 137 59 369 142 52 

244.8 0 281 120 49 367 119 64 

245.3 0 329 135 64 368 128 60 

245.8 0 322 150 49 343 125 67 

246.2 0 305 122 58 331 137 81 

246.7 0 290 121 50 342 141 65 

247.2 0 293 135 58 334 164 75 

247.7 0 301 152 49 354 139 71 

248.2 0 315 119 67 339 137 62 

248.6 0 296 124 48 350 152 60 

249.1 0 315 146 47 311 133 54 

249.6 0 307 121 67 335 154 59 

250.1 0 262 120 51 331 110 69 

250.6 0 289 106 50 327 136 65 

251.0 0 296 121 50 342 131 77 

251.5 0 284 138 52 303 135 65 

252.0 0 284 125 57 286 130 57 

252.5 0 303 128 40 289 124 46 

253.0 0 278 119 51 359 157 70 

253.4 0 262 121 61 315 124 65 

253.9 0 295 134 50 308 128 69 

254.4 0 278 124 57 327 137 54 

254.9 0 283 121 64 325 120 54 

255.4 0 278 115 55 340 151 61 

255.8 0 301 142 58 319 125 51 

256.3 0 293 145 42 306 128 53 

256.8 0 288 114 60 327 127 55 

257.3 0 274 113 43 303 134 60 

257.7 0 267 120 48 341 107 61 

258.2 0 309 112 45 314 123 61 

258.7 0 272 114 44 306 140 68 

259.2 0 285 123 61 317 128 57 



 

xxiii 

 

259.7 0 280 128 49 297 117 55 

260.1 0 305 108 46 325 124 57 

260.6 0 276 115 50 307 126 59 

261.1 0 258 129 50 315 139 46 

261.6 0 306 129 54 338 158 74 

262.1 0 244 108 46 317 115 61 

262.5 0 275 122 45 304 128 62 

263.0 0 247 101 51 300 107 67 

263.5 0 297 107 50 323 114 51 

264.0 0 271 119 43 296 134 63 

264.5 0 270 117 47 277 127 54 

264.9 0 260 113 46 297 114 51 

265.4 0 250 98 36 318 150 57 

265.9 0 259 143 58 297 114 68 

266.4 0 261 117 47 337 136 54 

266.8 0 259 112 54 309 106 55 

267.3 0 263 132 46 295 116 62 

267.8 0 295 107 51 286 110 55 

268.3 0 287 110 49 299 129 53 

268.8 0 264 111 42 284 119 55 

269.2 0 278 107 42 310 110 52 

269.7 0 287 106 44 300 102 57 

270.2 0 241 112 35 291 118 53 

270.7 0 273 126 57 295 97 63 

271.2 0 248 109 45 299 102 55 

271.6 0 267 105 47 340 107 59 

272.1 0 291 123 37 301 130 52 

272.6 0 264 126 42 288 108 65 

273.1 0 232 99 43 298 99 49 

273.6 0 257 90 57 299 142 50 

274.0 0 266 109 60 285 88 63 

274.5 0 255 90 40 328 121 53 

275.0 0 254 113 46 276 130 48 

275.5 0 252 101 41 312 106 48 

276.0 0 252 106 38 280 102 45 

276.4 0 248 99 42 274 114 54 

276.9 0 230 105 47 301 104 53 

277.4 0 223 110 48 290 96 46 

277.9 0 233 108 37 265 111 44 

278.3 0 255 120 41 281 106 49 

278.8 0 256 97 55 284 111 45 

279.3 0 240 119 47 277 127 57 

279.8 0 236 106 45 262 117 46 

280.3 0 232 83 33 279 124 57 



 

xxiv 

 

280.7 0 267 106 42 258 109 40 

281.2 0 260 85 37 298 106 58 

281.7 0 239 103 36 266 99 53 

282.2 0 263 103 45 291 131 49 

282.7 0 227 99 39 289 117 57 

283.1 0 248 96 43 289 107 47 

283.6 0 240 108 33 269 119 48 

284.1 0 233 111 43 279 96 47 

284.6 0 236 96 53 298 126 43 

285.1 0 250 93 45 264 80 42 

285.5 0 227 101 40 285 105 49 

286.0 0 247 100 48 261 106 42 

286.5 0 236 95 46 262 120 43 

287.0 0 260 91 49 253 98 46 

287.4 0 201 107 33 260 104 64 

287.9 0 252 86 37 300 112 54 

288.4 0 239 87 34 246 104 51 

288.9 0 252 103 28 259 103 45 

289.4 0 227 106 43 266 133 54 

289.8 0 221 103 40 281 92 54 

290.3 0 227 90 41 271 100 49 

290.8 0 216 104 41 245 102 44 

291.3 0 204 91 46 268 88 47 

291.8 0 223 103 44 243 90 45 

292.2 0 206 86 43 261 113 52 

292.7 0 209 98 33 252 82 32 

293.2 0 243 101 30 279 100 48 

293.7 0 218 100 48 263 101 40 

294.2 0 217 89 30 235 95 47 

294.6 0 231 92 42 230 106 48 

295.1 0 237 92 45 266 108 48 

295.6 0 239 85 40 252 98 47 

296.1 0 194 78 37 242 109 53 

296.6 0 218 102 32 245 99 48 

297.0 0 181 84 41 244 101 45 

297.5 0 200 87 30 251 97 36 

298.0 0 232 108 40 256 89 52 

298.5 0 225 94 39 262 82 53 

298.9 0 246 82 37 248 91 53 

299.4 0 192 106 44 265 108 44 

299.9 0 227 96 37 258 81 39 

300.4 0 199 92 45 246 95 58 

300.9 0 245 88 38 270 104 38 

301.3 0 223 89 44 256 104 49 



 

xxv 

 

301.8 0 204 99 40 250 98 41 

302.3 0 210 81 36 235 96 45 

302.8 0 232 82 29 280 97 49 

303.3 0 206 82 28 247 97 51 

303.7 0 196 92 40 228 108 46 

304.2 0 174 97 38 248 86 50 

304.7 0 214 95 31 222 114 46 

305.2 0 211 87 37 236 114 47 

305.7 0 187 95 27 225 92 40 

306.1 0 214 99 39 262 115 46 

306.6 0 214 73 36 261 97 56 

307.1 0 184 81 32 235 105 41 

307.6 0 199 103 35 233 95 35 

308.1 0 191 77 30 233 97 49 

308.5 0 204 91 42 226 101 36 

309.0 0 181 94 32 250 87 42 

309.5 0 206 98 25 213 94 54 

310.0 0 202 74 44 232 86 32 

310.4 0 203 64 31 226 94 48 

310.9 0 185 86 31 237 80 28 

311.4 0 177 70 31 259 81 44 

311.9 0 212 73 31 244 85 34 

312.4 0 203 81 37 216 89 37 

312.8 0 210 82 33 239 86 40 

313.3 0 193 75 26 216 87 43 

313.8 0 185 107 35 244 94 34 

314.3 0 218 92 48 223 89 35 

314.8 0 202 71 33 210 85 45 

315.2 0 200 68 37 270 95 48 

315.7 0 196 82 31 231 91 44 

316.2 0 226 69 28 206 75 45 

316.7 0 206 78 32 210 102 40 

317.2 0 158 86 36 248 88 41 

317.6 0 185 96 39 245 70 59 

318.1 0 199 99 33 241 82 36 

318.6 0 176 78 35 214 83 40 

319.1 0 184 81 34 206 78 43 

319.5 0 165 69 41 226 93 40 

320.0 0 173 83 24 220 84 44 

320.5 0 204 78 45 188 71 43 

321.0 0 200 103 38 221 90 51 

321.5 0 181 58 27 222 100 38 

321.9 0 195 80 35 210 89 45 

322.4 0 212 75 30 210 74 38 



 

xxvi 

 

322.9 0 179 76 32 215 100 46 

323.4 0 176 75 39 216 83 38 

323.9 0 184 83 30 200 93 39 

324.3 0 183 79 36 202 80 37 

324.8 0 180 80 32 191 80 30 

325.3 0 180 73 35 211 84 30 

325.8 0 184 80 41 199 85 37 

326.3 0 178 73 27 191 88 41 

326.7 0 176 70 31 194 73 46 

327.2 0 175 70 27 239 81 39 

327.7 0 190 72 40 209 70 40 

328.2 0 172 72 45 218 57 52 

328.7 1 173 85 32 196 81 39 

329.1 0 206 72 33 204 91 51 

329.6 0 184 84 28 199 68 31 

330.1 0 166 88 33 206 82 47 

330.6 0 171 68 36 216 71 36 

331.0 0 179 72 31 230 82 42 

331.5 0 185 77 35 212 95 33 

332.0 0 167 67 32 216 79 47 

332.5 0 189 71 20 214 76 43 

333.0 0 177 68 33 223 77 29 

333.4 0 176 81 31 226 73 38 

333.9 0 166 66 31 191 86 44 

334.4 0 171 84 35 230 73 32 

334.9 0 189 71 30 199 74 35 

335.4 0 174 86 22 172 77 30 

335.8 0 167 81 42 196 67 37 

336.3 0 157 74 28 197 70 39 

336.8 0 153 73 32 213 73 36 

337.3 0 188 82 31 207 64 34 

337.8 0 155 63 31 186 79 40 

338.2 0 168 77 31 194 79 39 

338.7 0 155 54 23 207 85 42 

339.2 0 184 79 27 175 84 45 

339.7 0 171 70 31 170 80 30 

340.1 0 148 71 27 204 81 36 

340.6 0 149 68 23 186 78 42 

341.1 0 163 66 28 182 71 36 

341.6 0 170 71 34 187 74 38 

342.1 0 178 65 33 175 86 25 

342.5 0 141 72 39 203 66 39 

343.0 0 161 83 20 184 90 37 

343.5 0 179 75 35 192 86 41 



 

xxvii 

 

344.0 0 142 59 30 202 66 30 

344.5 0 158 74 27 194 73 33 

344.9 0 170 75 20 192 61 33 

345.4 0 146 63 26 169 62 41 

345.9 0 148 71 26 187 66 26 

346.4 0 172 51 23 192 61 42 

346.9 0 156 60 29 199 76 35 

347.3 0 158 63 27 198 76 27 

347.8 0 152 65 26 192 69 29 

348.3 0 168 57 25 201 61 36 

348.8 0 157 49 34 221 78 50 

349.3 0 159 69 28 160 76 29 

349.7 0 160 71 29 182 58 36 

350.2 0 155 53 22 190 69 32 

350.7 0 150 68 26 186 78 32 

351.2 0 166 55 25 205 65 39 

351.6 0 173 49 20 170 65 25 

352.1 0 169 60 27 188 69 36 

352.6 0 161 81 37 178 87 28 

353.1 0 147 72 28 171 80 48 

353.6 0 135 58 29 173 77 36 

354.0 0 144 67 35 174 77 21 

354.5 0 130 61 35 167 69 43 

355.0 0 136 61 17 199 59 33 

355.5 0 144 73 20 169 72 35 

356.0 0 128 60 30 197 65 29 

356.4 0 159 69 22 181 54 41 

356.9 0 142 53 24 180 73 29 

357.4 0 140 53 23 182 68 40 

357.9 0 143 60 22 199 63 35 

358.4 0 165 73 30 179 73 40 

358.8 0 121 64 36 184 74 36 

359.3 0 136 66 31 160 56 39 

359.8 0 160 49 23 162 57 29 

360.3 0 153 69 26 171 70 37 

360.7 0 150 57 26 169 72 33 

361.2 0 142 68 27 171 65 33 

361.7 0 145 54 26 164 66 35 

362.2 0 140 82 22 152 62 27 

362.7 0 148 56 30 152 52 31 

363.1 0 141 65 23 213 67 33 

363.6 0 135 52 30 157 70 32 

364.1 0 129 59 25 188 63 25 

364.6 0 139 53 32 172 58 30 



 

xxviii 

 

365.1 0 141 57 31 183 67 23 

365.5 0 147 70 21 165 64 29 

366.0 0 117 59 16 159 62 28 

366.5 0 156 65 27 154 80 22 

367.0 0 145 67 17 174 58 33 

367.5 0 131 66 30 152 66 37 

367.9 0 146 59 25 173 65 42 

368.4 0 163 60 16 153 69 23 

368.9 0 136 62 17 137 75 31 

369.4 0 140 69 13 161 72 28 

369.9 0 133 67 24 160 71 22 

370.3 0 143 50 27 172 53 33 

370.8 0 140 62 20 146 78 26 

371.3 0 154 48 30 168 58 32 

371.8 0 132 53 24 156 59 34 

372.2 0 141 61 23 167 72 29 

372.7 0 132 55 19 173 63 29 

373.2 0 127 67 18 163 62 29 

373.7 0 142 58 31 172 76 28 

374.2 0 136 67 23 163 61 31 

374.6 0 136 66 18 164 65 18 

375.1 0 138 54 25 195 63 28 

375.6 0 140 51 23 137 68 30 

376.1 0 108 51 22 174 66 25 

376.6 0 135 63 25 158 70 32 

377.0 0 124 53 25 147 66 31 

377.5 0 148 58 23 159 64 23 

378.0 0 130 66 22 155 58 22 

378.5 0 138 43 29 181 60 22 

379.0 0 159 55 19 160 51 27 

379.4 0 130 50 25 160 56 21 

379.9 0 135 47 22 140 63 24 

380.4 0 128 54 22 148 68 40 

380.9 0 109 56 15 141 61 17 

381.3 0 135 50 18 174 57 33 

381.8 0 135 54 20 158 61 32 

382.3 0 125 47 30 146 53 23 

382.8 0 116 52 30 146 53 26 

383.3 0 126 54 24 164 58 22 

383.7 0 104 61 19 158 62 28 

384.2 0 112 50 17 146 56 33 

384.7 0 149 64 23 155 59 27 

385.2 0 113 56 26 137 47 19 

385.7 0 122 56 23 129 67 33 



 

xxix 

 

386.1 0 119 52 17 153 55 23 

386.6 0 122 51 16 164 57 33 

387.1 0 120 51 19 150 50 35 

387.6 0 112 38 20 145 55 25 

388.1 0 118 46 26 122 69 24 

388.5 0 119 61 21 155 56 33 

389.0 0 116 46 18 148 60 19 

389.5 0 111 48 16 142 50 35 

390.0 0 136 56 17 144 51 27 

390.5 0 106 37 20 140 68 27 

390.9 0 123 38 20 126 46 36 

391.4 0 105 50 24 135 54 25 

391.9 0 99 50 21 139 46 34 

392.4 0 113 60 18 157 59 37 

392.8 0 115 49 32 120 57 34 

393.3 0 111 46 15 124 50 17 

393.8 0 120 43 20 145 61 29 

394.3 0 122 43 22 143 57 21 

394.8 0 115 49 18 138 46 24 

395.2 0 126 42 23 121 58 20 

395.7 0 121 50 18 148 60 24 

396.2 0 119 56 18 132 54 23 

396.7 0 131 50 20 144 55 25 

397.2 0 99 55 20 127 51 26 

397.6 0 137 54 18 149 54 24 

398.1 0 102 59 25 150 57 23 

398.6 0 105 44 24 150 50 21 

399.1 0 104 40 21 161 52 20 

399.6 0 113 54 32 152 58 28 

400.0 0 124 44 15 135 49 26 

400.5 0 106 47 19 122 60 29 

401.0 0 104 35 19 145 49 28 

401.5 0 110 38 22 116 48 26 

402.0 0 113 47 21 145 63 18 

402.4 0 121 59 17 126 55 18 

402.9 0 117 45 21 136 49 24 

403.4 0 117 56 23 147 55 17 

403.9 0 93 42 11 151 49 20 

404.3 0 113 48 18 126 49 25 

404.8 0 108 44 13 110 66 22 

405.3 0 103 51 23 125 54 27 

405.8 0 90 45 19 135 42 27 

406.3 0 103 55 17 133 54 35 

406.7 0 108 43 22 151 58 29 



 

xxx 

 

407.2 0 111 51 15 130 56 21 

407.7 0 114 38 21 123 57 22 

408.2 0 97 51 25 127 40 30 

408.7 0 123 47 27 126 55 23 

409.1 0 104 42 23 116 49 19 

409.6 0 122 44 16 125 57 21 

410.1 0 95 60 17 120 53 26 

410.6 0 121 44 15 120 46 17 

411.1 0 103 53 17 138 55 13 

411.5 0 90 57 29 147 55 20 

412.0 0 98 36 18 145 54 24 

412.5 0 98 44 17 128 52 25 

413.0 0 93 32 13 128 49 29 

413.4 0 102 44 21 127 59 21 

413.9 0 112 30 16 126 50 10 

414.4 0 104 49 24 135 52 25 

414.9 0 108 35 17 139 39 17 

415.4 0 109 44 30 153 49 30 

415.8 0 110 50 15 124 42 30 

416.3 0 101 36 17 130 40 29 

416.8 0 119 51 16 124 51 22 

417.3 0 93 43 16 126 41 21 

417.8 0 89 44 17 142 41 21 

418.2 0 114 47 10 131 52 19 

418.7 0 91 46 22 122 47 15 

419.2 0 101 37 12 117 57 19 

419.7 0 111 39 16 120 53 19 

420.2 0 105 50 15 109 58 19 

420.6 0 86 47 15 125 42 22 

421.1 0 94 51 23 121 62 24 

421.6 0 105 44 13 128 51 14 

422.1 0 96 49 14 123 48 23 

422.6 0 104 35 14 108 39 14 

423.0 0 99 45 16 108 57 25 

423.5 0 92 48 14 108 43 23 

424.0 0 87 37 12 109 44 24 

424.5 0 120 36 20 109 40 20 

424.9 0 95 32 16 115 51 23 

425.4 0 82 40 13 122 39 20 

425.9 0 108 53 12 121 46 18 

426.4 0 94 44 9 106 32 19 

426.9 0 114 42 16 111 34 19 

427.3 0 90 37 15 111 30 18 

427.8 0 84 36 15 110 42 18 



 

xxxi 

 

428.3 0 80 34 11 131 48 16 

428.8 0 97 32 18 105 47 19 

429.3 0 91 34 14 120 36 13 

429.7 0 107 43 12 121 56 29 

430.2 0 100 29 14 95 53 24 

430.7 0 91 46 20 131 46 23 

431.2 0 100 29 10 112 52 21 

431.7 0 91 35 12 109 40 22 

432.1 0 98 33 15 116 45 25 

432.6 0 108 34 17 117 42 20 

433.1 0 89 34 22 96 55 13 

433.6 0 80 37 13 120 35 27 

434.0 0 70 51 18 113 43 9 

434.5 0 84 38 10 113 35 18 

435.0 0 82 34 12 104 50 14 

435.5 0 92 35 17 107 55 25 

436.0 0 86 41 11 111 33 14 

436.4 0 73 44 15 100 29 22 

436.9 0 79 18 11 116 51 31 

437.4 0 80 40 11 106 32 13 

437.9 0 78 38 17 120 55 22 

438.4 0 104 33 20 105 50 24 

438.8 0 82 46 14 98 39 26 

439.3 0 80 33 10 129 56 17 

439.8 0 82 36 8 120 31 21 

440.3 0 72 39 29 128 48 14 

440.8 0 74 28 10 108 37 18 

441.2 0 84 36 22 103 38 18 

441.7 0 75 40 14 116 39 16 

442.2 0 97 35 22 120 54 25 

442.7 0 100 29 18 97 44 18 

443.2 0 82 31 14 103 44 12 

443.6 0 92 40 14 118 43 27 

444.1 0 88 40 13 95 28 18 

444.6 0 90 35 8 85 51 14 

445.1 0 78 40 15 114 32 19 

445.5 0 92 28 20 91 40 21 

446.0 0 80 39 16 103 40 15 

446.5 0 84 33 10 112 40 13 

447.0 0 81 33 15 94 37 14 

447.5 0 82 33 20 95 47 13 

447.9 0 98 37 15 102 35 19 

448.4 0 84 26 13 116 45 20 

448.9 0 103 37 23 88 41 14 



 

xxxii 

 

449.4 0 83 33 13 119 39 18 

449.9 0 99 28 9 112 44 14 

450.3 0 75 34 11 106 37 18 

450.8 0 84 48 14 94 26 15 

451.3 0 67 37 16 100 42 21 

451.8 0 88 26 14 94 30 16 

452.3 0 89 46 11 114 44 24 

452.7 0 89 28 17 100 36 23 

453.2 0 79 32 17 110 43 21 

453.7 0 75 35 19 100 34 13 

454.2 0 77 41 10 96 43 19 

454.6 0 89 32 13 84 32 14 

455.1 0 83 33 12 92 42 15 

455.6 0 80 25 16 76 38 16 

456.1 0 83 37 17 90 48 14 

456.6 0 83 23 22 88 31 18 

457.0 0 84 36 14 99 35 13 

457.5 0 88 26 15 97 47 24 

458.0 0 82 40 14 85 37 21 

458.5 0 75 31 16 94 34 13 

459.0 0 65 25 10 107 42 15 

459.4 0 77 30 12 104 42 19 

459.9 0 106 21 14 92 41 24 

460.4 0 82 21 8 99 36 24 

460.9 0 86 24 13 87 35 18 

461.4 0 78 28 12 98 40 18 

461.8 0 61 31 12 89 26 20 

462.3 0 73 29 12 103 38 18 

462.8 0 84 26 14 85 34 15 

463.3 0 73 23 13 88 46 13 

463.8 0 60 31 5 97 33 19 

464.2 0 77 38 10 96 37 14 

464.7 0 70 26 10 94 33 14 

465.2 0 67 28 8 92 30 17 

465.7 0 58 37 11 105 41 14 

466.1 0 75 23 14 89 37 13 

466.6 0 72 26 25 100 31 24 

467.1 0 89 29 15 86 42 12 

467.6 0 77 31 14 86 41 12 

468.1 0 58 27 15 87 35 10 

468.5 0 82 33 16 93 39 16 

469.0 0 70 29 9 92 36 11 

469.5 0 61 36 10 106 30 13 

470.0 0 73 27 20 98 41 18 



 

xxxiii 

 

470.5 0 68 36 14 94 47 12 

470.9 0 80 31 8 94 25 23 

471.4 0 72 23 14 82 39 11 

471.9 0 76 28 19 104 37 20 

472.4 0 64 26 12 91 39 16 

472.9 0 70 29 19 108 32 18 

473.3 0 77 21 10 98 34 15 

473.8 0 71 33 13 96 39 13 

474.3 0 78 26 7 99 35 13 

474.8 0 57 40 9 101 33 19 

475.3 0 75 26 12 87 36 19 

475.7 0 62 26 16 85 37 13 

476.2 0 66 31 14 96 39 14 

476.7 0 77 31 14 74 32 13 

477.2 0 78 25 7 89 38 14 

477.6 0 61 24 19 86 28 13 

478.1 0 87 31 12 71 37 15 

478.6 0 77 30 14 95 35 14 

479.1 0 76 21 12 94 23 10 

479.6 0 82 27 10 94 31 18 

480.0 0 66 31 11 86 36 10 

480.5 0 71 27 14 92 45 13 

481.0 0 83 34 18 77 34 9 

481.5 0 70 36 10 78 32 15 

482.0 0 78 21 3 88 26 13 

482.4 0 73 32 13 84 31 21 

482.9 0 76 25 13 91 32 10 

483.4 0 64 29 15 95 25 11 

483.9 0 76 22 13 89 31 13 

484.4 0 78 28 14 83 20 20 

484.8 0 68 26 8 84 31 20 

485.3 0 73 31 7 79 33 9 

485.8 0 64 39 14 98 24 12 

486.3 0 67 23 4 73 34 16 

486.7 0 46 31 7 68 34 9 

487.2 0 66 32 9 89 28 13 

487.7 0 70 31 7 81 25 18 

488.2 0 78 31 13 81 30 15 

488.7 0 71 34 14 92 28 14 

489.1 0 66 31 11 71 31 16 

489.6 0 74 30 11 95 32 14 

490.1 0 65 31 13 79 37 11 

490.6 0 81 33 12 92 38 23 

491.1 0 59 29 14 76 40 15 



 

xxxiv 

 

491.5 0 60 26 13 77 33 17 

492.0 0 60 17 14 71 24 11 

492.5 0 74 31 10 69 19 18 

493.0 0 60 29 6 72 27 12 

493.5 0 52 15 16 72 36 12 

493.9 0 59 17 8 88 54 17 

494.4 0 51 23 14 87 34 13 

494.9 0 56 29 11 73 33 15 

495.4 0 60 20 18 96 20 9 

495.9 0 64 34 9 58 34 12 

496.3 0 62 21 13 83 30 14 

496.8 0 63 28 11 75 30 10 

497.3 0 64 22 14 70 31 14 

497.8 0 63 26 8 53 33 13 

498.2 0 67 24 19 80 29 10 

498.7 0 57 30 7 82 23 8 

499.2 0 56 19 15 71 25 23 

499.7 0 60 31 15 81 22 14 

500.2 0 53 25 11 76 31 17 

500.6 0 62 30 11 78 29 14 

501.1 0 52 25 12 75 21 16 

501.6 0 54 18 17 69 33 14 

502.1 0 77 18 13 71 24 12 

502.6 0 61 30 11 64 33 17 

503.0 0 56 26 13 83 38 10 

503.5 0 61 18 12 61 31 7 

504.0 0 52 15 11 78 18 14 

504.5 0 83 28 10 70 28 14 

505.0 0 49 25 11 74 18 13 

505.4 0 56 28 8 83 25 20 

505.9 0 69 16 11 80 23 12 

506.4 0 62 16 11 61 26 12 

506.9 0 46 27 9 76 30 15 

507.3 0 51 21 9 88 34 13 

507.8 0 61 32 10 71 30 13 

508.3 0 62 22 5 70 32 13 

508.8 0 56 23 8 72 21 18 

509.3 0 64 31 6 68 30 12 

509.7 0 61 18 9 58 25 16 

510.2 0 54 27 13 69 24 14 

510.7 0 61 17 8 73 26 7 

511.2 0 63 26 7 87 23 14 

511.7 0 65 28 11 85 22 13 

512.1 0 54 26 11 65 32 9 



 

xxxv 

 

512.6 0 53 29 10 76 29 16 

513.1 0 66 20 8 83 33 12 

513.6 0 56 24 6 70 18 10 

514.1 0 54 19 5 50 27 9 

514.5 0 63 18 11 75 20 14 

515.0 0 47 18 8 75 25 12 

515.5 0 69 19 8 67 31 12 

516.0 0 41 22 9 63 33 17 

516.5 0 50 27 10 74 24 7 

516.9 0 56 28 7 60 31 10 

517.4 0 59 17 10 65 26 14 

517.9 0 49 16 11 56 22 14 

518.4 0 48 21 5 61 31 14 

518.8 0 59 24 4 48 29 19 

519.3 0 61 25 8 69 29 11 

519.8 0 45 15 7 66 22 11 

520.3 0 49 25 11 67 22 12 

520.8 0 51 19 8 68 18 7 

521.2 0 51 27 11 64 20 16 

521.7 0 51 28 12 71 34 9 

522.2 0 48 30 6 75 26 13 

522.7 0 47 17 10 74 18 16 

523.2 0 54 21 7 71 19 9 

523.6 0 52 23 8 66 21 14 

524.1 0 41 27 10 55 22 10 

524.6 0 57 19 5 66 23 14 

525.1 0 58 32 10 69 29 17 

525.6 0 51 25 13 71 25 11 

526.0 0 62 19 9 64 21 10 

526.5 0 44 32 8 78 22 13 

527.0 0 57 12 10 68 24 10 

527.5 0 46 22 14 71 22 5 

527.9 0 45 22 10 67 35 11 

528.4 0 44 29 6 72 28 10 

528.9 0 54 27 3 70 22 17 

529.4 0 52 16 6 76 25 11 

529.9 0 32 30 6 69 21 11 

530.3 0 46 18 6 49 33 19 

530.8 0 53 24 11 54 29 11 

531.3 0 42 16 14 64 18 11 

531.8 0 50 15 8 59 29 14 

532.3 0 47 23 13 44 21 11 

532.7 0 53 28 8 51 22 16 

533.2 0 44 19 9 63 11 5 



 

xxxvi 

 

533.7 0 44 16 6 63 24 10 

534.2 0 43 19 9 53 20 15 

534.7 0 45 24 4 59 14 11 

535.1 0 47 23 8 46 17 13 

535.6 0 63 24 10 66 28 11 

536.1 0 47 21 9 62 17 9 

536.6 0 48 16 12 65 22 12 

537.1 0 56 28 4 67 16 11 

537.5 0 47 16 6 65 22 6 

538.0 0 46 18 7 70 24 10 

538.5 0 56 21 7 62 17 11 

539.0 0 53 20 7 58 29 8 

539.4 0 56 20 9 62 27 10 

539.9 0 45 18 4 54 26 9 

540.4 0 51 18 13 61 20 13 

540.9 0 65 20 6 58 15 19 

541.4 0 53 16 11 63 23 10 

541.8 0 49 17 15 53 27 6 

542.3 0 45 15 7 71 28 11 

542.8 0 56 20 9 68 17 8 

543.3 0 44 23 12 59 18 8 

543.8 0 50 15 7 58 25 8 

544.2 0 56 20 8 65 20 15 

544.7 0 45 18 4 63 26 12 

545.2 0 47 30 9 64 19 18 

545.7 0 52 13 9 51 20 13 

546.2 0 44 20 8 62 22 11 

546.6 0 50 18 3 63 24 12 

547.1 0 43 18 9 49 23 7 

547.6 0 44 18 5 51 30 6 

548.1 0 51 21 7 68 18 11 

548.5 0 45 15 10 54 23 10 

549.0 0 59 20 5 58 17 12 

549.5 0 39 21 8 55 24 6 

550.0 0 46 16 5 50 30 10 

550.5 0 51 13 8 56 21 7 

550.9 0 42 21 7 57 21 10 

551.4 0 57 22 9 44 23 17 

551.9 0 31 16 9 55 17 10 

552.4 0 48 24 6 75 23 14 

552.9 0 44 13 6 44 21 7 

553.3 0 49 16 6 67 20 14 

553.8 0 39 23 5 44 21 7 

554.3 0 41 15 6 51 19 11 



 

xxxvii 

 

554.8 0 51 14 8 43 26 9 

555.3 0 40 12 8 43 14 5 

555.7 0 43 21 10 57 21 13 

556.2 0 56 16 7 46 22 8 

556.7 0 54 16 7 66 23 5 

557.2 0 32 15 5 47 23 9 

557.7 0 41 19 7 53 21 7 

558.1 0 50 18 9 46 18 6 

558.6 0 48 18 11 56 23 2 

559.1 0 47 19 6 47 16 10 

559.6 0 41 14 4 51 20 10 

560.0 0 38 13 8 71 15 12 

560.5 0 53 11 11 54 25 13 

561.0 0 41 15 2 55 21 11 

561.5 0 47 17 9 55 18 11 

562.0 0 41 22 4 60 18 10 

562.4 0 51 23 5 62 12 11 

562.9 0 50 16 7 65 16 12 

563.4 0 34 21 7 58 19 9 

563.9 0 40 17 8 58 17 11 

564.4 0 42 20 9 38 20 11 

564.8 0 51 15 9 53 14 12 

565.3 0 42 19 9 62 29 9 

565.8 0 46 19 6 45 25 8 

566.3 0 44 17 7 49 33 13 

566.8 0 25 10 8 59 19 11 

567.2 0 42 8 4 67 17 5 

567.7 0 37 23 9 61 28 3 

568.2 0 46 19 6 41 17 5 

568.7 0 53 15 4 47 22 9 

569.2 0 36 16 4 42 24 8 

569.6 0 42 14 5 57 25 8 

570.1 0 53 20 3 60 22 13 

570.6 0 46 15 7 54 26 7 

571.1 0 29 18 4 51 6 6 

571.5 0 55 11 3 34 11 13 

572.0 0 36 15 7 55 17 5 

572.5 0 40 20 7 42 15 9 

573.0 0 26 14 9 47 19 10 

573.5 0 43 21 6 57 26 10 

573.9 0 30 16 5 62 20 11 

574.4 0 44 16 7 47 21 8 

574.9 0 46 16 8 38 21 9 

575.4 0 39 17 10 60 31 6 



 

xxxviii 

 

575.9 0 32 14 2 54 12 9 

576.3 0 36 15 8 44 14 6 

576.8 0 24 13 5 44 18 4 

577.3 0 37 13 6 42 13 14 

577.8 0 37 15 5 48 25 6 

578.3 0 33 21 5 56 26 14 

578.7 0 43 23 7 33 14 5 

579.2 0 27 16 5 41 16 5 

579.7 0 41 10 4 37 19 5 

580.2 0 38 14 5 39 22 7 

580.6 0 34 13 4 39 20 6 

581.1 0 36 11 5 44 14 9 

581.6 0 39 23 9 45 15 11 

582.1 0 35 18 8 48 27 10 

582.6 0 36 14 6 53 21 9 

583.0 0 34 25 8 36 15 15 

583.5 0 36 14 5 42 24 10 

584.0 0 30 14 7 36 15 9 

584.5 0 42 18 8 58 23 10 

585.0 0 44 16 10 56 17 9 

585.4 0 39 10 6 44 20 15 

585.9 0 42 7 6 48 21 6 

586.4 0 32 21 6 49 14 14 

586.9 0 36 9 11 36 17 5 

587.4 0 34 13 4 46 24 9 

587.8 0 38 11 5 43 20 4 

588.3 0 37 9 3 52 8 8 

588.8 0 34 17 8 52 11 5 

589.3 0 33 12 9 49 18 6 

589.8 0 30 14 4 52 9 4 

590.2 0 27 8 11 42 16 10 

590.7 0 31 20 8 48 22 4 

591.2 0 30 13 1 35 19 10 

591.7 0 39 16 7 33 23 8 

592.1 0 25 10 4 32 15 11 

592.6 0 34 19 3 38 17 12 

593.1 0 45 10 9 50 15 9 

593.6 0 24 10 6 35 27 9 

594.1 0 45 19 7 44 11 6 

594.5 0 35 18 4 49 17 7 

595.0 0 28 11 1 43 13 9 

595.5 0 37 8 7 47 21 9 

596.0 0 33 17 8 44 20 9 

596.5 0 40 14 3 42 15 11 



 

xxxix 

 

596.9 0 40 15 4 28 22 11 

597.4 0 34 15 9 38 12 13 

597.9 0 32 14 7 47 14 9 

598.4 0 29 17 12 55 20 7 

598.9 0 28 19 8 38 17 6 

599.3 0 30 18 8 47 10 7 

599.8 0 22 19 7 55 18 10 

600.3 0 29 19 8 55 21 8 

600.8 0 42 8 5 36 20 9 

601.2 0 30 15 6 46 19 5 

601.7 0 28 11 5 44 11 11 

602.2 0 36 16 5 42 18 6 

602.7 0 28 13 4 41 14 4 

603.2 0 34 12 6 35 14 10 

603.6 0 24 8 11 45 14 10 

604.1 0 36 13 3 27 21 3 

604.6 0 41 25 8 43 12 2 

605.1 0 34 19 4 39 19 12 

605.6 0 35 18 5 39 13 8 

606.0 0 26 10 2 38 18 5 

606.5 0 34 14 7 37 19 6 

607.0 0 42 13 7 38 22 6 

607.5 0 35 15 3 31 17 6 

608.0 0 28 10 3 50 13 6 

608.4 0 32 14 7 42 11 4 

608.9 0 41 10 4 33 17 10 

609.4 0 31 20 3 35 14 5 

609.9 0 32 9 4 36 14 5 

610.4 0 33 13 2 53 17 6 

610.8 0 27 11 8 38 10 9 

611.3 0 33 20 3 34 17 12 

611.8 0 38 15 2 36 28 3 

612.3 0 22 15 8 34 18 8 

612.7 0 26 16 4 41 16 6 

613.2 0 25 14 8 42 21 9 

613.7 0 28 12 5 42 11 7 

614.2 0 29 9 6 42 9 8 

614.7 0 27 12 3 45 11 10 

615.1 0 32 13 8 50 17 11 

615.6 0 31 9 8 41 10 6 

616.1 0 31 9 6 46 14 5 

616.6 0 28 16 5 48 18 6 

617.1 0 31 13 5 42 9 8 

617.5 0 27 17 6 39 13 6 



 

xl 

 

618.0 0 29 9 1 37 16 6 

618.5 0 29 13 5 33 18 6 

619.0 0 26 8 2 43 11 4 

619.5 0 25 9 4 29 24 8 

619.9 0 36 14 2 38 17 7 

620.4 0 34 7 12 55 24 14 

620.9 0 19 14 4 53 12 2 

621.4 0 23 10 6 29 15 5 

621.8 0 32 12 3 40 13 2 

622.3 0 26 14 5 34 11 7 

622.8 0 27 13 4 36 13 9 

623.3 0 31 18 3 44 12 7 

623.8 0 31 7 5 33 8 7 

624.2 0 32 16 5 29 13 7 

624.7 0 27 11 4 32 10 7 

625.2 0 23 15 3 29 19 5 

625.7 0 36 11 8 29 9 7 

626.2 0 36 9 9 32 14 7 

626.6 0 21 15 5 22 16 9 

627.1 0 27 14 2 33 9 9 

627.6 0 31 9 6 38 19 6 

628.1 0 27 11 6 29 14 10 

628.6 0 26 10 3 32 19 10 

629.0 0 36 15 5 28 12 8 

629.5 0 24 11 2 29 19 12 

630.0 0 33 17 11 27 17 4 

630.5 0 29 9 8 36 25 5 

631.0 0 25 6 4 28 13 7 

631.4 0 27 9 9 35 14 5 

631.9 0 28 12 6 34 10 9 

632.4 0 25 10 6 35 17 4 

632.9 0 28 13 4 42 14 7 

633.3 0 30 18 2 40 14 14 

633.8 0 23 17 1 33 10 3 

634.3 0 30 12 5 35 13 4 

634.8 0 16 7 3 42 9 6 

635.3 0 28 7 4 26 15 9 

635.7 0 30 10 8 36 16 3 

636.2 0 23 12 2 29 9 2 

636.7 0 21 12 1 44 19 4 

637.2 0 25 10 2 32 13 5 

637.7 0 39 13 3 35 10 6 

638.1 0 36 18 5 46 19 11 

638.6 0 21 7 3 34 16 8 



 

xli 

 

639.1 0 32 9 6 33 11 4 

639.6 0 24 12 1 38 12 6 

640.1 0 37 10 3 34 11 8 

640.5 0 32 13 5 37 12 6 

641.0 0 12 11 3 30 16 6 

641.5 0 24 7 4 37 14 9 

642.0 0 24 2 7 29 8 4 

642.5 0 28 11 5 35 20 8 

642.9 0 32 12 5 27 12 7 

643.4 0 22 9 2 30 17 6 

643.9 0 21 5 5 23 10 10 

644.4 0 23 8 2 48 14 7 

644.8 0 21 6 2 31 16 12 

645.3 0 35 14 3 39 16 4 

645.8 0 17 5 2 28 15 4 

646.3 0 31 12 9 42 12 7 

646.8 0 21 10 8 27 11 9 

647.2 0 25 12 5 36 19 5 

647.7 0 28 9 3 22 11 5 

648.2 0 23 17 6 37 8 7 

648.7 0 21 13 6 36 6 5 

649.2 0 18 9 7 32 10 5 

649.6 0 27 8 3 31 11 4 

650.1 0 17 9 4 25 18 8 

650.6 0 28 11 3 36 6 4 

651.1 0 24 9 4 31 13 8 

651.6 0 33 12 5 24 5 7 

652.0 0 19 10 2 30 15 10 

652.5 0 30 9 5 40 12 5 

653.0 0 26 8 4 43 7 7 

653.5 0 29 9 5 32 11 5 

653.9 0 17 8 2 36 9 4 

654.4 0 27 8 4 31 13 8 

654.9 0 26 12 3 23 13 4 

655.4 0 26 11 3 44 9 3 

655.9 0 26 11 4 36 14 7 

656.3 0 24 6 8 37 18 10 

656.8 0 33 7 1 27 7 8 

657.3 0 26 12 6 32 8 5 

657.8 0 22 7 7 22 9 3 

658.3 0 21 9 6 24 8 5 

658.7 0 29 8 1 37 9 5 

659.2 0 14 8 6 34 17 6 

659.7 0 17 10 7 33 16 5 



 

xlii 

 

660.2 0 19 8 5 28 13 1 

660.7 0 15 7 5 36 18 4 

661.1 0 18 10 4 25 9 4 

661.6 0 18 8 2 29 7 4 

662.1 0 15 12 4 32 14 10 

662.6 0 23 11 4 19 12 5 

663.1 0 22 9 4 26 11 8 

663.5 0 20 6 2 15 10 6 

664.0 0 29 12 8 41 13 7 

664.5 0 29 14 1 31 12 5 

665.0 0 25 10 6 32 13 5 

665.4 0 23 10 5 27 15 6 

665.9 0 23 9 5 23 11 7 

666.4 0 14 9 4 29 6 8 

666.9 0 21 8 2 42 10 4 

667.4 0 22 9 5 27 7 6 

667.8 0 21 8 5 35 14 7 

668.3 0 19 13 0 23 7 7 

668.8 0 30 11 4 27 8 4 

669.3 0 21 8 1 17 15 2 

669.8 0 20 8 5 27 8 4 

670.2 0 19 12 6 19 7 10 

670.7 0 24 8 5 28 7 5 

671.2 0 18 8 7 30 14 6 

671.7 0 24 8 2 31 9 4 

672.2 0 24 12 6 29 9 6 

672.6 0 19 9 8 27 8 5 

673.1 0 22 9 3 29 11 5 

673.6 0 24 11 1 34 6 5 

674.1 0 30 7 4 32 10 12 

674.5 0 20 6 9 15 9 3 

675.0 0 19 7 3 24 10 4 

675.5 0 31 4 4 25 12 6 

676.0 0 17 5 5 39 9 6 

676.5 0 18 12 4 17 11 4 

676.9 0 16 9 3 28 10 2 

677.4 0 26 8 5 30 7 4 

677.9 0 23 7 4 27 15 3 

678.4 0 29 14 7 21 11 8 

678.9 0 13 12 5 30 14 4 

679.3 0 24 8 2 20 7 5 

679.8 0 16 8 3 29 7 6 

680.3 0 20 9 5 18 10 6 

680.8 0 23 9 1 25 9 4 



 

xliii 

 

681.3 0 12 7 3 28 12 3 

681.7 0 27 7 3 25 9 6 

682.2 0 18 8 5 30 10 3 

682.7 0 23 7 3 21 8 2 

683.2 0 12 5 3 30 7 5 

683.7 0 23 7 4 33 9 3 

684.1 0 19 9 2 21 12 3 

684.6 0 22 3 4 29 12 5 

685.1 0 28 17 2 29 13 4 

685.6 0 17 8 4 19 8 3 

686.0 0 15 10 4 28 13 6 

686.5 0 26 5 2 23 11 7 

687.0 0 24 6 3 29 5 4 

687.5 0 18 4 1 29 11 7 

688.0 0 23 12 6 21 11 4 

688.4 0 14 6 2 25 12 6 

688.9 0 15 11 4 30 17 6 

689.4 0 25 8 0 25 7 4 

689.9 0 16 3 3 28 10 3 

690.4 0 18 5 2 22 7 4 

690.8 0 18 9 6 24 12 8 

691.3 0 21 8 1 23 13 3 

691.8 0 21 9 2 29 9 7 

692.3 0 13 16 3 21 8 2 

692.8 0 21 7 4 24 10 7 

693.2 0 29 11 3 23 8 7 

693.7 0 19 12 7 18 10 3 

694.2 0 14 13 4 19 12 9 

694.7 0 20 9 6 35 11 5 

695.1 0 17 3 2 26 7 3 

695.6 0 18 8 4 20 6 5 

696.1 0 21 14 5 16 10 1 

696.6 0 16 15 2 32 10 4 

697.1 0 22 9 4 25 5 5 

697.5 0 18 5 2 27 5 5 

698.0 0 14 6 5 26 5 2 

698.5 0 17 9 2 14 7 2 

699.0 0 15 6 4 23 9 9 

699.5 0 13 6 1 20 11 2 

699.9 0 13 8 1 19 7 6 

700.4 0 18 2 4 20 10 7 

700.9 0 17 7 9 28 13 3 

701.4 0 19 5 3 15 16 2 

701.9 0 12 7 6 21 11 6 



 

xliv 

 

702.3 0 20 8 3 22 7 3 

702.8 0 15 2 1 21 4 5 

703.3 0 18 7 2 20 14 6 

703.8 0 9 9 0 20 10 4 

704.3 0 24 11 4 19 8 2 

704.7 0 17 10 2 12 9 3 

705.2 0 10 8 2 18 10 1 

705.7 0 16 7 3 35 5 2 

706.2 0 14 4 6 12 12 5 

706.6 0 19 7 4 22 15 2 

707.1 0 17 10 6 17 11 2 

707.6 0 16 6 3 15 9 3 

708.1 0 10 8 3 23 9 4 

708.6 0 15 8 1 19 10 8 

709.0 0 18 8 1 24 5 5 

709.5 0 17 6 1 19 11 6 

710.0 0 21 5 3 18 9 1 

710.5 0 11 9 2 28 6 3 

711.0 0 17 7 5 30 5 3 

711.4 0 19 7 3 22 6 4 

711.9 0 14 8 1 24 12 3 

712.4 0 17 8 2 28 11 2 

712.9 0 15 12 1 28 8 5 

713.4 0 14 6 5 22 6 2 

713.8 0 19 6 2 13 6 5 

714.3 0 11 6 4 19 7 1 

714.8 0 13 6 1 23 8 5 

715.3 0 11 8 2 19 6 1 

715.7 0 16 6 4 30 6 2 

716.2 0 19 4 2 20 4 5 

716.7 0 12 10 4 19 7 4 

717.2 0 16 2 3 23 5 5 

717.7 0 15 6 7 17 9 0 

718.1 0 16 8 2 27 7 7 

718.6 0 27 11 1 18 3 4 

719.1 0 10 7 2 24 11 2 

719.6 0 16 8 2 16 5 3 

720.1 0 20 6 1 23 6 2 

720.5 0 17 4 0 20 9 4 

721.0 0 13 7 1 11 11 4 

721.5 0 23 9 0 26 6 4 

722.0 0 19 6 1 16 6 0 

722.5 0 15 6 1 28 4 6 

722.9 0 13 6 5 18 11 3 



 

xlv 

 

723.4 0 20 8 1 21 3 6 

723.9 0 14 8 4 28 4 7 

724.4 0 12 9 2 21 9 5 

724.9 0 20 8 1 29 11 6 

725.3 0 12 5 1 28 6 7 

725.8 0 26 9 2 19 5 4 

726.3 0 16 5 6 21 7 5 

726.8 0 15 7 2 18 11 7 

727.2 0 7 3 1 14 6 3 

727.7 0 23 4 2 17 8 5 

728.2 0 11 5 3 21 4 6 

728.7 0 20 8 4 18 7 7 

729.2 0 18 4 2 12 6 2 

729.6 0 9 6 2 15 8 3 

730.1 0 15 4 1 23 13 2 

730.6 0 13 9 1 22 11 5 

731.1 0 25 5 3 19 9 4 

731.6 0 12 4 0 19 4 2 

732.0 0 15 2 1 16 6 4 

732.5 0 13 6 4 16 3 3 

733.0 0 24 6 3 20 4 4 

733.5 0 19 10 3 28 6 5 

734.0 0 13 8 2 22 5 2 

734.4 0 20 5 3 17 7 5 

734.9 0 11 7 1 18 9 2 

735.4 0 17 7 2 13 8 4 

735.9 0 19 6 0 12 7 5 

736.4 0 14 4 1 12 12 2 

736.8 0 12 7 3 19 10 0 

737.3 0 14 8 4 27 15 2 

737.8 0 25 12 4 23 2 6 

738.3 0 19 4 1 19 6 2 

738.7 0 15 3 1 14 8 0 

739.2 0 16 6 4 22 11 3 

739.7 0 15 4 0 18 6 5 

740.2 0 14 11 2 13 7 3 

740.7 0 13 7 0 14 8 7 

741.1 0 12 3 1 25 10 1 

741.6 0 14 6 2 9 3 5 

742.1 0 14 4 2 24 8 4 

742.6 0 10 6 5 23 6 0 

743.1 0 12 2 1 20 7 3 

743.5 0 14 5 3 17 6 5 

744.0 0 15 8 1 16 7 6 



 

xlvi 

 

744.5 0 13 4 1 22 7 5 

745.0 0 13 3 2 12 7 0 

745.5 0 12 9 4 17 7 2 

745.9 0 15 7 0 12 8 5 

746.4 0 10 7 4 18 7 4 

746.9 0 12 6 0 23 6 3 

747.4 0 19 10 4 18 3 1 

747.8 0 8 1 0 14 6 3 

748.3 0 14 6 3 19 4 3 

748.8 0 15 7 2 18 10 1 

749.3 0 17 4 3 19 7 6 

749.8 0 15 4 3 18 8 4 

750.2 0 10 3 2 8 5 2 

750.7 0 10 5 4 19 12 4 

751.2 0 9 6 5 10 8 1 

751.7 0 20 7 2 19 6 0 

752.2 0 17 12 5 25 7 4 

752.6 0 11 2 2 21 5 5 

753.1 0 19 5 4 15 6 0 

753.6 0 10 5 2 21 4 2 

754.1 0 20 6 2 24 8 7 

754.6 0 15 7 3 17 9 2 

755.0 0 17 6 1 24 9 1 

755.5 0 17 5 2 12 8 2 

756.0 0 13 2 4 13 6 5 

756.5 0 11 5 3 20 4 0 

757.0 0 14 9 1 15 6 5 

757.4 0 15 3 2 16 5 3 

757.9 0 17 3 2 23 4 1 

758.4 0 15 6 1 23 6 1 

758.9 0 13 7 4 13 5 4 

759.3 0 18 6 2 17 5 0 

759.8 0 9 6 1 18 9 3 

760.3 0 10 3 4 21 6 2 

760.8 0 9 7 2 15 4 1 

761.3 0 10 3 0 19 5 3 

761.7 0 13 3 3 10 6 5 

762.2 0 12 5 0 14 1 2 

762.7 0 8 9 2 23 9 3 

763.2 0 15 9 0 27 7 1 

763.7 0 14 5 0 19 10 8 

764.1 0 14 4 5 21 6 2 

764.6 0 8 4 1 17 5 3 

765.1 0 11 5 2 19 3 6 



 

xlvii 

 

765.6 0 4 9 1 19 5 3 

766.1 0 10 5 2 15 8 5 

766.5 0 14 5 3 11 8 3 

767.0 0 8 5 2 19 3 3 

767.5 0 16 2 1 21 5 5 

768.0 0 9 2 1 15 5 1 

768.4 0 7 6 2 21 3 9 

768.9 0 12 7 1 13 10 3 

769.4 0 13 2 2 16 7 1 

769.9 0 5 6 2 19 5 1 

770.4 0 13 3 3 19 5 2 

770.8 0 11 6 1 12 3 4 

771.3 0 8 3 1 17 2 1 

771.8 0 16 3 6 17 6 2 

772.3 0 8 3 0 14 8 4 

772.8 0 15 8 5 15 5 2 

773.2 0 9 5 2 12 6 3 

773.7 0 14 7 3 12 4 2 

774.2 0 8 3 0 10 8 3 

774.7 0 11 3 1 24 6 6 

775.2 0 9 3 2 22 5 2 

775.6 0 13 3 1 16 8 2 

776.1 0 13 8 2 5 6 2 

776.6 0 5 4 2 20 5 1 

777.1 0 7 3 1 13 6 5 

777.6 0 8 2 0 13 5 6 

778.0 0 11 6 1 15 4 6 

778.5 0 13 5 4 12 7 0 

779.0 0 13 5 4 17 8 0 

779.5 0 13 4 0 15 5 3 

779.9 0 9 1 1 18 3 5 

780.4 0 7 5 1 8 7 4 

780.9 0 13 6 1 18 2 2 

781.4 0 10 9 2 20 3 1 

781.9 0 11 6 3 11 2 4 

782.3 0 8 5 1 13 6 3 

782.8 0 13 1 0 11 6 0 

783.3 0 11 6 2 12 4 2 

783.8 0 14 1 1 13 11 1 

784.3 0 15 4 3 12 12 1 

784.7 0 13 4 1 22 3 2 

785.2 0 9 2 1 16 9 4 

785.7 0 9 6 3 16 9 0 

786.2 0 16 5 0 17 3 4 
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786.7 0 8 2 7 12 10 1 

787.1 0 12 7 2 19 6 2 

787.6 0 13 5 1 15 5 2 

788.1 0 8 7 2 17 2 4 

788.6 0 10 2 2 11 4 3 

789.0 0 10 4 5 10 5 1 

789.5 0 7 6 1 9 3 2 

790.0 0 8 2 1 12 6 2 

790.5 0 10 5 3 15 5 1 

791.0 0 9 5 1 19 6 4 

791.4 0 8 4 2 12 5 3 

791.9 0 11 6 3 11 4 2 

792.4 0 11 2 4 11 2 1 

792.9 0 8 2 1 11 5 1 

793.4 0 7 6 1 14 3 0 

793.8 0 12 5 2 20 3 5 

794.3 0 9 4 3 12 6 1 

794.8 0 6 4 0 10 3 4 

795.3 0 16 2 1 16 8 0 

795.8 0 7 2 4 13 5 0 

796.2 0 7 6 4 19 6 1 

796.7 0 10 1 1 14 2 0 

797.2 0 11 4 5 12 2 5 

797.7 0 10 4 3 15 3 4 

798.2 0 12 2 1 15 2 2 

798.6 0 5 6 1 16 6 3 

799.1 0 11 5 4 18 3 5 

799.6 0 6 4 1 18 5 0 

800.1 0 7 4 2 17 3 2 

800.5 0 9 2 2 17 8 2 

801.0 0 6 8 2 19 7 4 

801.5 0 12 4 0 14 5 4 

802.0 0 13 4 2 15 3 1 

802.5 0 13 8 2 12 5 2 

802.9 0 12 2 1 13 2 4 

803.4 0 8 7 1 19 7 6 

803.9 0 9 2 1 13 7 0 

804.4 0 13 5 3 18 5 2 

804.9 0 5 5 0 11 2 3 

805.3 0 9 3 3 12 8 4 

805.8 0 6 3 1 11 4 1 

806.3 0 3 2 2 9 5 2 

806.8 0 12 4 0 22 5 3 

807.3 0 8 5 2 12 3 1 
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807.7 0 10 2 1 15 5 4 

808.2 0 5 0 2 15 7 3 

808.7 0 7 5 1 13 7 4 

809.2 0 6 4 1 11 2 0 

809.6 0 8 4 1 10 5 3 

810.1 0 5 5 4 14 5 3 

810.6 0 7 7 2 11 4 3 

811.1 0 7 2 4 15 5 3 

811.6 0 12 1 1 14 8 3 

812.0 0 9 3 1 9 3 4 

812.5 0 11 7 1 13 9 2 

813.0 0 5 5 2 9 1 2 

813.5 0 9 8 2 11 2 3 

814.0 0 10 3 0 7 8 1 

814.4 0 7 3 0 16 2 3 

814.9 0 8 3 1 10 3 1 

815.4 0 7 6 0 18 6 1 

815.9 0 15 5 1 12 7 3 

816.4 0 6 2 0 19 8 3 

816.8 0 12 5 1 10 8 2 

817.3 0 8 3 1 15 5 3 

817.8 0 10 3 0 10 4 3 

818.3 0 6 6 1 9 2 3 

818.8 0 11 4 1 14 7 1 

819.2 0 1 2 2 16 8 1 

819.7 0 7 4 2 6 2 4 

820.2 0 16 7 1 6 8 5 

820.7 0 6 2 5 9 4 3 

821.1 0 5 6 2 9 3 2 

821.6 0 9 4 3 12 3 3 

822.1 0 6 4 0 14 5 1 

822.6 0 8 3 3 11 3 1 

823.1 0 12 4 2 9 3 0 

823.5 0 11 4 4 17 3 2 

824.0 0 2 2 0 10 4 2 

824.5 0 10 5 5 6 3 1 

825.0 0 15 0 0 13 0 0 

825.5 0 8 3 1 10 4 2 

825.9 0 9 2 0 18 3 3 

826.4 0 10 3 0 14 5 0 

826.9 0 10 7 3 13 5 2 

827.4 0 6 3 2 17 3 1 

827.9 0 9 1 0 13 4 3 

828.3 0 17 4 1 9 1 3 



 

l 

 

828.8 0 3 3 1 14 3 0 

829.3 0 7 1 2 17 3 5 

829.8 0 9 3 0 10 3 4 

830.3 0 8 2 0 6 4 2 

830.7 0 13 1 1 13 5 2 

831.2 0 13 1 1 10 5 1 

831.7 0 9 2 0 7 6 3 

832.2 0 12 6 2 12 7 3 

832.6 0 3 1 1 16 3 4 

833.1 0 5 3 1 11 7 1 

833.6 0 11 2 2 10 2 2 

834.1 0 7 2 0 4 4 0 

834.6 0 13 4 3 5 2 1 

835.0 0 13 4 0 9 3 2 

835.5 0 9 4 1 11 5 2 

836.0 0 8 2 0 5 2 5 

836.5 0 5 3 2 19 3 2 

837.0 0 10 2 0 8 3 6 

837.4 0 6 8 0 12 6 1 

837.9 0 6 1 1 12 2 2 

838.4 0 5 3 1 10 4 0 

838.9 0 6 7 2 11 6 0 

839.4 0 6 1 2 13 7 1 

839.8 0 8 2 1 9 6 1 

840.3 0 4 4 2 7 1 2 

840.8 0 7 4 1 7 6 2 

841.3 0 8 5 1 12 3 4 

841.7 0 8 3 1 13 4 1 

842.2 0 11 2 2 7 6 6 

842.7 0 10 4 1 12 4 3 

843.2 0 6 1 0 14 4 0 

843.7 0 6 3 1 8 3 2 

844.1 0 8 3 2 13 2 2 

844.6 0 12 2 1 10 5 0 

845.1 0 9 5 1 5 6 1 

845.6 0 5 5 1 12 1 3 

846.1 0 11 4 0 5 3 1 

846.5 0 7 0 2 13 2 0 

847.0 0 6 3 1 12 4 2 

847.5 0 9 0 2 11 5 4 

848.0 0 4 6 0 12 5 1 

848.5 0 8 1 0 13 9 1 

848.9 0 7 4 2 13 7 3 

849.4 0 8 0 0 15 5 1 



 

li 

 

849.9 0 8 3 2 9 5 1 

850.4 0 7 6 2 8 1 2 

850.9 0 7 4 0 11 6 0 

851.3 0 6 2 2 10 2 0 

851.8 0 7 1 1 8 5 3 

852.3 0 15 4 1 5 8 4 

852.8 0 8 5 1 14 5 1 

853.2 0 6 4 2 17 4 6 

853.7 0 6 1 1 5 4 3 

854.2 0 5 2 0 5 6 2 

854.7 0 3 3 1 10 2 1 

855.2 0 10 1 1 12 5 1 

855.6 0 7 4 1 9 6 1 

856.1 0 7 2 1 9 3 0 

856.6 0 3 1 0 14 8 0 

857.1 0 6 3 2 14 5 1 

857.6 0 5 0 1 9 3 2 

858.0 0 9 2 0 13 8 1 

858.5 0 8 4 0 15 3 1 

859.0 0 5 1 4 10 7 1 

859.5 0 9 3 2 13 3 0 

860.0 0 3 2 0 12 3 3 

860.4 0 11 5 0 6 5 3 

860.9 0 10 2 1 14 2 1 

861.4 0 14 2 1 9 3 2 

861.9 0 9 0 0 7 4 1 

862.3 0 10 2 0 9 4 2 

862.8 0 9 5 0 3 2 1 

863.3 0 8 3 3 8 3 5 

863.8 0 2 4 1 5 6 3 

864.3 0 4 1 1 13 4 1 

864.7 0 5 3 1 9 2 1 

865.2 0 6 7 4 6 2 3 

865.7 0 6 0 3 6 3 0 

866.2 0 6 3 1 15 3 2 

866.7 0 9 3 1 6 3 3 

867.1 0 5 5 3 7 1 5 

867.6 0 5 2 2 4 3 4 

868.1 0 6 0 0 8 4 1 

868.6 0 7 3 1 12 6 1 

869.1 0 3 4 2 14 2 1 

869.5 0 5 5 2 14 1 1 

870.0 0 8 4 0 11 1 2 

870.5 0 7 2 2 10 6 1 
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871.0 0 4 4 1 8 2 3 

