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II.1. INCLUSION COMPLEXES   

According to IUPAC, a complex in which one component (host) creates a 

cavity or, for crystal, a crystal lattice containing spaces in the form of long tunnels 

or canals in which molecular unit of a second chemical species (guest) are 

situated is the inclusion complex [Fig.II.a]. In inclusion complex there is no 

covalent bond formation between the guest and the host molecules and 

attraction being normally due to van der Waals forces [185]. The different host 

molecules can be considered as vacant capsules of molecular size. When this 

cavity is occupied with a molecule of another substance an inclusion complex 

is formed. The term 'Einschlussverbindung' (inclusion compound) was 

presented by Schlenk in 1950. There are some further names used in the 

literature, such as adduct, clathrate, molecular compound, cryptate and 

complex. 

 

      Guest                 Cyclodextrin                                Inclusion complex 

Fig.II.a. Pictorial representation of inclusion complex formation 

 

The supramolecular chemistry of host-guest inclusion complex emphases on the 

interactions between the molecules and the study of intermolecular bonds rather than 

covalent bonds. All the compounds exhibit supramolecular properties like molecular 

recognition, self-recognition, self-assembly, kinetic and thermodynamic 

complementarity. An effort in supramolecular chemistry has been used in attempts to 

model or mimic biological processes[[1]. The principles, perspectives and current 
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developments in the field of supramolecular chemistry have grown exponentially in last 

few decades [2-9] 

The appearance of supramolecular host-guest chemistry has a thoughtful effect 

on how efficiently chemists prepare complexes using spontaneous secondary 

interactions as hydrogen bonding, dipole-dipole, charge transfer, Van Der Waals and π-

π stacking interactions[10-14]. Macrocyclic host molecules are of great significance in 

inclusion complexes as the cyclized and constrained conformation deliver the benefits 

of molecular selectivity  [15] 

There are various guest molecules being used now days such as 

Cyclodextrin, crowns, cucurbiturils, porphyrins, calixarenes etc. (Fig.II.b). 

Besides, the guest molecules having suitable polarity and cavity dimensions form 

inclusion complexes through various favorable weak interactions. Ionic liquids, 

vitamin, amino acid and its derivatives, various drug molecules, surfactant 

molecules etc. are considered  as guest molecules for inclusion complexes with 

cyclodextrins, calixarenes, cucurbitrils, crowns, etc. 

 

  
 

(i) (ii)                      (iii)                            (iv) 

Fig.II.b. Pictorial diagram of (i) Inclusion complex (ii) Cucurbituril[6], (iii) 18-Crown-6 

and (iv) P-tert-butylcalix-4-arene. 

 

          The solubility and dissolution properties of molecules having biological 

significance play significant role in the method of formulation progress. Problem 

regarding solubility is a great challenge for the formulation chemist. Solid dispersion, 

solvent deposition, micronization are some important approaches routinely used to 

improve the solubility of weakly water soluble molecules. Each direction undergoes 

with some boundaries and advantages. Among all, complexation procedure has been 

employed precisely to improve the aqueous miscibility, dissolution rate and 
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bioavailability of sparingly water soluble drugs. Various physicochemical and 

spectroscopic techniques have been investigated to explain and understand the nature 

of interactions and of inclusion complexes.  

In the recent era the delivery of drug molecules are difficult due to bioavailability 

problems. Formulation of such delicate molecules are being tried to improve their 

solubility and bio-availability by physicochemical modifications. For such modifications, 

various excipients such as cyclodextrins, carbohydrates, and dendrimers are utilized. 

Most of the drugs are poorly water soluble drugs. There are a number of approaches 

available and reported in literature to enhance the solubility of poorly water soluble 

drug. The techniques are selected on the basis of certain aspects such as characteristics 

of drug under observation, nature of excipients to be selected and nature of proposed 

dosage form. Among these methodologies salting nature, solubility, particle size 

reduction, solid dispersion, and solvent deposition methods are most frequently used.  

Inclusion complex with cyclodextrin and other host molecules are the most attractive 

procedure to improve the aqueous solubility of weakly soluble drugs. CDs, act as the 

useful solubilizer allowing both solid and liquid oral and parenteral dosage forms. The 

solid binary structures of drug and cyclodextrin are capable to modify the 

physicochemical properties of drugs such as solubility, crystal habit, particle size, 

thermal behaviour, and there by making a highly water miscible amorphous forms. The 

CDs, due to their high aqueous solubility, they became capable of enhancing the 

dissolution rate and bio-availability of the sparingly soluble drugs. The permeation of 

insoluble or poorly soluble drugs through various biological membranes can also be 

improved by preparing drug-cyclodextrin inclusion compounds [15, 16]. 

         

II.1.2. Cyclodextrin 

 Cyclodextrins, a group of natural products having structural similarities are 

formed during bacterial digestion of cellulose. They have cage like supramolecular 

structures, which with the structures formed by cryptands, cyclophanes, calixarenes, 

crown ethers and spherands. Cyclodextrins are more important compared to all the 

supramolecular hosts stated above, and as a consequence they are widely used in many 

industrial products, technologies and analytical methods. The negligible  
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cytotoxicity of cyclodextirns is the most important property which allows applying it in 

various fields of drug delivery, gene therapy, packing textiles, cosmetics, fermentation, 

environment protection and many more.  

In 1891 Villers first isolated cyclodextrin by enzymatic cleavage of starch and later 

Schardinger, in 1904, confirmed the cyclic structure of glucose oligomers and enzymes. 

[17, 18]. Karl Freudenberg, in 1935, developed a method for separation of pure 

cyclodextrins and characterized the cyclic structure composed of α-1,4 linked glucose 

units[19, 20]. After a long time Cramer and French recognized and studied possible 

applications by forming complexes of cyclodextrins[21].    

 

II.1.3. Structure and properties 

 Cyclodextrins contain (α-1,4)-linked α-D-glucopyranose units and form a 

somewhat lipophilic cavity and a hydrophilic outer surface. The chair conformation of 

the glucopyranose units cyclodextrins are truncated cone shaped rather than perfect 

cylinders. The hydroxyl groups are orientated to the cone exterior with the primary 

hydroxyl groups of the sugar residues at the narrow edge of the cone and the secondary 

hydroxyl groups at the wider edge. The central cavity is lined by the skeletal carbons 

and ethereal oxygen atoms of the glucose residues, which provides it a lipophilic 

character. The polarity of the cavity was estimated to be similar to that of an aqueous 

ethanolic solution[22][23][24]Cyclodextrins are mainly insoluble in organic solvents. 

The hydrophobic cavity of cyclodextrin makes it capable of trapping various 

hydrophobic molecules or the aqueous insoluble part of hydrophilic molecules [25, 26]. 

The crystal structure of cyclodextrin showed its truncated cone shape with a cavity 

diameter of 5Å for α-cyclodextrin and 8.30nm for γ-cyclodextrin [Fig.II.c]. The chiral 

carbon atoms present in the monomer of cyclodextrin makes it chiral in nature. [1]  

 

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

Fig.II.c. (a) Torus shape of cyclodextrin with dimensions and molecular structure 

of (b) α-cyclodextrin(c) β-cyclodextrin (d) γ-cyclodextrin. 
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Table II.a. Properties of Cyclodextrins 

Property α-Cyclodextrin  β-Cyclodextrin γ-Cyclodextrin 

Number of glucopyranose units 6  7  8 

Molecular weight (g/mol) 972.84 1134.98 1541.33 

Solubility at 25◦C (%, w/v) 14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å)  4.7–5.3 6.0–6.5 7.5–8.3 

Height of torus (Å)  7.9 7.9 7.9 

Cavity volume (Å3)  174 262 427 

 

 

II.1.4. Formation of inclusion complex 

When the guest molecule fits inside the cavity of  the host molecule both in 

dimention and neture, the complex is formed[27]. In the structure of the 

cyclodextrin molecule, in aqueous solution, it contains two molecules of water 

and the phenomena is energetically unfavourable, which is the main driving force 

behind the formation of inclusion complex. During the approach of the guest 

molecule inside cyclodextrin, the energy rich water molecules are released and 

the system is stabilised by the hydrophobic interaction betwen the hydrophobic 

cavity of host and the hydrophobic part of guest molecule. Various methods are 

available for preparation of inclusion complex such as co-precipitation, dry 

mixing, slury method etc.[28]. The host and the guest molecules construct a 

dynamic equilibrium. Depending on two factors the cyclodextrins form inclusion 

complexes with various guest molecules. One of them is the steric factor and 

other is the thermodynamic interactions among the various component of the 

systems such as guest molecule, host molecule, solvent molecule and others if 

present. Though in the  process of inclusion complex formation molecules 

associate resulting a negative entropy, the change in enthalpy in greater extent 

minimises the effect. 
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II.1.5. Stoichiometry 

 The inclusion complex formation is associated with another paramete 

stoichiometry, which depends upon the size of the guest molecule and the cavity 

of the host. Depending on the dimentions of the guest and the host cavity various 

stoichiometric ratio of host and guest are possible such as 1:1, 1:2, 2:1, 2:2 and 

higher[29-36]. 

