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PREFACE 
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Programme in the field of Host-Guest Inclusion Complexation and Solution 

Behaviour of Some Noteworthy and Biologically Potent Molecules . 

The work is an attempt to explore the supramolecular Host-Guest  inclusion 

complexation of some important molecules (including drugs) by various 

physicochemical and spectroscopic methods and to make them more bioavailable by 

increasing their solubility and controlled release without any chemical modification. 

Beside, molecular interaction in some aqueous and non-aqueous electrolytic solutions 

has been investigated by studying their thermodynamic and transport properties. 

During the course of my research work, I was privileged to participate in several meets 

and seminars across the country. I was highly inspired by listening and interacting with 

distinguished experts and scientists. I was very fortunate  to publish my works in the 

national and International Journals of repute. 
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acknowledgement has been made whenever the work described was based on the 

findings of the other investigators. I must take the responsibility of any unintentional 

oversights and errors, which might have crept in spite of precautions. 

I hope I will be given more challenges in my life so that the knowledge that I have 

earned during my work can be put into action in the future. 
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ABSTRACT 
 

"Life" is the sum of a series of complex processes occurring in solution. The air we 

breathe, the liquids, beverages we drink, and the fluids in our body are all solutions. 

Furthermore, we are surrounded by solutions such as the air and waters (in rivers, 

lakes and oceans). Apart from regulating life processes occurring in human body, 

solutions also play a very important role in many biological processes in other 

organisms, and, in numerous laboratory and industrial applications of chemistry.   

In the realm of chemistry, interactions are attractive or repulsive forces between 

molecules and between non-bonded atoms. Indeed, interactions play significant role for 

various systems to exist. Molecular interactions play significant role in different areas of 

drug designing and its liberation systems, protein folding, material science, 

nanotechnology, separation and origins of life.  Molecular  interactions are often known 

as non-covalent interactions. 

By studying several excess thermodynamic properties one can better understand 

molecular interactions in solution phases. Excess thermodynamic functions can be 

defined as the difference between the thermodynamic functions of real solutions and 

the respective functions of ideal solutions. These properties give significant information 

towards the nature and strength of various intermolecular forces operating among 

mixed components. A decent idea, regarding the nature of the interactions that exist 

within the constituents of a solution, is obtained from the thermodynamic 

investigations along with the transportation behaviour of the solution. 

The study of physicochemical properties of solutions provide sufficient knowledge on 

various thermodynamic properties of electrolytes and non-electrolytes, the effects of 

the variation in ionic constructions, mobility of ions along with their common ions. 

Evaluation of  ion-solvent interactions allow chemists choosing solvents that will 

progress the solubility of minerals in discharging operations, the rates of chemical 

processes, or  the reversal of the route of equilibrium reactions. Nowadays, the value 

and importance of Chemistry of electrolytes in mixed solvents  has paved researcher s 

attraction. By the determination of precise and accurate thermophysical  properties  of  
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the components in a solution, quantitative elucidation of the solvent consequences and 

evaluation of the nature of various interactions are possible.  

Limiting molar conductance (0) gives an idea about the ion solvent interaction in the 

solution. A higher value of conductance of the solution is indicative of less ion-solvent 

interaction. Another parameter, namely, the  association constant(KA) obtained from the 

conductance study illustrates solvation of the ions by the solvent. The sign and 

magnitude of apparent molar volume( 0
V ), estimated from experimental density values , 

provide information about the nature and extent of ion-solvent interaction. The 

experimental slope(Sv*) provides information about ion-ion interactions. 

Viscosity B-coefficients are estimated from experimental viscosity values. From 

experimental speed of sound values, deviation in Isentropic Compressibility ( ), 

limiting apparent molal isentropic compressibility( K ) and the experimental slope *
kS  

can be estimated.  By studying partial molar volumes, limiting ionic conductivity as well 

as viscosity B-coefficient, ion-solvent interactions can be estimated. Approximate single-

ion values are used to purify the models of  ion-solvent interactions.  

The idea of whatsoever happening in aqueous medium enhances interest to study the 

behaviour of electrolytes in aqueous and mixed solvents by investigating solute-solute 

and solute-solvent interactions at different circumstances. However, the behaviour of 

solutes in these solvents are quite different than  in aqueous medium. In my research 

work the behaviour of various electrolytic solutions were extensively studied in 

aqueous, non- aqueous, and mixed solvents. 

The basic aim of supramolecular chemistry is to design new functional systems of 

interest by combining multiple chemical entities through various non-covalent 

interactions. Supramolecular chemistry features phenomena like molecular self-

assembly, molecular recognition, host-guest chemistry, mechanically-interlocked 

molecular architectures, folding of proteins etc. 

The concept of host-guest chemistry has opened the way to the construction of 

supramolecular(inclusion) complexes with physicochemical properties superior to 

those of the guest molecule. Inclusion complexes play a significant role in the drug 

formulation and drug delivery process in pharmaceutical industries. Some other 
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methods used to improve the solubility of drugs molecules are solid dispersion, 

micronization, solvent deposition etc. All the approaches are used for improving 

dissolution rate, miscibility and bioavailability of sparingly soluble drugs. But each 

method has some boundaries and advantages. Inclusion complexation with cyclodextrin 

is the most efficient method to improve the solubility of weakly soluble drugs. 

Cyclodextrin by the formation of Inclusion complex are capable to modify the 

physicochemical properties of drugs, such as solubility, particle size, thermal behavior 

and thus providing a highly water miscible amorphous forms. The CDs are not only 

capable of enhancing the dissolution rate but also bio-availability of the sparingly 

soluble drugs.  The permeation of drugs through various biological membranes can also 

be improved by formation of drug-cyclodextrin inclusion compounds. 

The formation of inclusion complex can be characterized by various spectroscopical 

techniques such as NMR, FT-IR, UV-Vis spectroscopies as well as physicochemical 

techniques such as surface tension, conductance, refractive index, density and viscosity 

studies. In 1H NMR, the considerable chemical shifts of H3 and H5 protons of 

cyclodextrins and the protons of hydrophobic part of the guest molecule may be 

regarded as the formation of inclusion complexes. The mechanism of formation of 

inclusion complex may be explained using 1H NMR and 2D ROESY NMR spectroscopies. 

The significant shift of different groups of ICs from the host and guest molecules are 

observed in  FT-IR spectra which is also the proof  of formation inclusion complexes. 

The surface tension and conductance study are some reliable techniques for 

characterization and evaluation of stoichiometry of inclusion complex. The 

stoichiometries of the inclusion complexes were also estimated from Job s plot of UV-

visible spectroscopy. The association constants of various host-guest systems were 

calculated from Benesi-Hildebrand equation. 

SUMMARY OF WORKS DONE 

Chapter I: This chapter comprises in detail the object of the research work, their scope 

and applications in the contemporary science. The reason of choosing the biomolecules, 

drugs, electrolytes including ionic liquids, cyclodextrins and various solvent systems, 

have also been discussed. 
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Chapter II: This chapter contains the review of the earlier works in this field of 

research done by various scientists and researchers across the world. This chapter 

covers the general introduction of the thesis and forms the background of the present 

work. The basic of molecular interactions in aqueous and non-aqueous electrolytic 

solutions  as well as   the  supramolecular Host-Guest  inclusion complexation in terms 

of various physicochemical and spectroscopic parameters  have been included. The 

underlying theory of UV-Visible spectroscopy, FTIR spectroscopy, 1H NMR, 2D ROESY, 

Fluorescence spectroscopy, Scanning Electron microscopy, High Resolution Mass 

Spectroscopy, Surface tension, Conductivity, Density, Viscosity, Refractive index have 

been discussed thoroughly alongwith their significant uses in the research work. 

Chapter III: The experimental section relevant to this thesis have been included here. 

This chapter highlights the name, source, structure, physical properties, method of 

purification and applications of biomolecules, drugs, various electrolytes, ionic liquids, 

cyclodextrins and different solvents used in this research work. It also deals with the 

experimental methods, the descriptions and use of the instruments involved in the 

research work. 

Chapter IV: In this chapter, triple-ion formation of Tetrabutylphosphonium 

Methanesulfonate [Bu4PCH3SO3] in methylamine solution has been reported 

quantitatively by conductometric study, and the observation is evident from the 

qualitative analysis of FT-IR spectroscopy. The ionic liquid exists as triple-ion state in 

low dielectric constant solution (methylamine solution having r < 10). Thus, the 

conductance data have been analysed using the Fuoss-Kraus theory of triple-ion 

formation. After that, the results have been discussed in terms of driving forces i.e., H-

bond formation, dipole-dipole interactions, and structural aspects (functional group) of 

the ionic liquid and methylamine molecules. Shifting of the stretching frequency of 

functional group of the solvent in presence and absence of the ionic liquid has been 

taken into account in FTIR spectroscopic study, and then the solvation consequences 

have been manifested by the change of the intensity. 

Chapter V: Here, the properties of material, like densities and viscosities of some 

selected lithium salts (namely, lithium nitrate, lithium iodide and lithium acetate) have 

been measured in acetonitrile-water binary mixed solvents at the temperature 298.15K. 
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Apparent molar volumes (V) and viscosity B-coefficients of these salts are obtained 

from these data supplemented with their densities and viscosities, respectively. 

Limiting apparent molar volumes (V°) and experimental slopes (SV*) derived from 

density date using Masson equation have been interpreted in terms of ion-solvent and 

ion-ion interactions, respectively. The viscosity data have been analyzed using Jones-

Dole equation, and derived parameters B and A have also been interpreted in terms of 

ion-solvent, ion-ion interactions, respectively. It has been observed from the both 

derived parameters that ion-solvent interaction is predominant than interaction of ions 

(ion-ion) itself. Furthermore, the structure making/breaking capacities of 

aforementioned salts investigated and have been discussed in terms of the 

rearrangement with symmetrically of the interacting ions. Another two parameters, 

refractive index and conductivity have been taken into account to give explanation and 

confirming the results obtained  in the studied solutions system.  

Chapter VI: This chapter deals with  the  non-covalent interactions occurring between 

ionic liquid namely 1-ethyl-3-methylimidazolium chloride-aluminum chloride and pure 

alcohols (e.g., methanol, ethanol, 1-propanol, and 1-butanol). For that limiting apparent 

molar volume, molar refraction, and limiting apparent molar isentropic compressibility 

of the binary systems viz., {([EMIm]Cl/AlCl3)+methanol}, {([EMIm]Cl/AlCl3)+ethanol}, 

{([EMIm]Cl/AlCl3)+1-propanol}, and {([EMIm]Cl/AlCl3)+1-butanol} have been 

calculated using physicochemical properties i.e.,. density, refractive index, and speed of 

sound respectively within the temperature range T=293.15K-318.15K (with 5K 

interval). Here, the ionic liquid strongly interacts with 1-butanol than other chosen 

primary alcohol at a higher temperature (318.15K). The outcomes have been discussed 

in terms of intermolecular forces and non-covalent interactions like hydrogen bond, 

ion-dipole, electrostriction, hydrophobic interactions, and structural configurations. 

Chapter VII: This chapter contains the study of formation and investigation of host

guest inclusion complexes of 4-chloro-1-napthol insight into - and -cyclodextrin in 

50% aqueous ethanol media by various physicochemical and spectroscopic methods. 

Job s plots have been drawn by UV-visible spectra and confirm 1:1 stoichiometry of the 

complex. Surface tension data also support 1:1 stoichiometry of the complexes. 1H NMR, 

FTIR and ESI MS studies ensure the inclusion phenomenon once again. Association 

constants have been calculated by UV-Visible spectroscopy on the basis of the Benesi-
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Hildebrand method and non-linear programme, and the thermodynamic parameters 

have been estimated with the help of Van t Hoff equation  The higher binding constant 

values and calculated values of thermodynamic parameters such as Gibb s free energy, 

enthalpy and entropy supported the high stability and feasibility of formation of the 

inclusion complex. The formations of inclusions have been elucidated by H-bonding 

interactions, hydrophobic effects, structural effects, and electrostatic interaction. 

Chapter VIII: In this chapter, surface tension and ultraviolet spectroscopic methods 

have been employed to study the dimensional fit molecular encapsulation of 

hydrazinophthalazine hydrochloride insight into the cavity of -cyclodextrin in aqueous 

media  Analysis of the surface tension plot against reciprocal of concentration and Job s 

plot drawn from UV-Vis data yields the equilibrium constant for 1:1 stoichiometry. The 

binding constants computed from tensiometric and spectroscopic method are M-

1 and (12.02  M-1 respectively, that return the comfort zone of the results. The 

noteworthy upshot has also come out from standard Gibbs energy for inclusion complex 

formation, which is more negative than for adsorption by 6.11 kJ mol-1. It seem sensible 

that the driving force in formation of inclusion complex inside the bucket-like cavity of 

-cyclodextrin is a combination of hydrophobic effect and reduction of the surface 

energy, while in adsorption is only hydrophilic effect. 

Chapter IX: Inclusion complex forms by encapsulation of apolar part of N,N-dimethyl-4-

phenylenediamine dihydrochloride insight into the hydrophobic cavity of -

cyclodextrin. The complex has been prepared in aqueous medium and characterize by 

employing several physicochemical and spectroscopic techniques. The origination of  

DMPD -CD)  inclusion complex was established by UV-Visible Job's plot. 1H NMR, FT-

IR and SEM studies also account for the inclusion phenomenon.  Appraisement of both 

conductivity as well as surface tension data implies 1 : 1 stoichiometry of the inclusion 

complex.  Association constant and free energy change is 23600 M-1 and -24.54 kJ M-1 

respectively. The formation of the inclusion complex has further accomplished by 

hydrophobic e ects  structural e ects  electrostatic forces and H-bonding interactions. 

Chapter X: This chapter includes the concluding remarks about the research works 

done in this thesis.  
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NECESSITY OF THE RESEARCH WORK 
 

 

1.1 OBJECT, SCOPE AND APPLICATIONS 

Modern science start to prosper in the early modern period, or more precisely, in 

the scientific revolution of 16th and 17th century in Europe. [1] The English word  

scientist is relatively young, first coined in the 19th century by  William Whewell  . 

[2] The then investigators of nature proudly entitled themselves as "natural 

philosophers". The primitive practical knowledge of chemistry was mainly concerned 

with metallurgy, dyes and pottery; these crafts were bloomed with notable skill, but 

there was lack of understanding of the principles associated, as early as 3500 BC in 

Mesopotamia and Egypt.  Modern chemistry also start flourishing from the sixteenth 

through the eighteenth centuries through the material practices and theories promoted 

by alchemy, medicine, manufacturing and mining. [4] This era witnessed the salient 

evolvement of science, often aquainted as a progressive attainment of knowledge, in 

which false beliefs were thrown away by true theories.[3] Indeed, chemistry began to 

emerge as distinct from the pseudoscience of alchemy, after the  Oxford 

Chemists  (Robert Hooke, Robert Boyle, and John Mayow).  

Research mean to carefully analyze the problems or to do the detailed study of the 

specific problems, by making use of special scientific methods. The main motive of the 

research is to get deep into the subject so that something adjuvant can churn out, which 

can be helpful for all. It helps us in many ways and provides a complete solution to the 

problems faced by humans.  Now, when we humans, satisfied without any problems, 

this results in the advancement of the society. So, research undoubtedly helps in the 

development and betterment of society. The life we enjoy now or the things that we do 

in a minute, which  looked impossible earlier, are all simply because of the research. We 

are accustomed to adapt new things, as our desires increases day by day. As our 
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demands rise, the requirement of research also increases. Hence, it would not be an 

exaggeration if we say that research is simply what that makes  life easier   

Being the most intelligent and wise among living beings, man has made his position 

above of all. Every research work is being continued for the interest of human being that 

they be alive comfortably. Research plays a significant role in our day to day life. 

This particular branch of science known as chemistry in many way is related to human 

life, as well as to other sciences. It forms an indispensable part of any philosophy of 

nature. Chemistry is a knowledge which deals with the formation, composition, 

structure and characteristics of substances and with the transformations that they 

undergo. Most importantly, it holds the key which alone can unlock the gate to really 

fundamental knowledge of the hidden causes of health and disease. This is one of the 

most vital as well as  precious ways in which any branch of science can serve humanity 

in the years to come. 

In keeping with the increasing appreciation of the value of scientific research to 

humanity, there exists today among scientific men the effort to relate each particular 

science to every other, and to implicate all together in an indiscrete whole, without 

losing sight of the needed accuracy of each part. The existence of such amalgamated 

study as physical chemistry, biochemistry, physiological botany, and so forth, are an 

indication of the broader outlook. Some of the utmost and modern scientific 

advancements are being made along the border lines between the various sciences. We 

assume nature to be a unit, and our categorizations of her closely related occurences 

into special topics are also  partly arbitrary. For example, biochemistry is truly both, life 

science and chemical science, exploring the chemistry of living organisms and the 

molecular basis relevant to the changes occurring in living cells. Biochemistry came out 

as a distinctive discipline around the beginning of  the 20th century when scientists 

combine physics, chemistry, molecular biology and immunology  to study the structural 

aspects and behaviour of the complex molecules found in biological entities and the 

ways these molecules undergo  interaction to form cells, tissues and whole organisms.  

Biochemists are interested, e.g., in mechanisms of brain function, cellular multiplication 

and differentiation, communication within and between cells and organs, and the 

chemical bases of inheritance and the causes of many diseases in living beings. The 
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biochemists seek to determine how specific molecules such as proteins, nucleic acids, 

lipids, vitamins and hormones function in such processes,  emphasising  on the 

regulation of chemical reactions in living cells. The methods innovated by biochemists 

are applied to in every fields of medicine, in agriculture and also, in many chemical and 

health related industries. 

 Nowadays, the close relationship between chemistry and medicine is clear to everyone. 

Our bodies, on the whole, are built up of chemical constituents, and the multifarious 

functions of the living organism depend, at least in part, upon chemical reactions. 

Chemical processes enable us to digest our food, keep us warm, supply us with mascular 

energy. It is  likely that even the impressions of our senses, the thoughts of our brains, 

moreover, the mode of their transmission  through the nerves, are all concerned more 

or less intimately with chemical reactions. The human body is a brilliantly intricate 

chemical machine, and its health and illness, its life and death, are fundamentally 

connected with the coordination of diverse complex chemical changes. 

Virtually, 99% of the mass of the human body is made up of only six elements: oxygen, 

carbon, hydrogen, nitrogen, calcium and phosphorous. While, about 0.85% is composed 

of five more elements: sodium, potassium, sulphur, chlorine, and magnesium. All 11 are 

necessary for life. The remaining elements are trace elements, of which more than a 

dozen are thought on the basis of good evidence to be necessary for life. [5] While, 

water makes up about 60% of the body by weight. It is practically impossible to imagine 

life without water. Carbon (18%) is synonymous with life. Its central role is due to the 

fact that it has four binding sites that allow for the building of long, complex chains of 

molecules. Nitrogen (3%) has been found in various organic molecules including the 

amino acids that build up proteins, and the nucleic acids that make up DNA. Calcium 

(1.5%) is the most common mineral in the human body found mostly in bones and 

teeth. Elements like magnesium, iron, zinc, fluorine, copper, iodine etc. play significant 

roles in various biochemical processes. Potassium, sodium are two important 

electrolyte i.e, they carries charge in solution.  

A solution is a homogenous mixture composed of  two or more substances with variable 

composition. The substance constituting in the major part is called the solvent, whereas, 

the substance present in lesser proportion is called the solute. It is not that the solute 
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always  have to be in the same physical state as the solvent, but the physical state of the 

solvent generally defines the state of the solution. As long as the solute combines with 

the solvent to result in a homogeneous solution, the solute is said to be soluble in the 

solvent. It is also possible to get solutions having several solutes.  

Water is definitely the most plentiful solvent in the body. Different amounts of water 

are, too, present in our vital organs. The brain, lungs, heart, liver and kidneys contain a 

lot of water  between  and  depending on the organ. [6,7]  Even our bones are 

31% water!  This water remains both within the cells, and between the cells that make 

up tissues and organs. Its numerous roles make water crucial to human functioning. 

The body requires water to carry out all the functions like regulating body temperature, 

moistening tissues in the mouth, eyes, and nose, lubricating joints, helping to dissolve 

nutrients and making them accessible in the bloodstream, transporting nutrients and 

oxygen to cells, and finally, for flushing out the waste products from the body. Water 

protects cells and organs from physical trauma, cushioning the brain within the skull, 

for example, water act as a shield to protect the delicate nerve tissue of the eyes. Water 

revives a fetus developing in the mother s womb as well. 

Due to the inherent polarity of water molecules, with regions of positive and negative 

electrical charge, water can readily dissolve ionic compounds and polar covalent 

compounds. In order to survive, the cells in the body must be kept moist in a water-

based liquid called a solution. The blood, which is a water-based solution,  help carrying 

molecules to the necessary locations. The role of water as a solvent assists the transport 

of molecules like oxygen for respiration. This has a great impact on the capability of 

drugs to reach their targets in the body. Saline, also known as saline solution, is a 

mixture of  sodium chloride in water and has a number of uses in medicine. By injection 

into a vein it is used to treat  dehydration  such as from gastroenteritis and diabetic 

ketoacidosis.[8]  It is also used to dilute other medications to be given by injection.[9] 

 

Chemistry can t  be imagined without solution.  Most chemical reactions are occurring in 

solution. The axiom that has been passed on from the days of alchemy  in Latin corpora 

non agunt nisi soluta" and is translated in English as substances do not interact with 

each other if they are not dissolved . We are bounded by solutions such as the air and 
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waters (in lakes, rivers, and oceans). The air we breathe, the liquids, beverages we 

drink, and the fluids in our body are all solutions. Thus "Life" can be imagined as the 

sum of a series of complex processes taking place in solution.  Aside from regulating life 

processes occurring in human body, solutions also play a key role in many biological 

processes in other organisms, and, in numerous laboratory and industrial applications 

of chemistry.  In this research work, an attempt has been made to ascertain the outcome 

of solvent systems and investigate various interactions predominantly in solid and 

liquid phases. 

Molecular interactions are often known as non-covalent interactions. [10-13] In the 

dominion of chemistry, interactions are the attractive or repulsive forces between 

molecules and between non-bonded atoms.  Molecular interactions play significant role 

for various systems to exist. They have significant role in different areas of drug 

designing and its liberation systems, protein folding, material science, nanotechnology, 

separation and origins of life.   

Molecules are formed when a set of atoms bind powerfully with each other. The binding 

may be as strong as to overcome different effects exerted by the environment which the 

molecule is exposed to. Intermolecular forces are weaker compare to intramolecular 

forces - the forces holding  molecules together.  The covalent bonds, involving sharing of 

electron pairs between atoms, is no doubt much stronger than the forces acting 

between neighbouring molecules. While the bond enthalpies are in the order of 100 

kcal/mole, the enthalpy of a given molecular interaction, between a pair of non-bonded 

atoms, is 1-10 kcal/mole. Ideally, all molecular interactions are disrupted in processes 

like the melting of ice, boiling of water, vaporization, disassembling of membrane, 

unfolding of proteins and RNA, the covalent bonds remain intact. So, these are not 

chemical reactions as no bonds break or form, but all of them involve changes in 

molecular interactions. Even though non-covalent interactions are weak individually, 

cumulatively the energies of molecular interactions are significant. 

A good qualitative indication of strengths of molecular interactions in the liquid phase is 

obtained from the differences in boiling temperatures. Liquids with high boiling point 

generally have strong molecular interactions.  The reason why water (H2O) has a boiling 

point hundreds of degrees greater than the same of nitrogen (N2) is simply the stronger 
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molecular interactions in H2O (liq.) than in N2 (liq.). This implies that forces acting 

between the molecules in H2O (liq.) are much greater than those in N2 (liq). During 

unfolding of a protein or an RNA (denaturation) or the separation of two strands of DNA 

by melting, or disassembling the ribosome, the interior sites become exposed to the 

surroundings, mostly water plus ions. Thus the molecular interactions  amid the native 

state or assembly has been replaced by molecular interactions with aqueous environs. 

Molecular interactions in solution phases can be best understood by studying various 

excess thermodynamic properties. Excess thermodynamic functions which are the 

difference between the thermodynamic functions of real solutions and the respective 

functions of ideal solutions, provide noteworthy information about the nature and 

strength of various intermolecular forces operating among mixed components. For an 

example, if a liquid mixture present an excess molar volume greater than 0, it can be 

said that the molecules of these compounds repulse each other when mixed. The 

concept of excess thermodynamic functions can be used for the improvement of new 

theoretical models, for the development of many empirical correlations, to carry out 

engineering applications in the process industries, e.g., for designing industrial 

separation processes properly.  

Commonst among molecular interactions are (i) Van der Waals  interactions, (ii) Short 

range repulsions, (iii) Electrostatic  interactions, (iv) Hydrogen Bonding interactions, 

(v) Interactions among Dipolar substances.  Dipolar interactions are also of various kind 

such as: (a) Dipole-dipole interactions (Keesom Interactions), (b) Dipole-induced dipole 

interactions, (c) Ion-Dipole Interactions, (d) Variable Dipoles interaction, which include 

Dispersive interactions and London Forces. 

Incorporation of partial charges in molecules result in the dipole-dipole forces, dipole-

induced dipole forces, hydrogen bonding interactions etc. These are collectively called 

as intermolecular forces of interactions. Intermolecular forces control the 

thermodynamic properties of a solution. The understanding of solvation 

thermodynamics is very essential for the categorical elucidation of a process 

accompanying in the liquid phase.  These thermodynamic properties are either a feature 

of the whole system or  the functions of such a state that do not vary much in excess of 

nano distances, apart from the positions where, there are abrupt changes at borders 
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between varied  phases of the system. A decent idea, regarding the nature of the 

interactions that exist within the constituents of a solution, is obtained from the 

thermodynamic investigations along with the transportation behaviour of the solution. 

[14-17]  

By the determination of precise and accurate thermophysical properties of the 

components in a solution, quantitative elucidation of the solvent consequences and 

evaluation of the nature of various interactions are possible. By studying partial molar 

volumes, limiting ionic conductivity as well as viscosity B-coefficient, ion-solvent 

interactions can be estimated. Approximate single-ion values are used to purify the  

models of  ion-solvent interactions. Evaluation of  ion-solvent interactions allow 

chemists choosing solvents that will progress the solubility of minerals in discharging 

operations, the rates of chemical processes, or  the reversal of the route of equilibrium 

reactions. Nowadays, the value and importance of Chemistry of electrolytes in mixed 

solvents  has paved researcher s attraction  [18,19]. 

Although, an extensive collection of data on different solution of electrolyte and non-

electrolyte in water are obtainable, the structure of water and different types of 

interactions that water goes throughout with electrolytes are so far properly 

understood. The study of physicochemical properties of solutions provide sufficient 

knowledge on various thermodynamic properties of electrolytes and non-electrolytes, 

the effects of the variation in ionic constructions, mobility of ions along with their 

common ions. [20] 

The idea of whatever happening in aqueous medium, enhances interest to study the 

behaviour of electrolytes in aqueous and mixed solvents by investigating solute-solute 

and solute-solvent interactions at different circumstances. However, the behaviour of 

solutes in these solvents are  quite different than  in aqueous medium. The difference  in 

sequence of solubility, dissimilarity in solvating power and possibilities of chemical 

reactions unfamiliar with aqueous chemistry opens a new gateway for physical 

chemists, and, the intense use of these organic solvents has somehow overshadowed the 

conventional boundaries of organic, inorganic, physical, analytical and electrochemistry. 

[21] These facts exhort us to extend the study of binary or ternary solvent systems by 
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choosing some industrially important polar, weakly polar or nonpolar solvents  along  

with some important electrolytes (solutes). 

The consequences on non-aqueous electrolytic solutions has outstretched their 

extensive usage in diverse fields. The high flexibility of non-aqueous electrolytic 

solutions, by making choice of numerous solvents, additives and electrolytes with 

widely varying properties render them to compete with ionic conductors, particularly at 

ambient and at low temperatures. Non-aqueous electrolyte solutions are extensively 

used in high energy primary and secondary batteries, in double layer capacitors, 

electroplating and electro deposition devices, photo-electrochemical cells, electro-

chromic displays and smart windows, polishing and electro-synthesis. [22,23] 

Beside the wide technical applications, quantitative  understanding  of  these systems 

are still not very clear. This may be attributed  to the lack of detailed information 

regarding the nature and strength of ion-molecular interactions and their effect on 

structural as wee as  dynamic properties of  non-aqueous electrolytic solutions. [24] 

Ionic liquids (ILs) recently have been attracted as ground-breaking compound.  For 

their unique intrinsic properties[25],  the application is also increasing exponentially in 

many academic, industrial, and research field. [26,27] The applications of individual 

ionic liquid may be understood clearly by investigation of their nature and mode of 

interaction with the solvent molecules.  