871.5 0 9 2 0 10 3 1 

871.9 0 5 0 3 2 4 1 

872.4 0 10 5 2 9 1 3 

872.9 0 3 6 0 8 2 1 

873.4 0 4 2 1 13 4 0 

873.8 0 4 5 0 8 1 0 

874.3 0 2 3 3 9 2 1 

874.8 0 4 4 4 12 6 2 

875.3 0 5 2 0 13 4 0 

875.8 0 8 0 1 7 1 1 

876.2 0 5 0 0 8 2 1 

876.7 0 2 1 1 10 7 2 

877.2 0 7 1 0 12 3 2 

877.7 0 6 2 1 13 3 1 

878.2 0 5 2 1 6 2 2 

878.6 0 6 1 1 5 3 1 

879.1 0 4 4 3 11 0 2 

879.6 0 9 4 0 6 3 2 

880.1 0 5 4 0 8 2 0 

880.6 0 6 3 1 8 0 1 

881.0 0 6 1 2 13 9 4 

881.5 0 9 1 2 9 1 1 

882.0 0 6 3 1 9 8 0 

882.5 0 3 3 1 4 3 0 

882.9 0 2 2 0 12 3 0 

883.4 0 5 4 0 8 1 2 

883.9 0 5 1 1 14 3 1 

884.4 0 10 2 0 16 6 2 

884.9 0 5 2 2 15 3 1 

885.3 0 6 1 2 12 1 1 

885.8 0 2 7 4 8 4 1 

886.3 0 4 2 0 4 2 2 

886.8 0 8 2 1 12 2 0 

887.3 0 11 2 2 3 1 0 

887.7 0 4 0 1 7 1 3 

888.2 0 6 1 1 13 6 2 

888.7 0 7 2 2 6 2 3 

889.2 0 3 2 0 10 2 0 

889.7 0 6 4 3 7 5 1 

890.1 0 5 2 0 12 2 1 

890.6 0 6 3 2 6 3 1 

891.1 0 9 1 5 11 4 0 

891.6 0 7 0 0 15 5 3 
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892.1 0 5 2 1 8 5 0 

892.5 0 8 1 1 5 1 0 

893.0 0 5 1 0 5 5 1 

893.5 0 8 1 0 6 4 0 

894.0 0 4 2 0 9 3 1 

894.4 0 6 2 1 5 1 2 

894.9 0 9 2 3 6 3 3 

895.4 0 4 2 1 5 7 2 

895.9 0 5 5 2 11 4 2 

896.4 0 3 0 1 10 6 0 

896.8 0 8 1 1 8 7 2 

897.3 0 2 2 2 7 0 0 

897.8 0 7 1 0 5 4 2 

898.3 0 3 2 0 11 4 0 

898.8 0 5 2 0 6 2 2 

899.2 0 3 5 0 4 0 3 

899.7 0 6 2 1 12 2 2 

900.2 0 4 1 1 8 7 1 

900.7 0 5 2 0 3 4 2 

901.2 0 7 4 0 8 1 2 

901.6 0 10 4 0 8 6 2 

902.1 0 2 2 2 12 2 1 

902.6 0 10 0 0 9 3 1 

903.1 0 8 3 0 8 5 1 

903.6 0 8 2 1 5 4 3 

904.0 0 6 2 0 9 2 3 

904.5 0 2 2 1 2 1 0 

905.0 0 6 2 0 3 4 0 

905.5 0 8 1 0 11 2 2 

905.9 0 5 2 2 9 4 1 

906.4 0 7 0 0 5 2 0 

906.9 0 9 3 1 7 1 1 

907.4 0 6 1 0 8 3 1 

907.9 0 6 2 0 10 4 1 

908.3 0 1 5 0 5 1 1 

908.8 0 2 2 1 6 2 0 

909.3 0 5 3 1 4 2 0 

909.8 0 7 0 0 7 3 1 

910.3 0 5 0 2 3 2 1 

910.7 0 4 1 0 3 1 0 

911.2 0 5 2 1 7 0 0 

911.7 0 8 0 2 7 1 1 

912.2 0 3 3 2 5 5 0 

912.7 0 7 4 1 7 6 4 



 

liv 

 

913.1 0 4 0 0 5 2 2 

913.6 0 4 2 1 7 4 2 

914.1 0 7 3 0 6 5 1 

914.6 0 6 2 2 6 3 1 

915.0 0 3 3 1 4 0 0 

915.5 0 2 3 1 3 2 0 

916.0 0 10 1 0 4 1 0 

916.5 0 10 2 2 8 4 3 

917.0 0 4 0 1 8 3 1 

917.4 0 8 2 1 3 5 1 

917.9 0 5 2 0 5 2 1 

918.4 0 9 1 1 6 2 1 

918.9 0 1 4 1 6 3 3 

919.4 0 3 3 1 5 1 1 

919.8 0 4 3 0 6 2 2 

920.3 0 5 3 2 5 2 2 

920.8 0 3 0 1 7 2 1 

921.3 0 5 0 1 7 3 1 

921.8 0 2 3 0 6 5 2 

922.2 0 4 1 1 7 3 1 

922.7 0 3 2 0 9 4 0 

923.2 0 8 2 1 4 5 2 

923.7 0 2 0 2 12 3 1 

924.2 0 6 3 0 4 2 1 

924.6 0 3 2 3 8 0 1 

925.1 0 6 7 0 6 5 1 

925.6 0 6 0 0 6 1 1 

926.1 0 4 1 0 7 4 0 

926.5 0 5 3 1 9 1 0 

927.0 0 3 1 3 8 2 0 

927.5 0 3 2 0 5 4 2 

928.0 0 3 2 3 2 5 4 

928.5 0 4 3 1 3 2 1 

928.9 0 5 4 0 6 5 1 

929.4 0 4 5 1 7 2 1 

929.9 0 5 2 2 14 1 2 

930.4 0 2 6 3 6 1 3 

930.9 0 3 3 0 2 2 0 

931.3 0 4 1 2 9 0 2 

931.8 0 5 1 0 8 3 1 

932.3 0 2 5 2 7 4 3 

932.8 0 4 2 0 5 8 1 

933.3 0 3 2 0 3 2 1 

933.7 0 2 0 0 3 0 3 
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934.2 0 5 3 1 6 3 1 

934.7 0 8 3 1 14 4 0 

935.2 0 1 2 0 7 4 1 

935.6 0 7 3 0 4 1 0 

936.1 0 8 4 1 6 4 0 

936.6 0 4 0 1 4 1 3 

937.1 0 2 1 0 3 1 3 

937.6 0 5 2 0 5 2 0 

938.0 0 4 1 1 5 4 1 

938.5 0 5 3 0 10 0 1 

939.0 0 3 1 0 3 2 1 

939.5 0 4 0 1 8 2 1 

940.0 0 2 1 1 5 3 0 

940.4 0 1 0 0 6 1 2 

940.9 0 3 4 0 8 0 2 

941.4 0 6 3 3 4 2 0 

941.9 0 6 1 0 6 2 0 

942.4 0 5 2 1 3 0 1 

942.8 0 7 3 0 4 1 0 

943.3 0 2 1 1 5 4 1 

943.8 0 4 0 2 8 4 4 

944.3 0 5 4 1 10 1 2 

944.8 0 2 1 0 6 2 1 

945.2 0 6 0 0 6 0 1 

945.7 0 1 4 1 8 2 1 

946.2 0 3 1 0 6 1 1 

946.7 0 1 2 0 5 1 4 

947.1 0 4 2 0 6 4 2 

947.6 0 4 0 1 8 1 0 

948.1 0 2 4 1 3 0 0 

948.6 0 5 1 2 6 4 0 

949.1 0 2 0 0 4 3 2 

949.5 0 4 2 1 5 2 2 

950.0 0 2 1 0 2 1 0 

950.5 0 5 0 0 9 2 0 

951.0 0 2 0 1 5 2 0 

951.5 0 3 2 2 5 0 2 

951.9 0 3 1 1 4 1 1 

952.4 0 2 1 0 5 2 0 

952.9 0 4 4 0 10 3 0 

953.4 0 2 0 0 5 1 2 

953.9 0 7 1 2 9 7 0 

954.3 0 5 2 1 6 0 0 

954.8 0 3 0 0 9 0 2 
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955.3 0 3 0 0 6 1 2 

955.8 0 2 1 1 9 2 0 

956.2 0 2 2 0 6 4 0 

956.7 0 2 5 0 3 1 0 

957.2 0 4 1 1 6 4 0 

957.7 0 1 1 0 5 1 2 

958.2 0 6 4 1 4 1 2 

958.6 0 5 0 3 4 3 1 

959.1 0 8 2 1 6 4 0 

959.6 0 4 1 0 7 3 3 

960.1 0 0 2 0 3 4 0 

960.6 0 4 2 0 4 1 2 

961.0 0 3 0 0 6 1 1 

961.5 0 2 1 0 5 3 0 

962.0 0 1 3 0 5 3 2 

962.5 0 2 0 0 3 4 0 

963.0 0 2 1 0 7 0 2 

963.4 0 4 1 0 9 3 1 

963.9 0 3 3 1 7 1 2 

964.4 0 2 0 0 5 2 2 

964.9 0 6 2 0 9 1 0 

965.4 0 4 4 0 5 2 4 

965.8 0 3 0 1 6 0 3 

966.3 0 5 2 0 11 1 2 

966.8 0 1 3 1 6 0 0 

967.3 0 2 2 1 7 2 0 

967.7 0 1 1 1 6 0 1 

968.2 0 2 2 1 6 2 0 

968.7 0 2 5 0 6 1 1 

969.2 0 4 0 0 5 2 2 

969.7 0 5 0 1 5 2 0 

970.1 0 4 0 0 4 4 1 

970.6 0 4 1 0 7 3 3 

971.1 0 8 3 0 8 1 1 

971.6 0 4 0 1 7 2 0 

972.1 0 4 1 0 2 4 2 

972.5 0 4 2 0 5 0 0 

973.0 0 9 1 1 5 1 2 

973.5 0 5 1 0 7 3 1 

974.0 0 3 0 2 8 6 2 

974.5 0 4 6 0 8 3 1 

974.9 0 1 5 0 6 1 1 

975.4 0 3 0 0 8 3 1 

975.9 0 3 2 0 1 4 1 

976.4 0 4 2 0 6 2 0 



 

lvii 

 

976.8 0 6 1 1 10 2 0 

977.3 0 2 1 0 4 2 1 

977.8 0 1 3 1 3 2 3 

978.3 0 4 1 0 2 2 0 

978.8 0 2 0 0 4 4 0 

979.2 0 3 1 1 8 1 2 

979.7 0 4 0 0 5 4 2 

980.2 0 1 1 0 4 3 1 

980.7 0 0 0 0 0 0 0 

981.2 0 0 0 0 0 0 0 

 

2.13. Data table of dlnXcmc at different salt concentrations with the variation of 

temperatures 

 

2.14. Steady state Stern Volmer data of Pyrene with variation of [CPC] concentration at 

different salt concentrations for NaCl, NaBr, Na2SO4 and Na3PO4 at 298.15 K 

 

0.01 mol.kg-1 NaCl 0.02 mol.kg-1NaBr 0.001 mol.kg-1 Na2SO4 0.02 mol.kg-1Na3PO4 

103[CPC] / 
mol.kg-1 F0/F 

103[CPC] / 
mol.kg-1 F0/F 

103[CPC] / 
mol.kg-1 F0/F 

103[CPC] / 
mol.kg-1 F0/F 

0 1.00 0 1.00 0 1.00 0 1.00 

0.010 1.02 0.010 1.13 0.010 1.03 0.010 1.08 

0.019 1.02 0.020 1.14 0.019 1.05 0.019 1.20 

0.029 1.08 0.029 1.33 0.029 1.10 0.029 1.27 

0.038 1.15 0.038 1.66 0.038 1.16 0.038 1.36 

0.047 1.22     0.047 1.22 0.047 1.61 

 

  

T/K 
dlnXcmc at different [Salt] with the variation of salt concentration with temperatures 

0.001 m 

NaCl 

0.005 m 

NaCl 

0.001 m 

NaBr 

0.005 m 

nabr 

0.001 m 

Na2SO4 

0.005m 

Na2SO4 

0.001 m 

Na3PO4 

0.005m 

Na3PO4 

298.15 -11.43 -12.40 -12.03 -12.85 -12.98 -13.16 -12.38 -13.08 

303.15 -11.43 -12.24 -11.99 -12.84 -12.95 -13.00 -12.39 -13.36 

308.15 -11.36 -12.22 -11.85 -12.83 -12.88 -12.97 -12.24 -12.84 

313.15 -11.33 -12.23 -11.66 -12.76 -12.79 -12.90 -12.12 -12.81 

318.15 -11.25 -12.00 -11.62 -12.62 -12.69   -11.98 -12.68 
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2.15. Time resolved Stern Volmer data of Pyrene with variation of [CPC] concentration 

at different salt concentrations for NaCl, NaBr, Na2SO4 and Na3PO4 at 298.15 K 

0.01 mol.kg-1 NaCl 0.02 mol.kg-1NaBr 0.001 mol.kg-1 Na2SO4 0.02 mol.kg-1 Na3PO4 

103[CPC] / 
mol.kg-1 τ0/τ 

103[CPC] / 
mol.kg-1 τ0/τ 

103[CPC] / 
mol.kg-1 τ0/τ 

103[CPC] / 
mol.kg-1 τ0/τ 

0 1.00 0 1.00 0 1.00 0 1.00 

0.020 1.01 0.010 1.07 0.020 1.02 0.020 1.02 

0.038 1.04 0.019 1.10 0.038 1.04 0.038 1.06 

0.060 1.07 0.029 1.14 0.060 1.06 0.060 1.12 

    0.038 1.19         

 

2.16. Dynamic Light Scattering (DLS) data for C16MImCl in presence of different [Salt] 

for NaCl, NaBr, Na2SO4 and Na3PO4 at 298.15 K 

NaCl /0.01 m NaBr / 0.01 m Na2SO4/0.01 m Na3PO4/0.01 m 

Size 
r(nm) 

Mean 
Intensity % 

Size 
r(nm) 

Mean 
Intensity % 

Size 
r(nm) 

Mean 
Intensity % 

Size 
r(nm) 

Mean 
Intensity % 

0.20 0.0 0.20 0 0.20 0 0.20 0 

0.23 0.0 0.23 0 0.23 0 0.23 0 

0.27 0.0 0.27 0 0.27 0 0.27 0 

0.31 0.0 0.31 0 0.31 0 0.31 0 

0.36 0.0 0.36 0 0.36 0 0.36 0 

0.42 0.0 0.42 0 0.42 0 0.42 0 

0.48 0.0 0.48 0 0.48 0 0.48 0 

0.56 0.0 0.56 0 0.56 0 0.56 0 

0.65 0.0 0.65 0 0.65 0 0.65 0 

0.75 0.0 0.75 0 0.75 0 0.75 0 

0.87 0.0 0.87 0 0.87 0 0.87 0 

1.01 0.0 1.01 0 1.01 0 1.00 0 

1.16 0.0 1.16 0 1.16 0 1.16 0 

1.35 4.8 1.35 0 1.35 0 1.35 0 

1.56 27.8 1.56 0 1.56 0 1.56 0 

1.81 37.3 1.81 0.3 1.81 3.2 1.81 0 

2.09 21.3 2.09 18.4 2.09 34.6 2.09 20.1 

2.42 0.1 2.42 34.3 2.42 35 2.42 33.7 

2.81 0.0 2.81 32.1 2.81 0.5 2.81 20.5 

3.25 0.0 3.25 14.9 3.25 0 3.25 0 

3.77 0.0 3.77 0 3.77 0 3.76 0 

4.36 0.0 4.36 0 4.36 0 4.36 0 

5.05 0.0 5.05 0 5.05 0 5.05 0 

5.85 0.0 5.85 0 5.85 0 5.85 0 

6.77 0.0 6.77 0 6.77 0 6.77 0 

7.84 0.0 7.84 0 7.84 0 7.84 0 

9.08 0.0 9.08 0 9.08 0 9.08 0 

10.52 0.0 10.52 0 10.52 0 10.52 0 

12.18 0.0 12.18 0 12.18 0 12.18 0 
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14.11 0.0 14.11 0 14.11 0 14.11 0 

16.34 0.0 16.34 0 16.34 0 16.34 0 

18.92 0.0 18.92 0 18.92 0 18.92 0 

21.91 0.0 21.91 0 21.91 0 21.91 0 

25.37 0.0 25.37 0 25.37 0 25.37 0 

29.39 0.0 29.39 0 29.39 0 29.39 0 

34.03 0.0 34.03 0 34.03 0 34.03 0 

39.41 0.0 39.41 0 39.41 0 39.41 13.6 

45.64 0.0 45.64 0 45.64 0 45.64 12.1 

52.85 0.0 52.85 0 52.85 0 52.85 0 

61.21 0.0 61.21 0 61.21 0 61.21 0 

70.89 0.0 70.89 0 70.89 0 70.89 0 

82.09 0.0 82.09 0 82.09 0 82.09 0 

95.07 1.5 95.07 0 95.07 0 95.07 0 

110.1 4.1 110.1 0 110.1 0 110.1 0 

127.5 3.0 127.5 0 127.5 0 127.5 0 

147.7 0.0 147.7 0 147.7 0 147.7 0 

171.0 0.0 171.0 0 171.0 0 171.0 0 

198.0 0.0 198.0 0 198.0 0 198.0 0 

229.3 0.0 229.3 0 229.3 0 229.3 0 

265.6 0.0 265.6 0 265.6 0 265.6 0 

307.6 0.0 307.6 0 307.6 0 307.6 0 

356.2 0.0 356.2 0 356.2 0 356.2 0 

412.5 0.0 412.5 0 412.5 0 412.5 0 

477.7 0.0 477.7 0 477.7 0 477.7 0 

553.2 0.0 553.2 0 553.2 0 553.2 0 

640.7 0.0 640.7 0 640.7 0 640.7 0 

741.9 0.0 741.9 0 741.9 0 741.9 0 

859.2 0.0 859.2 0 859.2 0 859.2 0 

995.1 0.0 995.1 0 995.1 0 995.1 0 

1152 0.0 1152 0 1152 0 1152 0 

1335 0.0 1335 0 1335 0 1335 0 

1545 0.0 1545 0 1545 0 1545 0 

1790 0.0 1790 0 1790 0 1790 0 

2073 0.0 2073 0 2073 0 2073 0 

2400 0.0 2400 0 2400 0 2400 0 

2780 0.0 2780 0 2780 0 2780 0 

3219 0.0 3219 0 3219 0 3219 0 

3728 0.0 3728 0 3728 0 3728 0 

4317 0.0 4317 0 4317 0 4317 0 

5000 0.0 5000 0 5000 0 5000 0 
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Chapter- III 

3.1. Different experimental data (tensiometry, coductometry, fluorimetry, isothermal 

titration calorimetry) with the variation of [C16MImCl] for the determination of cmcin 

aqueous solution at 298.15 K. 

Surfacetension Conductance Fluorescence ITC 

[C16MImCl] 

/ mM 

γ  

/ mN.m-1 

[C16MImCl] 

/ mM 

Κ 

/ μS.cm-1 

[C16MImCl]/  

mM I1/I3 

[C16MImCl]/ 

 mM 

ΔH0
m / 

 kJ.mol-1 

0 66.5 0 0.91 0 1.498 0   

0.003 62.8 0.007 1.55 0.036 1.497 0.039 1.73 

0.006 59.8 0.013 2.03 0.095 1.481 0.194 1.67 

0.022 55.6 0.020 2.62 0.154 1.493 0.348 1.55 

0.091 51.5 0.027 3.21 0.271 1.467 0.500 1.09 

0.150 48.9 0.033 3.68 0.386 1.457 0.651 0.19 

0.353 43.2 0.040 4.15 0.555 1.433 0.800 -0.60 

0.495 41.0 0.046 5.03 0.720 1.410 0.948 -1.17 

0.634 37.3 0.053 5.42 0.881 1.257 1.094 -1.46 

0.904 35.9 0.060 6.32 1.091 1.132 1.238 -1.69 

1.414 36.5 0.066 6.89 1.344 1.128 1.382 -1.78 

1.889 36.5 0.132 12.88 1.588 1.109 1.523 -1.86 

2.332 36.5 0.197 18.95 1.824 1.112 1.663 -1.92 

    0.262 24.81 2.051 1.112 1.802 -1.90 

    0.326 30.82 2.271 1.113 1.938 -1.97 

    0.390 36.51 2.483 1.110 2.074 -1.95 

    0.454 42.16 2.689 1.108 2.208 -1.91 

    0.642 59.25     2.340 -1.92 

    0.827 75.09     2.471 -1.90 

    1.008 85.60     2.600 -1.93 

    1.244 96.04         

    1.809 118.6         

    2.341 138.3         

    2.843 156.8         

    3.317 173.7         

    3.765 189.1         

    4.190 203.7         

    4.592 217.3         

    4.824 225.0         

 

 

 

 

 

 

 

 

 

  



 

lxi 

 

3.2. Different experimental data (tensiometry, coductometry, fluorimetry, isothermal 

titration calorimetry) with the variation of [C16TPB] for the determination of cmc at 

298.15 K. 

Surfacetension Conductance Fluorescence ITC 

[C16TPB]/ 
mM 

γ / 
 mN.m-1 

[C16TPB]/  
mM 

κ/ 
 μS.cm-1 

[C16TPB]/ 
mM I1/I3 

[C16TPB]/  
mM 

ΔH0
m / 

kJ.mol-1 

0 66.5 0 5.2 0 1.292 0   

0.002 62.6 0.002 5.8 0.005 1.292 0.007 5.717 

0.007 55.1 0.007 6.5 0.016 1.280 0.036 5.741 

0.015 51.5 0.014 7.5 0.031 1.269 0.065 5.186 

0.024 49.1 0.023 8.6 0.046 1.260 0.094 4.302 

0.036 45.4 0.035 9.9 0.087 1.253 0.122 2.941 

0.054 43.7 0.058 12.5 0.107 1.229 0.150 2.077 

0.078 41.0 0.092 16.7 0.132 1.199 0.178 1.583 

0.108 40.4 0.126 21 0.157 1.179 0.205 1.434 

0.143 39.1 0.160 24 0.194 1.142 0.232 1.276 

0.189 38.8 0.193 27 0.230 1.119 0.259 1.205 

0.246 38.7 0.226 31 0.266 1.102 0.286 1.092 

0.312 37.7 0.259 33 0.313 1.083 0.312 0.901 

0.388 37.5 0.292 36 0.383 1.070 0.338 0.804 

0.472 37.4 0.324 38 0.451 1.050 0.364 0.759 

    0.356 41 0.517 1.046 0.389 0.687 

    0.398 43 0.604 1.037 0.414 0.610 

    0.440 46 0.708 1.030 0.439 0.582 

    0.481 49 0.829 1.034 0.464 0.541 

    0.522 51 1.163 1.048 0.488 0.561 

    0.563 54 1.490 1.033     

    0.608 56 1.639 1.049     

    0.652 58 1.779 1.030     

    0.697 61 1.912 1.033     

    0.740 64 2.037 1.037     

    0.788 66 2.156 1.033     

    0.835 68 2.268 1.031     

    0.881 71         
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3.3. Tensiometry data of C16MImCl in presence of different [NaAlg] at 298.15 K. 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16MImCl]/ 

mM 
γ / mN.m-1 [C16MImCl]/ mM γ / mN.m-1 [C16MImCl]/ mM γ / mN.m-1 

0 65.7 0 64.9 0 62.4 

0.003 58.0 0.003 60.7 0.003 54.4 

0.006 53.4 0.010 55.1 0.006 51.4 

0.012 50.7 0.019 53.8 0.012 51.3 

0.022 48.6 0.032 51.7 0.025 50.2 

0.034 49.6 0.048 50.4 0.044 48.8 

0.049 47.5 0.068 48.4 0.068 45.3 

0.113 43.5 0.116 44.8 0.093 44.0 

0.143 43.5 0.144 43.1 0.124 42.6 

0.180 44.1 0.176 41.6 0.170 41.3 

0.278 43.4 0.214 38.8 0.230 40.0 

0.343 43.4 0.258 37.7 0.321 37.9 

0.420 40.5 0.308 36.3 0.439 34.5 

0.507 39.4 0.364 35.5 0.585 33.0 

0.607 38.2 0.432 35.0 0.756 32.7 

0.720 36.7 0.517 34.6 0.951 31.6 

0.845 36.7 0.625 34.2 1.168 31.0 

0.981 37.5 0.744 33.0 1.404 30.9 

1.141 37.5 0.919 32.0 1.658 30.7 

1.349 38.0 1.146 31.7 1.926 30.6 

1.601 37.7 1.420 31.8 2.276 30.5 

    1.684 31.7 2.716 30.7 

    2.186 31.7 3.514 30.4 

        4.541 30.4 

        5.912 30.5 
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3.4. Tensiometry data of C16TPB in presence of different [NaAlg] at 298.15 K 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16TPB]/ mM γ / mN.m-1 [C16TPB]/ mM γ / mN.m-1 [C16TPB]/ mM γ / mN.m-1 

0 67.7 0 65.7 0 65.6 

0.001 66.4 0.001 62.1 0.001 64.3 

0.003 53.5 0.004 50.8 0.003 56.3 

0.006 49.2 0.007 48.0 0.005 49.1 

0.010 43.3 0.011 45.5 0.006 48.0 

0.015 43.2 0.017 45.0 0.009 46.8 

0.021 46.0 0.025 46.6 0.012 45.6 

0.031 44.6 0.036 41.8 0.015 43.5 

0.065 41.0 0.047 40.4 0.026 42.5 

0.093 38.4 0.060 38.2 0.034 41.7 

0.131 37.3 0.073 36.4 0.056 41.9 

0.177 37.6 0.121 36.5 0.074 41.0 

0.231 37.5 0.154 35.9 0.096 39.9 

0.292 37.7 0.194 36.0 0.122 38.4 

0.360 37.0 0.247 34.6 0.152 37.5 

0.435 37.0 0.311 34.0 0.186 38.0 

0.515 36.0 0.387 32.9 0.264 36.8 

0.666 35.5 0.568 33.4 0.312 36.5 

0.875 35.6 0.673 33.0 0.375 34.6 

1.393 35.2 0.997 33.1 0.523 32.0 

1.671 35.0 1.290 32.1 0.628 31.4 

2.047 34.5 1.639 31.9 0.759 31.3 

    2.019 31.6 0.912 31.0 

    2.409 31.9 1.079 30.9 

    2.843 31.8 1.280 30.5 

    3.031 31.6   
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3.5. Conductometric data for C16MImCl in presence of different [NaAlg] at 298.15 K 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16MImCl]/ 

mM κ/ μS.cm-1 [C16MImCl]/ mM κ/ μS.cm-1 

[C16MImCl]/ 

mM κ/ μS.cm-1 

0.000 11 0.000 27 0.000 39 

0.005 12 0.004 27 0.004 40 

0.009 13 0.013 28 0.008 41 

0.014 14 0.022 29 0.012 41 

0.021 15 0.031 29 0.020 42 

0.028 16 0.044 30 0.028 43 

0.038 17 0.057 31 0.037 44 

0.049 18 0.070 32 0.049 45 

0.066 20 0.087 33 0.061 45 

0.085 22 0.106 34 0.077 46 

0.108 25 0.128 36 0.097 48 

0.131 28 0.160 37 0.117 49 

0.154 30 0.192 40 0.137 51 

0.178 33 0.224 44 0.157 52 

0.212 37 0.266 49 0.177 53 

0.247 41 0.309 53 0.201 55 

0.281 45 0.350 58 0.229 57 

0.315 49 0.392 62 0.260 59 

0.349 53 0.434 66 0.291 61 

0.394 58 0.475 71 0.323 62 

0.439 63 0.516 75 0.357 66 

0.484 68 0.556 79 0.392 67 

0.551 75 0.607 85 0.431 73 

0.616 81 0.657 90 0.469 77 

0.682 88 0.707 95 0.507 81 

0.768 97 0.767 101 0.554 86 

0.854 106 0.826 107 0.601 91 

0.938 112 0.884 113 0.648 95 

1.043 118 0.942 117 0.703 101 

1.146 123 1.019 124 0.758 106 

1.247 128 1.095 130 0.813 111 

1.348 132 1.170 134 0.876 117 

1.466 138 1.244 137 0.938 123 

1.583 144 1.336 142 1.000 129 

1.698 149 1.426 146 1.140 138 

1.812 153 1.515 150 1.208 146 

1.942 159 1.604 154 1.293 150 

2.069 164 1.691 158 1.377 155 

2.195 170 1.794 162 1.459 159 

2.318 175 1.895 166 1.557 163 

2.457 180 1.995 171 1.653 167 
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2.592 186 2.110 176 1.748 172 

2.725 191 2.223 180 1.857 175 

2.856 197 2.334 185 1.964 179 

3.000 200 2.443 189 2.069 184 

3.141 210 2.565 194 2.187 187 

3.279 210 2.685 199 2.303 192 

3.429 220 2.803 200 2.416 198 

3.576 220 2.919 210 2.528 200 

3.720 230 3.033 210 2.637 210 

3.997 240 3.172 220 2.771 210 

4.263 250 3.308 220 2.901 220 

4.518 260     

 

3.6. Conductometric data for C16TPB in presence of different [NaAlg] at 298.15 K 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16TPB]/ 

mM 

κ/ 

μS.cm-1 

[C16TPB]/ 

mM κ/ μS.cm-1 

[C16TPB]/ 

mM κ/ μS.cm-1 

0.000 11 0.000 23 0.000 38 

0.002 11 0.002 24 0.002 41 

0.006 12 0.004 24 0.006 42 

0.012 12 0.005 24 0.011 42 

0.019 13 0.009 25 0.018 43 

0.029 14 0.015 25 0.028 43 

0.043 15 0.022 25 0.041 44 

0.058 17 0.031 26 0.060 45 

0.072 18 0.045 27 0.078 46 

0.086 19 0.058 28 0.096 47 

0.101 21 0.076 29 0.114 48 

0.115 22 0.094 30 0.132 49 

0.129 24 0.112 31 0.149 51 

0.147 26 0.134 32 0.176 52 

0.166 28 0.177 34 0.202 54 

0.184 30 0.203 37 0.228 56 

0.203 32 0.229 39 0.254 57 

0.226 34 0.254 40 0.288 60 

0.248 36 0.288 42 0.321 62 

0.271 38 0.321 44 0.363 66 

0.297 40 0.354 46 0.404 70 

0.324 42 0.386 48 0.453 72 

0.350 44 0.422 51 0.500 73 

0.376 46 0.532 57 0.547 75 

0.407 47 0.570 60 0.601 77 

0.437 49 0.608 62 0.654 79 

0.466 51 0.689 66 0.706 82 

0.500 53 0.733 69 0.757 85 

0.533 55 0.818 73 0.811 88 

0.570 57 0.866 76 0.863 91 

0.606 59 0.967 81 0.919 94 
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0.642 61 1.019 84 0.973 97 

0.682 64 1.070 86 1.032 100 

0.721 66 1.121 88 1.091 103 

0.760 68 1.170 91 1.148 106 

0.798 70 1.225 93 1.204 109 

0.839 72 1.278 96 1.258 112 

0.880 74 1.330 99 1.318 115 

0.920 76 1.381 101 1.376 118 

0.964 78 1.437 103 1.433 121 

1.006 80 1.491 106 1.489 124 

1.048 82 1.545 108 1.570 128 

1.348 96 1.597 111 1.648 132 

1.392 98 1.648 114 1.724 136 

1.434 100 1.698 116 1.822 141 

1.479 102 1.771 119 1.916 146 

1.524 104 1.842 123 2.006 150 

1.567 106 1.933 127 2.093 154 

1.613 107 2.020 131 2.176 158 

1.658 109 2.104 135 2.296 164 

1.702 111 2.185 139     

1.748 113 2.263 142     

1.793 115        

1.837 117        

1.884 119        

1.929 121        

1.973 123        

2.019 125        

2.065 126        

2.109 128        

2.155 130        

2.200 132        

2.244 133        

2.287 135        

2.330 137         

2.371 139         

2.412 140         

2.452 141         
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3.7. Terbidimetry data for C16MImCl in presence of different [NaAlg] at 298.15 K 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16MImCl]/ mM 100-%T [C16MImCl]/ mM 100-%T [C16MImCl]/ mM 100-%T 

0 -0.2 0 0.2 0 0.1 

0.013 3.3 0.012 0.3 0.013 0.8 

0.044 5.8 0.042 0.2 0.044 1.9 

0.106 8.9 0.090 2.2 0.093 6.2 

0.167 9.2 0.149 4.5 0.155 10.2 

0.228 9.5 0.208 8.8 0.216 15.9 

0.289 9.6 0.267 24.5 0.277 20.0 

0.379 9.8 0.325 30.9 0.337 27.1 

0.468 10.1 0.411 39.7 0.426 54.7 

0.585 10.6 0.496 41.8 0.515 69.4 

0.757 11.4 0.608 43.1 0.631 72.3 

1.035 11.9 0.773 44.7 0.802 73.9 

1.407 11.9 1.039 47.7 1.078 77.0 

1.907 11.8 1.396 49.4 1.449 78.5 

2.810 11.5 1.875 49.2 1.946 78.1 

3.600 11.1 3.498 46.5 2.843 76.5 

4.300 11.0 4.168 45.6 3.630 75.0 

5.208 10.5 5.040 44.8 4.326 73.5 

6.438 9.6 6.220 39.3 5.231 70.9 

    6.455 67.2 

 

3.8. Terbidimetry data for C16MImCl in presence of different [NaAlg] at 298.15 K 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16TPB]/ mM 100-%T [C16TPB]/ mM 100-%T [C16TPB]/ mM 100-%T 

0.000 1.0 0.000 0.7 0.000 0.7 

0.006 1.6 0.008 1.6 0.005 3.0 

0.014 2.7 0.028 3.9 0.014 7.3 

0.025 9.2 0.060 8.4 0.033 12.9 

0.039 9.9 0.100 14.0 0.056 20.2 

0.056 13.3 0.140 18.4 0.090 27.7 

0.078 16.7 0.179 30.2 0.135 42.5 

0.105 20.8 0.218 68.5 0.190 55.0 

0.133 22.1 0.275 74.9 0.255 66.1 

0.160 22.8 0.332 77.6 0.340 82.5 

0.200 23.1 0.408 80.5 0.441 98.7 

0.252 23.3 0.518 81.9 0.559 99.3 

0.330 23.4 0.697 84.1 0.690 99.5 

0.431 23.9 0.936 85.8 0.831 99.5 

0.552 24.5 1.257 86.1 0.998 99.5 

0.693 25.5 1.837 85.7 1.370 99.5 

0.871 26.3 2.345 84.6 1.689 99.4 

1.079 26.6 2.795 83.5 1.965 99.3 

1.457 26.5 3.379 81.7     

1.942 25.6 4.170 79.1     
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3.9. Fl. intensity data of Pyrene with variation of [C16MImCl] in presence of 0.005% w/v NaAlg at 298.15 K 

wavelength/ 

nm 

0.005% w/v NaAlg 

[C16MImCl] 

= 0 mM 0.012 0.024 0.036 0.060 0.096 0.140 0.200 0.290 0.410 0.580 0.820 1.140 1.640 2.320 3.140 3.850 5.050 

350.0 3.27 11.1 14.8 19.1 25.8 39.7 54.8 84.2 131.9 136.1 136.9 138.5 135.2 129.4 118.3 107.5 99.6 88.6 

350.5 2.78 8.9 11.9 15.4 20.7 31.8 43.5 66.8 105.1 108.6 109.1 109.8 107.5 102.5 94.3 85.9 79.5 70.6 

351.0 2.33 6.9 9.1 11.8 16.0 24.5 33.2 50.8 80.2 83.2 83.2 83.4 81.9 77.7 72.0 65.8 60.9 54.0 

351.5 1.93 5.1 6.8 8.8 11.8 18.1 24.3 37.0 58.7 61.1 60.9 60.6 59.8 56.5 52.7 48.5 44.8 39.6 

352.0 1.60 3.7 4.9 6.3 8.5 12.9 17.1 26.0 41.4 43.1 42.8 42.3 41.9 39.4 37.2 34.4 31.7 28.1 

352.5 1.35 2.7 3.5 4.5 6.0 9.0 11.7 17.7 28.2 29.4 29.1 28.7 28.6 26.7 25.5 23.7 21.9 19.4 

353.0 1.18 2.0 2.6 3.2 4.3 6.3 8.0 12.1 19.1 19.8 19.6 19.3 19.3 18.0 17.4 16.2 15.0 13.4 

353.5 1.09 1.6 2.0 2.4 3.2 4.5 5.7 8.4 13.1 13.5 13.4 13.3 13.2 12.5 12.1 11.3 10.5 9.5 

354.0 1.05 1.3 1.6 1.9 2.5 3.4 4.1 6.1 9.2 9.5 9.4 9.4 9.4 9.0 8.7 8.1 7.7 7.1 

354.5 1.06 1.2 1.4 1.6 2.1 2.7 3.2 4.7 6.9 7.1 7.1 7.0 7.1 6.8 6.7 6.2 6.0 5.6 

355.0 1.11 1.1 1.3 1.5 1.9 2.4 2.8 3.9 5.7 5.8 5.8 5.8 5.8 5.8 5.6 5.3 5.2 4.8 

355.5 1.18 1.1 1.3 1.5 1.8 2.3 2.7 3.7 5.2 5.3 5.3 5.2 5.3 5.3 5.2 5.0 4.8 4.5 

356.0 1.28 1.1 1.4 1.5 1.8 2.3 2.6 3.6 5.1 5.2 5.1 5.1 5.2 5.3 5.1 4.9 4.8 4.5 

356.5 1.38 1.2 1.4 1.6 1.9 2.4 2.7 3.6 5.2 5.3 5.2 5.2 5.3 5.4 5.2 5.0 4.9 4.7 

357.0 1.50 1.3 1.5 1.7 2.0 2.5 2.8 3.7 5.3 5.4 5.3 5.3 5.4 5.5 5.4 5.2 5.1 4.9 

357.5 1.64 1.4 1.6 1.8 2.1 2.6 2.9 3.8 5.5 5.5 5.4 5.4 5.6 5.7 5.6 5.5 5.3 5.2 

358.0 1.80 1.5 1.8 1.9 2.2 2.7 3.0 3.9 5.6 5.7 5.6 5.5 5.8 5.9 5.9 5.7 5.6 5.5 

358.5 2.00 1.6 1.9 2.1 2.4 2.9 3.1 4.1 5.7 5.8 5.7 5.7 5.9 6.1 6.1 5.9 5.9 5.8 

359.0 2.25 1.8 2.1 2.2 2.5 3.0 3.3 4.2 5.9 5.9 5.8 5.8 6.1 6.4 6.4 6.3 6.2 6.1 

359.5 2.57 2.0 2.3 2.5 2.7 3.2 3.5 4.4 6.1 6.1 6.0 6.1 6.3 6.7 6.7 6.7 6.6 6.5 

360.0 2.99 2.3 2.6 2.7 3.0 3.5 3.7 4.7 6.4 6.5 6.3 6.4 6.7 7.1 7.2 7.2 7.1 7.0 

360.5 3.51 2.6 2.9 3.1 3.3 3.8 4.0 5.0 6.8 6.9 6.7 6.8 7.1 7.6 7.7 7.8 7.7 7.7 

361.0 4.14 2.9 3.3 3.5 3.7 4.2 4.4 5.5 7.3 7.4 7.2 7.3 7.6 8.3 8.5 8.6 8.6 8.5 

361.5 4.89 3.4 3.9 4.0 4.2 4.7 4.9 6.0 8.0 8.1 7.9 8.0 8.4 9.2 9.4 9.6 9.6 9.6 

362.0 5.76 3.9 4.5 4.6 4.8 5.4 5.5 6.7 8.9 9.0 8.8 8.8 9.3 10.3 10.6 10.9 10.9 11.0 

362.5 6.74 4.5 5.2 5.4 5.6 6.1 6.2 7.6 9.9 10.0 9.8 9.8 10.5 11.7 12.1 12.4 12.5 12.7 

363.0 7.80 5.2 5.9 6.2 6.4 7.0 7.1 8.5 11.1 11.2 11.0 11.0 11.8 13.2 13.7 14.2 14.4 14.7 

363.5 8.93 6.0 6.8 7.0 7.3 7.9 8.1 9.6 12.4 12.5 12.4 12.3 13.2 15.0 15.6 16.2 16.5 16.8 



 

lxix 

 

364.0 10.08 6.8 7.6 7.9 8.3 9.0 9.1 10.8 13.9 13.9 13.8 13.7 14.8 17.0 17.7 18.4 18.8 19.2 

364.5 11.21 7.6 8.5 8.8 9.2 10.1 10.2 11.9 15.3 15.4 15.3 15.2 16.5 18.9 19.8 20.6 21.1 21.6 

365.0 12.32 8.3 9.3 9.7 10.2 11.2 11.3 13.1 16.9 17.0 16.8 16.6 18.1 20.9 22.0 22.9 23.4 24.1 

365.5 13.39 9.1 10.1 10.5 11.2 12.2 12.3 14.3 18.3 18.5 18.2 18.0 19.7 22.8 24.0 25.0 25.6 26.4 

366.0 14.54 9.9 10.9 11.4 12.2 13.3 13.3 15.4 19.7 19.8 19.6 19.3 21.1 24.7 25.9 26.9 27.6 28.6 

366.5 15.88 10.8 11.9 12.3 13.2 14.2 14.2 16.4 21.0 21.1 20.7 20.5 22.5 26.2 27.6 28.6 29.4 30.5 

367.0 17.91 12.1 13.2 13.5 14.3 15.3 15.1 17.4 22.3 22.3 21.9 21.6 23.7 27.7 29.2 30.2 31.0 32.3 

367.5 21.01 13.9 15.0 15.3 15.8 16.7 16.3 18.6 23.8 23.6 23.3 22.9 25.1 29.4 30.9 32.0 32.9 34.2 

368.0 25.80 16.6 17.8 17.9 18.0 18.7 18.0 20.3 25.7 25.5 25.1 24.7 27.1 31.7 33.3 34.5 35.5 36.9 

368.5 32.89 20.5 22.0 21.8 21.2 21.5 20.5 22.8 28.7 28.4 27.9 27.4 30.1 35.1 37.0 38.4 39.5 41.0 

369.0 42.72 26.0 27.9 27.2 25.8 25.8 24.3 26.7 33.1 32.8 32.3 31.7 34.7 40.4 42.8 44.5 45.9 47.5 

369.5 55.57 33.2 35.7 34.4 32.2 31.8 29.7 32.4 39.8 39.5 38.7 38.1 41.6 48.7 51.7 53.8 55.5 57.4 

370.0 71.30 42.4 45.5 43.7 40.7 39.8 37.1 40.3 49.2 48.9 47.8 47.2 51.6 60.6 64.5 67.2 69.2 71.7 

370.5 89.25 53.1 57.1 54.9 51.1 50.0 46.5 50.6 61.7 61.3 60.0 59.3 64.8 76.5 81.6 85.2 87.7 91.0 

371.0 108.60 65.2 70.0 67.5 63.3 62.1 58.0 63.3 77.3 76.8 75.2 74.3 81.5 96.6 103.2 107.9 111.1 115.5 

371.5 128.03 77.6 83.5 80.9 76.5 75.5 71.0 77.8 95.6 94.9 93.1 92.0 101.1 120.4 128.6 134.8 138.8 144.5 

372.0 146.19 89.9 96.6 94.2 90.1 89.8 85.0 93.6 115.7 114.7 112.7 111.3 122.8 146.6 156.8 164.6 169.5 176.9 

372.5 161.73 100.9 108.5 106.6 103.2 103.8 98.9 109.5 136.3 135.0 132.9 131.2 145.2 173.7 185.7 195.3 201.3 210.5 

373.0 173.55 109.9 118.3 117.0 114.7 116.5 111.9 124.5 155.9 154.2 152.0 150.1 166.6 199.5 213.4 224.8 231.8 242.8 

373.5 181.05 116.2 125.2 124.9 123.8 127.2 122.9 137.4 172.8 171.0 168.5 166.7 185.4 222.0 237.7 250.7 258.7 271.2 

374.0 184.10 119.8 129.2 129.7 130.1 135.0 131.2 147.3 185.8 184.0 181.4 179.6 200.2 239.7 256.7 271.1 279.8 293.4 

374.5 182.91 120.4 130.1 131.5 133.2 139.5 136.1 153.7 194.1 192.3 189.5 188.0 209.9 251.2 269.2 284.5 293.6 307.9 

375.0 178.34 118.7 128.4 130.4 133.3 140.8 137.7 156.2 197.3 195.8 192.7 191.6 214.1 256.1 274.6 290.4 299.5 314.2 

375.5 171.36 115.0 124.7 127.1 130.7 139.1 136.2 155.1 195.8 194.5 191.5 190.6 213.2 255.0 273.3 289.2 298.1 312.5 

376.0 163.28 110.3 119.7 122.3 126.4 135.2 132.3 151.2 190.7 189.5 186.6 185.9 208.2 248.8 266.6 282.3 290.6 304.5 

376.5 155.03 105.2 114.1 116.7 121.1 129.8 126.9 145.4 183.3 182.1 179.5 178.8 200.4 239.4 256.4 271.3 279.2 292.5 

377.0 147.43 100.4 108.8 111.2 115.6 123.9 121.0 138.8 175.1 173.8 171.4 170.6 191.2 228.4 244.4 258.5 266.0 278.8 

377.5 141.10 96.3 104.1 106.2 110.5 118.3 115.4 132.5 167.1 165.8 163.5 162.7 182.3 217.7 232.7 246.0 253.3 265.4 

378.0 136.36 93.2 100.4 102.4 106.3 113.6 110.7 127.2 160.6 159.2 156.8 156.1 174.6 208.5 222.7 235.4 242.6 254.1 

378.5 133.15 91.2 97.8 99.7 103.4 110.1 107.4 123.5 156.0 154.4 152.0 151.3 169.0 201.6 215.5 227.6 234.8 245.8 

379.0 131.31 90.1 96.3 98.2 101.6 108.1 105.5 121.3 153.4 151.8 149.3 148.7 165.7 197.5 211.2 222.9 230.2 241.0 

379.5 130.51 89.8 95.6 97.6 100.8 107.4 104.8 120.6 152.7 151.0 148.4 147.9 164.5 196.0 209.7 221.3 228.6 239.1 



 

lxx 

 

380.0 130.64 90.1 95.7 97.9 101.0 107.8 105.2 121.1 153.4 151.8 149.2 148.6 165.5 196.8 210.5 222.3 229.5 239.9 

380.5 131.34 90.7 96.3 98.6 102.0 109.0 106.4 122.6 155.3 153.7 151.2 150.6 167.8 199.3 213.2 225.2 232.4 242.7 

381.0 132.40 91.7 97.3 99.8 103.4 110.9 108.3 124.9 158.3 156.6 154.1 153.4 171.1 203.3 217.3 229.4 236.9 247.3 

381.5 133.56 93.0 98.5 101.2 105.3 113.3 110.8 127.9 161.9 160.3 157.8 156.9 175.5 208.3 222.5 234.9 242.5 253.2 

382.0 134.80 94.3 100.0 102.9 107.6 116.0 113.7 131.4 166.2 164.7 162.1 161.1 180.5 214.2 228.8 241.5 249.2 260.5 

382.5 135.95 95.6 101.6 104.7 110.1 119.1 116.9 135.4 171.0 169.6 166.9 165.8 186.2 220.8 235.9 248.9 257.0 268.8 

383.0 136.95 97.0 103.2 106.5 112.7 122.2 120.4 139.6 176.3 175.0 172.2 171.0 192.3 227.9 243.7 257.0 265.5 278.0 

383.5 137.65 98.3 104.7 108.3 115.2 125.3 123.8 143.8 181.7 180.4 177.7 176.3 198.4 235.1 251.5 265.3 274.1 287.3 

384.0 138.05 99.3 106.1 109.8 117.6 128.3 127.0 147.8 186.9 185.6 182.9 181.4 204.2 241.8 258.9 273.4 282.3 296.1 

384.5 138.28 100.1 107.3 111.1 119.5 130.8 129.7 151.2 191.4 190.2 187.6 185.9 209.3 247.8 265.3 280.5 289.4 303.6 

385.0 138.48 100.7 108.1 112.1 121.0 132.7 131.8 153.9 195.1 193.9 191.1 189.5 213.3 252.5 270.4 286.0 295.1 309.5 

385.5 138.68 101.1 108.6 112.8 121.9 134.0 133.1 155.7 197.6 196.3 193.5 192.0 215.9 255.6 273.6 289.7 298.7 313.2 

386.0 139.15 101.6 109.1 113.3 122.4 134.8 133.8 156.7 198.9 197.7 194.8 193.3 217.2 257.2 275.3 291.6 300.3 314.9 

386.5 140.11 102.2 109.6 113.8 122.8 135.1 134.1 157.0 199.3 198.0 194.9 193.6 217.4 257.5 275.7 291.9 300.5 315.0 

387.0 141.70 103.2 110.4 114.5 123.1 135.3 134.1 156.9 199.0 197.7 194.5 193.4 217.0 257.1 275.2 291.2 299.8 314.2 

387.5 144.09 104.6 111.6 115.5 123.7 135.5 134.2 156.7 198.6 197.2 194.0 192.9 216.5 256.6 274.6 290.3 298.7 313.3 

388.0 147.26 106.6 113.4 117.0 124.6 136.1 134.5 156.9 198.7 197.0 193.8 192.7 216.4 256.5 274.4 289.9 298.4 313.1 

388.5 151.25 109.2 115.7 119.0 126.1 137.1 135.4 157.6 199.4 197.4 194.4 193.1 217.2 257.4 275.3 290.7 299.1 314.0 

389.0 156.12 112.3 118.6 121.6 128.2 138.8 136.8 159.2 201.0 198.9 196.0 194.6 219.1 259.6 277.5 292.8 301.4 316.3 

389.5 161.69 115.9 122.0 124.8 130.9 141.1 139.0 161.5 203.7 201.5 198.6 197.0 222.1 263.1 281.2 296.6 305.4 320.5 

390.0 167.81 119.8 125.8 128.3 134.0 144.0 141.8 164.6 207.5 205.3 202.4 200.6 226.1 267.8 286.3 301.9 310.9 326.3 

390.5 174.23 124.0 130.0 132.2 137.7 147.6 145.1 168.4 212.1 210.0 207.0 205.2 231.1 273.8 292.8 308.6 317.9 333.5 

391.0 180.72 128.3 134.3 136.3 141.6 151.6 148.8 172.6 217.3 215.5 212.3 210.5 236.9 280.6 300.2 316.5 326.1 341.9 

391.5 186.94 132.5 138.5 140.4 145.7 155.8 152.8 177.2 222.9 221.4 218.0 216.2 243.2 288.1 308.3 325.1 335.1 351.3 

392.0 192.41 136.3 142.5 144.2 149.6 160.0 156.8 181.9 228.9 227.3 223.8 222.0 249.7 295.9 316.5 334.2 344.3 361.2 

392.5 196.76 139.5 145.8 147.6 153.2 164.1 160.6 186.6 234.7 233.0 229.5 227.7 256.1 303.6 324.6 343.1 353.3 371.0 

393.0 199.71 141.8 148.4 150.2 156.1 167.5 163.9 190.7 240.1 238.2 234.5 232.8 262.1 310.8 332.2 351.4 361.6 380.1 

393.5 201.01 143.0 149.9 152.0 158.3 170.2 166.4 194.2 244.6 242.4 238.6 237.1 267.2 316.9 338.5 358.5 368.6 387.9 

394.0 200.45 143.1 150.3 152.6 159.5 171.8 168.1 196.6 247.8 245.4 241.6 240.2 271.0 321.2 343.2 363.5 373.6 393.7 

394.5 197.96 141.8 149.5 152.0 159.5 172.1 168.6 197.7 249.6 246.9 243.0 241.9 273.0 323.7 345.7 366.0 376.1 396.9 

395.0 193.69 139.2 147.4 150.0 158.2 171.1 167.7 197.1 249.4 246.5 242.8 241.9 273.0 323.6 345.7 365.7 375.9 396.9 

395.5 187.88 135.7 144.1 147.0 155.7 168.8 165.8 195.0 247.1 244.2 240.7 240.0 270.9 320.9 342.9 362.3 372.6 393.5 



 

lxxi 

 

396.0 180.85 131.2 139.8 142.9 152.1 165.1 162.6 191.2 242.9 240.0 236.8 236.1 266.5 315.6 337.2 356.0 366.3 386.8 

396.5 173.03 126.1 134.7 138.0 147.4 160.5 158.3 186.2 236.8 234.0 231.3 230.5 260.1 308.0 329.0 347.1 357.3 377.1 

397.0 164.87 120.7 129.0 132.5 141.9 154.9 153.0 179.9 229.2 226.6 224.3 223.3 251.9 298.5 318.5 336.0 346.0 364.9 

397.5 156.84 115.3 123.0 126.8 136.0 148.9 147.1 172.9 220.6 218.2 216.1 215.0 242.5 287.4 306.6 323.5 333.2 350.9 

398.0 149.21 109.9 117.1 121.2 129.9 142.6 141.0 165.4 211.4 209.3 207.2 206.1 232.3 275.4 293.8 310.1 319.3 336.0 

398.5 142.18 104.9 111.4 115.7 124.1 136.4 134.7 158.0 202.0 200.1 198.1 197.1 221.9 263.3 280.8 296.5 305.1 321.0 

399.0 135.87 100.2 106.3 110.6 118.5 130.4 128.5 150.8 192.8 191.3 189.1 188.3 211.8 251.3 268.0 283.2 291.3 306.4 

399.5 130.29 95.9 101.7 105.9 113.4 124.9 122.8 144.0 184.3 182.9 180.7 180.1 202.4 240.0 256.2 270.7 278.2 292.8 

400.0 125.35 92.1 97.6 101.8 108.9 119.9 117.7 137.9 176.6 175.4 173.0 172.5 194.0 229.7 245.2 259.2 266.2 280.4 

400.5 121.05 88.8 94.1 98.1 104.9 115.4 113.1 132.6 169.7 168.6 166.2 165.9 186.6 220.6 235.5 248.9 255.5 269.5 

401.0 117.21 85.8 91.1 94.8 101.3 111.3 109.0 128.0 163.8 162.6 160.3 160.1 180.1 212.6 227.0 239.8 246.3 260.1 

401.5 113.80 83.3 88.5 91.9 98.2 107.8 105.5 124.0 158.8 157.6 155.4 155.1 174.5 205.8 219.7 232.0 238.5 251.9 

402.0 110.71 81.1 86.2 89.4 95.5 104.7 102.6 120.7 154.5 153.3 151.2 150.7 169.8 199.8 213.5 225.4 231.8 244.9 

402.5 107.97 79.1 84.2 87.1 93.2 102.1 100.0 117.8 150.8 149.6 147.5 147.0 165.6 194.8 208.2 219.9 226.2 238.9 

403.0 105.51 77.3 82.5 85.1 91.2 99.7 97.8 115.3 147.6 146.5 144.3 143.8 161.9 190.4 203.7 215.2 221.4 233.7 

403.5 103.19 75.6 80.9 83.4 89.4 97.7 95.9 113.0 144.8 143.8 141.6 141.1 158.7 186.7 199.9 211.2 217.3 229.0 

404.0 100.94 74.0 79.3 81.7 87.7 96.0 94.2 111.0 142.3 141.4 139.1 138.7 155.9 183.4 196.4 207.6 213.6 224.6 

404.5 98.89 72.6 77.9 80.2 86.3 94.4 92.6 109.0 140.0 139.2 136.9 136.5 153.3 180.5 193.3 204.2 210.1 220.8 

405.0 96.93 71.3 76.5 78.9 84.9 93.0 91.1 107.2 137.9 137.1 134.9 134.6 150.8 177.8 190.3 200.9 206.8 217.2 

405.5 95.01 70.0 75.1 77.5 83.6 91.5 89.6 105.5 135.9 135.1 133.0 132.7 148.5 175.2 187.5 197.8 203.7 213.7 

406.0 93.20 68.8 73.7 76.4 82.3 90.2 88.2 103.9 133.9 133.1 131.2 130.7 146.3 172.7 184.6 194.7 200.4 210.4 

406.5 91.50 67.7 72.4 75.2 81.1 88.8 86.8 102.3 131.9 131.0 129.4 128.7 144.1 170.1 181.7 191.6 197.2 207.1 

407.0 89.93 66.6 71.2 74.2 79.9 87.4 85.5 100.8 129.8 129.0 127.5 126.6 142.0 167.4 178.7 188.5 194.0 203.8 

407.5 88.50 65.6 70.1 73.1 78.8 86.0 84.2 99.2 127.8 126.9 125.7 124.6 139.9 164.7 175.8 185.4 190.8 200.3 

408.0 87.14 64.7 69.1 72.1 77.7 84.7 82.9 97.7 125.8 124.8 123.7 122.6 137.9 161.9 172.8 182.3 187.8 196.9 

408.5 85.96 63.9 68.2 71.0 76.6 83.4 81.7 96.2 123.7 122.8 121.7 120.6 135.8 159.1 169.8 179.2 184.6 193.5 

409.0 84.98 63.2 67.5 70.2 75.6 82.2 80.5 94.7 121.8 120.8 119.7 118.7 133.8 156.4 166.7 176.0 181.5 190.3 

409.5 84.18 62.7 66.9 69.4 74.6 81.1 79.3 93.3 120.0 118.9 117.7 117.0 131.8 153.7 163.9 172.9 178.4 187.2 

410.0 83.58 62.2 66.4 68.8 73.8 80.1 78.3 91.9 118.2 117.2 115.9 115.3 129.8 151.4 161.2 170.1 175.5 184.4 

410.5 83.18 61.9 66.0 68.3 73.1 79.2 77.4 90.7 116.6 115.7 114.1 113.7 127.9 149.2 158.8 167.5 172.6 181.8 

411.0 82.90 61.6 65.7 68.0 72.6 78.4 76.6 89.6 115.2 114.3 112.7 112.3 126.3 147.4 156.6 165.2 170.1 179.4 

411.5 82.83 61.5 65.6 67.8 72.2 77.7 76.0 88.6 114.0 113.1 111.5 111.1 124.8 145.8 154.7 163.3 167.9 177.3 



 

lxxii 

 

412.0 82.82 61.3 65.5 67.7 71.9 77.2 75.5 87.8 113.0 112.1 110.5 110.1 123.6 144.4 153.1 161.6 166.1 175.5 

412.5 82.86 61.3 65.5 67.5 71.7 76.7 75.1 87.2 112.1 111.3 109.7 109.3 122.5 143.2 151.8 160.3 164.6 173.9 

413.0 82.99 61.3 65.6 67.4 71.6 76.4 74.8 86.6 111.4 110.6 109.2 108.6 121.7 142.1 150.6 159.1 163.4 172.5 

413.5 83.16 61.5 65.7 67.4 71.6 76.3 74.6 86.1 110.8 110.0 108.8 108.2 121.0 141.1 149.7 158.2 162.3 171.3 

414.0 83.29 61.6 65.8 67.4 71.6 76.2 74.4 85.7 110.2 109.5 108.4 107.7 120.3 140.3 148.9 157.3 161.4 170.1 

414.5 83.41 61.7 66.0 67.3 71.5 76.3 74.2 85.4 109.6 109.1 108.0 107.3 119.6 139.5 148.1 156.6 160.5 169.0 

415.0 83.32 61.8 66.1 67.4 71.5 76.3 74.0 85.0 109.2 108.7 107.7 106.9 118.9 138.7 147.3 155.8 159.7 168.1 

415.5 83.11 61.8 66.3 67.4 71.5 76.2 73.8 84.6 108.8 108.4 107.4 106.5 118.2 138.1 146.6 155.1 158.8 167.2 

416.0 82.63 61.7 66.2 67.4 71.4 76.1 73.6 84.2 108.5 108.1 106.9 106.1 117.6 137.4 145.8 154.2 158.0 166.4 

416.5 81.92 61.5 66.1 67.4 71.3 75.9 73.4 83.8 108.2 107.8 106.5 105.7 117.1 136.7 145.0 153.2 157.2 165.6 

417.0 81.05 61.2 65.9 67.3 71.2 75.6 73.1 83.4 107.9 107.5 106.0 105.3 116.6 136.0 144.1 152.1 156.3 164.7 

417.5 79.97 60.7 65.6 67.1 71.0 75.3 72.7 82.9 107.6 107.1 105.5 104.8 116.1 135.2 143.1 150.9 155.3 163.6 

418.0 78.70 60.1 65.0 66.7 70.7 74.9 72.1 82.2 107.0 106.5 104.9 104.1 115.4 134.1 141.9 149.6 154.2 162.1 

418.5 77.29 59.3 64.3 66.1 70.2 74.4 71.3 81.6 106.2 105.8 104.1 103.3 114.6 132.8 140.5 148.1 152.6 160.4 

419.0 75.67 58.3 63.4 65.4 69.6 73.8 70.5 80.8 105.1 104.7 103.2 102.3 113.5 131.3 138.9 146.3 150.8 158.3 