 

 

 Fig.II.d. Different stoichiometric ratios in host-guest inclusion complexes. 

 

The stoichiometry of inclusion complex is determined using various studiessuch 

as UV-Vis spectroscopic study, Surfacetension and conductance study.  

II.1.6. Association Constant 

 The association constant gives idea about how effectively the guest 

molecule is incorporated inside the host molecule. Asociation constant (also 

termed as binding constant, formation constant and equilibrium constant) is 

determined using various chemical approaches such as UV-Vis, NMR, 

fluorescence spectroscopy and gas and liquid chromatography. [37] .Benesi-

Hildebrand method (equation II.a) is often used to calculate the association 

constant of  the inclusion complexes from UV-Vis spectroscopic study.  

     
1 1 1 1

a

X
A H K H G 
 

  
                                              (II.a)
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II.1.7. DETECTION OF INCLUSION COMPLEX 

 The structueral elucidation of the inclusion complex reveals significant 

infromation sbout the formatio of the inclusion complex. Various experimental 

study such as NMR, FT-IR, UV-Vis spectroscopiy as well as surface tension, 

conductance, refractive index, density and viscosity study are employed to 

confirm the formation of inclusion complex.  

 

II.1.7.1. NMR Spectroscopy 

 The formation of the inclusion complex and the interactions in between 

the host and the guest molecules are sophisticatedly determined using NMR 

spectroscopic study [38-41]. Demarco and Thakkar first observed the 1H 

chemical shift variation of H3 and H5 protons of cyclodextrin in presence of 

differnt substrates and revealed the idea of characterisation by NMR 

spectroscopy[42, 43]From the characterisation of the H3 and H5 protons the 

nature of the inclusion is determined[26].  

 

II.1.7.2. FT-IR spectroscopy 

 The inclusion complex prepared in the solid form are characterised by FT-

IR spectroscopic study. The deviation of the bands in the spectra of complex from 

the spectra of pure components the formation of the inclusion complex is 

confirmed [44] [45-48] 

 

II.1.7.3. UV-Vis spectroscopy 

 The convinient and widely used method for determining the complexation, 

stoichiometry and the association constnt is the UV-Visible spectroscopic study 

[49-53]. Spectrophotometric determination of inclusion complexes rely in the 

difference of the absorbtivities of free and complexed substrates. The 

photochemical and photophysical characteristics of the substrates  are modified 

due to inclusion and hence the absorbance signals can be used to interpreet 

inside into the characteristics of the complexes formed[54].  
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Absorbance (A) is directly proportional to the path length, l, and the concentration, c, of 

the absorbing species.  According to Beer's Law  

A = log (I0/I) = εcl                                                           IIb 

Here, ε is proportionality constant, termed as absorptivity, I0 and I are the intensity of 

incident light and leaving light respectively. Each molecule absorbs radiation of 

particular wavelengths. Absorption of energy of atom or molecule results promotion of 

electrons from their ground state to an excited state.  

The stoichiometry of the complex is determined by Job’s continuous variation method. 

In this method addition of host solution to the solution of guest changes the absorption 

and absorption values at a particular wavelength are plotted to get the stoichiometry of 

the complex. Again, from the change of absorption values, at a particular wavelength, 

obtained during addition of the host of different concentration to the guest of a fixed 

concentration the association constant is calculated.  

 

II.1.7.4. Mass Spectrometry 

Mass spectrometry, the most precise analytical method, is used in various fields 

to determine the elemental composition. [55], [56] . Here, molecules are bombarded 

with a beam of energised electrons to break and ionize the fragments. Specific kind of 

ions has a specific mass to charge ratio (i.e. m/z ratio). The m/z ratio is equal to the 

molecular mass for most of the ions as the ions mostly contain single charge. A parent 

ion or a molecular ion is formed when single electron is removed from the molecule. 

M + e- --------------> M+ + 2e- 

 

In case of the parent ion the m/z value is the molecular mass of the compound. 

Sometimes, the parent ion peak becomes the base peak that can be easily recognized 

but in most of the cases, molecular ion peak does not appear as base and is often of 

insignificant abundance. [55]. In the process of inclusion complexation there is no bond 

formation or breaking and hence the m/z ratio of inclusion complex should be equal to 

the sum of the masses of host and the guest molecules or it may add with proton or 

certain impurities such as sodium. Thus From the mass spectrometric analysis 

formation of the inclusion complex can be confirmed. The stoichiometry of inclusion 

complex can also be discussed[57].  
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II. 1.7.5. Surface Tension  

  Another reliable tool for determination of inclusion complexation is the 

study of fluorescence. Cyclodextrin when added in pure water the surface 

tension of water does not change to a considerable value indicating the 

cyclodextrin to be surface inactive compound. On addition of the cyclodextrin 

solution to the solution of guest the increased value of surface tension 

indicates the formation of inclusion complex due to the removal of the surface 

active molecule from the bulk to the cavity of cyclodextrin[110 [58]]. Sudden 

change in the surface tension during addition of cyclodextrin is the indication 

of completion of one type of inclusion. Thus a single break point indicates the 

1:1 inclusion complexation and more break points indicate 1:2, 2:1, 2:2 

stoichiometries depending on the concentration of the cyclodextrin and the 

guest molecule at the break point [59, 60]  

 

II. 1.7.6. Conductivity 

 The molar conductance (Ʌ) obtained from specific conductance gives vital 

information about the formation of inclusion complexes. Cyclodextrins, with negligible 

conductivity in water, when added to the solution of guest, the conductance gradually 

decreases due to the incorporation of the conducting ions or molecules into itself 

resulting the increase in the size. At a certain concentration when all the guest 

molecules are encapsulated a sudden break is obtained, which indicates the formation 

of the inclusion complex with a specific stoichiometry. More than one break points may 

be obtained for various stoichiometries]. [61] [62] 

 

II. 1.7.7. Thermodynamic Aspect 
 

The Gibbs free energy change (ΔG), enthalpy change (ΔH°) and entropy change 

(ΔS°) are the important parameters for determining formation of inclusion complexes. 

The negative value of the Gibbs free energy change (ΔG) indicates the spontaneity of the 

process and which can be calculated from the change of entropy and enthalpy values. 

The inclusion process is the association of molecules which leads to the negative 
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entropy change while the hydrophobic interaction between the host and guest molecule 

stabilises the system to a greater extent resulting a high negative enthalpy change 

which, intern, overcomes the effect due to negative entropy change.  

The change of entropy and enthalpy can be calculated from the association 

constant using Van’t Hoff equation (II.c) [1] 

0 0

2.303 log
H S

K

RT R
a

 
  

                                                  (II.c) 

 

II.2. IONIC LIQUIDS 

In the last few decades a new class of materials came into the focus of many 

research groups around the world: ionic liquids (IL). The physical and chemical 

characteristics are growing interests to modern scientists. A much more exhaustive 

overview about the probable applications and properties can be found in the current 

book “Ionic Liquids in Syntheses”, edited by Peter Wasserscheid and Tom Welton [63].  

The commonly accepted definition of ionic liquids is that they are “ionic materials that 

are liquid below 373 K” [64] .  However, the opinions about the definition of “ionic 

material” are more spread. Many alternatives to organic solvents have been proposed 

over the last two decades. However,  many  organic  compounds  do  not  dissolve  in  

water,  and particularly  solids  cannot  be  assorted  without  a  solvent.  Thus 

appropriate alternatives of water  have  been  required  and  it was found  that ionic  

liquids  have  gained  a  lot  of  attention  as  emerging green replacements of water, i.e., 

ideal solvent[65].  Ionic liquids are salts with melting points below 373 K. They  consist  

of  an  organic  cation  combined  with  an  organic  or  inorganic  anion [66]. The melting 

points of these organic salts are frequently found below 150 °C and occasionally as low 

as –96 °C.  They normally have high solvency power, low vapor pressure and high ionic 

conductivity for polar and non-polar compounds. Furthermore, the ability to tune the 

solvent properties of the ionic liquids is one of their outstanding features, which makes 

them unique solvents for various reactions and separations [67]. The room temperature 

ionic liquids (RTILs) remain in the liquid form at room temperature. In the older (and 

some current) review, ionic liquids are occasionally called liquid organic salts, it may be 

fused salts or molten salts or ionic melts. RTIL are also termed as non-aqueous ionic 

liquids or room-temperature molten salts or organic ionic liquids and ionic fluids  [68]. 
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In existing times Ionic liquids (IL) have appeared as room temperature ionic liquids 

(RTILs) and atmosphere responsive solvents for the development of the industrialized 

chemical compounds. Ionic liquids now have been increasingly used for various 

commercial and prospective purposes such as organic synthetic chemistry, catalytic 

process, electrochemical industries and solvent extraction techniques. Usually, organic 

or inorganic part of the IL is cation and inorganic part is anion [69]. 