The electrolytic behaviour of the ionic liquid, tetrabutylphosphonium methanesulfonate 

in solvents of high and intermediate or  modarate dielectric constant (ɂr   have been 

studied extensively but the behaviour of this ionic liquid in solvents of very low 

dielectric constant (ɂr < 12 or 10) have not been examined before.  Therefore, an 

attempt has been made to ascertain the nature of ion-association of 

tetrabutylphosphonium methanesulfonate [Bu4PCH3SO3] in methylamine solution. 

Dynamic of molecular interactions occurring between ionic liquid namely 1-ethyl-3-

methylimidazolium chloride-aluminum chloride and alcohols (viz., methanol, ethanol, 1-

propanol, and 1-butanol) have been studied. Limiting apparent molar volume, molar 

refraction and limiting apparent molar isentropic compressibility have been calculated 

using thermodynamic properties like density, refractive index, and,  speed of sound. 
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The properties of material like densities and viscosities of some lithium salts, namely, 

lithium nitrate, lithium iodide and lithium acetate have been measured in acetonitrile-

water binary mixed solvents at the temperature 298.15K. Studies on thermophysical 

properties namely, viscosities, densities, and refractive index, conductivity of ionic 

solutions assist in characterizing structures and properties of binary solutions. 

 

Supramolecular chemistry concern chemical systems composed of a discrete number of 

molecules i.e., it is the study of systems containing more than one molecular assembly. 

Lehn truely defined Supramolecular  chemistry as chemistry beyond molecule . It deals 

with understanding the structure, function and properties of these assemblies. The 

basic aim of this domain of chemistry is to design new functional systems of interest by 

combining multiple chemical entities through various non-covalent interactions. 

Supramolecular chemistry features phenomena like molecular self-assembly, molecular 

recognition, host-guest chemistry, mechanically-interlocked molecular architectures, 

folding of protein etc. 

The stature of supramolecular chemistry came into focus, when the Nobel Prize for 

Chemistry in the year 1987, was awarded to Donald J. Cram, Charles J. Pedersen and 

Jean-Marie Lehn in recognition of their work on "host-guest" assemblies. Since then, the 

eld is growing  by the e ort of researchers from all over the world  It is highly 

interdisciplinary in nature and attracts biologists, biochemists, physicists, 

environmental scientists, crystallographers, theoreticians, in addition to the chemists. 

The thermodynamics associated with supramolecular chemistry can be studied quite 

precisely utilising binding constants of  the inclusion complexes. The binding affinities 

of such host-guest complexes can be governed by external stimuli, for example, 

temperature, ion, pH, redox, enzyme and light.[28-32] Alongside calculating binding 

energies, designing of the supramolecular systems, their functionings are also of 

primary interest. In a typical supramolecular complex, a number of interactions 

contribute, and, nevertheless, the loss in entropy of translation due to intermolecular 

association is paid by a sole association step.  A set of  phenomena, crucial in biological 

systems, for example, enzyme action, genetic information and processing, molecular 

transport, protein assembly, and many, has been monitored by studying specific non-
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covalent interactions between molecules. These non-covalent interactions are no doubt 

much weaker while being compared with covalent interactions (see, Table I.1). Modern 

synthetic tools help to develop a suitable host structure, so that there can be an extra 

potential for a particular guest molecule.  

 Type of Interactions  Strength (in KJ/mole)  

Covalent Bond 
 

Ion-Ion 
 

Ion-Dipole 
 

Dipole-Dipole 
 

Hydrogen Bonding 
 

Cation-Ɏ 
 

ɎȂɎ 
 

van der Waals 
 

Hydrophobic 

200 400 
 

100 360 
 

50 200 
 

5 50 
 

4 120 
 

5 80 
 

0 50 
 

< 5 (varies with surface area) 
 

Related to solvent-solvent interaction  

 

Table I.1 Different type of Interactions with relevant energies 

So far as the remarkable developments in supramolecular chemistry is concerned, 

macrocycle based Host-Guest interactions have played the most significant role. The 

cyclized and constrained conformations of macrocyclic hosts offer the benefit of 

molecular selectivity.  In this regard, cyclodextrins (CDs) are immensely interesting 

owing to their amphiphilic nature, that can be applied in different fields ranging from 

nanodevices to cell imaging and drug delivery. [33-35] Supramolecular chemistry, over 

the past decade  has a signi cantl contribution towards the advancement of 

nanotechnology. Cyclodextrin-modified nanoparticles have been in the centre of 

attraction for long for their ability to improve the characteristics of the resulting 

assemblies, such as the electronic, conductance, thermal, fluorescence, and catalytic 

properties thereby enhancing the potential applications of such assemblies as 

nanosensors,  and drug delivery vehicles.  
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The cyclodextrin (CD) molecules have a distinct structure with a hydrophobic cavity 

and a hydrophilic surface which can form inclusion compounds with a wide range of 

guest molecules. Cyclodextrins CDs) based host-guest inclusion complexation has 

earned a significant value in consumer goods, food industries, pharmaceuticals , 

cosmetics, and bio-medical devices. [36-38]  The encapsulation of different bioactive 

compounds, drugs, enzymes, vitamins [39] etc., using cyclodextrins and their 

derivatives, can protect the compounds from environmental conditions, and, often  

associated with an improvement of  aqueous solubility, bioavailability and shielding 

side effects.  

The problem of poor solubility of many drugs in water that restrict their applications, 

can be surpassed by forming CD-drug inclusion complexes. Compared with other 

macrocycles, CDs are the most significant additives in pharmaceutical products for 

many reasons: (i) CDs are seminatural products, and can be produced in thousands of 

tons in a year from starch with very low cost, (ii) for being highly biocompatible in 

nature, CDs can directly be used as ingredients of foods, drugs, and cosmetics, (iii) their 

strong binding affinity for a specific guest, stabilizes the complex in physiological 

environment, (iv) on arriving at the destination, the loaded cargoes can be easily 

released from the cavity, (v) the cavity provides an hydrophobic environment to shield 

the drug molecules from enzymatic hydrolysis during the circulation and delivery 

processes. In modern pharmacology, the stabilisation as well as controlled release of 

drug molecules have inclined a significant attraction. It is quite common now that the 

encapsulation of many biologically active molecules into cyclodextrin  cavities can 

shield those molecules from environmental effects. The controlled release of drug 

molecules, so as to minimise their inherent side effects, have been achieved by 

complexing them with CDs.  So, to get the benefit, primitive requisite is to verify 

whether the drug can form inclusion complex with CDs. Following this, the inclusion 

complex formation of drug molecules like 1-hydrazinophthalazine Hydrochloride with 

-Cyclodextrin, have been studied in detail utilising different physicochemical 

measurements alongwith  some spectroscopic techniques. [40-42] 

N,N-Dimethyl-p-phenylenediamine dihydrochloride, is a stain used in microscopy, 

encapsulated into the cavity of -CD in aqueous medium was explored and 

characterized by employing several physicochemical  and spectroscopic methods. 
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Host guest inclusion complexes formed from 4-chloro-1-napthol with - and -

cyclodextrin in a 50% aqueous ethanol solvent have also been investigated by various  

methodologies. 

 

1.2. METHODS OF INVESTIGATION 

In order to get a better understanding into the phenomena of diverse interactions upon 

solvation and inclusion complexation, various  experimental methods in solution and in 

solid phase have been employed. A number of noteworthy methodologies like 

densitometric, conductometric, viscometric, refractometric techniques have been 

utilised to inquire the solvation and inclusion phenomena. 

Study of thermodynamic and transport properties play  key role in characterizing the 

structural aspects and properties of solutions. The partial molar volumes obtained from 

density measurements are suitable parameters to interpret  solute-solute, solute-

solvent  interactions taking place in solution. The sign and magnitude of another 

thermodynamic quantity, partial molar volume ( 0
V ), offers information regarding the 

nature and extent of ion-solvent interaction. Beside, the experimental slope (Sv*) gives 

information about ion-ion interactions . [43] The change in viscosity due to the addition 

of electrolyte solutions has been attributed to inter-ionic and ion-solvent effects. 

Conductance data obtained as a function of concentration have been used to evaluate 

the ion-association by employing appropriate equations. 

These interactions, in a broad sense, can be highly defined by applying suitable 

spectroscopic investigations. The exact characteristic properties of different molecules 

are seen in various spectroscopic studies in aqueous and mixed solvents. The 

spectroscopic studies like UV-Vis, Proton-NMR, 2D-ROESY, FT-IR spectroscopic and 

Mass spectrometric studies have been made to elucidate a variety of interactions. 

Following are the various physicochemical and spectroscopic methods used during the 

research work:  

 UV-VIS Spectroscopy 

 Fluorescence Spectroscopy 

Chapter I 
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 Scanning Electron Microscopy (SEM) 

 FTIR Spectroscopy 

 1H NMR Spectroscopy 

 Mass Spectroscopy 

 2D ROESY 

 Surface tension study 

 Conductivity study 

 Density study 

 Viscosity study 

 Refractive Index study 

 

1.3. CHOICE OF BIOLOGICALLY ACTIVE MOLECULES, HOST 

MOLECULES, IONIC LIQUIDS, SALTS AND SOLVENTS USED IN THE 

RESEARCH WORK 

Names of the Biologically Active Molecule, Host Molecules, Ionic Liquids and Solvent 

molecules are listed below: 

Biologically Active Molecule: 

 1-Hydrazinophthalazine Hydrochloride 

 N,N-Dimethyl-p-Phenylenediamine 

 4-Chloro-1-Napthol 

Host Molecules: 

 -Cyclodextrin 

 -Cyclodextrin 

Ionic Liquids and salts: 

 Tetrabutylphosphonium Methanesulfonate 

 1-Ethyl-3-Methylimidazolium Chloride-Aluminum Chloride 

 Lithium Iodide                                   
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 Lithium Nitrate 

  Lithium Acetate 

Solvents: 

 Water 

 Acetonitrile 

  Methanol 

 Ethanol 

 1-Propanol 

 1-Butanol 

 Dimethyl sulfoxide 

 Methyl amine 
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GENERAL INTRODUCTION REVIEW OF  
THE EARLIER WORKS  

 

 

2.1 SOLUTION CHEMISTRY 
 

Solution Chemistry  is a branch of physical chemistry that include the studies of the 

change in properties that arise when a substance dissolves in another. In solution 

chemistry, basically, there are three major approaches for the estimation of  the extent 

of solvation. First one is the solvation  approach that involves the studies of viscosity, 

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

ionic solvation [1], next  is the thermodynamic approach by measuring the enthalpies, 

free energies, and entropies of solvation of ions from which the factors associated with 

solvation can be explicated [2], and the last one involves using spectroscopic 

measurements where the qualitative and quantitative nature of the solvation is 

interpreted in terms of  spectral solvent shifts or the chemical shifts. [3] 

 

Generally, the solutions obtained by mixing 

different solute or solvent with another 

solvent or a solvent mixture, do not behave 

ideally. The deviation from ideality can be  

expressed in terms of thermodynamic 

parameters; by apparent molar properties in 

case of solid-liquid mixtures and by excess 

properties in case of liquid-liquid mixtures. These thermodynamic properties of solvent 

mixtures are very significant  in the study of molecular interactions and arraangements 

as they corresponds to the difference between the actual property and the property if 

the system behaves ideally. More specifically,  they reflect the interactions taking place 

between solute-solute, solute-solvent and solvent-solvent systems.  When an ion or 
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solute is added to a solvent, the solvent structure gets modified, atleast, to some extent 

and nevertheless, solute molecules are also modified. The amount of ion-solvation is a 

consequence of the interactions taking place between solute-solute, solute-solvent, 

solvent-solvent species. The evaluation of  ion-pairing in these systems is very 

important as it affects the ionic mobility and the consequent  ionic conductivity of the 

ions in solution.  

The quantitative elucidation of the  solvation consequences and evaluation of the nature 

of various interactions are possible by the determination of precise and accurate 

thermophysical properties of the components in a solution. Remember, a 

comprehensive understanding of the phenomenal   solution chemistry is possible only 

when solute-solute, solute-solvent and solvent-solvent interactions are revealed. The 

present research work has also dealt with the studies of these interactions in some 

industrially important liquid systems by utilising densitometry, viscometry, 

refractometry, interferometry, and other suitable methods. 

 

2.2. IONIC LIQUIDS 

Ionic Liquids are a unique class of salt-like, purely ionic materials which are liquid at 

remarkably low temperatures  These special ionic compounds are liquid below 100 

C  More commonly  these have melting points below room temperature; some of them 

even have melting points below 0°C. Ionic Liquids are liquid over a wide temperature 

range (300 400 °C), right from the melting point to their   decomposition  temperature. 

Usually,  a salt which melts without decomposing or vaporizing, yields an ionic liquid. 

By comparing a typical ionic liquid, e.g., 1-ethyl-3-methylimidazolium ethylsulfate (m.p. 

<-20°C), with a typical inorganic salt, for example, table salt (NaCl, m.p. 801 °C), it 

becomes obvious why there is a difference. The ionic liquid has a significantly lower 

symmetry! Furthermore, the charge of the cation as well as the charge of the anion is 

distributed over a larger volume of the molecule by resonance. As a consequence, the 

solidification of the ionic liquid will take place at lower temperatures. In some cases, 

especially if long aliphatic side chains are involved, a glass transition is observed instead 

of a melting point. The key point about ionic liquids is that they are liquid salts, which 
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means they consist of a salt that exists in the liquid phase and have to be manufactured, 

they are not simply salts dissolved in liquid.   

 
Figure II.1. Ionic Liquids 

 

Ionic liquids have different properties than solid ionic compounds. The strong ionic 

interaction within these substances results in a negligible vapour pressure, a non-

flammable substance, and in a high thermally, mechanically as well as electrochemically 

stable product. In addition to this very interesting combination of properties, they offer 

other favourable properties: for example, very appealing solvent properties and 

immiscibility with water or organic solvents that result in biphasic systems. 

 

However, the choice of the cation has a strong impact on the properties of the ionic 

liquid and will often define the stability. The chemistry and functionality of the ionic 

liquid is, in general, controlled by the choice of the anion. Till date, many ionic liquids 

have been based on the imidazolium cation, while, in a lesser proportion on 

alkylpyridinium cations,  trialkyl  amines  and other  cations. [4]  
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Figure II.2. Common constituent cations and anions in ionic liquid 

 

Ionic liquids are attractive solvents as they are non-volatile, non-flammable, have a high 

thermal stability  and are relatively inexpensive to manufacture. They usually exist as 

liquids well below room temperature up to a temperature as high as 200oC.  Ionic 

liquids are highly solvating, non-coordinating medium in which a variety of organic and 

inorganic solutes are able to dissolve.  They are outstanding good solvents for a variety 

of compounds, and their lack of a measurable vapour pressure makes them a desirable 

substitute for volatile organic solvents and they have been used as 'green' solvents in 

different industrial practices. [5-7] They have a low viscosity, which means they flow 

easily. The use of ionic liquids as thermal fluids combines their heat capacity with 

thermal stability and a negligible vapour pressure. They also tend to have high electrical 

conductivity, allowing electricity to flow through them well, and thus they have been 

used as electrically conductive liquids in electrochemistry (batteries and solar cells). [8-

10]   

In modern technology, the application of the salt is well understood by studying the 

ionic solvation or ion. [11-12] Their properties also make ionic liquids useful for gas 
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transport and storage. Instead of using pressurized containers, gases can be dissolved 

into ionic liquids and easily removed when needed. Ionic liquids can also be useful in 

recycling, aiding in the separation of similar but different materials from one another. 

For example,  separating polymers from plastics. 

Ultimately, the possible combinations of organic cations and anions places chemists in 

the position to design and fine-tune physical and chemical properties by introducing or 

combining structural motifs and, thereby, making tailor-made materials and solutions 

possible. The following chart summarizes their important properties, potential and 

current applications- 

 

Figure II.3.  Present and potential applications of Ionic Liquids 
 
 

Other interesting applications have also been suggested, derived from the unique 

combination of physical properties. It is quite feasible to expect that many more 

applications will be brought forward by potential users and some of them will be 

realized  in the next few years.  
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2.3. SUPRAMOLECULAR  CHEMISTRY 
 
Supramolecular Chemistry concern chemical systems composed of a discrete number of 

molecules i.e., it is the study of systems containing more than one molecular assembly. 

Lehn truely defined supramolecular  chemistry as chemistry beyond molecule  It deals 

with understanding the structure, function and properties of these assemblies. The 

basic aim of  this domain of chemistry is to design new functional systems of interest by 

combining multiple chemical entities through various non-covalent interactions. 

Supramolecular chemistry features  phenomena like molecular self-assembly, molecular 

recognition, host-guest chemistry, mechanically-interlocked molecular architectures, 

folding of protein etc. The principles, backdrops and existing outgrowths in the field 

have been achieved exponentially in last few decades. [13-20] 

The knowledge of host-guest chemistry exposes the way to construct supramolecular 

(inclusion) complexes  having superior physicochemical properties compare to those of 

the guest. There are various types of host molecules available now, including ethers, 

cryptands, carcerands, spherands, cyclodextrins along with many of their derivatives. 

All of them are able to act as artificial receptors  and enclose completely, or at least, 

partially, the guest molecules like ionic liquids, vitamins, amino acids, drugs etc. Such 

host-guest inclusion complexes comprising of a smaller guest molecule encapsulated 

within the cavity of host, also represent another class of intermolecular association. The 

most common non-covalent interactions involved therein are ionic bonds, hydrogen 

bonds, van der Waals forces, and hydrophobic interactions. 

Cyclodextrins (CDs) are doughnut-shaped cyclic oligosaccharides consist of 

glucopyranose units connected  by -(1,4) linkages. [21]  

There are some types of cyclodextrins, commons amongst are having six, seven, and 

eight D-glucopyranose units and are known as  -  -  and -CDs, respectively. While, the 

cavity diameter of -CD is A  that for -CD is A  The conical structure of CDs have 

hydrophobic interior and hydrophilic rim with primary and secondary OH groups. Due 

to the presence of cavity of hydrophobic nature, CDs show a phenomenal property of  

accommodating  organic molecules into its cavity to form inclusion complexes .The 

hydroxyl groups are responsible of forming hydrogen bonding with guest molecules 
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(Szejtli, 1996). The  macromolecule remarkably shields the embedded guest molecules 

from degradation by auto-oxidation, hydrolysis, proteolysis in the solid state. The 

controlled release of CD has useful application in many industrial purposes e.g., in food, 

cosmetic, paint industry and elimination of various toxic materials, pollutants, waste 

products without a chemical change (Connors, 1997). 

 
Figure II.4. 2D and 3D Structures of -  -  and -CDs 

 

It is vital to know the thermodynamics of binding between host and guest. The 

thermodynamic principles of supramolecular interactions between host and guest 

molecules explicitly states that there is a lower overall Gibbs free energy because of the 

interaction between host and guest molecules. A state of equilibrium is achieved 

between the unbound state (prior to complexation), and the bound state (host guest 

complex), 

 

Figure II.5. Formation of Host-Guest Inclusion Complex 
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Focusing on the energy exchange of various binding interactions, chemist are  trying to 

develop scientific experiments for quantification of the fundamental origins of these 

non-covalent interactions by exploiting different techniques, for example, NMR 

spectroscopy, Raman spectroscopy, isothermal titration calorimetry, surface tension, 

UV-Vis spectroscopy etc. The experimental data are quantified and explained through 

analysis of binding constants Ka, Gibbs free energy Go, Enthalpy Ho, and So.  

Physico-chemical studies reveal the Stoichiometry of the inclusion complexes formed. 

The stoichiometry depends upon the  size of the guest molecule as well as the cavity of 

the host. These factors determine probable stoichiometric ratio of host and guest, such 

as 1:1, 1:2, 2:1, 2:2 and higher. [22-28] 

 

Figure II.6.  Host-guest inclusion complexes with various stoichiometric ratios. 

 

The Association Constant gives idea about the extent of encapsulation of the guest into 

the cavity of the hosts  as also the stability of  the inclusion complexes  thus formed. 

Association constant or binding constant can be determined utilising various chemical 

approaches like UV-Vis, Fluorescence spectroscopy, NMR gas and liquid 

chromatography etc.  

Benesi-Hildebrand method (eqn.1) is often used to quantify the association constant for 

the host-guest inclusion compounds by means of  UV-VIS spectroscopic study. [29]  

                                                      
1 1 1 1

a

X
A H K H G 
 

                                            (1) 
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Characterization of Inclusion Complex 

By elucidating of the structure of the inclusion complexes formed significant 

infromation can be obtained about the formation of the inclusion complexes. Various 

spectroscopic studies like 1H NMR, 2D ROESY NMR,  FTIR, UV-Visible spectroscopy, 

Mass Spectrometry as well as physicochemical  properties such as  Conducttvity, 

Surface Tension, Refractive Index, Density and Viscosity etc. are employed to confirm 

the formation of inclusion complex. 

2.4 THEORY OF INVESTIGATIONS 

2.4.1. HYDROPHOBIC INTERACTIONS: 

Hydrophobic interactions tend to happen between two or more nonpolar molecules if 

they are in a polar environment, most ordinarily in water. They usually have a long 

chain of carbons that do not interact with water molecules  Their dislike  to water 

causes the molecules to stick together or fold in a certain way, in order to interact with 

the polar environments as little as possible. However, the interactions between 

nonpolar molecules and water molecules do not seem to be as favorable as interactions 

simply amongst  the water molecules. This may be attributed to the inability of nonpolar 

molecules to be engaged in hydrogen bonding or electrostatic interactions. When 

nonpolar molecules are brought in contact with the water molecules, initially, they get 

surrounded by the water molecules, "cages" are formed around the molecules. 

Nevertheless, there is a tendency among nonpolar molecules to be associated with one 

another  that draw  such molecules together, to result a non-polar aggregation. 

 



 

24 

 

 

Figure II.7. Non-polar solute in  polar and non-polar solvent  

 

The mixing of fat and water may be an ideal  example of this specific interaction. We 

thought fat does not mix with water because of the reason that Van der Waals that are 

acting upon both water and fat molecules are very weak. However, this is not the case. 

The behavior of a fat droplet in water has more to do with the enthalpy and entropy of 

the reaction than its intermoleculer forces. According to the second law of 

thermodynamics, the sum of entropy i.e., the entropy of the system plus its surrounding, 

should always be increasing. Therefore, for the nonpolar molecules, it is more 

favourable to associate without the interference of water. The water molecules that  

initially "caged" the nonpolar molecules, get released from the nonpolar molecule s 

surfaces, thereby increasing the entropy in the surrounding. The release of water 

molecules from nonpolar surfaces is highly favourable and causes the phenomenon of  

hydrophobic effect. 

Chapter II 



Chapter II 
 

25 

The specific double helical structure of DNA, the folding of the tertiary structure in 

proteins, has been associated with hydrophobic interactions. This has significant role in 

keeping a protein stable and biologically active, as it allows  the protein to reduce 

surface area thereby decreasing the adverse interactions with water. Besides from 

proteins, there are many other biological substances thet rely on hydrophobic 

interactions for its survival and functions, like the phospholipid bilayer membranes in 

every cell of our body. 

2.4.2. VAN DER WAALS FORCES: 

Van der Waals forces are the weakest, among the forces that fall into category of weak 

chemical forces , contributing to intermolecular bonding between molecules. With 

increasing the distance between the interacting molecules, these sort of forces  

diminishes. Covalent bonds and ionic bonds are significantly stronger than Van der 

Waals forces, the strength of  Van der Waals forces are typically ranges from 0.4kJ.mol-

1 to 4kJ.mol-1. 

 

These forces originate from the interactions between atoms or molecules having no 

charges. Molecules inherently possess energy and their electrons are always in motion, 

so transient concentrations of electrons in one region or another lead electrically 

positive regions of a molecule to be attracted to the electrons of another molecule. 

Similarly, negatively charged regions of one molecule are repulsed by negatively 

charged regions of another molecule. 

 

  
Figure II.8.  Van der Waals attractive force 
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Van der Waals force shows  an  ultimate  part  in  fields  as  diverse as supramolecular 

chemistry, polymer science, structural biology, surface science and nanotechnology. It 

also explain many properties of organic compounds and the formation of molecular 

solids, as well as the driving force that causes a solute molecule to undergo solvolysis in 

polar and non-polar media. The ability of geckos to hang on a glass surface by using only 

one toe to climb on steep surfaces, for many years has been attributed mainly to the van 

der Waals forces between these surfaces and the spatulae, or microscopic projections, 

which cover the hair-like setae found on their footpads. [30-31] 

2.4.3 HYDROGEN BONDS: 

A hydrogen bond is a distinctive type of dipole-dipole attraction. Hydrogen bonding 

interactions take place when a hydrogen atom  bonded to a strongly electronegative 

atom situated in the proximity of another electronegative atom having a lone pair of 

electrons. In a molecule, when a hydrogen atom is linked to a highly electronegative 

atom (usually fluorine, oxygen, or nitrogen), the electronegative atom attracts the 

shared pair of electrons more. Consequently,  this end of the molecule becomes slightly 

negatively charged and the other end becomes slightly positively charged.  The 

attraction between the negative end of one molecule and the positive end of the other 

results in the formation of a weak bond which is called the hydrogen bond.  

There are two distinct types of Hydrogen bonds, When hydrogen bonding takes place 

between different molecules of the same or different compounds, it is 

called intermolecular hydrogen bonding, but, if the hydrogen bonds are formed within 

the same molecule, it is then called  intramolecular hydrogen bonding. Hydrogen bonds 

are somewhat weaker than a completely covalent or ionic bond, but,  stronger than a 

Van der Waals interaction. The energy of a hydrogen bond varies between 1 and 40 

kcal/mol. 

Hydrogen bonds occur both in inorganic molecules, as well as, organic molecules. 

Following are some molecules which can form  hydrogen bonds:  
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Figure II.9. Some molecules capable of forming H-bonds 

Water is an ideal example that forms hydrogen bonding. It is noticeable that every 

water molecule is potentially capable of forming  four hydrogen bonds with adjacent 

water molecules: two with the hydrogen atoms and two with the with the oxygen 

atoms. There are exactly the right numbers of  + hydrogens and lone pairs for 

every one of  them to be involved in hydrogen bonding. 

 

Figure II.10. Intermolecular H-bonds in water 

 

This is the reason why the boiling point of water is higher than that of ammonia or 

hydrogen fluoride. In ammonia, each nitrogen atom has only one lone pair of electron. 

Thus, in a group of ammonia molecules, due to the lack of sufficient number of lone 

pairs to go around to satisfy all the hydrogens, the extent of hydrogen bonding gets 

restricted. While, in case hydrogen fluoride, the problem is the scarcity of hydrogens. 

But, in water molecule, the presence of two hydrogen bonds and two lone pairs 

facilitate the hydrogen bonding interactions in a lattice composed of water 

molecules.  Water can thus be regarded as an ideal hydrogen bonded system. 
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The secondary, tertiary, and quaternary structures of proteins and nucleic acids, can be, 

at least partly, attributed to the intramolecular hydrogen bonding. The hydrogen 

bonding interactions help them to form and maintain specific shapes. Hydrogen bonds 

between complementary nucleotides (A&T, C&G) hold the two complementary strands 

of DNA together. Hydrogen bonding in water also contribute to its unique properties  

like its high surface tension.  It is the hydrogen bonding that allows the lower alcohols to 

be soluble in water. Various compounds in which molecules are associated via hydrogen 

bonding, have a higher boiling point and hence, less volatility. 

2.4.4. ELECTROSTATIC FORCES: 

The electrostatic force, or, the Coulomb Force are caused between particles owing to 

their electric charges. The electrostatic forces may be attractive or repulsive and are  

named after the French physicist Charles-Augustin de Coulomb.  These sort of  forces 

are operative over a distance of about one-tenth the diameter of an atomic nucleus or 

10-16 m. The forces are repulsive between the like charges and attractive between the 

opposite charges. To explain, two cations or two positively charged protons repel each 

other. Two anions or two negatively charged electrons also doing the same. But cations 

and anions attract each other, so are the protons and electrons. 