419.5 73.91 57.2 62.4 64.6 68.9 72.9 69.5 79.8 103.8 103.5 102.0 101.1 112.1 129.4 137.0 144.3 148.5 155.8 

420.0 71.90 55.9 61.2 63.5 67.9 71.9 68.4 78.6 102.2 102.0 100.6 99.6 110.4 127.2 134.7 141.9 145.7 152.8 

420.5 69.64 54.5 60.0 62.4 66.7 70.7 67.2 77.3 100.4 100.3 98.9 98.0 108.4 124.5 132.0 139.1 142.5 149.5 

421.0 67.25 53.0 58.6 61.2 65.5 69.3 65.9 75.7 98.3 98.3 96.8 96.0 106.0 121.5 128.8 135.7 138.7 145.6 

421.5 64.70 51.5 57.1 59.9 64.1 67.7 64.5 73.9 96.0 96.0 94.5 93.9 103.3 118.1 125.2 131.8 134.7 141.5 

422.0 62.10 49.9 55.6 58.5 62.5 66.0 62.9 71.9 93.4 93.5 91.9 91.4 100.4 114.3 121.3 127.4 130.2 136.9 

422.5 59.53 48.4 54.1 57.2 61.0 64.2 61.2 69.7 90.7 90.7 89.1 88.7 97.2 110.3 117.0 122.8 125.5 131.9 

423.0 57.02 46.9 52.6 55.7 59.3 62.3 59.3 67.4 87.9 87.6 86.1 85.8 93.8 106.0 112.4 117.8 120.6 126.6 

423.5 54.68 45.5 51.3 54.3 57.7 60.4 57.4 64.9 85.0 84.5 83.1 82.8 90.3 101.7 107.7 112.6 115.5 121.2 

424.0 52.45 44.0 50.0 52.9 56.2 58.5 55.4 62.4 81.9 81.4 80.1 79.7 86.8 97.3 102.9 107.4 110.3 115.5 

424.5 50.35 42.7 48.9 51.6 54.7 56.6 53.4 60.0 78.9 78.3 77.2 76.7 83.2 92.9 98.1 102.3 105.1 110.0 

425.0 48.40 41.5 47.9 50.5 53.4 55.0 51.6 57.6 75.9 75.4 74.4 73.8 79.8 88.7 93.3 97.3 100.0 104.4 

425.5 46.54 40.4 46.9 49.6 52.2 53.5 49.9 55.4 73.1 72.6 71.8 71.1 76.6 84.7 88.8 92.6 95.1 99.2 

426.0 44.85 39.5 46.2 48.7 51.2 52.2 48.4 53.5 70.5 70.2 69.3 68.6 73.6 80.8 84.5 88.2 90.4 94.4 

426.5 43.32 38.6 45.5 48.1 50.3 51.0 47.0 51.7 68.2 68.0 67.1 66.4 70.8 77.3 80.5 84.1 86.1 89.9 

427.0 41.95 37.8 44.9 47.6 49.6 50.0 45.8 50.3 66.2 66.0 65.1 64.5 68.3 74.1 77.0 80.4 82.2 85.9 

427.5 40.81 37.1 44.5 47.3 49.2 49.2 44.8 49.0 64.5 64.3 63.4 62.8 66.1 71.3 73.8 77.1 78.7 82.2 



 

lxxiii 

 

428.0 39.83 36.6 44.2 47.1 48.9 48.4 43.9 47.9 63.2 62.9 61.8 61.4 64.2 68.8 71.1 74.1 75.6 79.0 

428.5 38.96 36.1 44.0 47.1 48.7 47.8 43.3 47.1 62.0 61.6 60.6 60.3 62.6 66.7 68.8 71.4 72.9 76.1 

429.0 38.19 35.7 43.9 47.2 48.7 47.4 42.8 46.3 61.0 60.6 59.6 59.2 61.2 64.9 66.7 69.1 70.4 73.5 

429.5 37.44 35.5 44.0 47.3 48.8 47.2 42.4 45.8 60.1 59.8 58.8 58.4 60.1 63.3 65.0 67.1 68.3 71.2 

430.0 36.70 35.4 44.2 47.6 48.9 47.1 42.1 45.3 59.4 59.2 58.2 57.6 59.1 61.9 63.3 65.2 66.4 69.2 

430.5 36.00 35.3 44.4 47.9 49.2 47.2 41.9 45.0 58.8 58.7 57.8 57.0 58.3 60.6 61.8 63.5 64.7 67.4 

431.0 35.33 35.1 44.6 48.3 49.4 47.4 41.7 44.8 58.3 58.3 57.5 56.6 57.7 59.3 60.4 62.0 63.2 65.8 

431.5 34.74 35.1 44.9 48.7 49.8 47.7 41.7 44.6 58.0 58.1 57.3 56.3 57.1 58.2 59.1 60.6 61.7 64.3 

432.0 34.19 35.0 45.1 49.2 50.2 48.0 41.6 44.4 57.7 57.9 57.2 56.1 56.6 57.2 57.8 59.3 60.4 62.9 

432.5 33.64 35.0 45.4 49.7 50.7 48.3 41.7 44.3 57.5 57.7 57.0 55.9 56.1 56.2 56.6 58.0 59.1 61.5 

433.0 33.14 34.9 45.8 50.3 51.2 48.6 41.7 44.2 57.5 57.5 56.9 55.8 55.7 55.2 55.5 56.8 57.8 60.0 

433.5 32.70 35.0 46.2 50.8 51.8 48.9 41.8 44.1 57.5 57.4 56.7 55.8 55.3 54.4 54.5 55.6 56.6 58.6 

434.0 32.26 35.1 46.7 51.5 52.5 49.2 42.0 44.0 57.5 57.4 56.6 55.7 54.9 53.6 53.5 54.4 55.4 57.2 

434.5 31.90 35.2 47.3 52.2 53.2 49.5 42.2 44.0 57.6 57.3 56.5 55.7 54.6 52.8 52.6 53.2 54.3 55.9 

435.0 31.58 35.4 47.9 53.0 53.9 49.9 42.4 44.1 57.6 57.2 56.6 55.8 54.4 52.1 51.7 52.1 53.2 54.5 

435.5 31.30 35.6 48.7 53.9 54.7 50.4 42.7 44.2 57.8 57.3 56.7 55.8 54.1 51.4 50.8 51.1 52.1 53.3 

436.0 31.07 35.9 49.6 54.9 55.6 50.9 43.0 44.5 57.9 57.4 56.9 56.0 53.9 50.9 50.0 50.1 51.0 52.3 

436.5 30.83 36.2 50.5 55.9 56.4 51.6 43.4 44.7 58.1 57.7 57.2 56.2 53.8 50.3 49.2 49.2 50.1 51.3 

437.0 30.60 36.6 51.4 57.0 57.4 52.3 43.8 45.1 58.4 58.0 57.5 56.5 53.8 49.8 48.5 48.4 49.2 50.4 

437.5 30.42 37.0 52.3 58.2 58.5 53.0 44.3 45.5 58.8 58.6 57.9 56.9 53.8 49.4 47.9 47.6 48.4 49.7 

438.0 30.24 37.4 53.2 59.4 59.6 53.8 44.8 45.9 59.3 59.3 58.4 57.3 54.0 49.0 47.3 47.0 47.7 49.1 

438.5 30.12 37.9 54.2 60.7 60.8 54.6 45.3 46.4 59.8 60.0 58.9 57.8 54.2 48.7 46.9 46.5 47.1 48.5 

439.0 30.05 38.3 55.1 62.0 62.0 55.5 45.9 47.0 60.5 60.8 59.5 58.3 54.5 48.5 46.4 46.1 46.6 47.9 

439.5 30.01 38.8 56.1 63.4 63.3 56.5 46.5 47.6 61.1 61.5 60.2 58.9 54.9 48.4 46.1 45.7 46.1 47.5 

440.0 29.98 39.3 57.2 64.7 64.6 57.5 47.2 48.3 61.9 62.3 61.0 59.5 55.2 48.4 45.9 45.5 45.7 47.1 

440.5 29.93 39.8 58.3 65.9 65.8 58.7 47.9 49.0 62.6 63.0 61.7 60.1 55.7 48.4 45.7 45.2 45.3 46.7 

441.0 29.84 40.4 59.4 67.2 67.1 60.0 48.6 49.7 63.4 63.7 62.5 60.8 56.1 48.5 45.6 45.0 45.0 46.3 

441.5 29.72 40.9 60.6 68.5 68.4 61.2 49.4 50.4 64.2 64.4 63.3 61.6 56.5 48.5 45.6 44.7 44.7 45.9 

442.0 29.54 41.5 61.8 69.8 69.7 62.4 50.2 51.1 65.0 65.3 64.0 62.4 56.9 48.5 45.5 44.4 44.4 45.5 

442.5 29.35 42.0 63.0 71.2 71.0 63.5 51.0 51.7 65.9 66.1 64.7 63.2 57.3 48.5 45.4 44.1 44.2 45.2 

443.0 29.14 42.4 64.2 72.7 72.4 64.6 51.7 52.4 66.7 67.0 65.4 64.0 57.8 48.5 45.3 43.8 43.9 44.8 

443.5 28.94 42.8 65.3 74.1 73.8 65.6 52.4 52.9 67.6 67.9 66.1 64.7 58.3 48.5 45.1 43.5 43.6 44.5 



 

lxxiv 

 

444.0 28.69 43.1 66.5 75.6 75.2 66.6 53.2 53.5 68.4 68.7 66.9 65.4 58.8 48.5 44.8 43.2 43.3 44.1 

444.5 28.41 43.4 67.6 77.0 76.6 67.7 53.8 54.0 69.2 69.4 67.7 66.0 59.2 48.5 44.5 42.9 43.0 43.6 

445.0 28.06 43.7 68.6 78.4 77.9 68.7 54.5 54.5 70.1 70.1 68.5 66.7 59.7 48.5 44.1 42.5 42.5 43.1 

445.5 27.70 44.0 69.7 79.8 79.2 69.7 55.1 55.0 70.8 70.6 69.2 67.4 60.2 48.4 43.7 42.1 42.0 42.5 

446.0 27.28 44.4 70.7 81.1 80.4 70.7 55.8 55.5 71.4 71.2 69.9 68.1 60.6 48.2 43.2 41.6 41.4 41.7 

446.5 26.82 44.7 71.7 82.3 81.6 71.7 56.4 56.0 72.0 71.8 70.5 68.7 60.8 48.0 42.8 41.1 40.7 41.0 

447.0 26.32 45.0 72.6 83.6 82.8 72.6 57.0 56.5 72.6 72.4 71.1 69.3 61.0 47.6 42.3 40.4 39.8 40.1 

447.5 25.87 45.2 73.6 84.8 84.0 73.5 57.7 57.0 73.0 72.9 71.5 69.8 61.0 47.2 41.7 39.6 38.9 39.2 

448.0 25.40 45.5 74.5 86.0 85.3 74.3 58.3 57.5 73.5 73.4 71.9 70.3 61.0 46.7 41.1 38.8 38.0 38.2 

448.5 24.92 45.7 75.6 87.2 86.5 75.2 58.9 57.9 73.9 73.8 72.3 70.6 60.8 46.1 40.3 37.8 37.0 37.2 

449.0 24.43 45.9 76.6 88.3 87.7 76.0 59.5 58.2 74.3 74.1 72.6 70.9 60.6 45.5 39.5 36.7 35.9 36.1 

449.5 23.98 46.1 77.6 89.5 88.9 76.8 60.0 58.5 74.6 74.3 72.8 71.1 60.5 44.9 38.5 35.6 34.7 34.9 

450.0 23.53 46.3 78.6 90.7 90.0 77.6 60.4 58.8 74.9 74.5 73.1 71.4 60.3 44.2 37.6 34.4 33.5 33.7 

450.5 23.06 46.5 79.4 91.9 90.9 78.3 60.8 59.0 75.1 74.7 73.4 71.6 60.2 43.6 36.6 33.3 32.3 32.4 

451.0 22.59 46.7 80.1 93.1 91.9 79.0 61.2 59.3 75.3 74.9 73.6 71.8 60.0 43.0 35.6 32.2 31.2 31.2 

451.5 22.18 47.0 80.8 94.2 92.9 79.6 61.7 59.6 75.6 75.2 73.8 72.0 60.0 42.5 34.7 31.1 30.1 30.1 

452.0 21.83 47.3 81.5 95.3 93.9 80.3 62.1 59.8 75.9 75.6 74.1 72.3 59.9 41.9 33.9 30.1 29.1 29.0 

452.5 21.50 47.6 82.2 96.4 94.9 81.1 62.5 60.0 76.2 75.9 74.4 72.4 59.8 41.3 33.1 29.2 28.3 27.9 

453.0 21.19 47.9 83.0 97.4 96.0 81.8 62.9 60.3 76.6 76.2 74.8 72.6 59.8 40.6 32.4 28.4 27.5 27.0 

453.5 20.91 48.2 83.9 98.4 97.1 82.6 63.3 60.5 77.0 76.5 75.2 72.8 59.7 40.1 31.8 27.7 26.7 26.1 

454.0 20.67 48.5 84.9 99.5 98.1 83.5 63.6 60.7 77.4 76.8 75.7 73.1 59.8 39.5 31.2 27.0 26.0 25.3 

454.5 20.42 48.8 85.8 100.5 99.2 84.3 63.9 61.0 77.9 77.1 76.2 73.4 59.9 39.1 30.7 26.3 25.3 24.5 

455.0 20.16 49.0 86.7 101.6 100.2 85.0 64.2 61.4 78.3 77.3 76.6 73.7 60.0 38.7 30.2 25.8 24.6 23.8 

455.5 19.94 49.2 87.6 102.6 101.1 85.7 64.6 61.9 78.8 77.7 77.0 74.0 60.2 38.4 29.8 25.3 24.0 23.1 

456.0 19.76 49.5 88.5 103.5 102.1 86.3 65.0 62.3 79.1 78.2 77.3 74.5 60.4 38.2 29.4 24.8 23.4 22.5 

456.5 19.60 49.8 89.3 104.4 103.0 87.0 65.5 62.7 79.5 78.7 77.6 74.9 60.7 38.1 29.1 24.4 22.9 22.0 

457.0 19.45 50.1 90.1 105.2 103.9 87.6 66.0 63.1 79.9 79.2 77.9 75.3 60.9 38.0 28.8 24.1 22.5 21.4 

457.5 19.30 50.4 90.9 105.9 104.7 88.2 66.5 63.4 80.2 79.7 78.2 75.7 61.1 37.9 28.5 23.7 22.1 21.0 

458.0 19.15 50.7 91.7 106.6 105.4 88.8 66.9 63.7 80.6 80.1 78.5 76.0 61.3 37.8 28.3 23.5 21.8 20.6 

458.5 18.98 50.8 92.3 107.3 106.1 89.5 67.4 64.0 80.9 80.5 78.8 76.4 61.4 37.7 28.1 23.2 21.6 20.2 

459.0 18.78 51.0 93.0 108.0 106.7 90.1 67.8 64.3 81.3 80.9 79.3 76.7 61.6 37.7 27.9 23.0 21.4 19.9 

459.5 18.57 51.0 93.5 108.7 107.3 90.7 68.1 64.6 81.7 81.2 79.7 77.0 61.8 37.5 27.7 22.8 21.1 19.6 



 

lxxv 

 

460.0 18.33 51.2 93.9 109.3 107.9 91.3 68.4 64.8 82.1 81.5 80.1 77.4 61.9 37.4 27.5 22.6 20.9 19.4 

460.5 18.11 51.3 94.3 109.9 108.4 91.8 68.6 65.0 82.4 81.9 80.4 77.8 62.0 37.4 27.2 22.4 20.7 19.2 

461.0 17.91 51.5 94.6 110.5 108.9 92.3 68.8 65.2 82.7 82.2 80.8 78.1 62.2 37.3 26.9 22.1 20.4 19.0 

461.5 17.73 51.8 94.9 111.0 109.4 92.6 68.9 65.4 83.0 82.5 81.1 78.5 62.3 37.2 26.7 21.9 20.1 18.7 

462.0 17.57 52.0 95.3 111.5 109.9 92.9 69.1 65.5 83.2 82.7 81.3 78.8 62.4 37.2 26.5 21.6 19.8 18.5 

462.5 17.42 52.2 95.7 111.9 110.5 93.2 69.2 65.7 83.4 82.9 81.5 79.0 62.5 37.1 26.2 21.3 19.6 18.2 

463.0 17.27 52.3 96.0 112.3 110.9 93.6 69.4 65.8 83.6 83.0 81.7 79.1 62.6 37.1 26.0 21.0 19.3 17.9 

463.5 17.12 52.3 96.3 112.6 111.4 93.9 69.5 65.9 83.8 83.2 81.8 79.2 62.7 37.0 25.8 20.8 19.1 17.6 

464.0 16.94 52.4 96.6 112.8 111.8 94.2 69.6 66.0 83.9 83.3 81.9 79.2 62.7 36.9 25.7 20.6 18.9 17.3 

464.5 16.76 52.4 96.9 113.0 112.1 94.5 69.7 66.1 83.9 83.4 82.0 79.3 62.7 36.8 25.6 20.4 18.8 17.0 

465.0 16.58 52.5 97.1 113.2 112.4 94.7 69.8 66.1 83.9 83.5 82.0 79.2 62.6 36.7 25.5 20.2 18.6 16.8 

465.5 16.40 52.5 97.2 113.4 112.6 94.8 69.9 66.1 83.9 83.5 82.0 79.3 62.5 36.6 25.4 20.1 18.4 16.6 

466.0 16.25 52.6 97.3 113.5 112.7 94.8 70.0 66.2 83.9 83.5 82.1 79.3 62.4 36.4 25.3 20.0 18.2 16.4 

466.5 16.08 52.6 97.4 113.5 112.8 94.7 70.0 66.2 84.0 83.5 82.1 79.3 62.2 36.3 25.2 19.9 18.0 16.3 

467.0 15.94 52.6 97.4 113.5 112.7 94.7 70.1 66.1 84.1 83.6 82.2 79.4 62.2 36.1 25.0 19.8 17.8 16.2 

467.5 15.83 52.6 97.4 113.4 112.7 94.6 70.1 66.1 84.2 83.8 82.3 79.5 62.2 36.0 24.9 19.7 17.7 16.0 

468.0 15.70 52.6 97.3 113.3 112.7 94.5 70.1 66.1 84.3 83.9 82.4 79.6 62.2 35.8 24.7 19.6 17.5 15.9 

468.5 15.56 52.5 97.3 113.1 112.6 94.6 70.1 66.1 84.4 84.0 82.4 79.7 62.3 35.7 24.6 19.5 17.4 15.8 

469.0 15.42 52.5 97.3 112.9 112.5 94.6 69.9 66.0 84.3 84.1 82.4 79.7 62.5 35.7 24.5 19.4 17.3 15.6 

469.5 15.28 52.4 97.3 112.8 112.3 94.6 69.7 66.0 84.2 84.1 82.3 79.6 62.5 35.6 24.3 19.3 17.2 15.5 

470.0 15.13 52.4 97.2 112.8 112.2 94.6 69.5 65.9 84.1 84.0 82.3 79.5 62.6 35.6 24.2 19.2 17.1 15.4 

470.5 14.98 52.4 97.2 112.8 112.1 94.5 69.3 65.8 84.0 83.7 82.2 79.4 62.6 35.5 24.1 19.1 17.0 15.3 

471.0 14.80 52.4 97.0 112.8 111.9 94.3 69.2 65.7 83.8 83.4 82.0 79.2 62.4 35.5 24.0 19.0 16.9 15.2 

471.5 14.62 52.4 96.8 112.8 111.8 94.1 69.0 65.6 83.6 83.2 82.0 79.0 62.2 35.4 23.9 18.9 16.8 15.1 

472.0 14.46 52.4 96.5 112.7 111.8 93.8 68.9 65.4 83.4 82.9 81.9 78.9 61.9 35.3 23.9 18.7 16.7 15.0 

472.5 14.28 52.3 96.2 112.5 111.6 93.5 68.8 65.3 83.2 82.7 81.7 78.8 61.6 35.2 23.8 18.6 16.6 14.8 

473.0 14.12 52.3 95.9 112.2 111.3 93.3 68.6 65.1 83.0 82.5 81.5 78.6 61.3 35.0 23.7 18.4 16.5 14.7 

473.5 13.94 52.3 95.5 111.8 111.0 93.1 68.3 64.9 82.8 82.4 81.3 78.5 61.0 34.9 23.5 18.3 16.4 14.6 

474.0 13.78 52.2 95.3 111.4 110.6 92.9 68.1 64.8 82.5 82.2 81.1 78.4 60.8 34.7 23.4 18.1 16.3 14.4 

474.5 13.62 52.1 95.0 111.0 110.3 92.7 67.8 64.7 82.3 82.0 80.9 78.3 60.6 34.5 23.2 17.9 16.1 14.3 

475.0 13.44 52.1 94.8 110.6 109.9 92.5 67.5 64.5 82.1 81.7 80.6 78.2 60.5 34.2 23.1 17.7 16.0 14.2 

475.5 13.26 52.0 94.6 110.2 109.5 92.3 67.3 64.3 81.8 81.5 80.4 78.0 60.3 34.0 22.9 17.5 15.8 14.0 



 

lxxvi 

 

476.0 13.10 51.9 94.4 109.7 109.3 92.1 67.1 64.1 81.5 81.3 80.2 77.8 60.1 33.8 22.7 17.3 15.6 13.8 

476.5 12.94 51.8 94.3 109.4 109.0 91.9 67.0 63.9 81.2 81.1 79.9 77.5 59.8 33.6 22.5 17.2 15.4 13.7 

477.0 12.78 51.6 94.0 109.1 108.6 91.6 66.8 63.6 80.9 80.8 79.6 77.1 59.6 33.4 22.3 17.1 15.2 13.5 

477.5 12.62 51.4 93.6 108.8 108.3 91.3 66.5 63.2 80.5 80.5 79.3 76.6 59.3 33.2 22.1 16.9 15.0 13.3 

478.0 12.46 51.2 93.3 108.5 107.9 91.0 66.2 62.9 80.2 80.2 78.9 76.2 59.1 33.0 21.8 16.8 14.8 13.0 

478.5 12.32 51.0 93.0 108.2 107.4 90.6 65.8 62.5 79.9 79.8 78.6 75.8 58.8 32.8 21.6 16.6 14.6 12.9 

479.0 12.16 50.7 92.7 107.9 107.1 90.1 65.5 62.1 79.5 79.4 78.3 75.4 58.6 32.5 21.4 16.5 14.4 12.7 

479.5 11.99 50.6 92.3 107.7 106.6 89.8 65.1 61.8 79.1 79.0 78.0 75.0 58.4 32.3 21.2 16.3 14.2 12.5 

480.0 11.82 50.4 92.0 107.4 106.3 89.4 64.8 61.5 78.8 78.5 77.6 74.6 58.1 32.1 21.1 16.1 14.1 12.4 

480.5 11.68 50.4 91.6 107.0 105.9 89.0 64.6 61.2 78.4 78.1 77.2 74.2 57.8 31.9 20.9 15.9 13.9 12.2 

481.0 11.53 50.4 91.2 106.6 105.6 88.7 64.4 61.0 78.1 77.8 76.8 73.9 57.5 31.7 20.8 15.7 13.7 12.1 

481.5 11.40 50.3 90.8 106.2 105.2 88.4 64.2 60.7 77.7 77.4 76.4 73.5 57.2 31.5 20.6 15.5 13.6 11.9 

482.0 11.27 50.3 90.4 105.7 104.8 88.1 64.0 60.4 77.3 77.1 76.0 73.2 56.8 31.4 20.4 15.3 13.4 11.8 

482.5 11.15 50.2 90.0 105.2 104.4 87.8 63.8 60.1 77.1 76.9 75.5 72.9 56.4 31.2 20.2 15.1 13.3 11.6 

483.0 11.03 50.0 89.7 104.7 104.0 87.5 63.5 59.7 76.8 76.6 75.2 72.7 56.1 31.0 20.1 15.0 13.1 11.4 

483.5 10.89 49.8 89.4 104.1 103.7 87.1 63.2 59.3 76.5 76.3 74.8 72.5 55.9 30.9 19.9 14.9 13.0 11.3 

484.0 10.72 49.6 89.1 103.6 103.2 86.7 62.8 58.9 76.3 76.0 74.5 72.3 55.6 30.7 19.7 14.8 12.9 11.1 

484.5 10.57 49.4 88.8 103.2 102.8 86.3 62.4 58.6 76.0 75.7 74.2 72.1 55.4 30.6 19.6 14.7 12.8 11.0 

485.0 10.41 49.2 88.5 102.8 102.3 85.8 62.0 58.3 75.7 75.3 73.9 71.8 55.1 30.4 19.4 14.6 12.8 10.9 

485.5 10.27 49.0 88.0 102.3 101.8 85.4 61.7 58.0 75.2 74.9 73.7 71.5 54.8 30.3 19.3 14.5 12.7 10.8 

486.0 10.13 48.8 87.5 101.9 101.3 85.1 61.3 57.7 74.8 74.5 73.4 71.1 54.5 30.2 19.2 14.3 12.6 10.6 

486.5 10.04 48.7 86.9 101.5 100.7 84.7 61.0 57.4 74.3 74.0 73.1 70.8 54.2 30.0 19.0 14.2 12.5 10.5 

487.0 9.98 48.5 86.4 101.0 100.2 84.4 60.7 57.2 73.9 73.6 72.8 70.4 53.9 29.8 18.9 14.1 12.4 10.4 

487.5 9.94 48.4 85.9 100.5 99.8 84.1 60.4 56.9 73.5 73.1 72.5 69.9 53.7 29.5 18.9 14.0 12.2 10.3 

488.0 9.88 48.2 85.4 100.1 99.3 83.7 60.0 56.6 73.1 72.6 72.1 69.6 53.4 29.3 18.8 13.9 12.1 10.2 

488.5 9.81 48.1 85.0 99.7 98.9 83.3 59.6 56.4 72.8 72.2 71.7 69.2 53.2 29.1 18.6 13.8 11.9 10.1 

489.0 9.74 48.0 84.7 99.3 98.5 82.8 59.1 56.1 72.5 71.8 71.3 68.8 52.9 28.9 18.5 13.7 11.8 10.0 

489.5 9.64 47.8 84.5 98.9 98.1 82.3 58.8 55.9 72.2 71.5 70.8 68.4 52.6 28.7 18.4 13.6 11.7 9.9 

490.0 9.53 47.7 84.1 98.5 97.6 81.9 58.4 55.5 71.9 71.1 70.4 68.1 52.3 28.6 18.2 13.5 11.7 9.8 

490.5 9.44 47.5 83.7 98.1 97.1 81.5 58.2 55.1 71.5 70.8 70.0 67.8 52.0 28.4 18.0 13.3 11.6 9.7 

491.0 9.35 47.4 83.3 97.6 96.6 81.2 57.9 54.8 71.1 70.5 69.6 67.5 51.6 28.3 17.8 13.2 11.5 9.6 

491.5 9.30 47.2 82.8 97.1 96.2 80.9 57.6 54.4 70.6 70.2 69.2 67.1 51.3 28.1 17.7 13.1 11.4 9.5 
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492.0 9.25 47.1 82.3 96.7 95.7 80.6 57.3 54.1 70.1 69.9 68.9 66.7 50.9 27.8 17.6 13.0 11.2 9.4 

492.5 9.21 46.9 81.8 96.2 95.2 80.3 57.0 53.7 69.7 69.6 68.6 66.3 50.6 27.6 17.4 12.9 11.1 9.4 

493.0 9.19 46.8 81.4 95.7 94.7 79.9 56.7 53.4 69.3 69.3 68.2 65.9 50.3 27.4 17.4 12.8 11.0 9.3 

493.5 9.15 46.6 81.0 95.3 94.1 79.5 56.3 53.1 69.0 69.0 67.8 65.5 50.0 27.1 17.3 12.7 10.9 9.3 

494.0 9.09 46.4 80.6 94.8 93.6 79.1 56.0 52.8 68.6 68.7 67.4 65.1 49.8 27.0 17.2 12.6 10.9 9.3 

494.5 9.01 46.2 80.3 94.3 93.1 78.6 55.7 52.5 68.3 68.3 67.0 64.8 49.6 26.8 17.0 12.5 10.8 9.2 

495.0 8.92 45.9 79.9 93.7 92.6 78.2 55.5 52.2 68.0 67.9 66.6 64.6 49.4 26.7 16.9 12.5 10.7 9.2 

495.5 8.82 45.6 79.5 93.2 92.1 77.7 55.2 52.0 67.6 67.5 66.2 64.3 49.2 26.6 16.8 12.4 10.7 9.1 

496.0 8.71 45.3 79.1 92.5 91.7 77.3 54.9 51.7 67.2 67.1 65.9 64.0 48.9 26.5 16.7 12.4 10.6 9.0 

496.5 8.61 45.0 78.7 91.9 91.2 76.8 54.6 51.5 66.7 66.7 65.6 63.6 48.7 26.4 16.7 12.3 10.5 8.9 

497.0 8.53 44.8 78.3 91.3 90.7 76.3 54.2 51.2 66.3 66.4 65.4 63.3 48.3 26.2 16.6 12.3 10.4 8.8 

497.5 8.47 44.5 77.9 90.8 90.2 75.8 53.9 51.0 65.9 66.2 65.2 62.9 48.0 26.1 16.5 12.2 10.3 8.7 

498.0 8.40 44.3 77.5 90.3 89.7 75.3 53.5 50.7 65.5 65.8 65.0 62.5 47.6 25.9 16.4 12.1 10.3 8.7 

498.5 8.33 44.0 77.1 90.0 89.1 74.8 53.1 50.3 65.2 65.4 64.7 62.2 47.3 25.7 16.3 12.0 10.2 8.6 

499.0 8.27 43.7 76.7 89.6 88.5 74.3 52.8 50.0 64.8 65.0 64.4 61.8 47.0 25.5 16.1 11.9 10.2 8.5 

499.5 8.20 43.4 76.4 89.2 88.0 73.8 52.4 49.6 64.4 64.5 63.9 61.5 46.8 25.3 15.9 11.7 10.2 8.5 

500.0 8.12 43.1 75.9 88.8 87.5 73.3 52.1 49.2 64.0 64.0 63.5 61.1 46.5 25.1 15.8 11.6 10.1 8.4 

500.5 8.05 42.8 75.4 88.3 87.0 72.8 51.8 48.8 63.6 63.4 62.9 60.7 46.2 24.9 15.6 11.5 10.0 8.3 

501.0 7.98 42.6 75.0 87.6 86.5 72.4 51.5 48.4 63.2 63.0 62.3 60.3 45.9 24.7 15.5 11.5 9.9 8.2 

501.5 7.94 42.3 74.5 87.0 86.0 71.9 51.2 48.2 62.8 62.5 61.8 59.7 45.6 24.6 15.3 11.4 9.8 8.1 

502.0 7.89 42.1 74.0 86.3 85.4 71.5 50.9 47.9 62.4 62.1 61.3 59.2 45.3 24.4 15.3 11.4 9.7 8.1 

502.5 7.85 41.9 73.6 85.6 84.9 71.1 50.5 47.6 62.2 61.7 60.9 58.6 44.9 24.3 15.2 11.3 9.6 8.0 

503.0 7.82 41.6 73.1 84.9 84.2 70.7 50.1 47.3 61.8 61.3 60.5 58.2 44.6 24.1 15.1 11.2 9.5 8.0 

503.5 7.77 41.4 72.6 84.2 83.5 70.3 49.7 47.1 61.4 60.8 60.1 57.8 44.3 24.0 15.1 11.1 9.4 7.9 

504.0 7.72 41.1 72.0 83.7 82.9 69.9 49.2 46.8 61.0 60.4 59.8 57.4 44.0 23.8 14.9 11.0 9.3 7.8 

504.5 7.66 40.9 71.4 83.1 82.3 69.5 48.8 46.4 60.6 59.9 59.3 57.2 43.7 23.7 14.8 10.9 9.3 7.8 

505.0 7.59 40.6 70.8 82.6 81.7 69.0 48.3 46.1 60.1 59.5 58.9 56.9 43.4 23.6 14.7 10.7 9.3 7.7 

505.5 7.51 40.3 70.1 82.0 81.1 68.6 47.8 45.8 59.5 59.2 58.4 56.6 43.1 23.4 14.6 10.6 9.2 7.6 

506.0 7.42 40.1 69.5 81.4 80.6 68.1 47.5 45.4 59.0 58.9 58.0 56.3 42.8 23.3 14.4 10.6 9.1 7.6 

506.5 7.32 39.8 68.8 80.8 80.1 67.5 47.1 45.1 58.4 58.5 57.5 55.9 42.5 23.1 14.3 10.5 9.0 7.5 

507.0 7.22 39.4 68.2 80.1 79.4 66.9 46.7 44.7 57.9 58.2 57.1 55.5 42.1 22.9 14.2 10.5 8.9 7.4 

507.5 7.12 39.1 67.7 79.4 78.8 66.2 46.4 44.3 57.4 57.7 56.7 55.1 41.7 22.7 14.1 10.5 8.8 7.4 
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508.0 7.01 38.7 67.1 78.8 78.1 65.6 46.1 44.0 56.9 57.1 56.2 54.5 41.4 22.5 14.0 10.4 8.7 7.3 

508.5 6.92 38.3 66.6 78.1 77.5 65.0 45.8 43.6 56.5 56.6 55.8 54.0 41.0 22.2 13.9 10.4 8.6 7.2 

509.0 6.82 38.0 66.1 77.4 76.8 64.4 45.4 43.3 56.0 55.9 55.3 53.5 40.6 22.0 13.8 10.3 8.6 7.2 

509.5 6.72 37.6 65.6 76.8 76.1 63.9 45.0 42.9 55.5 55.4 54.8 53.0 40.2 21.9 13.7 10.2 8.5 7.1 

510.0 6.62 37.3 65.1 76.1 75.4 63.3 44.6 42.5 55.1 54.8 54.3 52.5 39.9 21.7 13.5 10.1 8.5 7.1 

510.5 6.53 36.9 64.5 75.3 74.7 62.7 44.1 42.0 54.6 54.4 53.8 52.1 39.5 21.6 13.4 10.0 8.4 7.0 

511.0 6.44 36.6 63.9 74.6 74.0 62.1 43.7 41.5 54.1 54.0 53.3 51.6 39.2 21.4 13.3 9.9 8.4 7.0 

511.5 6.37 36.2 63.3 73.8 73.1 61.5 43.2 40.9 53.6 53.6 52.8 51.1 38.9 21.2 13.1 9.8 8.3 6.9 

512.0 6.31 35.9 62.7 73.0 72.2 60.8 42.7 40.4 53.0 53.2 52.2 50.6 38.6 21.0 13.0 9.7 8.2 6.8 

512.5 6.25 35.6 62.0 72.3 71.4 60.2 42.2 39.9 52.5 52.8 51.7 50.2 38.2 20.8 12.8 9.6 8.1 6.8 

513.0 6.20 35.2 61.3 71.5 70.6 59.5 41.7 39.4 51.9 52.3 51.1 49.7 37.9 20.6 12.7 9.4 8.0 6.7 

513.5 6.12 34.9 60.6 70.8 69.8 58.9 41.2 39.0 51.3 51.7 50.7 49.2 37.5 20.4 12.6 9.3 7.9 6.6 

514.0 6.04 34.5 59.9 70.1 69.0 58.2 40.7 38.6 50.8 51.1 50.3 48.8 37.2 20.2 12.5 9.2 7.8 6.5 

514.5 5.96 34.2 59.2 69.3 68.3 57.5 40.3 38.3 50.2 50.4 49.8 48.4 36.8 20.1 12.4 9.1 7.8 6.5 

515.0 5.87 33.9 58.5 68.5 67.6 56.8 39.9 38.0 49.7 49.9 49.3 47.9 36.4 19.9 12.2 9.0 7.7 6.4 

515.5 5.78 33.5 57.8 67.7 67.0 56.1 39.4 37.6 49.1 49.3 48.9 47.4 36.1 19.7 12.0 8.9 7.7 6.3 

516.0 5.70 33.1 57.2 66.9 66.2 55.4 39.0 37.2 48.6 48.7 48.4 46.9 35.6 19.5 11.9 8.9 7.6 6.2 

516.5 5.62 32.7 56.5 66.1 65.5 54.6 38.5 36.7 48.1 48.2 47.8 46.4 35.2 19.3 11.7 8.8 7.5 6.2 

517.0 5.56 32.3 55.8 65.3 64.7 53.9 38.0 36.2 47.6 47.8 47.2 45.9 34.7 19.1 11.6 8.8 7.4 6.1 

517.5 5.47 31.9 55.0 64.6 63.8 53.2 37.5 35.8 47.0 47.3 46.6 45.3 34.3 18.8 11.4 8.7 7.3 6.1 

518.0 5.37 31.4 54.3 63.8 62.9 52.5 37.0 35.3 46.5 46.8 46.0 44.7 33.9 18.6 11.3 8.6 7.2 6.0 

518.5 5.28 31.0 53.6 63.0 62.0 51.8 36.5 34.8 45.9 46.2 45.3 44.1 33.6 18.4 11.2 8.5 7.1 6.0 

519.0 5.18 30.6 52.9 62.2 61.1 51.1 36.0 34.4 45.3 45.6 44.7 43.6 33.2 18.1 11.1 8.4 7.0 5.9 

519.5 5.10 30.2 52.2 61.4 60.2 50.4 35.6 34.0 44.7 45.0 44.1 43.0 32.9 17.9 11.0 8.2 7.0 5.9 

520.0 5.03 29.8 51.5 60.5 59.4 49.8 35.2 33.6 44.1 44.3 43.6 42.5 32.5 17.6 10.9 8.1 6.9 5.8 

520.5 4.97 29.4 50.8 59.6 58.7 49.2 34.7 33.2 43.5 43.7 43.2 42.0 32.1 17.4 10.8 8.0 6.8 5.7 

521.0 4.91 29.1 50.1 58.7 57.9 48.6 34.2 32.8 42.9 43.1 42.7 41.5 31.7 17.2 10.7 7.9 6.8 5.7 

521.5 4.85 28.7 49.4 57.7 57.1 47.9 33.7 32.3 42.3 42.6 42.2 41.0 31.2 17.0 10.5 7.8 6.7 5.6 

522.0 4.78 28.2 48.6 56.8 56.3 47.2 33.2 31.8 41.8 42.0 41.7 40.5 30.7 16.9 10.4 7.7 6.6 5.6 

522.5 4.71 27.8 47.8 55.9 55.4 46.6 32.7 31.3 41.2 41.4 41.2 39.9 30.3 16.7 10.3 7.6 6.5 5.5 

523.0 4.63 27.4 47.0 55.0 54.5 45.9 32.1 30.7 40.6 40.9 40.5 39.4 29.8 16.5 10.2 7.5 6.4 5.4 

523.5 4.57 27.0 46.2 54.2 53.6 45.1 31.6 30.2 39.9 40.3 39.9 38.8 29.4 16.3 10.1 7.4 6.3 5.4 



 

lxxix 

 

524.0 4.51 26.7 45.5 53.3 52.8 44.4 31.1 29.8 39.3 39.7 39.3 38.2 29.0 16.1 9.9 7.3 6.2 5.3 

524.5 4.45 26.3 44.9 52.6 52.1 43.6 30.5 29.3 38.7 39.1 38.7 37.7 28.6 15.8 9.8 7.2 6.2 5.2 

525.0 4.40 26.0 44.3 51.8 51.3 42.9 30.0 28.8 38.1 38.5 38.0 37.1 28.2 15.6 9.7 7.1 6.1 5.1 

525.5 4.33 25.7 43.6 51.1 50.5 42.2 29.5 28.4 37.6 38.0 37.4 36.5 27.8 15.4 9.6 7.0 6.0 5.0 

526.0 4.25 25.3 42.9 50.3 49.6 41.5 29.0 28.0 37.0 37.4 36.8 36.0 27.3 15.2 9.4 7.0 6.0 5.0 

526.5 4.17 24.9 42.2 49.5 48.7 40.8 28.5 27.6 36.5 36.8 36.2 35.4 26.9 14.9 9.3 6.9 5.9 4.9 

527.0 4.08 24.5 41.5 48.6 47.8 40.2 28.0 27.2 36.0 36.2 35.6 34.9 26.5 14.8 9.2 6.8 5.8 4.8 

527.5 4.01 24.1 40.7 47.7 46.8 39.5 27.6 26.8 35.4 35.7 35.0 34.3 26.1 14.6 9.0 6.7 5.7 4.8 

528.0 3.94 23.6 40.0 46.7 45.9 38.8 27.2 26.3 34.8 35.1 34.5 33.8 25.6 14.4 8.9 6.7 5.6 4.7 

528.5 3.88 23.2 39.2 45.9 45.1 38.1 26.8 25.9 34.3 34.5 33.9 33.2 25.2 14.1 8.7 6.6 5.6 4.7 

529.0 3.82 22.8 38.5 45.0 44.4 37.4 26.3 25.4 33.7 33.9 33.4 32.7 24.8 13.9 8.6 6.5 5.5 4.6 

529.5 3.76 22.5 37.8 44.2 43.7 36.7 25.9 24.9 33.1 33.3 32.9 32.1 24.5 13.6 8.5 6.5 5.5 4.6 

530.0 3.71 22.1 37.1 43.4 42.9 35.9 25.4 24.4 32.4 32.8 32.3 31.5 24.0 13.4 8.4 6.4 5.4 4.5 

530.5 3.65 21.8 36.5 42.7 42.2 35.2 24.9 23.9 31.8 32.2 31.8 30.9 23.7 13.2 8.3 6.3 5.3 4.5 

531.0 3.58 21.4 35.8 41.9 41.5 34.5 24.4 23.5 31.2 31.7 31.3 30.3 23.3 13.0 8.2 6.2 5.3 4.5 

531.5 3.52 21.1 35.2 41.2 40.7 33.8 23.9 23.1 30.6 31.2 30.7 29.7 22.9 12.8 8.1 6.1 5.2 4.4 

532.0 3.46 20.7 34.5 40.5 39.9 33.2 23.4 22.7 30.0 30.6 30.1 29.2 22.5 12.5 7.9 6.0 5.1 4.3 

532.5 3.40 20.4 33.9 39.7 39.1 32.7 22.9 22.3 29.5 30.0 29.6 28.7 22.1 12.3 7.8 5.9 5.0 4.2 

533.0 3.33 20.1 33.3 39.0 38.4 32.2 22.5 21.9 28.9 29.4 29.0 28.2 21.7 12.1 7.7 5.8 4.9 4.2 

533.5 3.24 19.7 32.7 38.3 37.7 31.7 22.1 21.6 28.4 28.8 28.4 27.7 21.2 11.9 7.6 5.7 4.8 4.1 

534.0 3.17 19.4 32.0 37.6 36.9 31.1 21.7 21.2 27.9 28.2 27.9 27.2 20.8 11.6 7.4 5.7 4.7 4.0 

534.5 3.10 19.0 31.4 36.8 36.2 30.6 21.4 20.7 27.4 27.6 27.4 26.7 20.4 11.4 7.3 5.6 4.7 3.9 

535.0 3.04 18.6 30.8 36.1 35.5 30.0 21.0 20.3 26.9 27.0 26.9 26.2 20.0 11.2 7.2 5.5 4.6 3.9 

535.5 2.99 18.3 30.2 35.3 34.7 29.5 20.7 20.0 26.4 26.5 26.4 25.7 19.7 11.0 7.0 5.4 4.6 3.8 

536.0 2.96 17.9 29.5 34.6 34.0 28.9 20.3 19.6 25.9 26.0 26.0 25.2 19.4 10.8 6.9 5.3 4.5 3.8 

536.5 2.93 17.5 28.9 33.9 33.4 28.3 20.0 19.3 25.4 25.5 25.6 24.7 19.1 10.6 6.8 5.2 4.5 3.8 

537.0 2.91 17.2 28.3 33.2 32.7 27.7 19.7 19.0 25.0 25.1 25.1 24.2 18.8 10.4 6.7 5.1 4.4 3.7 

537.5 2.87 16.9 27.7 32.5 32.1 27.1 19.3 18.7 24.6 24.7 24.7 23.8 18.5 10.2 6.6 5.1 4.4 3.7 

538.0 2.83 16.6 27.2 31.9 31.5 26.5 19.0 18.4 24.1 24.4 24.2 23.3 18.2 10.0 6.5 5.0 4.3 3.6 

538.5 2.78 16.3 26.7 31.3 31.0 26.0 18.6 18.1 23.7 24.0 23.8 22.9 17.9 9.9 6.4 5.0 4.3 3.5 

539.0 2.74 16.0 26.2 30.7 30.4 25.4 18.3 17.8 23.3 23.6 23.4 22.5 17.6 9.8 6.3 4.9 4.2 3.5 

539.5 2.68 15.7 25.7 30.1 29.8 24.9 17.9 17.5 22.9 23.2 23.0 22.1 17.3 9.6 6.1 4.9 4.1 3.4 
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540.0 2.62 15.3 25.2 29.6 29.3 24.4 17.6 17.2 22.5 22.8 22.6 21.7 17.0 9.5 6.0 4.8 4.0 3.4 

540.5 2.56 15.0 24.7 29.0 28.7 23.9 17.3 16.9 22.1 22.3 22.2 21.3 16.7 9.4 5.9 4.7 4.0 3.4 

541.0 2.50 14.6 24.2 28.4 28.1 23.5 17.0 16.5 21.7 21.8 21.8 20.9 16.4 9.2 5.9 4.6 3.9 3.3 

541.5 2.44 14.4 23.7 27.9 27.5 23.0 16.6 16.2 21.3 21.4 21.4 20.5 16.1 9.0 5.8 4.5 3.8 3.3 

542.0 2.41 14.1 23.2 27.3 26.9 22.6 16.3 15.9 20.9 21.0 21.0 20.2 15.8 8.9 5.7 4.4 3.8 3.3 

542.5 2.38 13.9 22.8 26.7 26.3 22.1 16.0 15.6 20.5 20.6 20.6 19.9 15.5 8.7 5.7 4.4 3.7 3.2 

543.0 2.37 13.7 22.3 26.1 25.8 21.7 15.7 15.3 20.1 20.2 20.2 19.6 15.2 8.5 5.6 4.3 3.7 3.2 

543.5 2.35 13.5 21.9 25.6 25.3 21.2 15.3 15.0 19.7 19.9 19.9 19.3 14.9 8.4 5.5 4.2 3.7 3.1 

544.0 2.33 13.2 21.4 25.1 24.8 20.8 15.0 14.7 19.4 19.5 19.6 19.0 14.6 8.2 5.5 4.2 3.6 3.1 

544.5 2.30 13.0 21.0 24.6 24.4 20.4 14.7 14.5 19.1 19.2 19.2 18.7 14.3 8.1 5.4 4.1 3.6 3.0 

545.0 2.26 12.7 20.6 24.2 23.9 20.0 14.4 14.2 18.7 18.9 18.9 18.4 14.0 8.0 5.3 4.1 3.5 3.0 

545.5 2.20 12.4 20.2 23.8 23.5 19.8 14.1 13.9 18.4 18.6 18.5 18.0 13.8 7.8 5.2 4.0 3.5 3.0 

546.0 2.16 12.1 19.9 23.3 23.1 19.5 13.9 13.7 18.1 18.2 18.2 17.7 13.6 7.7 5.1 3.9 3.4 2.9 

546.5 2.11 11.9 19.5 22.9 22.6 19.2 13.7 13.4 17.8 17.9 17.8 17.3 13.3 7.5 5.1 3.9 3.4 2.9 

547.0 2.07 11.6 19.2 22.5 22.1 19.0 13.4 13.2 17.6 17.5 17.4 17.0 13.1 7.4 5.0 3.9 3.3 2.8 

547.5 2.03 11.5 18.9 22.1 21.6 18.6 13.1 13.0 17.3 17.2 17.1 16.6 12.9 7.3 4.9 3.8 3.3 2.8 

548.0 1.99 11.3 18.6 21.6 21.2 18.3 12.9 12.7 17.0 16.9 16.8 16.3 12.7 7.2 4.9 3.8 3.3 2.7 

548.5 1.95 11.1 18.3 21.2 20.8 17.9 12.7 12.5 16.7 16.6 16.5 16.1 12.4 7.1 4.7 3.7 3.2 2.7 

549.0 1.91 10.9 17.8 20.7 20.6 17.6 12.5 12.2 16.3 16.3 16.2 15.8 12.2 7.1 4.6 3.7 3.2 2.7 

549.5 1.86 10.6 17.3 20.4 20.5 17.2 12.3 12.0 15.8 16.0 15.9 15.6 11.9 7.1 4.4 3.6 3.1 2.8 

550.0 1.81 10.2 16.7 20.1 20.5 16.8 12.2 11.7 15.3 15.6 15.5 15.3 11.6 7.1 4.2 3.5 3.0 2.9 

550.5 1.77 9.8 16.0 19.9 20.7 16.5 12.2 11.5 14.7 15.3 15.2 15.1 11.3 7.1 4.0 3.4 2.9 3.0 
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3.10. Micropolarity (I1/I3) values of pyrene with variation of [Surf] at different NaAlg 

concentration at 298.15 K 

0.001% w/v 

NaAlg 

0.005% w/v 

NaAlg 

0.01% w/v 

NaAlg 

0.001% w/v 

NaAlg 

0.005% w/v 

NaAlg 

0.01% w/v 

NaAlg 

[C16MImCl]

/ mM I1/I3 

[C16MImCl]/ 

mM I1/I3 

[C16MImCl]

/ mM I1/I3 

[C16TPB]/ 

mM I1/I3 

[C16TPB]/ 

mM I1/I3 

[C16TPB]/ 

mM I1/I3 

0 1.33 0 1.34 0 1.35 0 1.35 0 1.34 0 1.32 

0.02 1.18 0.01 1.19 0.01 1.12 0.004 1.27 0.005 1.27 0.004 1.29 

0.03 1.18 0.02 1.14 0.03 1.03 0.008 1.28 0.011 1.20 0.009 1.26 

0.05 1.14 0.04 1.08 0.04 0.99 0.013 1.26 0.017 1.16 0.018 1.23 

0.06 1.15 0.06 1.04 0.06 0.97 0.019 1.24 0.024 1.12 0.031 1.20 

0.08 1.12 0.07 1.02 0.08 0.95 0.025 1.19 0.033 1.09 0.049 1.17 

0.10 1.12 0.10 0.98 0.10 0.96 0.032 1.18 0.045 1.06 0.111 1.16 

0.13 1.12 0.12 0.98 0.12 0.95 0.038 1.16 0.060 1.04 0.162 1.15 

0.16 1.13 0.15 0.97 0.15 0.96 0.045 1.15 0.078 1.02 0.229 1.15 

0.19 1.13 0.18 0.97 0.20 0.95 0.052 1.14 0.098 1.00 0.318 1.15 

0.23 1.12 0.21 0.98 0.26 0.95 0.06 1.13 0.122 1.00 0.418 1.16 

0.28 1.11 0.25 0.98 0.41 0.95 0.071 1.13 0.148 0.99 0.528 1.16 

0.34 1.12 0.37 0.99 0.53 0.95 0.079 1.13 0.177 0.99 0.653 1.16 

0.40 1.10 0.41 0.99 0.70 0.95 0.089 1.13 0.211 0.98 0.783 1.16 

0.48 1.10 0.53 0.99 0.92 0.95 0.104 1.12 0.250 1.00     

0.57 1.10 0.58 0.99 1.25 0.95 0.118 1.12 0.295 1.00     

0.69 1.11 0.94 0.90 1.66 0.95 0.148 1.11 0.345 1.01     

0.80 1.06 1.16 0.92 2.14 0.96 0.164 1.11 0.399 1.00     

0.91 1.06 1.71 0.95 2.58 0.97 0.181 1.10         

1.02 1.04 2.08 0.96 3.00 0.97 0.198 1.10         

1.13 1.04 3.14 0.99 3.39 0.97 0.215 1.08         

1.23 1.03 4.66 0.99 3.76 0.97 0.261 1.08         

1.44 1.04 5.48 0.99 4.11 0.97 0.294 1.07         

1.74 1.04     4.75 0.96 0.335 1.06         

2.12 1.03         0.383 1.04         

2.57 1.02         0.446 1.04         

3.18 1.03         0.521 1.03         

3.92 1.02         0.594 1.03         

4.57 1.02                     
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3.11. Micropolarity (I1/I3) values of pyrene with variation of [Surf] in aqueous medium at 

298.15 K 

[C16MImCl]/ mM IE/Im [C16TPB]/ mM IE/Im 

0 0.115 0 0.095 

0.012 0.531 0.004 0.215 

0.024 0.919 0.007 0.305 

0.036 1.036 0.015 0.427 

0.060 0.961 0.025 0.493 

0.096 0.740 0.040 0.474 

0.144 0.554 0.058 0.438 

0.203 0.449 0.093 0.364 

0.291 0.452 0.162 0.296 

0.406 0.452 0.261 0.288 

0.576 0.451 0.387 0.262 

0.824 0.440     

1.141 0.305     

1.640 0.150     

2.325 0.097     

3.136 0.073     

3.851 0.063     

5.052 0.055     
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3.12. Average lifetime (<τ>) of Pyrene in presence and absence of C16MImCl and C16TPB 

(variation of surfactant concentrations) in 0.005% w/v NaAlg solution at 298.15 K.  

0.005% w/v NaAlg 

[C16MImCl] / mM <τ> [C16TPB] / mM <τ> 

0 122.3 0 124.7 

0.01 112.3 0.0048 118.6 

0.04 109.8 0.0168 102.3 

0.07 101.8 0.0317 84.4 

0.12 129.6 0.0585 69.7 

0.21 151.3 0.0968 57.5 

0.32 147.1 0.1463 46.7 

0.47 140.8 0.2320 43.1 

0.67 140.6 0.3378 41.7 

0.94 135.5 0.4458 36.5 

1.31 151.5 0.5559 35.8 

1.76 167.4 0.6949 34.7 

2.94 165.4 0.8522 31.5 

3.69 166.7 1.0249 34.8 

4.51 166.2 1.2207 30.0 

5.35 167.7 1.4248 30.5 

 

3.13. Average hydrodynamic radius (r) of Pyrene in presence and absence of C16MImCl 

and C16TPB (variation of surfactant concentrations) in 0.005% w/v NaAlg solution at 

298.15 K. 

 

 

 

 

 

[C16MImCl] / 
mM 

Hydrodynamic radius (r) in nm unit in 

presence of 0.01% w/v of NaAlg 

< 500 nm 500-1000 nm >500 nm 

0 265.6  - -  

0.030 110.1  -  - 

0.089 110.1  - -  

0.178 95.07  -  - 

0.294 127.5  - -  

0.436 -- 694 -- 

0.645 -- -- 1931 

0.980 -- 927 2780 

1.423 127.5 742 2780 

2.010 -- 641 2780 

2.548 -- 553 2780 

3.322 -- 742 2780 

4.164 82.09 742 2780 

4.892 138 995 2780 

6.090 -- -- 1545 

    

0.01% w/v NaAlg 

[C16TPB] / mM r / nm 

0 229 

0.018 127.5 

0.054 110 

0.098 110 

0.184 110 

0.347 110 

0.569 95.07 

0.891 95.07 

1.265 110 

1.608 110 

1.949 118.7 

2.335 110 

2.702 95.1 
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3.14. Calorimetric data of [C16MImCl] at different  concentration of NaAlg at 298.15 K. 

 

 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16MImCl]/ mM 
ΔH0

obs 
kJ.mol-1 [C16MImCl]/ mM 

ΔH0
obs 

kJ.mol-1 [C16MImCl]/ mM 
ΔH0

obs 
kJ.mol-1 

0 -- 0 -- 0 -- 

0.211 4.152 0.038 4.195 0.040 4.196 

0.378 3.307 0.188 3.851 0.199 3.523 

0.543 1.948 0.337 3.292 0.357 2.646 

0.707 1.387 0.484 2.687 0.513 1.745 

0.869 1.135 0.629 1.880 0.667 1.295 

1.030 0.967 0.774 1.351 0.820 1.170 

1.188 0.858 0.916 1.064 0.971 1.129 

1.345 0.769 1.058 0.909 1.121 0.986 

1.501 0.702 1.197 0.778 1.269 0.928 

1.654 0.616 1.336 0.698 1.416 0.759 

1.806 0.582 1.473 0.633 1.561 0.755 

1.957 0.542 1.608 0.604 1.705 0.644 

2.106 0.504 1.742 0.570 1.847 0.618 

2.253 0.436 1.874 0.551 1.987 0.579 

2.398 0.441 2.005 0.493 2.126 0.487 

2.542 0.458 2.135 0.446 2.263 0.510 

2.684 0.377 2.263 0.409 2.399 0.505 

2.824 0.364 2.389 0.392 2.533 0.505 

    2.514 0.339 2.665 0.453 

    2.638 -- 2.796 -- 
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3.15. Calorimetric data of [C16TPB] at different concentration of NaAlg at 298.15 K. 

0.001% w/v NaAlg 0.005% w/v NaAlg 0.01% w/v NaAlg 

[C16TPB]/ mM ΔH0
obs [C16TPB]/ mM ΔH0

obs [C16TPB]/ mM ΔH0
obs 

0.000   0.000   0.000   

0.008 3.144 0.008 1.546 0.008 1.266 

0.041 3.375 0.038 1.700 0.039 1.513 

0.073 2.311 0.069 1.595 0.070 0.883 

0.105 1.207 0.099 1.610 0.101 0.138 

0.136 0.335 0.128 1.352 0.131 -0.418 

0.167 0.259 0.158 1.342 0.161 -0.652 

0.198 0.171 0.187 1.257 0.191 -0.656 

0.229 0.045 0.216 1.245 0.221 -0.660 

0.259 -0.168 0.244 1.079 0.250 -0.913 

0.289 -0.349 0.273 1.014 0.279 -0.897 

0.319 -0.523 0.301 0.834 0.307 -1.032 

0.348 -0.647 0.328 0.834 0.336 -0.946 

0.377 -0.347 0.356 1.043 0.363 -1.052 

0.406 -0.456 0.383 0.912 0.391 -1.056 

0.434 -0.607 0.409 0.786 0.418 -1.124 

0.462 -0.657 0.436 0.789 0.445 -1.125 

0.490 -0.601 0.462 0.811 0.472 -1.100 

0.517 -0.711 0.488 0.756 0.499 -1.119 

0.544 -0.660 0.513 0.751 0.525 -1.137 

0.571 -0.685 0.538 0.657 0.550 -1.026 
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3.16. Quenching of pyrene by [CPC] at aqueous micellar solution (both C16MImCl and 

C16TPB) in presence and absence of NaAlg (0.001, 0.005 and 0.01 % w/v) at 298.15 K. 

Quenching of pyrene by CPC in presence of aqueous micellar  and micellar solution in presence of NaAlg 

C16MImCl in water C16MImCl in 0.001% w/v 
NaAlg 

C16MImCl in 0.005% w/v 
NaAlg 

C16MImCl in 0.01% w/v 
NaAlg 

[CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.008 0.006 0.001 0.011 0.001 0.012 0.008 0.004 

0.014 0.064 0.004 0.032 0.004 0.030 0.014 0.035 

0.020 0.102 0.008 0.053 0.008 0.052 0.020 0.085 

0.027 0.135 0.014 0.092 0.014 0.087 0.027 0.126 

0.034 0.195 0.020 0.141 0.020 0.149 0.034 0.170 

    0.027 0.171 0.027 0.173     

    0.034 0.205 0.034 0.219     

C16TPB in water 
C16TPB in 0.001% w/v 

NaAlg 
C16TPB in 0.005% w/v 

NaAlg 
C16TPB in 0.01% w/v 

NaAlg 

[CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) [CPC]/ mM ln(I0/I) 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.034 0.001 0.027 0.016 0.008 0.077 0.008 0.047 

0.040 0.011 0.034 0.015 0.027 0.106 0.027 0.077 

0.053 0.037 0.053 0.015 0.034 0.082 0.034 0.096 

0.066 0.054 0.072 0.056 0.053 0.106 0.053 0.109 

0.078 0.079 0.091 0.091 0.072 0.124 0.072 0.131 

    0.109 0.106 0.091 0.143 0.091 0.205 

        0.109 0.162 0.109 0.179 

 

 

3.17. Specific viscosities of  NaAlg with variation of its concentration in 0.1 M NaCl 

solution at 298.15 K 

[NaAlg] / 

gm.mol-1 

specific viscosity 

(cm3/g) 

0.010 606 

0.009 562 

0.008 533 

0.007 509 

0.007 480 

0.006 431 

0.004 396 
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3.18. Hydrodynamic radius data vs. Mean Intensity in conjugation with NaAlg with 

C16MImCl. Different concentrations of C16MImCl have been used.  