 

          Commonly ionic liquids consist of a large and asymmetric organic cation based on 

1-alkyl-3-methylimidazolium (abbreviated [Cnmim]+, where n = number of carbon 

atoms constructing the linear alkyl chain), N-alkylpyridinium (accordingly abbreviated 

[Cnpy]+), tetraalkylammonium (Bu4N+) or tetraalkylphosphonium (Bu4P+) cations, and 

many more; and inorganic anions like hexafluorophosphate [PF6]-, tetrafluoroborate 

[BF4]-, some alkylsulfates [RSO4]-, alkylsulfonates [RSO3]-, halides as chloride [Cl]-, 

bromide [Br]- or iodide [I]-, nitrate [NO3]-, sulfate [SO4]-, aluminum chloride [AlCl4]-, 

triflate ([CF3SO3]- = [TfO]-), bis(trifluoromethylsulfonyl)imide ([(CF3SO2)2N]- = [Tf2N]-), 

etc.  

       Ionic liquids have wide applications in different industries, such as the recovery of 

bio-fuels, desulfurization of diesel oil and supercritical fluid extractions etc. Ionic liquids 

also have potential applications in lubricants, in solar cells, heat transfer and storage, in 

nuclear fuel processing, in membrane technology and for the dissolution of cellulose.   



General Introduction (Review of the Earlier Works) 

36 
 

 

 

Because of these versatile applications and properties, scientific community has 

great demand of ionic liquids (both in academic and industrial). Almost 8000 papers 

have been published in the last decade. About one million (106) simple ionic liquids are 

possible and which can be easily prepared in laboratory by the combination of various 

cations and anions and this total are just for simple primary systems. If there are one 

million possible simple IL systems, then there are one billion (1012) possible binary 

combinations of these, and one trillion (1018) ternary possible IL systems that can be 

prepared from the combination of anions, cations, and other substituent. At the moment 

only about 300 ionic liquids are commercialized.    

 

II.3. SOLUTION CHEMISTRY  

Solution chemistry is the heart of 

physical chemistry in which the change 

in properties arised due to dissolution of 

one substance in another one is studied. 
 

The solubility of  the substances and effect on solubility of the chemical nature of both 

the solute and the solvent are also investigated. One of the interesting facts of solution 

chemistry is that in a solution the exact structure of the solvent molecule is unknown. In 

‘Solution Chemistry’ broadly three types of approaches have been made to estimate the 

degree of solvation. The first is the solvation approach involving the studies of viscosity, 

conductance, etc., of electrolytes and the derivation of various factors associated with 

ionic solvation [70], the second is the thermodynamic 
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approach by measuring the free energies, enthalpies and entropies of solvation of ions 

from which factors related with solvation can be revealed [71] and the third is to use 

spectroscopic measurements where the spectral solvent shifts or the chemical shifts 

find out their qualitative and quantitative nature[186]. 

 The interactions in between solute and solute, solute and solven and solvent and 

solvent species determines tghe extent of ion solvation in solution. In such systems the 

characterisation of ion-pairing is necessary as it effect on the ionic conductivity and 

consequently on the mobility of ions in solution. For the elucidation of the exact 

properties of all these interactions by experimental studies such as conductometry, 

viscometry, densitometry, interferrometry, refractometry and other suitable 

methodology and to analyse the observed data collected. The majority of the reactions 

occurring in solutions are either chemical or biological in nature. The solvent only 

provides an inert medium for chemical reactions. The significance of solute-solvent 

interactions was realized only recently as a result of extensive studies in aqueous, non-

aqueous and mixed solvents [72] [73] [74].Complete understanding of the phenomena 

of solution chemistry will become a reality only when solute-solute, solute-solvent and 

solvent-solvent interactions are elucidated and thus the present research work is 

intimately related to the studies of solute-solute, and solvent-solvent interactions in 

some industrially important   liquid systems. 

 

II.3.1. Interactions in the solution 

In solution chemistry various kind of interactions in the molecular and atomic 

level are of main interest. Solvation is a term, describes the dissolution of a 

molecule in a solvent forming solution by means of various interactions.  

 

There are three main kinds of interactions in the solution phase namely solvent-

solvent, solute-solvent and solute-solute interactions and apart from all these 

there are various interactions that affect the properties of solute and solvent in 

the solution.  

a. Solvent – solvent interactions  

The minimum amount of energy required to break the binding forces due to 

interactions in between solvent molecules.  
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b. Solute – solute interactions 

The minimum amount of energy required to break intermolecular bonds between 

the solute molecules. The properties of the solution are affected by solute-solute or 

ion-ion interactions. 

c. Solute – solvent interactions 

The minimum amount of energy required to dissolve a solute molecule in a solvent.  

This lowers the energy of the system to stabilize and hence the enthalpy change (H) 

of this process is negative.  

 

II.3.2. Investigation on various interactions 

The forces of interactions are attractive or repulsive basing on the like or unlike 

charges of the solute and solvent molecules. In general, dipoles of the solute and solvent 

in a liquid arrange themselves to generate attractive interactions with the neighbours, 

but it is the thermal motion which makes the process unfeasible. 

Polar solvent molecules attract the dissociated ions of the solute molecules. For shake of 

simplicity, the water molecules on the crystal surfaces of ionic crystals then water 

molecules slowly surround and separate the surface ions of the soluble crystals. Thus 

the ions move into solution from the crystal. This phenomenon of ion separation is 

called ion dissociation. The process of surrounding solute particles by solvent molecules 

is termed as solvation. The dissociated ions act as the bare ions. In a solution of salt, 

likewise, the ins act as separate anion and cation..   

 The determination of thermodynamic, transport and volumetric properties of 

different electrolytes in various solvents would thus give an essential step in this 

direction. Therefore, the development of theories, involving with electrolyte solutions, 

much interest has been devoted to ion-solvent interactions which are the determining 

forces in infinitely dilute solutions where ion-ion interactions are absent. Also, the 

contributions due to cations and anions of the solute can determine by the ionic-

contribution estimation in the solute-solvent systems. Thus, ion-solvent interactions 

explain a very key role to know the physicochemical behavior of the solute particles in 

diverse liquid systems. 

The ion-solvent interactions can also be investigated from the evaluation of 

thermodynamic parameters, such as, changes of free energy, enthalpy and entropy, etc. 

associated with a particular reaction.  
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II.3.3. ION-SOLVENT INTERACTION 

Every living organism has solvated ions with their optimum existence. Presence 

or absence of these solvated ions can vitally alter the functions of life. Ions solvated in 

organic solvents or mixtures of water and organic solvents are also very common [[73]. 

The exchange of solvent molecules around ions in solutions is fundamental to the 

understanding of the reactivity of ions in solution [74]. Solvated ions also play a key 

function in electrochemical industries, where for instance the conductivity of 

electrolytes depends on ion-solvent relations [75]. 

 

 

In the ionic states, the solvent have collision with the walls of the crystal gives 

the ions in the crystal lattice and the process is energetically favorable. Thus there is a 

substantial energy of interaction between the ions and the solvent molecules. These 

interactions are together termed as ion- solvent interactions.  

Water is the universal solvent in nature and its major consequence to chemistry, 

biology, agriculture, geology, etc., water has been broadly used in kinetic and 

equilibrium studies. But still our knowledge of molecular interactions in water is 

tremendously limited. Moreover, the uniqueness of water as a solvent has been a 

subject of debate [67] and it has been realized that the studies of other solvent media 

like non-aqueous and mixed solvents would be of great help in understanding different 

molecular interactions. 

Organic solvents have common features such as dielectric constants, organic 

moieties, acid base properties or association through hydrogen bonding [73]  donor-

acceptor properties hard and soft acid-base characters etc.  Organic solvents show a 

wide variance of properties influencing their thermodynamic, transport and volumetric 
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properties in presence of solute particles. Thus, the resolve of physicochemical 

properties of different electrolytes or non-electrolytes in various solvents would thus 

afford significant information in this way [76].  

 In water and water-organic solvent mixture ion solvation is most common [64]. 

The properties of ions in solvated state are deviated to some extents which are reflected 

in various physicochemical studies. Thus, the ion solvation in aqueous, organic and 

mixed solvents is extensively studied. [66, 73, 74, 76-83] 

Ion-solvent interactions can also be investigated by spectrometry[84]. The 

spectral shifts of solvent or the chemical shifts can determine the qualitative and 

quantitative nature of ion-solvent associations. But even qualitative or quantitative 

assign of the ion-solvent interactions into the various probable factors is still a rising 

task.  

 

II.3.4. ION-ION INTERACTION 

The surrounding of an ion sees not only solvent molecules but also other ions. 

The mutual interactions between these ions comprise the fundamental part- ‘ion-ion 

interactions’ or solute –solute interactions. The extent of ion-ion an interaction affects 

the properties of solution and depends on the nature of electrolyte under investigation. 