 

 

Figure II.11. Attractive and repulsive electrostatic forces 

Electrostatic force is regarded as one among  the four fundamental forces of nature. We 

make use of the Coulomb s law to solve the forces created by configurations of charge.  
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According to Coulomb s law, the electrostatic force existing between two point charges, 

is directly related to their magnitude and inversely related to the square of the distance 

between them. 

Thus the force F, between the charges q1 and q2  staying at a distance r apart, may be 

given as  

                                                                             F = k q1q2/r2    (2) 

Electrostatic force is extremely important in chemistry and physics because it describes 

the force between parts of an atom and between atoms, ions, molecules, and parts of 

molecules. An increase in the distance between the charged particles would reduce the 

attractive or repulsive forces between them thereby making the formation of an ionic 

bond less favourable. But the force is increased when the charged particles come closer 

to each other and the ionic bonding becomes more favourable. 

 

2.4.5. ION-DIPOLAR  ATTRACTIONS: 

The ion-dipole interaction is nothing other than  an electrostatic interaction. The 

interaction subsists between a charged ion and a molecule having a dipole. These 

attractive forces commonly arise in solutions, especially when an ionic compound 

dissolves in polar liquids. When a cation come closer to a polar molecule, it  attracts the 

partially negative end of the molecule.  While the anion attracts the positive end of  the 

polar molecule. If the charge on the ion increases or the magnitude of the dipole of the 

polar molecule increases,  ion-dipole attractions become stronger. In many chemical 

situations, these interactions are known to be very significant.  

 

Figure II.12.  Ion Dipolar attraction between the ion and polar molecules 
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2.4.6. DIPOLE-DIPOLE  ATTRACTIONS: 

Dipole-Dipole interaction refers to the interaction between two dipolar molecules 

through space. Molecular dipoles result from the unequal sharing of electrons between 

the atoms in a molecule. More electronegative atom attracts the bonded electrons 

towards themselves. The accumulation of electron density around an atom or a discreet 

region of a molecule may result in a molecular dipole. When this occurs, the partially 

negative portion of one of the polar molecules is attracted to the partially positive 

portion of the second polar molecule. This type of interaction between molecules 

accounts for many physically and biologically significant phenomena such as the 

elevated  boiling point of water. 

 

Figure II.13.  Dipole Dipole attraction between HCl molecules 

 

2.4.7. INTERACTIONS IN SOLUTION SYSTEM 

In a solution, there are three major types of interactions: 

Solvent Solvent interactions: Energy compulsory for dissociating weak bonds 

between solvent molecules. 

Solute Solute interactions: Energy mandatory to dissociate intermolecular bonds 

between the solute molecules. 

Solute Solvent interactions: H is negative ,  due to the formation of bonds between 

them. 
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Figure II.14. Diverse types of interaction in solution system 

 

The macroscopic properties for liquid system are usually quite well known, whereas the 

microscopic properties are often much less studied. The local order and long-range 

disorder  characterises a liquid phase. Therefore, while studying processes in liquids, it 

is  valuable to utilise methods that probe the local surrounding of the constituent 

particles. It  is also true for solvation processes, a local probe is necessary to get insight 

into the physical  and chemical processes going on. 

Investigation of different types of interactions 

When salts are dissolved in water, the ions constituting the salt gets dissociated from 

each other and then becomes associated in solution with the dipoles of the water 

molecules. An electrolyte is one that produces ions in fused state or in a suitable solvent. 

Thus, an electrolytic solution is obtained when a salt is dissolved in water.  

 
 

Figure II.15. Example of investigation of different type of interactions 
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Whether the forces between the ions are attractive or repulsive, is  determined by the 

nature of the charge ions carry. These forces are attractive between dissimilar charges 

but repulsive between similar charges. Dipoles in a liquid, on average, orient themselves 

so as to make attractive interactions with their neighbours, though, thermal motion 

renders them unfavourable by generating some instantaneous configurations. 

When a salt crystal is added to water, the ions in the crystal attracts the polar water 

molecules. As a result water molecules moves to the crystal surfaces and the ions get 

syrrounded by water molecules. The surrounding of solute particles by solvent 

molecules is called hydration (solvation).  The hydrated ions gradually moves away 

from each other into the solution and gets dissociated. The dissociated ions in the 

solution acts as though they were present alone. Thus an aqueous solution of sodium 

chloride behaves as a solution of sodium and chloride ions. 

The evaluation of various thermodynamic, transport and optical properties of 

electrolytes in different solvents provide significant upshots in this direction. The 

development of theories for such electrolytic solutions mainly focused on ion-solvent 

interactions. In infinitely dilute solutions,  in absence of  ion-ion interactions, ion-

solvent interactions are the controlling forces. In the solute-solvent interactions, the 

contributions due to cations and anions can be determined by separating these 

functions into ionic contributions.  Hence, ion-solvent interactions play an essential role 

to understand the physico-chemical properties of solutions. 

The uncertainty about the structure of  the solvent molecule mostly causes intricacies in 

solution chemistry. When a solute is introduced, the solvent structure is modified to an 

uncertain magnitude alongwith the modification of the solute itself. As a result, the 

interplay of forces like solute-solute, solute-solvent and solvent-solvent interactions 

dominate. However,  the isolated picture of  these forces is still not known absolutely. 

Various physico-chemical techniques can be applied for studying problems of ion-

solvent interactions  akin  to ionic solvations. 

The ion-solvent interactions can also be studied from the thermodynamic point of view 

where the changes of free energy, enthalpy and entropy etc., associated with a 

particular reaction can be qualitatively and quantitatively evaluated using various 
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physico-chemical techniques from which conclusions regarding the factors associated 

with the ion-solvent interactions can be worked out. 

Similarly, the ion-solvent interactions can be studied using solvational approaches 

involving the studies of different properties such as, density, viscosity, ultrasonic speed, 

refractive index and conductance of electrolytes and various derived factors associated 

with ionic solvation. 

As this research work is intimately related to the studies of ion-ion, ion-solvent and 

solvent-solvent interactions, so,  we need to focus particularly on the different aspects 

of these thermodynamic, acoustic, transports, and optical properties.  

Ŷ  ION-SOLVENT INTERACTIONS 

The solvated ions are ubiquitous on Earth. Hence, ion-solvation phenomena are of 

primary interest in many contexts of chemistry.  Aqueous solution in many chemical 

and biological systems contain hydrated ions. [32]  In living organisms, solvated ions 

are usually appeared in high concentrations. Their presence or absence can essentially 

alter the functions of life. Ions solvated in organic solvents or mixtures of water and 

organic solvents are also very common. [33]  The exchange of solvent molecules around 

ions in solutions is fundamental in understanding  the reactivity of ions in solution. [34] 

Solvated ions also have a crucial role in electrochemical applications. [35] 

In electrochemistry, the formation of mobile ions in solution is a fundamental aspect. 

These mobile ions are formed in solution by two distinct ways, to create ionically 

conducting phases. The first one has been  explained for aqueous acetic acid as given 

below: 

 

Figure II.16.  The chemical method of producing ionic solutions 
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The second one involves dissociation of a solid ionic lattice, such as,  the lattice of 

sodium chloride.  During the ionic dissociation, solvent molecules collide with the 

crystal surfaces. This energetically provides a better deal to the ions in the crystal 

lattice, than they have within the lattice.  It induces them out and into the solution. Thus 

there is a significant energy of interaction between the ions and the solvent molecules. 

These interactions are collectively  known as ion- solvent interactions.  

Ions as a point charge orient dipoles among the solvent molecules. The spherically 

symmetrical electric field of the ion drag solvent dipoles out of their lattice and orient 

them with proper charged end toward the central ion. Thus, ion-dipole forces become 

the prime source of ion-solvent interactions. The reactions occurring in solutions are 

mostly chemical or biological in nature.  Previously, it was assumed that the solvent 

only provides an inert medium for chemical reactions. The importance of ion-solvent 

interactions was realized after extensive studies in aqueous, non-aqueous and mixed 

solvents. [36-45] 

With the exceptions of heterogeneous catalytic reactions most reactions in technical 

importance occur in solutions. Moreover, molecules not only have to travel through the 

solvent to their reaction partner before reacting, in addition to, to present a sufficiently 

unsolvated rate for collision.  The role of solvent is so great that million fold rate 

changes take place in some reactions simply by changing the reaction medium. As water 

is the most abundant solvent in nature and its major importance to chemistry, biology, 

agriculture, geology, etc., water has been extensively used in kinetic and equilibrium 

studies. Our bodies contain 65 to 70 % water, which acts as a lubricant, as an aid to 

digestion and more specifically as a stabilizing factor to the double helix conformations 

of DNA.  But still our knowledge of molecular interactions in water is extremely limited. 

Furthermore, the uniqueness of water as a solvent has been questioned [46,47] 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 various molecular inteactions. The 

organic solvents have been categorised on the basis of dielectric constants, organic 

group types, acid base properties or association via hydrogen bonding[45], donor-

acceptor properties [48,49],  hard and soft acid-base principles[50] etc. As a 

consequence, different solvents show a wide disagreement of properties eventually 
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influencing their thermodynamic, transport and acoustic properties in presence of 

electrolytes and non-electrolytes in these solvents. The determination of 

thermodynamic, transport and acoustic properties of different electrolytes or non-

electrolytes in different solvents would thus provide essential information in this 

direction. Hence, much attention has been devoted, while developing theories of 

electrolytic solutions, to the controlling forces- ion-solvent interactions   in infinitely 

dilute solutions where ion-ion interactions are negligible. By separating these functions 

into ionic contributions, it is possible to determine the contributions due to cations and 

anions in the solute-solvent interactions. Thus ion-solvent interactions play a vital role 

to understand the physico-chemical properties of solutions. One of the causes for the 

intricacies in solution chemistry is the uncertainty about the structure of the solvent 

molecules in solution. The introduction of a solute modifies the solvent structure to an 

uncertain magnitude, the solvent molecule and the interplay of forces like solute-solute, 

solute-solvent also modify the solute molecule and solvent-solvent interactions 

dominate, although, the insulated depiction of any of the forces is still not thoroughly 

known to the solution chemist.  Ion-solvent interactions can be studied by spectrometry 

. [51,52]  The spectral solvent shifts or the chemical shifts can estimate  the qualitative 

and quantitative nature of ion-solvent interactions. However, the qualitative or 

quantitative allotting of  the ion-solvent interactions into different possible factors is 

still a tenacious task to do.  So, the precise understanding of the ion-solvent interaction 

is a bit challenging.  The aspect embraces a vast range of topics but we concentrated 

only on measuring the transport properties like viscosity, conductance etc. and such 

thermodynamic properties as apparent and partial molar volumes, apparent molal 

adiabatic compressibility etc. 

 Ŷ  ION-ION INTERACTION 

Ion-solvent interactions, however, are not the whole story of an ion related to its 

environment.  In the surrounding of an ion, there are not only solvent molecules but 

also other ions.  The ion-ion interactions  are caused by the mutual interactions 

between these ions. The extent of ion-ion interactions  depend on the nature of 

electrolyte and affects the properties of solution. Generally, the ion-ion interactions  are 

stronger than the interactions between ion and solvent molecules. Though, ion-
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solvation still remains a complex process, but theoretically , ion-ion interaction in dilute 

solutions is a well understood pbehaviour. While proton transfer reactions are 

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

solvents significantly modify the majority of the solutes. On the contrary, the presence 

of solutes substantially modified the nature of the intensely structured solvents like 

water.  However, the complete understanding of the phenomena of solution chemistry 

would become possible only after the proper illustration of solute-solute, solute-solvent 

and solvent-solvent interactions. This is why the present thesis is intimately concerned 

with the studies of solute-solute, solute-solvent and solvent-solvent interactions in 

varied solvent media. 

Ŷ  SOLVENT-SOLVENT INTERACTION (THEORY OF MIXED SOLVENTS) 

The overwhelming use of mixed and non-aqueous solvents, for example, in solvent 

extraction, in chromatography, in elucidating the reaction mechanism, in preparing high 

density batteries etc., leads to the formulation of a number of molecular theories, based 

either  on the radial distribution function or the choice of appropriate physical model. 

Theories of perturbation type have been extended from their successful applicability in 

pure solvents to mixed solvents.  Devonshire and L. Jones were first to calculate the 

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

by using Free volume  or Cell model . [53]  The above approach was further extended 

to solvent mixtures by Prigogine and Garikian mainly assuming random mixing of 

solvents provided the molecules have similar sizes. [54] Prigogine and Bellemans 

established a two fluid version of the cell model. [55] They observe a large positive 

excess molar volume(VE) for mixtures with molecules having small difference in their 

molecular sizes, but, it was negative for mixtures with molecules of almost same size. 

According to Treszczanowicz et al., several opposing effects contributes toward VE, 

which can arbitrarily be divided into three types, viz., physical, chemical and structural. 

[56] 

Physical contributions provide a positive term to VE. The chemical or specific 

intermolecular interactions contribute negative values to VE thereby resulting in a  

decrease in the volume. The structural contributions may arise from several effects, 
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mainly from interstitial accommodation and changes in the free volume. The relative 

strength of these effects determine the actual volume change. Nevertheless, the general 

assumption is that that when VE is positive  viscosity deviation Ʉ) may be negative and 

vice-versa. However, this not applicable everywhere, as evident from some studies.  

[57,58] In fact, in many systems, no simple correlation was observed between the 

strength of interaction and the observed properties. Thus, Rastogi et al., suggested that 

the observed excess property is indeed a combination of an interaction and non-

interaction part. [59] The non-interaction part in the form of size effect can be 

comparable to the interaction part and may be satisfactory to reverse the trend set by 

the latter.  L. Huggins presented a new approach in his theory of conformal solutions 

[60] based on the principle of corresponding states as suggested by Pitzer. [61] He 

applied a simple perturbation approach to show that the knowledge of intermolecular 

forces and thermodynamic properties of the pure components could provide the 

properties of mixtures. 

Rowlinson et al. have recently reformulated the average rules for Van der Waal s 

mixtures. [62-64]  A much better agreement in their calculated values with the 

experimental values were observed even when one fluid theory was applied. Flory 

provided a more successful approach by making use of certain features of cell theory 

[65-67] and developed a statistical theory to predict the excess properties of binary 

mixtures by applying the equation of state and the properties of pure components 

together with some adjustable parameters. This theory has been applied to mixtures 

containing components with molecules of dissimilar shapes and sizes. Patterson and 

Dilamas, on the other hand, combined both Prigogine and Flory theories to an 

amalgamated one to rationalize various contributions of free volume, internal pressure, 

etc. to the excess thermodynamic properties. [68] 

Heintz and co-workers recently proposed a theoretical model based on a statistical 

mechanical derivation to  account for self-association and cross association in hydrogen 

bonded solvent mixtures. [69-71]  This has been  termed as Extended Real Associated 

Solution model (ERAS). Later on, many researchers successfully applied the ERAS model 

to evaluate the excess thermodynamic properties of alkanol-amine mixtures. [72-74]    

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

recently been defined in the literature. [75] The Symmetrical-ERAS (S-ERAS) model 
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describes excess molar volumes and excess molar enthalpies of binary mixtures 

comprising of very similar compounds defined by exceedingly small mixing functions. 

The S-ERAS Model is however, a simple continuation of the earlier ERAS model, 

developed  to widen its applicability to the thermodynamic properties of systems, which 

the ERAS model could not  describe satisfactorily. [75,76] 

2.4.8. 1H NMR SPECTROSCOPY 

Nuclear magnetic resonance (NMR) spectroscopy is one of the most  essential analytical 

tools for the chemists. The application of NMR spectroscopic studies has made the 

modern chemical researches, especially in organic laboratories to gain a new height of 

excellence. This analytical technique is indeed an integral part of organic chemistry, 

right from the structure elucidation and verification to monitoring of reactions. It is the 

only one of all the spectroscopic methods, which deals with a complete analysis as well 

as illustration of the entire spectrum. In addition to provide structural   informations, it 

can also be used to determine the content and purity of a sample. It is equally significant 

in other areas of chemistry giving rare insight into such aspects as structure of catalysts, 

the state and reactions associated with electrolytes in batteries. Proton NMR (or 1H 

NMR) is the most extensively used NMR technique out of all. The behaviour of a proton 

in a molecule depend on their surrounding chemical environment and this allow 

elucidating  the moleculer  structure. Though, a large amount of sample is needed than 

for mass spectroscopic measurement, NMR is still  non-destructive. Nowadays, modern 

instruments are available delivering a good data from samples weighing even less than 

a milligram. 

NMR spectroscopy is indeed the study of molecules by recording the interaction of 

radiofrequency(Rf) electromagnetic radiations with the nuclei of molecules placed in a 

strong magnetic field. It is the influence of the magnetic field that causes an energy 

transfer from the base to a higher energy level (usually, a single energy gap). The energy 

transfer occurs a wavelength corresponding to the  radio frequencies. The returning of 

the spin to its base level is associated with an emission of energy at the same frequency. 

The signal matching  this transfer can be measured in many ways and processed to 

result the NMR spectrum for the nucleus concerned. 
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Figure II.17. Simplified diagram of a Nuclear Magnetic Resonance spectrometer 

 

Chemical shift. The specific resonant frequency for this energy transition is dependent 

on the effective magnetic field at the nucleus. Again this field is affected by electron 

shielding which is in turn dependent on the chemical environment. Thus the chemical 

environment of a nucleus is quite perceptible from its resonant frequency. It is found 

that if the nucleus is more electronegative, the resonant frequency is also higher. 

Factors like ring currents (anisotropy), bond strain etc. also affect the frequency shift. 

Tetramethylsilane (TMS) is customarily used as the proton reference frequency. The 

applied magnetic field shifts the resonant frequency  of each nucleus. 

 

So, chemical shift can be characterized as the difference between the resonant 

frequency of the spinning protons and the signal of the reference molecule. The 

significant shifting of the interacting protons of  both  the host and guest molecules infers 

diamagnetic  or  paramagnetic shielding  of host  and guest protons. 

2.4.9. 2D ROESY 

2D-ROESY spectroscopy is useful for determining  signals arising  from protons that are 

close to each other in space even if they are not bonded, will show a correlation through 

space via spin-spin relaxation thereby registering an off diagonal cross peak. Hence, it 
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gives crucial information about the spatial vicinity  between  molecules through space. It 

can also detect chemical and conformational exchange. The spectrum contains a 

diagonal and cross peaks. The diagonal cosists of the 1D spectrum. The cross peaks 

signals are due to the  protons that are close in space. 

Thus  the host-guest  interaction can be well visualised utilising 2D ROESY 

spectroscopy. 2D ROESY spectra of the inclusion complexes with  and -CD shows 

significant correlation of aromatic protons of various guest molecules with the H3 and 

H5 protons cyclodextrins. This establishes the encapsulation of guest into the 

cyclodextrin cavities. 

2.4.10. FTIR SPECTROSCOPY 

Fourier-transform infrared spectroscopy (FTIR) is a widely used technique to get 

an infrared absorption or emission spectrum of  of a solid, liquid or a gas. FTIR 

spectrometer can concurrently collect high-spectral-resolution data over a wide 

spectral range. A typical FTIR spectrometer comprises of several key components   a 

light source, usually an infrared radiator, a sample compartment, an interferometer 

such as a Michaelson containing both fixed and moving mirror, and a photonic or 

thermal  detector.  

 

Figure II.18.  The basic configuration of the FTIR spectrometer 
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 The absorption of infrared light occurs  at particular frequencies regarding the 

vibrational bond energies of the functional groups present in the molecule.  This results 

into a characteristic band pattern, which is the vibrational spectrum of the 

molecule.  Based on the position and intensity of these spectral bands, a fingerprint of 

molecular structure is provided, making FTIR spectroscopy a vastly adaptable and 

convenient technique. The more accebility of using FTIR spectroscopy over the 

traditional dispersive infrared approach can be attributed to a number of reasons, for 

example, the entire  FTIR spectrum can be collected within a  fraction of a second and by 

co-adding spectra,  signal to noise can be improved.  

FTIR spectroscopy has wide use and applicability for the analysis of molecules which 

are important in the chemical, pharmaceutical, and polymer industries.  Also it is useful 

in academic laboratories for a better understanding of reaction kinetics, mechanism as 

well as the catalytic cycles. 

In this way, the  solid inclusion complexes  are characterised by FT-IR spectroscopic 

study. Any deviation of the bands in the spectra of solid complex from those of pure 

components can be informative to justify the formation of the inclusion complex. [77-

80]  

2.4.11. UV-VISIBLE SPECTROSCOPY 

UV-Vis spectroscopy is undoubtedly one of the most common analytical techniques used 

in the laboratory. Here, the absorption of ultraviolet or visible light by chemical 

compounds yield distinct spectra. Molecules possessing bonding and non-bonding 

electrons (n-electrons) absorb energy from the ultraviolet or visible region so as to 

excite those electrons to high energy anti-bonding molecular orbitals. The lower is the 

energy gap between the HOMO and LUMO,  more easily the electrons get excited,  longer 

is the wavelength of light it can absorb  The probable transitions are  n   

and n  which can be ordered as    n     n  

UV-Vis spectrophotometers mostly uses a deuterium lamp for the UV range that can 

produce light from 170 375 nm, along with  a tungsten filament lamp for the visible 

range that produce light from 350 2,500 nm. Following Beer's Law, absorbance equals 
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the molar attenuation coefficient times the path length and concentration. The 

compound's ability to absorb light of a particular wavelength is related to the molar 

attenuation coefficient. The distance traveled by light through the sample, is referred to 

as the path length and usually, it is 1cm for standard cuvettes. The concentration of the 

sample can be calculated by using Beer's law for known absorptivity, if the absorptivity 

is known, a calibration curve can be used as well. 

 

Figure II.19. Schematic diagram of a UV-VIS spectrometer 

 

In the field of analytical chemistry, UV-Visible spectroscopy is extensively used for the 

quantitative analysis of a specific analyte.  For example,  the UV-Visible spectroscopy 

has been used for the quantitative analysis of conjugated organic compounds and 

transition metal ions. In some conditions, this type of spectroscopy can also be used to 

examine  solid and gaseous analytes. 

We have fitted UV-Visible spectroscopic data to the Benesi-Hildebrand equation in 

order to calculate the binding constants of various inclusion complexes. Stoichiometries 

of those inclusion complexes were also obtained  from the UV-Visible spectroscopy. 

2.4.12. FLUORESCENCE SPECTROSCOPY 

Fluorescence spectroscopy  or  spectrofluorometry is another kind  of electromagnetic 

spectroscopy to analyze fluorescence from a sample. It is consistently used to study 

structural changes in conjugated systems, aromatic molecules, and planar, rigid 

molecules owing to changes in temperature, ionic strength, pH, solvent or ligands. A 
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single fluorophore is sufficient to generate thousands of detectable photons which can 

be repeatedly excited and detected.  This is what  makes fluorescence spectroscopy to 

be an extremely sensitive technique. 

Fluorescence  occurs when energy is absorbed by a molecule at a wavelength where it 

has a transition dipole moment. As a result, the molecule at the ground state promote 

photons to an excited singlet state. Then, they decay to the lowest vibrational energy 

level of this excited singlet state in accordance with the Jablonski diagram(Figure 20). 

Further, this energy is relaxed back by  emitting photons, to the ground state of the 

molecule. The vibrational energy levels of the ground  state have different energies and, 

therefore, the energies of the emitted photons will have different energies. This will 

result in the  determination  of  the structure of  different vibrational levels. 

 

 

Figure II.20.  Jablonski energy diagram illustrating various transitions between energy states of a 

molecule. 

 

The association constants as obtained from the UV-Visible spectroscopic study, were 

further verified   utilising Fluorescence Spectroscopic measurement. 
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2.4.13. MASS SPECTROMETRY 

Mass spectrometry is an influential analytical tool used to quantify known materials, for 

the identification of anonymous compounds within a sample, and off course, for the 

elucidation of structure and chemical behaviour of different molecules. The thorough 

process includes the transformation of the sample into gaseous ions, with or without 

fragmentation, which can then be characterized by their mass to charge ratios (m/z) 

and relative abundances. 

 

Figure II.21.  Diagrammatic representation of working principle of HRMS 

 

In a mass spectrometric analysis, the gas phase ions of the compound are produced first, 

usually by electron ionization. The molecules thus formed then undergo fragmentation. 

The primary product of ions, resulting from the molecular ion, yet again, undergoes 

fragmentation, and so on. Based on their mass-to-charge ratio, the ions get separated in 

the spectrometer, and are identified in proportion to their abundance.  Consequently, a 

mass spectrum of the molecule is produced displaying the result in the form of a plot of 

ion abundance versus mass-to-charge ratio. Informations relating to the nature and the 

structure of the precursor molecule are obtained from the ions. The molecular ion 

appears at the highest value of m/z (followed by ions with heavier isotopes) in the 

spectrum of a pure compound. This  gives the molecular mass of the compound.  
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2.4.14. SCANNING ELECTRON MICROSCOPY (SEM) 

A focused beam of high energy electrons is used in a  Scanning Electron Microscope 

(SEM)  to produce various signals at the surface of solid specimens. The signals derived 

from the electron-sample interactions provide information about the sample, such as, 

the chemical composition, external morphology(texture), crystalline structure and 

orientation of materials constituting the sample. Generally, data are collected over a 

selected surface area of the sample to generate a 2-dimensional image displaying  

spatial variations in these properties.  Moreover,  a selected point location on the 

sample can also be analysed by the SEM measurement. This is an useful approach for a 

qualitative determination of chemical compositions (using EDS), crystal structure, and 

crystal orientations (using EBSD). 

 

 

Figure II.22. Schematic representation of the basic SEM components 

 

The kinetic energy carried by the accelerated electrons is dissipated as a variety of 

signals formed due to electron-sample interactions when the incident electrons are 

decelerated. These signals consist of back scattered electrons (BSE), secondary 

electrons (that produce SEM images) which are commonly used for imaging samples. 
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Secondary electrons determine   morphology and topography on samples, while, back 

scattered electrons are valuable for elucidating contrasts in composition  in multiphase.  

2.4.15. DENSITY MEASUREMENTS 

The study of physicochemical properties of   liquid  mixtures have enticed considerable  

attention from the points of view of  both theoretical and engineering applications. In all 

material states, whether solid, liquid, or gaseous, density plays an important role. 

Throughout industry, measurement of density has significant relevance to gain insight 

into materials, for example, to determine their purity, composition of components, and 

their concentration. The evaluation of quantitative data on the density of liquid 

mixtures are the basis in many engineering applications.  Density measurements also 

provide valuable information about the nature and molecular interactions between 

liquid mixture components in a liquid mixture.  

The volumetric information includes Density  as a function of weight  volume and mole 

fraction and excess volumes of mixing. Thermodynamic approaches are highly 

recognized for studying the molecular interactions occurring in solutions. The solute-

solvent and solute-solute interactions in the fluids can be conveniently interpreted by 

studying their thermodynamic properties. In this aspect, the volumetric informations 

are of enormous significance.  The change in the molar volume of the solute molecules 

depend  on the nature of the solvent. Thus, calculation of apparent molar volume of a 

solution can be used to evaluate interactions taking place between the components. 

Again, by using partial molar volume data, many processes in solutions, for example, 

electrostriction [81], micellization [82], hydrophobic hydration [83], and co-sphere 

overlap during  solute-solvent interactions [84]  can be interpreted. 

Ŷ  APPARENT  AND  PARTIAL  MOLAR  VOLUMES 

The molar volume of a pure substance can be determined by using density data. 