Hydrodynamic radius of NaAlg ([NaAlg] = 0.01% w/v) in pure state and in presence of different [C16MImCl] in mM 

r/nm 
Pure NaAlg 

[C16MImCl] = 0.09 
mM 

[C16MImCl] = 0.30 
mM 

[C16MImCl] = 1.42 
mM 

[C16MImCl] = 3.32 
mM 

Mean 
Intensity % 

Mean Intensity % Mean Intensity % Mean Intensity % Mean Intensity % 

0.20 0.0 0.0 0.0 0.0 0.0 

0.23 0.0 0.0 0.0 0.0 0.0 

0.27 0.0 0.0 0.0 0.0 0.0 

0.31 0.0 0.0 0.0 0.0 0.0 

0.36 0.0 0.0 0.0 0.0 0.0 

0.42 0.0 0.0 0.0 0.0 0.0 

0.48 0.0 0.0 0.0 0.0 0.0 

0.56 0.0 0.0 0.0 0.0 0.0 

0.65 0.0 0.0 0.0 0.0 0.0 

0.75 0.0 0.0 0.0 0.0 0.0 

0.87 0.0 0.0 0.0 0.0 0.0 

1.01 0.0 0.0 0.0 0.0 0.0 

1.16 0.0 0.0 0.0 0.0 0.0 

1.35 0.0 0.0 0.0 0.0 0.0 

1.56 0.0 0.0 0.0 0.0 0.0 

1.81 0.0 0.0 0.0 0.0 0.0 

2.09 0.0 0.0 0.0 0.0 0.0 

2.42 0.0 0.0 0.0 0.0 0.0 

2.81 0.0 0.0 0.0 0.0 0.0 

3.25 0.0 0.0 0.0 0.0 0.0 

3.77 0.0 0.0 0.0 0.0 0.0 

4.36 0.0 0.0 0.0 0.0 0.0 

5.05 0.0 0.0 0.0 0.0 0.0 

5.85 0.0 0.0 0.0 0.0 0.0 

6.77 0.0 0.0 0.0 0.0 0.0 

7.84 0.0 0.0 0.0 0.0 0.0 

9.08 0.0 0.0 0.0 0.0 0.0 

10.52 0.0 0.0 0.0 0.0 0.0 

12.18 0.0 0.0 0.0 0.0 0.0 

14.11 0.0 0.1 0.0 0.0 0.0 

16.34 0.0 0.3 0.0 0.0 0.0 

18.92 0.0 0.3 0.0 0.0 0.0 

21.91 0.0 0.3 0.5 0.0 0.0 

25.37 0.0 0.2 1.2 0.0 0.0 

29.39 0.0 0.3 1.7 0.0 0.0 

34.03 0.0 0.8 2.1 0.0 0.0 

39.41 0.0 1.7 2.3 0.0 0.0 

45.64 0.0 3.1 2.7 0.0 0.0 
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52.85 0.0 4.9 3.5 0.0 0.0 

61.21 0.7 6.8 4.8 0.0 0.0 

70.89 1.8 8.5 6.5 0.0 0.0 

82.09 2.9 9.9 8.3 0.2 0.0 

95.07 3.8 10.7 10.0 0.7 0.0 

110.10 4.6 10.8 11.0 1.2 0.0 

127.50 5.6 10.3 11.3 1.5 0.0 

147.70 7.2 9.2 10.6 1.4 0.0 

171.00 9.3 7.6 9.0 1.0 0.0 

198.00 11.5 5.9 6.9 0.4 0.0 

229.30 13.1 4.1 4.5 0.0 0.0 

265.60 13.4 2.5 2.4 0.0 0.0 

307.60 11.8 1.3 0.8 0.3 0.0 

356.20 8.5 0.5 0.1 1.4 2.0 

412.50 4.6 0.1 0.0 3.6 6.1 

477.70 1.3 0.0 0.0 6.3 10.8 

553.20 0.0 0.0 0.0 9.0 14.5 

640.70 0.0 0.0 0.0 11.0 15.6 

741.90 0.0 0.0 0.0 11.7 13.9 

859.20 0.0 0.0 0.0 10.8 10.0 

995.10 0.0 0.0 0.0 8.5 5.3 

1152.00 0.0 0.0 0.0 5.4 1.7 

1335.00 0.0 0.0 0.0 2.5 0.0 

1545.00 0.0 0.0 0.0 0.8 0.0 

1790.00 0.0 0.0 0.0 0.9 0.0 

2073.00 0.0 0.0 0.0 3.1 1.5 

2400.00 0.0 0.0 0.0 6.9 6.0 

2780.00 0.0 0.0 0.0 11.3 12.8 

3219.00 0.0 0.0 0.0 0.0 0.0 

3728.00 0.0 0.0 0.0 0.0 0.0 

4317.00 0.0 0.0 0.0 0.0 0.0 

5000.00 0.0 0.0 0.0 0.0 0.0 

Hydrodynamic radius of NaAlg ([NaAlg] = 0.01% w/v) in pure state and in presence of different [C16TPB] in mM 

r.nm 

[C16TPB] = 0.05 
mM 

[C16TPB] = 
0.18mM 

[C16TPB] = 0.89 
mM 

[C16TPB] = 1.95 
mM 

[C16TPB] = 2.33 
mM 

Mean Intensity % Mean Intensity % Mean Intensity % Mean Intensity % Mean Intensity % 

0.20 0.0 0.0 0.0 0.0 0.0 

0.23 0.0 0.0 0.0 0.0 0.0 

0.27 0.0 0.0 0.0 0.0 0.0 

0.31 0.0 0.0 0.0 0.0 0.0 

0.36 0.0 0.0 0.0 0.0 0.0 

0.42 0.0 0.0 0.0 0.0 0.0 

0.48 0.0 0.0 0.0 0.0 0.0 

0.56 0.0 0.0 0.0 0.0 0.0 

0.65 0.0 0.0 0.0 0.0 0.0 
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0.75 0.0 0.0 0.0 0.0 0.0 

0.87 0.0 0.0 0.0 0.0 0.0 

1.01 0.0 0.0 0.0 0.0 0.0 

1.16 0.0 0.0 0.0 0.0 0.0 

1.35 0.0 0.0 0.0 0.0 0.0 

1.56 0.0 0.0 0.0 0.0 0.0 

1.81 0.0 0.0 0.0 0.0 0.0 

2.09 0.0 0.0 0.0 0.0 0.0 

2.42 0.0 0.0 0.0 0.0 0.0 

2.81 0.0 0.0 0.0 0.0 0.0 

3.25 0.0 0.0 0.0 0.0 0.0 

3.77 0.0 0.0 0.0 0.0 0.0 

4.36 0.0 0.0 0.0 0.0 0.0 

5.05 0.0 0.0 0.0 0.0 0.0 

5.85 0.0 0.0 0.0 0.0 0.0 

6.77 0.0 0.0 0.0 0.0 0.0 

7.84 0.0 0.0 0.0 0.0 0.0 

9.08 0.0 0.0 0.0 0.0 0.0 

10.52 0.0 0.0 0.0 0.0 0.0 

12.18 0.0 0.0 0.0 0.0 0.0 

14.11 0.0 0.0 0.0 0.0 0.0 

16.34 0.0 0.0 0.0 0.0 0.0 

18.92 0.0 0.0 0.0 0.0 0.0 

21.91 0.0 0.0 0.0 0.0 0.0 

25.37 0.0 0.0 0.0 0.0 0.0 

29.39 0.0 0.0 0.0 0.0 0.0 

34.03 0.0 0.0 0.0 0.1 0.0 

39.41 0.0 0.3 0.7 0.7 0.1 

45.64 0.8 1.6 2.4 1.8 1.1 

52.85 2.5 3.8 5.0 3.4 2.9 

61.21 5.0 6.5 7.9 5.4 5.3 

70.89 7.7 9.3 10.4 7.6 7.9 

82.09 10.2 11.5 12.0 9.7 10.2 

95.07 11.9 12.8 12.7 11.3 11.9 

110.1 12.6 13.0 12.3 12.2 12.7 

127.5 12.3 12.1 11.0 12.2 12.5 

147.7 11.1 10.3 9.1 11.3 11.3 

171.0 9.3 8.0 6.8 9.4 9.4 

198.0 7.1 5.5 4.5 7.1 7.0 

229.3 4.8 3.3 2.6 4.6 4.5 

265.6 2.8 1.6 1.1 2.3 2.3 

307.6 1.4 0.5 0.3 0.8 0.8 

356.2 0.4 0.0 0.0 0.0 0.1 

412.5 0.0 0.0 0.0 0.0 0.0 
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477.7 0.0 0.0 0.0 0.0 0.0 

553.2 0.0 0.0 0.0 0.0 0.0 

640.7 0.0 0.0 0.0 0.0 0.0 

741.9 0.0 0.0 0.0 0.0 0.0 

859.2 0.0 0.0 0.0 0.0 0.0 

995.1 0.0 0.0 0.0 0.0 0.0 

1152 0.0 0.0 0.0 0.0 0.0 

1335 0.0 0.0 0.0 0.0 0.0 

1545 0.0 0.0 0.0 0.0 0.0 

1790 0.0 0.0 0.1 0.0 0.0 

2073 0.0 0.0 0.2 0.0 0.0 

2400 0.0 0.0 0.3 0.0 0.0 

2780 0.0 0.0 0.5 0.0 0.0 

3219 0.0 0.0 0.0 0.0 0.0 

3728 0.0 0.0 0.0 0.0 0.0 

4317 0.0 0.0 0.0 0.0 0.0 

5000 0.0 0.0 0.0 0.0 0.0 

 

Chapter –IV 

4.1. Tensiometry data for SDS, DTAB, C16MImCl, 16-4-16 and Tween-60 in aqueous 

medium at 298.15 K 

Surface tension in aqueous solution 

[SDS]/ 
mM 

γ / mN.m-1 
[DTAB]/ 

mM 
γ / mN.m-1 

[C16MImCl]/ 
mM 

γ / mN.m-1 
[16-4-16]/ 

mM 
γ / mN.m-1 

[Tween-
60]/ mM 

γ / mN.m-1 

0.00 72.8 0.00 70.1 0.00 70.6 0.000 69.8 0.000 70.6 

0.05 68.0 0.43 63.4 0.01 67.6 0.005 63.4 0.009 48.4 

0.09 67.2 1.07 61.4 0.02 66.6 0.008 57.8 0.017 47.0 

0.16 62.8 2.13 58.0 0.03 65.9 0.015 51.6 0.024 45.0 

0.26 58.2 3.82 53.0 0.06 63.4 0.025 48.2 0.035 43.1 

0.38 54.8 6.30 46.4 0.11 61.4 0.040 47.5 0.060 42.4 

0.52 52.8 10.33 41.4 0.17 58.2 0.064 48.0 0.103 40.9 

0.68 48.8 14.22 38.9 0.28 54.7 0.103 47.6 0.189 40.2 

0.86 46.8 18.01 40.1 0.45 49.4 0.152 46.7 0.358 39.5 

1.09 45.2 21.68 40.1 0.67 44.6 0.248 46.4 0.608 39.2 

1.54 37.8     0.93 42.7 0.391 45.8 1.013 38.9 

2.21 36.0     1.31 41.9         

3.28 32.4     1.80 42.1         

4.82 29.0     2.68 41.6         

6.74 27.0     4.18 41.3         

8.45 30.6     5.41 41.2         

13.24 35.2                 

18.30 36.6                 

23.25 37.2                 
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4.2. Tensiometry data for SDS, DTAB, C16MImCl, 16-4-16 and Tween-60 in 15% EtOH-

water medium at 298.15 K 

Surface tension in 15% v/v EtOH medium  

[SDS]/ 
mM 

γ / mN.m-1 
[DTAB]/ 

mM 
γ / mN.m-1 

[16-4-16]/ 
mM 

γ / mN.m-1 
[C16MImCl]/ 

mM 
γ / mN.m-1 

[Tween-
60]/ mM 

γ / mN.m-1 

0.000 41.0 0.00 41.0 0.000 40.8 0.000 41.4 0.00 41.0 

0.036 41.2 0.07 40.8 0.001 40.7 0.006 40.9 0.01 38.9 

0.107 41.0 0.20 40.7 0.002 40.5 0.019 40.8 0.01 37.5 

0.213 40.2 0.41 40.7 0.004 40.4 0.037 40.5 0.02 36.3 

0.355 39.1 0.74 39.9 0.007 36.5 0.068 39.3 0.03 34.9 

0.531 36.0 1.14 37.9 0.020 35.4 0.172 37.9 0.06 34.3 

0.778 32.9 1.61 37.1 0.032 34.6 0.335 36.9 0.09 34.2 

1.058 29.4 2.27 34.9 0.040 33.9 0.453 36.3 0.14 34.0 

1.406 28.1 3.06 34.6 0.049 33.5 0.599 34.9  
  

1.923 27.9 4.03 32.8 0.070 33 0.769 34.6     

2.436 26.9 5.32 31.4 0.083 32.9 0.964 34.7     

3.112 25.5 6.89 29.5 0.097 32.8 1.206 35.0     

5.087 29.6 10.84 27.6     1.959 35.0     

6.677 32.1 13.18 29.1     2.638 34.9     

8.970 32.9 15.73 30.3             

11.870 33.4 18.47 30.3             

18.419 33.3 23.66 30.0             

27.205 33.5 30.81 29.6             

32.728 32.7 39.33 29.8             

    48.60 29.6             

 

4.3. Tensiometry data for SDS, DTAB, C16MImCl, 16-4-16 and Tween-60 in 15% EtOH-

water medium in presence of H2DTC at 298.15 K 

Surface tension in 15% v/v EtOH medium in presence of H2DTC 

[SDS]/ 
mM 

γ / mN.m-1 
[DTAB]/ 

mM 
γ / mN.m-1 

[16-4-16]/  
mM 

γ / mN.m-1 
[C16MImCl]/ 

mM 
γ / mN.m-1 

[Tween-60]/  
mM 

γ / mN.m-1 

0.000 40.7 0.00 40.4 0.000 40.7 0.000 40.7 0.000 42.1 

0.038 40.9 0.04 41.0 0.001 41.3 0.002 41.8 0.003 40.9 

0.115 40.3 0.12 41.2 0.002 41.5 0.007 41.9 0.009 37.8 

0.231 34.1 0.27 41.1 0.004 38.2 0.016 38.8 0.015 37.4 

0.384 29.7 0.51 39.9 0.006 34.1 0.030 38.5 0.024 36.0 

0.575 26.2 0.82 38.8 0.008 34.0 0.048 38.4 0.036 36.0 

0.841 24.6 1.21 37.8 0.011 32.4 0.070 38.1 0.051 35.8 

1.144 24.4 1.67 36.6 0.014 31.3 0.142 36.6 0.081 36.1 

1.520 24.2 2.21 33.7 0.017 31.5 0.212 35.8 0.140 36.1 

2.079 23.8 2.83 32.4 0.020 32.6 0.234 34.4     

2.634 24.2 3.51 33.5 0.024 33.0 0.278 33.7     

3.364 25.2 4.26 34.0 0.029 33.1 0.329 34.3     



 

xcii 

 

4.264 26.3 6.35 33.1 0.04 34.0 0.364 35.0     

5.500 28.0 8.17 28.2 0.04 34.2 0.469 35.8     

7.219 30.1 9.95 27.0 0.06 34.5 0.552 36.6     

9.698 30.2 12.40 30.1 0.08 34.5 0.654 37.0     

    15.11 30.7 0.12 33.3 0.774 38.1     

    26.41 30.2     1.809 38.6     

    29.30 30.2             

 

4.4. Absorbance data of H2DTC at different SDS concentration at 298.15 K 

absorbance of H2DTC in different wavelength upon addition of different concentration of SDS in mM unit 

Wavelength/ nm [SDS]= 0 mM 0.19 0.67 1.83 4.03 7.78 12.78 22.42 

300.0 0.22 0.22 0.22 0.21 0.19 0.18 0.19 0.19 

300.5 0.22 0.22 0.22 0.21 0.19 0.18 0.19 0.19 

301.0 0.22 0.22 0.22 0.21 0.19 0.18 0.18 0.19 

301.5 0.22 0.22 0.22 0.21 0.19 0.18 0.18 0.19 

302.0 0.21 0.22 0.22 0.20 0.18 0.18 0.18 0.19 

302.5 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

303.0 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

303.5 0.21 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

304.0 0.21 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

304.5 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

305.0 0.21 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

305.5 0.21 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

306.0 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

306.5 0.22 0.22 0.22 0.20 0.18 0.18 0.18 0.19 

307.0 0.22 0.22 0.22 0.20 0.18 0.18 0.18 0.19 

307.5 0.21 0.22 0.22 0.20 0.18 0.18 0.19 0.19 

308.0 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.20 

308.5 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

309.0 0.22 0.22 0.21 0.20 0.18 0.18 0.18 0.19 

309.5 0.22 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

310.0 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

310.5 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

311.0 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

311.5 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

312.0 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

312.5 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

313.0 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

313.5 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

314.0 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

314.5 0.21 0.21 0.21 0.20 0.18 0.18 0.18 0.19 

315.0 0.21 0.21 0.21 0.20 0.18 0.17 0.18 0.19 

315.5 0.21 0.21 0.20 0.20 0.18 0.17 0.18 0.19 

316.0 0.20 0.21 0.20 0.20 0.17 0.18 0.18 0.19 

316.5 0.20 0.21 0.20 0.19 0.17 0.18 0.18 0.19 

317.0 0.20 0.20 0.20 0.19 0.17 0.17 0.17 0.19 

317.5 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.19 

318.0 0.20 0.21 0.20 0.19 0.17 0.17 0.18 0.19 

318.5 0.20 0.21 0.20 0.19 0.17 0.17 0.18 0.18 



 

xciii 

 

319.0 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.19 

319.5 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.19 

320.0 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.19 

320.5 0.20 0.20 0.20 0.19 0.17 0.17 0.17 0.19 

321.0 0.20 0.20 0.20 0.19 0.17 0.17 0.17 0.18 

321.5 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.18 

322.0 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.18 

322.5 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.18 

323.0 0.20 0.20 0.20 0.19 0.17 0.17 0.18 0.18 

323.5 0.20 0.20 0.20 0.19 0.17 0.17 0.17 0.18 

324.0 0.20 0.20 0.20 0.18 0.17 0.17 0.17 0.18 

324.5 0.20 0.20 0.20 0.18 0.16 0.17 0.17 0.18 

325.0 0.20 0.19 0.20 0.18 0.16 0.17 0.17 0.18 

325.5 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

326.0 0.19 0.20 0.19 0.18 0.16 0.17 0.17 0.18 

326.5 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

327.0 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

327.5 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

328.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

328.5 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

329.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

329.5 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

330.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

330.5 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

331.0 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

331.5 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

332.0 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

332.5 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.18 

333.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.18 

333.5 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.19 

334.0 0.19 0.19 0.19 0.18 0.16 0.16 0.17 0.19 

334.5 0.20 0.19 0.19 0.18 0.16 0.16 0.17 0.19 

335.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.19 

335.5 0.19 0.20 0.19 0.18 0.16 0.17 0.17 0.19 

336.0 0.19 0.19 0.19 0.18 0.16 0.17 0.17 0.19 

336.5 0.20 0.20 0.19 0.18 0.16 0.17 0.17 0.19 

337.0 0.20 0.20 0.19 0.18 0.16 0.17 0.17 0.19 

337.5 0.20 0.20 0.19 0.18 0.16 0.17 0.17 0.19 

338.0 0.19 0.20 0.19 0.18 0.17 0.17 0.17 0.19 

338.5 0.19 0.20 0.19 0.18 0.17 0.17 0.18 0.19 

339.0 0.20 0.20 0.19 0.18 0.16 0.17 0.18 0.19 

339.5 0.20 0.20 0.19 0.18 0.17 0.17 0.18 0.19 

340.0 0.20 0.20 0.19 0.18 0.17 0.17 0.18 0.20 

340.5 0.20 0.20 0.20 0.18 0.16 0.17 0.18 0.20 

341.0 0.19 0.19 0.19 0.17 0.16 0.17 0.18 0.20 

341.5 0.18 0.18 0.19 0.17 0.16 0.17 0.18 0.19 

342.0 0.19 0.19 0.18 0.18 0.16 0.17 0.18 0.19 

342.5 0.19 0.19 0.18 0.18 0.16 0.17 0.17 0.19 

343.0 0.19 0.19 0.19 0.18 0.16 0.17 0.18 0.19 

343.5 0.19 0.19 0.19 0.18 0.17 0.16 0.18 0.20 

344.0 0.19 0.19 0.19 0.18 0.17 0.17 0.18 0.20 

344.5 0.18 0.19 0.19 0.18 0.17 0.17 0.18 0.20 

345.0 0.19 0.19 0.19 0.18 0.17 0.17 0.18 0.20 



 

xciv 

 

345.5 0.19 0.19 0.19 0.18 0.17 0.17 0.18 0.20 

346.0 0.19 0.19 0.19 0.18 0.17 0.17 0.18 0.20 

346.5 0.19 0.20 0.19 0.19 0.17 0.17 0.18 0.20 

347.0 0.20 0.20 0.20 0.19 0.17 0.18 0.18 0.21 

347.5 0.20 0.20 0.20 0.19 0.17 0.18 0.18 0.21 

348.0 0.20 0.20 0.19 0.18 0.17 0.18 0.18 0.21 

348.5 0.20 0.20 0.20 0.19 0.18 0.18 0.19 0.21 

349.0 0.20 0.20 0.20 0.19 0.18 0.18 0.19 0.21 

349.5 0.20 0.20 0.20 0.19 0.18 0.18 0.19 0.21 

350.0 0.20 0.20 0.20 0.19 0.17 0.18 0.19 0.21 

350.5 0.20 0.20 0.20 0.19 0.18 0.18 0.19 0.22 

351.0 0.20 0.20 0.20 0.19 0.18 0.18 0.20 0.22 

351.5 0.20 0.20 0.20 0.19 0.18 0.19 0.19 0.22 

352.0 0.20 0.20 0.20 0.19 0.18 0.19 0.19 0.22 

352.5 0.20 0.20 0.20 0.20 0.18 0.19 0.20 0.22 

353.0 0.21 0.21 0.20 0.20 0.18 0.19 0.20 0.22 

353.5 0.21 0.21 0.20 0.20 0.18 0.19 0.20 0.22 

354.0 0.21 0.21 0.20 0.20 0.18 0.19 0.20 0.22 

354.5 0.21 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

355.0 0.21 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

355.5 0.21 0.21 0.21 0.20 0.18 0.19 0.20 0.22 

356.0 0.21 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

356.5 0.21 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

357.0 0.21 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

357.5 0.21 0.22 0.21 0.20 0.19 0.19 0.20 0.23 

358.0 0.21 0.22 0.21 0.20 0.19 0.19 0.20 0.23 

358.5 0.22 0.21 0.21 0.20 0.19 0.19 0.20 0.22 

359.0 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.23 

359.5 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.23 

360.0 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.23 

360.5 0.22 0.21 0.21 0.21 0.19 0.19 0.20 0.23 

361.0 0.22 0.21 0.21 0.21 0.19 0.19 0.20 0.22 

361.5 0.22 0.21 0.22 0.21 0.19 0.19 0.20 0.22 

362.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

362.5 0.22 0.22 0.21 0.21 0.19 0.20 0.20 0.23 

363.0 0.22 0.22 0.22 0.21 0.19 0.20 0.20 0.23 

363.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

364.0 0.22 0.22 0.22 0.21 0.19 0.19 0.21 0.23 

364.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

365.0 0.22 0.22 0.22 0.20 0.19 0.19 0.20 0.22 

365.5 0.22 0.22 0.21 0.20 0.19 0.19 0.20 0.22 

366.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

366.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

367.0 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.22 

367.5 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.22 

368.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

368.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

369.0 0.22 0.22 0.22 0.20 0.19 0.19 0.20 0.21 

369.5 0.22 0.22 0.21 0.20 0.19 0.19 0.20 0.21 

370.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

370.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.22 

371.0 0.22 0.22 0.21 0.21 0.19 0.19 0.20 0.21 

371.5 0.22 0.22 0.21 0.21 0.19 0.19 0.19 0.21 



 

xcv 

 

372.0 0.22 0.22 0.22 0.21 0.19 0.19 0.19 0.21 

372.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

373.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

373.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

374.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

374.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

375.0 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

375.5 0.22 0.22 0.22 0.21 0.19 0.19 0.20 0.21 

376.0 0.22 0.23 0.22 0.21 0.20 0.19 0.19 0.21 

376.5 0.22 0.23 0.22 0.21 0.20 0.19 0.19 0.21 

377.0 0.23 0.23 0.22 0.21 0.19 0.19 0.19 0.21 

377.5 0.23 0.23 0.22 0.21 0.20 0.19 0.20 0.21 

378.0 0.23 0.23 0.22 0.21 0.20 0.20 0.20 0.21 

378.5 0.23 0.23 0.22 0.22 0.20 0.19 0.20 0.21 

379.0 0.23 0.23 0.23 0.22 0.20 0.19 0.20 0.21 

379.5 0.23 0.23 0.23 0.22 0.20 0.20 0.20 0.21 

380.0 0.23 0.23 0.23 0.22 0.20 0.20 0.20 0.21 

380.5 0.23 0.23 0.23 0.22 0.20 0.20 0.20 0.21 

381.0 0.24 0.24 0.23 0.22 0.20 0.20 0.20 0.21 

381.5 0.24 0.24 0.23 0.22 0.21 0.20 0.20 0.21 

382.0 0.24 0.24 0.24 0.23 0.21 0.20 0.20 0.21 

382.5 0.24 0.24 0.24 0.23 0.21 0.20 0.20 0.21 

383.0 0.24 0.24 0.24 0.23 0.21 0.20 0.21 0.21 

383.5 0.24 0.24 0.24 0.23 0.21 0.21 0.21 0.22 

384.0 0.25 0.24 0.24 0.23 0.22 0.21 0.21 0.22 

384.5 0.25 0.25 0.24 0.24 0.22 0.21 0.21 0.22 

385.0 0.25 0.25 0.25 0.24 0.22 0.21 0.21 0.22 

385.5 0.25 0.25 0.25 0.24 0.22 0.21 0.22 0.22 

386.0 0.25 0.25 0.25 0.24 0.22 0.22 0.22 0.23 

386.5 0.26 0.26 0.25 0.24 0.23 0.22 0.22 0.23 

387.0 0.26 0.26 0.26 0.25 0.23 0.22 0.22 0.23 

387.5 0.26 0.26 0.26 0.25 0.23 0.22 0.23 0.23 

388.0 0.26 0.26 0.26 0.25 0.23 0.23 0.23 0.23 

388.5 0.27 0.26 0.26 0.25 0.23 0.23 0.23 0.24 

389.0 0.27 0.27 0.26 0.25 0.24 0.23 0.23 0.24 

389.5 0.27 0.27 0.27 0.26 0.24 0.23 0.23 0.24 

390.0 0.27 0.27 0.27 0.26 0.24 0.24 0.24 0.25 

390.5 0.28 0.28 0.27 0.26 0.24 0.24 0.24 0.25 

391.0 0.28 0.28 0.28 0.27 0.25 0.24 0.24 0.25 

391.5 0.28 0.28 0.28 0.27 0.25 0.24 0.25 0.25 

392.0 0.28 0.28 0.28 0.27 0.25 0.25 0.25 0.25 

392.5 0.28 0.28 0.28 0.27 0.26 0.25 0.25 0.26 

393.0 0.29 0.29 0.28 0.28 0.26 0.25 0.25 0.26 

393.5 0.29 0.29 0.29 0.28 0.26 0.26 0.26 0.26 

394.0 0.29 0.29 0.29 0.28 0.26 0.26 0.26 0.27 

394.5 0.30 0.30 0.29 0.28 0.27 0.26 0.26 0.27 

395.0 0.30 0.30 0.29 0.29 0.27 0.26 0.27 0.27 

395.5 0.30 0.30 0.30 0.29 0.27 0.27 0.27 0.27 

396.0 0.30 0.30 0.30 0.29 0.27 0.27 0.27 0.28 

396.5 0.31 0.31 0.30 0.29 0.28 0.27 0.27 0.28 

397.0 0.31 0.31 0.30 0.30 0.28 0.27 0.28 0.28 

397.5 0.31 0.31 0.31 0.30 0.28 0.28 0.28 0.29 

398.0 0.31 0.31 0.31 0.30 0.29 0.28 0.28 0.29 



 

xcvi 

 

398.5 0.32 0.32 0.31 0.30 0.29 0.28 0.29 0.29 

399.0 0.32 0.32 0.32 0.31 0.29 0.29 0.29 0.30 

399.5 0.32 0.32 0.32 0.31 0.30 0.29 0.29 0.30 

400.0 0.32 0.32 0.32 0.31 0.30 0.30 0.30 0.30 

400.5 0.33 0.33 0.32 0.32 0.30 0.30 0.30 0.30 

401.0 0.33 0.33 0.33 0.32 0.30 0.30 0.30 0.31 

401.5 0.33 0.33 0.33 0.32 0.31 0.30 0.30 0.31 

402.0 0.33 0.33 0.33 0.32 0.31 0.30 0.31 0.32 

402.5 0.34 0.34 0.33 0.33 0.31 0.31 0.31 0.32 

403.0 0.34 0.34 0.34 0.33 0.31 0.31 0.31 0.32 

403.5 0.34 0.34 0.34 0.33 0.32 0.31 0.32 0.32 

404.0 0.34 0.34 0.34 0.33 0.32 0.32 0.32 0.33 

404.5 0.35 0.35 0.34 0.33 0.32 0.32 0.32 0.33 

405.0 0.35 0.35 0.35 0.34 0.32 0.32 0.33 0.33 

405.5 0.35 0.35 0.35 0.34 0.33 0.33 0.33 0.34 

406.0 0.35 0.35 0.35 0.34 0.33 0.33 0.33 0.34 

406.5 0.35 0.35 0.35 0.34 0.33 0.33 0.33 0.34 

407.0 0.36 0.36 0.35 0.35 0.34 0.33 0.34 0.35 

407.5 0.36 0.36 0.36 0.35 0.34 0.34 0.34 0.35 

408.0 0.36 0.36 0.36 0.35 0.34 0.34 0.34 0.35 

408.5 0.36 0.36 0.36 0.35 0.34 0.34 0.35 0.35 

409.0 0.36 0.36 0.36 0.36 0.34 0.34 0.35 0.36 

409.5 0.36 0.37 0.36 0.36 0.35 0.35 0.35 0.36 

410.0 0.37 0.37 0.37 0.36 0.35 0.35 0.35 0.36 

410.5 0.37 0.37 0.37 0.36 0.35 0.35 0.36 0.36 

411.0 0.37 0.37 0.37 0.36 0.35 0.36 0.36 0.37 

411.5 0.37 0.37 0.37 0.36 0.35 0.36 0.36 0.37 

412.0 0.37 0.37 0.37 0.36 0.36 0.36 0.36 0.37 

412.5 0.37 0.37 0.37 0.37 0.36 0.36 0.37 0.37 

413.0 0.38 0.37 0.37 0.37 0.36 0.36 0.37 0.38 

413.5 0.38 0.38 0.37 0.37 0.36 0.36 0.37 0.38 

414.0 0.38 0.38 0.37 0.37 0.36 0.37 0.37 0.38 

414.5 0.38 0.38 0.38 0.37 0.36 0.37 0.37 0.38 

415.0 0.38 0.38 0.38 0.37 0.37 0.37 0.37 0.39 

415.5 0.38 0.38 0.38 0.37 0.37 0.37 0.38 0.39 

416.0 0.38 0.38 0.38 0.37 0.37 0.37 0.38 0.39 

416.5 0.38 0.38 0.38 0.37 0.37 0.38 0.38 0.39 

417.0 0.38 0.38 0.38 0.38 0.37 0.38 0.38 0.39 

417.5 0.38 0.38 0.38 0.38 0.37 0.38 0.38 0.39 

418.0 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

418.5 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

419.0 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

419.5 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

420.0 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

420.5 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

421.0 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

421.5 0.38 0.38 0.38 0.38 0.37 0.38 0.39 0.40 

422.0 0.38 0.38 0.38 0.37 0.37 0.38 0.39 0.40 

422.5 0.38 0.38 0.38 0.37 0.37 0.38 0.39 0.40 

423.0 0.38 0.37 0.38 0.37 0.37 0.38 0.39 0.40 

423.5 0.38 0.37 0.37 0.37 0.37 0.38 0.39 0.40 

424.0 0.37 0.37 0.37 0.37 0.37 0.38 0.39 0.40 

424.5 0.37 0.37 0.37 0.37 0.37 0.38 0.39 0.40 



 

xcvii 

 

425.0 0.37 0.37 0.37 0.37 0.37 0.38 0.38 0.40 

425.5 0.37 0.37 0.37 0.36 0.37 0.38 0.38 0.39 

426.0 0.37 0.37 0.37 0.36 0.36 0.38 0.38 0.39 

426.5 0.37 0.36 0.36 0.36 0.36 0.37 0.38 0.39 

427.0 0.36 0.36 0.36 0.36 0.36 0.37 0.38 0.39 

427.5 0.36 0.36 0.36 0.36 0.36 0.37 0.38 0.39 

428.0 0.36 0.36 0.36 0.36 0.36 0.37 0.37 0.39 

428.5 0.36 0.36 0.36 0.35 0.36 0.37 0.37 0.38 

429.0 0.36 0.35 0.35 0.35 0.35 0.36 0.37 0.38 

429.5 0.35 0.35 0.35 0.35 0.35 0.36 0.37 0.38 

430.0 0.35 0.35 0.35 0.35 0.35 0.36 0.37 0.38 

430.5 0.35 0.35 0.35 0.34 0.35 0.36 0.36 0.37 

431.0 0.35 0.35 0.35 0.34 0.34 0.36 0.36 0.37 

431.5 0.34 0.34 0.34 0.34 0.34 0.35 0.36 0.37 

432.0 0.34 0.34 0.34 0.34 0.34 0.35 0.35 0.37 

432.5 0.34 0.34 0.34 0.33 0.34 0.35 0.35 0.36 

433.0 0.34 0.33 0.33 0.33 0.33 0.34 0.35 0.36 

433.5 0.33 0.33 0.33 0.33 0.33 0.34 0.35 0.36 

434.0 0.33 0.33 0.33 0.32 0.33 0.34 0.34 0.35 

434.5 0.33 0.33 0.33 0.32 0.32 0.33 0.34 0.35 

435.0 0.32 0.32 0.32 0.32 0.32 0.33 0.34 0.35 

435.5 0.32 0.32 0.32 0.32 0.32 0.33 0.33 0.34 

436.0 0.32 0.32 0.32 0.31 0.31 0.32 0.33 0.34 

436.5 0.32 0.31 0.31 0.31 0.31 0.32 0.32 0.34 

437.0 0.31 0.31 0.31 0.31 0.31 0.32 0.32 0.33 

437.5 0.31 0.31 0.31 0.30 0.30 0.31 0.32 0.33 

438.0 0.31 0.30 0.30 0.30 0.30 0.31 0.31 0.32 

438.5 0.30 0.30 0.30 0.30 0.30 0.30 0.31 0.32 

439.0 0.30 0.30 0.30 0.29 0.29 0.30 0.31 0.32 

439.5 0.30 0.29 0.29 0.29 0.29 0.30 0.30 0.31 

440.0 0.29 0.29 0.29 0.28 0.28 0.29 0.30 0.31 

440.5 0.29 0.29 0.28 0.28 0.28 0.29 0.29 0.30 

441.0 0.29 0.28 0.28 0.28 0.28 0.28 0.29 0.30 

441.5 0.28 0.28 0.28 0.27 0.27 0.28 0.28 0.30 

442.0 0.28 0.28 0.27 0.27 0.27 0.28 0.28 0.29 

442.5 0.27 0.27 0.27 0.27 0.27 0.27 0.28 0.29 

443.0 0.27 0.27 0.27 0.26 0.26 0.27 0.27 0.28 

443.5 0.27 0.26 0.26 0.26 0.26 0.26 0.27 0.28 

444.0 0.26 0.26 0.26 0.25 0.25 0.26 0.26 0.27 

444.5 0.26 0.26 0.26 0.25 0.25 0.26 0.26 0.27 

445.0 0.26 0.25 0.25 0.25 0.25 0.25 0.26 0.27 

445.5 0.25 0.25 0.25 0.24 0.24 0.25 0.25 0.26 

446.0 0.25 0.25 0.24 0.24 0.24 0.24 0.25 0.26 

446.5 0.25 0.24 0.24 0.24 0.23 0.24 0.24 0.25 

447.0 0.24 0.24 0.24 0.23 0.23 0.23 0.24 0.25 

447.5 0.24 0.23 0.23 0.23 0.22 0.23 0.23 0.24 

448.0 0.23 0.23 0.23 0.22 0.22 0.23 0.23 0.24 

448.5 0.23 0.23 0.23 0.22 0.22 0.22 0.23 0.24 

449.0 0.23 0.22 0.22 0.22 0.21 0.22 0.22 0.23 

449.5 0.22 0.22 0.22 0.21 0.21 0.21 0.22 0.23 

450.0 0.22 0.22 0.21 0.21 0.20 0.21 0.21 0.22 

450.5 0.22 0.21 0.21 0.20 0.20 0.21 0.21 0.22 

451.0 0.21 0.21 0.21 0.20 0.20 0.20 0.21 0.22 



 

xcviii 

 

451.5 0.21 0.21 0.20 0.20 0.19 0.20 0.20 0.21 

452.0 0.21 0.20 0.20 0.19 0.19 0.19 0.20 0.21 

452.5 0.20 0.20 0.20 0.19 0.19 0.19 0.19 0.20 

453.0 0.20 0.19 0.19 0.19 0.18 0.19 0.19 0.20 

453.5 0.19 0.19 0.19 0.18 0.18 0.18 0.19 0.19 

454.0 0.19 0.19 0.19 0.18 0.17 0.18 0.18 0.19 

454.5 0.19 0.18 0.18 0.18 0.17 0.18 0.18 0.19 

455.0 0.18 0.18 0.18 0.17 0.17 0.17 0.18 0.18 

455.5 0.18 0.18 0.18 0.17 0.16 0.17 0.17 0.18 

456.0 0.18 0.17 0.17 0.17 0.16 0.17 0.17 0.18 

456.5 0.17 0.17 0.17 0.16 0.16 0.16 0.16 0.17 

457.0 0.17 0.17 0.17 0.16 0.15 0.16 0.16 0.17 

457.5 0.17 0.16 0.16 0.15 0.15 0.15 0.16 0.16 

458.0 0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.16 

458.5 0.16 0.16 0.16 0.15 0.14 0.15 0.15 0.16 

459.0 0.16 0.16 0.15 0.15 0.14 0.14 0.15 0.15 

459.5 0.16 0.15 0.15 0.14 0.14 0.14 0.14 0.15 

460.0 0.15 0.15 0.15 0.14 0.13 0.14 0.14 0.15 

460.5 0.15 0.15 0.14 0.14 0.13 0.13 0.14 0.14 

461.0 0.15 0.14 0.14 0.13 0.13 0.13 0.13 0.14 

461.5 0.14 0.14 0.14 0.13 0.12 0.13 0.13 0.14 

462.0 0.14 0.14 0.14 0.13 0.12 0.13 0.13 0.13 

462.5 0.14 0.14 0.13 0.12 0.12 0.12 0.12 0.13 

463.0 0.14 0.13 0.13 0.12 0.12 0.12 0.12 0.13 

463.5 0.13 0.13 0.13 0.12 0.11 0.12 0.12 0.12 

464.0 0.13 0.13 0.12 0.12 0.11 0.11 0.12 0.12 

464.5 0.13 0.12 0.12 0.11 0.11 0.11 0.11 0.12 

465.0 0.12 0.12 0.12 0.11 0.10 0.11 0.11 0.12 

465.5 0.12 0.12 0.12 0.11 0.10 0.10 0.11 0.11 

466.0 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.11 

466.5 0.12 0.11 0.11 0.10 0.10 0.10 0.10 0.11 

467.0 0.11 0.11 0.11 0.10 0.09 0.10 0.10 0.10 

467.5 0.11 0.11 0.11 0.10 0.09 0.09 0.09 0.10 

468.0 0.11 0.11 0.10 0.10 0.09 0.09 0.09 0.10 

468.5 0.11 0.10 0.10 0.09 0.09 0.09 0.09 0.09 

469.0 0.10 0.10 0.10 0.09 0.08 0.09 0.09 0.09 

469.5 0.10 0.10 0.10 0.09 0.08 0.08 0.08 0.09 

470.0 0.10 0.10 0.09 0.09 0.08 0.08 0.08 0.08 

470.5 0.10 0.09 0.09 0.08 0.08 0.08 0.08 0.08 

471.0 0.09 0.09 0.09 0.08 0.07 0.07 0.08 0.08 

471.5 0.09 0.09 0.09 0.08 0.07 0.07 0.07 0.08 

472.0 0.09 0.09 0.08 0.08 0.07 0.07 0.07 0.07 

472.5 0.09 0.09 0.08 0.07 0.07 0.07 0.07 0.07 

473.0 0.09 0.08 0.08 0.07 0.06 0.07 0.07 0.07 

473.5 0.08 0.08 0.08 0.07 0.06 0.06 0.06 0.07 

474.0 0.08 0.08 0.08 0.07 0.06 0.06 0.06 0.06 

474.5 0.08 0.08 0.07 0.07 0.06 0.06 0.06 0.06 

475.0 0.08 0.08 0.07 0.06 0.06 0.06 0.06 0.06 

475.5 0.08 0.07 0.07 0.06 0.05 0.05 0.05 0.06 

476.0 0.07 0.07 0.07 0.06 0.05 0.05 0.05 0.05 

476.5 0.07 0.07 0.07 0.06 0.05 0.05 0.05 0.05 

477.0 0.07 0.07 0.07 0.06 0.05 0.05 0.05 0.05 

477.5 0.07 0.07 0.06 0.05 0.05 0.05 0.05 0.05 



 

xcix 

 

478.0 0.07 0.07 0.06 0.05 0.04 0.04 0.04 0.05 

478.5 0.07 0.06 0.06 0.05 0.04 0.04 0.04 0.04 

479.0 0.06 0.06 0.06 0.05 0.04 0.04 0.04 0.04 

479.5 0.06 0.06 0.06 0.05 0.04 0.04 0.04 0.04 

480.0 0.06 0.06 0.06 0.05 0.04 0.04 0.04 0.04 

480.5 0.06 0.06 0.05 0.05 0.04 0.04 0.03 0.04 

481.0 0.06 0.06 0.05 0.04 0.03 0.03 0.03 0.03 

481.5 0.06 0.06 0.05 0.04 0.03 0.03 0.03 0.03 

482.0 0.06 0.05 0.05 0.04 0.03 0.03 0.03 0.03 

482.5 0.05 0.05 0.05 0.04 0.03 0.03 0.03 0.03 

483.0 0.05 0.05 0.05 0.04 0.03 0.03 0.03 0.03 

483.5 0.05 0.05 0.05 0.04 0.03 0.03 0.03 0.03 

484.0 0.05 0.05 0.05 0.04 0.03 0.03 0.02 0.03 

484.5 0.05 0.05 0.04 0.04 0.02 0.02 0.02 0.02 

485.0 0.05 0.05 0.04 0.03 0.02 0.02 0.02 0.02 

485.5 0.05 0.05 0.04 0.03 0.02 0.02 0.02 0.02 

486.0 0.05 0.04 0.04 0.03 0.02 0.02 0.02 0.02 

486.5 0.05 0.04 0.04 0.03 0.02 0.02 0.02 0.02 

487.0 0.05 0.04 0.04 0.03 0.02 0.02 0.02 0.02 

487.5 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.02 

488.0 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.02 

488.5 0.04 0.04 0.04 0.03 0.02 0.02 0.01 0.01 

489.0 0.04 0.04 0.04 0.03 0.02 0.01 0.01 0.01 

489.5 0.04 0.04 0.03 0.03 0.01 0.01 0.01 0.01 

490.0 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.01 

490.5 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.01 

491.0 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.01 

491.5 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.01 

492.0 0.04 0.03 0.03 0.02 0.01 0.01 0.01 0.01 

492.5 0.04 0.03 0.03 0.02 0.01 0.01 0.01 0.01 

493.0 0.04 0.03 0.03 0.02 0.01 0.01 0.01 0.01 

493.5 0.04 0.03 0.03 0.02 0.01 0.01 0.01 0.01 

494.0 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.01 

494.5 0.03 0.03 0.03 0.02 0.01 0.01 0.00 0.00 

495.0 0.03 0.03 0.03 0.02 0.01 0.01 0.00 0.00 

495.5 0.03 0.03 0.03 0.02 0.01 0.00 0.00 0.00 

496.0 0.03 0.03 0.03 0.02 0.01 0.00 0.00 0.00 

496.5 0.03 0.03 0.03 0.02 0.01 0.00 0.00 0.00 

497.0 0.03 0.03 0.02 0.02 0.00 0.00 0.00 0.00 

497.5 0.03 0.03 0.02 0.02 0.00 0.00 0.00 0.00 

498.0 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 

498.5 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 

499.0 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 

499.5 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 

500.0 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 

 

  



 

c 

 

Table 4.5 Absorvance data of H2DTC in presence of [Surfactant] in 15% v/v EtOH-

water medium 

absorbance of H2DTC with variation of surfactant concentrations in 15% v/v EtOH-water medium 

SDS DTAB C16MImCl 16-4 16 Tween-60 

[SDS]/ mM absorbance [DTAB]/mM absorbance [C16MImCl]/ mM absorbance [16-4-16] /mM absorbance [Tween-60]/ mM absorbance 

0.000 0.382 0.0000 0.463 0.0000 0.455 0.00000 0.404 0.0000 0.463 

0.048 0.383 0.1196 0.444 0.0142 0.452 0.00047 0.399 0.0006 0.457 

0.121 0.382 0.3584 0.438 0.0425 0.455 0.00140 0.397 0.0016 0.450 

0.193 0.381 0.7150 0.437 0.085 0.456 0.00280 0.393 0.0029 0.445 

0.290 0.382 1.1879 0.432 0.155 0.456 0.00465 0.391 0.0044 0.440 

0.433 0.380 1.775 0.430 0.224 0.457 0.00695 0.391 0.0068 0.431 

0.671 0.380 2.646 0.426 0.361 0.457 0.01036 0.393 0.0106 0.418 

1.025 0.378 4.077 0.427 0.496 0.460 0.01596 0.396 0.0143 0.403 

1.374 0.378 6.033 0.427 0.693 0.468 0.024 0.403 0.026 0.384 

1.834 0.376 9.003 0.427 0.885 0.480 0.034 0.410 0.037 0.359 

2.510 0.370 12.860 0.436 1.134 0.493 0.048 0.420 0.050 0.339 

3.171 0.370 17.453 0.468 1.375 0.502 0.066 0.427 0.078 0.301 

4.029 0.373 22.400 0.495 1.721 0.514 0.083 0.440 0.123 0.248 

5.066 0.377 27.789 0.508 2.051 0.522 0.108 0.446     

6.261 0.380 33.467 0.515 2.467 0.526 0.137 0.450     

7.777 0.381 40.262 0.517 2.953 0.532 0.163 0.453     

9.557 0.383 49.085 0.516 3.618 0.539 0.217 0.452     

11.221 0.386     4.403 0.541         

12.780 0.386     5.406 0.545         

15.620 0.391                 

20.396 0.394                 

22.423 0.397                 

  

 

  



 

ci 

 

4.6. Steady state emission data of H2DTCat different concentrations of 16-4-16 at 298.15 

K 

Emission of H2DTC in presence of different [16-4-16] in 15% v/v EtOH-water medium  

wavelength/ nm 0.000 0.001 0.005 0.010 0.024 0.045 0.079 1.400 2.270 

450 0.474 0.442 0.431 0.358 0.256 0.268 0.270 0.279 0.263 

450.5 0.477 0.446 0.439 0.373 0.286 0.275 0.275 0.291 0.301 

451 0.485 0.454 0.449 0.386 0.312 0.285 0.283 0.304 0.335 

451.5 0.499 0.465 0.463 0.401 0.333 0.299 0.296 0.318 0.363 

452 0.520 0.485 0.479 0.419 0.350 0.315 0.315 0.336 0.383 

452.5 0.547 0.513 0.498 0.440 0.366 0.334 0.338 0.355 0.399 

453 0.578 0.546 0.523 0.461 0.379 0.356 0.359 0.373 0.412 

453.5 0.613 0.583 0.550 0.483 0.393 0.377 0.377 0.391 0.424 

454 0.650 0.620 0.580 0.510 0.412 0.395 0.390 0.407 0.436 

454.5 0.691 0.659 0.611 0.540 0.433 0.412 0.403 0.424 0.451 

455 0.736 0.699 0.646 0.570 0.456 0.426 0.416 0.440 0.471 

455.5 0.785 0.740 0.688 0.605 0.481 0.442 0.431 0.460 0.497 

456 0.837 0.785 0.736 0.642 0.509 0.458 0.452 0.483 0.525 

456.5 0.891 0.838 0.786 0.682 0.539 0.478 0.477 0.513 0.560 

457 0.943 0.897 0.841 0.722 0.570 0.503 0.506 0.547 0.601 

457.5 0.995 0.959 0.897 0.764 0.603 0.537 0.537 0.584 0.647 

458 1.049 1.022 0.954 0.808 0.641 0.574 0.571 0.623 0.692 

458.5 1.106 1.088 1.009 0.855 0.681 0.619 0.609 0.666 0.735 

459 1.169 1.155 1.061 0.901 0.723 0.663 0.652 0.710 0.776 

459.5 1.241 1.224 1.117 0.952 0.765 0.711 0.700 0.758 0.819 

460 1.323 1.294 1.183 1.007 0.813 0.759 0.754 0.807 0.860 

460.5 1.415 1.373 1.255 1.066 0.867 0.809 0.812 0.862 0.910 

461 1.507 1.462 1.339 1.132 0.920 0.862 0.875 0.923 0.970 

461.5 1.602 1.561 1.429 1.204 0.978 0.921 0.935 0.988 1.040 

462 1.699 1.666 1.526 1.285 1.042 0.981 0.994 1.054 1.121 

462.5 1.796 1.776 1.630 1.373 1.113 1.045 1.053 1.125 1.211 

463 1.897 1.889 1.737 1.469 1.188 1.110 1.115 1.200 1.307 

463.5 2.005 2.008 1.845 1.569 1.263 1.176 1.182 1.282 1.410 

464 2.121 2.125 1.956 1.672 1.343 1.247 1.253 1.371 1.513 

464.5 2.249 2.244 2.068 1.776 1.428 1.324 1.332 1.468 1.615 

465 2.391 2.366 2.192 1.885 1.515 1.409 1.425 1.577 1.719 

465.5 2.544 2.497 2.321 1.997 1.605 1.502 1.524 1.694 1.821 

466 2.707 2.640 2.453 2.116 1.700 1.599 1.632 1.813 1.935 

466.5 2.873 2.791 2.592 2.236 1.808 1.701 1.748 1.929 2.058 

467 3.048 2.952 2.745 2.367 1.920 1.806 1.867 2.049 2.192 

467.5 3.225 3.128 2.907 2.501 2.037 1.911 1.996 2.169 2.344 

468 3.407 3.314 3.077 2.635 2.164 2.022 2.126 2.292 2.513 

468.5 3.591 3.513 3.245 2.770 2.295 2.140 2.261 2.423 2.694 

469 3.784 3.716 3.430 2.914 2.430 2.269 2.404 2.569 2.887 

469.5 3.989 3.925 3.624 3.069 2.561 2.412 2.554 2.736 3.083 



 

cii 

 

470 4.208 4.144 3.821 3.237 2.703 2.564 2.713 2.925 3.296 

470.5 4.437 4.365 4.025 3.411 2.860 2.728 2.885 3.129 3.515 

471 4.683 4.595 4.241 3.609 3.026 2.912 3.067 3.352 3.740 

471.5 4.941 4.838 4.480 3.824 3.204 3.103 3.258 3.589 3.980 

472 5.227 5.102 4.738 4.050 3.403 3.306 3.462 3.844 4.243 

472.5 5.533 5.390 5.003 4.286 3.621 3.514 3.676 4.111 4.533 

473 5.856 5.703 5.293 4.535 3.854 3.731 3.899 4.389 4.841 

473.5 6.196 6.029 5.600 4.799 4.085 3.956 4.135 4.677 5.167 

474 6.548 6.377 5.918 5.080 4.321 4.185 4.392 4.981 5.524 

474.5 6.911 6.735 6.241 5.371 4.566 4.417 4.672 5.298 5.896 

475 7.284 7.105 6.581 5.690 4.817 4.677 4.981 5.628 6.287 

475.5 7.659 7.481 6.938 6.026 5.074 4.953 5.313 5.968 6.694 

476 8.063 7.873 7.322 6.369 5.343 5.251 5.671 6.332 7.118 

476.5 8.498 8.292 7.720 6.718 5.642 5.565 6.048 6.726 7.581 

477 8.958 8.747 8.144 7.065 5.963 5.899 6.442 7.149 8.074 

477.5 9.448 9.225 8.591 7.424 6.297 6.249 6.845 7.597 8.591 

478 9.961 9.733 9.056 7.799 6.645 6.611 7.265 8.074 9.152 

478.5 10.505 10.274 9.534 8.195 7.008 6.971 7.689 8.590 9.743 

479 11.069 10.835 10.037 8.633 7.393 7.357 8.130 9.130 10.374 

479.5 11.636 11.402 10.552 9.108 7.791 7.761 8.581 9.697 11.035 

480 12.233 11.975 11.103 9.607 8.204 8.193 9.063 10.285 11.715 

480.5 12.852 12.578 11.676 10.131 8.644 8.640 9.574 10.901 12.429 

481 13.495 13.213 12.272 10.659 9.103 9.117 10.120 11.543 13.192 

481.5 14.166 13.868 12.894 11.198 9.590 9.619 10.691 12.210 13.979 

482 14.849 14.542 13.539 11.740 10.091 10.157 11.296 12.907 14.796 

482.5 15.568 15.252 14.200 12.293 10.598 10.709 11.924 13.656 15.633 

483 16.330 15.998 14.893 12.873 11.131 11.281 12.584 14.442 16.511 

483.5 17.123 16.777 15.603 13.479 11.694 11.876 13.266 15.274 17.451 

484 17.970 17.577 16.351 14.121 12.278 12.497 13.973 16.139 18.432 

484.5 18.852 18.407 17.138 14.800 12.889 13.126 14.710 17.043 19.464 

485 19.774 19.284 17.952 15.517 13.531 13.769 15.481 17.989 20.577 

485.5 20.739 20.213 18.795 16.268 14.211 14.433 16.293 18.964 21.770 

486 21.714 21.177 19.668 17.049 14.911 15.136 17.137 19.986 23.033 

486.5 22.714 22.182 20.572 17.853 15.611 15.872 18.008 21.053 24.340 

487 23.755 23.220 21.507 18.690 16.325 16.628 18.920 22.153 25.683 

487.5 24.827 24.299 22.461 19.525 17.063 17.428 19.876 23.325 27.086 

488 25.928 25.395 23.440 20.389 17.815 18.276 20.875 24.547 28.506 

488.5 27.036 26.508 24.465 21.269 18.575 19.152 21.908 25.815 29.939 

489 28.172 27.644 25.515 22.177 19.362 20.049 22.972 27.125 31.404 

489.5 29.343 28.803 26.591 23.114 20.194 20.971 24.079 28.456 32.914 

490 30.557 29.991 27.708 24.108 21.070 21.939 25.226 29.841 34.504 

490.5 31.813 31.209 28.879 25.143 21.984 22.939 26.397 31.269 36.160 

491 33.142 32.461 30.098 26.242 22.946 23.968 27.590 32.728 37.867 

491.5 34.549 33.788 31.356 27.347 23.978 25.037 28.828 34.269 39.689 



 

ciii 

 

492 36.018 35.176 32.644 28.486 25.071 26.156 30.124 35.867 41.592 

492.5 37.534 36.627 33.993 29.650 26.190 27.320 31.464 37.550 43.575 

493 39.069 38.116 35.367 30.835 27.331 28.509 32.839 39.296 45.604 

493.5 40.604 39.652 36.754 32.024 28.491 29.722 34.275 41.067 47.681 

494 42.156 41.215 38.156 33.257 29.656 30.958 35.770 42.884 49.816 

494.5 43.730 42.799 39.596 34.512 30.813 32.213 37.320 44.761 52.013 

495 45.337 44.367 41.080 35.822 31.952 33.476 38.907 46.660 54.238 

495.5 47.022 45.989 42.601 37.175 33.112 34.759 40.533 48.601 56.539 

496 48.752 47.623 44.123 38.552 34.310 36.070 42.189 50.556 58.909 

496.5 50.572 49.300 45.697 39.987 35.546 37.437 43.877 52.585 61.346 

497 52.411 50.995 47.296 41.447 36.819 38.858 45.588 54.684 63.831 

497.5 54.250 52.753 48.935 42.909 38.132 40.327 47.341 56.822 66.403 

498 56.076 54.556 50.588 44.406 39.487 41.834 49.126 58.978 69.052 

498.5 57.926 56.394 52.279 45.910 40.879 43.378 50.957 61.209 71.805 

499 59.787 58.238 54.007 47.421 42.289 44.955 52.833 63.528 74.613 

499.5 61.698 60.144 55.776 48.989 43.722 46.540 54.763 65.917 77.483 

500 63.644 62.047 57.555 50.565 45.190 48.135 56.691 68.327 80.382 

500.5 65.701 63.994 59.383 52.186 46.678 49.773 58.638 70.795 83.278 

501 67.793 65.971 61.253 53.838 48.168 51.429 60.593 73.307 86.179 

501.5 69.954 68.017 63.191 55.528 49.683 53.129 62.614 75.875 89.151 

502 72.085 70.116 65.158 57.261 51.243 54.874 64.666 78.429 92.169 

502.5 74.257 72.264 67.153 58.985 52.832 56.639 66.732 81.027 95.232 

503 76.431 74.456 69.168 60.671 54.436 58.414 68.829 83.697 98.370 

503.5 78.661 76.724 71.227 62.385 56.052 60.179 71.013 86.409 101.621 

504 80.896 78.971 73.292 64.101 57.713 61.946 73.217 89.110 104.920 

504.5 83.229 81.244 75.335 65.820 59.399 63.747 75.459 91.849 108.185 

505 85.565 83.536 77.370 67.548 61.051 65.563 77.675 94.576 111.387 

505.5 87.960 85.848 79.418 69.333 62.682 67.398 79.928 97.328 114.602 

506 90.295 88.180 81.451 71.194 64.326 69.285 82.218 100.074 117.810 

506.5 92.633 90.502 83.498 73.070 65.990 71.182 84.484 102.838 120.997 

507 94.918 92.793 85.550 74.952 67.636 73.078 86.707 105.642 124.167 

507.5 97.218 95.077 87.632 76.854 69.264 74.932 88.941 108.471 127.422 

508 99.495 97.304 89.749 78.787 70.922 76.767 91.157 111.283 130.727 

508.5 101.828 99.531 91.852 80.690 72.613 78.562 93.382 114.122 134.045 

509 104.152 101.755 93.963 82.549 74.286 80.345 95.561 116.916 137.279 

509.5 106.524 104.011 96.120 84.426 75.916 82.129 97.725 119.648 140.511 

510 108.854 106.308 98.250 86.318 77.556 83.975 99.911 122.266 143.700 

510.5 111.202 108.624 100.363 88.140 79.230 85.858 102.079 124.802 146.863 

511 113.477 110.866 102.415 89.925 80.878 87.739 104.202 127.271 149.883 

511.5 115.745 113.033 104.435 91.649 82.484 89.562 106.268 129.656 152.854 

512 117.930 115.082 106.442 93.330 84.021 91.343 108.258 131.999 155.754 

512.5 120.131 117.058 108.362 94.942 85.525 92.988 110.246 134.329 158.575 

513 122.288 118.953 110.191 96.505 86.991 94.536 112.207 136.625 161.277 

513.5 124.418 120.830 112.060 98.066 88.383 95.997 114.112 138.908 163.909 



 

civ 

 