Ion-ion interactions are stronger than ion-solvent interactions. Ion-ion interaction in 

dilute solutions is now theoretically well implicit, but ion-solvent interactions or ion-

solvation still remains a complex practice. While proton transfer reactions are 

predominantly sensitive to the nature of the solvent, it has become cleared that the 

solvents appreciably modify the majority of the solutes. On the contrary, the nature of 

the strongly structured solvents, such as water, is significantly modified by the presence 

of solutes. 
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II.3.5. SOLVENT-SOLVENT INTERACTION (THEORY OF MIXED SOLVENTS) 

Non-aqueous and mixed solvents are gradually more used in chromatography, 

solvent extraction, in the verification reaction mechanism, in batteries,   etc. a number of 

molecular theories, based on either the radial distribution function or the choice of 

suitable physical model, have been developed for mixed solvents. Theories of 

perturbation type have been extended from their successful applicability in pure 

solvents to mixed solvents. L. Jones and Devonshire [85] were first to evaluate the 

thermodynamic functions for a single fluid in terms of interchange energy parameters. 

They used “Free volume” or “Cell model”. Prigogine and Garikian[187] extended the 

above approach to solvent mixtures. Random mixing of solvents was their main 

assumption provided the molecules have similar sizes. Prigogine and Bellemans [82] 

developed a two fluid version of the cell model. They found that while excess molar 

volume (VE) was negative for mixtures with molecules of almost same size, it was large 

positive for mixtures with molecules having small difference in their molecular sizes. 

Treszczanowicz et al. [83] suggested that VE is the result of several contributions from 

several opposing effects. These may be divided arbitrarily into three types, viz., physical, 

chemical and structural. 
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Physical contributions add a positive term to VE. The chemical or specific 

intermolecular interactions result in a volume decrease and add negative values to VE. 

The contributions due to structures are commonly negative and generate from some 

effects, especially from interstitial accommodation and deviations in the free volume. 

The actual volume change would therefore depend on the relative strength of these 

effects. However, it is generally assumed that when VE is negative, viscosity variation 

(Δη) may be positive and vice-versa. This assumption is not a concrete one, as evident 

from some studies [73] [86]. It is observed in many systems that there is no simple 

correlation between the strength of interaction and the observed properties. Rastogi et 

al. [87]therefore suggested that the experientially found excess property is the effect of 

both the interaction and non-interaction part. Then ion-interaction part in the form of 

size effect can be comparable to the interaction part and may be sufficient to reverse the 

trend set by the latter. Based on the principle of corresponding states as suggested by 

Pitzer [88], L. Huggins [89] introduced a new approach in his theory of conformal 

solutions. Using a simple perturbation approach, he showed that the properties of 

mixtures could be obtained from the knowledge of intermolecular forces and 

thermodynamic properties of the pure components.   

Recently, Rowlinson et al. [90] [91] [92]  reformulated the average rules for       

Vander Waal’s mixtures and their calculated values were in much better agreement 

with the experimental values even when one fluid theory was applied. The more recent 

independent effort is the perturbation theory of Baker and Henderson [93] ]. A more 

successful approach is due to Flory who made the use of certain features of cell theory 

[94] [95] [96] and developed a statistical theory for predicting the excess properties of 

binary mixtures by using the equation of state and the properties of pure components 

along with some adjustable parameters. This theory is applicable to mixtures containing 
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components with molecules of different shapes and sizes. Patterson and Dilamas [97] 

combined both Prigogine and Flory theories to a unified one for rationalizing various 

contributions of free volume, internal pressure, etc. to the excess thermodynamic 

properties. Recently, Heintz[98] [99] [100] [101] and co-workers suggested a 

theoretical model based on a statistical mechanical derivation and accounts for self-

association and cross association in hydrogen bonded solvent mixtures is termed as 

Extended Real Associated Solution model (ERAS). It combines the influence of 

association and non-associative intermolecular interaction happening in solvent 

mixtures based on the equation of state established originally by Flory et.al. 

Subsequently the ERAS model has been successfully applied by many workers [[102]] to 

describe the excess thermodynamic properties of alkanol-amine mixtures. Recently, a 

new symmetrical reformation on the Extended Real Association (ERAS) model has been 

described in the literature [188]. The symmetrical-ERAS (S-ERAS) model makes it 

possible to describe excess molar enthalpies and excess molar volumes of binary 

mixtures containing very similar compounds described by extremely small mixing 

functions. The symmetrical Extended Real Associated Solution Model (S-ERAS) is, in 

fact, a simple continuation of the ERAS model. It was developed in order to widen its 

applicability to the thermodynamic properties of systems that could not be satisfactorily 

described by the equations of the ERAS model [103] [104]. Gepert et al. [105] applied 

this model for studying some binary systems containing alcohols. 

Interactions between two or more molecules are called intermolecular     

interactions, while the interactions between the atoms within a molecule are 

called intramolecular interactions.  Intermolecular interactions occur between all types 

of molecules or ions in all states of matter.  In a molecule the atoms are bound by the 

chemical bonds. The minimum energy required to disrupt a bond is termed as bond-

energy. In water the average bond-energy for O-H bonds is 463kJ/mol. On the other 

hand the forces that associate molecules are usually named as intermolecular forces. 

The intermolecular forces are much weaker than typical bond-energy; however, 

intermolecular forces play significant roles in determining the characteristic properties 

of substances.  

In general, intermolecular forces can be divided into several categories. The well-

known types are:  
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a. Strong ionic attraction: It deals the properties of solids. The higher lattice energy 

of a compound indicates the more ionic nature of the compound. 

 

b. Intermediate dipole-dipole forces:  

Dipole-dipole interactions           

generate when Molecules with 

permanent dipoles come close to each 

other. These types of interactions are 

electrostatic in nature.  The molecular 

dipole vectors orient themselves in 

 

such a way that they are pointed towards high electron density. Permanent dipoles 

generate in the molecules having highly different electro negativity atoms. The 

molecule with permanent dipole moment has high melting and boiling points. 

 

c. Ion-dipole forces:  

           When an ion comes close to a 

permanent dipole, the attractive forces 

generate between them generates the ion-

dipole force. 
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d. Weak London dispersion forces or van der Waal's force: 

       At a close proximity the temporary 

dipoles induced in atoms or molecules an 

attraction force arises is called the London 

dispersion force. A molecule with a 

permanent dipole can induce a dipole in a 

second molecule that is located nearby in 

space. The strength of such interaction is 

 

Ion-induced dipole interaction 

dependent on the dipole moment of the inducing molecule and the polarizability of 

the second. This produce always positive interaction and can stabilize the system 

contributing up to 0.5 kcal/mole of energy. 

In the liquid phases, there are diverse 

interactions among the molecules. The 

higher is the order of interaction 

between a molecule and a solvent, the 

higher is the solubility of the solute in 

the liquid phase. 

 

In general, the heavier is the molecule, the stronger is the Vander Waal's 

force of interaction, which is like increasing boiling point of the inert gases with 

increased mass.  
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e. Hydrogen bond: 

Hydrogen bond is generally 

constructed between the H atom 

bound with strong electronegative 

atom and other strongly 

electronegative atom. These strong 

electronegative atoms generally are  

nitrogen, oxygen and fluorine. Hydrogen bonds are totally different from the covalent 

bond of hydrogen). These can form between molecules (named as intermolecular 

hydrogen bond) or within a molecule (named as intramolecular hydrogen bond). These 

types of bonds are stronger than Van Der Waals interaction and contribute about 5 to 

30 kJ/mole of energy to stabilize a system. However, it is weaker than covalent or ionic 

bonds. In both organic and inorganic molecules such bonds are observed. Water, 

ammonia etc. molecules possess unusual physical properties such as melting point, 

boiling point etc. due to the formation of intermolecular hydrogen bond. Hydrogen 

bonds in some organic compounds containing –OH and -NH2 groups makes biologically 

essential. 

 

f. Covalent bonding: One of the most common chemical bonds is the  

Covalent bond, which is formed by the 

sharing of electrons between two atoms. 

Enthalpy of a covalent bond is about 400 

k Joule/mole. Some solids like diamond,  
 

silicon etc. are formed by the formation of covalent bond. These solids are of high 

melting and boiling as well as hard and brittle. Sometimes, covalent bonds hold atoms 

tighter than ionic bond. 

 

http://en.wikipedia.org/wiki/Ionic_bond
http://en.wikipedia.org/wiki/Ionic_bond
http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Covalent_bond
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g. Metallic bonding: A metallic bond is formed by the sharing of free 

electrons of metal atoms. The metallic bonds may be compared to molten salts. 

The positive ions and the electrons in the metal have a heavy attractive force 

between metallic bond. Hence metals frequently have high point of boiling or 

melting.  

 

The outer electrons, in a metal, are loosely bound to metal atoms and hence they are 

free to move across the entire metal.  

 A summary of the interactions is illustrated in the following diagram:  
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Intermolecular forces also have significance role in determining the solubility of a 

substrate. Furthermore, solubility is affected by (a) Energy of attraction (due Ion-dipole 

force) affects the solubility. (b) Lattice energy (energy holding the ions together in the 

lattice. (c) Charge on ions: larger charge means higher lattice energy and (d) Size of the 

ion: large ions mean smaller lattice energy. 