However, the determination of the volume contributed to a solvent by the addition of 

one mole of an ion is not an easy task to do. This happens because, when  the ions enter 

into the solvent,  the volume of the solution changes owing to a breakup of the solvent 

structure near the ions and the solvent is compressed under the influence of the ion s 

electric field that is electrostriction. The compression of ions and molecules is likely to 
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be significant whenever there are electric fields of the order of 109-1010 V m-1. The 

effective volume of an ion in solution, the partial molar volume, can be determined from 

apparent molar volume ( V ), which is a directly obtainable quantity. By using the 

following equation, the apparent molar volumes ( V ), of the solutes can be obtained  

[85], 

 0

0 0
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M

c
                         (3) 

Where, M is the molar mass of the solute, ɏɍ and ɏ are the densities of the solvent and 

the solution respectively and c is the molarity of the solution. The partial molar 

volumes,  
2v    can be determined from the equation given below [86], 
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The apparent molar volume of electrolyte at infinite dilution and its dependence on the 

concentration have long been made by four major equations, namely, the Masson 

equation[87], the Redlich-Meyer equation[88], the Owen-Brinkley equation [89], and 

the Pitzer equation[90]. According to Masson, the apparent molar volume V changes 

with the square root of the molar concentration, 

0 *
V V VS c        (5) 

Here, 0
V  is the apparent molar volume at infinite dilution and *

VS is the the 

experimental slope.  By using the equation (3), the majority of V  data in water [91] and 

almost all V  data in non-aqueous  solvents have been extrapolated. [9-96] 

The equation given below shows how 0
V  of various investigated electrolytes in various 

solvents depend on temperature, 

0 2
0 1 2   V a a T a T                                 (6) 
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Where, T is the temperature in Kelvin, while, 0a , 1a , 2a  are the coefficients of a particular 

electrolyte.  

 The limiting apparent molar expansibilities( 0
E ) can be determined by the  equation 

given as under, 

 0 0
1 22E V P

T a a T                                      (7) 

The magnitude of limiting apparent molar expansibilities ( 0
E ) change   with the change 

of temperature. It is now well established that *
VS is not the sole criterion for 

determining the structure-making or breaking tendency of any solute. Hepler  

developed a technique to examine the sign of  PE T0  for the solute,  in terms of 

long range structure-making and structure-breaking capacity of the electrolytes in the 

mixed solvent systems.[97]  The following is the general thermodynamic expression 

used for the purpose, 

   0 2 0 2
22E VP P

T T a                                  (8) 

The electrolyte acts as a structure maker if the value of  PE T0  is positive or small 

and, but, when the value of  PE T0  is negative, it is a structure breaker.  Redlich and 

Meyer  have suggested that the equation (5) cannot be more than a limiting law, where, 

for a particular solvent and temperature, the slope Sv* should depend only upon the 

valence type.[88]  They suggested the following equation,    

0
v v v vS c b c                                      (9) 

Where,       
3

2
vS Kw                                    (10) 

The theoretical slope SV, is based on molar concentration and  includes the valence 

factor where , 

20.5
j

i i
i

w Y Z           (11) 

And, 
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             (12) 

 

K  signifies the compressibility of the solvent, the other terms have their usual 

significance. 

The concentration dependence of numerous 1:1 and 2:1 electrolytes in dilute solutions, 

can be adequately shown by the Redlich-Meyer s extrapolation equation. [88] 

Nevertheless, studies on some 2:1, 3:1 and 4:1 electrolytes have shown significant 

deviation from this equation. [88-99] A more complete Owen-Brinkley equation [89], 

which includes the ion-size parameter, a(cm), can therefore be used to aid in the 

extrapolation to infinite dilution and to adequately represent the dependency of V

upon concentration, 

   0 0.5 0.5        V V V V VS a c w a c K c                     (13) 

Where, the symbols have their usual significance. But, this equation has limited use for 

non-aqueous solutions. 

Pogue and Atkinson [100] have recently  used the Pitzer formalism to fit the apparent 

molal volume data. The apparent molar volume for  a single salt M M  M X , the Pitzer 

equation is,  

 
1 1

0 2 22 22 2     
            

V
V V M X V M X MX M X MXV Z Z A bIn I bI RT mB m C      (14) 

Here, all the symbols  having   their  usual significance.  

  

Ŷ  EXCESS MOLAR VOLUMES 

The excess molar volumes, VE can be determined  from the molar masses Mi  and the 

densities of pure liquids and the mixtures by using the following equation [101,102], 

1 1

1
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where i  and    are the density of the  ith  component  and  density  of  the  solution 

mixture  respectively. VE is the resultant of contributions from various opposing effects. 

According to their nature, they may broadly be divided  into three types, namely, 

physical, chemical, and structural. Physical contributions involve non-specific 

interactions between the real species present in the mixture and are contributing a 

positive term to VE. The chemical or specific intermolecular interactions are 

contributing negative VE values so as to result in a volume decrease. While, the 

structural contributions are mostly negative and arises from a number of effects, mainly 

from interstitial accommodation and changes of free volume. [103]  These phenomena 

are the results of difference in interaction energies between molecules being in 

solutions and packing effects.  While forming   the mixture, the disruption of the ordered 

structure of pure component leads to a positive effect on excess volume. Conversely,  

order formation  in  the mixture is associated  with a  negative contribution. 

2.4.16. REFRACTIVE INDEX MEASUREMENTS 

Refractive index measurements provide valuable informations about the structure and 

molecular interactions of the electrolytic solutions. In addition, refractometric study can 

also be helpful in assessing complementary data on practical procedures, for example,  

measurement of concentration or the estimation of other properties. [104] 

For a substance, the Index of Refraction ( Dn ),   is the ratio of the speed of light in  

vacuum to that in some other medium. Thus, it can be expressed as,  

 D

Speed of light in vacuum
Refractive Index n  of substance  

Speed of light in substance


 

When light crosses a boundary from one medium to another, its speed changes with a 

concurrent alteration   in its path of travel and  this causes refraction.   

Suppose, the refractive indexes of the two mediums (say A and B) are An and Bn

respectively. These are related with the light's speed in the two mediums (VA and VB) 

and the angles of incidence ( Asin ) and  refraction ( Bsin ) as given below, 
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A A B

B B A

V sin n

V sin n




                       (16) 

So, it may be concluded that the determination of the index of refractions can be also 

possible without measuring the speed of light in a sample. Rather, knowing the index of 

refraction of the layer in touch  with the sample, refractive index of the sample can be 

determined quite accurately, by measuring the angle of refraction.  

 

The refractive index of mixing  can be correlated by  using a composition dependent 

polynomial equation. The molar refractivity can be obtained from the Lorentz- Lorenz 

relation [105]  by using  nD experimental data according to the  following expression, 
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                      (17) 

Here, M and ɏ stands respectively for  the mean molecular mass and is the density of the 

mixture. The expression for Dn  can be given as,  

0.5[(2 1) / (1 )]  Dn A A                 (18) 

Where,  A is given by: 

2 2 2
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 (19) 

Here, n values represent the refractive indices of pure components, ɏ the mixture 

density, whereas,   1 and 2 are the densities of pure components, and,  wj   denotes  the 

weight fraction. 

Following  expression gives molar refractivity deviation, 

1 1 2 2  R R R R                                       (20) 

Where, R, R1, and R2  stands for molar refractivity of the mixture and the pure 

components respectively, and 1  and 2  are the volume fractions. 
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The deviations of refractive index were determined for the correlation of the binary 

solvent mixtures, 

1 1 2 2  D D D Dn n x n x n                                     (21) 

Where,  nD is the deviation of  refractive index for the binary system, while,  nD, nD1 and 

nD2 are the refractive index of the binary mixture, component 1, and component 2, 

respectively, and,  x is the mole fraction. 

The calculated deviations  of  refractive indices of the binary mixtures are fitted using 

the  Redlich-Kister expression given as under [106], 

0

( )
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P

n w w B w w                             (22) 

Where, Bp are the adjustable parameters obtained by a least squares fitting method, S is 

the number of terms in the polynomial and w is the mass fraction. 

For a salt-solvent solution, the binary systems were fitted to polynomials of the form: 

,
1

 
N

i
Ds sol Dsol i

i

n n Am
                       (23) 

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

index of the solvent, m is the molality of  the solution, N is the number of terms in the 

polynomial  and Ai are the fitting parameters. 

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

polynomial expression [107] was used to represent ternary refractive indices: 

1

 
P

i
D Dw i

i

n n C m                                       (24) 

nD is the refractive index of the ternary solution, P is the number of terms in the 

polynomial, and, Ci  are the parameters. 
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There is no common rule that can be stated so as to compute a refractivity divergence. 

Hence, on account of completeness, both the calculations of refractivity deviation 

function, molar refractivity deviation was fitted to a Redlich and Kister-type expression. 

The adjustable parameters and the relevant standard deviations are measured  in terms 

of volume fractions and mole fractions, respectively. 

So far as the whole discussion is concerned,  it may be argued that the problem of 

molecular interactions is intriguing as but interesting. Thus, utilisation of different 

investigational techniques is  enviable  to expose the scenario. [108-111] 

2.4.17. VISCOSITY MEASUREMENT 

The viscometric   analysis  of an electrolytic solution  truly has multifarious aspects. As 

the ion-ion and ion-solvent interactions are taking place in solution, it is very tedious to 

distinguish the related forces. However, careful analysis enables valuable and valid 

conclusions to be made regarding the structure and the nature of the solvation of a 

particular system. Viscosity is a measure of the frictional forces acting  between the 

adjacent, relatively moving parallel planes in a liquid. An increase or decrease in the 

interactions between such planes is associated with a consequent  increase or lowering 

of the viscosity. Thus, monitoring of viscosities of a solution, is associated with a 

simultaneous dealing with diverse interactions taking place between solute and 

solvents in solution. 

 

Ŷ  Viscosity A- and B- coefficients 

If in a liquid,  a large sphere is placed, the planes will be set together in increasing the 

viscosity. The viscous force also increases with increasing the degree of hydrogen 

bonding between the planes, because hydrogen bonding introduces more frictions 

between the planes. 

Similarly, increase in the average degree of hydrogen bonding between the planes will 

increase the friction between the planes, thereby viscosity. For a structure-promoting 

ion, an ion having a large rigid co-sphere acts as a rigid sphere placed in the liquid 

thereby increasing the inter-planar friction. Similarly, an ion increasing the degree of 
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hydrogen bonding or the degree of correlation among the adjacent solvent molecules 

will increase the viscosity.  

On the contrary, ions destroying correlation would lower  the viscosity. Viscosity was 

measured systematically for the very first time by Grüneisen, in 1905. Viscosities of  

various electrolytic solutions were measured 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 suggested an 

empirical equation quantitatively correlating the relative viscosities of the electrolytes 

with molar concentrations(c), 

1r
o

A c Bc
 


   
   (25) 

The above equation can be rearranged as- 

1r A B c
c

 
                         (26) 

Here, the constants A and B are  related  to ion-ion and ion-solvent interactions. The 

equation has been used extensively as it is equally applicable to aqueous and non-

aqueous solvent systems provided that there is no ionic association. The term B c, also 

known as Grüneisen effect, describes  the coulombic forces between the ions when they 

are at a long distance. The significance of the term had since then been realized due to 

the development Debye-Hückel theory of inter-ionic attractions in 1923. The A -

coefficient depends on the ion-ion interactions, can be calculated from interionic 

attraction theory and is given by the Falkenhagen Vernon equation- 
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                (27) 

Where, the symbols have their usual significance.  

The plots of o - c against c for the electrolytes should give the value of A-  and 

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

and also deviation from linearity occur. Thus, instead of determining A- coefficient from 
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the plots or by the least square method, the A-coefficient are generally calculated using 

Falkenhagen-Vernon equation. 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. 

The viscosity B-coefficient may be either positive or negative, that represents the ion-

solvent interaction parameter. The B-coefficients are obtained as slopes of the straight 

lines using the least square method and intercepts equal to the A values. 

Ŷ  The factors influencing viscosity B - coefficients 

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

range order in solvent molecules  increases  or B - value. 

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

structure breaking effect decreases  values  

(3) Low dielectric constant and high molal volume yields high B-values for similar 

solvents. 

(4) If either ion of a binary electrolyte cannot be specifically solvated, or, the primary 

solution of ions is sterically hindered in high molal volume solvents, then reduced 

B-values are obtained. 

Ŷ  Temperature dependence of viscosity B-coefficient 

Regularity in the behaviour of B and dB/dT in both aqueous and non-aqueous solvents 

led Kaminsky to make some useful generalizations,  (i) within a group of the periodic 

table the B-ion values decrease as the crystal ionic radii increase, (ii) within a group of 

periodic system, the temperature co-efficient of BIon values increase as the ionic radius. 

The results has been summarized as below- 

(i) A and dA /dT >0  

(ii) BIon < 0 and / 0IondB dT  , characteristic of the structure breaking ions. 
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(iii) BIon> 0 and / 0IondB dT  , characteristic of the structure making ions. 

First derivative of viscosity B-coefficient over temperature is an upgradation of 

viscosity B-coefficient in predicting the nature of solute-solvent interaction as structure 

maker or structure breaker. The energy of activation required for the viscous flow of a  

liquid can be determined by measuring dB/dT.  The measurement of dB/dT is indicative 

towards the structure making or breaking capability than sign or magnitude of the B-

coefficient. The negative or small positive value of dB/dT signifies structure-making 

(kosmotropic) whereas the larger positive value identifies it as structure-breaking 

(chaotropic). 

 

2.4.18. CONDUCTIVITY MEASUREMENT 

The ionic content of a solution can be determined by measuring its conductivity (or 

specific conductance). Conductivity is a measure of ability to conduct electricity of an 

electrolytic solution. Conductivity measurement is very significant in different 

industrial and environmental applications because the electrolytic behaviour of the 

solution can be obtained in a fast, inexpensive and reliable way. For example, the 

performance of a water purification system can be monitored in a typical way by 

measuring the product conductivity. 

In supramolecular chemistry, the extent of Host-Guest interaction as well as the 

stoichiometry of the inclusion complexes formed thereby, can be obtained by 

conductimetric study. With regard to this particular thesis, the aqueous solution of 

guest which were all indeed organic molecules, showed considerable conductivity. On 

increasing the concentration of hosts (CDs) gradually, a simultaneous decrease in 

conductivity  of the aqueous guest solutions was observed. This is probably due to 

the molecular encapsulation of conducting species into the hydrophobic cavity of the 

CDs. At a certain concentration, a single break point was observed. After the break 

point, conductivity remained almost unchanged. Single break point in the conductivity 

curve indicates the 1:1 stoichiometries of  the inclusion complexes.  
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2.4.19. IONIC ASSOCIATION 

The dissociation or association of electrolytes in a solution can be assigned from the 

plot of  vs c (limiting Onsager equation). If positive deviation occurs (attributed to 
the short range hard core repulsive forces between the ions), that is, if o exp  is greater 

than o theo ,), the electrolyte can be supposed to be completely dissociated. But, a 

negative deviation (i.e.,  o exp o theo  ) ,or, positive deviation from the Onsager limiting 

tangent ( o  ) signifies the association among electrolytes. Here, the greater 
electrostatic interactions cause association between the cations and anions. 
Furthermore, the difference in o exp  and o theo  would be significant with increasing 

association.[112] 

Conductance measurements also help to determine the values of the ion-pair 
association constant,  KA  for the process, 

z zM A MA                                 (28) 

2 2

(1 )
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                                  (29) 

2 21 AK c                            (30) 

Here   is the mean activity coefficient for the free ions at concentration c  

The Fuoss-Kraus equation [113], or, Shedlovsky s equation [114] can be applied for the 
determination of  KA  and o  for strongly associated electrolytes, 
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where ( ) ( )T z F z  (Fuoss-Kraus method) and 1/T(z)=S(z) Shedlovsky s method  
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                       (32) 

And, 
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A plot of ( ) /T z    against 2 / ( )c T z  is a straight line having intercept 1/ o , and the 

slope 2/A oK  . However, there will be considerable uncertainty in the values of o  and 

AK , determined from equation (31). 

The Fuoss-Hsia [115] conductance equation for electrolytes associated in solution is  
given as, 

3
22

1 2( )ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                        (34) 

 

Justice modified the equation. [116] The conductance of a symmetrical electrolytes in 
dilute solutions can be given  by the equations, 
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The conductance parameters are obtained from a least square treatment after setting, 
2

2

e
R q

kT
 

 
Bjerrum s critical distance  

The Justice method  fixes  the  J-coefficient by setting, R = q to permit a better value of KA 

to be obtained. Since the equation (35) is a series expansion truncated at the 3/2c term, it 

would be preferable that the resulting errors be absorbed as much as possible by J2 

rather than by KA, whose theoretical interest is greater as it contains the information 

concerning short-range cation-anion interaction. It is possible to determine the distance 

of closest approach, , between two free ions  forming  an ion-pair using the 

experimental values of  the association constant KA. Fuoss has proposed the following 

equation, 
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Calculation of   in some cases, becomes tedious when the magnitude of KA  is too small. 

Rather, a more general equation due to Bjerrum is applied for  determining the distance 

parameter , 
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                       (39) 

The equations ignore specific short-range interactions, excepting solvation in which the 

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

successfully utilized by Douheret. [117-119] 

2.4.20. LIMITING EQUIVALENT CONDUCTANCE 

The limiting equivalent conductance of an electrolyte can be easily determined from the 

theoretical equations and experimental observations. At infinite dilutions, as the ions 

are infinitely apart, their motion is influenced merely by the interactions with the 

surrounding solvent molecules  Under these conditions  the validity of Kohlrausch s law 

of independent migration of ions is almost axiomatic. Thus, 

0 o o                                                         (40) 

The llimiting equivalent conductance can be divided into ionic components using 

experimentally determined transport number of  ions,  

0 0ando ot t    
                              (41) 

The separate contributions of solute-solvent interactions  due to cations and anions can 

be obtained from the accurate 0 values. However, determination of accurate 

transference numbers are confined only to few solvents. 

Various attempts have been made for developing  indirect methods to determine the 

limiting ionic equivalent conductance, in ionic solvents but  experimental transference 

numbers needed for that are yet not  available. 

2.4.21. SOLVATION 
In a solution, different types of interactions can exist between the ions. The orientation 

of the solvent molecules towards the ion are presumably because of these interactions. 

Ions in the solution gets solvated and the number of solvent molecules involving in the 
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solvation of a particular ion is called its solvation number. The region of solvation can 

be classified as primary and secondary solvation regions. We are here, concerning with 

the primary solvation region. The primary solvation number is defined as the number of 

solvent molecules which surrender their individual translational freedom and remain 

strongly bound, with the ion, as it moves around, or the number of solvent molecules 

getting aligned in the force field of the ion. 

the effective radius of the solvated ions can be calculated from Stokes  law, provided 

that the limiting conductance of the ion i of charge Zi is known. The volume of the 

solvation shell can be  given by the equation given below, 

 3 34

3S S CV r r
   

 
                    (42) 

Where,  rc is the crystallographic radius of the ion. The solvation number (ns) would 

then be determined as, 

0

S
S

V
n

V
                                        (43) 

Assuming Stoke s relation to hold well, the ionic solvated volume can be determined, the 

considering the packing effects [120], from 

34.35o
S SV r                                (44) 

Where, o
SV is expressed in mol/lit. and Sr  in angstroms. But, this method can t be 

applied to medium sized ions, although, a number of empirical and theoretical 

corrections have been proposed so as to apply it to most of the ions. [121-124] 

2.4.22. SURFACE TENSION MEASUREMENT 

So far as the host-guest chemistry is concerned, the study of surface tension ( ) 

provides strong testimony about the inclusion phenomenon and also the stoichiometry 

of the inclusion complexes formed. Molecues, within a liquid,  attract each other equally 

in every directions.  However, at the surface, as there is no force attracting the 

molecules outwards, they are pulled towards the interior of the liquid. This attractive 
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force in a liquid that pulls surface molecules into the rest of the liquids minimizing the 

surface area is called the Surface tension of that liquid. 

In the structure of the guests , there is a polar group, and a non polar hydrophobic 

moiety. We have used pure water (or aquous ethanol) as solvent for the surface tension 

studies. For, CDs while dissolved in this solvent, a very small change in the surface 

tension values were observed for a wide range of concentration. Therefore, the change 

of the surface tension must be on account of  the varying concentration of the guest  

molecule. Indeed, the values of surface tension of the guest solutions were determined 

with the gradually increasing concentrations of both the CDs at 298.15 K. The -values 

were found to be increasing with increasing the concentration of CDs, most probably 

owing to the insertion of the guest  molecule into the CD cavity producing inclusion 

complexes. The remarkable observation was, at a definite concentration of CD, a sudden 

break point obtained. Moreover, after the break point, the curve remains almost 

flattened. This is an indication of the respective stoichiometry of the inclusion 

complexes formed. The break points around the concentration of 5 mM of the CDs imply 

the 1:1 stoichiometry of different inclusion complexes.  
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EXPERIMENTAL SECTION 
 

 

3.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL 
PROPERTIES, PURIFICATION AND APPLICATIONS OF THE 
CHEMICALS USED IN THE RESEARCH WORK 

3.1.1. SOLVENTS 

The information of the aqueous and non-aqueous solvents used in the research work 

have been  specified below: 

Ŷ  Water 

Water, a substance existing in gaseous, liquid, and solid states, is composed of the 

chemical elements hydrogen and oxygen.  It is one of the most plentiful but essential of 

compounds. It is tasteless and odorless and exists as liquid at room temperature. It has 

the supreme ability to dissolve many other substances.  Indeed, it is the most 

extensively used solvent and is often referred to as the Universal Solvent. [1,2] The 

versatility of water as a solvent is essential to living organisms. Life is, in fact, believed 

to have originated in the aqueous solutions of the oceans, and, for carrying out 

biological processes, living organisms depend on aqueous solutions, such as blood and 

digestive juices.  

 
                                                                        Natural water (H2O) 
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In small quantities water appears colorless, but water actually has an intrinsic blue 

color caused by slight adsorption of light at red wavelengths. The solid state of water is 

ice, while, the gaseous state is steam or water. 

Source: Distilled water, distilled from fractional distillation method carried out in 

Laboratory. 

             

 

                                  Water 

Purification: At first, water was de-

ionised, and then, distilled using an 

entire glass distilling set  along with 

some alkaline KMnO4 solution so as to 

remove any organic constituent therein. The doubly distilled water yet again allowed 

for the final distillation in an all glass distilling set. The triply distilled water thus 

obtained had a specific conductance value less than 1.0 × 10-6 S cm-1. During the whole 

distillation procedure, precautions were taken to detain contamination from CO2 and 

other impurities. 

 

Application: Water is one of the most versatile of all chemicals. Owing to it s  polarity as 

well as the ability to form hydrogen bonds, water makes itself an excellent solvent. 

Water can readily dissolve many different kinds of molecule. Indeed, it is capable of 

dissolving more substances than any other liquid. Thus, water is more commonly used  

as a solvent or reactant in a chemical reaction, than as a solute or catalyst. Oxygen 

saturated supercritical water can combust organic pollutants effectively. Water is the 

most important component of life, both plants and animals are set up in water.  Almost 

Moleculer  Formula H2O 

Molar mass 18.015 g/mol 

Appearance Colorless  Liquid 

Melting Point 273.15K 

Boiling point 373.13K 

Density 0.9970474 g/mL at 

25°C 

Viscosity 0.891cP 

Refractive Index 1.3330 at 20°C  

Dipole moment 1.8546D 
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all organic matter contains 70 to 90 percent of water. Most of the chemical reactions 

important to life take place in a watery environment inside of cells. Water not only 

provides the medium to carry out these life-sustaining reactions plausible, but often it is 

an essential reactant or product in these reactions. In short, Biochemistry i.e., the 

Chemistry of life  is nothing but the chemistry of water   in living bodies. [3,4]  

Ŷ  Acetonitrile 

Acetonitrile appears as a transparent  liquid with an aromatic odor. It is the simplest 

organic nitrile and is  prepared mainly as a byproduct of acrylonitrile manufacture. 

 

 

                             Acetonitrile 

 

Source: Thomas Baker, India. 

 

Purification: It is shaken with silica gel, refluxed with CaH2 and finally, distilled over 

P2O5. [5] 

 

Application: Acetonitrile is a widely used, polar aprotic organic solvent. It is widely 

used in battery applications owing to its relatively high dielectric constant and ability to 

dissolve electrolytes. The low viscosity and low chemical reactivity make acetonitrile  an 

automatic  choice  for  liquid chromatography. In the manufacture of DNA 

oligonucleotides from monomers, acetonitrile plays an important role as the dominant 

solvent. Acetonitrile is used to make other chemicals, pharmaceuticals, photographic 

films, fibres, plastics, perfumes, rubber products, acrylic nail removers, and in dyeing 

Moleculer  Formula CH3CN 

Moleculer Weight 41.05g/mol 

Appearence Liquid 

Melting Point 607.5K 

Boiling point 628.3K 

D.C. 37.5 at 294.26K 
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fabrics. It is used to make synthetic medicines such as insulin, antibiotics and vitamins 

and also to extract fatty acids from animal and vegetable oils. 

Ŷ   Ethyl Alcohol 

Ethanol, also known as ethyl alcohol, grain alcohol, or sometimes as  drinking alcohol, is 

a volatile, inflammable, colorless  liquid with a slight typical odor. Ethanol produced 

either by fermentation of sugars by yeasts or by hydration of ethylene, is obtained as a 

dilute aqueous solution and must be concentrated  by fractional distillation. 
 

Source: Merck, India. 
 

Purification: It was passed through Linde Å molecular sieves and then distilled. [5]  

 

                                      Ethyl Alcohol 

 

 

Application: Ethanol is an important industrial chemical. Because it can readily 

dissolve in water and other organic compounds, it is used as a solvent, in the synthesis 

of other organic chemicals. Ethanol is widely used as a solvent in the manufacturing of 

varnishes and perfumes. Ethanol is also the intoxicating ingredient of many alcoholic 

beverages such as beer, wine or brandy and distilled spirits. It has wide applicability as 

a preservative for biological specimens; in the formulations of essences and flavorings; 

in numerous medicines and drugs; as a disinfectant and in tinctures; and as a fuel and 

gasoline additives. 

 

Molecular Formula C2H6O 

Molecular Weight  46.07g mol-1 

Appearance  Colourless 

Liquid 

Melting point  -114°C 

Boiling Point  78.24°C 

Density (300C)   0.8029g cm3 

Viscosity   mP s              

(303.15K) 

Refractive Index  1.361(298.15K) 

Dielectric Constant   24.3 (298.15K) 
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Ŷ  Methyl Alcohol 
 

Methanol (or methyl alcohol) is the simplest primary alcohol which appears as a fairly 

volatile colorless liquid with a faintly sweet pungent odor similar to that of ethyl 

alcohol. It is a light, flammable  liquid.  Although, methanol is produced in small 

amounts throughout many fermentation processes, the modern method of preparing 

methanol is based on the direct combination carbon monoxide gas and hydrogen in the 

presence of a catalyst. 

 

  

 
                              Methyl Alcohol 

Source: Sigma Aldrich, Germany 

 

Purification: It was dried by passing molecular sieve and then distilled by utilizing 

appropriate technique. [6] 

 

Application: Methanol has versatile use for industrial purposes. It is a critical 

component of hundreds of chemicals like acetic acid, formaldehyde and olefins. About 

40% of the worldwide production of methanol is used for the production of 

formaldehyde which is used for the production of plastics, plywoods, paints, explosives, 

permanent press textiles etc. In order to restrict the recreational consumption of 

ethanol, methanol is often added to it as a denaturant. Methanol has significant uses as a 

solvent, and as an anti-freeze in pipelines and windshield washer fluid. It is also used in 

Molecular Formula  CH4O 

Molecular Weight  32.04 g/mol 

Appearance   Colourless 

Liquid 

Melting point  175 K 

Boiling Point  337-378K 

Density (250C)  0.791g cm3 

Viscosity   0.544 at 250C 

Refractive Index  1.329 (200C) 

Dielectric Constant   32.70 at 293.15K 
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sewage treatment plants since it serves as a carbon based food source for denitrifying 

bacteria. Methanol has accredited uses as a fuel in many internal combustion engines. 

 
 

Ŷ  Dimethyl Sulphoxide 

The organsulfur compound, Dimethyl Sulfoxide (DMSO) is an organosulfur compound . 

It is essentially odorless, and has a relatively high boiling point with a low level of 

toxicity. DMSO is a colorless liquid and is highly miscible in water as well as in a wide 

range of organic solvents. Dimethyl sulfoxide is widely used as a chemical solvent as this 

polar aprotic solvent has the ability to dissolve both polar and non-polar compounds. 

 

  
                  Dimethyl Sulphoxide 

 

Source:  Sigma Aldrich, Germany. 