514 126.481 122.737 113.870 99.667 89.771 97.436 115.949 141.149 166.409 

514.5 128.524 124.694 115.653 101.246 91.171 98.888 117.761 143.356 168.889 

515 130.501 126.654 117.426 102.837 92.585 100.354 119.557 145.496 171.251 

515.5 132.450 128.616 119.188 104.387 94.050 101.793 121.283 147.505 173.597 

516 134.312 130.509 120.992 105.886 95.489 103.211 122.864 149.404 175.917 

516.5 136.147 132.331 122.701 107.335 96.858 104.558 124.338 151.245 178.142 

517 137.883 134.045 124.302 108.732 98.144 105.839 125.767 152.981 180.339 

517.5 139.565 135.757 125.890 110.077 99.316 107.042 127.148 154.671 182.514 

518 141.178 137.412 127.398 111.388 100.367 108.192 128.407 156.341 184.552 

518.5 142.751 139.043 128.816 112.643 101.306 109.347 129.603 157.970 186.491 

519 144.277 140.635 130.158 113.873 102.140 110.478 130.806 159.509 188.260 

519.5 145.816 142.223 131.398 115.051 102.973 111.568 132.015 160.906 189.923 

520 147.316 143.738 132.619 116.155 103.806 112.554 133.112 162.138 191.392 

520.5 148.801 145.116 133.701 117.185 104.629 113.406 134.079 163.281 192.589 

521 150.194 146.333 134.703 118.170 105.439 114.158 135.026 164.268 193.681 

521.5 151.493 147.511 135.625 119.084 106.283 114.830 135.945 165.085 194.617 

522 152.627 148.534 136.486 119.915 107.103 115.403 136.772 165.826 195.447 

522.5 153.637 149.465 137.295 120.675 107.844 115.938 137.494 166.529 196.232 

523 154.463 150.323 138.050 121.379 108.444 116.422 138.170 167.134 197.023 

523.5 155.131 151.117 138.779 122.005 108.918 116.908 138.808 167.620 197.816 

524 155.685 151.883 139.518 122.543 109.315 117.366 139.362 167.995 198.448 

524.5 156.154 152.524 140.159 123.003 109.634 117.736 139.738 168.289 198.836 

525 156.576 153.019 140.793 123.375 109.856 118.016 139.998 168.529 199.088 

525.5 156.975 153.512 141.316 123.671 110.058 118.241 140.146 168.624 199.057 

526 157.298 153.865 141.734 123.893 110.235 118.390 140.190 168.635 198.791 

526.5 157.656 154.140 142.046 124.014 110.385 118.494 140.102 168.577 198.405 

527 157.938 154.330 142.221 124.095 110.504 118.505 139.941 168.412 198.025 

527.5 158.120 154.447 142.295 124.121 110.524 118.444 139.734 168.127 197.696 

528 158.232 154.528 142.241 124.086 110.444 118.317 139.488 167.804 197.337 

528.5 158.163 154.471 142.028 124.021 110.289 118.134 139.155 167.391 196.884 

529 157.993 154.300 141.786 123.918 110.071 117.836 138.747 166.934 196.410 

529.5 157.727 154.042 141.490 123.723 109.772 117.512 138.283 166.392 195.752 

530 157.308 153.678 141.120 123.459 109.426 117.106 137.771 165.748 194.871 

530.5 156.863 153.233 140.712 123.070 109.012 116.671 137.196 164.988 193.843 

531 156.359 152.709 140.291 122.648 108.599 116.209 136.548 164.043 192.759 

531.5 155.826 152.125 139.856 122.188 108.130 115.698 135.837 162.966 191.601 

532 155.323 151.527 139.363 121.672 107.614 115.131 135.056 161.862 190.413 

532.5 154.745 150.885 138.780 121.130 107.023 114.585 134.234 160.734 189.171 

533 154.124 150.176 138.143 120.578 106.411 113.936 133.319 159.648 187.900 

533.5 153.452 149.382 137.449 120.011 105.790 113.270 132.374 158.576 186.581 

534 152.689 148.516 136.651 119.429 105.118 112.517 131.440 157.496 185.148 

534.5 151.833 147.583 135.754 118.715 104.391 111.720 130.516 156.391 183.649 

535 150.854 146.572 134.844 117.944 103.663 110.903 129.543 155.163 182.121 

535.5 149.817 145.488 133.939 117.142 102.953 110.058 128.566 153.845 180.490 



 

cv 

 

536 148.765 144.379 132.982 116.289 102.264 109.171 127.504 152.458 178.830 

536.5 147.669 143.311 132.023 115.384 101.543 108.318 126.425 151.039 177.161 

537 146.529 142.235 131.035 114.416 100.778 107.435 125.285 149.627 175.468 

537.5 145.322 141.167 130.048 113.457 100.039 106.576 124.138 148.243 173.810 

538 144.076 140.093 129.005 112.484 99.268 105.671 123.007 146.835 172.154 

538.5 142.747 139.007 127.875 111.434 98.457 104.729 121.934 145.441 170.480 

539 141.342 137.913 126.707 110.347 97.609 103.712 120.869 144.027 168.786 

539.5 139.948 136.741 125.542 109.281 96.742 102.634 119.865 142.580 167.043 

540 138.608 135.482 124.291 108.252 95.829 101.502 118.772 141.090 165.266 

540.5 137.337 134.214 123.091 107.299 94.891 100.333 117.589 139.556 163.484 

541 136.097 132.824 121.880 106.332 93.876 99.167 116.299 138.050 161.601 

541.5 134.831 131.409 120.690 105.423 92.852 98.059 114.970 136.591 159.749 

542 133.552 129.941 119.521 104.474 91.787 97.001 113.586 135.133 157.941 

542.5 132.189 128.447 118.316 103.452 90.699 96.007 112.237 133.696 156.167 

543 130.736 127.003 117.049 102.303 89.655 95.014 110.874 132.259 154.383 

543.5 129.184 125.588 115.810 101.083 88.683 94.026 109.588 130.786 152.631 

544 127.654 124.194 114.488 99.789 87.728 93.016 108.343 129.303 150.899 

544.5 126.164 122.841 113.164 98.531 86.812 91.938 107.100 127.785 149.179 

545 124.730 121.463 111.742 97.279 85.890 90.807 105.860 126.262 147.347 

545.5 123.320 120.110 110.330 96.117 84.935 89.707 104.678 124.746 145.451 

546 121.959 118.692 108.937 94.962 83.925 88.637 103.473 123.231 143.553 

546.5 120.598 117.215 107.558 93.871 82.842 87.589 102.317 121.729 141.640 

547 119.207 115.742 106.184 92.795 81.758 86.554 101.119 120.241 139.685 

547.5 117.717 114.260 104.882 91.694 80.675 85.521 99.896 118.749 137.795 

548 116.201 112.793 103.615 90.535 79.614 84.494 98.650 117.295 136.015 

548.5 114.678 111.297 102.359 89.382 78.592 83.471 97.343 115.830 134.322 

549 113.137 109.808 101.046 88.212 77.608 82.411 96.024 114.366 132.669 

549.5 111.569 108.343 99.752 87.061 76.656 81.374 94.699 112.905 131.009 

550 110.002 106.887 98.428 85.860 75.691 80.345 93.347 111.435 129.343 

550.5 108.450 105.436 97.083 84.684 74.722 79.301 92.077 109.961 127.639 

551 106.920 104.034 95.704 83.574 73.782 78.268 90.857 108.474 125.860 

551.5 105.405 102.629 94.318 82.477 72.823 77.193 89.666 106.955 124.058 

552 103.926 101.262 92.976 81.356 71.870 76.130 88.514 105.475 122.300 

552.5 102.482 99.859 91.652 80.250 70.926 75.063 87.324 104.039 120.536 

553 101.048 98.429 90.313 79.169 69.997 73.995 86.162 102.586 118.847 

553.5 99.642 96.920 89.028 78.091 69.055 72.958 84.966 101.132 117.163 

554 98.215 95.392 87.763 76.924 68.072 71.932 83.725 99.702 115.462 

554.5 96.771 93.887 86.529 75.694 67.090 70.910 82.506 98.235 113.771 

555 95.297 92.410 85.307 74.494 66.131 69.918 81.297 96.741 112.056 

555.5 93.804 90.971 84.063 73.317 65.153 68.872 80.087 95.184 110.315 

556 92.313 89.592 82.811 72.127 64.152 67.853 78.906 93.649 108.600 

556.5 90.827 88.280 81.540 70.980 63.130 66.853 77.728 92.211 106.834 

557 89.347 86.996 80.246 69.910 62.136 65.874 76.574 90.776 105.131 

557.5 87.932 85.637 78.960 68.928 61.135 64.910 75.400 89.373 103.488 



 

cvi 

 

558 86.532 84.263 77.673 67.924 60.139 63.934 74.181 88.034 101.824 

558.5 85.142 82.888 76.448 66.868 59.165 62.954 72.970 86.705 100.162 

559 83.761 81.466 75.250 65.793 58.264 61.983 71.772 85.344 98.505 

559.5 82.395 80.025 74.048 64.700 57.393 60.974 70.574 83.940 96.821 

560 81.054 78.594 72.842 63.544 56.530 59.964 69.388 82.511 95.169 

560.5 79.686 77.218 71.628 62.383 55.625 58.984 68.227 81.134 93.449 

561 78.280 75.879 70.419 61.260 54.717 58.021 67.079 79.749 91.717 

561.5 76.891 74.538 69.208 60.250 53.769 57.043 65.928 78.341 90.048 

562 75.497 73.210 67.959 59.302 52.793 56.046 64.771 76.967 88.390 

562.5 74.142 71.923 66.743 58.353 51.798 55.046 63.620 75.614 86.726 

563 72.790 70.603 65.518 57.429 50.853 54.036 62.482 74.201 85.119 

563.5 71.469 69.230 64.256 56.503 49.943 53.023 61.339 72.755 83.504 

564 70.182 67.840 63.002 55.533 49.086 51.990 60.177 71.276 81.906 

564.5 68.866 66.449 61.746 54.498 48.241 51.006 59.017 69.819 80.288 

565 67.512 65.054 60.481 53.366 47.381 50.047 57.848 68.389 78.622 

565.5 66.125 63.687 59.244 52.239 46.532 49.087 56.687 66.989 76.979 

566 64.712 62.364 58.004 51.153 45.665 48.126 55.544 65.619 75.350 

566.5 63.366 61.104 56.823 50.053 44.772 47.190 54.427 64.319 73.714 

567 62.042 59.913 55.672 49.015 43.880 46.250 53.366 63.024 72.158 

567.5 60.763 58.731 54.514 48.034 42.998 45.323 52.317 61.742 70.645 

568 59.533 57.585 53.401 47.139 42.138 44.404 51.282 60.446 69.152 

568.5 58.347 56.444 52.323 46.284 41.306 43.522 50.246 59.146 67.710 

569 57.161 55.256 51.264 45.387 40.452 42.661 49.220 57.879 66.294 

569.5 55.944 54.059 50.252 44.493 39.623 41.811 48.197 56.639 64.903 

570 54.671 52.868 49.237 43.611 38.803 40.963 47.164 55.397 63.539 

570.5 53.434 51.689 48.244 42.699 37.996 40.149 46.139 54.191 62.151 

571 52.231 50.532 47.251 41.775 37.192 39.352 45.156 53.052 60.793 

571.5 51.071 49.411 46.242 40.845 36.431 38.567 44.191 51.936 59.467 

572 49.947 48.325 45.232 39.947 35.680 37.800 43.242 50.838 58.133 

572.5 48.865 47.305 44.233 39.099 34.959 37.052 42.299 49.741 56.817 

573 47.825 46.297 43.229 38.267 34.225 36.306 41.380 48.678 55.549 

573.5 46.800 45.301 42.262 37.472 33.516 35.573 40.500 47.647 54.312 

574 45.774 44.333 41.308 36.698 32.828 34.826 39.644 46.605 53.117 

574.5 44.766 43.397 40.387 35.949 32.141 34.104 38.794 45.567 51.929 

575 43.785 42.455 39.491 35.211 31.469 33.389 37.970 44.577 50.764 

575.5 42.835 41.527 38.623 34.476 30.838 32.675 37.182 43.604 49.626 

576 41.896 40.593 37.776 33.720 30.234 31.968 36.425 42.650 48.493 

576.5 40.944 39.689 36.922 32.964 29.644 31.269 35.675 41.709 47.376 

577 39.997 38.785 36.066 32.204 29.038 30.568 34.934 40.815 46.298 

577.5 39.061 37.898 35.238 31.454 28.432 29.887 34.200 39.952 45.253 

578 38.146 37.028 34.415 30.717 27.845 29.219 33.481 39.085 44.237 

578.5 37.261 36.199 33.622 30.023 27.248 28.592 32.745 38.230 43.238 

579 36.398 35.382 32.862 29.367 26.654 28.001 31.998 37.405 42.272 

579.5 35.574 34.588 32.138 28.766 26.069 27.442 31.258 36.584 41.346 



 

cvii 

 

580 34.795 33.796 31.446 28.189 25.513 26.905 30.557 35.760 40.435 

580.5 34.023 33.032 30.797 27.631 24.955 26.374 29.895 34.944 39.535 

581 33.267 32.276 30.181 27.077 24.417 25.839 29.275 34.169 38.657 

581.5 32.510 31.540 29.580 26.516 23.877 25.311 28.692 33.432 37.818 

582 31.762 30.835 28.975 25.935 23.373 24.776 28.155 32.711 36.998 

582.5 31.050 30.172 28.359 25.370 22.891 24.249 27.626 32.013 36.191 

583 30.359 29.539 27.739 24.810 22.454 23.733 27.086 31.340 35.386 

583.5 29.677 28.908 27.106 24.281 22.023 23.220 26.531 30.679 34.615 

584 29.022 28.271 26.447 23.770 21.627 22.722 25.972 30.004 33.875 

584.5 28.378 27.651 25.792 23.277 21.211 22.231 25.398 29.330 33.142 

585 27.754 27.020 25.182 22.786 20.804 21.735 24.826 28.671 32.418 

585.5 27.112 26.379 24.595 22.292 20.368 21.262 24.264 28.036 31.718 

586 26.459 25.744 24.035 21.761 19.914 20.818 23.709 27.420 31.021 

586.5 25.834 25.119 23.500 21.244 19.460 20.385 23.177 26.826 30.334 

587 25.231 24.515 22.999 20.732 19.028 19.967 22.658 26.258 29.627 

587.5 24.627 23.918 22.513 20.250 18.603 19.560 22.153 25.706 28.915 

588 24.039 23.325 22.006 19.799 18.209 19.171 21.667 25.150 28.240 

588.5 23.456 22.760 21.492 19.375 17.828 18.780 21.190 24.591 27.584 

589 22.914 22.214 21.006 18.982 17.480 18.370 20.719 24.033 26.960 

589.5 22.372 21.698 20.530 18.609 17.132 17.969 20.277 23.472 26.373 

590 21.844 21.211 20.064 18.212 16.790 17.590 19.851 22.937 25.820 

590.5 21.321 20.738 19.602 17.814 16.446 17.225 19.431 22.412 25.300 

591 20.826 20.284 19.154 17.407 16.115 16.870 19.015 21.913 24.796 

591.5 20.341 19.835 18.719 17.008 15.781 16.525 18.614 21.440 24.255 

592 19.858 19.381 18.301 16.614 15.446 16.198 18.221 20.972 23.719 

592.5 19.378 18.933 17.882 16.220 15.122 15.872 17.825 20.509 23.167 

593 18.919 18.473 17.479 15.847 14.810 15.549 17.433 20.067 22.611 

593.5 18.450 18.028 17.096 15.495 14.506 15.223 17.070 19.616 22.053 

594 18.000 17.619 16.726 15.151 14.211 14.912 16.725 19.193 21.512 

594.5 17.567 17.228 16.366 14.831 13.920 14.606 16.381 18.778 20.995 

595 17.163 16.856 16.005 14.530 13.642 14.307 16.044 18.386 20.515 

595.5 16.799 16.499 15.641 14.253 13.379 14.023 15.727 18.010 20.037 

596 16.450 16.142 15.288 13.998 13.116 13.757 15.426 17.637 19.593 

596.5 16.114 15.784 14.940 13.735 12.845 13.483 15.113 17.266 19.174 

597 15.785 15.415 14.597 13.469 12.572 13.214 14.803 16.899 18.778 

597.5 15.430 15.043 14.264 13.195 12.299 12.948 14.493 16.518 18.382 

598 15.062 14.675 13.935 12.900 12.021 12.677 14.178 16.159 17.996 

598.5 14.692 14.307 13.621 12.592 11.736 12.403 13.847 15.793 17.609 

599 14.321 13.955 13.309 12.278 11.452 12.134 13.514 15.451 17.228 

599.5 13.976 13.627 12.994 11.975 11.200 11.873 13.189 15.126 16.839 

600 13.646 13.315 12.689 11.689 10.977 11.624 12.891 14.804 16.458 

600.5 13.343 13.018 12.398 11.406 10.760 11.371 12.599 14.494 16.098 

601 13.062 12.735 12.120 11.145 10.561 11.124 12.348 14.187 15.748 

601.5 12.796 12.472 11.851 10.902 10.381 10.888 12.114 13.872 15.402 



 

cviii 

 

602 12.521 12.209 11.594 10.675 10.204 10.661 11.886 13.571 15.061 

602.5 12.249 11.939 11.351 10.459 10.024 10.442 11.657 13.267 14.720 

603 11.982 11.666 11.108 10.254 9.829 10.229 11.434 12.979 14.392 

603.5 11.716 11.400 10.872 10.065 9.640 10.019 11.198 12.702 14.072 

604 11.448 11.137 10.636 9.879 9.448 9.834 10.968 12.427 13.771 

604.5 11.173 10.869 10.405 9.675 9.247 9.658 10.731 12.168 13.503 

605 10.903 10.602 10.181 9.472 9.043 9.484 10.515 11.935 13.242 

605.5 10.646 10.363 9.962 9.268 8.843 9.311 10.305 11.699 12.981 

606 10.388 10.129 9.748 9.069 8.642 9.137 10.089 11.464 12.716 

606.5 10.127 9.896 9.537 8.873 8.445 8.956 9.880 11.231 12.436 

607 9.882 9.674 9.312 8.684 8.251 8.778 9.689 10.996 12.151 

607.5 9.647 9.468 9.088 8.514 8.072 8.584 9.498 10.756 11.853 

608 9.425 9.274 8.866 8.340 7.895 8.403 9.309 10.513 11.560 

608.5 9.203 9.080 8.642 8.155 7.733 8.224 9.118 10.264 11.291 

609 8.988 8.876 8.425 7.964 7.586 8.051 8.936 10.036 11.035 

609.5 8.790 8.688 8.216 7.774 7.444 7.883 8.758 9.810 10.784 

610 8.597 8.494 8.019 7.582 7.304 7.718 8.566 9.587 10.538 

610.5 8.402 8.293 7.840 7.389 7.159 7.552 8.380 9.375 10.295 

611 8.205 8.086 7.665 7.204 7.013 7.396 8.204 9.160 10.057 

611.5 8.015 7.874 7.500 7.037 6.872 7.231 8.029 8.947 9.814 

612 7.832 7.677 7.351 6.877 6.721 7.076 7.850 8.740 9.574 

612.5 7.645 7.481 7.200 6.727 6.577 6.924 7.669 8.533 9.342 

613 7.472 7.288 7.049 6.573 6.450 6.779 7.486 8.344 9.125 

613.5 7.307 7.107 6.886 6.433 6.325 6.645 7.314 8.162 8.914 

614 7.145 6.934 6.709 6.305 6.207 6.513 7.137 7.989 8.713 

614.5 6.987 6.772 6.531 6.168 6.093 6.376 6.966 7.835 8.527 

615 6.820 6.617 6.350 6.029 5.975 6.241 6.811 7.676 8.355 

615.5 6.648 6.460 6.161 5.897 5.850 6.104 6.665 7.506 8.180 

616 6.474 6.318 5.993 5.758 5.718 5.975 6.516 7.331 8.003 

616.5 6.297 6.170 5.844 5.620 5.587 5.845 6.364 7.151 7.817 

617 6.129 6.027 5.714 5.466 5.467 5.713 6.210 6.967 7.630 

617.5 5.964 5.878 5.593 5.318 5.348 5.596 6.064 6.778 7.440 

618 5.810 5.720 5.474 5.184 5.236 5.479 5.924 6.598 7.249 

618.5 5.665 5.571 5.364 5.048 5.128 5.363 5.789 6.440 7.067 

619 5.529 5.427 5.253 4.921 5.015 5.242 5.664 6.292 6.904 

619.5 5.394 5.284 5.130 4.808 4.892 5.117 5.548 6.148 6.746 

620 5.264 5.151 5.010 4.703 4.767 4.994 5.435 6.014 6.594 

620.5 5.136 5.022 4.891 4.606 4.646 4.872 5.318 5.887 6.446 

621 5.012 4.912 4.773 4.503 4.528 4.746 5.199 5.757 6.295 

621.5 4.890 4.805 4.654 4.399 4.412 4.632 5.086 5.620 6.135 

622 4.774 4.696 4.533 4.302 4.295 4.525 4.975 5.480 5.973 

622.5 4.654 4.585 4.419 4.205 4.185 4.426 4.859 5.346 5.806 

623 4.539 4.466 4.310 4.107 4.082 4.324 4.743 5.219 5.654 

623.5 4.425 4.356 4.200 4.012 3.982 4.223 4.628 5.099 5.503 
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624 4.316 4.243 4.100 3.918 3.886 4.127 4.522 4.980 5.363 

624.5 4.212 4.137 4.001 3.828 3.807 4.032 4.412 4.865 5.241 

625 4.111 4.040 3.902 3.734 3.735 3.937 4.301 4.755 5.128 

625.5 4.018 3.944 3.802 3.637 3.667 3.847 4.203 4.639 5.013 

626 3.930 3.851 3.705 3.534 3.590 3.757 4.111 4.521 4.903 

626.5 3.837 3.753 3.608 3.440 3.514 3.672 4.025 4.400 4.788 

627 3.744 3.645 3.518 3.356 3.431 3.587 3.938 4.281 4.675 

627.5 3.649 3.548 3.430 3.273 3.345 3.502 3.843 4.174 4.555 

628 3.551 3.445 3.355 3.192 3.255 3.421 3.753 4.070 4.432 

628.5 3.453 3.349 3.272 3.118 3.174 3.341 3.660 3.971 4.315 

629 3.355 3.262 3.190 3.047 3.097 3.266 3.559 3.879 4.203 

629.5 3.264 3.180 3.104 2.974 3.027 3.197 3.463 3.787 4.087 

630 3.174 3.110 3.015 2.897 2.952 3.124 3.368 3.695 3.973 

630.5 3.085 3.044 2.920 2.822 2.880 3.052 3.275 3.596 3.858 

631 3.005 2.973 2.831 2.757 2.801 2.976 3.190 3.494 3.749 

631.5 2.924 2.907 2.744 2.691 2.730 2.900 3.102 3.404 3.645 

632 2.845 2.836 2.669 2.623 2.661 2.820 3.021 3.317 3.548 

632.5 2.766 2.767 2.593 2.562 2.599 2.740 2.945 3.237 3.457 

633 2.693 2.691 2.526 2.508 2.541 2.669 2.871 3.163 3.378 

633.5 2.630 2.610 2.466 2.454 2.486 2.603 2.803 3.091 3.305 

634 2.565 2.533 2.406 2.401 2.429 2.536 2.738 3.019 3.233 

634.5 2.504 2.456 2.343 2.345 2.376 2.474 2.673 2.945 3.157 

635 2.451 2.382 2.287 2.294 2.319 2.414 2.614 2.864 3.077 

635.5 2.396 2.311 2.230 2.235 2.263 2.359 2.551 2.783 2.999 

636 2.340 2.248 2.172 2.171 2.208 2.297 2.488 2.705 2.920 

636.5 2.279 2.196 2.111 2.105 2.153 2.234 2.419 2.636 2.840 

637 2.213 2.144 2.051 2.043 2.095 2.182 2.349 2.573 2.762 

637.5 2.150 2.091 1.999 1.983 2.041 2.132 2.282 2.519 2.690 

638 2.088 2.043 1.947 1.927 1.982 2.085 2.219 2.466 2.621 

638.5 2.027 1.993 1.896 1.875 1.927 2.040 2.160 2.408 2.552 

639 1.973 1.942 1.851 1.833 1.877 2.001 2.107 2.347 2.483 

639.5 1.920 1.887 1.810 1.792 1.832 1.964 2.061 2.280 2.417 

640 1.870 1.833 1.764 1.751 1.788 1.918 2.016 2.208 2.350 
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4.7. Fl. Intensity data for H2DTC with variation of surfactant concentrations at            

298.15 K 

Fl. Intensity of H2DTC with variation of surfactant concentrations in 15% v/v EtOH-water medium 

Fl. Intensity 

(a.u.) 

[SDS]/ 

mM 

Fl. Intensity 

(a.u.) 

[DTAB]/ 

mM 

Fl. Intensity 

(a.u.) 

[C16MImCl]/ 

mM 

Fl. Intensity 

(a.u.) 

[16-4 16]/ 

mM 

Fl. Intensity 

(a.u.) 

[Tween-60]/ 

mM 

0 139.15 0.000 185.74 0.000 221.90 0.0000 158.03 0 169.34 

0.0486 140.13 0.120 185.66 0.018 222.47 0.0005 156.77 0.0003 176.63 

0.1457 140.02 0.358 185.72 0.055 220.42 0.0014 154.39 0.0010 177.29 

0.2906 139.77 0.715 185.09 0.110 218.56 0.0028 147.07 0.0016 177.46 

0.4829 140.19 1.306 188.76 0.182 215.49 0.0047 142.25 0.0025 177.75 

0.7214 139.70 2.473 186.81 0.271 211.88 0.0070 135.08 0.0038 176.22 

1.0757 139.96 4.753 189.19 0.447 206.51 0.0104 124.10 0.0054 175.60 

1.5417 140.86 8.044 192.43 0.619 202.83 0.0160 114.87 0.0085 169.85 

2.2273 142.70 12.207 209.65 0.951 202.20 0.025 110.51 0.014 165.84 

3.1170 144.74 17.078 247.49 1.422 207.23 0.033 111.30 0.023 153.94 

4.1919 147.01 21.616 263.86 1.864 218.92 0.045 118.47 0.034 133.84 

5.2275 147.71 25.853 274.18 2.412 227.23 0.061 128.97 0.047 126.18 

6.4213 148.47 29.819 279.21 3.039 235.20 0.079 139.83 0.065 109.76 

7.7509 148.82 33.539 282.94 3.609 242.35 0.104 155.52 0.086 88.00 

9.1930 148.59 37.035 284.13 4.130 248.19 0.141 168.26 0.104 74.00 

10.7245 148.45 41.901 287.43 4.832 254.48 0.184 185.40 0.129 49.83 

12.3231 147.33 49.139 288.15 5.453 259.80 0.228 197.85 0.149 35.44 

13.8228 147.55 56.638 292.66 6.007 263.13         

16.5603 145.71 65.053 298.42 6.503 266.26         

 

4.8. Absorbance data for H2DTC with variation of its concentrations in 15% EtOH-

water medium at 298.15 K 

Wavelength/ nm 

[H2DTC] / mM 

0.042 0.045 0.048 0.05 0.056 0.061 0.07 0.082 

200 0.431 0.463 0.493 0.523 0.583 0.641 0.730 0.857 

200.5 0.429 0.462 0.491 0.522 0.582 0.639 0.729 0.854 

201 0.426 0.458 0.486 0.517 0.578 0.634 0.724 0.849 

201.5 0.422 0.454 0.482 0.513 0.573 0.629 0.718 0.844 

202 0.418 0.450 0.478 0.508 0.567 0.623 0.713 0.837 

202.5 0.413 0.444 0.472 0.502 0.561 0.617 0.706 0.830 

203 0.408 0.439 0.466 0.497 0.555 0.611 0.698 0.823 

203.5 0.403 0.434 0.461 0.491 0.549 0.605 0.691 0.814 

204 0.398 0.429 0.456 0.485 0.543 0.598 0.683 0.805 

204.5 0.392 0.423 0.450 0.479 0.537 0.591 0.675 0.797 

205 0.387 0.417 0.444 0.473 0.530 0.584 0.668 0.789 

205.5 0.382 0.411 0.438 0.467 0.523 0.576 0.660 0.780 

206 0.377 0.406 0.432 0.460 0.517 0.569 0.653 0.772 

206.5 0.372 0.401 0.427 0.455 0.511 0.563 0.646 0.764 

207 0.368 0.396 0.422 0.450 0.505 0.558 0.639 0.757 

207.5 0.363 0.392 0.417 0.444 0.500 0.552 0.633 0.750 

208 0.359 0.388 0.412 0.440 0.494 0.547 0.627 0.744 

208.5 0.356 0.384 0.408 0.435 0.490 0.542 0.622 0.738 

209 0.353 0.380 0.405 0.432 0.487 0.538 0.618 0.734 

209.5 0.350 0.378 0.402 0.429 0.483 0.535 0.615 0.730 

210 0.348 0.375 0.399 0.426 0.480 0.531 0.611 0.726 

210.5 0.345 0.372 0.396 0.422 0.477 0.528 0.608 0.724 

211 0.343 0.370 0.394 0.420 0.474 0.526 0.606 0.721 

211.5 0.342 0.368 0.392 0.418 0.472 0.524 0.604 0.720 
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212 0.340 0.366 0.390 0.417 0.470 0.522 0.602 0.719 

212.5 0.339 0.365 0.389 0.415 0.469 0.521 0.602 0.718 

213 0.339 0.364 0.388 0.415 0.469 0.521 0.602 0.719 

213.5 0.338 0.364 0.388 0.414 0.469 0.521 0.602 0.720 

214 0.338 0.364 0.388 0.414 0.469 0.521 0.603 0.722 

214.5 0.339 0.364 0.388 0.415 0.470 0.523 0.604 0.724 

215 0.339 0.365 0.389 0.416 0.471 0.524 0.606 0.727 

215.5 0.340 0.366 0.390 0.417 0.473 0.526 0.609 0.730 

216 0.341 0.367 0.391 0.419 0.474 0.528 0.611 0.734 

216.5 0.342 0.368 0.393 0.420 0.476 0.531 0.615 0.738 

217 0.343 0.370 0.395 0.422 0.479 0.533 0.618 0.742 

217.5 0.345 0.372 0.397 0.424 0.481 0.536 0.621 0.747 

218 0.347 0.374 0.399 0.427 0.484 0.540 0.625 0.751 

218.5 0.349 0.376 0.401 0.429 0.487 0.543 0.629 0.756 

219 0.350 0.378 0.403 0.432 0.490 0.546 0.633 0.762 

219.5 0.352 0.380 0.406 0.434 0.493 0.549 0.637 0.767 

220 0.354 0.382 0.408 0.437 0.496 0.553 0.641 0.771 

220.5 0.357 0.385 0.411 0.440 0.499 0.557 0.645 0.777 

221 0.359 0.387 0.414 0.443 0.503 0.560 0.650 0.782 

221.5 0.361 0.390 0.417 0.446 0.506 0.564 0.654 0.787 

222 0.363 0.392 0.419 0.449 0.510 0.568 0.659 0.793 

222.5 0.365 0.395 0.422 0.452 0.513 0.572 0.663 0.798 

223 0.368 0.397 0.425 0.455 0.517 0.576 0.667 0.803 

223.5 0.370 0.400 0.428 0.458 0.520 0.579 0.672 0.808 

224 0.372 0.403 0.431 0.461 0.524 0.583 0.677 0.813 

224.5 0.375 0.406 0.434 0.464 0.527 0.587 0.681 0.818 

225 0.377 0.408 0.437 0.468 0.531 0.591 0.686 0.823 

225.5 0.380 0.411 0.440 0.471 0.535 0.595 0.690 0.829 

226 0.382 0.414 0.443 0.475 0.539 0.599 0.695 0.834 

226.5 0.385 0.418 0.447 0.479 0.543 0.604 0.700 0.840 

227 0.388 0.421 0.450 0.482 0.547 0.608 0.705 0.845 

227.5 0.391 0.424 0.454 0.486 0.551 0.613 0.710 0.850 

228 0.394 0.428 0.458 0.490 0.556 0.617 0.715 0.856 

228.5 0.397 0.431 0.461 0.494 0.560 0.622 0.720 0.862 

229 0.400 0.435 0.465 0.498 0.564 0.626 0.726 0.868 

229.5 0.403 0.438 0.469 0.502 0.568 0.631 0.731 0.873 

230 0.406 0.442 0.473 0.507 0.573 0.636 0.736 0.879 

230.5 0.409 0.446 0.477 0.511 0.578 0.641 0.742 0.885 

231 0.413 0.449 0.481 0.515 0.582 0.646 0.747 0.891 

231.5 0.416 0.453 0.485 0.520 0.587 0.651 0.753 0.897 

232 0.420 0.457 0.489 0.524 0.592 0.656 0.759 0.903 

232.5 0.423 0.461 0.493 0.528 0.596 0.661 0.764 0.909 

233 0.426 0.464 0.497 0.532 0.600 0.665 0.769 0.914 

233.5 0.429 0.468 0.500 0.536 0.604 0.669 0.774 0.919 

234 0.432 0.471 0.504 0.539 0.608 0.674 0.778 0.924 

234.5 0.435 0.474 0.507 0.542 0.612 0.677 0.782 0.929 

235 0.438 0.477 0.510 0.546 0.615 0.681 0.786 0.933 

235.5 0.440 0.479 0.513 0.549 0.618 0.684 0.790 0.937 

236 0.442 0.482 0.515 0.551 0.621 0.687 0.793 0.940 

236.5 0.444 0.484 0.518 0.554 0.623 0.690 0.796 0.943 

237 0.446 0.486 0.520 0.556 0.626 0.693 0.799 0.946 

237.5 0.448 0.488 0.522 0.558 0.628 0.695 0.801 0.948 

238 0.449 0.489 0.523 0.559 0.629 0.696 0.802 0.950 

238.5 0.450 0.490 0.524 0.560 0.630 0.697 0.803 0.950 

239 0.451 0.490 0.524 0.560 0.630 0.697 0.803 0.950 

239.5 0.450 0.490 0.524 0.560 0.630 0.696 0.802 0.949 

240 0.450 0.489 0.523 0.559 0.628 0.695 0.800 0.946 

240.5 0.448 0.488 0.521 0.557 0.626 0.692 0.797 0.942 

241 0.446 0.486 0.519 0.554 0.623 0.688 0.792 0.936 

241.5 0.444 0.482 0.516 0.551 0.619 0.684 0.786 0.929 

242 0.441 0.479 0.511 0.546 0.613 0.678 0.779 0.920 

242.5 0.437 0.474 0.506 0.541 0.607 0.671 0.771 0.911 

243 0.432 0.469 0.501 0.535 0.601 0.663 0.762 0.900 

243.5 0.427 0.464 0.495 0.528 0.593 0.655 0.752 0.888 
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244 0.422 0.458 0.488 0.522 0.585 0.646 0.741 0.875 

244.5 0.416 0.451 0.481 0.514 0.577 0.636 0.730 0.862 

245 0.410 0.445 0.474 0.506 0.568 0.626 0.719 0.848 

245.5 0.404 0.438 0.467 0.499 0.559 0.616 0.707 0.834 

246 0.398 0.431 0.459 0.491 0.550 0.606 0.695 0.819 

246.5 0.392 0.424 0.452 0.482 0.540 0.596 0.683 0.805 

247 0.385 0.417 0.444 0.474 0.531 0.585 0.670 0.790 

247.5 0.379 0.409 0.436 0.466 0.522 0.575 0.658 0.776 

248 0.372 0.403 0.429 0.457 0.512 0.565 0.647 0.761 

248.5 0.366 0.396 0.421 0.449 0.503 0.555 0.635 0.748 

249 0.360 0.389 0.414 0.441 0.494 0.546 0.624 0.735 

249.5 0.354 0.382 0.406 0.434 0.486 0.536 0.613 0.722 

250 0.347 0.375 0.399 0.426 0.477 0.526 0.603 0.709 

250.5 0.341 0.368 0.392 0.418 0.468 0.517 0.592 0.696 

251 0.335 0.361 0.385 0.410 0.460 0.508 0.582 0.684 

251.5 0.329 0.355 0.378 0.403 0.452 0.499 0.572 0.673 

252 0.323 0.349 0.371 0.396 0.444 0.491 0.562 0.661 

252.5 0.318 0.343 0.365 0.389 0.436 0.482 0.553 0.651 

253 0.313 0.337 0.359 0.383 0.429 0.474 0.544 0.641 

253.5 0.307 0.332 0.353 0.376 0.422 0.467 0.536 0.632 

254 0.302 0.326 0.347 0.370 0.416 0.460 0.528 0.623 

254.5 0.298 0.321 0.342 0.365 0.410 0.453 0.520 0.614 

255 0.294 0.317 0.337 0.360 0.404 0.447 0.514 0.607 

255.5 0.290 0.313 0.333 0.355 0.398 0.442 0.507 0.599 

256 0.286 0.309 0.328 0.351 0.394 0.436 0.501 0.593 

256.5 0.283 0.305 0.325 0.347 0.389 0.431 0.496 0.587 

257 0.280 0.301 0.321 0.343 0.385 0.427 0.491 0.582 

257.5 0.276 0.298 0.318 0.339 0.381 0.423 0.487 0.577 

258 0.274 0.295 0.315 0.336 0.378 0.419 0.482 0.572 

258.5 0.271 0.293 0.312 0.333 0.374 0.415 0.478 0.568 

259 0.269 0.290 0.309 0.330 0.371 0.412 0.475 0.563 

259.5 0.267 0.288 0.307 0.327 0.368 0.409 0.471 0.560 

260 0.265 0.286 0.305 0.325 0.365 0.406 0.468 0.556 

260.5 0.263 0.284 0.302 0.323 0.363 0.403 0.465 0.553 

261 0.261 0.282 0.300 0.321 0.361 0.401 0.463 0.550 

261.5 0.259 0.280 0.298 0.319 0.359 0.399 0.460 0.548 

262 0.258 0.279 0.297 0.317 0.357 0.397 0.458 0.545 

262.5 0.256 0.277 0.295 0.315 0.355 0.394 0.455 0.542 

263 0.255 0.275 0.293 0.313 0.353 0.392 0.453 0.540 

263.5 0.253 0.273 0.292 0.312 0.351 0.390 0.451 0.537 

264 0.252 0.272 0.290 0.310 0.349 0.388 0.448 0.535 

264.5 0.250 0.270 0.288 0.308 0.346 0.385 0.446 0.532 

265 0.248 0.268 0.286 0.306 0.344 0.383 0.443 0.529 

265.5 0.247 0.266 0.284 0.304 0.342 0.381 0.440 0.526 

266 0.245 0.265 0.282 0.302 0.340 0.378 0.438 0.522 

266.5 0.243 0.262 0.280 0.299 0.337 0.375 0.434 0.518 

267 0.241 0.260 0.278 0.297 0.334 0.372 0.431 0.514 

267.5 0.239 0.258 0.275 0.294 0.331 0.369 0.427 0.510 

268 0.237 0.256 0.273 0.291 0.328 0.366 0.423 0.506 

268.5 0.234 0.253 0.270 0.288 0.325 0.362 0.419 0.501 

269 0.232 0.250 0.267 0.285 0.322 0.358 0.415 0.496 

269.5 0.229 0.248 0.264 0.282 0.318 0.354 0.410 0.491 

270 0.227 0.245 0.261 0.279 0.315 0.351 0.406 0.486 

270.5 0.224 0.242 0.258 0.276 0.311 0.347 0.401 0.480 

271 0.222 0.239 0.255 0.273 0.307 0.343 0.397 0.475 

271.5 0.219 0.236 0.252 0.269 0.304 0.339 0.392 0.469 

272 0.216 0.233 0.249 0.266 0.300 0.334 0.387 0.464 

272.5 0.213 0.230 0.246 0.263 0.296 0.330 0.382 0.458 

273 0.210 0.227 0.242 0.259 0.292 0.326 0.377 0.452 

273.5 0.207 0.224 0.239 0.255 0.288 0.321 0.371 0.446 

274 0.204 0.221 0.235 0.252 0.284 0.317 0.366 0.440 

274.5 0.202 0.217 0.232 0.248 0.280 0.312 0.361 0.433 

275 0.198 0.214 0.228 0.245 0.276 0.308 0.356 0.427 

275.5 0.195 0.211 0.225 0.241 0.272 0.303 0.351 0.421 
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276 0.193 0.207 0.221 0.237 0.268 0.298 0.345 0.414 

276.5 0.189 0.204 0.218 0.233 0.263 0.294 0.340 0.407 

277 0.186 0.201 0.214 0.229 0.259 0.289 0.335 0.401 

277.5 0.183 0.198 0.211 0.226 0.255 0.284 0.329 0.394 

278 0.180 0.194 0.207 0.222 0.251 0.280 0.324 0.388 

278.5 0.177 0.191 0.204 0.218 0.246 0.275 0.319 0.381 

279 0.174 0.188 0.200 0.215 0.242 0.271 0.313 0.375 

279.5 0.171 0.184 0.197 0.211 0.238 0.266 0.308 0.368 

280 0.168 0.181 0.193 0.207 0.234 0.261 0.303 0.361 

280.5 0.165 0.178 0.190 0.203 0.229 0.257 0.297 0.355 

281 0.162 0.174 0.186 0.199 0.225 0.252 0.291 0.348 

281.5 0.159 0.171 0.182 0.196 0.221 0.247 0.286 0.342 

282 0.155 0.168 0.179 0.192 0.217 0.242 0.280 0.335 

282.5 0.152 0.165 0.176 0.188 0.213 0.238 0.275 0.329 

283 0.150 0.161 0.172 0.185 0.209 0.233 0.270 0.323 

283.5 0.147 0.158 0.168 0.181 0.204 0.229 0.265 0.317 

284 0.143 0.155 0.165 0.177 0.200 0.224 0.259 0.310 

284.5 0.140 0.151 0.161 0.173 0.196 0.219 0.254 0.303 

285 0.137 0.148 0.158 0.169 0.191 0.214 0.248 0.297 

285.5 0.134 0.144 0.154 0.166 0.187 0.209 0.243 0.290 

286 0.131 0.141 0.151 0.162 0.183 0.205 0.238 0.284 

286.5 0.128 0.138 0.148 0.158 0.179 0.201 0.233 0.278 

287 0.125 0.135 0.145 0.155 0.175 0.196 0.228 0.272 

287.5 0.122 0.132 0.141 0.152 0.171 0.192 0.223 0.267 

288 0.119 0.129 0.138 0.148 0.168 0.188 0.218 0.261 

288.5 0.117 0.126 0.135 0.145 0.164 0.184 0.214 0.256 

289 0.114 0.124 0.132 0.142 0.161 0.180 0.209 0.250 

289.5 0.112 0.121 0.130 0.139 0.157 0.177 0.205 0.245 

290 0.109 0.119 0.127 0.137 0.154 0.173 0.201 0.241 

290.5 0.107 0.117 0.125 0.134 0.151 0.170 0.197 0.236 

291 0.105 0.114 0.122 0.131 0.149 0.167 0.194 0.232 

291.5 0.103 0.112 0.120 0.129 0.146 0.164 0.191 0.228 

292 0.101 0.110 0.118 0.127 0.144 0.161 0.187 0.224 

292.5 0.099 0.108 0.116 0.125 0.141 0.159 0.184 0.220 

293 0.098 0.107 0.114 0.123 0.139 0.156 0.181 0.217 

293.5 0.096 0.105 0.112 0.121 0.137 0.154 0.179 0.214 

294 0.095 0.103 0.111 0.119 0.135 0.151 0.176 0.211 

294.5 0.093 0.102 0.109 0.118 0.133 0.150 0.174 0.208 

295 0.092 0.100 0.108 0.116 0.132 0.148 0.172 0.206 

295.5 0.091 0.099 0.106 0.115 0.130 0.146 0.170 0.204 

296 0.090 0.098 0.105 0.114 0.129 0.145 0.168 0.202 

296.5 0.089 0.097 0.104 0.112 0.127 0.143 0.166 0.200 

297 0.088 0.096 0.103 0.111 0.126 0.142 0.165 0.198 

297.5 0.087 0.095 0.102 0.110 0.125 0.141 0.163 0.196 

298 0.086 0.094 0.101 0.109 0.124 0.139 0.162 0.194 

298.5 0.085 0.094 0.101 0.108 0.123 0.138 0.161 0.193 

299 0.084 0.093 0.100 0.108 0.122 0.137 0.160 0.192 

299.5 0.084 0.092 0.099 0.107 0.121 0.136 0.159 0.190 

300 0.083 0.091 0.098 0.106 0.120 0.135 0.158 0.189 

300.5 0.083 0.091 0.097 0.105 0.120 0.134 0.156 0.188 

301 0.082 0.090 0.097 0.105 0.119 0.134 0.156 0.187 

301.5 0.082 0.090 0.096 0.104 0.118 0.133 0.155 0.186 

302 0.081 0.089 0.096 0.103 0.117 0.132 0.154 0.185 

302.5 0.080 0.088 0.095 0.103 0.117 0.131 0.153 0.183 

303 0.080 0.088 0.094 0.102 0.116 0.130 0.152 0.182 

303.5 0.079 0.087 0.094 0.101 0.115 0.130 0.151 0.181 

304 0.079 0.087 0.093 0.101 0.115 0.129 0.150 0.180 

304.5 0.078 0.086 0.093 0.100 0.114 0.128 0.150 0.179 

305 0.078 0.086 0.092 0.099 0.113 0.127 0.149 0.178 

305.5 0.077 0.085 0.091 0.099 0.112 0.127 0.148 0.177 

306 0.076 0.083 0.090 0.097 0.110 0.125 0.146 0.175 

306.5 0.074 0.082 0.088 0.095 0.109 0.123 0.144 0.173 

307 0.074 0.081 0.088 0.095 0.108 0.122 0.143 0.172 

307.5 0.073 0.081 0.087 0.094 0.107 0.121 0.142 0.171 



 

cxiv 

 

308 0.073 0.080 0.086 0.094 0.107 0.120 0.141 0.170 

308.5 0.072 0.080 0.086 0.093 0.106 0.120 0.140 0.169 

309 0.071 0.079 0.085 0.092 0.105 0.119 0.139 0.168 

309.5 0.071 0.078 0.084 0.092 0.104 0.118 0.138 0.166 

310 0.070 0.078 0.084 0.091 0.104 0.117 0.137 0.165 

310.5 0.070 0.077 0.083 0.090 0.103 0.116 0.137 0.164 

311 0.069 0.077 0.083 0.090 0.102 0.116 0.136 0.163 

311.5 0.069 0.076 0.082 0.089 0.102 0.115 0.135 0.162 

312 0.068 0.076 0.082 0.089 0.101 0.114 0.134 0.161 

312.5 0.068 0.075 0.081 0.088 0.100 0.113 0.133 0.160 

313 0.067 0.075 0.081 0.087 0.099 0.113 0.132 0.159 

313.5 0.067 0.074 0.080 0.087 0.099 0.112 0.131 0.158 

314 0.067 0.074 0.079 0.086 0.098 0.111 0.130 0.157 

314.5 0.066 0.073 0.079 0.086 0.098 0.110 0.130 0.156 

315 0.066 0.073 0.079 0.085 0.097 0.110 0.129 0.155 

315.5 0.065 0.072 0.078 0.085 0.097 0.109 0.128 0.154 

316 0.065 0.072 0.078 0.084 0.096 0.109 0.127 0.153 

316.5 0.065 0.072 0.077 0.084 0.096 0.108 0.127 0.152 

317 0.064 0.071 0.077 0.083 0.095 0.108 0.126 0.152 

317.5 0.064 0.071 0.077 0.083 0.095 0.107 0.125 0.151 

318 0.064 0.071 0.076 0.083 0.094 0.107 0.125 0.150 

318.5 0.063 0.070 0.076 0.083 0.094 0.106 0.125 0.150 

319 0.063 0.070 0.076 0.082 0.094 0.106 0.124 0.149 

319.5 0.063 0.070 0.076 0.082 0.094 0.106 0.124 0.149 

320 0.063 0.070 0.075 0.082 0.094 0.106 0.124 0.149 

320.5 0.063 0.070 0.075 0.082 0.093 0.105 0.123 0.149 

321 0.063 0.070 0.075 0.082 0.093 0.105 0.123 0.148 

321.5 0.063 0.070 0.075 0.082 0.093 0.105 0.123 0.148 

322 0.063 0.070 0.075 0.082 0.093 0.105 0.123 0.148 

322.5 0.063 0.070 0.075 0.082 0.093 0.106 0.123 0.148 

323 0.063 0.070 0.076 0.082 0.094 0.106 0.123 0.148 

323.5 0.063 0.070 0.076 0.082 0.094 0.106 0.124 0.148 

324 0.064 0.070 0.076 0.082 0.094 0.106 0.124 0.148 

324.5 0.064 0.071 0.076 0.083 0.094 0.106 0.124 0.149 

325 0.064 0.071 0.076 0.083 0.094 0.106 0.124 0.149 

325.5 0.064 0.071 0.077 0.083 0.095 0.107 0.125 0.150 

326 0.064 0.072 0.077 0.084 0.095 0.107 0.125 0.150 

326.5 0.065 0.072 0.078 0.084 0.096 0.108 0.125 0.150 

327 0.065 0.072 0.078 0.084 0.096 0.108 0.126 0.151 

327.5 0.066 0.073 0.078 0.085 0.096 0.109 0.127 0.151 

328 0.066 0.073 0.079 0.085 0.097 0.109 0.127 0.152 

328.5 0.066 0.073 0.079 0.086 0.098 0.110 0.128 0.153 

329 0.067 0.074 0.080 0.086 0.098 0.110 0.128 0.154 

329.5 0.067 0.074 0.080 0.087 0.099 0.111 0.129 0.155 

330 0.068 0.075 0.081 0.088 0.099 0.112 0.130 0.155 

330.5 0.068 0.076 0.081 0.088 0.100 0.113 0.131 0.156 

331 0.069 0.076 0.082 0.089 0.101 0.113 0.132 0.157 

331.5 0.069 0.077 0.083 0.089 0.101 0.114 0.133 0.158 

332 0.070 0.077 0.083 0.090 0.102 0.115 0.133 0.159 

332.5 0.070 0.078 0.084 0.091 0.103 0.116 0.134 0.160 

333 0.071 0.079 0.085 0.092 0.104 0.116 0.135 0.161 

333.5 0.072 0.079 0.085 0.092 0.104 0.117 0.136 0.162 

334 0.072 0.080 0.086 0.093 0.105 0.118 0.137 0.163 

334.5 0.073 0.080 0.086 0.094 0.106 0.119 0.138 0.164 

335 0.073 0.081 0.087 0.094 0.107 0.120 0.139 0.166 

335.5 0.074 0.082 0.088 0.095 0.108 0.121 0.140 0.167 

336 0.075 0.082 0.089 0.096 0.109 0.122 0.141 0.168 

336.5 0.075 0.083 0.090 0.097 0.109 0.123 0.143 0.169 

337 0.076 0.084 0.090 0.098 0.110 0.124 0.144 0.171 

337.5 0.077 0.084 0.091 0.099 0.111 0.125 0.145 0.172 

338 0.077 0.085 0.092 0.099 0.112 0.126 0.146 0.173 

338.5 0.078 0.086 0.093 0.100 0.113 0.127 0.147 0.174 

339 0.079 0.087 0.094 0.101 0.114 0.128 0.148 0.176 

339.5 0.079 0.088 0.094 0.102 0.115 0.129 0.149 0.177 



 

cxv 

 

340 0.080 0.089 0.095 0.103 0.116 0.130 0.150 0.178 

340.5 0.081 0.089 0.096 0.104 0.117 0.131 0.151 0.179 

341 0.083 0.092 0.099 0.107 0.120 0.134 0.154 0.183 

341.5 0.086 0.095 0.102 0.110 0.123 0.137 0.158 0.187 

342 0.087 0.096 0.102 0.111 0.124 0.138 0.159 0.188 

342.5 0.088 0.096 0.103 0.111 0.125 0.140 0.160 0.190 

343 0.089 0.097 0.104 0.112 0.126 0.141 0.161 0.191 

343.5 0.089 0.098 0.105 0.113 0.127 0.141 0.162 0.192 

344 0.090 0.099 0.106 0.114 0.128 0.142 0.164 0.194 

344.5 0.090 0.099 0.107 0.115 0.129 0.143 0.165 0.195 

345 0.091 0.100 0.107 0.115 0.130 0.145 0.166 0.196 

345.5 0.092 0.101 0.108 0.116 0.130 0.146 0.167 0.197 

346 0.092 0.102 0.109 0.117 0.131 0.146 0.168 0.198 

346.5 0.093 0.102 0.110 0.118 0.132 0.147 0.169 0.200 

347 0.094 0.103 0.110 0.119 0.133 0.148 0.170 0.201 

347.5 0.094 0.104 0.111 0.120 0.134 0.149 0.171 0.202 

348 0.095 0.104 0.111 0.120 0.134 0.150 0.172 0.203 

348.5 0.095 0.105 0.112 0.121 0.135 0.151 0.173 0.204 

349 0.096 0.105 0.113 0.121 0.136 0.151 0.174 0.205 

349.5 0.096 0.106 0.113 0.122 0.136 0.152 0.174 0.206 

350 0.097 0.106 0.114 0.123 0.137 0.153 0.175 0.207 

350.5 0.097 0.107 0.114 0.123 0.138 0.153 0.176 0.208 

351 0.097 0.107 0.115 0.124 0.138 0.154 0.177 0.208 

351.5 0.098 0.107 0.115 0.124 0.139 0.154 0.177 0.209 

352 0.098 0.108 0.115 0.124 0.139 0.155 0.177 0.209 

352.5 0.098 0.108 0.116 0.125 0.139 0.155 0.178 0.210 

353 0.099 0.108 0.116 0.125 0.140 0.155 0.178 0.210 

353.5 0.099 0.109 0.116 0.125 0.140 0.156 0.179 0.211 

354 0.099 0.109 0.116 0.125 0.140 0.156 0.179 0.211 

354.5 0.099 0.109 0.116 0.126 0.140 0.156 0.179 0.211 

355 0.099 0.109 0.116 0.126 0.140 0.156 0.179 0.211 

355.5 0.099 0.109 0.117 0.126 0.140 0.156 0.179 0.211 

356 0.099 0.109 0.117 0.126 0.140 0.156 0.179 0.212 

356.5 0.099 0.109 0.116 0.126 0.140 0.156 0.179 0.211 

357 0.099 0.109 0.116 0.125 0.140 0.156 0.179 0.211 

357.5 0.099 0.109 0.116 0.125 0.140 0.156 0.179 0.211 

358 0.099 0.109 0.116 0.125 0.140 0.156 0.179 0.211 

358.5 0.099 0.108 0.116 0.125 0.140 0.155 0.178 0.210 

359 0.098 0.108 0.116 0.125 0.139 0.155 0.178 0.210 

359.5 0.098 0.108 0.115 0.124 0.139 0.155 0.177 0.209 

360 0.098 0.107 0.115 0.124 0.138 0.154 0.177 0.209 

360.5 0.097 0.107 0.115 0.123 0.138 0.154 0.176 0.208 

361 0.097 0.107 0.114 0.123 0.137 0.153 0.176 0.207 

361.5 0.096 0.106 0.114 0.122 0.137 0.152 0.175 0.207 

362 0.096 0.106 0.113 0.122 0.136 0.152 0.174 0.206 

362.5 0.095 0.105 0.112 0.121 0.135 0.151 0.173 0.205 

363 0.095 0.104 0.112 0.120 0.134 0.150 0.172 0.203 

363.5 0.094 0.104 0.111 0.120 0.134 0.149 0.171 0.203 

364 0.094 0.103 0.110 0.119 0.133 0.148 0.170 0.201 

364.5 0.093 0.102 0.109 0.118 0.132 0.147 0.169 0.200 

365 0.092 0.101 0.109 0.117 0.131 0.146 0.168 0.199 

365.5 0.091 0.100 0.108 0.116 0.130 0.145 0.167 0.197 

366 0.091 0.099 0.107 0.115 0.129 0.144 0.165 0.196 

366.5 0.090 0.099 0.106 0.114 0.128 0.143 0.164 0.194 

367 0.089 0.098 0.105 0.113 0.126 0.141 0.162 0.193 

367.5 0.088 0.097 0.104 0.112 0.125 0.140 0.161 0.191 

368 0.087 0.096 0.103 0.111 0.124 0.139 0.160 0.189 

368.5 0.086 0.095 0.102 0.110 0.123 0.138 0.158 0.188 

369 0.085 0.094 0.100 0.109 0.122 0.136 0.157 0.186 

369.5 0.084 0.093 0.099 0.107 0.120 0.135 0.155 0.184 

370 0.083 0.092 0.098 0.106 0.119 0.133 0.153 0.182 

370.5 0.083 0.091 0.097 0.105 0.118 0.132 0.152 0.181 

371 0.082 0.090 0.096 0.104 0.116 0.130 0.150 0.179 

371.5 0.081 0.089 0.095 0.103 0.115 0.129 0.149 0.177 



 

cxvi 

 

372 0.080 0.088 0.094 0.101 0.114 0.128 0.147 0.175 

372.5 0.079 0.086 0.093 0.100 0.112 0.126 0.146 0.173 

373 0.078 0.085 0.091 0.099 0.111 0.125 0.144 0.172 

373.5 0.077 0.084 0.090 0.098 0.110 0.123 0.142 0.170 

374 0.076 0.083 0.089 0.096 0.108 0.122 0.141 0.168 

374.5 0.075 0.082 0.088 0.095 0.107 0.120 0.139 0.166 

375 0.074 0.081 0.087 0.094 0.106 0.119 0.137 0.164 

375.5 0.073 0.080 0.086 0.093 0.104 0.117 0.136 0.163 

376 0.072 0.079 0.084 0.091 0.103 0.116 0.134 0.161 

376.5 0.071 0.078 0.083 0.090 0.101 0.114 0.133 0.159 

377 0.070 0.076 0.082 0.089 0.100 0.113 0.131 0.157 

377.5 0.069 0.076 0.081 0.088 0.099 0.112 0.130 0.156 

378 0.068 0.075 0.080 0.087 0.098 0.110 0.128 0.154 

378.5 0.067 0.074 0.079 0.086 0.097 0.109 0.127 0.152 

379 0.066 0.073 0.078 0.085 0.095 0.108 0.125 0.151 

379.5 0.065 0.072 0.077 0.084 0.094 0.107 0.124 0.150 

380 0.065 0.071 0.076 0.083 0.093 0.106 0.123 0.148 

380.5 0.064 0.070 0.075 0.082 0.092 0.105 0.122 0.147 

381 0.063 0.070 0.075 0.081 0.092 0.104 0.121 0.146 

381.5 0.063 0.069 0.074 0.080 0.091 0.103 0.120 0.145 

382 0.062 0.068 0.073 0.079 0.090 0.102 0.119 0.144 

382.5 0.061 0.068 0.073 0.079 0.089 0.101 0.118 0.143 

383 0.061 0.067 0.072 0.078 0.088 0.100 0.117 0.142 

383.5 0.060 0.066 0.071 0.077 0.087 0.099 0.116 0.141 

384 0.060 0.066 0.070 0.077 0.087 0.099 0.115 0.140 

384.5 0.059 0.065 0.070 0.076 0.086 0.098 0.115 0.139 

385 0.059 0.065 0.069 0.076 0.086 0.097 0.114 0.139 

385.5 0.058 0.064 0.069 0.075 0.085 0.097 0.113 0.138 

386 0.058 0.064 0.068 0.075 0.084 0.096 0.113 0.137 

386.5 0.058 0.063 0.068 0.074 0.084 0.096 0.112 0.137 

387 0.057 0.063 0.068 0.074 0.083 0.095 0.112 0.136 

387.5 0.057 0.063 0.067 0.073 0.083 0.095 0.111 0.136 

388 0.057 0.062 0.067 0.073 0.083 0.095 0.111 0.136 

388.5 0.056 0.062 0.067 0.073 0.082 0.094 0.111 0.135 

389 0.056 0.062 0.066 0.072 0.082 0.094 0.110 0.135 

389.5 0.056 0.062 0.066 0.072 0.082 0.094 0.110 0.135 

390 0.056 0.061 0.066 0.072 0.082 0.093 0.110 0.135 

390.5 0.056 0.061 0.066 0.072 0.081 0.093 0.110 0.135 

391 0.056 0.061 0.066 0.072 0.081 0.093 0.110 0.135 

391.5 0.056 0.061 0.065 0.072 0.081 0.093 0.110 0.135 

392 0.055 0.061 0.065 0.071 0.081 0.093 0.109 0.135 

392.5 0.055 0.061 0.065 0.071 0.081 0.093 0.109 0.135 

393 0.055 0.061 0.065 0.071 0.081 0.093 0.110 0.135 

393.5 0.055 0.061 0.065 0.071 0.081 0.093 0.110 0.135 

394 0.055 0.061 0.065 0.071 0.081 0.093 0.110 0.135 

394.5 0.055 0.061 0.065 0.071 0.081 0.093 0.110 0.136 

395 0.055 0.061 0.065 0.071 0.081 0.093 0.110 0.136 

395.5 0.056 0.061 0.065 0.071 0.081 0.093 0.110 0.136 

396 0.056 0.061 0.065 0.071 0.081 0.094 0.110 0.137 

396.5 0.056 0.061 0.065 0.072 0.082 0.094 0.111 0.137 

397 0.056 0.061 0.065 0.072 0.082 0.094 0.111 0.137 

397.5 0.056 0.061 0.066 0.072 0.082 0.094 0.111 0.138 

398 0.056 0.061 0.066 0.072 0.082 0.094 0.112 0.138 

398.5 0.056 0.061 0.066 0.072 0.082 0.095 0.112 0.139 

399 0.056 0.061 0.066 0.072 0.082 0.095 0.112 0.139 

399.5 0.056 0.062 0.066 0.072 0.083 0.095 0.113 0.140 

400 0.057 0.062 0.066 0.073 0.083 0.096 0.113 0.141 

400.5 0.057 0.062 0.067 0.073 0.083 0.096 0.114 0.141 

401 0.057 0.062 0.067 0.073 0.083 0.096 0.114 0.142 

401.5 0.057 0.062 0.067 0.073 0.084 0.097 0.115 0.143 

402 0.057 0.063 0.067 0.074 0.084 0.097 0.115 0.143 

402.5 0.058 0.063 0.068 0.074 0.084 0.098 0.116 0.144 

403 0.058 0.063 0.068 0.074 0.085 0.098 0.116 0.145 

403.5 0.058 0.064 0.068 0.075 0.085 0.099 0.117 0.146 



 

cxvii 

 