 

II.4. DENSITY 

In various fields like chromatography, solvent extraction, battery industry, 

interpretation of reaction mechanism etc., the mixed, aqueous, and non-aqueous 

solvents are used, depending on various physical models or radial distribution function.   

The volumetric information includes ‘Density’ as a function of weight, volume 

and mole fraction and excess volumes of mixing. One well-recognized approach is the 

use of thermodynamic methods to study the molecular interactions in liquid phase. 

Generally, the thermodynamic characteristics are suitable factors for understanding 

solute-solvent and solute-solute interactions in the solution. The change in enthalpy, 

entropy and Gibbs free energy represent the macroscopic state of the liquid system. 

However, the interpretation of such macroscopic properties in relations with molecular 

phenomena is very difficult. Sometimes higher derivatives of these properties can be 
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interpreted more effectively in terms of molecular interactions. The volumetric 

information may be of great importance in this regard. Various ideas concerning 

molecular processes in solutions like electrostriction [106]], hydrophobic 

hydration[107], micellization [108] and co-sphere overlap during solute-solvent 

interactions J.E. Desnoyers, M. Arel, H. Perron, C. Jolicoenn, J. Phys. Chem.73 (1969)] 

were derived and described studying partial molar volume in many systems. 

 

II.4.1. APPARENT AND PARTIAL MOLAR VOLUMES 

The volume contributed to a solvent by the addition of one mole of an ion is 

difficult to determine. This is so because, upon entry into the solvent, the ions change 

the volume of the solution due to a breakup of the solvent structure near the ions and 

the compression of the solvent under the influence of the ion’s electric field, i.e., 

electrostriction. Electrostriction is a general phenomenon and whenever there are 

electric fields of the order of 109-1010 V m-1, the compression of ions and molecules is 

likely to be significant. The effective volume of an ion in solution, the partial molar 

volume, can be determined from a directly obtainable quantity- apparent molar volume 

( V ). The apparent molar volumes, ( V ), of the solutes can be calculated by using the 

following relation [58]. 

 

 0

0 0

1000  


 


 V

M

c
                                                                        

(1) 

Here, M signifies molar mass of experimental solute, c signifies the molarity of the 

experimental solution; ρ and ρ0 signify densities of experimental solution and solvent 

accordingly. The partial molar volumes,
2v can be obtained from the equation [59 ] 

[109]. 
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II.d 

The extrapolation of the apparent molar volume of electrolyte to infinite dilution and 

the expression of the concentration dependence of the apparent molar volume have 

been made by four major equations over a period of years – the Masson equation[189], 



General Introduction (Review of the Earlier Works) 

50 
 

the Redlich-Meyer equation [110], the Owen-Brinkley equation[190] and the Pitzer 

equation [111]. Masson found that the apparent molar volume of electrolyte, V , 

change with the square root of the molar concentration by the linear equation:      

 

0 *

V V VS c                                                            II.e 

where,
0

V  stands for apparent molar volume at infinite dilution and *

VS for experimental 

slope. The majority of V  data in water [112] and nearly all V data in non-aqueous 

[113] [114] [115] [116] [109]solvents have been extrapolated to infinite dilution 

through the use of equation (3). 

The temperature dependence of 
0

V or various investigated electrolytes in various 

solvents can be articulated by the general equations follows: 

 

0 2

0 1 2   V a aT a T                                                   II.f 

Where 0a , 1a and 2a  are the coefficients of a particular electrolyte and T is the 

temperature in Kelvin.  

Using the following equation, the parameter limiting apparent molar expansibilities (

0

E ) is calculated. 

 

 0 0

1 2δ δ 2E V P
T a a T   

                                               
II.g 

0

E changes with temperature. According to Helper [117], long–range structure-making 

and structure-breaking capability of the electrolytes in mixed solvent systems can be 

determined by examining the sign of  
PE Tδδ 0 .The expression is used is as follows: 

 

   0 2 0 2

2δ δ δ δ 2E VP P
T T a  

                                       
II.h 

For positive or small negative value of   
PE Tδδ 0  the electrolyte is said to be a 

structure maker and for negative value, it is said to be structure breaker in that 

particular solvent system. Redlich and Meyer [110] suggested the equation: 
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0

v v v vS c b c                                                   II.i 

Where, 
3

2
vS Kw                                                       II.j 

SV is the theoretical slope, based on molar concentration, including the valence factor 

where  

20.5
j

i i

i

w Y Z 
                                                  

II.k 

  

and

1
2

2 2

3

8 ln

1000 3
T

K N e
RT p

     
    

     
                             II.l 

In equation (10), K  is the compressibility of the solvent and the other terms having 

their usual significance. 

The Redlich-Meyer’s extrapolation equation [110] adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions; however, 

studies [109][110][118][112][113][114][115][117][119][120][121] on some 2:1, 3:1 

and 4:1 electrolytes show deviations from this equation. Thus, for polyvalent 

electrolytes, the more complete Owen-Brinkley equation [II.m] can be used to aid in the 

extrapolation to infinite dilution and to adequately represent the concentration 

dependency of V . The Owen-Brinkley equation [118] which includes the ion-size 

parameter, a (cm), is given by: 

 

   0 0.5 0.5        V V V V VS a c w a c K c
                  

II.m 

Where, the symbols have their usual significance. However, this equation is not widely 

used for non-aqueous solutions. 

 

    

II.5. VISCOSITY 

As fundamental and important properties of liquids, viscosity and volume could 

also provide a lot of information on the structures and molecular interactions of liquid 

mixtures. Viscosity and volume are different types of properties of one liquid, and there 

is a certain relationship between them. So by measuring and studying them together, 

relatively more realistic and comprehensive information could be expected to be gained. 
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The relationship between them could also be studied. The viscometric information 

includes ‘Viscosity’ as a function of composition on the basis of weight, volume and mole 

fraction; comparison of experimental viscosities with those calculated with several 

equations and excess Gibbs free energy of viscous flow. Viscosity, one of the most 

important transport properties is used for the determination of ion-solvent interactions 

and studied extensively [79, 80]. Viscosity is not a thermodynamic quantity, but 

viscosity of an electrolytic solution along with the thermodynamic property,
0

,2v , i.e., the 

partial molar volume, gives a lot of information and insight regarding ion-solvent 

interactions and the nature of structures in the electrolytic solutions. 

 

II.5.1. VISCOSITY OF ELECTROLYTIC SOLUTIONS 

The viscosity relationships of electrolytic solutions are highly complicated. 

Because ion-ion and ion-solvent interactions are occurring in the solution and 

separation of the related forces is a difficult task. But, from careful analysis, vivid and 

valid conclusions can be drawn regarding the structure and the nature of the solvation 

of the particular system. As viscosity is a measure of the resistance of adjacent, parallel 

moving planes of the liquid, anything that increases or decreases the interaction of the 

two planes will raise or lower the friction and thus, the viscosity. If large spheres are 

assumed to place in the liquid, the interacting planes will be set together to increase the 

viscosity of the liquid. Likewise, presence of hydrogen bonding will increase the friction 

between the planes, thereby viscosity. The ion with a bulky rigid co-sphere for a 

structure-promoting ion will behave as a rigid sphere placed in the liquid and increase 

the inter-planar friction. Similarly, an ion increasing the degree of correlation among the 

neighboring molecules of solvent will raise the viscosity. Conversely, ions destroying 

correlation would decrease the viscosity. In 1905, Grüneisen [122] performed the first 

systematic measurement of viscosities of a number of electrolytic solutions over a wide 

range of concentrations. He noted non-linearity and negative curvature in the viscosity 

concentration curves irrespective of low or high concentrations. In 1929, Jones and Dole 

[123] suggested an empirical equation quantitatively correlating the relative viscosities 

of the electrolytes with molar concentrations (c):  

1r

o

A c Bc





                                                   II.n 
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The above equation can be rearranged as:  

1r A B c
c

 
                                                        II.o 

Where A and B are constants specific to ion-ion and ion-solvent interactions. The 

equation is applicable equally to aqueous and non-aqueous solvent systems where there 

is no ionic association and has been used extensively. The term A√c, originally ascribed 

to Grüneisen effect, arose from the long-range columbic forces between the ions. The 

significance of the term had since then been realized due to the development Debye-

Hückel theory [124] of inter-ionic attractions in 1923. The A -coefficient depends on the 

ion-ion interactions and can be calculated from interionic attraction theory [125] and is 

given by the Falkenhagen Vernon [126]-122 [127] equation: 

2
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0.2577
1 0.6863

( )

o
TheoA

T

 

 

 

  

    
 

 

  
    
   

             II.p 

Where, the symbols have their usual significance. In very accurate work on aqueous 

solutions [123], A-coefficient has been obtained by fitting ηr to equation (22) and 

compared with the values calculated from equation (23), the agreement was normally 

excellent. The accuracy achieved with partially aqueous solutions was however poorer 

[124]. A-coefficient suggesting that should be calculated from conductivity 

measurements. Crudden et al. [128] suggested that if association of the ions occurs to 

form an ion pair, the viscosity should be analysed by the equation: 

1 1r
i P

A c
B B

c

  

 

   
   

                                        
II.q 

Where A , Bi and BP are characteristic constants and a is the degree of dissociation of ion 

pair. Thus, a plot of (ηr-1-A√αc/αc) against (1−α)/α , when extrapolated to (1−α)/α= 0 

gave the intercept  Bi. However, for the most of the electrolytic solutions both aqueous 

and non-aqueous, the equation (22) is valid up to 0.1 (M)[127, 128]with in 

experimental errors. 