Purification: Used as purchased and the  

purity was 99.0%. 

 

Application: DMSO is a potent solvent because of its highly polar nature. DMSO have 

been frequently used as a  solvent  in many chemical reactions involving salts, for 

example, Finkelstein reactions and various  other  nucleophilic substitution reactions. 

DMSO finds its use as an extractant in biochemistry and cell biology. The ability to 

penetrate biological membranes affiliate dimethyl sulphoxide to be used as a vehicle for 

topical application of pharmaceuticals. [7] DMSO is used as a rinsing agent in the 

electronic industry and, in its deuterated form (DMSO-d6), is a useful solvent in NMR 

CAS Number 67-68-5 

Chemical Formula C2H6OS 

Molar mass 78.13g/mol 

Appearance Colorless liquid 

Melting Point 19°C 

Boiling point 189°C 

pKa 35 

Density 1.1004g/cm3 

Refractive Index 1.479 

Viscosity 1.996cP at 20°C 

Solubility in water Miscible 
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due to its ability to dissolve a wide range of chemical compounds and its minimal 

interference with the sample signals. 

Ŷ Methyl amine 

Methylamine is the simplest primary amine and appears as a colorless gas or a liquid. 

When liquid, it boils at a very low temperature, hence, vaporizes rapidly when 

unconfined. It has a pungent fishy odor resembling to the odor of ammonia. 

While, the gas is extremely flammable, and may even explode if heated. Usually, 

methylamine is sold as anhydrous gas or as a solution in water, methanol, ethanol, or 

THF. 

  
             Methyl amine 

Source:  Sigma Aldrich, Germany. 

Purification: Used as purchased and 

the purity was  99.0%. 

 

 

Application: Methylamine, aqueous solution appears as a colorless to yellow aqueous 

solution of a gas. The solvent properties of liquid methylamine is analogous to those of 

liquid ammonia. Methylamine is used as a catalyst or raw material in manufacturing 

many chemicals having catalytic activity, and as a building block in the production of 

several surfactants. It is an intermediate for production of many agricultural chemicals, 

such as herbicides, biocides, insecticides, etc.  Methylamine also used as a component in 

manufacture of pharmaceuticals, such as ephedrine, theophylline etc. 

CAS Number 74-89-5 

Chemical Formula CH5N 

Molar mass 31.06g/mol 

Concentrtion 40 wt. % in H2O 

Appearance Colorless to yellow liquid 

Melting Point -93.4 

Boiling point 48°C  

Density 0.897g/cm3  at 20°C 

Refractive Index 1.37 
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Ŷ  1-Propanol 

1-Propanol also known as n-propanol is a primary alcohol. This colorless, transparent 

liquid has a typical sharp musty odor comparable to the smell of rubbing alcohol. 1-

propanol is made by oxidation of aliphatic hydrocarbons. It is also formed naturally in 

small amounts during many fermentation processes. 

  

 
                   1-Propanol 

 

Source:  Sigma Aldrich, Germany. 

Purification: Used as purchased and the purity was 99.0%. 

 

Application: 1-Propanol is used as a solvent and chemical intermediate, to prepare 

acetone and many other chemical products. The major use of 1-propanol is as a 

multipurpose solvent in industry and in the home. It is used in flexographic printing ink 

and textile applications, lacquer formulations, dye solutions, products for personal use, 

such as cosmetics and lotions, and in window cleaning, polishing and antiseptic 

formulations.  In the pharmaceutical industry, 1-Propanol  is widely used as a solvent. 

 

Ŷ 1-Butanol 

1-butanol, also known as n-butanol, is a colorless liquid with a banana like mildly 

alcoholic odor. It is a primary alcohol. n-Butanol is produced naturally as a minor 

product during the fermentation of sugars and other carbohydrates. It is present in 

many foods and beverages. 

CAS Number 71-23-8 

Chemical Formula C3H8O 

Molar mass 60.10g/mol 

Appearance Colorless  liquid 

Melting Point -127°C 

Boiling point 96.5-98°C  

Density 0.80g/cm3  at 20°C 

Viscosity 2.256cP at 20°C 

Refractive Index 1.3862  at 20°C 
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                            1-Butanol 

 

Source:  Sigma Aldrich, Germany. 

Purification: Used as purchased and the purity was 99.8%. 

 

Application: It is primarily used as a solvent and as an intermediate in chemical 

synthesis. n-Butanol has been proposed to be used as a substitute for fuels like diesel  

and gasoline. It has a role as a human metabolite and a mouse metabolite. 1-butanol is 

used in the production of varnishes and a wide range of consumer products. 

 

3.1.2 HOST MOLECULES 

Ŷ - and -Cyclodextrin  

Cyclodextrins(CDs) are doughnut-shaped cyclic oligosaccharides consist  of 

glucopyranose units connected by -(1,4) linkages. [8] There are some types of 

cyclodextrins, commons amongst are having six and seven D-glucopyranose units and 

are known as -  and -CDs, respectively. The conical structure of CD consists of  

hydrophobic  interior and  hydrophilic rim having primary and secondary OH groups. 

It is the structural arrangement of cyclodextrins that play the key role in making them 

to have wide applications in various field. Both the CDs are white, amorphous solid. 

 

CAS Number 71-36-3 

Chemical Formula C4H10O 

Molar mass 74.12g/mol 

Appearance Colorless  liquid 

Melting Point -90°C 

Boiling point 116-118°C  

Density 0.81 g/cm3  at 25°C 

Viscosity  2.544 /2.573cP at 15°C 

Refractive Index 1.399  at 20°C 
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-Cyclodextrin                                        -Cyclodextrin 
 

            

Source:  Sigma Aldrich, Germany. 

Purification: Used as parched. The purity is 99.98%. 

Application: Due to the presence of cavity of hydrophobic nature, CDs show a 

phenomenal property of accommodating organic molecules into its cavity to form 

inclusion complexes. [9] While  the cavity diameter of -CD is A  that for -CD is 

A   The encapsulation occurs without any chemical modification of the guest. 

Sometimes it may also lead to increase the solubility of guest. The controlled release of 

CD has useful application in many industrial purposes e.g., in food, medicine, cosmetic, 

paint industry and elimination of various toxic materials, pollutants, waste products 

without a chemical change. [10]  Cyclodextrins have been applied for delivery of a 

variety of drugs because they confer solubility and stability to these drugs. They can  

reduce  toxicity and side effects of medicine and cover the strange and ugly smell. The 
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molecular encapsulation of  food ingredients with cyclodextrins improve the stability of 

flavors, vitamins, colorants, unsaturated fats, and other lipophilic molecules. 

Cyclodextrins have been extensively used in modifying cosmetics, by improving 

stability, solubility and good smell. Facile encapsulation with many biologically active 

molecules like vitamins, hormones, drug molecules and various compounds, have been 

used frequently in tissue and cell-culture applications. This capability has also been in 

favour of their diverse applications in medicine, food technology, chemical industries in 

addition to agricultural and environmental engineering to protect sensitive molecules in 

an adverse circumstance. 

 

3.1.3 IONIC LIQUIDS AND SALTS 

Ŷ Tetrabutylphosphonium Methanesulfonate 

Tetrabutylphosphonium Methanesulfonate is an ionic liquid at ambient temperature. It 

is more stable than the corresponding ammonium salt. 

  

 

 

 

 

 

 

Tetrabutylphosphonium Methanesulfonate 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased without further purification. The chemical had a purity 

level which is % 

 

Application: Phosphonium based ionic liquids have great thermal stability. 

Tetrabutylphosphonium Methanesulfonate has been used as conducting material. 

CAS Number 98342-59-7 

Chemical 

Formula 

C17H39O3PS 

Molar mass 354.53g/mol 

Appearance White crystalline 

solid  

Melting Point 59-62°C 

Solubility  Soluble in water 



73 

Ŷ 1-Ethyl-3-methylimidazolium chloride-aluminum chloride 

Ionic liquid composed of 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) and AlCl3 is 

a classical chloroaluminate based electrolyte having many desired properties such as 

non-flammability, non-volatility, low viscosity, high conductivity, and high thermal 

stability and chemical inertness.  

 
 

1-Ethyl-3-methylimidazolium chloride 

-Aluminum chloride 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased without further purification. The chemical had a purity 

level which is % 

  

Application: 

1-Ethyl-3-methylimidazolium chloride-Aluminum chloride can be used as a medium for 

the acylative cleavage of ethers, preparation of poly (p-phenylene) films via 

electropolymerization of benzene. It has found applicability in Al-ion batteries 

technology in recent times. 

 

Ŷ Lithium Iodide                                  

Lithium iodide (LiI), is a compound of lithium and iodine. On exposing to air, it becomes 

yellow in color, owing to the oxidation of iodide to iodine. It crystallizes in the NaCl 

motif. 

 

CAS Number 5039-09-0 

Chemical 

Formula 

C12H22Al3Cl11N4 

Molar mass 693.26g/mol 

Appearance Liquid 

Solubility  Soluble in water 
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             Lithium Iodide                                  

Source: Sigma Aldrich, Germany 

Purification: Used as purchased without 

further purification. The purity of the 

chemical is % 
 

Application: Lithium iodide is used as an electrolyte in high temperature batteries. It is 

significantly used for long-life batteries as per requirement, for example, in artificial 

pacemakers. The solid is very useful as a phosphor for neutron detection. It is also used, 

in a complex with iodine, in the electrolyte of dye-sensitized solar cells.  LiI is very 

useful  for  cleaving C-O bonds in organic synthesis . 

Ŷ Lithium Nitrate 

Lithium nitrate (LiNO3) is the lithium salt of nitric acid. It appears as a white to light 

yellow colored crystalline solid. The salt absorbs water to form the hydrated form, 

lithium nitrate trihydrate. 

  
                           Lithium Nitrate 

Source:  Sigma Aldrich, Germany. 

Purification: Used as parched. The purity is 99.99%. 

 

CAS Number 10377-51-2 

Chemical 

Formula 

LiI 

Molar mass 133.85g/mol 

Appearance White crystalline 

solid  

Melting Point 446°C 

Solubility  Soluble in water 

CAS Number 7790-69-4 

Chemical 

Formula 

LiNO3 

Molar mass 68.95g/mol 

Appearance White crystalline solid  

Melting Point 264°C 

Solubility  Soluble in water 
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Application: The deliquescent, colourless salt is an oxidising agent, used for the 

production of red-colored fireworks and flares. The trihydrate form, can be used for 

thermal energy storage at its melt temperature of 303.3K. LiNO3  has been used as an 

additive to the electrolytic solution of bis(trifluoromethane)sulfonimide in Lithium-

Sulfur batteries for increasing the coulombic efficiency. It can be used in the sol-gel 

synthesis of spinel lthium titanate (Li4Ti5O12). 

Ŷ Lithium Acetate 

Lithium acetate is a white, crystalline salt of lithium and acetic acid. It is moderately 
soluble in water. 

 

 

              Lithium Acetate 

 

Source:  Sigma Aldrich, Germany. 

Purification: Used  as parched. The purity is 99.95%. 

 

Application: Lithium acetate is used to permeabilize the cellular wall of yeast for use in 

DNA transformation. In the laboratory, it is used as buffer for gel electrophoresis of DNA 

and RNA. It is believed that the beneficial effect of the salt is caused by its chaotropic 

effect, denaturing DNA, RNA and proteins. 

 

 

CAS Number 546-89-4 

Chemical 

Formula 

C2H3LiO2 

Molar mass 65.99g/mol 

Appearance White crystalline 

solid  

Melting Point 283-285°C 

Solubility  Soluble in water 
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3.1.4 BIOLOGICALLY ACTIVE MOLECULES/GUESTS: 

Ŷ 1-Hydrazinophthalazine Hydrochloride 

The phthalazine derivative,  Hydralazine Hydrochloride, is a hydrochloride salt of 

hydralazine, known to have antihypertensive and potential antineoplastic activities. 

 

1-hydrazinophthalazine Hydrochloride 

Source:  Sigma Aldrich, Germany. 

Purification: Used as parched. The purity is 99.0%. 

 

Application: Hydralazine is a drug of vasodilator family of medications. It is believed 

that the drug works by dilating the blood vessels. Hydralazine, sold under the name 

Apresoline among others, is a medication used to treat high blood pressure and heart 

failure including high blood pressure in pregnancy and a very high blood pressure 

causing in symptoms.  

 

Ŷ N, N-Dimethyl-p- phenylenediamine dihydrochloride 

N,N-Dimethyl-p-phenylenediamine or more simply, Dimethyl-4-phenylenediamine is a 

substituted aniline and a diamine.  It is a colorless to reddish-violet solid. It is made by 

nitrosylation of dimethylaniline followed by reduction. 

CAS Number 304-20-1 

Chemical 

Formula 

C8H8N4. HCl 

Molar mass 196.64g/mol 

Appearance White powder to 

crystal 

Melting Point 273°C 

Solubility  Soluble in water 
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   N,N-dimethyl-p-phenylenediamine   

   dihydrochloride 

Source:  Sigma Aldrich, Germany. 

Purification: Used as parched. The purity is >97%. 

 

Application:  N, N-Dimethyl-p-phenylenediamine is an aromatic amine mainly used as 

an intermediate to produce dyes and diazonium chloride salts. It is used in the 

production of methylene blue and photographic developer.  It has been used as an 

accelerator for the vulcanisation of rubber and as an analytical reagent to detect 

chloramine in water. It can also be used for oxidase test. Its oxidation reaction with 

H2O2 in the presence of Fe(III) catalyst  is  used to detect  trace quantities of iron(III) 

spectrophotometrically. 

 

Ŷ 4-Chloro-1-Napthol 

4-Chloro-1-napthol is a needle shaped crystalline compound that may appear as off-

white to gray to light brown. 

 

 

 

CAS Number  99-98-9                                                                                                                            

Chemical 

Formula 

C8H12N2 

Molar mass 136.19g/mol 

Appearance Colorless to 

reddish-violet solid  

Melting Point 34-36°C 

Solubility  Soluble in water 
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               4-chloro-1-napthol 

Source:  Sigma Aldrich, Germany. 

Purification: Used as parched. The purity is 98.0% 

 

Application: 4-chloro-1-napthol is primarily used for the detection of proteins. A 

characteristic purple precipitate is obtained and the reactions can also be controlled 

easily. The chromgenic peroxidase substrate results in a precipitate that is blue to 

bluish purple in color and hence, can be observed visually. It can be used for western 

blotting and immunohistochemical staining. It was used in immunoblotting analysis 

during purification of native specific proteins of Taenia Grassiceps  cysticerci  antigens 

obtained by immunoaffinity chromatography. It may be used in Scanning 

Electrochemical Microscopy (SEM), for imaging of DNA hybridization on microscopic 

polypyrrole patterns.  It can also be used as a substitute for benzidine compounds, 

which are considered to be carcinogenic. 

  

3.2. EXPERIMENTAL METHODS 

3.2.1. Preparation of solutions 

The stock solutions for each salt were equipped (digital electronic analytical balance, 

Mettler Toledo, AG 285, Switzerland) by mass, from where the functioning solutions 

CAS Number 604-44-4 

Chemical 

Formula 

C10H7Cl 

Molar mass 178.61g/mol 

Appearance White crystalline 

solid  

Melting Point 118-121°C 

Solubility  Soluble in ethanol, 

acetone etc. 
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were simply obtained by mass dilution. The doubt of molarity of dissimilar salt 

solutions was assessed to be ± 0.0003 mol·dm-3. 

To start with, solvent mixtures were prepared from pure components which were taken 

separately in glass stoppered bottles and thermostated for sufficient time at the 

required temperature. After the thermal equilibrium was insured, the utile volumes of 

each component were transferred in a different bottle which was already cleaned and 

dried methodically. Transformation of requisite mass of the relevant solvents to volume 

was skilled utilising experimental densities of the solvents at experimental temperature. 

Then the mixed contents were shaken well before experiments. While preparing diverse 

solvent mixtures care was taken to assure that similar course was adopted right 

through the whole work. The physical properties of varied pure and mixed solvents 

have been included in the relevant chapters. 

 

3.2.2. Preparation of multi component liquid mixtures 

The double and polycomponent liquid mixtures can be equipped by any one of the 

procedure given  below: 

(i) Mole fraction 

(ii) Mass fraction 

(iii) Volume fraction 

(i) Mole fraction: The mole fraction (xi) of the polycomponent liquid mixtures can 

be equipped using the following relation: 

i i
i n

i i
i

( w / M )
x

( w / M )





1

 

Where, wi, and Mi are respectively the mass and molecular mass of ith component. The 

values of i depend on the number of components engaged in the development of a 

mixture. 
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(ii) Mass fraction: The mole fraction (wi) of the polycomponent liquid mixtures can 

be equipped using the following relation: 

i i
i n

i i
i

( x / M )
w

( x M )





1  

(iii) Volume fraction: The volume fraction (ߖi) of the poly component liquid mixtures 

can be equipped by employing three methods as given below: 

a. Using volume: By using the following relation, the volume fraction (ߖi) of the 

polycomponent liquid mixtures can be obtained  

i
i n

i
i

V

V







1

 

Where, Vi, stands for the volume of pure liquidi. 

b. Using molar volume: The volume fraction (ߖil) of the polycomponent liquid mixtures 

can be equipped by following relation 

l i mi
i n

i mi
i

xV

( xV )







1

 

Where, Vmi  signifies the molar volume of pure liquidi. 

c. Using excess volume: The volume fraction (ߖiex) of the polycomponent liquid 

mixtures can be equipped by following relation 

ex i i
i n

E
i i

i

xV

( xV ) V







1

 

Here, VE refers to the volume of the liquid mixture. 

 3.2.3. Preparation of  Inclusion Complexes 

First of all, 20mL 1.0(mM) solutions of Hosts - and -CD) were prepared separately 

with triply distilled, deionized and degassed water.  The solutions were then allowed to 
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stir for several hours on a magnetic stirrer. After that, 20mL 1.0(mM) solutions of guest 

molecules were added drop wise to the previously prepared solution of CD to make the 

ultimate equimolar mixture and were continued to stir for 2-3 days at 55-60°C. The 

suspensions obtained after cooling the mixture to 5°C, were filtered to get the white 

crystalline powder which were then dried in air and kept in a vacuum desiccator. 

 

3.3. DETAILS OF THE INSTRUMENTS INVOLVED IN THE 

RESEARCH WORK 

3.3.1. Measurement of mass 

Various mass measurements were performed by using digital electronic analytical 

balance Mettler Toledo, AG 285, Switzerland.  

 

 

 

It is efficient to determine mass with a high degree of  precision  and accuracy. The 

weighing  pot is of exalted accuracy and precision (10-4g) is kept inside a glass enclosed 

space. The sliding  doors  protect  from dusts  and air currents. 

 

 

Analytical balance Mettler Toledo, AG 285, Switzerland
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3.3.2. Water distiller 

Water distiller, is a water treatment procedure used to produce contaminant free water. 

Water is converted into vapour before condensing it and returning it to the liquid state. 

Since water has a lower boiling point, during the evaporation process, impurities like 

bacteria, heavy metals, arsenic because are unable to turn into steam, and, hence, are 

eliminated. As the water transitions from a liquid to a gaseous state, these contaminants 

are left behind in the boiling chamber. Then the distiller cools the evaporated water, 

returning it to its liquid state in the form of mineral-free highly pure water. Distillation 

of water was made by using glass distillation unit, Bionics Scientific Technologies(P). 

Ltd. 

 

 

 Water distiller 

 

To start the process, water is first poured into the boiling chamber. A heating  element 

in the boiling chamber raise the temperature of water to a rolling boil. With rising the 

temperature of water, steam is produced. The upper part of the boiling chamber is 

vented, the rising steam is then allowed to travel through the vent into a condenser, 

leaving behind everything from fluoride to bacteria. 
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3.3.3. Thermostat  

A Brookfield TC-550 thermostatic water bath was employed to control the temperature 

of experimental solutions. The temperature was maintained with an accuracy of  0.01 

K of the desired temperature. 

 

 
Brookfield TC-550 thermostatic water bath 

Laboratory water baths have a digital or an analogue interface to allow users to set a 

desired temperature with greater uniformity, durability, heat retention and recovery. 

The vessel containing the material to be heated is placed into the one containing water 

that heats it. Their application includes reagents warming, substrates melting or cell 

cultures incubation, moreover, to enable certain chemical reactions to occur at high 

temperature.  A water bath is always  preferred for heating flammable chemicals 

instead of an open flame to avoid ignition. 

 

3.3.4. Magnetic stirrer 

A magnetic mixer or magnetic stirrer is a laboratory instrument.  A rotating magnetic 

field is applied to cause a stir bar (or flea) dipped in a liquid to spin very rapidly, thus 

stirring it.  
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Magnetic stirrer by IKA 

Magnetic stirrer cum hot plate made by IKA was employed to prepare different 

solutions as well as inclusion complexes. 

 

3.3.5. Density Measurement 
 

Densities of various solutions were measured by using an Anton Paar DMA 4500M 

digital density-meter. It is  based on the oscillating U-tube principle and fluid densities 

can be measured over a wide range of temperature and pressure with a precision of 

±0.0005g cm-3. The calibration of the instrument was done by using doubly distilled 

water and dry air. 

 

Anton Paar DMA 4500M digital density-meter 

The heart of this digital density meter is the measuring sensor (oscillator), usually a U-

shaped tube made from borosilicate glass. The tube containing the sample is 

electronically excited to oscillate at its characteristic frequency, which depends on the 
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density of the filled sample.  Determination of true density of the sample is possible 

through a precise measurement of the characteristic frequency. 

Either a system of magnets and coils or Piezo elements is usually  used for the electronic 

excitation of  the sensor. 

 

3.3.6. Viscosity Measurement 
  

Viscositiy(Ʉ) measurements were done utilising a Brookfield DV-III Ultra Programmable 

Rheometer  with fitted spindle size-42. The viscosities were evaluated on the basis of  

the following equation, 

Ʉ = (100 / RPM) × TK × SMC× torque 

 

Brookfield DV-III Ultra Programmable Rheometer 

 

Where, RPM, SMC (0.327) and TK (0.09373) stands respectively for the speed, spindle 

multiplier constant and viscometer torque constant. A spindle dipped in the test fluid is 

allowed to drive through a calibrated spring. A rotary transducer is used to measure the 

spring deflection, which in turn, measures the viscous drag of the fluid against the 

spindle. The instrument is calibrated with standard viscosity samples, water and  

aqueous  CaCl2  solutions. 
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3.3.7. Refractive Index Measurement 

The Mettler Toledo 30GS  Digital Refractometer can meticulously determine the 

refractive index of liquids, providing temperature-compensated results. To get the 

results, either place the instrument  on a flat surface and add a drop of sample onto the 

measurement cell or immerse the cell directly into the sample. As soon as the 

measurement key is pressed, the result is displayed in the desired units on the backlit 

LCD.  

 
Digital Refractometer (Mettler Toledo 30GS) 

 

The accuracy of the instrument is ± 0.0005. Calibration of the device is performed by 

measuring the refractive indices of double-distilled water, cyclohexane,  toluene, and 

carbon tetrachloride at destined temperature. 

 

3.3.8. Conductivity Measurement 

The specific conductivity values were obtained by using a METTLER-TOLEDO Seven Multi 

conductivity meter with an uncertainty of  S m 1. 
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Conductivity meter by METTLER-TOLEDO 

The measurement is very simple and fast. The conductivity of a solution is highly 

temperature dependent, so it is important to calibrate the instrument at the same 

temperature as the solution being measured. HPLC-grade water with a specific 

conductance value of  S m 1 is used for the conductivity measurement.  A freshly 

prepared aqueous 0.01(M) KCl solution was used to calibrate  the Systronics Type CD  

30 conductivity cell. 

 

3.3.9. Surface Tension Measurement 

Surface tension of various solutions were measured by using K9 digital S  

russ mb  amburg  ermany  with the accuracy of ±0.1 mN m 1 

 
Digital Tensiometer ss K9 (Germany) 
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The tensiometer uses  platinum ring detachment technique u ouy ring method). The 

process utilises slowly lifting a ring, made of platinum, from the surface of a liquid. The 

force required to raise the ring from the liquid s surface is measured and related to the 

liquid s surface tension  Measurements of surface tension necessitate a clean and dust-

free atmosphere, otherwise, atmospheric pollutants could directly misstate the results. 

 

3.3.10. FT-IR Spectra Measurement 

FTIR data were obtained by making use of a Perkin-Elmer FTIR spectrometer in the 

scanning range of  cm .  

 

Perkin-Elmer FTIR spectrometer 

The KBr disk method was utilized for the measurement of spectra. Disk methods utilize 

the disk s property of becoming clear to infrared light when pressure is applied  due to 

the plasticity of its alkali halides. KBr disks were prepared in 1:100 ratios of sample to 

KBr. 

 

3.3.11. UV-Visible Spectra Measurement 

UV-Vis spetrophotometer is used to study uitraviolet-visible spectroscopy. The intensity 

of light is measured after passing it through a sample, this intensity is then compared 

with the intensity of light before it passes through the sample. Molecules containing 

bonding and non-bonding electrons can absorb energy in the form of ultra-violet or 
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visible light to excite these electrons to higher anti-bonding molecular orbitals. The UV-

visible spectra were recorded using JASCO V-530 and Agilent 8453 UV-Visible 

Spectrophotometer with a wavelength accuracy of ±0.5nm. Temperature was controlled 

using a digital thermostat during the experiment. 

 

 

The UV-VIS spectrophotometer 

                                         

The fundamental parts of such a spectrophotometer consists of a light source, a holder 

for the sample, a prism or a diffraction grating in a monochromator  for separating  

different wave lengths of light, and a detector. A tungsten lamp is used as the radiation 

source for the visible light, while, it is a deuterium arc lamp for the ultraviolet region. 

JASCO V-530 is a double beam spectrophotometer and the light splits into two beams 

before it reaches the sample. One beam passes through the sample, while, the other is 

used as the reference. In a single-beam instrument like Agilent 8453, the cuvette 

containing only a solvent has to be measured first. 

 

3.3.12. High Resolution Mass Spectrometric Measurement 

Combined with fragmentation of the chemicals and accurate mass measurement of the 

pieces, High Resolution Mass Spectroscopy (HRMS) is invaluable to prove the identity of 

a chemical. HRMS spectra of the solid ICs was mesured by using Quadrupole time-of-

flight (Q-TOF) high-resolution instrument with positive-mode electrospray ionization. 

Methanol solution of the solid ICs were employed  for such spectral measurement. 
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High Resolution Mass Spectrometer 

The ion source causes the ionisation of the material under analysis. The transportation 

of the ions to the mass analyzer is associated with a high voltage maintained by 

magnetic or electric fields. Different mass spectrometric techniques can be used 

depending on the type of samples under study. Chemical ionization and electron 

ionization  are used for vapours and gases. 

 

3.3.13. Scanning Electron Microscopy (SEM) 

A scanning electron microscope (SEM) is used to scan a focused electron beam over a 

surface by creating an image. Various signals formed by the interaction of electrons in 

the beam with the sample can be used to get information about the surface topography 

and composition. JEOL JSM IT 100 was used for the determination of surface 

topography of the samples at different resolutions. 

 

JEOL JSM IT 100 
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For standard imaging within the SEM, specimens should be electrically conductive, at 

least at the surface, and electrically grounded  to restrict building up of electrostatic 

charge. If the material is non-conducting, then it is coated with an ultrathin coating of an 

electrically conducting material, which is finally deposited on the sample either by low-

vacuum sputter coating or through  the high-vacuum evaporation. Conductive  materials 

in current used for the specimen coating includes platinum,  gold, 

gold/palladium alloy, iridium, tungsten, chromium, osmium, and graphite. In addition to 

morphological, topological, and compositional data, a Scanning Electron Microscope can 

also spot and analyse surface fractures, examine surface contaminations, provide 

information in microstructures, reveal spatial variations in chemical compositions. 

 

3.3.14. Fluorescence Spectra Measurement 

Fluorescence spectra was recorded using the spectrofluorimeter  Quantamaster-40 

from photon technologies International, USA. A Hellma quartz cuvette with an optical 

path length 1.0cm was  applied. 