404 0.059 0.064 0.069 0.075 0.086 0.099 0.118 0.147 

404.5 0.059 0.064 0.069 0.076 0.086 0.100 0.118 0.148 

405 0.059 0.065 0.069 0.076 0.087 0.100 0.119 0.148 

405.5 0.060 0.065 0.070 0.076 0.087 0.101 0.120 0.150 

406 0.060 0.065 0.070 0.077 0.088 0.102 0.121 0.150 

406.5 0.060 0.066 0.071 0.077 0.088 0.102 0.122 0.151 

407 0.061 0.066 0.071 0.078 0.089 0.103 0.122 0.152 

407.5 0.061 0.067 0.072 0.078 0.089 0.104 0.123 0.154 

408 0.062 0.067 0.072 0.079 0.090 0.104 0.124 0.155 

408.5 0.062 0.067 0.072 0.079 0.091 0.105 0.125 0.156 

409 0.063 0.068 0.073 0.080 0.091 0.106 0.126 0.157 

409.5 0.063 0.068 0.073 0.080 0.092 0.106 0.127 0.158 

410 0.063 0.069 0.074 0.081 0.092 0.107 0.127 0.159 

410.5 0.064 0.069 0.074 0.081 0.093 0.108 0.128 0.160 

411 0.064 0.070 0.075 0.082 0.094 0.109 0.129 0.161 

411.5 0.065 0.070 0.075 0.082 0.094 0.109 0.130 0.162 

412 0.065 0.071 0.076 0.083 0.095 0.110 0.131 0.164 

412.5 0.066 0.071 0.076 0.083 0.095 0.111 0.132 0.165 

413 0.067 0.072 0.077 0.085 0.097 0.112 0.133 0.167 

413.5 0.067 0.073 0.078 0.085 0.098 0.113 0.135 0.168 

414 0.067 0.073 0.078 0.086 0.098 0.114 0.135 0.169 

414.5 0.067 0.073 0.078 0.086 0.098 0.114 0.136 0.170 

415 0.068 0.073 0.079 0.086 0.099 0.115 0.137 0.171 

415.5 0.068 0.074 0.079 0.087 0.099 0.115 0.138 0.172 

416 0.069 0.074 0.080 0.087 0.100 0.116 0.138 0.173 

416.5 0.068 0.074 0.080 0.087 0.100 0.116 0.139 0.174 

417 0.068 0.074 0.080 0.087 0.100 0.117 0.139 0.174 

417.5 0.069 0.075 0.080 0.088 0.101 0.117 0.140 0.176 

418 0.069 0.075 0.081 0.089 0.102 0.118 0.141 0.177 

418.5 0.070 0.076 0.081 0.089 0.102 0.119 0.142 0.178 

419 0.070 0.076 0.082 0.089 0.103 0.120 0.143 0.179 

419.5 0.071 0.077 0.082 0.090 0.104 0.120 0.144 0.180 

420 0.071 0.077 0.083 0.091 0.104 0.121 0.145 0.181 

420.5 0.071 0.077 0.083 0.091 0.104 0.122 0.146 0.182 

421 0.072 0.078 0.084 0.092 0.105 0.122 0.146 0.183 

421.5 0.072 0.078 0.084 0.092 0.106 0.123 0.147 0.184 

422 0.073 0.079 0.084 0.092 0.106 0.123 0.148 0.185 

422.5 0.073 0.079 0.085 0.093 0.107 0.124 0.148 0.186 

423 0.073 0.079 0.085 0.093 0.107 0.125 0.149 0.187 

423.5 0.074 0.080 0.086 0.094 0.108 0.125 0.150 0.188 

424 0.074 0.080 0.086 0.094 0.108 0.126 0.150 0.189 

424.5 0.074 0.080 0.086 0.095 0.109 0.126 0.151 0.189 

425 0.075 0.081 0.087 0.095 0.109 0.127 0.152 0.190 

425.5 0.075 0.081 0.087 0.095 0.109 0.127 0.152 0.191 

426 0.075 0.081 0.087 0.096 0.110 0.128 0.153 0.192 

426.5 0.075 0.082 0.088 0.096 0.110 0.128 0.153 0.192 

427 0.076 0.082 0.088 0.096 0.110 0.129 0.154 0.193 

427.5 0.076 0.082 0.088 0.097 0.111 0.129 0.154 0.193 

428 0.076 0.082 0.088 0.097 0.111 0.129 0.155 0.194 

428.5 0.076 0.082 0.089 0.097 0.111 0.129 0.155 0.194 

429 0.076 0.083 0.089 0.097 0.111 0.130 0.155 0.195 

429.5 0.077 0.083 0.089 0.097 0.112 0.130 0.155 0.195 

430 0.077 0.083 0.089 0.098 0.112 0.130 0.156 0.196 

430.5 0.077 0.083 0.089 0.098 0.112 0.130 0.156 0.196 

431 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

431.5 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

432 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

432.5 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.197 

433 0.077 0.083 0.089 0.098 0.112 0.131 0.157 0.197 

433.5 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.197 

434 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

434.5 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

435 0.077 0.083 0.089 0.098 0.112 0.131 0.156 0.196 

435.5 0.077 0.083 0.089 0.098 0.112 0.130 0.156 0.196 



 

cxviii 

 

436 0.077 0.083 0.089 0.097 0.112 0.130 0.156 0.196 

436.5 0.076 0.083 0.089 0.097 0.112 0.130 0.156 0.195 

437 0.076 0.082 0.089 0.097 0.111 0.130 0.155 0.195 

437.5 0.076 0.082 0.088 0.097 0.111 0.129 0.155 0.194 

438 0.076 0.082 0.088 0.096 0.111 0.129 0.154 0.194 

438.5 0.076 0.082 0.088 0.096 0.110 0.129 0.154 0.193 

439 0.075 0.081 0.088 0.096 0.110 0.128 0.153 0.193 

439.5 0.075 0.081 0.087 0.095 0.109 0.128 0.153 0.192 

440 0.075 0.081 0.087 0.095 0.109 0.127 0.152 0.191 

440.5 0.074 0.080 0.086 0.094 0.109 0.126 0.151 0.190 

441 0.074 0.080 0.086 0.094 0.108 0.126 0.151 0.190 

441.5 0.074 0.080 0.086 0.094 0.108 0.125 0.150 0.189 

442 0.073 0.079 0.085 0.093 0.107 0.125 0.149 0.188 

442.5 0.073 0.079 0.084 0.093 0.106 0.124 0.149 0.187 

443 0.072 0.078 0.084 0.092 0.106 0.123 0.148 0.186 

443.5 0.072 0.078 0.083 0.091 0.105 0.122 0.147 0.184 

444 0.071 0.077 0.083 0.091 0.104 0.122 0.146 0.183 

444.5 0.071 0.077 0.082 0.090 0.104 0.121 0.145 0.182 

445 0.070 0.076 0.082 0.090 0.103 0.120 0.144 0.181 

445.5 0.070 0.075 0.081 0.089 0.102 0.119 0.143 0.179 

446 0.069 0.075 0.080 0.088 0.101 0.118 0.141 0.178 

446.5 0.068 0.074 0.080 0.087 0.100 0.117 0.140 0.176 

447 0.068 0.073 0.079 0.086 0.099 0.116 0.139 0.175 

447.5 0.067 0.073 0.078 0.086 0.098 0.115 0.138 0.173 

448 0.066 0.072 0.077 0.085 0.097 0.114 0.136 0.172 

448.5 0.066 0.071 0.077 0.084 0.096 0.113 0.135 0.170 

449 0.065 0.070 0.076 0.083 0.095 0.112 0.134 0.168 

449.5 0.064 0.070 0.075 0.082 0.094 0.110 0.132 0.167 

450 0.063 0.069 0.074 0.081 0.094 0.109 0.131 0.165 

450.5 0.063 0.068 0.073 0.081 0.092 0.108 0.130 0.163 

451 0.062 0.067 0.073 0.080 0.091 0.107 0.128 0.161 

451.5 0.061 0.067 0.072 0.079 0.090 0.106 0.127 0.160 

452 0.061 0.066 0.071 0.078 0.089 0.104 0.125 0.158 

452.5 0.060 0.065 0.070 0.077 0.088 0.103 0.124 0.156 

453 0.059 0.064 0.069 0.076 0.087 0.102 0.122 0.154 

453.5 0.058 0.063 0.068 0.075 0.086 0.100 0.121 0.152 

454 0.057 0.063 0.067 0.074 0.085 0.099 0.119 0.151 

454.5 0.057 0.062 0.066 0.073 0.084 0.098 0.118 0.149 

455 0.056 0.061 0.066 0.072 0.083 0.097 0.116 0.147 

455.5 0.055 0.060 0.065 0.071 0.082 0.096 0.115 0.145 

456 0.055 0.059 0.064 0.070 0.081 0.094 0.114 0.143 

456.5 0.054 0.058 0.063 0.069 0.080 0.093 0.112 0.141 

457 0.053 0.058 0.062 0.068 0.078 0.092 0.110 0.139 

457.5 0.052 0.057 0.061 0.067 0.077 0.091 0.109 0.137 

458 0.051 0.056 0.060 0.066 0.076 0.089 0.107 0.135 

458.5 0.051 0.055 0.059 0.065 0.075 0.088 0.106 0.134 

459 0.050 0.054 0.058 0.064 0.074 0.087 0.104 0.132 

459.5 0.049 0.053 0.058 0.063 0.073 0.085 0.103 0.130 

460 0.048 0.052 0.057 0.063 0.072 0.084 0.101 0.128 

460.5 0.047 0.052 0.056 0.062 0.071 0.083 0.100 0.126 

461 0.047 0.051 0.055 0.061 0.070 0.082 0.098 0.124 

461.5 0.046 0.050 0.054 0.060 0.068 0.080 0.097 0.122 

462 0.045 0.049 0.053 0.059 0.067 0.079 0.095 0.120 

462.5 0.044 0.048 0.052 0.058 0.066 0.078 0.093 0.118 

463 0.043 0.047 0.051 0.057 0.065 0.076 0.092 0.116 

463.5 0.043 0.047 0.050 0.056 0.064 0.075 0.090 0.114 

464 0.042 0.046 0.050 0.055 0.063 0.074 0.089 0.112 

464.5 0.041 0.045 0.049 0.054 0.062 0.073 0.087 0.111 

465 0.040 0.044 0.048 0.053 0.061 0.071 0.086 0.109 

465.5 0.040 0.043 0.047 0.052 0.060 0.070 0.084 0.107 

466 0.039 0.042 0.046 0.051 0.059 0.069 0.083 0.105 

466.5 0.038 0.042 0.045 0.050 0.057 0.067 0.081 0.103 

467 0.037 0.041 0.044 0.049 0.056 0.066 0.080 0.101 

467.5 0.036 0.040 0.043 0.048 0.055 0.065 0.078 0.099 



 

cxix 

 

468 0.036 0.039 0.042 0.047 0.054 0.064 0.077 0.097 

468.5 0.035 0.038 0.042 0.046 0.053 0.063 0.076 0.096 

469 0.034 0.037 0.041 0.045 0.052 0.061 0.074 0.094 

469.5 0.033 0.037 0.040 0.044 0.051 0.060 0.072 0.092 

470 0.033 0.036 0.039 0.043 0.050 0.059 0.071 0.090 

470.5 0.032 0.035 0.038 0.042 0.049 0.058 0.069 0.088 

471 0.031 0.034 0.037 0.042 0.048 0.056 0.068 0.086 

471.5 0.030 0.034 0.036 0.041 0.047 0.055 0.067 0.085 

472 0.030 0.033 0.036 0.040 0.046 0.054 0.065 0.083 

472.5 0.029 0.032 0.035 0.039 0.045 0.053 0.064 0.081 

473 0.028 0.031 0.034 0.038 0.044 0.052 0.063 0.080 

473.5 0.028 0.031 0.033 0.037 0.043 0.051 0.061 0.078 

474 0.027 0.030 0.033 0.036 0.042 0.050 0.060 0.076 

474.5 0.026 0.029 0.032 0.036 0.041 0.049 0.059 0.075 

475 0.026 0.029 0.031 0.035 0.040 0.048 0.057 0.073 

475.5 0.025 0.028 0.030 0.034 0.039 0.047 0.056 0.072 

476 0.025 0.027 0.030 0.033 0.038 0.046 0.055 0.070 

476.5 0.024 0.027 0.029 0.032 0.038 0.045 0.054 0.069 

477 0.023 0.026 0.028 0.032 0.037 0.044 0.053 0.067 

477.5 0.023 0.025 0.028 0.031 0.036 0.043 0.052 0.066 

478 0.022 0.025 0.027 0.030 0.035 0.042 0.050 0.064 

478.5 0.022 0.024 0.026 0.030 0.034 0.041 0.049 0.063 

479 0.021 0.024 0.026 0.029 0.033 0.040 0.048 0.062 

479.5 0.021 0.023 0.025 0.028 0.033 0.039 0.047 0.061 

480 0.020 0.022 0.025 0.028 0.032 0.038 0.046 0.059 

480.5 0.020 0.022 0.024 0.027 0.031 0.037 0.045 0.058 

481 0.019 0.021 0.023 0.026 0.031 0.036 0.044 0.057 

481.5 0.018 0.021 0.023 0.026 0.030 0.036 0.043 0.056 

482 0.018 0.020 0.022 0.025 0.029 0.035 0.042 0.054 

482.5 0.017 0.020 0.022 0.025 0.029 0.034 0.042 0.053 

483 0.017 0.019 0.021 0.024 0.028 0.033 0.041 0.052 

483.5 0.017 0.019 0.021 0.024 0.027 0.033 0.040 0.051 

484 0.016 0.018 0.020 0.023 0.027 0.032 0.039 0.050 

484.5 0.016 0.018 0.020 0.023 0.026 0.031 0.038 0.049 

485 0.016 0.017 0.019 0.022 0.026 0.031 0.038 0.048 

485.5 0.015 0.017 0.019 0.022 0.025 0.030 0.037 0.047 

486 0.015 0.017 0.018 0.021 0.025 0.030 0.036 0.046 

486.5 0.014 0.016 0.018 0.021 0.024 0.029 0.035 0.046 

487 0.014 0.016 0.018 0.020 0.024 0.028 0.035 0.045 

487.5 0.014 0.016 0.017 0.020 0.023 0.028 0.034 0.044 

488 0.013 0.015 0.017 0.020 0.023 0.027 0.033 0.043 

488.5 0.013 0.015 0.017 0.019 0.022 0.027 0.033 0.042 

489 0.013 0.015 0.016 0.019 0.022 0.026 0.032 0.042 

489.5 0.012 0.014 0.016 0.018 0.021 0.026 0.032 0.041 

490 0.012 0.014 0.016 0.018 0.021 0.025 0.031 0.040 

490.5 0.012 0.014 0.015 0.018 0.020 0.025 0.030 0.039 

491 0.011 0.013 0.015 0.017 0.020 0.024 0.030 0.039 

491.5 0.011 0.013 0.014 0.017 0.020 0.024 0.029 0.038 

492 0.011 0.013 0.014 0.016 0.019 0.024 0.029 0.037 

492.5 0.011 0.012 0.014 0.016 0.019 0.023 0.028 0.037 

493 0.010 0.012 0.014 0.016 0.019 0.023 0.028 0.036 

493.5 0.010 0.012 0.013 0.016 0.018 0.022 0.027 0.036 

494 0.010 0.012 0.013 0.015 0.018 0.022 0.027 0.035 

494.5 0.010 0.011 0.013 0.015 0.018 0.021 0.026 0.035 

495 0.010 0.011 0.013 0.015 0.017 0.021 0.026 0.034 

495.5 0.009 0.011 0.012 0.014 0.017 0.021 0.026 0.033 

496 0.009 0.011 0.012 0.014 0.017 0.020 0.025 0.033 

496.5 0.009 0.010 0.012 0.014 0.016 0.020 0.025 0.032 

497 0.009 0.010 0.012 0.014 0.016 0.020 0.025 0.032 

497.5 0.008 0.010 0.011 0.013 0.016 0.019 0.024 0.031 

498 0.008 0.010 0.011 0.013 0.016 0.019 0.024 0.031 

498.5 0.008 0.010 0.011 0.013 0.015 0.019 0.023 0.030 

499 0.008 0.009 0.011 0.013 0.015 0.018 0.023 0.030 

499.5 0.008 0.009 0.010 0.012 0.015 0.018 0.023 0.030 



 

cxx 

 

500 0.007 0.009 0.010 0.012 0.014 0.018 0.022 0.029 

500.5 0.007 0.009 0.010 0.012 0.014 0.018 0.022 0.029 

501 0.007 0.009 0.010 0.012 0.014 0.017 0.021 0.028 

501.5 0.007 0.008 0.010 0.012 0.014 0.017 0.021 0.028 

502 0.007 0.008 0.010 0.011 0.013 0.017 0.021 0.027 

502.5 0.007 0.008 0.009 0.011 0.013 0.016 0.021 0.027 

503 0.006 0.008 0.009 0.011 0.013 0.016 0.020 0.027 

503.5 0.006 0.008 0.009 0.011 0.013 0.016 0.020 0.026 

504 0.006 0.008 0.009 0.010 0.013 0.016 0.020 0.026 

504.5 0.006 0.007 0.009 0.010 0.012 0.016 0.019 0.026 

505 0.006 0.007 0.008 0.010 0.012 0.015 0.019 0.025 

505.5 0.006 0.007 0.008 0.010 0.012 0.015 0.019 0.025 

506 0.005 0.007 0.008 0.010 0.012 0.015 0.019 0.025 

506.5 0.005 0.007 0.008 0.010 0.012 0.015 0.018 0.024 

507 0.005 0.007 0.008 0.010 0.011 0.014 0.018 0.024 

507.5 0.005 0.007 0.008 0.010 0.011 0.014 0.018 0.024 

508 0.005 0.006 0.007 0.009 0.011 0.014 0.018 0.024 

508.5 0.005 0.006 0.007 0.009 0.011 0.014 0.018 0.023 

509 0.005 0.006 0.007 0.009 0.011 0.014 0.017 0.023 

509.5 0.005 0.006 0.007 0.009 0.010 0.013 0.017 0.023 

510 0.005 0.006 0.007 0.009 0.010 0.013 0.017 0.022 

510.5 0.005 0.006 0.007 0.008 0.010 0.013 0.017 0.022 

511 0.004 0.006 0.007 0.008 0.010 0.013 0.016 0.022 

511.5 0.004 0.005 0.007 0.008 0.010 0.013 0.016 0.022 

512 0.004 0.005 0.006 0.008 0.010 0.013 0.016 0.021 

512.5 0.004 0.005 0.006 0.008 0.010 0.012 0.016 0.021 

513 0.004 0.005 0.006 0.008 0.010 0.012 0.016 0.021 

513.5 0.004 0.005 0.006 0.008 0.010 0.012 0.016 0.021 

514 0.004 0.005 0.006 0.008 0.009 0.012 0.015 0.021 

514.5 0.004 0.005 0.006 0.008 0.009 0.012 0.015 0.020 

515 0.004 0.005 0.006 0.007 0.009 0.012 0.015 0.020 

515.5 0.003 0.005 0.006 0.007 0.009 0.012 0.015 0.020 

516 0.003 0.005 0.006 0.007 0.009 0.011 0.015 0.020 

516.5 0.003 0.005 0.005 0.007 0.009 0.011 0.015 0.020 

517 0.003 0.005 0.005 0.007 0.009 0.011 0.015 0.019 

517.5 0.003 0.004 0.005 0.007 0.008 0.011 0.014 0.019 

518 0.003 0.004 0.005 0.007 0.008 0.011 0.014 0.019 

518.5 0.003 0.004 0.005 0.007 0.008 0.011 0.014 0.019 

519 0.003 0.004 0.005 0.007 0.008 0.011 0.014 0.019 

519.5 0.003 0.004 0.005 0.007 0.008 0.011 0.014 0.018 

520 0.003 0.004 0.005 0.006 0.008 0.010 0.014 0.018 

520.5 0.003 0.004 0.005 0.006 0.008 0.010 0.013 0.018 

521 0.003 0.004 0.005 0.006 0.008 0.010 0.013 0.018 

521.5 0.003 0.004 0.005 0.006 0.008 0.010 0.013 0.018 

522 0.003 0.004 0.005 0.006 0.008 0.010 0.013 0.018 

522.5 0.002 0.004 0.005 0.006 0.008 0.010 0.013 0.018 

523 0.002 0.003 0.005 0.006 0.007 0.010 0.013 0.017 

523.5 0.002 0.003 0.004 0.006 0.007 0.010 0.013 0.017 

524 0.002 0.003 0.004 0.006 0.007 0.010 0.013 0.017 

524.5 0.002 0.003 0.004 0.006 0.007 0.010 0.013 0.017 

525 0.002 0.003 0.004 0.006 0.007 0.010 0.012 0.017 

525.5 0.002 0.003 0.004 0.006 0.007 0.009 0.012 0.017 

526 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.017 

526.5 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.017 

527 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.016 

527.5 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.016 

528 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.016 

528.5 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.016 

529 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.016 

529.5 0.002 0.003 0.004 0.005 0.006 0.009 0.012 0.016 

530 0.002 0.003 0.004 0.005 0.006 0.009 0.011 0.016 

530.5 0.002 0.003 0.004 0.005 0.006 0.009 0.011 0.016 

531 0.002 0.003 0.004 0.005 0.006 0.009 0.011 0.016 

531.5 0.001 0.003 0.003 0.005 0.006 0.008 0.011 0.015 



 

cxxi 

 

532 0.001 0.003 0.003 0.005 0.006 0.008 0.011 0.015 

532.5 0.001 0.003 0.003 0.005 0.006 0.008 0.011 0.015 

533 0.001 0.003 0.003 0.005 0.006 0.008 0.011 0.015 

533.5 0.001 0.003 0.003 0.005 0.006 0.008 0.011 0.015 

534 0.001 0.002 0.003 0.005 0.006 0.008 0.011 0.015 

534.5 0.001 0.002 0.003 0.005 0.006 0.008 0.011 0.015 

535 0.001 0.002 0.003 0.005 0.006 0.008 0.011 0.015 

535.5 0.001 0.002 0.003 0.005 0.006 0.008 0.011 0.015 

536 0.001 0.002 0.003 0.005 0.006 0.008 0.011 0.015 

536.5 0.002 0.003 0.004 0.005 0.006 0.008 0.011 0.015 

537 0.002 0.003 0.004 0.006 0.007 0.009 0.012 0.016 

537.5 0.002 0.003 0.004 0.006 0.007 0.009 0.012 0.015 

538 0.002 0.003 0.004 0.005 0.007 0.009 0.012 0.015 

538.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

539 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

539.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

540 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

540.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

541 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

541.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

542 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

542.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

543 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

543.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

544 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

544.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

545 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

545.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

546 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

546.5 0.002 0.003 0.004 0.005 0.007 0.008 0.011 0.015 

547 0.002 0.003 0.004 0.005 0.007 0.008 0.011 0.015 

547.5 0.002 0.003 0.004 0.005 0.007 0.008 0.011 0.015 

548 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

548.5 0.002 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

549 0.003 0.003 0.004 0.005 0.007 0.009 0.011 0.015 

549.5 0.003 0.003 0.004 0.006 0.007 0.009 0.011 0.015 

550 0.003 0.003 0.004 0.006 0.007 0.009 0.011 0.015 

550.5 0.003 0.004 0.004 0.006 0.007 0.009 0.011 0.015 

551 0.003 0.004 0.004 0.006 0.007 0.009 0.011 0.015 

551.5 0.003 0.004 0.004 0.006 0.007 0.009 0.011 0.015 

552 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

552.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

553 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

553.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

554 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

554.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

555 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

555.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

556 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

556.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

557 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

557.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

558 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

558.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

559 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

559.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

560 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

560.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

561 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

561.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

562 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

562.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

563 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

563.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 



 

cxxii 

 

564 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

564.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

565 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

565.5 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

566 0.004 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

566.5 0.004 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

567 0.004 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

567.5 0.004 0.004 0.005 0.006 0.007 0.009 0.011 0.015 

568 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

568.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

569 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

569.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

570 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

570.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

571 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

571.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

572 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

572.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

573 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

573.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.015 

574 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

574.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

575 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

575.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

576 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

576.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

577 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

577.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

578 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

578.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

579 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

579.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

580 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

580.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

581 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

581.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

582 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

582.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

583 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

583.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

584 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

584.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

585 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

585.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

586 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

586.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

587 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

587.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

588 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

588.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

589 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

589.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

590 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

590.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

591 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

591.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

592 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

592.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

593 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

593.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

594 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

594.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

595 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.014 

595.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.013 



 

cxxiii 

 

596 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.013 

596.5 0.004 0.005 0.005 0.006 0.007 0.009 0.011 0.013 

597 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

597.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

598 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

598.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

599 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

599.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

600 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

600.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

601 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

601.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

602 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

602.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

603 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

603.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

604 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

604.5 0.004 0.005 0.005 0.006 0.007 0.009 0.010 0.013 

605 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

605.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

606 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

606.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

607 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

607.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

608 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

608.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

609 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

609.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

610 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

610.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

611 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

611.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

612 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

612.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

613 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

613.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

614 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

614.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

615 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

615.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

616 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

616.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

617 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

617.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

618 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

618.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

619 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

619.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

620 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

620.5 0.004 0.004 0.005 0.006 0.007 0.008 0.010 0.012 

621 0.004 0.004 0.005 0.006 0.007 0.008 0.010 0.012 

621.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

622 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

622.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

623 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

623.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

624 0.004 0.004 0.005 0.006 0.007 0.008 0.010 0.012 

624.5 0.004 0.004 0.005 0.006 0.007 0.008 0.010 0.012 

625 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

625.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

626 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

626.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

627 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

627.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 



 

cxxiv 

 

628 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

628.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

629 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

629.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

630 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

630.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

631 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

631.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

632 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

632.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

633 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

633.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

634 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

634.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

635 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

635.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

636 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

636.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

637 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

637.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

638 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

638.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

639 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.012 

639.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

640 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

640.5 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

641 0.004 0.005 0.005 0.006 0.007 0.008 0.010 0.013 

641.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

642 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

642.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

643 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

643.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

644 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

644.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

645 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

645.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

646 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

646.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

647 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

647.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

648 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.013 

648.5 0.004 0.005 0.005 0.007 0.007 0.009 0.010 0.013 

649 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

649.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

650 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

650.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

651 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

651.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

652 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

652.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

653 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

653.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

654 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

654.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

655 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

655.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

656 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

656.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

657 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

657.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

658 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

658.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

659 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

659.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 



 

cxxv 

 

660 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

660.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

661 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

661.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

662 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

662.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

663 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

663.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

664 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

664.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

665 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

665.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

666 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

666.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

667 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

667.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

668 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

668.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

669 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

669.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

670 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

670.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

671 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

671.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

672 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

672.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

673 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

673.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

674 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

674.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

675 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

675.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

676 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

676.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

677 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

677.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

678 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

678.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

679 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

679.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

680 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

680.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

681 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

681.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

682 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

682.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

683 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

683.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

684 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

684.5 0.005 0.005 0.006 0.007 0.008 0.009 0.010 0.013 

685 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

685.5 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

686 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

686.5 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

687 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

687.5 0.005 0.005 0.006 0.007 0.007 0.009 0.010 0.013 

688 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.012 

688.5 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.012 

689 0.004 0.005 0.006 0.007 0.007 0.009 0.010 0.012 

689.5 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 

690 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 

690.5 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 

691 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 

691.5 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 



 

cxxvi 

 

692 0.004 0.005 0.006 0.007 0.007 0.008 0.010 0.012 

692.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

693 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

693.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

694 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

694.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

695 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

695.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

696 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

696.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

697 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

697.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

698 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

698.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

699 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

699.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

700 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

700.5 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

701 0.004 0.005 0.005 0.007 0.007 0.008 0.010 0.012 

701.5 0.004 0.005 0.005 0.007 0.007 0.008 0.009 0.012 

702 0.004 0.005 0.005 0.007 0.007 0.008 0.009 0.012 

702.5 0.004 0.005 0.005 0.007 0.007 0.008 0.009 0.012 

703 0.004 0.005 0.005 0.007 0.007 0.008 0.009 0.012 

703.5 0.004 0.005 0.005 0.007 0.007 0.008 0.009 0.012 

704 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

704.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

705 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

705.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

706 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

706.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

707 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

707.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

708 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

708.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

709 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

709.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

710 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

710.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

711 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

711.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

712 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

712.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

713 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

713.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

714 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

714.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

715 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

715.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

716 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

716.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

717 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.012 

717.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

718 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

718.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

719 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

719.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

720 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

720.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

721 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

721.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

722 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

722.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

723 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

723.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 
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724 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

724.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

725 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

725.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

726 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

726.5 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

727 0.004 0.005 0.005 0.006 0.007 0.008 0.009 0.011 

727.5 0.004 0.005 0.005 0.006 0.006 0.008 0.009 0.011 

728 0.004 0.004 0.005 0.006 0.006 0.008 0.009 0.011 

728.5 0.004 0.004 0.005 0.006 0.006 0.008 0.009 0.011 

729 0.004 0.005 0.005 0.006 0.006 0.008 0.009 0.011 

729.5 0.004 0.004 0.005 0.006 0.006 0.008 0.009 0.011 

730 0.004 0.004 0.005 0.006 0.006 0.008 0.009 0.011 

730.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

731 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

731.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

732 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

732.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

733 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

733.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

734 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

734.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

735 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

735.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

736 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

736.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

737 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

737.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

738 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

738.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

739 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

739.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

740 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

740.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

741 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

741.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

742 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

742.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

743 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

743.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.011 

744 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

744.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

745 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

745.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

746 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

746.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

747 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

747.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

748 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

748.5 0.004 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

749 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

749.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

750 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

750.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

751 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

751.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

752 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

752.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

753 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

753.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

754 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

754.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

755 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

755.5 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 
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756 0.003 0.004 0.005 0.006 0.006 0.007 0.008 0.010 

756.5 0.003 0.004 0.005 0.005 0.006 0.007 0.008 0.010 

757 0.003 0.004 0.005 0.005 0.006 0.007 0.008 0.010 

757.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

758 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

758.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

759 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

759.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

760 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

760.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

761 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

761.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

762 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

762.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

763 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

763.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

764 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

764.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

765 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

765.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

766 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

766.5 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

767 0.003 0.004 0.004 0.005 0.006 0.007 0.008 0.010 

767.5 0.003 0.004 0.004 0.005 0.006 0.007 0.007 0.010 

768 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

768.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

769 0.003 0.004 0.004 0.005 0.006 0.006 0.007 0.010 

769.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

770 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

770.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

771 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

771.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

772 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.010 

772.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

773 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

773.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

774 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

774.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

775 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

775.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

776 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

776.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

777 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

777.5 0.003 0.004 0.004 0.005 0.005 0.006 0.007 0.009 

778 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

778.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

779 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

779.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

780 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

780.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

781 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

781.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

782 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

782.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

783 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

783.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

784 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

784.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

785 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

785.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

786 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

786.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

787 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

787.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 
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788 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

788.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

789 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

789.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

790 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

790.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

791 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

791.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

792 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

792.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

793 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

793.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

794 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

794.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

795 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

795.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

796 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

796.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

797 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

797.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

798 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

798.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

799 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.009 

799.5 0.003 0.003 0.004 0.005 0.005 0.006 0.007 0.008 

800 0.003 0.003 0.004 0.005 0.005 0.006 0.006 0.008 
 

4.9. Absorbance intensity data for H2DTC with different concentrations at three 

different wavelength at 298.15 K 

[H2DTC] / mM 
absorbance intensity 

434 nm 238 nm 356 nm 

0.0000 0.000 0.000 0.000 

0.0018 0.001 0.013 0.002 

0.0062 0.005 0.044 0.007 

0.0104 0.010 0.079 0.014 

0.0144 0.016 0.120 0.022 

0.0183 0.022 0.154 0.030 

0.0220 0.027 0.184 0.037 

0.0257 0.033 0.221 0.045 

0.0291 0.043 0.271 0.057 

0.0325 0.052 0.311 0.067 

0.0358 0.057 0.345 0.075 

0.0389 0.065 0.383 0.084 

0.0420 0.077 0.449 0.099 

0.0449 0.083 0.489 0.109 

0.0478 0.089 0.523 0.117 

0.0505 0.098 0.559 0.126 

0.0558 0.112 0.629 0.140 

0.0608 0.131 0.696 0.156 

0.0699 0.156 0.802 0.179 

0.0819 0.196 0.950 0.212 

0.0921 0.236 1.083 0.234 

0.1010 0.277 1.205 0.254 

0.1088 0.314 1.310 0.272 

0.1157 0.353 1.416 0.291 

0.1218 0.389 1.510 0.310 

0.1272 0.415 1.595 0.328 

0.1322 0.447 1.674 0.346 

0.1366 0.465 1.732 0.361 
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4.10. Data for determination of binding constants of H2DTC in different micellar 

medium (in 15% EtOH- water) at 298.15 K 

SDS DTAB C16MImCl 16-4 16 Tween-60 

1/([D]0+ [S]m) 
 / M-1  

1/[A-A0] 1/([D]0+ [S]m) 1/[A-A0] 1/([D]0+ [S]m) 1/[A-A0] 1/([D]0+ [S]m) 1/[A-A0] 1/([D]0+ [S]m) 1/[A-A0] 

178.91 233.94 188.41 31.25 1809.43 21.28 2928.86 27.78 3237.40 -12.66 

100.13 133.22 93.49 22.22 1112.46 16.95 2732.09 23.81 3120.90 -9.62 

67.74 96.40 61.07 19.23 813.84 14.93 2529.72 21.74 3002.10 -8.06 

59.56 77.72 43.16 18.52 607.92 14.08 2374.17 20.41 2768.17 -6.17 

    31.26 18.87 469.33 12.99         

        357.70 11.90         

        279.26 11.63         

        218.17 11.11         

 

4.11. Data for determination of partition coefficient of H2DTC in solvent to the different 

micellar medium (15% EtOH-water) at 298.15 K 

SDS DTAB C16MImCl 16-4 16 Tween-60 

(1/[Sm])/ M-1 
{[D]0/([A]0-[A])}/ 

M 
1/[Sm] 

{[D]0/([A]0-

[A])}/M 
1/[Sm] 

{[D]0/([A]0-

[A])}/M 
1/[Sm] 

{[D]0/([A]0-

[A])}/M 
1/[Sm] 

{[D]0/([A]0-

[A])}/M 

146.20 0.077 96.26 0.0068 1692.31 0.0052 29913.25 0.0086 39840.64 0.0025 

103.30 0.034 62.24 0.0059 1086.08 0.0046 17235.44 0.0073 18779.34 0.0019 

69.17 0.026 43.74 0.0057 747.97 0.0043 11454.75 0.0067 10220.77 0.0014 

60.67 0.021 31.56 0.0058 548.64 0.0040 8833.92 0.0063     

        401.99 0.0037 6005.28 0.0064     

        305.54 0.0036         

        233.88 0.0034         
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Chapter-V 

 

5.1. Tensiometry data of surfactants at phosphate buffer (pH 7) [concentration = 20 μM] at 298.15 K 

 

In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 

[NaC]/ mM γ/mN.m-1 [NaC]/mM γ/mN.m-1 [NaDC]/mM γ/mN.m-1 [NaDC]/mM γ/mN.m-1 [SDDS]/mM γ/mN.m-1 [SDDS]/mM γ/mN.m-1 [SDBS]/ mM γ/mN.m-1 [SDBS]/ mM γ/mN.m-1 

0.000 64.3 0.000 59.3 0.000 65.0 0.000 56.3 0.000 65.0 0.000 59.1 0.000 65.0 0.000 59.3 

0.084 61.3 0.042 57.2 0.019 62.9 0.024 52.8 0.163 56.8 0.071 53.1 0.047 48.6 0.020 49.0 

0.252 58.3 0.084 56.4 0.056 58.0 0.072 49.0 0.325 52.2 0.143 51.3 0.093 43.2 0.040 46.7 

0.670 55.0 0.168 54.8 0.112 54.3 0.144 47.8 0.487 48.8 0.214 50.0 0.140 37.6 0.060 44.8 

1.501 52.0 0.252 54.3 0.187 51.7 0.239 46.0 0.649 46.3 0.321 48.5 0.186 36.0 0.080 43.2 

2.736 49.2 0.377 52.7 0.280 49.4 0.382 44.0 0.892 44.2 0.463 46.7 0.279 33.4 0.110 42.4 

4.762 46.7 0.503 51.3 0.391 47.6 0.559 43.0 1.377 41.3 0.641 45.7 0.465 30.2 0.159 41.0 

7.532 44.3 0.670 51.3 0.530 46.1 0.793 42.0 2.183 37.9 0.854 43.8 0.743 28.9 0.229 38.3 

11.362 43.0 0.920 50.0 0.713 43.6 1.107 40.2 3.785 32.2 1.102 41.8 1.205 28.1 0.328 34.7 

15.771 43.7 1.169 48.9 0.940 41.5 1.509 39.4 5.374 30.1 1.386 39.8 2.124 27.9 0.475 32.0 

21.015 43.8 1.584 47.3 1.209 40.0 2.074 38.3 6.950 30.3 1.739 38.2 3.940 27.9 0.671 30.5 

27.582 43.8 2.408 46.5 1.562 38.6 2.846 37.5 9.292 32.2 2.163 36.0 6.170 27.9 0.961 29.7 

35.175 43.8 3.632 45.2 2.000 37.7 3.810 38.0 11.607 32.5 2.726 34.6     1.625 29.8 

43.492 43.5 5.640 44.2 2.509 36.7 5.045 39.6 14.651 32.9 3.427 33.0     2.544 29.7 

53.424 43.5 9.542 43.5 3.091 36.1 6.515 40.6 18.392 33.1 4.473 31.0     4.279 29.9 

    16.914 43.9 3.738 36.9 8.178 41.0 25.662 33.4 6.204 29.6     7.396 30.2 

    23.764 43.7 4.443 38.4 9.992 41.3     9.276 31.7     12.508 30.2 

    36.101 43.7 5.200 38.1 11.915 41.5     12.295 32.2         

    46.906 43.7 6.073 39.5 13.910 41.7     16.565 32.9         

            15.941 41.7     21.676 33.3         

            17.977 41.7     27.853 33.5         

            19.995 41.7     39.549 33.8         

            21.972 41.7     60.610 33.7         
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5.2. Calorimetry data of surfactants at phosphate buffer (pH 7) [concentration = 20 μM] at 298.15 K 

In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 

[NaC]/mM 
ΔH0

dil  

kJ.mol-1 
[NaC]/mM 

ΔH0
dil  

kJ.mol-1 
[NaDC]/ mM 

ΔH0
dil  

kJ.mol-1 
[NaDC]/ mM 

ΔH0
dil  kJ.mol-

1 
[SDDS] /mM 

ΔH0
dil  

kJ.mol-1 
[SDDS] /mM 

ΔH0
dil  kJ.mol-

1 
[SDBS]/mM 

ΔH0
dil  

kJ.mol-1 
[SDBS]/mM 

ΔH0
dil  

kJ.mol-1 

0   0 -- 0   0 -- 0   0   0 -- 0 - 

0.509 -0.160 0.685 -0.031 0.110 0.400 0.763 1.392 0.532 -1.686 0.537 -6.368 0.066 0.149 0.066 -0.505 

2.546 -0.155 1.366 0.052 0.763 0.421 1.406 2.256 2.669 -1.545 2.670 -8.378 0.328 0.185 0.328 -0.124 

4.566 -0.147 2.044 0.007 1.406 0.437 2.040 3.938 4.787 -1.311 4.783 -10.321 0.587 0.217 0.587 0.527 

6.561 -0.127 3.390 -0.045 2.040 0.473 2.664 4.548 6.925 -0.988 6.875 -10.900 0.844 0.267 0.844 -1.190 

8.538 -0.081 4.722 -0.008 2.664 0.508 3.278 4.828 8.946 -0.602 8.946 -9.297 1.098 0.331 1.098 -0.783 

10.498 -0.034 6.042 0.030 3.278 0.548 3.883 4.860 10.997 -0.335 10.995 -7.817 1.349 0.344 1.349 -0.560 

14.348 0.023 7.347 0.047 3.883 0.551 4.478 4.714 13.021 -0.162 13.024 -6.566 1.598 0.319 1.598 -0.416 

16.245 0.049 8.639 0.043 4.478 0.527 5.064 4.575 15.035 -0.092 15.032 -5.656 1.845 0.296 1.845 -0.350 

18.121 0.066 9.918 -0.018 5.064 0.479 5.639 4.449 17.019 -0.087 17.019 -4.901 2.089 0.274 2.089 -0.321 

19.978 0.077 11.184 -0.033 5.639 0.429 6.205 4.417 18.984 -0.094 18.984 -4.944 2.330 0.251 2.330 -0.278 

21.814 0.083 13.674 -0.068 6.205 0.376 6.762 4.439 20.929 -0.097 20.929 -4.733 2.569 0.236 2.569 -0.275 

23.630 0.081 15.507 -0.060 6.762 0.317 7.309 4.430 22.853 -0.098 22.853 -4.554 2.805 0.214 2.805 -0.271 

25.426 0.085 17.310 -0.078         24.755 -0.098 24.755 -4.427 3.038 0.200 3.038 -0.253 

27.203 0.073 19.082 -0.084         26.637 -0.097 26.637 -4.408 3.269 0.180 3.269 -0.264 

28.959 0.070 20.824 -0.078         28.498 -0.095 28.498 -4.152 3.497 0.170 3.497 -0.247 

30.695 0.071 22.537 -0.069         30.338 -0.093 30.338 -4.023 3.723 0.157 3.723 -0.223 

32.411 0.076 24.218 -0.063         32.156 -0.092 32.156 -3.905 3.946 0.145 3.946 -0.224 

34.107 0.099             33.954 -0.089 33.954 -3.741 4.167 0.135 4.167 -0.213 

                35.731 -0.087 35.731 -3.634 4.385 0.117 4.385 -0.206 

                37.486   37.486   4.601   4.601   

 

 

 

 

 



 

cxxxiii 

 

5.3. Raw calorimetry data (Time vs. Heat flow) of surfactants at phosphate buffer (pH 7) [concentration = 20 μM] at 298.15 K 

In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) in PB pH7.0 In PB pH 7.0 BM (20 μM) In PB pH7.0 

Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec Time/min μcal/sec 

0.08 4.83 0.08 5.02 0.08 4.91 0.08 7.12 0.08 9.90 0.08 7.12 0.08 0.03 0.08 8.29 

0.17 4.83 0.17 5.03 0.17 4.91 0.17 7.12 0.17 9.92 0.17 7.12 0.17 0.01 0.17 8.29 

0.25 4.84 0.25 5.03 0.25 4.91 0.25 7.13 0.25 9.92 0.25 7.13 0.25 0.00 0.25 8.29 

0.33 4.83 0.33 5.03 0.33 4.91 0.33 7.13 0.33 9.93 0.33 7.13 0.33 -0.01 0.33 8.29 

0.42 4.83 0.42 5.03 0.42 4.91 0.42 7.13 0.42 9.93 0.42 7.13 0.42 -0.01 0.42 8.29 

0.50 4.83 0.50 5.04 0.50 4.91 0.50 7.13 0.50 9.93 0.50 7.13 0.50 -0.03 0.50 8.30 

0.58 4.83 0.58 5.04 0.58 4.91 0.58 7.13 0.58 9.93 0.58 7.13 0.58 -0.01 0.58 8.30 

0.67 4.83 0.67 5.04 0.67 4.91 0.67 7.13 0.67 9.93 0.67 7.13 0.67 0.02 0.67 8.30 

0.75 4.84 0.75 5.05 0.75 4.91 0.75 7.13 0.75 9.93 0.75 7.13 0.75 0.00 0.75 8.30 

0.83 4.83 0.83 5.05 0.83 4.91 0.83 7.13 0.83 9.94 0.83 7.13 0.83 -0.01 0.83 8.30 

0.92 4.83 0.92 5.05 0.92 4.91 0.92 7.13 0.92 9.94 0.92 7.13 0.92 -0.01 0.92 8.30 

1.00 4.83 1.00 5.06 1.00 4.91 1.00 7.13 1.00 9.94 1.00 7.13 1.00 0.02 1.00 8.30 

1.08 4.83 1.08 4.58 1.08 4.91 1.08 6.21 1.08 9.94 1.08 6.21 1.08 -0.10 1.08 8.29 

1.17 4.73 1.17 3.91 1.17 4.99 1.17 4.34 1.17 9.70 1.17 4.34 1.17 -0.09 1.17 8.27 

1.25 4.13 1.25 5.05 1.25 5.01 1.25 7.32 1.25 8.02 1.25 7.32 1.25 0.04 1.25 8.27 

1.33 4.31 1.33 5.35 1.33 4.90 1.33 7.37 1.33 7.42 1.33 7.37 1.33 0.02 1.33 8.30 

1.42 4.63 1.42 5.15 1.42 4.91 1.42 7.15 1.42 7.18 1.42 7.15 1.42 0.00 1.42 8.30 

1.50 4.71 1.50 5.07 1.50 4.92 1.50 7.16 1.50 8.79 1.50 7.16 1.50 -0.01 1.50 8.30 

1.58 4.72 1.58 5.08 1.58 4.91 1.58 7.17 1.58 9.63 1.58 7.17 1.58 0.01 1.58 8.29 

1.67 4.73 1.67 5.10 1.67 4.90 1.67 7.16 1.67 9.82 1.67 7.16 1.67 0.00 1.67 8.30 

1.75 4.74 1.75 5.11 1.75 4.91 1.75 7.16 1.75 9.86 1.75 7.16 1.75 0.00 1.75 8.30 

1.83 4.76 1.83 5.10 1.83 4.91 1.83 7.16 1.83 9.90 1.83 7.16 1.83 0.01 1.83 8.30 

1.92 4.76 1.92 5.09 1.92 4.90 1.92 7.16 1.92 9.93 1.92 7.16 1.92 0.01 1.92 8.30 

2.00 4.77 2.00 5.08 2.00 4.91 2.00 7.16 2.00 9.95 2.00 7.16 2.00 0.01 2.00 8.30 

2.08 4.77 2.08 5.10 2.08 4.91 2.08 7.16 2.08 9.97 2.08 7.16 2.08 0.00 2.08 8.31 

2.17 4.78 2.17 5.09 2.17 4.91 2.17 7.16 2.17 9.97 2.17 7.16 2.17 0.01 2.17 8.31 

2.25 4.78 2.25 5.10 2.25 4.91 2.25 7.17 2.25 9.97 2.25 7.17 2.25 0.00 2.25 8.31 

2.33 4.78 2.33 5.10 2.33 4.91 2.33 7.16 2.33 9.97 2.33 7.16 2.33 0.01 2.33 8.31 



 

cxxxiv 

 

2.42 4.79 2.42 5.11 2.42 4.91 2.42 7.16 2.42 9.97 2.42 7.16 2.42 0.01 2.42 8.31 

2.50 4.79 2.50 5.11 2.50 4.91 2.50 7.16 2.50 9.97 2.50 7.16 2.50 0.00 2.50 8.31 

2.58 4.79 2.58 5.11 2.58 4.91 2.58 7.17 2.58 9.96 2.58 7.17 2.58 0.02 2.58 8.31 

2.67 4.79 2.67 5.12 2.67 4.91 2.67 7.17 2.67 9.98 2.67 7.17 2.67 0.02 2.67 8.31 

2.75 4.79 2.75 5.12 2.75 4.91 2.75 7.17 2.75 9.98 2.75 7.17 2.75 0.00 2.75 8.31 

2.83 4.79 2.83 5.13 2.83 4.91 2.83 7.17 2.83 9.98 2.83 7.17 2.83 -0.02 2.83 8.31 

2.92 4.79 2.92 5.13 2.92 4.91 2.92 7.16 2.92 9.98 2.92 7.16 2.92 -0.02 2.92 8.32 

3.00 4.79 3.00 5.13 3.00 4.91 3.00 7.16 3.00 9.98 3.00 7.16 3.00 -0.01 3.00 8.32 

3.08 4.80 3.08 4.07 3.08 4.91 3.08 3.69 3.08 9.98 3.08 3.69 3.08 -0.29 3.08 8.32 

3.17 4.71 3.17 3.65 3.17 5.01 3.17 -21.35 3.17 9.54 3.17 -21.35 3.17 0.40 3.17 8.35 

3.25 4.18 3.25 3.94 3.25 5.56 3.25 -28.12 3.25 7.75 3.25 -28.12 3.25 0.83 3.25 8.28 

3.33 4.40 3.33 4.28 3.33 5.84 3.33 -22.61 3.33 5.80 3.33 -22.61 3.33 0.28 3.33 8.22 

3.42 4.74 3.42 5.45 3.42 5.42 3.42 -12.20 3.42 3.83 3.42 -12.20 3.42 0.09 3.42 8.32 

3.50 4.79 3.50 5.56 3.50 5.11 3.50 -3.48 3.50 4.33 3.50 -3.48 3.50 0.07 3.50 8.34 

3.58 4.78 3.58 5.28 3.58 5.03 3.58 3.52 3.58 5.12 3.58 3.52 3.58 0.05 3.58 8.32 

3.67 4.77 3.67 5.20 3.67 5.00 3.67 6.29 3.67 6.35 3.67 6.29 3.67 0.04 3.67 8.31 

3.75 4.76 3.75 5.27 3.75 4.96 3.75 6.41 3.75 7.12 3.75 6.41 3.75 0.05 3.75 8.32 

3.83 4.76 3.83 5.30 3.83 4.93 3.83 6.59 3.83 7.70 3.83 6.59 3.83 0.04 3.83 8.31 

3.92 4.77 3.92 5.28 3.92 4.90 3.92 6.81 3.92 8.13 3.92 6.81 3.92 0.03 3.92 8.31 

4.00 4.77 4.00 5.27 4.00 4.90 4.00 6.96 4.00 8.48 4.00 6.96 4.00 0.02 4.00 8.31 

4.08 4.77 4.08 5.27 4.08 4.89 4.08 7.05 4.08 8.73 4.08 7.05 4.08 0.01 4.08 8.31 

4.17 4.77 4.17 5.24 4.17 4.89 4.17 7.10 4.17 9.05 4.17 7.10 4.17 0.02 4.17 8.31 

4.25 4.77 4.25 5.22 4.25 4.89 4.25 7.14 4.25 9.15 4.25 7.14 4.25 0.02 4.25 8.31 

4.33 4.77 4.33 5.22 4.33 4.89 4.33 7.16 4.33 9.35 4.33 7.16 4.33 0.02 4.33 8.31 

4.42 4.77 4.42 5.22 4.42 4.89 4.42 7.18 4.42 9.51 4.42 7.18 4.42 -0.01 4.42 8.31 

4.50 4.77 4.50 5.23 4.50 4.90 4.50 7.19 4.50 9.64 4.50 7.19 4.50 0.01 4.50 8.31 

4.58 4.77 4.58 5.23 4.58 4.90 4.58 7.20 4.58 9.72 4.58 7.20 4.58 0.00 4.58 8.31 

4.67 4.77 4.67 5.23 4.67 4.90 4.67 7.20 4.67 9.79 4.67 7.20 4.67 -0.02 4.67 8.31 

4.75 4.77 4.75 5.22 4.75 4.91 4.75 7.20 4.75 9.82 4.75 7.20 4.75 -0.01 4.75 8.31 

4.83 4.77 4.83 5.23 4.83 4.91 4.83 7.19 4.83 9.84 4.83 7.19 4.83 -0.01 4.83 8.32 

4.92 4.77 4.92 5.24 4.92 4.91 4.92 7.19 4.92 9.86 4.92 7.19 4.92 -0.02 4.92 8.32 

5.00 4.77 5.00 5.24 5.00 4.91 5.00 7.18 5.00 9.87 5.00 7.18 5.00 -0.01 5.00 8.32 
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5.08 4.77 5.08 4.73 5.08 4.91 5.08 2.56 5.08 9.89 5.08 2.56 5.08 -0.27 5.08 8.31 

5.17 4.69 5.17 6.11 5.17 5.00 5.17 -23.18 5.17 9.77 5.17 -23.18 5.17 0.10 5.17 8.09 

5.25 4.19 5.25 5.20 5.25 5.54 5.25 -28.29 5.25 9.48 5.25 -28.29 5.25 0.53 5.25 8.53 

5.33 4.35 5.33 4.21 5.33 5.86 5.33 -28.16 5.33 8.91 5.33 -28.16 5.33 0.22 5.33 8.46 

5.42 4.70 5.42 4.99 5.42 5.49 5.42 -23.33 5.42 8.39 5.42 -23.33 5.42 0.09 5.42 8.12 

5.50 4.75 5.50 5.36 5.50 5.18 5.50 -13.27 5.50 8.48 5.50 -13.27 5.50 0.01 5.50 8.20 

5.58 4.75 5.58 5.28 5.58 5.03 5.58 -4.34 5.58 8.42 5.58 -4.34 5.58 -0.07 5.58 8.28 

5.67 4.75 5.67 5.22 5.67 4.99 5.67 3.05 5.67 8.42 5.67 3.05 5.67 -0.03 5.67 8.30 

5.75 4.74 5.75 5.25 5.75 4.96 5.75 6.32 5.75 8.56 5.75 6.32 5.75 -0.01 5.75 8.31 

5.83 4.75 5.83 5.27 5.83 4.93 5.83 6.45 5.83 8.74 5.83 6.45 5.83 -0.04 5.83 8.31 

5.92 4.75 5.92 5.28 5.92 4.91 5.92 6.54 5.92 8.90 5.92 6.54 5.92 -0.07 5.92 8.30 

6.00 4.75 6.00 5.28 6.00 4.90 6.00 6.75 6.00 9.02 6.00 6.75 6.00 -0.03 6.00 8.30 

6.08 4.75 6.08 5.27 6.08 4.90 6.08 6.88 6.08 9.13 6.08 6.88 6.08 -0.02 6.08 8.30 

6.17 4.75 6.17 5.29 6.17 4.90 6.17 6.97 6.17 9.22 6.17 6.97 6.17 -0.01 6.17 8.31 

6.25 4.75 6.25 5.29 6.25 4.90 6.25 7.04 6.25 9.32 6.25 7.04 6.25 0.00 6.25 8.31 

6.33 4.76 6.33 5.29 6.33 4.90 6.33 7.09 6.33 9.39 6.33 7.09 6.33 0.03 6.33 8.31 

6.42 4.76 6.42 5.28 6.42 4.91 6.42 7.13 6.42 9.45 6.42 7.13 6.42 0.03 6.42 8.31 

6.50 4.76 6.50 5.30 6.50 4.91 6.50 7.15 6.50 9.51 6.50 7.15 6.50 0.03 6.50 8.31 

6.58 4.76 6.58 5.29 6.58 4.91 6.58 7.17 6.58 9.57 6.58 7.17 6.58 0.02 6.58 8.31 

6.67 4.76 6.67 5.28 6.67 4.92 6.67 7.18 6.67 9.61 6.67 7.18 6.67 0.01 6.67 8.31 

6.75 4.76 6.75 5.28 6.75 4.92 6.75 7.18 6.75 9.65 6.75 7.18 6.75 0.01 6.75 8.32 

6.83 4.76 6.83 5.30 6.83 4.92 6.83 7.19 6.83 9.69 6.83 7.19 6.83 0.01 6.83 8.32 

6.92 4.76 6.92 5.32 6.92 4.92 6.92 7.19 6.92 9.71 6.92 7.19 6.92 0.01 6.92 8.32 

7.00 4.75 7.00 5.29 7.00 4.92 7.00 7.19 7.00 9.74 7.00 7.19 7.00 0.01 7.00 8.32 

7.08 4.76 7.08 4.50 7.08 4.92 7.08 1.24 7.08 9.76 7.08 1.24 7.08 -0.12 7.08 8.27 

7.17 4.68 7.17 4.74 7.17 5.01 7.17 -24.93 7.17 9.56 7.17 -24.93 7.17 0.17 7.17 8.38 

7.25 4.19 7.25 5.35 7.25 5.54 7.25 -28.29 7.25 9.04 7.25 -28.29 7.25 0.42 7.25 9.13 

7.33 4.32 7.33 4.84 7.33 5.87 7.33 -28.28 7.33 10.15 7.33 -28.28 7.33 0.04 7.33 8.74 

7.42 4.67 7.42 5.13 7.42 5.54 7.42 -28.06 7.42 10.85 7.42 -28.06 7.42 0.04 7.42 8.40 

7.50 4.73 7.50 5.26 7.50 5.24 7.50 -22.82 7.50 10.80 7.50 -22.82 7.50 0.06 7.50 8.32 

7.58 4.73 7.58 5.26 7.58 5.06 7.58 -13.29 7.58 10.46 7.58 -13.29 7.58 0.04 7.58 8.32 

7.67 4.73 7.67 5.29 7.67 5.01 7.67 -4.84 7.67 10.17 7.67 -4.84 7.67 -0.02 7.67 8.32 
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7.75 4.73 7.75 5.32 7.75 4.97 7.75 2.33 7.75 10.06 7.75 2.33 7.75 -0.03 7.75 8.32 

7.83 4.73 7.83 5.37 7.83 4.94 7.83 5.88 7.83 10.03 7.83 5.88 7.83 -0.01 7.83 8.32 

7.92 4.73 7.92 5.38 7.92 4.92 7.92 6.17 7.92 9.98 7.92 6.17 7.92 0.00 7.92 8.32 

8.00 4.73 8.00 5.34 8.00 4.91 8.00 6.32 8.00 9.93 8.00 6.32 8.00 -0.01 8.00 8.32 

8.08 4.74 8.08 5.33 8.08 4.91 8.08 6.60 8.08 9.91 8.08 6.60 8.08 -0.08 8.08 8.32 

8.17 4.74 8.17 5.37 8.17 4.91 8.17 6.78 8.17 9.89 8.17 6.78 8.17 -0.02 8.17 8.32 

8.25 4.74 8.25 5.35 8.25 4.91 8.25 6.89 8.25 9.88 8.25 6.89 8.25 -0.02 8.25 8.32 

8.33 4.74 8.33 5.35 8.33 4.91 8.33 6.97 8.33 9.89 8.33 6.97 8.33 0.01 8.33 8.32 

8.42 4.74 8.42 5.35 8.42 4.91 8.42 7.02 8.42 9.89 8.42 7.02 8.42 0.02 8.42 8.33 

8.50 4.74 8.50 5.34 8.50 4.92 8.50 7.05 8.50 9.89 8.50 7.05 8.50 0.01 8.50 8.33 

8.58 4.74 8.58 5.35 8.58 4.92 8.58 7.07 8.58 9.90 8.58 7.07 8.58 0.01 8.58 8.32 

8.67 4.74 8.67 5.36 8.67 4.92 8.67 7.10 8.67 9.90 8.67 7.10 8.67 -0.01 8.67 8.32 

8.75 4.74 8.75 5.36 8.75 4.93 8.75 7.11 8.75 9.91 8.75 7.11 8.75 0.01 8.75 8.32 

8.83 4.74 8.83 5.36 8.83 4.93 8.83 7.12 8.83 9.91 8.83 7.12 8.83 0.02 8.83 8.32 

8.92 4.74 8.92 5.36 8.92 4.93 8.92 7.13 8.92 9.92 8.92 7.13 8.92 0.02 8.92 8.32 

9.00 4.74 9.00 5.36 9.00 4.93 9.00 7.14 9.00 9.92 9.00 7.14 9.00 0.04 9.00 8.32 

9.08 4.74 9.08 4.86 9.08 4.93 9.08 0.39 9.08 9.93 9.08 0.39 9.08 0.01 9.08 8.28 

9.17 4.70 9.17 4.43 9.17 5.01 9.17 -25.65 9.17 9.61 9.17 -25.65 9.17 0.91 9.17 7.24 