At higher concentrations the extended equation (25), involving an additional coefficient 

D, originally used by Kaminsky, has been used by several workers [128] , [129] and is 

given below: 

21r

o

A c Bc Dc





                                               II.r 
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The coefficient D cannot be evaluated properly and the significance of the constant is 

also not always meaningful and therefore, equation (22) is usedby the most of the 

workers. 

The plots of (η/ηo -1)/√c against √c for the electrolytes should give the value of 

A-coefficient. But sometimes, the values come out to be negative or considerably scatter 

and also deviation from linearity occur [130] [131]. Thus, instead of determining A- 

coefficient from the plots or by the least square method, the A -coefficient are generally 

calculated using Falkenhagen-Vernon equation (23).A -coefficient should be zero for 

non-electrolytes. According to Jones and Dole, the A -coefficient probably represents the 

stiffening effect on the solution of the electric forces between the ions, which tend to 

maintain a space-lattice structure [132]. The B -coefficient may be either positive or 

negative and it is actually the ion-solvent interaction parameter. It is conditioned by the 

ions and the solvent and cannot be calculated a priori. The B –coefficients are obtained 

as slopes of the straight lines using the least square method and intercepts equal to the 

A values. 

The factors influencing B - coefficients are: 

(1) The effect of ionic solvation and the action of the field of the ion in producing long-

range order in solvent molecules, increase η or B -value. 

(2) The destruction of the three dimensional structure of solvent molecules (i.e., 

structure breaking effect or depolymeriation effect) decreases η values. 

(3) High molal volume and low dielectric constant, which yield high B-values for similar 

solvents. 

(4) Reduced B-values are obtained when the primary solution of ions is sterically 

hindered in high molal volume solvents or if either ion of a binary electrolyte cannot be 

specifically solvated. 

 

II.6. IONIC ASSOCIATION 

The equation (93) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of  against c (limiting Onsager equation) is used to 

assign the dissociation or association of electrolytes. Thus, if o exp is greater than o theo , 

i.e., if positive deviation occurs (ascribed to short range hard core repulsive interaction 

between ions), the electrolyte may be regarded as completely dissociated but if negative 
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deviation ( o exp o theo  ) or positive deviation from the Onsager limiting tangent (

o  )occurs, the electrolyte may be regarded to be associated. Here the electrostatic 

interactions are large so as to cause association between cations and anions. The 

difference in o exp  and o theo would be considerable with increasing association [133]. 

Conductance measurements help us to determine the values of the ion-pair association 

constant, KA for the process: 

 

z zM A MA    

2 2

(1 )
AK

c



  


  

2 21 AK c                                                                   II.s 

where 
is the mean activity coefficient of the free ions at concentration c  

For strongly associated electrolytes, the constant, KA and o has been determined using 

Fuoss-Kraus equation[134]or Shedlovsky’s equation [135]. 

 

    

 
 

 

  
 

  

  
  

   
  

    
                                                                                   

where ( ) ( )T z F z  (Fuoss-Kraus method) and 1/T(z)=S(z) (Shedlovsky’s method). 

                                  
 

   
 

                                                                  

and 

 

    
          

  

 
 

  

 
                                                               

A plot of ( ) /T z    against 2 / ( )c T z  should be a straight line having 1/ o  for its 

intercept and 2/A oK   for its slope. Where AK  is large, there will be considerable 

uncertainty in the determined values of o  and AK  from equation (98). 

 The Fuoss-Hsia [136]conductance equation for associated electrolysis given by: 

3

22
1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                             II.w 

The equation was modified by Justice [137] [138]. The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 
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                                                               II.z 

The conductance parameters are obtained from a least square treatment after setting,

2

2

e
R q

kT
  (Bjerrum’s critical distance). 

According to Justice the method of fixing the J -coefficient by setting, R = q clearly 

permits a better value of KA to be obtained. Since the equation (101) is a series 

expansion truncated at the 3/2c term, it would be preferable that the resulting errors be 

absorbed as must as possible by J2rather than by KA, whose theoretical interest is 

greater as it contains the information concerning short-range cation-anion interaction. 

From the experimental values of the association constant KA, one can use two methods 

in order to determine the distance of closest approach, a, of two free ions to form an 

ion-pair. The following equation has been proposed by Fuoss [139]: 
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In some cases, the magnitude of KA was too small to permit a calculation of a. The 

distance parameter was finally determined from the more general equation due to 

Bjerrum [140]. 
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The equations neglect specific short-range interactions except for solvation in which the 

solvated ion can be approximated by a hard sphere model. The method has been 

successfully utilized by Douheret[141]. 

 

II.6.1.  ION SIZE PARAMETER AND IONIC ASSOCIATION 

For plotting, equation (93) can be rearranged to the ‘ ’ function as: 

 

3

1 1 2 1ln o oS c Ec c J c J c J c                                II.ac 
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With 2J  term omitted. 

Thus, a plot of o vs. c gives a straight line with o as intercept and J1as slope and ‘a’ 

values can be calculated from J1values. The ‘a’ values obtained by this method for DMSO 

were much smaller than would be expected from sums of crystallographic radii. One of 

the reasons attributed to it is that ion-solvent interactions are not included in the 

continuum theory on which the conductance equations are based. The inclusion of 

dielectric saturation results in an increase in ‘a’ values (much in conformity with the 

crystallographic radii) of alkali metal salts (having ions of high surface charge density) 

in sulpholane. The viscosity correction leads to a larger value of ‘a’ [286] but the 

agreement is still poor. However, little of real physical significance may be attached to 

the distance of closest approach derived from J1[287]. Fuoss[288] in 1975 proposed a 

new conductance equation. Latter he subsequently put forward another conductance 

equation in 1978 replacing the old one as suggested by Fuoss and co-workers. He 

classified the ions of electrolytic solutions in one of the three categories. 

(i) Ions finding an ion of opposite charge in the first shell of nearest neighbours (contact 

pairs) with rij=a. The nearest neighbours to a contact pair are the solvent molecules 

forming a cage around the pairs. 

 (ii) Ions with overlapping Gurney’s co-spheres (solvent separated pairs). For them rij= 

a+ns, where n is generally 1 but may be 2, 3 etc.;‘s’ is the diameter of sphere 

corresponding to the average volume (actual plus free) per solvent molecule.  

(iii) Ions finding no other unpaired ion in a surrounding sphere of radius R, the 

diameter of the co-sphere (unpaired ions). Thermal motions and interionic forces 

establish a steady state, represented by the following equilibria:  

 

A B (A B ) A B AB                    

Solvent separated ion-pair    Contact ion-pair   Neutral molecule 

 

Contact pairs of ionogens may rearrange to neutral molecules A B AB   , e.g.,H3O⁺ and 

CH3COO⁻. Let γ be the fraction of solute present as unpaired (r>R) ions. If cγ is the 

concentration of unpaired ion and α is the fraction of paired ions(r ≤ R), then the 

concentration of unpaired ion and c(1 )(1 )    and that of contact pair is c(1 )  . 

The equation constants for eq. 107 are: 
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Where KR describes the formation and separation of solvent separated pairs by diffusion 

in and out of spheres of diameter R around cations and can be calculated by continuum 

theory; KS is the constant describing the specific short-range ion-solvent and ion-ion 

interactions by which contact pairs form and dissociate. ES is the difference in energy 

between a pair in the states (r = R) and (r = a);  is ES measured in units of kT. 

Now, 
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and the conductometric pairing constant is given by: 
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The equation determines the concentration, cγ of active ions that produce long-range 

interionic effects. The contact pairs react as dipoles to an external field, X and contribute 

only to changing current. Both contact pairs and solvent separated pairs are left as 

virtual dipoles by unpaired ions, their interaction with unpaired ions is, therefore, 

neglected in calculating long-range effects (activity coefficients, relaxation field X and 

electrophoresis ( eX  ). The various patterns can be reproduced by theoretical 

fractions in the form: 
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which is a three parameter equation ( , , , ), /o Sc R E X X    (the relaxation field) and

e  (the electrophoretic counter current) are long range effects due to electrostatic 

interionic forces and p is the fraction of Gurney co-sphere. 