 

 

Spectrofluorimeter  Quantamaster-40 

Fluorescence, is a kind of luminescence due to the photons exciting a molecule, trekking 

it to an excited electronic state. A beam with a wavelength varying between 180 and 

800 nm passes through a solution in a cuvette. The absorption of photons promotes 

the singlet ground state to a singlet-excited state. On returning of the excited molecule 
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to ground state, photon of lower energy emits. This corresponds to a longer wavelength, 

compare to the absorbed photon. Both an excitation spectrum and an emission 

spectrum can be measured by means of fluorescence spectrometry. The intensity of the 

emission is directly proportional to the concentration of the analyte. 

 

3.3.15. 1H NMR and 2D ROESY Spectroscopic Measurement 

1H NMR as well as 2D ROESY spectra were recorded at 400 MHz in Bruker Avance 

instrument in D2O solvent at   he chemical shifts data   values are presented 

in parts per million (ppm), and  the residual protonated signal    ppm  was 

used as internal standard. 

 

 

Bruker AVANCE 500 

NMR Spectrometer can be used for studying the structure of molecules, kinetics or 

molecular dynamics, molecular interactions. Nuclei containing an odd mass number or 

an odd atomic number possess a net nuclear spin. Whenever a charged particle like a 

nucleus is in motion, it develops a magnetic field around it. When the nuclei with non-

zero spins placed in a strong magnetic field with respect to the applied magnetic field 

with the supply of appropriate energy, these nuclei flip to a higher energy state from  

lower energy state. The difference of energy between the two states is governed by the 

applied field. The energy absorbed during such a transition is a function of the type of 

nucleus and the chemical environment around it within the molecule. The increasing 
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magnetic field causes the excitation or flipping of the nuclei from an orientation to 

another and this can be detected as an induced voltage that results from the absorption 

of energy by the nucleus from the radio frequency field. The free induction decay, in 

time domain gives rise to an equivalent frequency domain signal on Fourier 

transformation. The area under the peak has been found to be proportional to the 

number of nuclei flipping.  One can know about the structure of a molecule by observing 

the field strength at which  absorption  of energy by protons takes place. 
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CONDUCTANCE  AND  FTIR SPECTROSCOPIC  STUDY OF  
TRIPLE-ION FORMATION OF TETRABUTYLPHOSPHONIUM  

METHANESULFONATE IN METHYLAMINE SOLUTION 
 

 

 

Abstract 
 

Triple-ion formation of Tetrabutylphosphonium Methanesulfonate [Bu4PCH3SO3] in 

methylamine solution has been reported quantitatively by conductometric study, and 

the observation is evident from the qualitative analysis of FT-IR spectroscopy. The ionic 

liquid exists as triple-ion state in low dielectric constant solution (methylamine solution 

having r < 10). Thus, the conductance data have been analysed using the Fuoss-Kraus 

theory of triple-ion formation. After that, the results have been discussed in terms of 

driving forces i.e., H-bond formation, dipole-dipole interactions, and structural aspects 

(functional group) of the ionic liquid and methylamine molecules. Shifting of the 

stretching frequency of functional group of the solvent in presence and absence of the 

ionic liquid has been taken into account in FTIR spectroscopic study, and then the 

solvation consequences have been manifested by the change of the intensity. 

 

Keywords:  
 

Conductance, FT-IR spectroscopy, Tetrabutylphosphonium methanesulfonate, 

Methylamine  solution. 
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1. Introduction 

The electrolytic behaviour of the ionic liquid, Tetrabutylphosphonium 

Methanesulfonate in solvents of high and intermediate or modarate dielectric constant 

( r   have been studied extensively [1], but the behaviour of this ionic liquid in 

solvents of very low dielectric constant ( r < 12 or 10) have not been examined before. 

Normally, the ions/molecules in low dielectric constant solvents are poor conductor, 

and the ionic/molar conductance decreases gradually with increasing the molar 

concentration, because the ions or molecules become engaged with another ions or 

molecules, through the hydrogen bond, intermolecular attraction, Van der Waals bond, 

electrostatic interaction etc. On the other way, the influence of the dielectric constant on 

conductance of ionic liquids is satisfactorily accounted for by the inter ionic attraction 

theory in solvents of high dielectric constant, it is not completely known to what extent 

inter ionic forces are primarily concerned in solvents of low dielectric constant. There 

are some papers in low dielectric constant solvents. [2-5] Therefore, recently we are 

underway to investigate the behaviour of the ionic liquid in low dielectric constant 

solvents.  

Ionic liquids (ILs) recently have been attracted as ground-breaking compounds. For 

their unique intrinsic properties [6], the application is also increasing exponentially in 

many academic, industrial, and research field. [7,8] The applications of individual ionic 

liquid may be understood clearly by investigation of their nature and mode of 

interaction with the solvent molecules. Imidazolium, Pyridinium, Ammonium and 

Phosphonium based ionic liquids are commercially available in the market. Among 

these ionic liquids, the phosphonium based ionic liquids exhibit high thermal stability. 

The chosen ionic liquid is also a phosphonium based ionic liquid having great thermal 

stability. We can apply this ionic liquid as conducting material if we closely study the 

conductometric behaviour and salvation consequences. The employed ionic liquid 

contain the functional anionic group ([CH3SO3]-), which are capable of interacting with 

polar solvents through the driving forces, like H-bonding, dipole-dipole interaction, 

dipolar ionic/charge-charge, Van der Waals forces etc. [9,10] 

In continuation of our investigations on ionic conductance, in the present study, an 

attempt has been made to ascertain the nature of ion-association of 
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tetrabutylphosphonium methanesulfonate [Bu4PCH3SO3] in methylamine solution. The 

solvation consequence have been explained with the evidence of shifting of the 

stretching frequency of characteristic bonds in FT-IR spectroscopy in presence and 

absence of the [Bu4PCH3SO3].  

2. Experimental Section 

2.1 Materials 

Tetrabutylphosphonium methanesulfonate [Bu4PCH3SO3] was selected for the present 

work, puriss grade was procured from Sigma-Aldrich, Germany and used as purchased. 

The mass fraction purity of [Bu4PMS] was  0.98. The methylamine solution is 40% wt. 

in H2O of spectroscopic grade was purchased from Sigma-Aldrich, Germany and used as 

purched. The experimentally observed physical properties of methylamine solution are 

given in Table 1. 

2.2 Apparatus and Procedure 

Before the start of the experimental work we have checked the solubility of the chosen 

ionic liquid which was freely soluble in methylamine solution. The mother solution of 

the ionic liquid was prepared by mass (weighed by Mettler Toledo AG-285 with 

uncertainty 0.0003g), and then the specific conductance of the working solutions, was 

obtained by mass dilution method of the mother solution.  

Instrumentally, the conductance measurements was carried out in a Systronics-308 

conductivity bridge (accuracy ±0.01%), using a dip-type immersion conductivity cell 

(CD-10) having a cell constant of approximately (0.1±0.001) cm-1. Measurements were 

carried out in a thermostat water bath by maintaining the temperature (T) = 298.15 ± 

0.01K. The cell was calibrated by the method proposed by Lind et al.[11] and cell 

constant was measured based on 0.01M aqueous KCl solution. During the conductance 

measurements, cell constant was maintained within the range (1.10 1.12)×10 2 cm 1. 

The conductance data were reported at a frequency of 1 kHz and the accuracy of ±0.3%. 
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For analysing the conductance data, the density and viscosity of the solvent mixture are 

required. Therefore, the density (  ) was measured with the help of vibrating u-tube 

Anton Paar digital density meter (DMA 4500M) with a precision of ±0.00005g cm-3 

maintained at ±0.01K of the desired temperature. It was calibrated by triply-distilled 

water and passing dry air. The viscosity( ) was measured using Brookfield DV-III Ultra 

Programmable Rheometer with fitted spindle size-42. The viscosities were obtained 

using the following relation 

 = (100 / RPM) × TK × torque × SMC 

where, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant 

and spindle multiplier constant, respectively. The instrument was calibrated against the 

standard viscosity samples supplied with the instrument, water and aqueous CaCl2 

solutions.[12] The temperature was maintained to within ±0.01°C using Brookfield 

Digital TC-500 thermostat bath. The viscosity was measured with an accuracy of ±1 %. 

The measurement reported is an average of triplicate reading with a precision of 0.3 %. 

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, Japan). The 

details of the instrument have already been previously described. [13] The 

concentration of the studied solutions used in the IR study is 0.05M.  

3. Results and Discussion 

3.1 Conductance 

The experimentally measured specific conductance  of the solutions have been 

utilized to determine the molar conductances ( ) by the equation (El-Dossoki, 2010), 

                  = 1000  c     (1) 

The calculated values of molar conductances ( ) with corresponding molar 

concentrations (c) are  presented in Figure IV.1. However, the non-linearity in Figure 1, 

has been found in the conductance curves plotting with square root of molar 

concentration. In case of the solvent having low relative permittivity ( 10r  ), as 

methylamine solution, r = 9.35, the ionic liquid showing the similar fashion of 
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conductivity curve, i.e., the conductance data gradually falling with rising the molar 

concentration; arrived at a minimum and then again increasing. The reason of the 

divergence of the conductometric curves from linearity, have been analysed by the 

classical Fuoss-Kraus theory of triple-ion formation [14-16]  in the following form,  

0 0

0

( ) 1
T

T

p p

K
g c c c

K K

  


 
   

 
  (2) 

where g(c) is a factor that lumps together all the intrinsic interaction terms and is 

defined by 
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Where, the symbols have their usual meanings. In the above set of equations, o  is 

representing the sum of the molar conductance of the simple ions at infinite dilution, 

0
T

 is the sum of the conductance value of the two existing triple-ions, [(Bu4P)2 

(CH3SO3)]+ and [(Bu4P)(CH3SO3)2]- for the ionic liquid [Bu4PCH3SO3]. KP and KT were the 

ion-pair and triple-ion formation constants respectively and S is the limiting Onsager 

coefficient. To make Equation (2) applicable, the symmetrical approximation of the two 

possible formation constants of triple-ions,  
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equal to each other has been adopted, i.e., KT1 = KT2 = KT [17] and o  values for the 

studied electrolyte have been calculated using the scheme as suggested by Krumgalz. 

[18] T
o  has been calculated by setting the triple-ion conductance equal to (2/3)· 0. [19] 

The ratio 0
T / o  was thus set equal to 0.667 during linear regression analysis of 
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Equation (2). Table IV.3 showing the calculated limiting molar conductance of simple 

ion ( o ), limiting molar conductance of triple ion ( 0
T ), slope and intercept from 

Equation (2) for [Bu4PCH3SO3] in methylamine solution at 298.15K. The linear 

regression analysis of Equation (2) for the ionic liquid with an average regression 

constant, R2 = 0.9981, gives intercept and slope. These value permits to calculate the 

other derived parameters such as KP and KT listed in Table IV.4. A perusal of Table 4 and 

showing that the KP is higher than KT, indicating the major portion of the ionic liquid 

exists as ion-pair with a minor portion as triple-ions. The tendency of triple ion 

formation with respect to ion-pair, can be judged from the ratio of KT/KP and log 

(KT/KP). The ratios suggest that strong ion-association between the ions and solvent is 

due to the coulombic interactions as well as to covalent forces in the solution. These 

results are in good agreement with those of Hazra et al. [20] At very low permittivity of 

the solvent, i.e., r < 10, electrostatic ionic interactions are very large. So, the ion-pairs 

attract the free cations or anions present in the solution medium and the distance of the 

closest approach of the ions become minimum. These results the formation of triple-ion, 

where the ion-pairs acquire a charged ion (cations or anions) from the solution bulk  

[16,21] as following, 

Bu4P+ + CH3SO3-    Bu4P+  CH3SO3-   Bu4PCH3SO3         (ion-pair)            (6) 

  Bu4PCH3SO3 + Bu4P+   Bu4PCH3SO3]Bu4P+                            (triple-ion)          (7) 

Bu4PCH3SO3 + A-   Bu4PCH3SO3]CH3SO3-                            (triple-ion)                (8) 

And/or depicts as the pictorial representation in Scheme IV.1. Thus owing to the effect 

of ternary association [22] the non-conducting species, Bu4PCH3SO3, removes some 

from the solution, and replaced into triple-ions that increase the conductance values; 

which is manifested by non-linearity observed in conductance curves. 

Moreover, to understand clearly the nature of the formation of triple-ion from KP and KT 

values, we have calculated the concentration of ion-pair, CP, and triple-ion, CT, at 

minimum molar concentration (cmin) by means of the following set of equations [23],    
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Here   and T  are assigning the fraction of ion-pairs and triple-ions respectively, and c 

is the molar concentration. Thus, the observed values of CP, CT   and T at minimum 

molar concentration (cmin) have been represented in Table IV.4. The concentration at 

which the conductance value reach minimum is termed as Cmin and the conductance 

value reach at Cmin is termed as min . Initially, at very low concentration the free ions  

exists which are showing conductance value; after that on addition of ionic liquid into 

solvent the non-conducting ion-pair increases and the conductance values are gradually 

fallen. The certain concentration at which the fraction of non-conducting ion-pair 

species becomes maximum (i.e., all the ions are paired up) and the conductance value of 

ion-pair reach minimum min . After that further addition of ionic liquid, the fraction of 

the triple-ion species in the solution becomes more by acquiring free movable ion by 

non-conducting species. As a result the values of conductance start increasing with 

growing up chargeable conducting triple-ion species in the studied solution media 

{[Bu4PCH3SO3]+methylamine solution}. 

The KP value is utilized to calculate the inter ionic distance (aIP) parameter with the aid 

of the Bjerrum s theory of ionic association [15,16] in the form, 
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Where, the symbols are of usual significance. The aIP values obtained are given in Table 

5. The Q(b) and b values have been calculated by the literature procedure. [15,16] The 

Table IV.6 reveals that the aIP values for all the electrolyte lies within the range the 

actual ionic sizes (or crystallographic radii) varied by 2.83Å to 4.42Å. This may be due 

to easy penetration by the CH3SO3- ion to some extent into the void spaces between the 
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alkyl chain of the Bu4P+, as suggested by Abbott and Schiffrin. [24] Again, the aIP are less 

in comparison with the crystallographic radii (rc) of Bu4P+ is 4.42 [25] and of CH3SO3- is 

2.83[26] of the [Bu4PCH3SO3], suggesting probable contact of ion-pair in solution. [27] 

This will cause a decrease in the degree of freedom for the cations in the ion-pair 

resulting in their loss of configurational entropy of the contact-pair. Generally, KP values 

do not change significantly for quaternary phosphonium ions with the alkyl chain 

consisting of more than three carbon atoms. The small changes in the KP may be to some 

extent due to the entropic contribution.  

The inter ionic distance (aTI) for the triple ion can be calculated using the expressions 

[28], 

(16)

(17)

3
A IP

T 3
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e
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I(b3) is a double integral tabulated in the literature [28] for a range of values of b3. Since 

I(b3) is a function of aTI; thus the aTI values have been calculated by an iterative 

computer program. From Table IV.6 we can see that the aTI values for the ionic liquid 

are greater than the corresponding aIP values but are much less than the expected 

theoretical value 1.5aIP. This is probably due to repulsive forces between the two anions 

or cations in the triple ions [(Bu4P)(CH3SO3)2]- and [(Bu4P)2 (CH3SO3)]+  as suggested by 

Hazra et al. [23]  

3.2 FT-IR Spectroscopy 

The molecular interaction existing between the ionic liquid and the solvent molecules 

was qualitatively analysed with the help of FT-IR spectroscopy and used as supporting 

confirmation for examining  bond formation (or bond breaking) owing to ion-solvent 

interaction. The IR spectra of the pure solvents as well as studied solutions of 

([Bu4PCH3SO3]+Solvents) have been studied, and the shifting of the stretching 

frequencies of the functional groups in presence and absence of ionic liquids within the 

range of wave number 400-4000 cm-1 are given Figure IV.2. Higher interaction is seen 

between the molecules of [Bu4PCH3SO3] and methylamine in solution as evident from 

the values of the KP obtained from the conductivity studies. Here the peaks for N-H, C-N, 

Chapter IV 



Chapter IV 

*Published in Chemical Methodologies 4 (2020) 55-67 

102 

and C-H bonds are at 3448.5 cm-1 (3300-3500 cm-1), 1285.6 (1000-1360 cm-1), and 

2916.1(2850-2950 cm-1) respectively shifts to 3553.8 cm-1, 1287.3 cm-1 and 2917.4 cm-1  

when [Bu4PCH3SO3] is added to methylamine solution given in the Table 7. 

This is due to the disruption of weak H-bonding interaction between the CH3NH2 

molecules [29] and formation of ion-dipole interaction between [Bu4P]+ and/or CH3SO3- 

and N-H  From the difference in shifting of frequency  , in the Table IV.7, it is clear 

that the N-H bond of -NH2 group of CH3NH2 is contributing to interact with the 

employed ions of the ionic liquid. 

Thus, from the theoretical model of calculation and qualitative analysis of FT-IR 

spectroscopy, it is possible to state that the individual ions (central positive cation or 

outermost negatively charged anions) obviously interact with the methylamine solvent 

molecules in the studied ternary solutions.  

4. Conclusions 

The outstanding result of the triple-ion formation of the investigated ionic liquid, 

tetrabutylphosphonium methanesulfonate in methylamine solution (CH3NH2) with the 

help of conductivity has been obtained. The tendency of the triple-ion formation 

depends on the size and the charge distribution of the ions, and functional group of the 

solvents. The qualitative analysis from FTIR spectroscopy has confirmed the same 

observation. 
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TABLES 
 

Ŷ Table IV.1. The density  viscosity ) and relative permittivity ( r) value of 

methylamine solution at T = 298.15 Ka  

 

 -3(kg m-3)  (mPa s) r 

Expt Lit Expt Lit 

0.89703 0.89700b 0.59 - 9.35c 

 

astandard uncertainties u are u    5×10-5 kg m 3, u( ) = ±0.02 mPa s, and u(T) = 

±0.01 K 
bCatalogue of the product from Sigma Aldrich 
cRef. [30] 
 

Ŷ Table IV.2. Molar conductance ( ) with corresponding concentration (c) of 

[Bu4PCH3SO3] in methylamine solution at  T = 298.15 K  

Cx104 (mol dm-3) x 4(S m2 mol-1) 

0.15  18.60 

0.38  10.43 

0.55  6.05 

0.70  3.57 

0.90  1.82 

1.01  1.03 

1.16  0.71 

1.34  0.85 

1.52  2.03 

1.70  3.97 

1.95  6.37 

2.16  8.81 
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Ŷ  Table IV.3. The calculated limiting molar conductance of ion-pair ( 0 ), limiting 

molar conductance of triple-ion ( 0
T ), slope and intercept of Eq. (2) for [Bu4PCH3SO3] in 

methylamine solution at T = 298.15 K 

 
4

0 10   

(S m2 mol 1) 

4
0 10T   

(S m2 mol 1) 

 

Slope×10-2 

 

Intercept 

71.65 47.79 1.08 0.03 

 

 
 

Ŷ Table IV.4.  The ion-pair KP, and triple-ion KT formation constant respectively 

corresponding to the minimum salt concentration (cmin) for [Bu4PCH3SO3] in 

methylamine solution at T = 298.15 K 

 

cmin×104 

(mol kg 1) 

log (cmin 

/mol kg 1) 

KP ×10 4 

(mol m 3) 1 

KT×10 4 

(mol m 3) 1 

(KT/KP)×104 log(KT/KP) 

1.16 -3.94 442.20 0.47 10.72 -2.97 

 

 
 

Ŷ  Table IV.5. Salt concentration (cmin) at the minimum conductivity ( min), the ion-pair 

fraction  triple-ion fraction T), ion-pair concentration (CP) and triple-ion 

concentration (CT) of [Bu4PCH3SO3] in methylamine solution at T = 298.15 K 

 

cmin×104 

(mol kg 1) 

min×104 ×102 T×102 CP ×106 

(mol kg 1) 

CT ×106 

(mol kg 1) 

1.16 0.71 4.42 2.43 119.33 2.82 
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Ŷ Table IV.6. Interionic distance parameter for ion-pair (aIP) and for triple-ion (aTI) in 

methylamine solution at T = 298.15 K 

 

electrolyte aIP/Å aTI/Å 1.5aIP/Å 

[Bu4PCH3SO3] 3.05 4.06 4.58 

 

 

Ŷ  Table IV.7. Stretching frequency of the functional group of methylamine solution and 

change of frequency in addition of [Bu4PCH3SO3] 

 

Functional 

Group 

Range 

( cm-1) 

Pure Solvent 

(o cm-1) 

[Bu4PMS]+Solvent 

(s cm-1) 

 

(cm-1) 

N-H 3300-3500 3448.5 3553.8 105.3 

C-N 1000-1360 1285.6 1287.3 1.7 

C-H 2850-2950 2916.1 2917.4 1.3 
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FIGURES 
 

Ŷ Figure IV.1. Plot of molar conductance ( ) and the square root of molar 

concentration ( c) of [Bu4PCH3SO3] in methylamine solution at T = 298.15K 

 

 
 

Ŷ Figure IV.2.  Stretching frequency of N-H in methylamine solution (black solid line) 

and in {[Bu4PMS]+CH3NH2 solution} (red solid line) respectively 
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SCHEMES 

 
Ŷ Scheme IV.1. The pictographic representation of triple-ion formations for the studied 

ionic liquid, as an example in methylamine solution 

 

 
Ŷ Scheme IV.2. The probable schematic representation of the interaction (ion-dipole, 

H-bond interaction) between ions of ionic liquid and methylamine molecule in solution 

system 
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EXPLORATION OF NON-COVALENT INTERACTIONS OF 
LITHIUM SALTS IN ACETONITRILE-WATER BINARIES WITH 

THE MANIFESTATION OF SOLVATION CONSEQUENCES 
 

 

Abstract 
 

The properties of material, like densities and viscosities of some selected lithium salts 

(namely, lithium nitrate, lithium iodide and lithium acetate) have been measured in 

acetonitrile-water binary mixed solvents at the temperature 298.15K. Apparent molar 

volumes (V) and viscosity B-coefficients of these salts are obtained from these data 

supplemented with their densities and viscosities, respectively. Limiting apparent molar 

volumes (V°) and experimental slopes (SV*) derived from density date using Masson 

equation have been interpreted in terms of ion-solvent and ion-ion interactions, 

respectively. The viscosity data have been analyzed using Jones-Dole equation, and 

derived parameters B and A have also been interpreted in terms of ion-solvent, ion-ion 

interactions, respectively. It has been observed from the both derived parameters that 

ion-solvent interaction is predominant than interaction of ions (ion-ion) itself. 

Furthermore, the structure making/breaking capacities of aforementioned salts 

investigated and have been discussed in terms of the rearrangement with symmetrically 

of the interacting ions. Another two parameters, refractive index and conductivity have 

been taken into account to give explanation and confirming the results obtained  in the 

studied solutions system.  
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1. Introduction 

Studies on thermophysical properties namely, viscosities, densities, and refractive 

index, conductivity of ionic solutions assist in characterizing structures and properties 

of binary solutions. Various types of interactions exist among the ions in solutions, and 

of them, ion-ion and ion-solvent interactions occurring in solutions is playing 

interesting role in all branches of chemistry. These interactions help in better 

understanding the nature of solute and solvent, i.e., whether solute modifies or distorts 

structure of the solvent. A survey of the literature showed that, although, a lot of studies 

have been carried out for various electrolytic solutions, few works have been done to 

discuss the behavior of mineral salts in water as reported earlier. [1] The present 

mineral salts have been selected for study because they are significant constituents of 

lithium as bio-fluids, Lithium batteries etc. The present investigation has been 

undertaken to endow with better understanding of nature of these mineral salts in polar 

mixed solvent throwing light on ion-solvent interactions. [2-5]. 

2. Experimental Section 

Lithium iodide, lithium nitrate, lithium acetate (all are A.R. grade) were used as such, 

only after drying over P2O5 in a desiccator for more than 48h. Freshly prepared distilled 

conductivity water was taken for the experiments. Aqueous mixed solvents of 

acetonitrile were made by mass; conversion of molality into molarity was done. Figure 

1, 2 shows diagram of the sample taken and the dielectric constants. 

The densities () were calculated with an Ostwald-Sprengel type pycnometer having a 

bulb volume of 25cm3 and an internal diameter of the capillary of about (0.1 cm) and 

the pycnometer was calibrated at 298.15K with doubly distilled water. Pycnometer with 

the test solution was equilibrated in a water bath maintained at (0.01 K of the desired 

temperature by means of a mercury in glass thermoregulator, and temperature was 

determined with a calibrated thermometer and a Muller bridge. The pycnometer was 

then detached from the thermostatic bath, properly dried, and weighed. The 

evaporation losses remained insignificant throughout the time of actual measurements. 
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Averages of triplicate measurements were taken into description. Density values were 

reproducible to (3·10-5 g·cm-3) and details have been described earlier. [1] 

The viscosities of the test solutions were measured by means of a suspended level 

Ubbelode viscometer at the desired temperature (accuracy  0.01 K). The precision of 

viscosity measurements was 0.05% and details have been described earlier. [1-3] 

Refractive index was also measured with the aid of a Digital Refractometer Mettler 

Toledo. The light source was LED, (k = 589.3nm). The refractometer was calibrated 

twice using distilled water, and calibration was checked after every small amount of 

measurements. The uncertainty of refractive index measurement was detected to be 

±0.0002 units.  

The experimental data s of densities 0), viscosities (0) with corresponding 

concentrations (c) of aqueous binary mixture has been recorded in Table 1. 

The conductance measurement were done in a Systronic-308 conductivity meter 

(accuracy ± 0.01 %) using a dip-type immersion conductivity cell, CD-10, having a cell 

constant of approximately (0.1 ± 0.001) cm-1. Measurements were made in a water bath 

maintained within T=(298.15 ± 0.01)K and the cell were calibrated by technique 

proposed by Lind et al.[15] The conductance values were reported at a frequency of 

1kHz and the accuracy was ±0.3%. 

3. Results and Discussion 

3.1 Density 

The experimentally observed values of the density, viscosity, and refractive index have 

been tabulated in Table V.1-V.4. Volumetric properties, for instance, apparent molar 

volumes, V , and limiting apparent molar volumes 
0
V , are regarded as approachable 

parameter for the understanding of interactions taking place in solutions. The apparent 

molar volume can be considered to be the summation of the geometric volume of the 

fundamental solute molecule and changes in the solvent volume due to its interface with 

the solute around the peripheral/co-sphere. For this principle, V has been determined 
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from density of solutions by means of the suitable equation. The apparent molar 

volumes V were determined from solutions densities using the equation  

    / 1000 /V M    c          (1) 

and given in Table V.5-V7. Where M is the molar mass of ionic salts, c is the molarity of 

solution,   and 0  is the density of solution and aqueous acetonitrile mixture. 

The limiting apparent molar volumes 0
V  were obtained by a least-square treatment to 

the plots of V  versus m using Masson equation and shown in Table V.8. 

0 *    V V VS c                   (2) 

The extent of V (Table V.5-V.7) is found to be large and positive for all the considered 

systems, suggesting strong solute-solvent interactions. The V values are decreased 

with increasing molarity (c) of ionic salts in the aqueous acetonitrile solution (Figure 

V.3). V , varied linearly with c and could be least-squares fitted to Masson equation 

from where limiting molar volume 0
V (infinite dilution partial molar volume) have been 

projected. If the variation of V with c show significant scatter, 0
V  can be determined 

either graphically or can be taken as the average of the V  values when slope tends to 

zero. The values of 0  V and *
VS  are reported in Table V.8. Owing to a quantitative 

comparison, magnitude of 0  V  are much greater than SV*, in every solutions. This 

suggests that ion-solvent interactions dominate over ion-ion interactions in all 

solutions.  The drift of variation of 0
V  for particular systems is in order 

                                                          LiI  LiNO3  CH3COOLi 

The increase of 0
V for ionic salts with increasing mass fraction of aqueous acetonitrile 

and the increasing positive shift volumes suggest that the ion-ion and ion-hydrophilic 

group interactions are stronger (Figure V.4). In the present ternary system (ionic salts 

+ aq. acetonitrile), the interaction is well-built (Scheme V.1). 
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It is noted that 0
V  of LiI is less than that of LiNO3 and CH3COOLi owing to greater 

electrostriction. This is because acetate anion of lithium acetate provides an increasing 

structure enforcing tendency in aqueous acetonitrile solution due to greater resonance 

effect, and as a result, the water in the overlapping spheres is more structured due to 

ion-solvent interaction. In the ionic salts, the interactions increase with the addition of 

excess of  acetonitrile in solvent mixture as shown in Figure V.4. 