9.25 4.27 9.25 5.02 9.25 5.53 9.25 -28.29 9.25 8.42 9.25 -28.29 9.25 0.96 9.25 7.49 

9.33 4.28 9.33 5.12 9.33 5.88 9.33 -28.28 9.33 9.98 9.33 -28.28 9.33 0.27 9.33 8.52 

9.42 4.62 9.42 5.38 9.42 5.61 9.42 -28.24 9.42 10.80 9.42 -28.24 9.42 0.10 9.42 8.60 

9.50 4.70 9.50 5.36 9.50 5.35 9.50 -24.78 9.50 10.81 9.50 -24.78 9.50 0.06 9.50 8.45 

9.58 4.71 9.58 5.34 9.58 5.11 9.58 -15.79 9.58 10.54 9.58 -15.79 9.58 0.04 9.58 8.35 

9.67 4.71 9.67 5.37 9.67 5.03 9.67 -7.46 9.67 10.31 9.67 -7.46 9.67 0.03 9.67 8.32 

9.75 4.71 9.75 5.40 9.75 4.99 9.75 -0.01 9.75 10.22 9.75 -0.01 9.75 0.01 9.75 8.32 

9.83 4.71 9.83 5.40 9.83 4.96 9.83 5.17 9.83 10.18 9.83 5.17 9.83 -0.01 9.83 8.32 

9.92 4.72 9.92 5.40 9.92 4.94 9.92 6.22 9.92 10.13 9.92 6.22 9.92 -0.01 9.92 8.32 

10.00 4.72 10.00 5.40 10.00 4.92 10.00 6.28 10.00 10.10 10.00 6.28 10.00 -0.01 10.00 8.32 

10.08 4.72 10.08 5.41 10.08 4.92 10.08 6.54 10.08 10.07 10.08 6.54 10.08 -0.01 10.08 8.32 

10.17 4.72 10.17 5.41 10.17 4.92 10.17 6.74 10.17 10.05 10.17 6.74 10.17 -0.01 10.17 8.32 

10.25 4.72 10.25 5.41 10.25 4.92 10.25 6.85 10.25 10.04 10.25 6.85 10.25 -0.02 10.25 8.33 

10.33 4.73 10.33 5.41 10.33 4.92 10.33 6.93 10.33 10.03 10.33 6.93 10.33 -0.03 10.33 8.33 
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10.42 4.73 10.42 5.41 10.42 4.92 10.42 6.98 10.42 9.97 10.42 6.98 10.42 0.00 10.42 8.32 

10.50 4.73 10.50 5.42 10.50 4.93 10.50 7.02 10.50 9.92 10.50 7.02 10.50 0.00 10.50 8.33 

10.58 4.73 10.58 5.42 10.58 4.93 10.58 7.05 10.58 9.99 10.58 7.05 10.58 0.00 10.58 8.32 

10.67 4.73 10.67 5.42 10.67 4.93 10.67 7.07 10.67 10.02 10.67 7.07 10.67 -0.01 10.67 8.32 

10.75 4.73 10.75 5.42 10.75 4.94 10.75 7.10 10.75 10.02 10.75 7.10 10.75 0.00 10.75 8.32 

10.83 4.73 10.83 5.42 10.83 4.94 10.83 7.12 10.83 10.03 10.83 7.12 10.83 -0.01 10.83 8.33 

10.92 4.73 10.92 5.42 10.92 4.94 10.92 7.12 10.92 10.04 10.92 7.12 10.92 -0.01 10.92 8.33 

11.00 4.73 11.00 5.42 11.00 4.94 11.00 7.13 11.00 10.05 11.00 7.13 11.00 -0.02 11.00 8.33 

11.08 4.73 11.08 5.33 11.08 4.94 11.08 0.94 11.08 10.08 11.08 0.94 11.08 -0.15 11.08 8.26 

11.17 4.70 11.17 5.02 11.17 5.02 11.17 -25.28 11.17 9.66 11.17 -25.28 11.17 0.02 11.17 7.05 

11.25 4.42 11.25 5.37 11.25 5.54 11.25 -28.28 11.25 8.36 11.25 -28.28 11.25 0.70 11.25 7.44 

11.33 4.49 11.33 5.39 11.33 5.88 11.33 -28.26 11.33 9.90 11.33 -28.26 11.33 0.20 11.33 8.60 

11.42 4.72 11.42 5.47 11.42 5.66 11.42 -25.20 11.42 10.63 11.42 -25.20 11.42 0.07 11.42 8.66 

11.50 4.74 11.50 5.44 11.50 5.42 11.50 -16.23 11.50 10.67 11.50 -16.23 11.50 0.04 11.50 8.48 

11.58 4.73 11.58 5.46 11.58 5.15 11.58 -7.95 11.58 10.46 11.58 -7.95 11.58 0.03 11.58 8.36 

11.67 4.72 11.67 5.51 11.67 5.06 11.67 -0.77 11.67 10.28 11.67 -0.77 11.67 0.02 11.67 8.33 

11.75 4.71 11.75 5.52 11.75 5.01 11.75 4.62 11.75 10.22 11.75 4.62 11.75 0.01 11.75 8.33 

11.83 4.71 11.83 5.51 11.83 4.98 11.83 6.08 11.83 10.19 11.83 6.08 11.83 0.00 11.83 8.33 

11.92 4.71 11.92 5.50 11.92 4.95 11.92 6.22 11.92 10.15 11.92 6.22 11.92 0.00 11.92 8.33 

12.00 4.70 12.00 5.51 12.00 4.94 12.00 6.52 12.00 10.13 12.00 6.52 12.00 0.00 12.00 8.32 

12.08 4.70 12.08 5.51 12.08 4.93 12.08 6.74 12.08 10.11 12.08 6.74 12.08 0.00 12.08 8.32 

12.17 4.71 12.17 5.51 12.17 4.93 12.17 6.87 12.17 10.10 12.17 6.87 12.17 0.00 12.17 8.32 

12.25 4.70 12.25 5.50 12.25 4.93 12.25 6.94 12.25 10.08 12.25 6.94 12.25 0.00 12.25 8.33 

12.33 4.70 12.33 5.47 12.33 4.93 12.33 6.99 12.33 10.08 12.33 6.99 12.33 0.00 12.33 8.33 

12.42 4.71 12.42 5.46 12.42 4.93 12.42 7.03 12.42 10.07 12.42 7.03 12.42 -0.01 12.42 8.33 

12.50 4.71 12.50 5.52 12.50 4.94 12.50 7.05 12.50 10.07 12.50 7.05 12.50 -0.01 12.50 8.33 

12.58 4.71 12.58 5.53 12.58 4.94 12.58 7.08 12.58 10.06 12.58 7.08 12.58 -0.01 12.58 8.33 

12.67 4.71 12.67 5.52 12.67 4.94 12.67 7.10 12.67 10.06 12.67 7.10 12.67 -0.01 12.67 8.33 

12.75 4.71 12.75 5.52 12.75 4.95 12.75 7.11 12.75 10.06 12.75 7.11 12.75 0.00 12.75 8.34 

12.83 4.71 12.83 5.52 12.83 4.95 12.83 7.12 12.83 10.06 12.83 7.12 12.83 -0.01 12.83 8.34 

12.92 4.71 12.92 5.53 12.92 4.95 12.92 7.13 12.92 10.06 12.92 7.13 12.92 0.00 12.92 8.34 

13.00 4.71 13.00 5.53 13.00 4.95 13.00 7.15 13.00 10.06 13.00 7.15 13.00 0.00 13.00 8.34 



 

cxxxviii 

 

13.08 4.71 13.08 5.08 13.08 4.95 13.08 1.52 13.08 10.06 13.08 1.52 13.08 -0.16 13.08 8.28 

13.17 4.68 13.17 4.63 13.17 5.03 13.17 -24.04 13.17 9.75 13.17 -24.04 13.17 -0.17 13.17 7.18 

13.25 4.42 13.25 5.69 13.25 5.54 13.25 -25.49 13.25 8.34 13.25 -25.49 13.25 0.79 13.25 7.56 

13.33 4.46 13.33 5.62 13.33 5.83 13.33 -26.84 13.33 9.72 13.33 -26.84 13.33 0.22 13.33 8.61 

13.42 4.68 13.42 5.52 13.42 5.67 13.42 -18.82 13.42 10.45 13.42 -18.82 13.42 0.07 13.42 8.65 

13.50 4.70 13.50 5.52 13.50 5.51 13.50 -9.87 13.50 10.53 13.50 -9.87 13.50 0.05 13.50 8.48 

13.58 4.70 13.58 5.58 13.58 5.23 13.58 -2.35 13.58 10.37 13.58 -2.35 13.58 0.04 13.58 8.37 

13.67 4.69 13.67 5.59 13.67 5.11 13.67 3.67 13.67 10.23 13.67 3.67 13.67 0.03 13.67 8.34 

13.75 4.68 13.75 5.58 13.75 5.05 13.75 5.92 13.75 10.19 13.75 5.92 13.75 0.02 13.75 8.34 

13.83 4.68 13.83 5.57 13.83 5.01 13.83 6.13 13.83 10.17 13.83 6.13 13.83 0.01 13.83 8.34 

13.92 4.68 13.92 5.56 13.92 4.97 13.92 6.43 13.92 10.15 13.92 6.43 13.92 0.00 13.92 8.33 

14.00 4.67 14.00 5.55 14.00 4.96 14.00 6.72 14.00 10.13 14.00 6.72 14.00 0.00 14.00 8.33 

14.08 4.68 14.08 5.52 14.08 4.95 14.08 6.88 14.08 10.12 14.08 6.88 14.08 0.00 14.08 8.33 

14.17 4.68 14.17 5.52 14.17 4.94 14.17 6.96 14.17 10.11 14.17 6.96 14.17 0.00 14.17 8.34 

14.25 4.67 14.25 5.59 14.25 4.94 14.25 7.01 14.25 10.10 14.25 7.01 14.25 0.01 14.25 8.34 

14.33 4.68 14.33 5.59 14.33 4.94 14.33 7.04 14.33 10.09 14.33 7.04 14.33 0.00 14.33 8.34 

14.42 4.68 14.42 5.59 14.42 4.94 14.42 7.06 14.42 10.09 14.42 7.06 14.42 0.00 14.42 8.34 

14.50 4.68 14.50 5.59 14.50 4.94 14.50 7.08 14.50 10.08 14.50 7.08 14.50 -0.01 14.50 8.34 

14.58 4.68 14.58 5.60 14.58 4.95 14.58 7.10 14.58 10.08 14.58 7.10 14.58 0.00 14.58 8.34 

14.67 4.68 14.67 5.59 14.67 4.95 14.67 7.12 14.67 10.08 14.67 7.12 14.67 0.00 14.67 8.34 

14.75 4.68 14.75 5.57 14.75 4.95 14.75 7.13 14.75 10.08 14.75 7.13 14.75 0.00 14.75 8.34 

14.83 4.68 14.83 5.59 14.83 4.95 14.83 7.14 14.83 10.08 14.83 7.14 14.83 0.00 14.83 8.34 

14.92 4.68 14.92 5.61 14.92 4.95 14.92 7.15 14.92 10.08 14.92 7.15 14.92 0.00 14.92 8.34 

15.00 4.68 15.00 5.60 15.00 4.95 15.00 7.15 15.00 10.08 15.00 7.15 15.00 0.00 15.00 8.35 

15.08 4.68 15.08 5.79 15.08 4.95 15.08 2.73 15.08 10.08 15.08 2.73 15.08 -0.15 15.08 8.30 

15.17 4.66 15.17 8.25 15.17 5.01 15.17 -21.85 15.17 9.77 15.17 -21.85 15.17 -0.25 15.17 7.32 

15.25 4.42 15.25 7.37 15.25 5.44 15.25 -20.08 15.25 8.33 15.25 -20.08 15.25 0.78 15.25 7.63 

15.33 4.43 15.33 5.31 15.33 5.79 15.33 -22.89 15.33 9.63 15.33 -22.89 15.33 0.23 15.33 8.62 

15.42 4.65 15.42 5.04 15.42 5.67 15.42 -14.78 15.42 10.32 15.42 -14.78 15.42 0.08 15.42 8.64 

15.50 4.67 15.50 5.44 15.50 5.56 15.50 -6.34 15.50 10.42 15.50 -6.34 15.50 0.06 15.50 8.48 

15.58 4.66 15.58 5.54 15.58 5.28 15.58 0.69 15.58 10.30 15.58 0.69 15.58 0.04 15.58 8.38 

15.67 4.66 15.67 5.51 15.67 5.14 15.67 5.30 15.67 10.19 15.67 5.30 15.67 0.02 15.67 8.35 



 

cxxxix 

 

15.75 4.65 15.75 5.51 15.75 5.08 15.75 6.20 15.75 10.16 15.75 6.20 15.75 0.02 15.75 8.35 

15.83 4.65 15.83 5.51 15.83 5.03 15.83 6.42 15.83 10.15 15.83 6.42 15.83 0.01 15.83 8.35 

15.92 4.65 15.92 5.51 15.92 4.99 15.92 6.72 15.92 10.13 15.92 6.72 15.92 0.00 15.92 8.34 

16.00 4.65 16.00 5.52 16.00 4.98 16.00 6.89 16.00 10.12 16.00 6.89 16.00 0.00 16.00 8.34 

16.08 4.65 16.08 5.53 16.08 4.96 16.08 6.97 16.08 10.11 16.08 6.97 16.08 -0.01 16.08 8.34 

16.17 4.65 16.17 5.52 16.17 4.96 16.17 7.02 16.17 10.10 16.17 7.02 16.17 0.00 16.17 8.34 

16.25 4.65 16.25 5.52 16.25 4.95 16.25 7.05 16.25 10.10 16.25 7.05 16.25 0.00 16.25 8.34 

16.33 4.65 16.33 5.53 16.33 4.95 16.33 7.07 16.33 10.09 16.33 7.07 16.33 0.00 16.33 8.35 

16.42 4.65 16.42 5.54 16.42 4.95 16.42 7.09 16.42 10.09 16.42 7.09 16.42 0.00 16.42 8.35 

16.50 4.66 16.50 5.54 16.50 4.95 16.50 7.10 16.50 10.09 16.50 7.10 16.50 0.00 16.50 8.35 

16.58 4.66 16.58 5.54 16.58 4.95 16.58 7.12 16.58 10.08 16.58 7.12 16.58 0.00 16.58 8.35 

16.67 4.66 16.67 5.55 16.67 4.95 16.67 7.13 16.67 10.09 16.67 7.13 16.67 0.00 16.67 8.35 

16.75 4.66 16.75 5.55 16.75 4.96 16.75 7.14 16.75 10.09 16.75 7.14 16.75 0.00 16.75 8.35 

16.83 4.66 16.83 5.55 16.83 4.95 16.83 7.16 16.83 10.08 16.83 7.16 16.83 0.00 16.83 8.35 

16.92 4.66 16.92 5.55 16.92 4.96 16.92 7.17 16.92 10.08 16.92 7.17 16.92 0.01 16.92 8.35 

17.00 4.66 17.00 5.55 17.00 4.95 17.00 7.17 17.00 10.08 17.00 7.17 17.00 0.00 17.00 8.35 

17.08 4.66 17.08 5.54 17.08 4.95 17.08 2.78 17.08 10.08 17.08 2.78 17.08 -0.13 17.08 8.30 

17.17 4.64 17.17 5.89 17.17 5.00 17.17 -20.86 17.17 9.80 17.17 -20.86 17.17 -0.36 17.17 7.41 

17.25 4.42 17.25 6.29 17.25 5.39 17.25 -18.90 17.25 8.37 17.25 -18.90 17.25 0.79 17.25 7.73 

17.33 4.41 17.33 5.56 17.33 5.73 17.33 -20.00 17.33 9.58 17.33 -20.00 17.33 0.23 17.33 8.62 

17.42 4.61 17.42 5.45 17.42 5.62 17.42 -10.05 17.42 10.22 17.42 -10.05 17.42 0.07 17.42 8.64 

17.50 4.63 17.50 5.59 17.50 5.54 17.50 -1.75 17.50 10.35 17.50 -1.75 17.50 0.05 17.50 8.47 

17.58 4.63 17.58 5.60 17.58 5.29 17.58 4.14 17.58 10.26 17.58 4.14 17.58 0.04 17.58 8.38 

17.67 4.63 17.67 5.56 17.67 5.16 17.67 6.05 17.67 10.17 17.67 6.05 17.67 0.03 17.67 8.36 

17.75 4.63 17.75 5.55 17.75 5.09 17.75 6.26 17.75 10.15 17.75 6.26 17.75 0.02 17.75 8.35 

17.83 4.63 17.83 5.56 17.83 5.04 17.83 6.60 17.83 10.14 17.83 6.60 17.83 0.01 17.83 8.35 

17.92 4.63 17.92 5.57 17.92 5.01 17.92 6.85 17.92 10.12 17.92 6.85 17.92 0.01 17.92 8.35 

18.00 4.63 18.00 5.57 18.00 4.99 18.00 6.97 18.00 10.11 18.00 6.97 18.00 0.01 18.00 8.35 

18.08 4.63 18.08 5.57 18.08 4.98 18.08 7.03 18.08 10.11 18.08 7.03 18.08 0.01 18.08 8.35 

18.17 4.63 18.17 5.57 18.17 4.97 18.17 7.06 18.17 10.10 18.17 7.06 18.17 -0.01 18.17 8.35 

18.25 4.63 18.25 5.58 18.25 4.96 18.25 7.08 18.25 10.10 18.25 7.08 18.25 -0.01 18.25 8.35 

18.33 4.64 18.33 5.58 18.33 4.96 18.33 7.09 18.33 10.10 18.33 7.09 18.33 -0.01 18.33 8.35 



 

cxl 

 

18.42 4.64 18.42 5.58 18.42 4.96 18.42 7.10 18.42 10.09 18.42 7.10 18.42 0.00 18.42 8.35 

18.50 4.64 18.50 5.58 18.50 4.96 18.50 7.11 18.50 10.09 18.50 7.11 18.50 0.00 18.50 8.36 

18.58 4.64 18.58 5.59 18.58 4.96 18.58 7.13 18.58 10.09 18.58 7.13 18.58 0.00 18.58 8.35 

18.67 4.64 18.67 5.60 18.67 4.96 18.67 7.14 18.67 10.09 18.67 7.14 18.67 0.01 18.67 8.35 

18.75 4.64 18.75 5.59 18.75 4.96 18.75 7.15 18.75 10.09 18.75 7.15 18.75 0.00 18.75 8.36 

18.83 4.64 18.83 5.59 18.83 4.96 18.83 7.16 18.83 10.08 18.83 7.16 18.83 0.00 18.83 8.35 

18.92 4.65 18.92 5.59 18.92 4.96 18.92 7.17 18.92 10.08 18.92 7.17 18.92 0.00 18.92 8.35 

19.00 4.65 19.00 5.60 19.00 4.96 19.00 7.18 19.00 10.08 19.00 7.18 19.00 0.00 19.00 8.36 

19.08 4.65 19.08 5.58 19.08 4.95 19.08 2.89 19.08 10.08 19.08 2.89 19.08 -0.14 19.08 8.31 

19.17 4.63 19.17 5.94 19.17 5.00 19.17 -17.79 19.17 9.80 19.17 -17.79 19.17 -0.40 19.17 7.46 

19.25 4.45 19.25 6.44 19.25 5.37 19.25 -13.72 19.25 8.39 19.25 -13.72 19.25 0.76 19.25 7.77 

19.33 4.41 19.33 5.68 19.33 5.66 19.33 -18.02 19.33 9.57 19.33 -18.02 19.33 0.25 19.33 8.62 

19.42 4.59 19.42 5.50 19.42 5.52 19.42 -7.93 19.42 10.17 19.42 -7.93 19.42 0.08 19.42 8.63 

19.50 4.61 19.50 5.63 19.50 5.47 19.50 0.48 19.50 10.29 19.50 0.48 19.50 0.05 19.50 8.48 

19.58 4.62 19.58 5.66 19.58 5.28 19.58 5.28 19.58 10.22 19.58 5.28 19.58 0.04 19.58 8.39 

19.67 4.62 19.67 5.63 19.67 5.15 19.67 6.12 19.67 10.15 19.67 6.12 19.67 0.03 19.67 8.37 

19.75 4.62 19.75 5.61 19.75 5.08 19.75 6.32 19.75 10.13 19.75 6.32 19.75 0.02 19.75 8.37 

19.83 4.61 19.83 5.62 19.83 5.04 19.83 6.67 19.83 10.13 19.83 6.67 19.83 0.01 19.83 8.36 

19.92 4.62 19.92 5.62 19.92 5.01 19.92 6.89 19.92 10.12 19.92 6.89 19.92 0.01 19.92 8.36 

20.00 4.62 20.00 5.63 20.00 4.99 20.00 6.98 20.00 10.11 20.00 6.98 20.00 0.00 20.00 8.35 

20.08 4.62 20.08 5.62 20.08 4.98 20.08 7.04 20.08 10.10 20.08 7.04 20.08 0.00 20.08 8.35 

20.17 4.62 20.17 5.62 20.17 4.97 20.17 7.07 20.17 10.10 20.17 7.07 20.17 0.00 20.17 8.36 

20.25 4.62 20.25 5.63 20.25 4.96 20.25 7.08 20.25 10.10 20.25 7.08 20.25 0.01 20.25 8.35 

20.33 4.63 20.33 5.63 20.33 4.96 20.33 7.09 20.33 10.09 20.33 7.09 20.33 0.00 20.33 8.36 

20.42 4.63 20.42 5.62 20.42 4.96 20.42 7.11 20.42 10.09 20.42 7.11 20.42 0.00 20.42 8.36 

20.50 4.63 20.50 5.63 20.50 4.96 20.50 7.12 20.50 10.09 20.50 7.12 20.50 0.00 20.50 8.36 

20.58 4.63 20.58 5.64 20.58 4.96 20.58 7.13 20.58 10.09 20.58 7.13 20.58 0.00 20.58 8.36 

20.67 4.64 20.67 5.64 20.67 4.96 20.67 7.15 20.67 10.09 20.67 7.15 20.67 0.00 20.67 8.36 

20.75 4.64 20.75 5.63 20.75 4.96 20.75 7.16 20.75 10.09 20.75 7.16 20.75 0.00 20.75 8.36 

20.83 4.64 20.83 5.63 20.83 4.96 20.83 7.17 20.83 10.09 20.83 7.17 20.83 0.00 20.83 8.36 

20.92 4.64 20.92 5.63 20.92 4.95 20.92 7.18 20.92 10.09 20.92 7.18 20.92 0.00 20.92 8.36 

21.00 4.64 21.00 5.64 21.00 4.96 21.00 7.18 21.00 10.09 21.00 7.18 21.00 0.00 21.00 8.36 



 

cxli 

 

21.08 4.64 21.08 5.62 21.08 4.95 21.08 3.89 21.08 10.09 21.08 3.89 21.08 -0.14 21.08 8.33 

21.17 4.63 21.17 6.01 21.17 5.00 21.17 -19.62 21.17 9.84 21.17 -19.62 21.17 -0.44 21.17 7.55 

21.25 4.45 21.25 6.56 21.25 5.35 21.25 -19.91 21.25 8.43 21.25 -19.91 21.25 0.74 21.25 7.74 

21.33 4.41 21.33 5.75 21.33 5.58 21.33 -17.34 21.33 9.53 21.33 -17.34 21.33 0.25 21.33 8.61 

21.42 4.57 21.42 5.54 21.42 5.44 21.42 -5.41 21.42 10.11 21.42 -5.41 21.42 0.07 21.42 8.63 

21.50 4.60 21.50 5.68 21.50 5.41 21.50 2.71 21.50 10.25 21.50 2.71 21.50 0.04 21.50 8.49 

21.58 4.60 21.58 5.72 21.58 5.24 21.58 5.91 21.58 10.20 21.58 5.91 21.58 0.03 21.58 8.40 

21.67 4.61 21.67 5.68 21.67 5.13 21.67 6.15 21.67 10.14 21.67 6.15 21.67 0.03 21.67 8.37 

21.75 4.61 21.75 5.66 21.75 5.07 21.75 6.42 21.75 10.13 21.75 6.42 21.75 0.02 21.75 8.37 

21.83 4.61 21.83 5.66 21.83 5.03 21.83 6.74 21.83 10.12 21.83 6.74 21.83 0.01 21.83 8.36 

21.92 4.61 21.92 5.66 21.92 4.99 21.92 6.92 21.92 10.12 21.92 6.92 21.92 0.00 21.92 8.36 

22.00 4.61 22.00 5.66 22.00 4.98 22.00 7.01 22.00 10.10 22.00 7.01 22.00 0.00 22.00 8.36 

22.08 4.62 22.08 5.66 22.08 4.97 22.08 7.05 22.08 10.10 22.08 7.05 22.08 0.00 22.08 8.36 

22.17 4.62 22.17 5.67 22.17 4.97 22.17 7.08 22.17 10.10 22.17 7.08 22.17 0.00 22.17 8.36 

22.25 4.62 22.25 5.67 22.25 4.96 22.25 7.10 22.25 10.10 22.25 7.10 22.25 0.00 22.25 8.36 

22.33 4.63 22.33 5.67 22.33 4.96 22.33 7.11 22.33 10.10 22.33 7.11 22.33 0.00 22.33 8.36 

22.42 4.63 22.42 5.66 22.42 4.95 22.42 7.12 22.42 10.10 22.42 7.12 22.42 0.00 22.42 8.36 

22.50 4.63 22.50 5.66 22.50 4.95 22.50 7.14 22.50 10.10 22.50 7.14 22.50 -0.01 22.50 8.36 

22.58 4.63 22.58 5.69 22.58 4.95 22.58 7.17 22.58 10.09 22.58 7.17 22.58 0.00 22.58 8.36 

22.67 4.64 22.67 5.68 22.67 4.95 22.67 7.18 22.67 10.09 22.67 7.18 22.67 0.00 22.67 8.36 

22.75 4.64 22.75 5.68 22.75 4.95 22.75 7.19 22.75 10.09 22.75 7.19 22.75 0.00 22.75 8.36 

22.83 4.64 22.83 5.68 22.83 4.95 22.83 7.20 22.83 10.09 22.83 7.20 22.83 0.00 22.83 8.36 

22.92 4.64 22.92 5.68 22.92 4.95 22.92 7.21 22.92 10.09 22.92 7.21 22.92 0.00 22.92 8.36 

23.00 4.64 23.00 5.68 23.00 4.95 23.00 7.22 23.00 10.09 23.00 7.22 23.00 0.00 23.00 8.36 

23.08 4.64 23.08 5.66 23.08 4.95 23.08 3.89 23.08 10.09 23.08 3.89 23.08 -0.12 23.08 8.34 

23.17 4.63 23.17 6.03 23.17 4.99 23.17 -20.32 23.17 9.85 23.17 -20.32 23.17 -0.50 23.17 7.62 

23.25 4.50 23.25 6.73 23.25 5.33 23.25 -21.87 23.25 8.49 23.25 -21.87 23.25 0.72 23.25 7.76 

23.33 4.44 23.33 5.86 23.33 5.52 23.33 -15.56 23.33 9.54 23.33 -15.56 23.33 0.26 23.33 8.61 

23.42 4.57 23.42 5.56 23.42 5.34 23.42 -2.75 23.42 10.09 23.42 -2.75 23.42 0.07 23.42 8.63 

23.50 4.60 23.50 5.70 23.50 5.32 23.50 4.67 23.50 10.22 23.50 4.67 23.50 0.05 23.50 8.49 

23.58 4.60 23.58 5.75 23.58 5.21 23.58 6.27 23.58 10.18 23.58 6.27 23.58 0.04 23.58 8.40 

23.67 4.61 23.67 5.71 23.67 5.10 23.67 6.22 23.67 10.12 23.67 6.22 23.67 0.03 23.67 8.37 



 

cxlii 

 

23.75 4.61 23.75 5.70 23.75 5.05 23.75 6.52 23.75 10.12 23.75 6.52 23.75 0.03 23.75 8.37 

23.83 4.61 23.83 5.70 23.83 5.01 23.83 6.81 23.83 10.12 23.83 6.81 23.83 0.01 23.83 8.36 

23.92 4.61 23.92 5.71 23.92 4.99 23.92 6.96 23.92 10.11 23.92 6.96 23.92 0.01 23.92 8.36 

24.00 4.62 24.00 5.71 24.00 4.97 24.00 7.04 24.00 10.10 24.00 7.04 24.00 0.00 24.00 8.36 

24.08 4.62 24.08 5.71 24.08 4.96 24.08 7.09 24.08 10.10 24.08 7.09 24.08 0.00 24.08 8.36 

24.17 4.62 24.17 5.70 24.17 4.96 24.17 7.12 24.17 10.10 24.17 7.12 24.17 0.00 24.17 8.36 

24.25 4.62 24.25 5.70 24.25 4.95 24.25 7.14 24.25 10.10 24.25 7.14 24.25 0.00 24.25 8.36 

24.33 4.63 24.33 5.71 24.33 4.95 24.33 7.15 24.33 10.10 24.33 7.15 24.33 0.00 24.33 8.36 

24.42 4.63 24.42 5.72 24.42 4.95 24.42 7.17 24.42 10.10 24.42 7.17 24.42 0.00 24.42 8.37 

24.50 4.63 24.50 5.72 24.50 4.95 24.50 7.18 24.50 10.09 24.50 7.18 24.50 0.00 24.50 8.37 

24.58 4.64 24.58 5.71 24.58 4.95 24.58 7.20 24.58 10.09 24.58 7.20 24.58 0.00 24.58 8.37 

24.67 4.64 24.67 5.71 24.67 4.95 24.67 7.21 24.67 10.09 24.67 7.21 24.67 0.00 24.67 8.37 

24.75 4.64 24.75 5.72 24.75 4.95 24.75 7.22 24.75 10.09 24.75 7.22 24.75 0.00 24.75 8.36 

24.83 4.64 24.83 5.72 24.83 4.94 24.83 7.23 24.83 10.09 24.83 7.23 24.83 0.00 24.83 8.36 

24.92 4.64 24.92 5.72 24.92 4.95 24.92 7.24 24.92 10.10 24.92 7.24 24.92 0.00 24.92 8.37 

25.00 4.64 25.00 5.72 25.00 4.95 25.00 7.24 25.00 10.09 25.00 7.24 25.00 0.00 25.00 8.37 

25.08 4.64 25.08 5.70 25.08 4.94 25.08 4.28 25.08 10.09 25.08 4.28 25.08 -0.12 25.08 8.34 

25.17 4.64 25.17 6.10 25.17 4.96 25.17 -20.14 25.17 9.89 25.17 -20.14 25.17 -0.46 25.17 7.65 

25.25 4.54 25.25 6.84 25.25 5.19 25.25 -22.91 25.25 8.56 25.25 -22.91 25.25 0.67 25.25 7.79 

25.33 4.48 25.33 5.92 25.33 5.46 25.33 -14.37 25.33 9.51 25.33 -14.37 25.33 0.23 25.33 8.61 

25.42 4.57 25.42 5.60 25.42 5.31 25.42 -0.97 25.42 10.06 25.42 -0.97 25.42 0.07 25.42 8.62 

25.50 4.60 25.50 5.72 25.50 5.27 25.50 5.66 25.50 10.20 25.50 5.66 25.50 0.04 25.50 8.49 

25.58 4.61 25.58 5.79 25.58 5.17 25.58 6.39 25.58 10.17 25.58 6.39 25.58 0.03 25.58 8.40 

25.67 4.61 25.67 5.76 25.67 5.09 25.67 6.31 25.67 10.12 25.67 6.31 25.67 0.03 25.67 8.38 

25.75 4.62 25.75 5.75 25.75 5.04 25.75 6.61 25.75 10.12 25.75 6.61 25.75 0.02 25.75 8.37 

25.83 4.62 25.83 5.76 25.83 5.00 25.83 6.85 25.83 10.12 25.83 6.85 25.83 0.01 25.83 8.37 

25.92 4.62 25.92 5.75 25.92 4.97 25.92 6.98 25.92 10.12 25.92 6.98 25.92 0.00 25.92 8.37 

26.00 4.62 26.00 5.74 26.00 4.96 26.00 7.05 26.00 10.11 26.00 7.05 26.00 0.00 26.00 8.37 

26.08 4.63 26.08 5.74 26.08 4.96 26.08 7.10 26.08 10.10 26.08 7.10 26.08 0.00 26.08 8.37 

26.17 4.63 26.17 5.74 26.17 4.95 26.17 7.13 26.17 10.10 26.17 7.13 26.17 0.00 26.17 8.37 

26.25 4.63 26.25 5.75 26.25 4.94 26.25 7.16 26.25 10.10 26.25 7.16 26.25 0.00 26.25 8.37 

26.33 4.64 26.33 5.74 26.33 4.94 26.33 7.18 26.33 10.10 26.33 7.18 26.33 0.01 26.33 8.37 



 

cxliii 

 

26.42 4.64 26.42 5.74 26.42 4.94 26.42 7.20 26.42 10.10 26.42 7.20 26.42 0.00 26.42 8.37 

26.50 4.64 26.50 5.76 26.50 4.94 26.50 7.21 26.50 10.10 26.50 7.21 26.50 0.00 26.50 8.37 

26.58 4.65 26.58 5.78 26.58 4.94 26.58 7.23 26.58 10.10 26.58 7.23 26.58 0.01 26.58 8.37 

26.67 4.65 26.67 5.77 26.67 4.94 26.67 7.24 26.67 10.10 26.67 7.24 26.67 0.00 26.67 8.37 

26.75 4.65 26.75 5.76 26.75 4.94 26.75 7.25 26.75 10.10 26.75 7.25 26.75 0.00 26.75 8.37 

26.83 4.65 26.83 5.76 26.83 4.94 26.83 7.26 26.83 10.10 26.83 7.26 26.83 0.00 26.83 8.38 

26.92 4.65 26.92 5.76 26.92 4.94 26.92 7.26 26.92 10.09 26.92 7.26 26.92 0.00 26.92 8.38 

27.00 4.65 27.00 5.77 27.00 4.94 27.00 7.26 27.00 10.10 27.00 7.26 27.00 0.00 27.00 8.38 

27.08 4.65 27.08 5.73 27.08 4.93 27.08 4.62 27.08 10.09 27.08 4.62 27.08 -0.12 27.08 8.36 

27.17 4.64 27.17 6.05 27.17 4.95 27.17 -20.01 27.17 9.89 27.17 -20.01 27.17 -0.48 27.17 7.66 

27.25 4.56 27.25 6.91 27.25 5.16 27.25 -23.40 27.25 8.61 27.25 -23.40 27.25 0.66 27.25 7.82 

27.33 4.56 27.33 6.00 27.33 5.42 27.33 -13.49 27.33 9.53 27.33 -13.49 27.33 0.25 27.33 8.61 

27.42 4.60 27.42 5.63 27.42 5.27 27.42 0.09 27.42 10.04 27.42 0.09 27.42 0.08 27.42 8.62 

27.50 4.60 27.50 5.75 27.50 5.21 27.50 6.28 27.50 10.19 27.50 6.28 27.50 0.04 27.50 8.49 

27.58 4.60 27.58 5.84 27.58 5.13 27.58 6.54 27.58 10.16 27.58 6.54 27.58 0.03 27.58 8.40 

27.67 4.60 27.67 5.80 27.67 5.06 27.67 6.41 27.67 10.11 27.67 6.41 27.67 0.03 27.67 8.38 

27.75 4.60 27.75 5.79 27.75 5.02 27.75 6.68 27.75 10.12 27.75 6.68 27.75 0.02 27.75 8.38 

27.83 4.61 27.83 5.79 27.83 4.99 27.83 6.87 27.83 10.12 27.83 6.87 27.83 0.01 27.83 8.37 

27.92 4.61 27.92 5.79 27.92 4.96 27.92 6.99 27.92 10.11 27.92 6.99 27.92 0.01 27.92 8.37 

28.00 4.61 28.00 5.79 28.00 4.95 28.00 7.06 28.00 10.10 28.00 7.06 28.00 0.00 28.00 8.37 

28.08 4.62 28.08 5.79 28.08 4.95 28.08 7.11 28.08 10.10 28.08 7.11 28.08 0.00 28.08 8.38 

28.17 4.62 28.17 5.79 28.17 4.94 28.17 7.15 28.17 10.10 28.17 7.15 28.17 0.00 28.17 8.37 

28.25 4.62 28.25 5.80 28.25 4.94 28.25 7.18 28.25 10.10 28.25 7.18 28.25 0.01 28.25 8.37 

28.33 4.63 28.33 5.79 28.33 4.93 28.33 7.20 28.33 10.10 28.33 7.20 28.33 0.00 28.33 8.37 

28.42 4.63 28.42 5.80 28.42 4.93 28.42 7.22 28.42 10.10 28.42 7.22 28.42 0.00 28.42 8.38 

28.50 4.64 28.50 5.80 28.50 4.94 28.50 7.24 28.50 10.10 28.50 7.24 28.50 0.00 28.50 8.38 

28.58 4.64 28.58 5.80 28.58 4.94 28.58 7.25 28.58 10.10 28.58 7.25 28.58 0.00 28.58 8.38 

28.67 4.64 28.67 5.81 28.67 4.94 28.67 7.26 28.67 10.10 28.67 7.26 28.67 0.00 28.67 8.38 

28.75 4.65 28.75 5.80 28.75 4.94 28.75 7.27 28.75 10.10 28.75 7.27 28.75 0.00 28.75 8.38 

28.83 4.65 28.83 5.80 28.83 4.94 28.83 7.27 28.83 10.10 28.83 7.27 28.83 0.00 28.83 8.38 

28.92 4.65 28.92 5.80 28.92 4.94 28.92 7.28 28.92 10.10 28.92 7.28 28.92 0.00 28.92 8.38 

29.00 4.65 29.00 5.80 29.00 4.94 29.00 7.29 29.00 10.10 29.00 7.29 29.00 0.00 29.00 8.38 



 

cxliv 

 

29.08 4.66 29.08 5.79 
  

29.08 5.25 29.08 10.10 29.08 5.25 29.08 -0.12 29.08 8.36 

29.17 4.65 29.17 6.07 
  

29.17 -20.07 29.17 9.94 29.17 -20.07 29.17 -0.45 29.17 7.74 

29.25 4.61 29.25 7.06 
  

29.25 -26.13 29.25 8.71 29.25 -26.13 29.25 0.62 29.25 7.79 

29.33 4.60 29.33 6.11 
  

29.33 -12.80 29.33 9.48 29.33 -12.80 29.33 0.21 29.33 8.60 

29.42 4.61 29.42 5.65 
  

29.42 1.20 29.42 10.01 29.42 1.20 29.42 0.08 29.42 8.62 

29.50 4.61 29.50 5.78 
  

29.50 6.85 29.50 10.18 29.50 6.85 29.50 0.04 29.50 8.49 

29.58 4.62 29.58 5.87 
  

29.58 6.66 29.58 10.16 29.58 6.66 29.58 0.03 29.58 8.41 

29.67 4.62 29.67 5.85 
  

29.67 6.48 29.67 10.11 29.67 6.48 29.67 0.03 29.67 8.39 

29.75 4.62 29.75 5.83 
  

29.75 6.74 29.75 10.11 29.75 6.74 29.75 0.02 29.75 8.38 

29.83 4.62 29.83 5.84 
  

29.83 6.92 29.83 10.12 29.83 6.92 29.83 0.02 29.83 8.38 

29.92 4.62 29.92 5.83 
  

29.92 7.01 29.92 10.12 29.92 7.01 29.92 0.00 29.92 8.38 

30.00 4.62 30.00 5.83 
  

30.00 7.09 30.00 10.10 30.00 7.09 30.00 0.01 30.00 8.37 

30.08 4.63 30.08 5.83 
  

30.08 7.14 30.08 10.10 30.08 7.14 30.08 0.00 30.08 8.37 

30.17 4.63 30.17 5.83 
  

30.17 7.18 30.17 10.10 30.17 7.18 30.17 0.01 30.17 8.37 

30.25 4.64 30.25 5.83 
  

30.25 7.20 30.25 10.10 30.25 7.20 30.25 0.01 30.25 8.37 

30.33 4.64 30.33 5.83 
  

30.33 7.22 30.33 10.10 30.33 7.22 30.33 0.00 30.33 8.37 

30.42 4.64 30.42 5.83 
  

30.42 7.24 30.42 10.10 30.42 7.24 30.42 0.00 30.42 8.37 

30.50 4.65 30.50 5.83 
  

30.50 7.26 30.50 10.10 30.50 7.26 30.50 0.00 30.50 8.38 

30.58 4.65 30.58 5.83 
  

30.58 7.27 30.58 10.10 30.58 7.27 30.58 0.00 30.58 8.38 

30.67 4.66 30.67 5.84 
  

30.67 7.28 30.67 10.10 30.67 7.28 30.67 0.00 30.67 8.38 

30.75 4.66 30.75 5.84 
  

30.75 7.29 30.75 10.10 30.75 7.29 30.75 0.00 30.75 8.38 

30.83 4.67 30.83 5.85 
  

30.83 7.29 30.83 10.10 30.83 7.29 30.83 0.00 30.83 8.38 

30.92 4.67 30.92 5.84 
  

30.92 7.29 30.92 10.10 30.92 7.29 30.92 0.00 30.92 8.38 

31.00 4.67 31.00 5.84 
  

31.00 7.29 31.00 10.10 31.00 7.29 31.00 0.00 31.00 8.37 

31.08 4.68 31.08 5.82 
  

31.08 5.33 31.08 10.10 31.08 5.33 31.08 -0.10 31.08 8.36 

31.17 4.67 31.17 6.04 
  

31.17 -19.63 31.17 9.94 31.17 -19.63 31.17 -0.42 31.17 7.76 

31.25 4.66 31.25 7.01 
  

31.25 -24.43 31.25 8.76 31.25 -24.43 31.25 0.56 31.25 7.80 

31.33 4.68 31.33 6.12 
  

31.33 -11.31 31.33 9.52 31.33 -11.31 31.33 0.21 31.33 8.59 

31.42 4.68 31.42 5.70 
  

31.42 2.35 31.42 10.01 31.42 2.35 31.42 0.06 31.42 8.61 

31.50 4.66 31.50 5.83 
  

31.50 7.32 31.50 10.17 31.50 7.32 31.50 0.04 31.50 8.48 

31.58 4.66 31.58 5.92 
  

31.58 6.76 31.58 10.15 31.58 6.76 31.58 0.03 31.58 8.40 

31.67 4.66 31.67 5.88 
  

31.67 6.58 31.67 10.11 31.67 6.58 31.67 0.02 31.67 8.38 



 

cxlv 

 

31.75 4.65 31.75 5.86 
  

31.75 6.79 31.75 10.11 31.75 6.79 31.75 0.02 31.75 8.38 

31.83 4.66 31.83 5.86 
  

31.83 6.93 31.83 10.12 31.83 6.93 31.83 0.01 31.83 8.37 

31.92 4.66 31.92 5.86 
  

31.92 7.02 31.92 10.12 31.92 7.02 31.92 0.00 31.92 8.37 

32.00 4.66 32.00 5.86 
  

32.00 7.08 32.00 10.11 32.00 7.08 32.00 0.00 32.00 8.37 

32.08 4.66 32.08 5.85 
  

32.08 7.13 32.08 10.10 32.08 7.13 32.08 0.00 32.08 8.37 

32.17 4.67 32.17 5.85 
  

32.17 7.17 32.17 10.10 32.17 7.17 32.17 0.00 32.17 8.37 

32.25 4.67 32.25 5.86 
  

32.25 7.20 32.25 10.10 32.25 7.20 32.25 0.00 32.25 8.37 

32.33 4.68 32.33 5.86 
  

32.33 7.23 32.33 10.11 32.33 7.23 32.33 0.00 32.33 8.37 

32.42 4.68 32.42 5.86 
  

32.42 7.24 32.42 10.10 32.42 7.24 32.42 0.00 32.42 8.37 

32.50 4.69 32.50 5.86 
  

32.50 7.26 32.50 10.10 32.50 7.26 32.50 0.00 32.50 8.38 

32.58 4.69 32.58 5.86 
  

32.58 7.27 32.58 10.10 32.58 7.27 32.58 0.00 32.58 8.38 

32.67 4.70 32.67 5.87 
  

32.67 7.28 32.67 10.10 32.67 7.28 32.67 0.00 32.67 8.37 

32.75 4.70 32.75 5.87 
  

32.75 7.29 32.75 10.10 32.75 7.29 32.75 0.00 32.75 8.38 

32.83 4.70 32.83 5.87 
  

32.83 7.29 32.83 10.10 32.83 7.29 32.83 0.00 32.83 8.38 

32.92 4.70 32.92 5.87 
  

32.92 7.30 32.92 10.10 32.92 7.30 32.92 0.00 32.92 8.38 

33.00 4.71 33.00 5.87 
  

33.00 7.30 33.00 10.10 33.00 7.30 33.00 0.00 33.00 8.38 

33.08 4.71 33.08 5.85 
  

33.08 5.58 33.08 10.10 33.08 5.58 33.08 -0.10 33.08 8.37 

33.17 4.70 33.17 6.07 
  

33.17 -19.27 33.17 9.97 33.17 -19.27 33.17 -0.40 33.17 7.80 

33.25 4.72 33.25 7.07 
  

33.25 -24.65 33.25 8.82 33.25 -24.65 33.25 0.52 33.25 7.80 

33.33 4.77 33.33 6.16 
  

33.33 -10.39 33.33 9.52 33.33 -10.39 33.33 0.19 33.33 8.58 

33.42 4.75 33.42 5.72 
  

33.42 3.19 33.42 9.99 33.42 3.19 33.42 0.06 33.42 8.60 

33.50 4.73 33.50 5.85 
  

33.50 7.62 33.50 10.16 33.50 7.62 33.50 0.04 33.50 8.48 

33.58 4.72 33.58 5.94 
  

33.58 6.82 33.58 10.16 33.58 6.82 33.58 0.03 33.58 8.41 

33.67 4.71 33.67 5.91 
  

33.67 6.62 33.67 10.11 33.67 6.62 33.67 0.02 33.67 8.39 

33.75 4.71 33.75 5.89 
  

33.75 6.84 33.75 10.12 33.75 6.84 33.75 0.01 33.75 8.38 

33.83 4.71 33.83 5.89 
  

33.83 6.97 33.83 10.12 33.83 6.97 33.83 0.01 33.83 8.38 

33.92 4.71 33.92 5.89 
  

33.92 7.05 33.92 10.12 33.92 7.05 33.92 0.00 33.92 8.38 

34.00 4.71 34.00 5.89 
  

34.00 7.11 34.00 10.11 34.00 7.11 34.00 0.00 34.00 8.38 

34.08 4.72 34.08 5.88 
  

34.08 7.15 34.08 10.10 34.08 7.15 34.08 0.01 34.08 8.38 

34.17 4.72 34.17 5.88 
  

34.17 7.19 34.17 10.10 34.17 7.19 34.17 0.00 34.17 8.38 

34.25 4.72 34.25 5.89 
  

34.25 7.21 34.25 10.10 34.25 7.21 34.25 0.01 34.25 8.37 

34.33 4.73 34.33 5.89 
  

34.33 7.24 34.33 10.11 34.33 7.24 34.33 0.00 34.33 8.37 



 

cxlvi 

 

34.42 4.73 34.42 5.88 
  

34.42 7.25 34.42 10.11 34.42 7.25 34.42 0.00 34.42 8.38 

34.50 4.73 34.50 5.89 
  

34.50 7.27 34.50 10.10 34.50 7.27 34.50 0.00 34.50 8.37 

34.58 4.74 34.58 5.90 
  

34.58 7.28 34.58 10.11 34.58 7.28 34.58 0.00 34.58 8.37 

34.67 4.74 34.67 5.90 
  

34.67 7.29 34.67 10.10 34.67 7.29 34.67 0.00 34.67 8.38 

34.75 4.74 34.75 5.89 
  

34.75 7.29 34.75 10.10 34.75 7.29 34.75 0.00 34.75 8.38 

34.83 4.74 34.83 5.90 
  

34.83 7.30 34.83 10.10 34.83 7.30 34.83 0.00 34.83 8.38 

34.92 4.74 34.92 5.91 
  

34.92 7.30 34.92 10.10 34.92 7.30 34.92 0.00 34.92 8.38 

35.00 4.75 35.00 5.90 
  

35.00 7.30 35.00 10.10 35.00 7.30 35.00 0.00 35.00 8.38 

35.08 4.75 35.08 5.88 
  

35.08 5.85 35.08 10.10 35.08 5.85 35.08 -0.09 35.08 8.37 

35.17 4.75 35.17 6.06 
  

35.17 -18.49 35.17 9.98 35.17 -18.49 35.17 -0.56 35.17 7.81 

35.25 4.77 35.25 7.06 
  

35.25 -24.22 35.25 8.85 35.25 -24.22 35.25 0.58 35.25 7.82 

35.33 4.85 35.33 6.19 
  

35.33 -10.06 35.33 9.54 35.33 -10.06 35.33 0.25 35.33 8.58 

35.42 4.82 35.42 5.75 
  

35.42 3.45 35.42 9.97 35.42 3.45 35.42 0.06 35.42 8.60 

35.50 4.79 35.50 5.88 
  

35.50 7.85 35.50 10.15 35.50 7.85 35.50 0.04 35.50 8.48 

35.58 4.78 35.58 5.96 
  

35.58 6.94 35.58 10.16 35.58 6.94 35.58 0.03 35.58 8.41 

35.67 4.77 35.67 5.95 
  

35.67 6.70 35.67 10.10 35.67 6.70 35.67 0.03 35.67 8.39 

35.75 4.77 35.75 5.93 
  

35.75 6.89 35.75 10.12 35.75 6.89 35.75 0.02 35.75 8.38 

35.83 4.77 35.83 5.93 
  

35.83 7.00 35.83 10.13 35.83 7.00 35.83 0.01 35.83 8.38 

35.92 4.77 35.92 5.93 
  

35.92 7.07 35.92 10.12 35.92 7.07 35.92 0.01 35.92 8.38 

36.00 4.77 36.00 5.92 
  

36.00 7.12 36.00 10.11 36.00 7.12 36.00 0.00 36.00 8.37 

36.08 4.77 36.08 5.92 
  

36.08 7.16 36.08 10.10 36.08 7.16 36.08 0.00 36.08 8.37 

36.17 4.77 36.17 5.92 
  

36.17 7.19 36.17 10.10 36.17 7.19 36.17 0.01 36.17 8.37 

36.25 4.77 36.25 5.92 
  

36.25 7.22 36.25 10.10 36.25 7.22 36.25 0.00 36.25 8.38 

36.33 4.77 36.33 5.92 
  

36.33 7.24 36.33 10.10 36.33 7.24 36.33 0.00 36.33 8.38 

36.42 4.77 36.42 5.92 
  

36.42 7.25 36.42 10.11 36.42 7.25 36.42 0.00 36.42 8.38 

36.50 4.77 36.50 5.92 
  

36.50 7.27 36.50 10.11 36.50 7.27 36.50 0.00 36.50 8.38 

36.58 4.78 36.58 5.92 
  

36.58 7.28 36.58 10.11 36.58 7.28 36.58 0.01 36.58 8.38 

36.67 4.78 36.67 5.92 
  

36.67 7.29 36.67 10.10 36.67 7.29 36.67 0.01 36.67 8.38 

36.75 4.78 36.75 5.92 
  

36.75 7.30 36.75 10.10 36.75 7.30 36.75 0.01 36.75 8.38 

36.83 4.78 36.83 5.92 
  

36.83 7.30 36.83 10.10 36.83 7.30 36.83 -0.01 36.83 8.38 

36.92 4.79 36.92 5.92 
  

36.92 7.31 36.92 10.10 36.92 7.31 36.92 -0.01 36.92 8.38 

37.00 4.79 37.00 5.93 
  

37.00 7.31 37.00 10.10 37.00 7.31 37.00 -0.01 37.00 8.38 



 

cxlvii 

 

37.08 4.79 37.08 5.92 
  

37.08 6.65 37.08 10.11 37.08 6.65 37.08 -0.08 37.08 8.37 

37.17 4.78 37.17 6.09 
  

37.17 -15.43 37.17 10.01 37.17 -15.43 37.17 -0.52 37.17 7.88 

37.25 4.82 37.25 7.11 
  

37.25 -24.69 37.25 8.93 37.25 -24.69 37.25 0.51 37.25 7.79 

37.33 4.91 37.33 6.22 
  

37.33 -10.43 37.33 9.51 37.33 -10.43 37.33 0.24 37.33 8.57 

37.42 4.88 37.42 5.78 
  

37.42 3.27 37.42 9.95 37.42 3.27 37.42 0.08 37.42 8.60 

37.50 4.85 37.50 5.88 
  

37.50 8.15 37.50 10.13 37.50 8.15 37.50 0.07 37.50 8.48 

37.58 4.83 37.58 5.97 
  

37.58 7.15 37.58 10.15 37.58 7.15 37.58 0.05 37.58 8.40 

37.67 4.82 37.67 5.96 
  

37.67 6.77 37.67 10.11 37.67 6.77 37.67 0.03 37.67 8.39 

37.75 4.81 37.75 5.95 
  

37.75 6.92 37.75 10.12 37.75 6.92 37.75 0.02 37.75 8.38 

37.83 4.81 37.83 5.93 
  

37.83 7.02 37.83 10.12 37.83 7.02 37.83 0.00 37.83 8.38 

37.92 4.81 37.92 5.95 
  

37.92 7.08 37.92 10.12 37.92 7.08 37.92 -0.01 37.92 8.38 

38.00 4.81 38.00 5.95 
  

38.00 7.13 38.00 10.10 38.00 7.13 38.00 0.00 38.00 8.37 

38.08 4.81 38.08 5.93 
  

38.08 7.17 38.08 10.10 38.08 7.17 38.08 0.00 38.08 8.37 

38.17 4.81 38.17 5.92 
  

38.17 7.20 38.17 10.11 38.17 7.20 38.17 0.00 38.17 8.38 

38.25 4.81 38.25 5.93 
  

38.25 7.23 38.25 10.11 38.25 7.23 38.25 0.00 38.25 8.38 

38.33 4.81 38.33 5.95 
  

38.33 7.25 38.33 10.11 38.33 7.25 38.33 0.00 38.33 8.38 

38.42 4.81 38.42 5.94 
  

38.42 7.26 38.42 10.11 38.42 7.26 38.42 -0.01 38.42 8.38 

38.50 4.81 38.50 5.93 
  

38.50 7.27 38.50 10.11 38.50 7.27 38.50 -0.01 38.50 8.38 

38.58 4.81 38.58 5.95 
  

38.58 7.28 38.58 10.10 38.58 7.28 38.58 0.00 38.58 8.38 

38.67 4.81 38.67 5.96 
  

38.67 7.29 38.67 10.10 38.67 7.29 38.67 0.00 38.67 8.37 

38.75 4.82 38.75 5.96 
  

38.75 7.30 38.75 10.10 38.75 7.30 38.75 0.00 38.75 8.38 

38.83 4.82 38.83 5.96 
  

38.83 7.30 38.83 10.10 38.83 7.30 38.83 0.00 38.83 8.38 

38.92 4.82 38.92 5.96 
  

38.92 7.30 38.92 10.10 38.92 7.30 38.92 0.01 38.92 8.38 

39.00 4.82 39.00 5.94 
  

39.00 7.30 39.00 10.10 39.00 7.30 39.00 0.01 39.00 8.38 

39.08 4.82 39.08 5.93 
  

39.08 6.15 39.08 10.10 39.08 6.15 39.08 -0.06 39.08 8.37 

39.08 4.82 39.17 6.13 
  

39.17 -17.38 39.17 10.00 39.17 -17.38 39.17 -0.49 39.17 7.90 

39.08 4.82 39.25 7.23 
  

39.25 -23.32 39.25 8.97 39.25 -23.32 39.25 0.50 39.25 7.83 

39.08 4.82 39.33 6.26 
  

39.33 -8.40 39.33 9.55 39.33 -8.40 39.33 0.21 39.33 8.55 

39.08 4.82 39.42 5.75 
  

39.42 4.61 39.42 9.94 39.42 4.61 39.42 0.05 39.42 8.58 

39.08 4.82 39.50 5.89 
  

39.50 8.30 39.50 10.11 39.50 8.30 39.50 0.03 39.50 8.46 

39.08 4.82 39.58 6.02 
  

39.58 7.09 39.58 10.14 39.58 7.09 39.58 0.02 39.58 8.40 

39.08 4.82 39.67 6.01 
  

39.67 6.80 39.67 10.11 39.67 6.80 39.67 0.02 39.67 8.38 



 

cxlviii 

 

39.08 4.82 39.75 5.95 
  

39.75 6.95 39.75 10.12 39.75 6.95 39.75 0.01 39.75 8.38 

39.08 4.82 39.83 5.94 
  

39.83 7.04 39.83 10.13 39.83 7.04 39.83 0.01 39.83 8.38 

39.08 4.82 39.92 5.96 
  

39.92 7.07 39.92 10.11 39.92 7.07 39.92 0.01 39.92 8.38 

39.08 4.82 40.00 5.99 
  

40.00 7.10 40.00 10.10 40.00 7.10 40.00 0.01 40.00 8.37 

39.08 4.82 40.08 5.95 
  

40.08 7.14 40.08 10.10 40.08 7.14 40.08 0.00 40.08 8.37 

39.08 4.82 40.17 5.93 
  

40.17 7.19 40.17 10.10 40.17 7.19 40.17 0.00 40.17 8.38 

39.08 4.82 40.25 5.95 
  

40.25 7.22 40.25 10.10 40.25 7.22 40.25 0.00 40.25 8.38 

39.08 4.82 40.33 5.96 
  

40.33 7.24 40.33 10.11 40.33 7.24 40.33 -0.01 40.33 8.38 

39.08 4.82 40.42 5.99 
  

40.42 7.26 40.42 10.10 40.42 7.26 40.42 0.00 40.42 8.38 

39.08 4.82 40.50 5.96 
  

40.50 7.28 40.50 10.10 40.50 7.28 40.50 0.00 40.50 8.38 

39.08 4.82 40.58 5.95 
  

40.58 7.28 40.58 10.10 40.58 7.28 40.58 0.00 40.58 8.38 

39.08 4.82 40.67 5.96 
  

40.67 7.29 40.67 10.10 40.67 7.29 40.67 0.00 40.67 8.38 

39.08 4.82 40.75 5.96 
  

40.75 7.29 40.75 10.10 40.75 7.29 40.75 0.00 40.75 8.38 

39.08 4.82 40.83 5.96 
  

40.83 7.30 40.83 10.10 40.83 7.30 40.83 0.00 40.83 8.38 

39.08 4.82 40.92 5.96 
  

40.92 7.29 40.92 10.10 40.92 7.29 40.92 0.00 40.92 8.37 

39.08 4.82 41.00 5.96 
  

41.00 7.30 41.00 10.10 41.00 7.30 41.00 0.00 41.00 8.37 

        
41.08 10.10 

      

 

 



 

cxlix 

 

5.4. Absorbance of BM in presence and absence of different concentration of individual 

surfactant at 298.15 K [[concentration of BM = 10 μM] 

wavelength/nm 

Absorption intensity vs. wavelengh (nm) for different concentration of each surfactant. 
BM concentration is fixed in 10 μM 

free BM  
(0 mM) 

NaC  
(16.27 mM) 

NaDC  
(4.08 mM) 

SDDS 
(6.70 mM) 

SDBS  
(0.39 mM) 

500 0.005 0.043 0.024 0.093 0.078 

499 0.005 0.043 0.024 0.093 0.078 

498 0.005 0.043 0.024 0.093 0.078 

497 0.005 0.043 0.024 0.093 0.079 

496 0.005 0.043 0.024 0.093 0.079 

495 0.005 0.044 0.025 0.093 0.080 

494 0.005 0.044 0.025 0.094 0.080 

493 0.006 0.044 0.025 0.094 0.080 

492 0.006 0.044 0.025 0.094 0.080 

491 0.006 0.044 0.025 0.094 0.081 

490 0.006 0.044 0.025 0.094 0.081 

489 0.006 0.044 0.025 0.094 0.081 

488 0.006 0.044 0.025 0.095 0.082 

487 0.006 0.044 0.026 0.095 0.082 

486 0.006 0.045 0.026 0.095 0.082 

485 0.006 0.045 0.026 0.095 0.083 

484 0.006 0.045 0.026 0.095 0.083 

483 0.006 0.045 0.026 0.096 0.084 

482 0.006 0.045 0.026 0.096 0.084 

481 0.006 0.045 0.026 0.096 0.084 

480 0.006 0.046 0.027 0.096 0.085 

479 0.006 0.046 0.027 0.097 0.085 

478 0.006 0.046 0.027 0.097 0.085 

477 0.006 0.046 0.027 0.097 0.086 

476 0.006 0.046 0.027 0.097 0.086 

475 0.006 0.046 0.027 0.097 0.086 

474 0.006 0.047 0.027 0.097 0.087 

473 0.006 0.047 0.028 0.098 0.087 

472 0.006 0.047 0.028 0.098 0.088 

471 0.006 0.047 0.028 0.098 0.088 

470 0.006 0.047 0.028 0.098 0.088 

469 0.006 0.047 0.028 0.098 0.089 

468 0.006 0.047 0.028 0.099 0.089 

467 0.006 0.048 0.029 0.099 0.090 

466 0.006 0.048 0.029 0.099 0.090 

465 0.006 0.048 0.029 0.099 0.090 

464 0.006 0.048 0.029 0.099 0.091 

463 0.006 0.048 0.029 0.100 0.091 

462 0.006 0.048 0.029 0.100 0.091 

461 0.006 0.049 0.029 0.100 0.092 

460 0.006 0.049 0.030 0.100 0.092 

459 0.006 0.049 0.030 0.101 0.093 



 

cl 

 