The parameters KR(or ES) is a catch-all for all short range effects: 

 

1 (1 )p                                                                        II.ai 
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In case of ionogens or for ionophores in solvents of low dielectric constant,   is very 

near to unity (-ES/kT) >> 1 and the equation becomes: 
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The equilibrium constant for the effective reaction, A B AB   , is then 
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as 1SK  . The parameters and the variables are related by the set of equations: 
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The details of the calculations are presented in the 1978 paper [288]. The shortcomings 

of the previous equations have been rectified in the present equation that is also more 

general than the previous equations and can be used for higher concentrations (0.1 N in 

aqueous solutions). 

      

II.6.2. LEE-WHEATON CONDUCTANCE EQUATION 

As Fuoss 1978 conductance equation contained a boundary condition error,[289, 

290] Fuoss introduced a slight modification to his model [142], [143]. According to him, 

the ion pairs (ion approaching with their Gurney co-sphere) are divided into two 

categories- contact pairs (with no contribution to conductance) and solvent separated 

ion pairs (which can only contribute to the net transfer of charge). To rectify the 

boundary errors contained in Fuoss 1978 conductance equation, Lee-Wheaton [144] in 

the same year described in the derivation of a new conductance equation, based on the 
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Gurney co-sphere model and henceforth the new equation is referred to as the Lee-

Wheaton equation [144]. The conductance data were analyzed by means of the Lee-

Wheaton conductance equation[145] in the form: 
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The mass action law association [295]is 
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and the equation for the mean ionic activity coefficient: 
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where C1to C5are least square fitting coefficients as described by Pethybridge and 

Taba[144], o is the limiting molar conductivity, ,A cK , is the association constant, i is 

the dissociation degree, q is the Bjerrum parameter and  the activity coefficient andβ= 

2q . The distance parameter R is the least distance that two free ions can approach 

before they merge into ion pair. The Debye parameter κ, the Bjerrum parameter q and ρ 

are defined by the expressions [144]: 
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where the symbols have their usual significance [297]. 

[1]. The equation (118) was resolved by an iterative procedure. For a definite R value 

the initial value of o and ,A cK , were obtained by the Kraus-Bray method [146]. The 

parameter o and ,A cK , were made to approach gradually their best values by a 

sequence of alternating linearization and least squares optimizations by the Gauss-

Siedel method. until satisfying the criterion for convergence. The best value of a 
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parameter is the one when equation [123] is best fitted to the experimental data 

corresponding to minimum standard deviation ( A ) for a sequence of 

predetermined R value and standard deviation ( A ) was calculated by the following 

equation: 
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Where n is the number of experimental points and m is the number of fitting  

parameters. The conductance data were analyzed by fixing the distance of closest 

approach R with two parameter fit (m=2). For the electrolytes with no significant 

minima observed in the A versus R curves, the R values were arbitrarily preset at the 

centre to centre distance of solvent-separated pair: 

 

R=a+d                                                                       II.ax 

Where, c ca r r    ,i.e., the sum of the crystallographic radii of the cation and anion and 

d is the average distance corresponding to the side of a cell occupied by a solvent 

molecule. The definitions of d and related terms are described in the literature [147] . R 

was generally varied by a step 0.1 Å and the iterative process was continued with 

equation [123]. 

 

II.6.3. LIMITING EQUIVALENT CONDUCTANCE 

The limiting equivalent conductance of an electrolyte can be easily determined 

from the theoretical equations and experimental observations. At infinite dilutions, the 

motion of an ion is limited solely by the interactions with the surroundings solvent 

molecules as the ions are infinitely apart. Under these conditions, the validity of 

Kohlrausch’s law of independent migration of ions is almost axiomatic. Thus: 

0 o o                                                           II.ay 

At present, limiting equivalent conductance is the only function which can be 

divided into ionic components using experimentally determined transport number of 

ions, i.e., 

  0 0ando ot t    

                                               II.az 
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 Thus, from accurate value of 0of ions it is possible to separate the contributions 

due to cations and anions in the solute-solvent interactions. However, accurate 

transference number determinations are limited to few solvents only.           

In the absence of experimentally measured transference numbers it would be 

useful to develop indirect methods to obtain the ionic limiting equivalent conductances 

in solvents for which experimental transference numbers are not yet available. Various 

attempts were made to develop indirect methods to obtain the limiting ionic equivalent 

conductance, in ionic solvents for which experimental transference numbers are not yet 

available. 

The method has been summarized by Krumgalz [148] and some important 

points are mentioned as follows: 

 

(i) Walden equation [302] 
25 25

o water o,water o acetone o,acetone( ) ( )                                                      II.ba 

 

(ii) 
4

o,pic o oo,Et N
( ) 0.267, 0.269       [301,302] (                                      II.bb 

based on 
4 pico,Et N 0.563   

Walden considered the products to be independent of temperature and solvent. 

However, the 
4 pico,Et N values used by Walden were found to differ considerably from 

the data of subsequent more precise studies and the values of (ii) are considerably 

different for different solvents.  

 

(iii) 25 25

o 4 o 4(Bu N ) (Ph B )                                                                                  II.bc 

The equality holds well in nitrobenzene and in mixture with CCl4 but not realized in 

methanol, acetonitrile and nitromethane. 

(iv) 25 25

o 4 o 4(Bu N ) (Bu B )   [303,304]                                           II.bd 

The method appears to be sound as the negative charge on boron in the Bu4B⁻ ion is 

completely shielded by four inert butyl groups as in the Bu4N⁺ ion while this 

phenomenon was not observed in case of Ph4B⁻. 

 

(v) The equation suggested by Gill is: 
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whereZ and ir are the charge and crystallographic  radius of proper ion, 

respectively: o  and  o  are solvent viscosity and dielectric constant of the 

medium, respectively; yr = adjustable parameter taken equal to 0.85 Å and 

1.13 Å for dipolar non-associated solvents and for hydrogen bonded and 

other associated solvents respectively. 

However, large discrepancies were observed between the experimental and calculated 

values [148] In a paper [149] Krumgalz examined the Gill’s approach more critically 

using conductance data in many solvents and found the method reliable in three 

solvents e.g. butan-1-ol, acetonitrile and nitromethane. 

 

(vi)    25 25

43o oi Am BuN Ph B                                                          
 II.bf 

It has been found from transference number measurements that the 

 25

3
   o i Am BuN and  25

4 

o Ph B values differ from one another by 1%. 

 

(vii)    25 25

4 4
1.01o oPh B i Am B                                                     II.bg 

The value is found to be true for various organic solvents. 

Krumgalz suggested a method for determining the limiting ion conductance in organic 

solvents. The method is based on the fact that large tetraalkyl (aryl) onium ions are not 

solvated in organic solvents due to the extremely weak electrostatic interactions 

between solvent molecules and the large ions with low surface charge density and this 

phenomenon can be utilized as a suitable model for apportioning o values into ionic 

components for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, it is 

possible to calculate the radius of the moving particle by the Stokes equation: 

2

S

o o

z F
r

A 
                                                                II.bh 



General Introduction (Review of the Earlier Works) 

64 
 

Where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in case of 

perfect slipping). Since the 
Sr values, the real dimension of the non-solvated tetra alkyl 

(aryl) onium ions must be constant, we have: 

 

0 constanto                                                   II.bi 

This relation has been verified using 
o
 values determined with precise transference 

numbers. The product becomes constant and independent of the chemical nature of the 

organic solvents for the i-Am4B⁻, Ph4As⁺, Ph4B⁻ ions and for tetra alkylammonium 

cationstarting with Et4N⁺. The relationship can be well utilized to determine 
o
 of ions 

in other organic solvents from the determined o values. 

 

II.6.4. STOKES’ LAW AND WALDEN’S RULE 

The starting point for most evaluations of ionic conductances is Stokes’ law that 

states that the limiting Walden product (the limiting ionic conductance-solvent viscosity 

product) for any singly charged, spherical ion is as function only of the ionic radius and 

thus, under normal conditions, is constant. The limiting conductances   
 of a spherical 

ion of radius iR  moving in a solvent of dielectric continuum can be written, according to 

Stokes’ hydrodynamics, as  
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whereo = macroscopic viscosity by the solvent in poise, iR is in angstroms. If the radius 

iR is assumed to be the same in every organic solvent, as would be the case, in case of 

bulky organic ions, we get: 
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                                                            II.bk 

This is known as the Walden rule[150] [151]. The effective radii obtained using this 

equation can be used to estimate the solvation numbers. However, Stokes’ radii failed to 

give the effective size of the solvated ions for small ions. 
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 Robinson and Stokes [152], Nightingale [153] and others [154] [155] [156] have 

suggested a method of correcting the radii. The tetra alkylammonium ions were 

assumed to be not solvated and by plotting the Stokes’ radii against the crystal radii of 

those large ions, a calibration curve was obtained for each solvent. However, the 

experimental results indicate that the method is incorrect as the method is based on the 

wrong assumption of the invariance of Walden’s product with temperature. The idea of 

microscopic viscosity was invoked without much success[157] , [74]  but it has been 

found that: 

 

0 constanti

o                                                            II.bl 

Where p is usually 0.7 for alkali metal or halide ions and p = 1 for the  large ions [158], 

[159] Gill[160] has pointed out the inapplicability of the Zwanzig theory[161] of 

dielectric friction for some ions in non-aqueous and mixed solvents and has proposed 

an empirical modification of Stokes’ Law accounting for the dielectric friction effect 

quantitatively and predicts actual solvated radii of ions in solution. This equation can be 

written as: 
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where ir is the actual solvated radius of the ion in solution and yr is an empirical constant 

dependent on the nature of the solvent [160], [161]. 