If we consider individual acetonitrile molecules, initially in aqueous mixture, it would 

interact with the water molecules present in the solution bulk and give the product of 

methanol and a Bronsted-Lowry base which is quite stable in nature. After addition of 

chosen Lithium ion, they become fascinated to bind with ( 00CH3-) ion by replacing the 

water molecules with the proper phase of interaction as a result of net increase in the 

solvation. With increasing concentration of acetonitrile, 0
V  value increases indicating 

the ion-solvent interaction increases. SV* values showed in Table V.8 indicates that ion-

ion interaction decreases from CH3COOLi to LiI and ion-ion interaction increases with 

increases the conc. of water. [5-8] 

3.2 Viscosity 

The viscosity data has been analyzed by means of Jones-Dole equation, 

/0 = r = 1 + B c + A m                            (3) 

r 1/ m =  A + B m                                  (4) 

Where,  A and B are viscosity coefficient point towards ion ion and ion solvent 

interaction, respectively. The values of A- and B-coefficients are obtained by plotting (r 

1)/ m against m and reported in Table V.9-V.11.  A perusal of Figure V.5 shows that 

the values of the viscosity B-coefficient for lithium salts in the studied mixed solvent 

systems are positive and higher than A-coefficient, thereby suggesting the presence of 

strong ion solvent interactions and these type of interactions are strengthened from 

acetate to iodide but weakened with increasing amount of water in (acetonitrile + 

water) mixture. [9-15] 
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3.3. Refractive index 

The refractive index measurement is also a convenient process for investigating the 

ion solvent interaction of electrolyte in solution. The values of refractive index of the 

chosen mineral salts in binary mixed solution are reported in Table V.1-V.4.  As stated 

by Deetlefs et al. [14-16],  the refractive index of a material is higher when its molecules 

are more tightly packed or when the compound is denser. The refractive index is 

directly proportional to molecular polarizability. Figure V.6 discloses that limiting molar 

refraction (RM0) values increases linearly with an increasing concentration of the 

solution of lithium salts but decreases as increasing content of water in (acetonitrile + 

water) solvent mixtures. Accordingly, we found that higher refractive index value 

indicating the fact that the salts are more tightly packed and more solvated in solution, 

leading to low conductance value as obtained by the conductometric study. This is also 

in superior agreement with the results obtained from density and viscosity parameters 

discussed above. [16] 

3.4 Conductometric  study 

The concentrations and equivalent conductances of Lithium salts in acetonitrile and 

water at 298.15K are given in Table V.12. Linear conductance curves were obtained for 

the electrolytes in aqueous acetonitrile solution by extrapolation of c to zero 

concentration, evaluated the starting limiting ionic conductance for the electrolyte. 

Figure V.7 concludes that as concentration is raised in the solute-solvent system then 

the conductance also decreases steeply. The limiting ionic conductance for CH3COOLi, 

LiNO3 and LiI in varying mass fraction of aqueous acetonitrile solutions were recorded 

in Table 13. In the state of infinite dilution, the movement of an ion is limited solely by 

its interaction with surrounding solvent molecules; there are no other ions within a 

finite distance. Therefore evaluation of limiting ionic conductance should provide 

equally reliable information regarding ion solvent interactions. Greater value of 

limiting ionic conductance may therefore be interpreted as a measure of greater ion

solvent interactions (Table V.13), Figure V.7. The order of Solute Solvent interactions 

for CH3COOLi, LiNO3, LiI in varying mass fractions of aqueous acetonitrile solutions 

follow as: 

CH3COOLi > LiNO3 > LiI 

Chapter V 



Chapter V 

*Published in I J R  in Chem  and Env    -  

115 

We know that the effect of anions upon conductivity is constantly observed. Bulky 

anions face difficulty to move in a viscous liquid, which affects the mobility of an anion, 

so that there seem to be no merit to use heavy anions. Conversely the electronic effect of 

anionic groups upon conductivity is clearly observed and it is positive, which 

compensates the negative effect derived from the bulkiness of an anion. This evidently 

indicate the electronic structures of Lithium salts are important in developing advanced 

organic lithium batteries. Again ion solvent interaction is inversely associated to the 

extent of hydration. So, ion solvent interaction is highest in case of acetate ion (Scheme 

V.1). [15, 16] 

3. 5. Fluorescence Spectroscopy 

Fluorescence spectroscopy is the fundamental tool for analyzing the interaction 

occurring in the solution systems. The fluorescence data have observed from 

fluorimeter has been plotted corresponding to the wave length in Figure V.8.  From the 

figure we can see that the max intensity in fluorescence data have been found at the 

same range of the wave length 221nm, 220nm, 220nm for LiI, LiNO3, LiOOCCH3, 

respectively. The figure also signifying that the more intense at lower wave length is due 

to the more interactions. The interaction (ion-solvent or solute-solvent) is only greater 

if they are largely coupled to each other, tightly bound, become denser and as a result 

more reflected or emitted the fluorescence light and thus the intensity become higher. 

This observation is also in good agreement with the results came out from density, 

viscosity, refractive index, and conductance.  

4. Conclusions 

All-embracing study of conductance of lithium salts (CH3COOLi, LiNO3, and LiI) in the 

binary mixtures of acetonitrile and water leads to the conclusion that, electrolytes 

associated more in the mixture. Therefore, it can also be seen that in the conductometric 

studies in the binary mixture of different mass fraction of acetonitrile they probably 

remains as ion-pairs. The reliable significance of volumetric, viscometric and 

refractometric studies also suggest that in solution there strong ion solvent interaction 

than the ion ion interaction and these interactions  promote strength at higher molality 

and with increasing size of lithium salts in the solution media. 
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TABLES 

Ŷ Table V.1. Density (0), Viscosity (), refractive index (nD) of aqueous acetonitrile 

solutions 

 

Solvent mixture 0 ·10-3 (kg m-3)  (mPas) D 

T=298.15K    

0.10 0.9808 0.867 1.3974 

0.20 0.9612 0.862 1.3835 

0.30 0.9387 0.858 1.3696 

T=308.15K    

0.10 0.9773 0.707 1.3562 

0.20 0.9551 0.705 1.3549 

0.30 0.9317 0.697 1.3432 

T=318.15K    

0.10 0.9733 0.584 1.3387 

0.20 0.9489 0.580 1.3245 

0.30 0.9248 0.578 1.3231 
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Ŷ  Table V.2. Density, Viscosity, Refractive index of [25 %H2O + 75% CH3CN] solvent 

mixture at 250C 

 

Salt Conc.(m) 0·10-3(kg m-3)  (mPas) nD 

CH3COOLi 0.005 17.3178 0.451 1.3441 

0.02 17.3225 0.453 1.3443 

0.035 17.3245 0.455 1.3442 

0.05 17.3401 0.457 1.3443 

0.065 17.3503 0.458 1.3445 

0.08 17.3744 0.459 1.3446 

LiNO3 0.005 17.3009 0.442 1.3438 

0.02 17.3235 0.446 1.3440 

0.035 17.3280 0.448 1.3441 

0.05 17.3009 0.449 1.3443 

0.065 17.3574 0.453 1.3445 

0.08 17.3744 0.457 1.3447 

LiI 0.005 17.2721 0.440 1.3429 

0.02 17.2732 0.443 1.3431 

0.035 17.3000 0.446 1.3433 

0.05 17.3211 0.448 1.3438 

0.065 17.3270 0.447 1.3441 

0.08 17.3472 0.449 1.3447 
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Ŷ Table V.3. Density, Viscosity, Refractive index of [50 %H2O + 50% CH3CN] solvent 

mixture at 250C 

 

Salt Conc.(m) 0·10-3(kg m-3)  (mPas) nD 

CH3COOLi 0.005 18.4016 0.717 1.3428 

0.02 18.3569 0.720 1.3436 

0.035 18.3473 0.725 1.3442 

0.05 18.3185 0.729 1.3448 

0.065 18.2935 0.733 1.3354 

0.08 18.2888 0.740 1.3357 

LiNO3 0.005 17.6383 0.405 1.3432 

0.02 17.5211 0.428 1.3438 

0.035 17.4297 0.445 1.3441 

0.05 17.3391 0.458 1.3446 

0.065 17.3119 0.514 1.3450 

0.08 17.1822 0.529 1.3429 

LiI 0.005 18.2758 0.719 1.3431 

0.02 18.2709 0.718 1.3433 

0.035 18.2688 0.722 1.3441 

0.05 18.2685 0.719 1.3447 

 0.065 18.2683 0.726 1.3448 

0.08 18.2681 0.727 1.3449 
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Ŷ Table V.4. Density, Viscosity, Refractive index of [75 %H2O + 25% CH3CN] solvent 

mixture at 250C 

 

Salt Conc.(m) 0·10-3(kg m-3)  (mPas) nD 

CH3COOLi 0.005 18.2702 0.738 1.3449 

0.02 18.3027 0.743 1.3403 

0.035 18.3300 0.745 1.3406 

0.05 18.3595 0.746 1.3420 

0.065 18.4002 0.747 1.3426 

0.08 18.4403 0.749 1.3395 

LiNO3 0.005 18.5946 0.733 1.3424 

0.02 18.7078 0.731 1.3432 

0.035 18.7129 0.728 1.3435 

0.05 18.7134 0.726 1.3435 

0.065 18.7152 0.724 1.3438 

0.08 18.7385 0.722 1.3440 

LiI 0.005 18.2788 0.726 1.3421 

0.02 18.2918 0.727 1.3419 

0.035 18.3193 0.729 1.3416 

0.05 18.3956 0.735 1.3413 

0.065 18.4472 0.737 1.3410 

0.08 18.4361 0.733 1.3407 
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Ŷ  Table V.5. Experimental value of apparent molar volume V for CH3COOLi in binary 

solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K 

 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0158 118.153 0.0172 109.035 0.0177 103.396 

0.0309 112.481 0.0345 104.726 0.0347 100.086 

0.0467 108.567 0.0489 102.273 0.0545 95.761 

0.0614 103.468 0.0668 97.536 0.0726 93.873 

0.0776 102.879 0.0848 95.873 0.0885 92.257 

0.0925 97.573 0.0999 93.678 0.1086 89.072 

 

 

Ŷ  Table V.6. Experimental value of apparent molar volume V for LiNO3 in binary 

solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K 

 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0120 104.456 0.0131 103.996 0.1218 86.128 

0.0605 104.049 0.0616 100.457 0.0618 81.899 

0.1087 100.686 0.1079 94.466 0.1083 76.126 

0.1689 92.257 0.1698 83.716 0.1717 70.089 

0.2298 85.567 0.2321 84.957 0.2431 65.884 

0.2438 83.788 0.2437 83.887 0.2567 64.662 
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Ŷ Table V.7. Experimental value of apparent molar volume V for LiI in binary solvent 

mixtures of H2O (w1) + CH3CN (w2) at 298.15 K 
 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

Molality 

(mol kg 1) 

V ×106 

(m3 mol 1) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0118 104.153 0.0175 102.035 0.0279 83.396 

0.0307 103.781 0.0340 98.726 0.0357 80.086 

0.0457 99.567 0.0469 92.273 0.0585 72.761 

0.0609 91.468 0.0649 81.536 0.0766 69.873 

0.0788 82.879 0.0839 80.873 0.0889 63.257 

0.0929 79.573 0.0989 77.678 0.1096 60.072 

 

 

Ŷ  Table V.8. Limiting apparent molar volumes 0V, experimental slopes S V , A, B-

coefficients for lithium salts in binary solvent mixtures of H2O (w1) + CH3CN (w2) at 

298.15 K 
 

Salts 0V ×106 

(m3 mol 1) 

SV106 × כ 

(m3 mol 3/2L1/2) 

A  

(L mol 1) 

B  

(L1/2mol 1/2) 

[25 %H2O + 75% CH3CN] 

CH3COOLi 126.532 94.651 0.559 0.781 

LiNO3 117.405 -65.982 0.176 0.756 

LiI 107.511 -58.796 0.054 0.552 

[50 %H2O + 50% CH3CN] 

CH3COOLi 119.467 87.443 0.278 0.894 

LiNO3 112.316 -59.597 0.165 0.721 

LiI 98.452 -55.776 0.041 0.531 

[75 %H2O + 25% CH3CN] 

CH3COOLi 115.754 77.459 0.110 0.947 

LiNO3 93.754 -56.163 0.142 0.687 

LiI 94.962 -52.219 0.011 0.509 
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Ŷ Table V.9. Experimental value of apparent molar volume (r 1)/ c for CH3COOLi in 

binary solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K. 

 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2kg1/2) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0158 0.0715 0.0172 0.1085 0.0177 0.0892 

0.0309 0.1196 0.0345 0.1614 0.0347 0.1398 

0.0467 0.1563 0.0489 0.2026 0.0545 0.1767 

0.0614 0.1852 0.0668 0.2303 0.0726 0.2073 

0.0776 0.2133 0.0848 0.2588 0.0885 0.2342 

0.0925 0.2395 0.0999 0.2832 0.1086 0.2605 

 

 

 

Ŷ Table V.10. Experimental value of apparent molar volume (r 1)/ c for LiNO3 in 

binary solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K. 

 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2kg1/2) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0120 0.0547 0.0133 0.0895 0.1215 0.0982 

0.0605 0.1564 0.0615 0.1393 0.0615 0.1212 

0.1087 0.1593 0.1077 0.1762 0.1089 0.1721 

0.1689 0.1651 0.1697 0.2073 0.1713 0.2008 

0.2298 0.1705 0.2322 0.2344 0.2432 0.2313 

0.2438 0.1756 0.2438 0.2604 0.2564 0.2517 
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Ŷ Table V.11. Experimental value of apparent molar volume (r 1)/ c for LiI in binary 

solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K. 

 

Molality 

(mol kg 1) 

(r 1)/ c  

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2 kg1/2) 

Molality 

(mol kg 1) 

(r 1)/ c 

(mol 1/2kg1/2) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 

0.0118 0.0549 0.0176 0.0895 0.0274 0.0982 

0.0307 0.1566 0.0342 0.1398 0.0352 0.1213 

0.0457 0.1593 0.0467 0.1763 0.0586 0.1723 

0.0609 0.1651 0.0641 0.2076 0.0768 0.2002 

0.0788 0.1707 0.0838 0.2345 0.0882 0.2311 

0.0929 0.1759 0.0988 0.2608 0.1091 0.2517 

 

Ŷ Table V.12. The equivalent conductance (), the corresponding concentration c, for 

lithium salts in binary solvent mixture of [25%H2O + 75% CH3CN], [50%H2O + 50% 

CH3CN] and [50%H2O + 50% CH3CN] at 298.15 K 

Salts c×104 

(mol dm 3) 
×104 

(Sm2mol 1) 
c×104 

(mol dm 3) 
×104 

(Sm2mol 1) 
c×104 

(mol dm 3) 
×104 

(Sm2mol 1) 
CH3COOLi 1.3382 148.12 1.4926 96.55 4.3682 74.73 

3.5515 104.23 2.7259 93.78 6.8123 71.71 
5.1941 89.28 3.7883 88.55 10.1751 67.67 
6.4553 79.31 5.4728 86.69 14.0635 62.07 
7.4541 67.89 6.7594 83.56 16.9726 59.68 
8.2637 61.36 7.7758 81.23 20.1856 56.75 
8.9336 56.34 8.2277 80.07 22.6308 54.96 
9.7456 50.49 8.9538 79.19 24.6883 52.78 

10.5759 45.25 9.5758 76.93 27.1562 51.37 
10.9136 45.29 10.108 76.97 28.4973 50.55 
11.2117 44.56 10.9426 75.93 29.1957 49.83 
11.5982 45.95 12.0956 73.55 29.6535 49.16 
12.1522 48.43 12.4117 73.28 30.1736 49.17 
12.5034 49.65 13.0654 72.58 30.6608 48.77 
12.9169 54.16     

LiNO3 3.6273 131.22 1.4680 123.41 4.1542 100.86 
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5.2857 115.00 2.6720 117.50 7.5326 93.41 
6.5577 103.40 3.7013 114.30 10.4426 88.97 
7.5639 96.20 4.5828 116.59 12.9312 86.26 
8.3793 89.06 5.3560 107.42 15.1853 84.24 
9.0531 83.54 6.0243 105.11 16.9739 81.37 
9.8707 77.72 6.6030 104.97 18.6348 78.47 

10.7066 71.00 7.5949 104.07 20.1132 78.52 
11.0475 68.72 8.0192 101.94 21.4372 75.36 
11.3459 67.18 8.4002 101.87 22.6273 74.28 
11.7549 65.80 9.6221 100.85 23.7154 74.75 
12.2965 64.70 10.5073 98.46 24.6852 73.79 
12.6453 65.54 11.4555 98.57 26.3993 72.54 
13.0613 68.30 11.8171 97.43 29.1930 69.87 

LiI 1.1539 120.41 2.5615 95.56 3.9227 68.57 
2.9876 86.93 2.6530 88.34 4.3682 64.74 
4.3412 66.89 3.7111 85.36 8.9401 57.17 
5.3781 53.75 4.5813 83.29 12.9412 52.28 
6.1976 47.87 5.3462 80.97 16.8922 48.44 
6.8616 42.12 6.1143 79.29 18.6346 46.96 
7.4106 33.47 7.1281 78.27 21.4372 44.48 
7.8715 27.91 8.3190 76.69 22.6280 43.68 
8.4397 26.50 8.7380 74.36 25.2064 42.59 
9.0419 21.00 9.1650 74.56 27.5627 39.56 
9.4927 15.10 9.3556 73.68 28.1962 39.38 
9.8615 23.00 10.3100 72.89 30.8125 36.53 

10.2302 25.00 10.6930 71.45 33.6402 34.93 
10.5771 27.10 11.5831 70.59 35.5226 32.87 
10.7585 28.30 12.8303 69.54 38.1923 31.31 

 

Ŷ Table V.13. Calculated limiting ionic conductance at different concentrations of the 

solvent mixture at 298.15K 
 

Salts 0/S .cm2. mol-1 
 [25%H2O+75%CH3CN] [50%H2O+50%CH3CN] [75%H2O+25%CH3CN] 

CH3COOLi 58.77 72.64 78.52 
LiNO3 64.11 69.78 76.25 

LiI 67.10 70.32 79.29 
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FIGURES 
 

Ŷ Figure V.1. Three dimensional representations of the salts and the mixture of binary 

solvents used in the work 

  

 

 
 

 

Ŷ Figure V.2.  Diagrammatic representation of the solvation sphere. 
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Ŷ Figure V.3. Plot of apparent molar volume with respect to concentrations at 298.15K 

[yellow line for LiI, blue line for LiNO3, green line for CH3COOLi] 

 

 
 

Ŷ Figure V.4. Plot of limiting apparent molar volume with respect to mass fractions of 

the binary solvent mixture at 298.15K [red symbol for CH3COOLi, green symbol for 

LiNO3, sky symbol for LiI] 
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Ŷ Figure V.5. Plot of Viscosity B-coefficient of Lithium salts verses the mass fractions of 

the solvent mixture at 298.15K [orange symbol points CH3COOLi, purple symbol points 

LiNO3, yellow symbol points LiI]. 

 

 
 

Ŷ Figure V.6. Plot of limiting molar refraction (RM0) vs mass fraction for Lithium salts 

CH3COOLi (blue), LiNO3 (brown), LiI (green) in aqueous acetonitrile. 
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Ŷ  Figure V.7. Plot of equivalent conductance verses concentration of lithium salts at 

298.15K [red triangles for CH3COOLi, green squares for LiNO3, and blue small squares 

for LiI]. 

 

 
 

 

Ŷ  Figure V.8. Plot of Fluorescence intensity against wave length of lithium salts at 

298.15K [green squares for LiI, red triangles for LiNO3, and blue small squares for 

CH3COOLi] 
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SCHEME 
Ŷ  Scheme V.1.  Diagrammatic representation of the ion-solvent interaction 
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NON-COVALENT  INTERACTION  BETWEEN IONIC LIQUID (1-
ETHYL-3-METHYLIMIDAZOLIUM CHLORIDE-ALUMINUM 

CHLORIDE) AND PURE ALCOHOLS 
 

 
Abstract 
 

The present work deals with the non-covalent interactions occurring between ionic 

liquid namely 1-ethyl-3-methylimidazolium chloride-aluminum chloride and pure 

alcohols (e.g., methanol, ethanol, 1-propanol, and 1-butanol). For that limiting apparent 

molar volume, molar refraction, and limiting apparent molar isentropic compressibility 

of the binary systems viz., {([EMIm]Cl/AlCl3)+methanol}, {([EMIm]Cl/AlCl3)+ethanol}, 

{([EMIm]Cl/AlCl3)+1-propanol}, and {([EMIm]Cl/AlCl3)+1-butanol} have been 

calculated using physicochemical properties i.e.,. density, refractive index, and speed of 

sound respectively within the temperature range T=293.15K-318.15K (with 5K 

interval). Here, the ionic liquid strongly interacts with 1-butanol than other chosen 

primary alcohol at a higher temperature (318.15K). The outcomes have been discussed 

in terms of intermolecular forces and non-covalent interactions like hydrogen bond, 

ion-dipole, electrostriction, hydrophobic interactions, and structural configurations. 

 

 

Keywords: 1-Ethyl-3-methylimidazolium chloride-aluminum chloride, primary alcohol, 

ion-solvent and ion-ion interactions, physicochemical properties 
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1. Introduction 

Industrial and academic interest in ionic liquids (ILs) is well established. [1,2] The 

importance of ionic liquids in industries is reflected by the number of commercial 

processes and products based on these compounds currently available in the market. 

[3-7] Chemists, engineers, designers, and some researchers have a limited amount of 

available data for selecting ionic liquids in designing their product and processes, and 

for the use of models and correlations. The increasing number of databases and 

accessibility of some trustworthy databases [8] were making our task easy to correlate 

the thermophysical data of ionic liquids for a wide range of applications. Effect of 

temperatures [9-11] and effect of alcohol [12-14] on some physicochemical properties 

of ionic liquids are available. Thus, the knowledge of thermodynamic, physicochemical, 

and transport properties of ionic liquids is very useful to design products and processes. 

Apparent molar volume, apparent molar isentropic compressibility, and apparent molar 

expansivity are important tools to determine the behaviour of solutes in solution and 

are being studied for various compounds. [15,16] These studies provide important 

information about solute-solvent interactions in solution. [17,18] 

Some articles are published on 1-Ethyl-3-methylimidazolium chloride-aluminum 

chloride ([EMIm]Cl/AlCl3) (a) as reaction media for acylative cleavage of ethers [19], (b) 

conductivities as a function of electrolyte composition and temperature for 

electrodepositing and surface morphology of aluminum. [20] The electrodepositions by 

chloroaluminate based ionic liquids give good results owing to its low viscosity and 

non-flammable properties, which have sufficiently wide range applications in 

electrochemical windows. [21]  This behavior makes it an excellent solvent for Friedel-

Crafts reaction [22], polymerizations of alkenes in refinery waste gas [23], catalytic 

hydrogenation [24,25] and stereoselective hydrogenation of aromatic compounds. [26] 

Ionic liquids composed of 1-ethyl-3-methylimidazolium chloride ([EMIm]Cl) and AlCl3 is 

a classical chloroaluminate based electrolytes having many desired properties as non-

flammability, non-volatility, low viscosity, high conductivity, and high thermal stability 

and chemical inertness. [27]  In this electrolyte, AlCl3 complexes with the Cl- ion from 
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[EMIm]Cl to produce   and , and any excess AlCl3 converts a portion of 

  into , resulting in the coexistence of   and  : 

               

            

The [EMIm]Cl/AlCl3-based ILs have also been used as electrolytes for rechargeable 

metal batteries. [27,28] 

On a careful survey of the literature (review), it has been found that there are no articles 

studied on molecular interactions between 1-ethyl-3-methylimidazolium chloride-

aluminum chloride and alcohols by thermodynamic properties viz., density, refractive 

index, and speed of sound respectively within temperature range T=293.15K-318.15K. 

Vaz et. al. [29], investigated the solvation behaviour of different types of ionic liquids in 

1-propanol for understanding the effect of anion and cation by isothermal titration 

calorimetry (ITC), molecular dynamics (MD) simulation and quantum chemical (QC) 

calculations. In this work, we have attempted to study the molecular interactions 

occurring in binary systems between [EMIm]Cl/AlCl3 and primary alcohols (methanol, 

ethanol, 1-propanol, 1-butanol). The physicochemical properties like density, refractive 

index, and speed of sound within the temperature range from 293.15K to 318.15K, and 

atmospheric pressure have been used to find out the derived parameters for 

interpreting the interactions occurring there. The results have been discussed in terms 

of ion-solvent interaction with the help of hydrogen bond, ion-dipole, London 

dispersion force, electrostriction, hydrophobic interaction with structural aspect, and 

configuration. 

2. Materials and Methods 
 

2.1. Materials 
 

The selected ionic liquid and four primary alcohols namely: methanol, ethanol, 1-

propanol, and 1-butanol were purchased from Aldrich and used as such. The chemicals 
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were kept in desiccators with molecular sieves to reduce evaporation and adsorption of 

moisture. The Metrohm 831 Karl-Fischer coulometric titrator has been used for the 

determination of water content. The source, CAS number, mass fraction purity, and 

water content of the chemicals used in this study have been given as a tabular form in 

Table VI.1. Apparent mole fraction of composition is x=0.62 for AlCl3 and rest is for 

EMImCl. Where [EMIm] and AlCl4 with a charge +1 and -1 respectively act as cation and 

anion. 

2.2. Methods 
 

The experimental data of density (ɏ), speed of sound (u) and refractive index (nD) were 

automatically and simultaneously measured using a digital vibrating-tube density meter 

& speed of sound analyzer (Anton Paar DSA 5000 M) and Anton Paar RXA 156 

refractometer with an accuracy of  ±0.001K,  ±1·10-6 g·cm-3,  ±0.01 m·s-1, and  ±2·10-6 for 

temperature, density, speed of sound and refractive index, respectively. And error on 

both the cells and measured parameters are temperature dependent and are controlled 

by a built-in Peltier thermostat. The purity of the solvents has been observed by 

comparing it with the experimental density, speed of sound, and refractive index value 

with literature values (Table VI.1). The density of ethanol is slightly lower than 

methanol; it is due to the strong H-bond in ethanol than methanol. 
 

Before  starting  each set of experiments, the cell has been cleaned (three times) with 

ethanol (liquid 1) and then dried with acetone (liquid 2) using a fully automatic X 

sample 452 Module. This module of routine cleaning of the cell (u-tube of the 

instrument) has been performed after each measurement. After rinse and clean the 

instrument after each measurement, it has been calibrated by ultra-pure water and 

passing dry air. The stock solution has been prepared by the weighing mass of the ionic 

liquid. The mass has been weighed using Ohaus PioneerTM, item-PA214 with readability 

0.0001g. Then, the experimental solutions have been prepared by the dilution method 

of the stock solution of the ionic liquid from the sealed vial. All the prepared solutions 

have been tightly sealed to minimize the evaporation of solvent and absorption of 

atmospheric moisture, and measurements have been performed instantly after the 

preparation of solutions. The experimentally observed values of density, refractive 

index, and speed of sound have been listed in Table VI.2. 
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3. Results and Discussions 
 

3.1 Apparent molar volume 

The term apparent molar volume is important to analyze the solvent effect on the solute 

or ion-solvent interactions. [30] Therefore, we have calculated the apparent molar 

volumes (  with corresponding concentrations (m) of ionic liquid at T =293.15K to 

318.15K with 5K interval of temperature and at atmospheric pressure using the 

equation 1 

                                                                                 

 

where ɏ,  , M and m are the density of the solution, solvent, molar mass of ionic liquid, 

and concentration in molality respectively. The apparent molar volumes (  have been 

represented in Figure VI.1 (each solvent at different temp), Figure S1 ((Supplementary 

Data) at a particular temp in different solvents). These apparent molar volumes  

have been plotted with the square root of concentration m) to obtain the limiting 

apparent molar volume (  (Table VI.3) with the help of the least square analysis of 

the Masson equation [31], 

 

                                           (2) 

 

where , and  were the empirical coefficients, and the estimated values have been 

given in Table VI.3.  is signifying the interactions between ion and solvent (ion-

solvent interaction) into the solution. A perusal of Figure VI.1 and Table VI.3, show that 

the values of    respectively increases (a) with rising of temperature and (b) 

from methanol to 1-butanol (Figure S1). This indicates the ion-solvent interaction 

between ionic species of ionic liquids and solvent molecules increases with (i) 

increasing temperature and (ii) increasing number of carbon atoms in the solvent. The 

coefficient,  is signifying the ion-ion interactions (or self-interaction of ions of the 

solute). For all the studied compositions and temperatures, it is observed that the 

magnitude of  is positive but very much lower than limiting apparent molar volume. 