458 0.006 0.049 0.030 0.101 0.093 

457 0.006 0.049 0.030 0.101 0.094 

456 0.006 0.050 0.030 0.101 0.094 

455 0.006 0.050 0.031 0.101 0.094 

454 0.007 0.050 0.031 0.102 0.095 

453 0.007 0.050 0.031 0.102 0.095 

452 0.007 0.050 0.031 0.102 0.096 

451 0.007 0.051 0.031 0.102 0.096 

450 0.007 0.051 0.031 0.102 0.096 

449 0.007 0.051 0.032 0.103 0.097 

448 0.007 0.051 0.032 0.103 0.097 

447 0.007 0.052 0.032 0.103 0.098 

446 0.007 0.052 0.032 0.104 0.098 

445 0.007 0.052 0.032 0.104 0.099 

444 0.007 0.052 0.033 0.104 0.099 

443 0.007 0.052 0.033 0.105 0.100 

442 0.007 0.053 0.033 0.105 0.100 

441 0.007 0.053 0.033 0.105 0.101 

440 0.007 0.053 0.034 0.106 0.101 

439 0.007 0.053 0.034 0.106 0.102 

438 0.007 0.054 0.034 0.106 0.102 

437 0.007 0.054 0.034 0.106 0.102 

436 0.007 0.054 0.035 0.107 0.103 

435 0.007 0.055 0.035 0.107 0.103 

434 0.007 0.055 0.035 0.108 0.104 

433 0.007 0.055 0.035 0.108 0.105 

432 0.007 0.056 0.035 0.108 0.105 

431 0.008 0.056 0.036 0.109 0.106 

430 0.008 0.056 0.036 0.109 0.106 

429 0.008 0.057 0.036 0.109 0.107 

428 0.008 0.057 0.037 0.110 0.107 

427 0.008 0.057 0.037 0.110 0.108 

426 0.008 0.058 0.037 0.110 0.108 

425 0.008 0.058 0.038 0.111 0.109 

424 0.008 0.058 0.038 0.111 0.109 

423 0.008 0.059 0.038 0.112 0.110 

422 0.008 0.059 0.038 0.112 0.111 

421 0.008 0.059 0.039 0.112 0.111 

420 0.008 0.060 0.039 0.113 0.112 

419 0.008 0.060 0.039 0.113 0.113 

418 0.008 0.061 0.040 0.114 0.113 

417 0.009 0.061 0.040 0.114 0.114 

416 0.009 0.061 0.040 0.114 0.115 

415 0.009 0.062 0.041 0.115 0.115 

414 0.009 0.062 0.041 0.115 0.116 

413 0.009 0.062 0.041 0.116 0.117 

412 0.009 0.063 0.042 0.116 0.117 

411 0.009 0.063 0.042 0.117 0.118 

410 0.009 0.064 0.042 0.117 0.119 



 

cli 

 

409 0.009 0.064 0.043 0.118 0.119 

408 0.009 0.065 0.043 0.118 0.120 

407 0.009 0.065 0.043 0.119 0.121 

406 0.010 0.066 0.044 0.119 0.122 

405 0.010 0.066 0.044 0.120 0.122 

404 0.010 0.067 0.045 0.120 0.123 

403 0.010 0.067 0.045 0.121 0.124 

402 0.010 0.068 0.045 0.121 0.125 

401 0.010 0.068 0.046 0.122 0.126 

400 0.010 0.069 0.046 0.122 0.126 

399 0.010 0.069 0.046 0.123 0.127 

398 0.011 0.070 0.047 0.123 0.128 

397 0.011 0.070 0.047 0.124 0.129 

396 0.011 0.070 0.048 0.124 0.130 

395 0.011 0.071 0.048 0.125 0.131 

394 0.011 0.072 0.049 0.125 0.131 

393 0.011 0.072 0.049 0.126 0.132 

392 0.011 0.073 0.049 0.126 0.133 

391 0.011 0.073 0.050 0.127 0.134 

390 0.012 0.074 0.050 0.128 0.135 

389 0.012 0.074 0.051 0.128 0.136 

388 0.012 0.075 0.051 0.129 0.137 

387 0.012 0.075 0.052 0.129 0.138 

386 0.012 0.076 0.052 0.130 0.139 

385 0.012 0.077 0.053 0.130 0.140 

384 0.013 0.077 0.053 0.131 0.141 

383 0.013 0.078 0.054 0.132 0.142 

382 0.013 0.078 0.054 0.132 0.143 

381 0.013 0.079 0.054 0.133 0.144 

380 0.013 0.079 0.055 0.133 0.145 

379 0.012 0.077 0.052 0.133 0.143 

378 0.011 0.075 0.049 0.131 0.141 

377 0.010 0.074 0.048 0.131 0.140 

376 0.011 0.075 0.048 0.132 0.142 

375 0.011 0.076 0.049 0.133 0.143 

374 0.011 0.077 0.049 0.134 0.144 

373 0.011 0.077 0.050 0.135 0.145 

372 0.012 0.078 0.051 0.136 0.147 

371 0.012 0.079 0.052 0.137 0.148 

370 0.012 0.080 0.053 0.137 0.149 

369 0.013 0.081 0.053 0.138 0.151 

368 0.013 0.082 0.054 0.140 0.152 

367 0.014 0.083 0.055 0.141 0.154 

366 0.014 0.084 0.056 0.142 0.155 

365 0.015 0.086 0.057 0.143 0.157 

364 0.016 0.087 0.058 0.144 0.159 

363 0.016 0.088 0.059 0.146 0.161 

362 0.017 0.090 0.060 0.147 0.162 

361 0.018 0.091 0.062 0.149 0.164 



 

clii 

 

360 0.019 0.093 0.063 0.150 0.167 

359 0.020 0.094 0.064 0.152 0.169 

358 0.021 0.096 0.066 0.154 0.171 

357 0.021 0.098 0.068 0.156 0.173 

356 0.023 0.099 0.069 0.158 0.176 

355 0.024 0.102 0.071 0.160 0.179 

354 0.025 0.104 0.073 0.162 0.181 

353 0.026 0.106 0.075 0.164 0.184 

352 0.027 0.108 0.076 0.166 0.186 

351 0.029 0.110 0.078 0.168 0.189 

350 0.030 0.112 0.080 0.170 0.192 

349 0.032 0.115 0.083 0.173 0.195 

348 0.033 0.117 0.085 0.175 0.198 

347 0.035 0.120 0.087 0.178 0.202 

346 0.036 0.122 0.089 0.180 0.205 

345 0.038 0.125 0.091 0.183 0.208 

344 0.040 0.127 0.093 0.185 0.212 

343 0.041 0.130 0.096 0.188 0.215 

342 0.043 0.133 0.098 0.191 0.219 

341 0.045 0.135 0.100 0.194 0.223 

340 0.047 0.139 0.104 0.197 0.228 

339 0.050 0.144 0.109 0.201 0.235 

338 0.052 0.150 0.116 0.206 0.243 

337 0.054 0.154 0.119 0.210 0.249 

336 0.056 0.157 0.122 0.213 0.253 

335 0.057 0.160 0.124 0.215 0.257 

334 0.059 0.162 0.126 0.218 0.260 

333 0.060 0.164 0.128 0.220 0.264 

332 0.062 0.167 0.130 0.222 0.268 

331 0.063 0.169 0.132 0.225 0.272 

330 0.064 0.172 0.134 0.227 0.276 

329 0.065 0.174 0.136 0.229 0.279 

328 0.066 0.176 0.138 0.231 0.282 

327 0.067 0.178 0.140 0.232 0.285 

326 0.068 0.180 0.141 0.234 0.288 

325 0.068 0.182 0.143 0.236 0.291 

324 0.069 0.184 0.144 0.238 0.294 

323 0.070 0.186 0.146 0.240 0.297 

322 0.070 0.188 0.147 0.241 0.301 

321 0.070 0.190 0.148 0.242 0.303 

320 0.071 0.191 0.150 0.244 0.306 

319 0.071 0.193 0.151 0.245 0.310 

318 0.071 0.195 0.152 0.246 0.313 

317 0.071 0.196 0.153 0.247 0.316 

316 0.071 0.198 0.154 0.249 0.318 

315 0.071 0.199 0.155 0.250 0.321 

314 0.071 0.201 0.157 0.251 0.324 

313 0.071 0.202 0.158 0.252 0.327 

312 0.071 0.204 0.159 0.253 0.330 
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311 0.072 0.206 0.160 0.255 0.333 

310 0.072 0.208 0.161 0.256 0.337 

309 0.072 0.210 0.162 0.258 0.340 

308 0.072 0.212 0.164 0.259 0.344 

307 0.072 0.214 0.165 0.261 0.348 

306 0.073 0.217 0.167 0.263 0.353 

305 0.073 0.220 0.170 0.266 0.359 

304 0.074 0.223 0.172 0.268 0.364 

303 0.075 0.227 0.174 0.271 0.370 

302 0.077 0.232 0.178 0.275 0.378 

301 0.078 0.237 0.182 0.280 0.385 

300 0.080 0.241 0.186 0.284 0.393 

299 0.082 0.247 0.190 0.289 0.402 

298 0.084 0.253 0.195 0.295 0.412 

297 0.087 0.261 0.201 0.301 0.423 

296 0.090 0.269 0.207 0.308 0.434 

295 0.093 0.277 0.214 0.316 0.445 

294 0.097 0.287 0.222 0.325 0.458 

293 0.102 0.298 0.231 0.337 0.472 

292 0.108 0.312 0.242 0.349 0.486 

291 0.113 0.324 0.253 0.361 0.499 

290 0.119 0.336 0.263 0.372 0.510 

289 0.123 0.346 0.272 0.382 0.520 

288 0.126 0.355 0.280 0.390 0.529 

287 0.130 0.365 0.287 0.399 0.538 

286 0.134 0.375 0.296 0.409 0.548 

285 0.138 0.387 0.306 0.420 0.560 

284 0.143 0.399 0.316 0.431 0.570 

283 0.146 0.408 0.324 0.439 0.577 

282 0.149 0.414 0.329 0.445 0.581 

281 0.149 0.418 0.331 0.448 0.583 

280 0.150 0.420 0.333 0.450 0.584 

279 0.149 0.422 0.333 0.451 0.584 

278 0.149 0.422 0.334 0.452 0.584 

277 0.147 0.422 0.333 0.451 0.586 

276 0.146 0.421 0.332 0.450 0.589 

275 0.144 0.419 0.330 0.448 0.596 

274 0.142 0.416 0.328 0.445 0.604 

273 0.139 0.413 0.325 0.442 0.613 

272 0.136 0.408 0.321 0.438 0.623 

271 0.133 0.403 0.316 0.433 0.630 

270 0.130 0.398 0.312 0.428 0.635 

269 0.127 0.393 0.307 0.423 0.645 

268 0.123 0.388 0.302 0.418 0.665 

267 0.120 0.383 0.297 0.413 0.688 

266 0.116 0.378 0.293 0.407 0.710 

265 0.113 0.373 0.288 0.403 0.735 

264 0.110 0.368 0.284 0.398 0.767 

263 0.107 0.363 0.280 0.393 0.809 



 

cliv 

 

262 0.104 0.358 0.276 0.389 0.859 

261 0.101 0.354 0.272 0.385 0.910 

260 0.099 0.351 0.269 0.382 0.961 

259 0.097 0.348 0.267 0.380 1.012 

258 0.095 0.345 0.265 0.377 1.064 

257 0.094 0.343 0.263 0.376 1.115 

256 0.092 0.341 0.262 0.375 1.169 

255 0.092 0.341 0.261 0.375 1.226 

254 0.091 0.341 0.261 0.375 1.281 

253 0.091 0.342 0.262 0.378 1.326 

252 0.091 0.343 0.263 0.381 1.365 

251 0.092 0.345 0.265 0.385 1.402 

250 0.093 0.349 0.268 0.392 1.438 

249 0.094 0.353 0.272 0.401 1.469 

248 0.096 0.358 0.276 0.413 1.497 

247 0.099 0.365 0.282 0.428 1.524 

246 0.102 0.375 0.290 0.451 1.549 

245 0.107 0.387 0.300 0.481 1.573 

244 0.112 0.401 0.311 0.520 1.598 

243 0.119 0.418 0.326 0.568 1.626 

242 0.128 0.442 0.345 0.629 1.663 

241 0.140 0.470 0.369 0.712 1.708 

240 0.153 0.503 0.397 0.817 1.757 

239 0.171 0.543 0.431 0.941 1.816 

238 0.194 0.594 0.474 1.091 1.898 

237 0.222 0.657 0.526 1.286 2.009 

236 0.252 0.726 0.584 1.527 2.148 

235 0.288 0.805 0.651 1.797 2.323 

234 0.332 0.901 0.733 2.092 2.540 

233 0.379 1.008 0.826 2.427 2.773 

232 0.426 1.115 0.925 2.760 2.947 

231 0.475 1.226 1.020 2.986 3.029 

230 0.527 1.346 1.112 3.091 3.072 

229 0.578 1.468 1.209 3.123 3.108 

228 0.624 1.583 1.303 3.129 3.127 

227 0.664 1.684 1.386 3.130 3.118 

226 0.700 1.778 1.462 3.128 3.109 

225 0.736 1.873 1.537 3.130 3.111 

224 0.768 1.965 1.609 3.137 3.113 

223 0.794 2.045 1.674 3.143 3.114 

222 0.818 2.122 1.731 3.144 3.117 

221 0.844 2.205 1.787 3.140 3.119 

220 0.870 2.290 1.849 3.140 3.110 

219 0.895 2.371 1.914 3.144 3.095 

218 0.922 2.452 1.978 3.142 3.088 

217 0.952 2.540 2.045 3.129 3.080 

216 0.987 2.634 2.125 3.118 3.066 

215 1.022 2.716 2.214 3.108 3.059 

214 1.063 2.784 2.303 3.094 3.051 



 

clv 

 

213 1.113 2.846 2.389 3.089 3.024 

212 1.171 2.888 2.478 3.074 3.000 

211 1.236 2.896 2.567 3.037 2.977 

210 1.307 2.880 2.637 3.001 2.935 

209 1.383 2.852 2.668 2.965 2.885 

208 1.467 2.806 2.663 2.916 2.826 

207 1.566 2.738 2.624 2.837 2.746 

206 1.674 2.637 2.555 2.726 2.624 

205 1.774 2.515 2.434 2.610 2.482 

204 1.847 2.369 2.257 2.475 2.320 

203 1.856 2.169 2.044 2.273 2.127 

202 1.759 1.924 1.813 2.034 1.912 

201 1.554 1.633 1.520 1.757 1.624 

200 1.389 1.433 1.306 1.562 1.412 

 

5.5. Fl. Intensity data of BM (10 µM) in presence and absence of different NaC 

concentration in phosphate buffer pH 7.0  

wavele

ngth / 
nm 

Interaction of BM (10 μM) in presence of different [NaC] in phosphate buffer pH 7.0 

Free 

BM  

0.15 

mM 

0.22 

mM 

0.26 

mM 

0.29 

mM 

0.36 

mM 

0.44 

mM 

0.73 

mM 

1.59 

mM 

5.63 

mM 

6.97 

mM 

16.27 

mM 

300 384 392 383 377 371 356 351 335 325 312 309 309 

302 493 498 488 477 468 448 437 411 393 373 369 369 

304 621 623 610 594 582 555 539 500 476 449 445 445 

306 749 746 730 710 695 660 640 589 560 528 524 523 

308 869 865 843 820 802 762 736 675 641 606 600 601 

310 983 977 953 925 904 859 828 758 720 681 674 676 

312 1108 1099 1070 1039 1014 962 926 845 802 758 751 754 

314 1246 1234 1201 1165 1136 1075 1032 939 890 840 831 836 

316 1393 1378 1340 1299 1265 1195 1147 1037 982 925 914 918 

318 1541 1521 1479 1432 1394 1318 1261 1137 1075 1008 996 999 

320 1674 1650 1604 1553 1511 1426 1365 1227 1159 1083 1070 1073 

322 1790 1765 1716 1660 1612 1522 1456 1308 1233 1149 1135 1138 

324 1894 1867 1815 1755 1703 1609 1538 1379 1299 1206 1191 1194 

326 1991 1960 1907 1840 1785 1686 1611 1442 1358 1257 1238 1241 

328 2089 2052 1996 1926 1866 1765 1683 1503 1413 1302 1281 1284 

330 2187 2146 2085 2010 1948 1840 1753 1563 1466 1344 1321 1320 

332 2284 2236 2170 2090 2026 1912 1820 1620 1515 1382 1358 1354 

334 2375 2320 2250 2165 2098 1980 1883 1673 1560 1414 1388 1383 

336 2454 2393 2319 2231 2160 2038 1936 1716 1597 1439 1412 1403 

338 2519 2452 2376 2280 2205 2082 1977 1750 1624 1455 1426 1415 

340 2567 2494 2413 2315 2237 2111 2005 1773 1640 1462 1430 1418 

342 2603 2522 2437 2337 2258 2127 2020 1784 1646 1459 1426 1411 

344 2629 2538 2452 2345 2268 2136 2025 1786 1643 1449 1415 1396 

346 2642 2547 2456 2347 2268 2137 2024 1782 1635 1435 1399 1376 

348 2650 2544 2451 2342 2262 2129 2016 1772 1621 1415 1377 1352 



 

clvi 

 

350 2647 2533 2439 2329 2247 2115 2000 1757 1602 1393 1351 1324 

352 2629 2511 2417 2307 2222 2092 1977 1734 1577 1363 1320 1293 

354 2601 2480 2384 2274 2189 2058 1946 1703 1545 1329 1287 1257 

356 2563 2437 2343 2231 2147 2019 1908 1667 1509 1291 1249 1219 

358 2511 2382 2289 2178 2095 1969 1861 1623 1467 1249 1208 1177 

360 2449 2319 2226 2119 2036 1914 1806 1575 1422 1205 1163 1133 

362 2381 2251 2159 2053 1972 1852 1746 1523 1372 1157 1117 1086 

364 2304 2175 2085 1980 1901 1785 1684 1468 1318 1109 1069 1038 

366 2221 2092 2006 1905 1827 1715 1618 1409 1263 1059 1020 989 

368 2132 2005 1922 1823 1748 1643 1547 1347 1206 1007 970 940 

370 2038 1916 1836 1739 1670 1568 1478 1285 1148 957 921 891 

372 1942 1824 1747 1655 1588 1493 1405 1220 1091 906 872 843 

374 1843 1729 1656 1568 1505 1415 1330 1156 1032 855 823 795 

376 1745 1637 1566 1485 1423 1338 1257 1094 975 806 775 749 

378 1646 1543 1477 1398 1340 1259 1185 1030 918 757 728 703 

380 1548 1452 1388 1313 1260 1184 1113 968 862 710 682 659 

382 1451 1361 1301 1231 1181 1110 1043 907 807 664 639 615 

384 1358 1273 1217 1151 1103 1038 976 849 756 621 597 574 

386 1270 1190 1137 1075 1031 970 913 794 706 579 557 536 

388 1184 1109 1059 1002 960 905 851 741 659 541 519 500 

390 1102 1033 987 933 894 843 793 690 614 503 483 466 

392 1025 960 917 867 830 784 737 642 572 468 450 433 

394 950 891 851 805 771 728 685 596 531 435 418 403 

396 882 826 789 746 715 675 635 554 494 405 388 375 

398 815 765 731 691 662 625 588 514 458 376 361 348 

400 755 708 676 639 613 579 545 476 425 349 336 323 

402 697 653 624 590 566 535 503 441 393 325 312 301 

404 641 602 575 545 522 494 465 408 365 301 290 280 

406 591 556 531 503 481 457 430 378 338 280 270 260 

408 545 512 489 464 444 422 398 350 314 261 251 243 

410 503 473 451 428 410 390 368 324 291 243 235 226 

412 462 436 416 395 379 360 340 301 271 226 219 212 

414 426 402 384 365 350 333 315 279 251 211 204 198 

416 392 371 354 337 323 308 291 258 234 198 191 185 

418 361 341 327 311 298 284 270 240 217 185 179 173 

420 332 315 302 287 275 263 250 223 202 173 167 162 

422 306 290 278 265 255 244 232 207 189 162 156 152 

424 282 268 257 245 236 226 215 192 176 151 147 143 

426 260 248 238 227 219 210 200 179 164 142 138 135 

428 240 229 221 211 203 195 186 167 154 134 130 127 

430 222 213 205 196 189 182 173 156 144 127 123 120 

432 206 197 191 182 176 170 162 147 136 120 116 114 

434 191 183 178 170 164 158 152 137 128 113 110 108 

436 177 171 166 159 153 148 142 129 121 108 105 104 
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438 164 159 154 148 143 139 133 122 114 102 100 99 

440 152 148 144 138 134 130 126 114 108 98 95 94 

442 141 138 135 130 126 122 118 108 102 93 91 90 

444 131 129 126 122 118 115 111 102 96 89 86 86 

446 122 120 118 114 111 108 105 96 91 85 83 82 

448 113 112 111 107 104 102 99 91 87 81 79 78 

450 105 105 104 101 98 97 93 86 82 77 75 75 

452 98 99 98 95 93 91 88 82 78 73 72 72 

454 91 93 92 89 88 86 84 78 74 70 69 69 

456 85 87 87 85 83 82 79 74 71 67 66 66 

458 79 82 82 80 79 78 76 70 68 64 63 63 

460 74 77 78 76 75 74 72 67 65 62 61 61 

462 69 73 74 72 71 71 69 64 62 59 58 59 

464 64 69 70 69 68 68 66 61 59 57 56 57 

466 60 65 67 66 65 65 63 58 57 55 54 55 

468 57 62 64 63 62 62 60 56 55 53 52 53 

470 53 58 61 60 59 59 57 53 52 51 50 51 

472 50 56 58 57 57 57 55 51 50 49 48 49 

474 47 53 55 55 55 54 53 49 48 47 46 47 

476 44 51 53 52 52 52 51 47 46 46 45 45 

478 42 48 51 50 51 50 49 46 45 44 43 44 

480 39 46 49 48 49 49 47 44 43 43 42 43 

482 37 44 47 47 47 47 46 42 42 41 40 41 

484 36 43 45 45 45 45 44 41 41 40 39 40 

486 34 41 44 43 44 44 42 40 39 39 38 39 

488 32 39 42 42 42 42 41 38 38 37 37 38 

490 30 37 40 40 41 41 40 37 37 36 36 36 

492 29 36 39 39 39 39 38 36 35 35 35 35 

494 28 34 37 37 38 38 37 34 34 34 33 34 

496 26 33 36 36 36 37 36 33 33 33 32 33 

498 25 31 34 34 35 35 34 32 32 31 31 32 

500 24 30 33 33 33 34 33 30 30 30 30 31 
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5.6. Fl. Intensity data of BM (10 µM) in presence and absence of different SDBS 

concentration in phosphate buffer pH 7.0  

wavelength/ 
nm 

Interaction of BM (10 μM) in presence of different [SDBS] in phosphate buffer pH 7.0 

[SDBS] = 

0 mM 0.02 0.04 0.06 0.09 0.11 0.13 0.17 0.22 0.30 0.39 

300 403 396 486 462 378 388 384 383 369 341 319 

302 514 499 530 504 453 447 429 416 395 362 343 

304 647 619 620 587 547 531 502 480 451 411 390 

306 777 738 722 682 643 620 581 552 515 467 444 

308 900 852 825 778 737 709 662 625 581 524 499 

310 1019 959 927 873 826 795 739 697 646 579 551 

312 1146 1075 1036 974 921 884 821 772 713 637 604 

314 1289 1203 1156 1084 1024 981 908 852 782 696 659 

316 1439 1338 1284 1202 1132 1083 998 934 855 755 715 

318 1591 1473 1412 1320 1240 1185 1088 1014 925 814 769 

320 1728 1594 1527 1426 1337 1275 1168 1086 988 865 815 

322 1850 1699 1627 1519 1422 1355 1238 1148 1042 909 856 

324 1956 1793 1717 1602 1496 1425 1300 1204 1089 948 892 

326 2055 1878 1800 1677 1565 1489 1359 1255 1134 984 924 

328 2158 1965 1884 1756 1636 1554 1416 1308 1178 1023 961 

330 2258 2050 1967 1833 1706 1619 1474 1362 1227 1064 1003 

332 2358 2137 2050 1911 1777 1686 1533 1419 1279 1113 1053 

334 2450 2216 2129 1987 1846 1754 1592 1475 1333 1164 1107 

336 2532 2285 2198 2053 1906 1811 1643 1526 1382 1212 1158 

338 2598 2341 2254 2106 1956 1858 1684 1566 1420 1252 1203 

340 2646 2381 2292 2145 1992 1890 1716 1595 1447 1281 1236 

342 2683 2407 2317 2172 2016 1912 1735 1612 1465 1302 1259 

344 2707 2423 2333 2188 2030 1924 1746 1624 1476 1316 1276 

346 2722 2429 2340 2195 2035 1931 1752 1631 1483 1326 1289 

348 2728 2429 2342 2197 2034 1930 1752 1632 1484 1332 1298 

350 2722 2418 2334 2188 2027 1923 1745 1626 1481 1334 1305 

352 2705 2399 2315 2171 2011 1908 1731 1615 1472 1330 1304 

354 2675 2368 2286 2145 1986 1885 1709 1595 1456 1319 1295 

356 2634 2326 2246 2110 1952 1854 1679 1566 1435 1301 1280 

358 2580 2274 2197 2064 1910 1812 1642 1531 1402 1274 1257 

360 2518 2216 2139 2011 1860 1766 1597 1492 1364 1243 1227 

362 2447 2147 2076 1953 1804 1711 1549 1447 1322 1207 1192 

364 2367 2074 2005 1886 1741 1652 1495 1397 1277 1167 1154 

366 2281 1997 1931 1817 1676 1590 1440 1343 1230 1125 1114 

368 2190 1912 1851 1742 1607 1525 1380 1288 1180 1080 1070 

370 2094 1828 1769 1665 1536 1458 1318 1230 1129 1035 1026 

372 1994 1741 1684 1585 1463 1387 1254 1172 1076 987 979 

374 1891 1652 1598 1505 1387 1316 1189 1111 1021 938 931 

376 1790 1563 1513 1424 1313 1246 1126 1053 967 890 882 

378 1688 1472 1426 1342 1239 1175 1062 993 913 841 834 

380 1588 1384 1340 1263 1165 1105 999 934 860 794 786 

382 1490 1296 1257 1185 1092 1036 938 876 807 745 740 

384 1393 1212 1176 1108 1022 971 878 820 757 699 694 

386 1303 1133 1099 1037 955 908 822 768 709 655 651 

388 1215 1057 1025 967 892 847 767 717 662 613 609 

390 1131 984 954 901 831 790 716 669 619 574 569 

392 1051 914 887 839 774 736 667 623 577 535 532 

394 975 849 824 779 719 684 620 580 537 499 496 
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396 904 787 765 724 668 636 577 540 500 466 462 

398 836 729 708 670 619 590 535 501 465 434 430 

400 773 674 656 622 574 547 496 465 432 403 400 

402 713 623 606 575 532 507 460 432 401 375 373 

404 657 574 559 530 491 468 426 400 372 349 346 

406 606 530 516 490 454 433 395 371 346 324 322 

408 558 488 476 453 419 401 366 344 321 302 300 

410 514 451 439 418 388 371 339 319 298 281 279 

412 473 415 405 387 359 344 314 296 277 262 260 

414 435 383 374 357 332 318 291 275 258 244 243 

416 401 354 345 330 307 295 270 255 240 228 226 

418 369 326 319 305 285 274 251 237 224 213 212 

420 340 301 295 282 264 254 234 221 208 199 198 

422 313 278 273 261 245 236 217 206 195 186 185 

424 288 257 252 242 227 219 202 193 182 174 174 

426 266 238 233 225 211 204 189 180 170 164 163 

428 246 220 217 209 197 191 176 168 159 154 153 

430 227 205 201 195 183 178 165 158 150 144 144 

432 211 190 188 182 171 167 155 148 141 136 136 

434 195 177 175 169 160 156 145 139 133 129 129 

436 181 165 163 158 150 146 137 132 126 122 122 

438 168 154 153 149 141 138 129 124 119 115 116 

440 156 144 143 139 132 130 121 117 112 109 110 

442 145 134 134 130 124 122 115 111 106 103 104 

444 135 126 125 122 116 115 108 105 101 98 99 

446 125 117 117 115 110 109 102 99 95 93 94 

448 116 110 110 108 103 103 96 94 90 88 89 

450 109 104 103 102 98 97 91 89 86 84 85 

452 102 98 98 96 92 92 87 85 82 80 80 

454 95 92 92 91 88 87 82 80 78 76 77 

456 89 87 87 86 83 83 78 77 74 72 73 

458 84 82 83 82 79 79 74 73 70 69 70 

460 78 77 78 78 75 75 71 70 67 66 66 

462 74 73 74 74 71 71 68 66 64 63 63 

464 70 69 70 70 68 68 65 63 61 60 60 

466 66 66 67 67 65 65 62 61 58 57 58 

468 62 63 64 64 62 62 59 58 56 55 55 

470 59 60 61 61 59 60 56 55 53 52 53 

472 56 57 59 59 57 57 54 53 51 50 50 

474 53 55 56 56 54 55 52 51 49 48 48 

476 50 53 54 54 52 53 50 49 47 46 46 

478 47 50 52 52 50 51 48 47 45 44 44 

480 45 48 50 50 48 49 46 45 43 42 43 

482 43 47 48 48 47 47 44 44 42 41 41 

484 41 45 46 46 45 46 43 42 40 39 39 

486 40 43 45 45 43 44 41 41 39 38 38 

488 38 42 43 43 42 43 40 40 38 37 37 

490 36 40 41 42 40 41 39 38 36 35 35 

492 35 39 40 40 39 40 37 37 35 34 34 

494 33 37 38 39 37 38 36 35 34 33 33 

496 32 35 37 37 36 37 34 34 32 31 32 

498 30 34 35 35 34 35 33 33 31 30 30 

500 29 33 34 34 33 34 32 31 30 29 29 
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5.7. Fluorescence area of BM in presence of different surfactant concentrations at 298.15 

K 

Fluorescence area of BM in presence different concentration of surfactants (λemission = 347 nm) 

[NaC]/ mM 10-4F [NaDC]/ mM 10-4F [SDDS]/ mM 10-4F [SDBS]/ mM 10-4F 

0.00 20.2 0.14 17.4 0.00 18.8 0.00 20.4 

0.04 19.4 0.20 17.5 0.05 17.9 0.01 19.0 

0.07 20.4 0.40 15.9 0.10 17.7 0.02 18.3 

0.11 19.9 0.59 16.0 0.15 17.2 0.03 17.0 

0.15 19.5 0.78 15.2 0.20 16.9 0.04 17.7 

0.18 18.9 0.97 15.0 0.25 16.6 0.05 17.3 

0.22 18.8 1.42 13.2 0.30 15.7 0.07 16.7 

0.26 18.0 1.85 12.3 0.35 15.0 0.09 15.5 

0.29 17.4 2.26 10.8 0.40 14.6 0.11 14.8 

0.33 17.0 2.66 10.9 0.45 14.6 0.13 13.5 

0.37 16.5 3.40 10.8 0.50 14.1 0.17 12.6 

0.44 15.6 4.08 10.5 0.60 14.1 0.22 11.6 

0.51 15.1     0.70 14.0 0.26 11.2 

0.73 13.9     0.90 13.5 0.30 10.5 

0.95 13.5     1.30 13.5 0.39 10.2 

1.16 13.1     1.89 12.8 0.69 9.8 

1.59 12.8     3.84 12.0 0.90 9.7 

2.87 12.5     6.70 11.1 1.10 9.6 

4.27 11.7     9.49 11.1 1.51 9.3 

5.63 11.3     18.20 10.7 1.92 9.2 

6.98 11.0     33.44 10.6     

16.28 10.9             

19.11 10.6             

24.42 10.7             
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5.8. Stern Volmer quenching data (F0/F) of BM in presence of different surfactant 

concentrations at 298.15 K 

Stren-Volmer (SV) F0/F of BM (10μM) at different quencher (Surfactant) concentration 

104[NaC]/mM F0/F 104[NaDC] / mM F0/F 104[SDDS]/ mM F0/F 104[SDBS] /mM F0/F 

0 1.0 0.00 1.0 0.00 1.0 0.00 1.0 

1.46 1.0 4.00 1.1 0.48 1.0 2.18 1.1 

2.19 1.1 7.84 1.1 1.00 1.1 4.35 1.2 

2.56 1.1 14.20 1.3 2.01 1.1 8.70 1.3 

2.92 1.2 18.50 1.4 3.01 1.2 10.90 1.4 

3.65 1.2 26.60 1.5 4.01 1.3 13.00 1.5 

4.38 1.3 40.80 1.6 5.01 1.3 17.40 1.6 

7.29 1.5         21.70 1.8 

            30.30 1.9 

            38.90 2.0 

 

 

5.9. log plot data of BM in presence of different surfactant concentrations in log scale at 

298.15 K 

log plot of BM (10μM) in presence of different [surfactant] 

log ([NaC]) log{(F0-F)/F} log ([NaDC]) log{(F0-F)/F} log ([SDDS]) log{(F0-F)/F} log ([SDBS]) log{(F0-F)/F} 

-3.835 -1.427 -3.398 -1.077 -4.318 -1.306 -4.662 -0.936 

-3.659 -1.123 -3.106 -0.878 -3.998 -1.200 -4.361 -0.817 

-3.592 -0.912 -2.847 -0.520 -3.697 -0.957 -4.061 -0.499 

-3.534 -0.790 -2.732 -0.391 -3.521 -0.711 -3.964 -0.420 

-3.437 -0.639 -2.575 -0.294 -3.396 -0.539 -3.885 -0.290 

-3.358 -0.532 -2.390 -0.192 -3.300 -0.479 -3.760 -0.210 

-3.137 -0.340         -3.664 -0.119 

            -3.519 -0.025 

            -3.410 -0.003 
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5.10. Molar ellipticity data of SB (5 µM) in presence of different NaC concentration 

298.15 K 

wavelength/nm 
Molar Ellipticity ([θ]x10-3/ deg.cm2.dmol-1) of BM (5 μM) in presence of varying concentration of NaC 

free BM 

[NaC]= 

0.18 mM 0.54 mM 1.07 mM 1.76 mM 3.46 mM 6.36 mM 9.35 mM 12.7 mM 

350 -0.044 -0.066 0.054 0.035 -0.164 -0.161 -0.153 -0.076 0.059 

349 -0.017 -0.074 0.026 0.055 -0.139 -0.148 -0.137 -0.068 0.055 

348 0.012 -0.071 0.013 0.078 -0.111 -0.136 -0.122 -0.059 0.052 

347 0.040 -0.058 0.015 0.096 -0.083 -0.126 -0.109 -0.046 0.050 

346 0.065 -0.037 0.031 0.106 -0.054 -0.121 -0.101 -0.028 0.049 

345 0.082 -0.011 0.053 0.104 -0.028 -0.120 -0.098 -0.006 0.047 

344 0.086 0.015 0.075 0.088 -0.004 -0.125 -0.102 0.016 0.044 

343 0.078 0.036 0.090 0.061 0.015 -0.137 -0.114 0.031 0.040 

342 0.058 0.049 0.090 0.027 0.027 -0.155 -0.134 0.036 0.035 

341 0.033 0.052 0.073 -0.009 0.028 -0.177 -0.161 0.030 0.031 

340 0.009 0.046 0.040 -0.044 0.018 -0.201 -0.192 0.016 0.028 

339 -0.010 0.033 -0.004 -0.075 -0.004 -0.223 -0.225 -0.004 0.029 

338 -0.019 0.017 -0.052 -0.100 -0.034 -0.241 -0.254 -0.025 0.033 

337 -0.019 -0.001 -0.098 -0.119 -0.067 -0.251 -0.275 -0.043 0.042 

336 -0.014 -0.021 -0.135 -0.132 -0.096 -0.255 -0.288 -0.059 0.057 

335 -0.008 -0.042 -0.159 -0.140 -0.117 -0.252 -0.292 -0.073 0.079 

334 -0.004 -0.065 -0.171 -0.142 -0.127 -0.244 -0.289 -0.087 0.107 

333 -0.005 -0.089 -0.171 -0.138 -0.125 -0.233 -0.280 -0.100 0.139 

332 -0.010 -0.114 -0.161 -0.128 -0.116 -0.220 -0.267 -0.111 0.170 

331 -0.016 -0.135 -0.144 -0.115 -0.103 -0.208 -0.251 -0.116 0.196 

330 -0.020 -0.152 -0.124 -0.100 -0.093 -0.196 -0.231 -0.113 0.211 

329 -0.019 -0.162 -0.102 -0.088 -0.086 -0.186 -0.209 -0.099 0.213 

328 -0.011 -0.167 -0.081 -0.082 -0.084 -0.178 -0.186 -0.074 0.202 

327 0.002 -0.170 -0.062 -0.083 -0.085 -0.174 -0.164 -0.040 0.184 

326 0.019 -0.170 -0.046 -0.091 -0.087 -0.174 -0.148 -0.003 0.165 

325 0.035 -0.171 -0.035 -0.103 -0.086 -0.177 -0.137 0.033 0.152 

324 0.047 -0.169 -0.027 -0.115 -0.083 -0.182 -0.133 0.064 0.149 

323 0.052 -0.165 -0.021 -0.124 -0.078 -0.190 -0.134 0.087 0.153 

322 0.050 -0.155 -0.018 -0.125 -0.072 -0.199 -0.136 0.101 0.161 

321 0.042 -0.141 -0.015 -0.121 -0.068 -0.208 -0.139 0.105 0.166 

320 0.030 -0.124 -0.016 -0.114 -0.069 -0.221 -0.141 0.098 0.164 

319 0.017 -0.111 -0.022 -0.110 -0.077 -0.236 -0.146 0.082 0.153 

318 0.005 -0.105 -0.036 -0.112 -0.094 -0.257 -0.157 0.059 0.135 

317 -0.003 -0.112 -0.060 -0.125 -0.121 -0.281 -0.175 0.033 0.116 

316 -0.009 -0.132 -0.095 -0.147 -0.157 -0.309 -0.203 0.008 0.100 

315 -0.012 -0.162 -0.136 -0.174 -0.199 -0.336 -0.237 -0.015 0.090 

314 -0.015 -0.196 -0.177 -0.200 -0.241 -0.359 -0.274 -0.036 0.085 

313 -0.021 -0.228 -0.211 -0.217 -0.276 -0.375 -0.307 -0.055 0.082 

312 -0.032 -0.253 -0.232 -0.221 -0.299 -0.383 -0.333 -0.075 0.077 

311 -0.047 -0.267 -0.241 -0.213 -0.306 -0.384 -0.352 -0.098 0.068 
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310 -0.068 -0.270 -0.240 -0.197 -0.299 -0.382 -0.365 -0.126 0.054 

309 -0.093 -0.266 -0.236 -0.182 -0.286 -0.380 -0.375 -0.155 0.039 

308 -0.122 -0.257 -0.239 -0.177 -0.274 -0.382 -0.387 -0.182 0.023 

307 -0.154 -0.247 -0.254 -0.189 -0.274 -0.391 -0.403 -0.201 0.008 

306 -0.186 -0.238 -0.285 -0.221 -0.290 -0.406 -0.420 -0.210 -0.007 

305 -0.216 -0.233 -0.327 -0.268 -0.321 -0.426 -0.438 -0.207 -0.024 

304 -0.241 -0.231 -0.373 -0.323 -0.362 -0.446 -0.451 -0.193 -0.045 

303 -0.258 -0.232 -0.412 -0.374 -0.400 -0.464 -0.459 -0.172 -0.068 

302 -0.264 -0.237 -0.438 -0.412 -0.426 -0.477 -0.459 -0.149 -0.090 

301 -0.258 -0.244 -0.446 -0.430 -0.432 -0.485 -0.452 -0.127 -0.107 

300 -0.244 -0.252 -0.438 -0.426 -0.419 -0.487 -0.440 -0.108 -0.113 

299 -0.223 -0.259 -0.422 -0.405 -0.390 -0.485 -0.425 -0.094 -0.107 

298 -0.201 -0.264 -0.403 -0.374 -0.355 -0.480 -0.408 -0.085 -0.092 

297 -0.181 -0.267 -0.388 -0.339 -0.323 -0.473 -0.389 -0.083 -0.070 

296 -0.163 -0.268 -0.379 -0.308 -0.299 -0.463 -0.370 -0.086 -0.046 

295 -0.147 -0.266 -0.376 -0.284 -0.284 -0.449 -0.350 -0.094 -0.024 

294 -0.126 -0.262 -0.373 -0.267 -0.274 -0.429 -0.330 -0.101 -0.002 

293 -0.099 -0.253 -0.365 -0.256 -0.265 -0.403 -0.309 -0.101 0.023 

292 -0.063 -0.239 -0.348 -0.248 -0.251 -0.369 -0.287 -0.090 0.054 

291 -0.022 -0.218 -0.322 -0.239 -0.232 -0.328 -0.264 -0.062 0.092 

290 0.018 -0.190 -0.290 -0.227 -0.209 -0.284 -0.240 -0.020 0.134 

289 0.050 -0.156 -0.256 -0.211 -0.186 -0.242 -0.213 0.031 0.174 

288 0.064 -0.122 -0.226 -0.193 -0.168 -0.205 -0.186 0.080 0.204 

287 0.059 -0.091 -0.206 -0.174 -0.159 -0.179 -0.160 0.116 0.218 

286 0.036 -0.069 -0.197 -0.157 -0.159 -0.165 -0.138 0.134 0.214 

285 0.001 -0.058 -0.199 -0.145 -0.166 -0.164 -0.123 0.132 0.197 

284 -0.037 -0.057 -0.207 -0.141 -0.179 -0.171 -0.115 0.114 0.173 

283 -0.071 -0.063 -0.217 -0.145 -0.194 -0.181 -0.116 0.090 0.149 

282 -0.095 -0.071 -0.224 -0.157 -0.207 -0.190 -0.125 0.069 0.132 

281 -0.110 -0.079 -0.223 -0.174 -0.218 -0.194 -0.139 0.056 0.123 

280 -0.117 -0.086 -0.213 -0.192 -0.225 -0.195 -0.159 0.052 0.121 

279 -0.121 -0.091 -0.196 -0.206 -0.227 -0.196 -0.180 0.054 0.123 

278 -0.122 -0.098 -0.176 -0.213 -0.222 -0.202 -0.201 0.058 0.126 

277 -0.121 -0.107 -0.158 -0.212 -0.212 -0.216 -0.219 0.061 0.127 

276 -0.117 -0.119 -0.147 -0.204 -0.198 -0.239 -0.232 0.062 0.127 

275 -0.108 -0.130 -0.146 -0.193 -0.181 -0.268 -0.237 0.063 0.123 

274 -0.095 -0.139 -0.156 -0.184 -0.166 -0.297 -0.234 0.067 0.114 

273 -0.082 -0.141 -0.173 -0.182 -0.159 -0.321 -0.225 0.072 0.100 

272 -0.075 -0.138 -0.193 -0.189 -0.161 -0.333 -0.217 0.073 0.079 

271 -0.081 -0.131 -0.213 -0.205 -0.176 -0.335 -0.214 0.066 0.051 

270 -0.104 -0.126 -0.229 -0.231 -0.202 -0.327 -0.221 0.045 0.018 

269 -0.143 -0.126 -0.240 -0.261 -0.234 -0.316 -0.239 0.009 -0.017 

268 -0.195 -0.135 -0.249 -0.292 -0.268 -0.309 -0.265 -0.038 -0.049 

267 -0.251 -0.152 -0.259 -0.320 -0.297 -0.308 -0.290 -0.087 -0.076 
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266 -0.303 -0.174 -0.271 -0.340 -0.317 -0.317 -0.304 -0.128 -0.099 

265 -0.343 -0.196 -0.288 -0.350 -0.327 -0.333 -0.302 -0.156 -0.119 

264 -0.369 -0.213 -0.306 -0.353 -0.329 -0.353 -0.281 -0.168 -0.137 

263 -0.382 -0.224 -0.322 -0.348 -0.327 -0.373 -0.247 -0.169 -0.155 

262 -0.385 -0.227 -0.334 -0.341 -0.324 -0.390 -0.209 -0.165 -0.170 

261 -0.386 -0.224 -0.337 -0.335 -0.325 -0.403 -0.179 -0.161 -0.180 

260 -0.388 -0.216 -0.332 -0.334 -0.332 -0.410 -0.164 -0.160 -0.183 

259 -0.394 -0.208 -0.319 -0.336 -0.344 -0.411 -0.167 -0.163 -0.178 

258 -0.405 -0.203 -0.303 -0.342 -0.359 -0.408 -0.185 -0.167 -0.168 

257 -0.418 -0.203 -0.289 -0.349 -0.375 -0.403 -0.212 -0.172 -0.159 

256 -0.430 -0.212 -0.280 -0.353 -0.389 -0.399 -0.239 -0.177 -0.156 

255 -0.439 -0.232 -0.281 -0.354 -0.404 -0.402 -0.264 -0.188 -0.163 

254 -0.447 -0.262 -0.292 -0.354 -0.422 -0.417 -0.287 -0.207 -0.178 

253 -0.457 -0.302 -0.316 -0.359 -0.449 -0.449 -0.311 -0.237 -0.200 

252 -0.475 -0.346 -0.352 -0.377 -0.491 -0.499 -0.341 -0.278 -0.227 

251 -0.507 -0.391 -0.402 -0.413 -0.549 -0.566 -0.382 -0.327 -0.260 

250 -0.558 -0.434 -0.465 -0.470 -0.624 -0.643 -0.436 -0.383 -0.305 

249 -0.631 -0.475 -0.540 -0.548 -0.709 -0.722 -0.503 -0.449 -0.369 

248 -0.722 -0.522 -0.626 -0.639 -0.798 -0.800 -0.585 -0.528 -0.458 

247 -0.827 -0.581 -0.723 -0.735 -0.883 -0.872 -0.681 -0.626 -0.573 

246 -0.939 -0.661 -0.828 -0.831 -0.960 -0.942 -0.791 -0.745 -0.708 

245 -1.051 -0.767 -0.942 -0.924 -1.031 -1.017 -0.916 -0.886 -0.853 

244 -1.161 -0.897 -1.063 -1.017 -1.099 -1.105 -1.052 -1.040 -1.000 

243 -1.271 -1.046 -1.194 -1.119 -1.175 -1.210 -1.199 -1.200 -1.145 

242 -1.388 -1.207 -1.337 -1.241 -1.267 -1.338 -1.353 -1.364 -1.298 

241 -1.523 -1.378 -1.497 -1.395 -1.386 -1.490 -1.521 -1.539 -1.478 

240 -1.693 -1.568 -1.685 -1.591 -1.543 -1.674 -1.717 -1.744 -1.708 

239 -1.917 -1.795 -1.915 -1.840 -1.752 -1.901 -1.964 -2.009 -2.015 

238 -2.217 -2.088 -2.211 -2.159 -2.030 -2.193 -2.294 -2.366 -2.420 

237 -2.620 -2.479 -2.599 -2.565 -2.403 -2.580 -2.737 -2.841 -2.939 

236 -3.151 -2.998 -3.107 -3.082 -2.898 -3.093 -3.320 -3.453 -3.589 

235 -3.832 -3.664 -3.758 -3.732 -3.540 -3.759 -4.054 -4.210 -4.385 

234 -4.676 -4.482 -4.558 -4.529 -4.341 -4.591 -4.938 -5.112 -5.343 

233 -5.678 -5.438 -5.500 -5.472 -5.298 -5.582 -5.954 -6.153 -6.473 

232 -6.810 -6.504 -6.550 -6.535 -6.384 -6.701 -7.078 -7.324 -7.770 

231 -8.018 -7.635 -7.661 -7.672 -7.551 -7.901 -8.276 -8.609 -9.207 

230 -9.233 -8.779 -8.775 -8.823 -8.740 -9.125 -9.515 -9.976 -10.734 

229 -10.379 -9.880 -9.834 -9.923 -9.889 -10.316 -10.757 -11.382 -12.287 

228 -11.391 -10.885 -10.793 -10.917 -10.945 -11.425 -11.969 -12.772 -13.808 

227 -12.229 -11.753 -11.629 -11.773 -11.875 -12.421 -13.118 -14.098 -15.264 

226 -12.890 -12.465 -12.336 -12.485 -12.666 -13.293 -14.185 -15.332 -16.658 

225 -13.398 -13.027 -12.930 -13.071 -13.327 -14.049 -15.167 -16.484 -18.028 

224 -13.802 -13.466 -13.434 -13.564 -13.881 -14.715 -16.082 -17.599 -19.430 

223 -14.153 -13.826 -13.873 -14.003 -14.361 -15.327 -16.971 -18.745 -20.906 



 

clxv 

 

222 -14.491 -14.155 -14.273 -14.423 -14.802 -15.924 -17.882 -19.982 -22.472 

221 -14.838 -14.490 -14.651 -14.850 -15.240 -16.540 -18.856 -21.333 -24.105 

220 -15.202 -14.852 -15.023 -15.303 -15.710 -17.198 -19.913 -22.778 -25.767 

219 -15.581 -15.246 -15.410 -15.796 -16.240 -17.911 -21.046 -24.259 -27.432 

218 -15.981 -15.668 -15.834 -16.343 -16.856 -18.684 -22.228 -25.720 -29.122 

217 -16.421 -16.121 -16.325 -16.959 -17.574 -19.518 -23.435 -27.146 -30.914 

216 -16.931 -16.625 -16.914 -17.660 -18.402 -20.425 -24.666 -28.596 -32.910 

215 -17.543 -17.216 -17.624 -18.456 -19.336 -21.428 -25.962 -30.190 -35.182 

214 -18.275 -17.933 -18.464 -19.350 -20.362 -22.558 -27.392 -32.055 -37.699 

213 -19.115 -18.798 -19.423 -20.328 -21.457 -23.841 -29.017 -34.237 -40.263 

212 -20.016 -19.790 -20.462 -21.360 -22.584 -25.271 -30.841 -36.617 -42.512 

211 -20.900 -20.834 -21.517 -22.391 -23.693 -26.785 -32.755 -38.861 -43.966 

210 -21.673 -21.804 -22.498 -23.346 -24.712 -28.246 -34.520 -40.454 -44.147 

209 -22.242 -22.551 -23.303 -24.129 -25.539 -29.443 -35.788 -40.809 -42.720 

208 -22.529 -22.936 -23.819 -24.626 -26.051 -30.119 -36.176 -39.436 -39.606 

207 -22.476 -22.864 -23.933 -24.713 -26.106 -30.020 -35.374 -36.116 -35.042 

206 -22.045 -22.305 -23.548 -24.277 -25.575 -28.964 -33.249 -31.014 -29.544 

205 -21.206 -21.289 -22.596 -23.232 -24.369 -26.892 -29.914 -24.697 -23.793 

204 -19.944 -19.879 -21.046 -21.543 -22.472 -23.911 -25.727 -18.014 -18.466 

203 -18.254 -18.142 -18.927 -19.250 -19.962 -20.287 -21.217 -11.898 -14.083 

202 -16.162 -16.123 -16.327 -16.474 -17.011 -16.398 -16.959 -7.127 -10.895 

201 -13.737 -13.844 -13.396 -13.410 -13.863 -12.661 -13.425 -4.130 -8.869 

200 -11.101 -11.321 -10.334 -10.298 -10.786 -9.439 -10.876 -2.896 -7.740 

199 -8.420 -8.609 -7.373 -7.386 -8.023 -6.967 -9.312 -3.016 -7.137 

198 -5.881 -5.829 -4.741 -4.887 -5.743 -5.310 -8.508 -3.832 -6.706 

197 -3.656 -3.180 -2.636 -2.936 -4.015 -4.366 -8.110 -4.647 -6.205 

196 -1.859 -0.917 -1.197 -1.578 -2.809 -3.911 -7.760 -4.920 -5.547 

195 -0.525 0.709 -0.478 -0.767 -2.021 -3.673 -7.203 -4.389 -4.772 

194 0.397 1.517 -0.451 -0.390 -1.514 -3.408 -6.349 -3.092 -3.998 

193 1.025 1.462 -1.005 -0.302 -1.163 -2.954 -5.269 -1.293 -3.340 

192 1.498 0.654 -1.976 -0.365 -0.882 -2.261 -4.134 0.642 -2.869 

191 1.938 -0.661 -3.171 -0.472 -0.634 -1.381 -3.135 2.380 -2.590 

190 2.414 -2.163 -4.401 -0.563 -0.424 -0.429 -2.411 3.711 -2.457 
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Formation of Mixed Micelle in an Aqueous Mixture of a Surface
Active Ionic Liquid and a Conventional Surfactant: Experiment and
Modeling
Sourav Das,† Soumen Ghosh,† and Bijan Das*,‡

†Centre for Surface Science, Physical Chemistry Section, Department of Chemistry, Jadavpur University, Kolkata 700 032, India
‡Department of Chemistry, Presidency University, Kolkata 700 073, India

ABSTRACT: The aggregation behavior in binary mixtures of two surfactants,
1-hexadecyl-3-methylimidazolium chloride and dodecyltrimethylammonium
bromide, has been investigated in aqueous solutions using conductometric,
tensiometric, spectrofluorimetric, and zeta potential measurements. The
counterion binding, aggregation number, and anisotropy of the micellar
environment have been ascertained. The results have been analyzed on the
basis of the theories of Clint, Rubingh, and Motomura. The thermodynamic
parameters of the micellization process have been evaluated and discussed.
The interfacial adsorptions of the mixed surfactants including their surface
excesses and headgroup areas have also been evaluated. The existence of an
attractive interaction among the constituents of the mixed surfactant systems
investigated has been inferred.

1. INTRODUCTION

Surfactants find widespread applications in both industry and
everyday life.1−3 Because of the amphiphilic chemical
structure, surfactant in an aqueous solution has a preference
toward interfacial adsorption at low concentration, whereas
beyond a critical concentration, it self-aggregates to form an
assembled structure whose size, shape, and average number of
amphiphile per aggregated structure depend on the amphiphile
concentration and other physicochemical parameters like
temperature, presence of salt, etc. The critical amphiphile
concentration required for the onset of the formation of an
aggregated structure, referred to as a micelle, is called the
critical micellar concentration (cmc).4−6

Mixed surfactant systems almost invariably manifest
enhanced interfacial properties (e.g., decreased critical micellar
concentration, higher surface activity, etc.) compared to those
of their individual components.7−15 This behavior of mixed
surfactants allows their use in low concentrations in the
cosmetic industry to avoid potential skin irritation.16,17 It can
also be beneficial for the environment, as the amount of
surfactants released and hence their impact could be
substantially reduced.18 In the pharmaceutical field, the
absorption of various drugs in the human body is found to
be enhanced by mixed micelles.19−21 Mixtures of cationic and
anionic surfactants find use in cleansing products to facilitate
their dissolution and improved tolerance of water hardness.22

In view of the remarkable application potential and economic
viability of mixed surfactant systems, a significant amount of
research work has been devoted to searching and elucidating
the physicochemical properties of these systems.

Recent years have witnessed23−31 an upsurge of interest in
the self-aggregation aptitude of a new class of ionic liquids,
known as the surface active ionic liquids (ILs). This is because
of the possibility of fine-tuning of the hydrophobicity of ionic
liquid molecules by varying the length of the alkyl chains, the
type of the headgroup, or the nature and size of the
counterions which might permit the modulation of the
structure and the delicate dynamics of their micellar aggregates
for specific purposes.
The micellar and thermodynamic properties of the

imidazolium-based surface active ionic liquids32,33 and their
mixtures with anionic, nonionic, zwitterionic, and gemini
surfactants have been investigated in detail.34,35 However,
studies involving ILs and cationic surfactants are scarce with
the exception of very few reports.36,37 In general, mixtures of
cationic surfactants have, so far, been paid relatively less
attention.11,33,38

In this work, the micellar and thermodynamic behavior of
the mixed micelles formed in the aqueous mixtures of two
cationic surfactants1-hexadecyl-3-methylimidazolium chlor-
ide (HDMimCl) and dodecyltrimethylammonium bromide
(DTAB)has been investigated in order to shed light on
various interactions prevailing in this system. The two
surfactants with different lengths of the alkyl groups have
been selected such that they differ in their cmc’s by 1 order of
magnitude, capable of producing discernible effects in their
mixtures.
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Interaction of Poly Acrylic Acid with Surfactants and 

Exploring the Role of β-CD 
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–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ABSTRACT: Interaction of polymers with 

surfactant has extensive applications in 

pharmaceutical industries as well as in 

cosmetics, detergents, pesticides, and enhanced 

oil recovery. In this study, poly acrylic acid 

(PAA) has been used along with surfactants, 

such as pure Triphenyl tetradecyl phosphonium 

bromide (TTPB), pentamethylene-1, 4-bis 

(dimethyltetradecylammonium bromide) (14-5-

14) to investigate the polymer-surfactant 

interaction in both aqueous and aqueous β-CD 

media. 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

1. INTRODUCTION 

Studies on interaction of polymers with 

surfactant have extensive applications in 

industries, pharmaceuticals, cosmetics, 

detergents, pesticides, and enhanced oil 

recovery. There are specific interests on the 

polymer and ionic surfactant systems because 

of its typical physicochemical properties at 

different possible combinations. The basic 

principles of the interactions between polymer 

and surfactant are explored by Kwak et al.1, 

Goddard and Ananthapadmanabhan et al.,2 and 

others.3-5 There are still controversies and 

uncertainties on the nature and mode of 

complex behavior in surfactant–polymer 

systems. Poly (acrylic acid), known as PAA, is 

a synthetic cross linked homo polyelectrolyte 

because it loses its acidic (carboxylic) protons 

at neutral pH of water. The association 

processes of linear poly (acrylic acid) polymers 

with surfactants have been explored by the 

measurement of adsorption,6, 7 surface tension,7 

fluorescence,8-11 dye solubilization,8 and 

conductivity8, 12 methods. The interaction is 

mainly hydrophobic for anionic surfactant, and 

is favored for non-ionized polymer13. To 

maintain the electro neutrality conditions, the 

surfactant is accompanied by its counterions, 

which increase the osmotic pressure inside the 

aggregates and cause their swelling14. In the 

case of a cationic surfactant, the association 

process with poly (acrylic acid) may result in a 

phase separation when the carboxylic groups 

are neutralized by the cationic groups of the 

surfactant.15, 16 The interaction with a non-ionic 

surfactant is usually weak except for the 

association of poly (acrylic acid) with 

ethoxylated surfactants.8, 17–20 In these systems, 

hydrogen bonding between the carboxylic 

groups and the oxygen of the ethylene oxide 

chain contributes to the aggregation. However, 

studies on the interaction of PAA and similar 

polymer poly (methacrylic acid) with cationic 

surfactants are scarce in the literature .16,21 The 

effect of cyclodextrins on the surfactant-

polymer complex is limited in the literature .22 

In this study, the effect of β-CD has been 

observed in the PAA-surfactant complex by the 

measurement of tensiometry. 

 

2. EXPERIMENTAL SECTION 

 2.1. Materials. Triphenyl tetradecyl 

phosphonium bromide (TTPB) and β-

cyclodextrin (β-CD) (purity ≥97%) were 

purchased from Caledon Laboratories, LTD, 

Canada. and Sigma Aldrich, respectively. 

Pentamethylene-1, 4-bis 

(dimethyltetradecylammonium bromide) (14–

5–14) was synthesized using the standard 

procedure. Double distilled water (κ 2-3 μS cm-

1 at 25oC) was applied for sample preparation. 

All the experiments were performed under a 

fixed temperature. 

2.2. Methods. 

Tensiometry- Tensiometric measurements were 

done with a du Noüy tensiometer (Krüss, 

Germany), using a platinum ring detachment 

method. 5 mL of PAA/PAA+β-CD solution was 