 The dependence of Walden product on the dielectric constant led Fuoss to 

consider the effect of the electrostatic forces on the hydrodynamics of the system. 

Considering the excess frictional resistance caused by the dielectric relaxation in the 

solvent caused by ionic motion, Fuoss proposed the relation: 
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where R is the hydrodynamic radius of the ion in a hypothetical medium of dielectric 

constant where all electrostatic forces vanish and A is an empirical constant. 
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Boyd [281] gave the expression: 
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by considering the effect of dielectric relaxation in ionic motion;  is the Debye 

relaxation time for the solvent dipoles. Zwanzig [162] treated the ion as a rigid sphere of 

radius ir moving with a steady state viscosity, Vi through a viscous incompressible 

dielectric continuum. The conductance equation suggested by Zwanzig is: 
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where o

r and r
 are the static and limiting high frequency (optical) dielectric constants. 

6VA  and 3 / 8DA   for perfect sticking and 4VA   and 3 / 4VA   foe perfect slipping. It 

has been found that Born’s and Zwanzig’s equations are very similar and both may be 

written in the form: 
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The theory predicts [325] that  i

o  passes through a maximum of
1 1

4 427 / 4A B at 

1/4(3 )ir B .The phenomenon of maximum conductance is well known. The relationship 

holds good to a reasonable extent for cations in aprotic solvents but fails in case of 

anions. The conductance, however, falls off rather more rapidly than predicted with 

increasing radius. For comparison with results in different solvents, the equation 

[163]can be rearranged as [164]: 
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In order to test Zwanzig’s theory, the equation (152) was applied for Me4N⁺and Et4N⁺ in 

pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and pentanol [74] 

[164] [165] [166] [167] [168]. Plots of *L against the solvent function *P were found to 
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be straight line. But, the radii calculated from the intercepts and slopes are far apart 

from equal except in some cases where moderate success is noted. It is noted that 

relaxation effect is not the predominant factor affecting ionic mobility and these 

mobility differences could be explained quantitatively if the microscopic properties of 

the solvent, dipole moment and free electron pairs were considered the predominant 

factors in the deviation from the Stokes’ law. 

[2]. It is found that the Zwanzig’s theory is successful for large organic cations 

in aprotic media where solvation is likely to be minimum and where viscous friction 

predominates over that caused by dielectric relaxation. The theory breaks down 

whenever the dielectric relaxation term becomes large, i.e., for solvents of high P* and 

for ions of small ri. Like any continuum theory Zwanzig has the inherent weakness of its 

inability to account for the structural features e.g., 

(i) It does not allow for any correlation in the orientation of the solvent 

molecules as the ion passes by and this may be the reason why the equation is not 

applicable to the hydrogen-bonded solvents [165]. 

(ii) The theory does not distinguish between positively and negatively charged 

ions and therefore, cannot explain why certain anions in dipolar aprotic media possess 

considerably higher molar concentrations than the fastest cations. 

The Walden product in case of mixed solvents does not show anyconstancy but it 

shows a maximum in case of DMF + water and DMA.  [164-168] [83] [169] [170] [171] 

[172] mixtures and other aqueous binary mixtures [173] [174] [174] [175] [176]-340]. 

To derive expressions for the variation of the Walden product with the composition of 

mixed polar solvents, various attempts[177] have been made with different models for 

ion-solvent interactions but no satisfactory expression has been derived taking into 

account all types of ion-solvent interactions because  

(i) it is difficult to include all types of interactions between ions as well as 

solvents in a single mathematical expression, and  

(ii) it is not possible to account for some specific properties of different kinds of 

ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to dielectric 

loss arising from ion-solvent interactions with the hydrodynamic force. Though 

Zwanzig’s expression accounts for a change in Walden product with solvent 

composition but does not account for the maxima. According to Hemmes [178] the 
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major deviations in the Walden products are due to the variation in the electrochemical 

equilibrium between ions and solvent molecules of mixed polar solvent composition. In 

cases where more than one types of solvated complexes are formed, there should be a 

maximum and/or a minimum in the Walden product. This is supported from 

experimental observations. Hubbard and Onsager have developed the kinetic theory of 

ion-solvent interaction within the framework of continuum mechanics where the 

concept of kinetic polarization deficiency has been introduced. However, quantitative 

expression is still awaited. Further, improvements naturally must be in terms of(i) 

sophisticated treatment of dielectric saturation, (ii) specific structural effects involving 

ion-solvent interactions. From the discussion, it is apparent that the problem of 

molecular interactions is intriguing as well as interesting. It is desirable to explore this 

problem using different experimental techniques. We have, therefore, utilized four 

important methods, viz., volumetric, viscometric, interferometric and conductometric 

for the physico-chemical studies indifferent solvent media. 

 

 

II.7. REFRACTIVE INDEX 

 

Optical data (refractive index) of electrolyte mixtures provide interesting 

information related to molecular interactions and structure of the solutions, as well as 

complementary data on practical procedures, such as concentration measurement or 

estimation of other properties [182]]. 

The ratio of the speed of light in a vacuum to the speed of light in another substance is 

defined as the index of refraction ( Dn ) for the substance. 

 D

Speed of light in vacuum
Refractive Index n  of substance  

Speed of light in substance
  

 

 Whenever light changes speed as it crosses a boundary from one medium 

into another, its direction of travel also changes, i.e., it is refracted. The relationship 

between speed of light in the two mediums of different density (VA and VB) and the 

angles of incident light ( Asin ) and refracting light ( Bsin ) and also the refractive 

indices of the two differently dense mediums ( An and Bn ) is given as: 
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Thus, it is not necessary to measure the speed of light in a sample in order to determine 

its index of refraction. As an alternative, measurement of the angle of refraction, 

refractive index of the sample can be determined quite accurately with the known 

values of the index of refraction of the layer in contact of the analyzing sample. The 

refractive index of mixing can be correlated by the application of a composition-

dependent polynomial equation. Molar refractivity, was obtained from the Lorentz- 

Lorenz relation.  

 By using, nD experimental data according to the following expression 

2 2[( 1) / 2]( / )  D DR n n M                                               II.bv 

Where, M is the mean molecular weight of the mixture and ρ is the mixture density. Dn

can be expressed as the following: 
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whereA is given by: 
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Where, n1 and n2 are the pure component refractive indices, wj the weight fraction, ρ the 

mixture density, and ρ1 and ρ2 the pure component densities. 

The molar refractivity deviation is calculated by the following expression: 

 

1 1 2 2  R R R R                                                  II.by 

Where, 1  and 2  are volume fractions and R, R1, and R2 the molar refractivity of the 

mixture and of the pure components, respectively. 

The deviations of refractive index were used for the correlation of the binary 

solvent mixtures: 

1 1 2 2  D D D Dn n x n x n                                             II.bz 
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Where, ΔnDis the deviation of the refractive index for this binary system and nD, nD1, and 

nD2 are the refractive index of the binary mixture, refractive index of component-1, and 

refractive index of component-2, respectively. X is the mole fraction. 

The computed deviations of refractive indices of the binary mixtures are fitted 

using the following Redlich-Kister expression [[183]]. 
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Where Bp are the adjustable parameters obtained by a least squares fitting method, w is 

the mass fraction, and S is the number of terms in the polynomial. 

In case of salt-solvent solution the binary systems were fitted to polynomials of 

the form: 
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where nDs,sol is the refractive index of the salt + solvent system and nDsol is the refractive 

index of the solvent respectively, m is the molality of the salt in the solution, Ai are the 

fitting parameters, and N is the number of terms in the polynomial. 

For the ternary systems of the salt + solvent-1 + solvent-2 solutions a polynomial 

expansion[360 [184]].Similar to that obtained for the salt + solvent solutions was used 

to represent ternary refractive indices: 
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 nD is the refractive index of the ternary solution, Ci are the parameters, and P is the 

number of terms in the polynomial. 

 There is no general rule that states how to calculate a refractivity deviation 

function. Conversely, to a volume the molar refractivity is isomorphic; basing on this the 

ideal behavior in terms of mole fraction can be stated. To complete, both the 

calculations of refractivity deviance function, the deviation of molar refractivity was 

fitted to Redlich and Kister-type expression and the variable parameters and the 

relevant standard deviation ó were calculated for the expression in terms of volume 

fractions and in terms of mole fractions, respectively. 
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From the discussion, it is apparent that the problem of molecular interactions is 

intriguing as well as interesting. It is desirable to attack this problem using different 

experimental techniques. We have, therefore, utilized five important methods, viz., 

volumetric, viscometric, interferometric, conductometric and refractometric for the 

physico-chemical studies in different solvent systems.  

 

 