This observation of , means that there must have some extent of self-interactions 

between the ions of ionic liquid (ion-ion interactions). But it is negligible compare to the 
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ion-solvent interactions. The plausible forms [32] of ion-ion interactions (

     and  
 
have been shown as scheme 1.  

 

At infinite dilution, the ions of ionic liquid are separated by the solvent molecules. The 

ions are located at infinite distance from each other and surrounded only by the solvent 

molecules. Therefore, in this situation, the interactions that occur are only between ions 

of solute and solvent molecules, e.g., there are only ion-solvent interactions with no ion-

ion interactions. Hence, we can say ion-solvent interactions are dominating over ion-ion 

interactions. Since,  is only affected by ion-solvent interactions. So  it s value giving us 

the quantitative measurement of  ion-solvent interactions. [33-36]  Table 3 (or Figure 

S1) showing the values of limiting apparent molar volume, , for the ionic liquid in all 

the chosen solvents were positive, and the trends are increasing with rising 

temperature. The similar increasing trend of ,  has been observed if we change 

solvents (from methanol to 1-butanol). From this observation we can suggest the 

plausible two effects; there are temperature effect (at different temperatures), and 

solvent effect (for the structure of different solvents). We have seen that, with rising 

temperature the value of  is increasing, which indicates the interactions between ions 

and solvent molecules (ion-solvent interaction) is strengthening with rising 

temperature. This observation can also be explained by transition state theory. [37] 

According to this theory, an increase in the temperature causes the molecules/ions to 

gain energy and become excited, and as a result, it is easy to transfer at the transition 

state. The formation of the transition state is coupled by the rupture of the 

intermolecular hydrogen bond of the alcohol and distortion of the intermolecular forces 

in the solvent molecules. Then these excited molecules/ions favourably interact with 

solvent molecules, which imply stronger ion-solvent interactions. [37] 

 

The effect of temperature on , can be expressed by fitting  data to a polynomial 

[30] as, 

 

    (3) 

 

where,   were the empirical coefficients. The nature of these coefficients 

depend on the type of electrolytes, solvents, and studying temperature T (K). The 
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calculated values of these coefficients were listed in Table VI.4. The first differentiation 

of Equation 3, limiting apparent molar volumes ( ) concerning temperature (T) at 

constant pressure gives the limiting molar expansibility (  [30] as follows, 

 

  (4) 

The limiting molar expansibility (  have been reported in Table VI.5. The positive 

values of  ascribed to the characteristics of solvation, electrostriction, or 

rearrangement of the solvent molecules at the surrounding surface of the ions. With 

increasing the temperature, some solvent molecules attached to the ionic liquid via 

hydrogen bond (scheme VI.2) may be released from the surrounding surface of the ionic 

liquid, as a result, the apparent molar expansibilities are increased. 

The positive attitude of , also signifies the absence of caging or packing effect of the 

ionic liquid in the solution system. The  values in methanol and ethanol are 

increasing with increasing temperature, suddenly decreases in the case of 1-propanol, 

and increases in the case of 1-butanol.  But it is a lower magnitude than the above three 

solvents. This  may be because the 1-butanol has greater ion-solvent interaction 

(replace the methanol with 1-butanol in Scheme VI.2). For the similar reason of 

hydrogen bonding (Scheme VI.2), the ionic species have less expansibility in 1-propanol 

than ethanol, which in turn less than methanol.  Since SV  is not making sole criteria to 

predict the structure breaking and making the tendency of a solute/electrolyte. 

Therefore, Hepler [38] introduced another view (the second derivative of  

concerning temperature (equation 5)) to find out the structure breaking and making 

nature of ions in the binary solution systems using the general thermophysical 

expression [30], 

                (5) 

 

The positive and negative signs of   implies the tendency of structure making 

and breaking (the tendency of order and disorder) respectively. By the inspection of 

Table VI.4, we have found the positive magnitude of  of the ionic liquid in all 

the investigated binary solutions. These results are indicating the structure making 
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tendency and/or symmetric rearrangement of solvents may be with hydrogen bond, 

ion-dipole, London dispersion force, electrostriction, hydrophobic interactions, etc. 

Solvent effect: At a particular temperature (say 298.15K), the values of limiting 

apparent molar volumes (  for ionic liquids  increases with increasing the number of 

side-chain carbon atoms (increasing the chain with CH2 group, as well as increasing the 

inductive effect, +I effect)  from methanol to 1-butanol in the chosen alcohols (Figure S1 

or Table VI.3).  The consequences can also be elucidated by Friedman and Krishnan's 

co-sphere model .[39]  According to this model, co-sphere solvation is destructive due 

to the effect of overlapping. Since, the effect of (i) overlapping and (ii) hydrophobic-

hydrophobic interaction, decreases the limiting apparent molar volume. Therefore, the 

ion-hydrophobic or ion-hydrophilic interactions (chain of ionic liquids and solvent 

molecules or chain of solvent with central  ion) will give a positive effect on stronger 

ion-solvent interactions. Hence, from the inspection of experimental observations of 

(  and the positive effect of ion-hydrophobic or ion-hydrophilic interaction (in ion-

solvent interaction), increasing order of ion-solvent interaction in chosen alcohols at 

each temperature can be rearranged as follows, 

 

 
 

The limiting apparent molar volumes of each part of chosen ionic liquid i.e., 

([EMIm]Cl/AlCl3) also play a crucial role in ion-solvent interaction. [35,40,41] If we 

discuss the solvated ions in solution (at infinite dilution, ionic liquid parts are far apart 

from each other and only solvated by solvent molecules) concerning crystal ionic 

volume we can say that the solvation of ionic liquid molecules have occurred through 

the solvation of individual part  and  ; and they are solvated by non-

covalent interaction (scheme VI.2) as ion-dipole, electrostatic interaction, and 

electrostriction etc. The limiting apparent molar volumes (  for each part 

(calculated using radius ratio rule)[35], solvated radii (rs/Å3) have been depicted in 

Table VI.5. A perusal of Table VI.5, we have got the limiting apparent molar volume of 

each ionic part, the solvated radii of cation  and the solvated radii of anion 

  are increase (a) from methanol to 1-butanol of the chosen solvents and (b) with 

increasing temperature. These results are indicating the ionic solvation by solvent 
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molecules. This ionic salvation (for both ions) is higher in the case of 1-butanol compare 

to the other chosen solvents. And this ionic salvation is also strengthening with rising 

temperatures. 

 

3.2  Molar refraction 
 

The experimental observed refractive index (nD) and density (ɏ) of solutions have been 

used to obtain the molar refraction (  by following expression [42], 

 

                                              

 

Where, the molar volume       

  and then polarizability ( ) have been calculated from , using the 

following equation [43], 

 

                                         

 

Where, NA is the Avogadro s number. From the definition of the refractive index, it is a 

ratio of the speed of light in vacuum and through the medium , or more simply,  it 

is the capacity of reflection of light when it moves from one medium to another medium, 

and consequently, higher the refractive index more is the refraction of light . [42,43] 

And more refraction of light is only possible when the substance is tightly packed or 

denser. Molar refraction is linearly varied with the refractive index. From the molar 

refraction data in Table VI.3 and Figure VI.2, it is noted that there is not too much 

variation with rising temperature, but it reasonably changes with changing the solvent. 

This fact is indicating that the ions  and   are more tightly packed in 1-

butanol with respect to other chosen alcohols via non-covalent interactions. Similar 

results have been observed from the apparent molar volumes calculation (mentioned 

above). 

The polarizability effect has been explained by London dispersion forces and the 

intermolecular forces viz., hydrogen bonding, ion-dipole interactions, etc.  The London 
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dispersion force is also an intermolecular force exhibited by the molecule and it can be 

expressed by polarizability. Polarizability is depended on the total number of electron 

and the total volume over which they were spread. The existence of a large number of 

electrons in large volumes over their spread, greater will be the polarizability as well as 

greater the dispersion force. From a scrutiny of Table VI.5, it has been seen that the 

polarizability  values increase from methanol to -butanol among the selected 

primary alcohols. This result indicates in the presence of a number of electrons, the 

apparent molar volume also becomes higher. This result also suggests the London 

dispersion forces are also responsible for ion-solvent interaction, as we have 

interpreted by other intermolecular forces (viz., H-bonding, ion-dipole interactions). 

The dominance of the London dispersion forces can also be shown from the boiling 

point of the solvents, more the boiling point greater the dispersion forces (64.7°C, 

78.4°C, 97.0°C, 117.7°C are the boiling points of methanol, ethanol, 1-propanol, 1-

butanol respectively). It is also noted that the polarizability linearly depend on molar 

refraction. Alternatively, both the polarizability and molar refraction follow the same 

trend with concentration as we observe in apparent molar volume. In the optical region, 

the molar refraction is in the same trend with the strength of dispersion forces. On the 

other hand, we measured the refractive index in the optical region, where the 

polarizability cannot be included as an orientation effect. [44-47]  Thus, it is showing 

that there are negligible changes in molar refraction by orientation effect on 

polarizability with 5K interval of temperature. 

The molar refraction and apparent molar volume can also be used to obtain the 

apparent molar solvated volume,  ,  which represent  the volume  occupied by 

solvent molecules, as  and reported in Table 5. This volume 

appearance is also used in many liquid-state models, based on the van der Waals 

equation-of-state. The values of  were invariant with the change of solvent 

indicating that the ion-solvation interaction is quite the same as found in ions 

(cation/anion). But the values of  increases with temperature means that the 

ion-solvation rises with rising the temperature. Hence, a cooperative analysis of density 

and refractive index provides a useful clue about the solvodynamic behaviour of a 

system. 
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3.3 Isentropic Compressibility  

The values of speed of sound (u) and density (ɏ) have been utilized to calculate the 

isentropic compressibility ( ) for the binary systems (ionic liquid+alcohols). This   

values have been calculated by employing the Newton-Laplace s equation [30], 

 (8) 

Now, the isentropic compressibilities ( ) have been plotted with corresponding 

concentration (m) of alcohol (Figure S2 in Supplementary Data). The magnitude of 

isentropic compressibility of the ionic liquid is higher in 1-butanol than 1-propanol, 

ethanol, and methanol at a particular temperature (say 298.15K). And this 

compressibility is also increasing with rising temperature (293.15K to 318.15K) in a 

particular solvent system (methanol). The fact can be elucidated by hydrogen bonding 

and dipole moments; ion-solvent interactions are more when ions can rupture the 

hydrogen bonds of solvent molecules. Methanol has a stronger hydrogen bond and 

higher  dipole moment than ethanol, which in turn has a stronger H-bond than other 

higher alcohols; and the ions of ionic liquids cannot effectively rupture the stronger H-

bond of methanol, resulting in poor ion-solvent interaction. This agrees with the 

findings from radial distribution functions (RDFs) analysis [32] and contact ion pair 

(CIP) and solvent shared ion pair (SSIP) optimization by DFT calculations. [48]  For each 

temperature, ,  is gradually decreasing with an increasing molality of alcohol, is due to 

the solvation of ions.  

The isentropic compressibilities ( ) have been used to compute the apparent molar 

isentropic compressibility[30] ( ), 
 

                                                   

where  and  are isentropic compressibility of pure and binaries respectively. The 

limiting apparent molar isentropic compressibility ( ) is computed using the following 

relation [30], 

    (10) 

and listed in Table 3, where  and  are the empirical coefficient. ,  and  are 

similar significant as described in Equation 1 of the apparent molar volume. A perusal of 
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Table VI.3, the negative values of limiting apparent molar isentropic compressibility  

indicates that the solvated ions of ionic liquid would present greater resistance to 

compression. At a particular temperature (say 298.15K), the values of    increases 

from methanol to 1-butanol (Figure 3). And for a particular solvent (say methanol) 

these  values were also increasing with rising temperature (Figure S3). The results 

certify that the ion-solvent interactions are increased with both, the increase in 

temperature and change in solvent (from methanol to 1-butanol). Comparing the 

similar significant (ion-ion interaction) empirical coefficient of   and  from 

apparent molar volume and apparent molar isentropic compressibility is negative 

(Table VI.3), implies that there is no tertiary effect between the ion and solvent 

molecules in the studied binary solution systems.   

 

4.Conclusions 

From the experimental results and derived parameters of the studied binary system viz., 

{([EMIm]Cl/AlCl3)+methanol}, {([EMIm]Cl/AlCl3)+ethanol}, {([EMIm]Cl/AlCl3)+1-

propanol}, and {([EMIm]Cl/AlCl3)+1-butanol}, we concluded that the ion-solvent 

interaction signifying parameters e.g., limiting apparent molar volume, molar refraction, 

limiting apparent molar isentropic compressibility  increases with rising the side chain 

of the studied alcohols and with increasing temperature. On the other hand, ion-ion 

interaction indicating parameters (Sv and Sk) decreases with the same.  The study also 

attributed that ion-solvent interactions are dominant over the ion-ion interactions. The 

molecular interactions occurring between the ionic liquid and solvent molecules are 

due to the structure-making capacity that causes by intermolecular forces and non-

covalent interactions. 
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TABLES 
 

Ŷ Table VI.1. Chemical name, CAS number, the mass fraction of purity and water 

content of the chemicals used¶ 

 

Chemical name CAS Number Mass fraction purity  water content(%) 

[EMIm]Cl/AlCl3§ 

(x_AlCl3=0.62) 

742872-100G  0.990 0.1062 

Methanol 67-56-1  0.6723 

Ethanol 67-17-5  0.8745 

1-Propanol 71-23-8  0.8976 

1-Butanol 71-36-3 >0.990 0.9612 
 

¶purification method-used as procured and analytical method Gas Chromatography; 

Confirmed by the supplier; §1-ethyl-3-methylimidazolium chloride-aluminum chloride; 

Product number 

 

Ŷ Table VI.2. Density (ɏ), refractive index (nD) and speed of sound (u) of ionic liquid 

(x_AlCl3=0.62) and pure solvents at T = 293.15K to 318.15K and at atmospheric 

pressurea 

Solvent T (K) ɏ ×10-3(kg m-3) nD u (m s-1) 
Experimental Literature Expt Lit Expt Lit 

[EMIm]Cl/AlCl3 293.15 1.354472 - 1.480628 - 1417.07 - 
 298.15 1.350003 - 1.479027 - 1410.99 - 
 303.15 1.345556 - 1.477393 - 1404.46 - 
 308.15 1.341135 - 1.475788 - 1398.13 - 
 313.15 1.336735 - 1.474198 - 1391.75 - 
 318.15 1.332360 - 1.472574 - 1385.62 - 

methanol 293.15 0.792136 0.791218b 

0.791243c 

1.329146 1.32843d 1120.27 1118.83c 

1119.49e 

 298.15 0.786613 0.78661f 

0.786710e 

1.327200 1.32645d 1104.01 1102.98e 

 303.15 0.782717 0.781778b 

0.781813c 

1.325247 1.32410g 

1.3241d 

1087.22 1085.99c 

1086.46e 

 308.15 0.777974 0.777028b 

 
1.323244 1.32223g 1069.17 1068.90g 

 313.15 0.773204 0.772238b 1.321216 1.32018g 1054.25 1053.55c 
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0.772287c 1.32048d 1053.97e 

 318.15 0.768399 0.767326b 

 
1.318681 1.31759g 1038.14 1037.30g 

ethanol 293.15 0.789420 0.789386h 

0.79091i 

1.361503 1.36125d 1162.97 1161.97j 

 298.15 0.785133 0.785096h 

0.78660i 

1.359482 1.35941g 

1.35922d 

1146.37 1145.44j 

1143.50e 

 303.15 0.780815 0.780779h 

0.78228i 

1.357377 1.35680d 1129.49 1128.77j 

 308.15 0.776463 0.776431h 

0.77794i 

1.355298 1.35451g 1114.26 1112.14j 

 313.15 0.772077 0.772044h 

0.77356i 

1.353195 1.35245g 

1.35303d 

1096.99 1095.49j 

 318.15 0.767646 0.768166j 

0.76915i 

1.351061 1.35015g 1080.51 1078.79j 

1-propanol 293.15 0.804479 0.803516h 
0.80384i 

1.385257 1.38484d 
1.38578k 

1224.45 1223.00d 

 298.15 0.800461 0.799506h 
0.79985i 

1.383276 1.38307d 
1.38364k 

1207.47 1206.54l 

 303.15 0.796413 0.795476h 
0.79581i 

1.381227 1.38104d 
1.38153k 

1190.48 1188.64l 

 308.15 0.792332 0.791406h 
0.79174i 

1.379177 1.37918m 
1.37929k 

1173.58 1171.81l 

 313.15 0.788212 0.787296h 
0.78764i 

1.377078 1.37676d 
1.37702k 

1156.78 1150.0n 

 318.15 0.784043 0.78355i 1.374934 1.37483k 1140.01 1139.4n 
1-butanol 293.15 0.809607 0.809660h 

0.80953i 
1.399479 1.39924d 

1.39932k 
1256.34 1257.5n 

 298.15 0.805792 0.805845h 
0.80570i 

1.397563 1.39702d 
1.39730k 

1239.61 1239.28l 

 303.15 0.801951 0.802004h 
0.80186i 

1.395530 1.39521d 
1.39523k 

1222.82 1223.41l 

 308.15 0.798078 0.798133h 
0.79799i 

1.393478 1.39318k 1206.13 1206.83l 

 313.15 0.794169 0.794222h 
0.79410i 

1.391442 1.39090d 
1.39110k 

1189.53 1192.6n 

 318.15 0.790220 0.79018i 1.389374 1.38901k 1173.01 1169.6n 
 

aStandard uncertainties u are u(ɏ) = 0.00005 g cm-3 & u(u) = 0.05 m s-1 with u(T) = 

0.01K and u(nD) = 0.00003 with u(T) = 0.01K (with 0.68 level of confidence) and the 

estimated expanded uncertainties U are U(ɏ) = 0.00010 g cm-3 & U(u) = 0.10 m s-1and 

U(nD) = 0.00006 (with 0.95 level of confidence (k=2)); b[ref. 49], c[ref. 50], d[ref. 51], 
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e[ref. 52], f[ref. 53], g[ref. 54], h[ref. 55], i[ref. 56], j[ref. 57], k[ref. 58], l[ref. 59], m[ref. 60], 
n[ref. 61] 

Ŷ Table VI.3. Limiting apparent molar volume, , coefficients (  and  ), molar 

refraction (RM), apparent molar isentropic compressibility ( ), coefficients (  and ) 

of ionic liquid [emimCl]2[AlCl3]3 (x_AlCl3=0.62) in solvents at T = 293.15K to 318.15K 

and at atmospheric pressurea 

 

T (K) 
106  

(m3 mol-1) 

106  
(m3 mol-

3/2 kg1/2) 

106·  
(m3 mol-2 

kg) 

106·RM 

(m3 mol-1) 

10-11  
m3 mol-1  

Pa-1) 

10-11·  
(m3 

mol3/2 
kg1/2 Pa-1) 

10-11·  
(m3 mol2 
kg Pa-1) 

[EMIm]Cl/AlCl3+methanol 

293.15 839.20 17.59 -443.42 172.89 -229.6 12.28 -19.36 
298.15 842.61 17.09 -440.76 173.03 -223.0 11.96 -18.91 
303.15 847.55 16.61 -442.46 173.14 -214.2 11.40 -17.86 
308.15 852.92 16.23 -446.14 173.26 -207.1 11.03 -17.36 
313.15 857.47 15.81 -445.42 173.40 -195.6 10.27 -15.99 
318.15 862.40 15.42 -445.09 173.60 -186.3 9.83 -15.29 

[EMIm]Cl/AlCl3+ethanol 

293.15 844.71 15.13 -404.48 189.46 -194.1 11.10 -18.09 
298.15 848.12 14.69 -404.39 189.53 -187.7 10.76 -17.48 
303.15 853.60 14.26 -403.99 189.66 -181.3 10.37 -16.78 
308.15 857.42 13.86 -408.90 189.88 -176.5 10.10 -16.28 
313.15 862.10 13.44 -410.23 190.07 -169.7 09.74 -15.76 
318.15 866.73 13.03 -410.24 190.27 -160.9 09.17 -14.72 

[EMIm]Cl/AlCl3+1-propanol 

293.15 852.61 13.13 -381.78 202.05 -0.69 3.46 -5.71 
298.15 855.49 12.61 -379.40 202.13 -0.66 3.41 -5.46 
303.15 859.82 12.24 -382.13 202.37 -0.64 3.32 -5.31 
308.15 863.06 11.81 -380.13 202.59 -0.61 3.18 -5.07 
313.15 866.42 11.48 -380.34 202.90 -0.57 2.97 -4.69 
318.15 869.60 11.02 -377.97 203.19 -0.54 2.80 -4.40 

[EMIm]Cl/AlCl3+butanol 

293.15 858.11 10.85 -362.52 209.85 -0.15 0.45 -0.65 
298.15 860.54 10.31 -365.99 210.11 -0.14 0.43 -0.63 
303.15 863.62 9.84 -364.47 210.38 -0.13 0.38 -0.55 
308.15 866.71 9.40 -364.23 210.60 -0.12 0.35 -0.51 
313.15 870.68 9.01 -364.01 210.86 -0.11 0.30 -0.44 
318.15 874.52 8.64 -360.72 211.13 -0.10 0.27 -0.34 
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a Standard uncertainties u are u( ) = (0.13-0.96)·106 m3 mol-1, u(RM) = 0.21·106 m3 

mol-1, and u( ) = (0.09-0.97)·1011 m3 mol-1 Pa-1 (with 0.68 level of confidence),  and 

u(T) = 0.001K. 

Ŷ Table VI.4.  Empirical coefficient ( , , ) of equation 3,   for ionic liquid 

in chosen solvents 

 

Solvent 
106·  

(m3 mol-1) 

106·  

(m3 mol-1 K-1) 

106·  

(m3 mol-1 K-2) 

106·
 (m3 mol-1 K-2) 

Methanol 963.249 -1.689 0.0043 0.0086 

Ethanol 776.592 -0.376 0.0021 0.0042 

1-Propanol 491.173 -1.731 0.0047 0.0094 

1-Butanol 1371.315 -3.972 0.0076 0.0152 

 
 

Ŷ Table VI.5. Limiting apparent molar expansibility ( ), , ionic limiting apparent 

molar volume ( ) solvated volume including ions (rs) polarizability ), solvated 

volume by solvents ( ) in methanol, ethanol, 1-propanol, and 1-butanol 
 

T(K) 
106· o

E  
(m3 mol-1 K-1) 

106· ( )o
E   

(m3 mol-1 K-1) 

106·   
(m3 mol-1) 

rs(Å3) 
1023·  

(m3 
mol-1) 

106·
(solvt)o

V   

(m3 mol-

1) 
    

 methanol 
 

     
293.15 0.83 0.0015 337.36 501.84 11.170 6.854 666.31 
298.15 0.88 0.0016 338.73 503.88 11.185 6.859 669.58 
303.15 0.92 0.0017 340.72 506.83 11.207 6.864 674.41 
308.15 0.96 0.0017 342.87 510.05 11.230 6.869 679.66 
313.15 1.00 0.0018 344.70 512.77 11.250 6.874 684.07 
318.15 1.05 0.0019 346.68 515.72 11.272 6.882 688.80 

 ethanol 
 

     
293.15 0.86 0.0017 339.57 505.14 11.194 7.511 655.25 
298.15 0.88 0.0018 340.94 507.18 11.209 7.514 658.59 
303.15 0.90 0.0018 343.15 510.45 11.233 7.519 663.94 
308.15 0.92 0.0018 344.68 512.74 11.250 7.527 667.54 
313.15 0.94 0.0019 346.56 515.54 11.270 7.535 672.03 
318.15 0.96 0.0019 348.43 518.30 11.291 7.543 676.46 
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 1-propanol      

293.15 0.73 0.0014 342.75 509.86 11.229 8.010 650.56 
298.15 0.72 0.0014 343.91 511.58 11.242 8.013 653.36 
303.15 0.70 0.0013 345.65 514.17 11.260 8.023 657.45 
308.15 0.68 0.0013 346.95 516.11 11.275 8.031 660.47 
313.15 0.67 0.0013 348.30 518.12 11.289 8.044 663.52 
318.15 0.65 0.0012 349.58 520.02 11.303 8.055 666.41 

 1-butanol      
293.15 0.48 0.0001 344.96 513.15 11.253 8.319 648.26 
298.15 0.56 0.0002 345.94 514.60 11.264 8.329 650.43 
303.15 0.64 0.0002 347.18 516.44 11.277 8.340 653.24 
308.15 0.71 0.0002 348.42 518.29 11.290 8.349 656.11 
313.15 0.79 0.0002 350.01 520.67 11.308 8.359 659.82 
318.15 0.86 0.0003 351.56 522.96 11.324 8.370 663.39 
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FIGURES 
 

Ŷ Figure VI.1. A plot of apparent molar volume (ߖV) of ionic liquid (1-ethyl-3-

methylimidazolium chloride-aluminum chloride) with a corresponding concentration in 

methanol (1a), ethanol (1b), 1-propanol (1c), and 1-butanol (1d), at T=293.15K-

318.15K and atmospheric pressure 
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Ŷ Figure VI.2. Plot of molar refraction (RM) of ionic liquid ([EMIm]Cl/AlCl3) vs 

concentration for (2a) methanol, (2b) ethanol, (2c) 1-propanol, and (2d) 1-butanol, at 

different temperature and at atmospheric pressure 

 

 
 

 

 

 

 

 

 

 

 

 

 

170.5

171.0

171.5

172.0

172.5

173.0

0.10 0.15 0.20 0.25 0.30 0.35 0.40

10
6.

R
M

/m
3 .

m
ol

 

√m / mol1/2·kg-1/2 

2a 293.15K
298.15K
303.15K
308.15K
313.15K
318.15K

184.5

185.5

186.5

187.5

188.5

0.10 0.15 0.20 0.25 0.30 0.35 0.40
10

6.
R

M
/m

3 .
m

ol
 

√m / mol1/2·kg-1/2 

2b 293.15K
298.15K
303.15K
308.15K
313.15K
318.15K

196.0

197.0

198.0

199.0

200.0

201.0

202.0

0.10 0.15 0.20 0.25 0.30 0.35 0.40

10
6.

R
M

/m
3 .

m
ol

 

√m / mol1/2·kg-1/2 

2c 293.15K
298.15K
303.15K
308.15K
313.15K
318.15K

203.5

204.5

205.5

206.5

207.5

208.5

209.5

0.10 0.15 0.20 0.25 0.30 0.35 0.40

10
6.

R
M

/m
3 .

m
ol

 

√m / mol1/2·kg-1/2 

2d 293.15K
298.15K
303.15K
308.15K
313.15K
318.15K



*Published in Current Physical Chemistry  
150 

Ŷ Figure VI.3. Plot of apparent molar isentropic compressibility (  ) of ionic liquid 

([EMIm]Cl/AlCl3) vs concentration for methanol (Ƈ ), ethanol (Ŷ), 1-propanol (Ÿ), and 1-

butanol (×), at 293.15K (3a), 298.15K (3b), 303.15K (3c), 308.15K (3d), 313.15K (3e), 

318.15K (3f) and at atmospheric pressure. 
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SCHEMES 

 
Ŷ Scheme VI.1. Plausible inter-ion interaction of ionic liquid ([EMIm]Cl/AlCl3) 
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Ŷ Scheme VI.2. Plausible form of Hydrogen bonding of ionic liquid [EMIm]Cl/AlCl3  with 

methanol [32] 
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SUPPORTING  DATA 
 

 
Ŷ Fig S1. Plot of apparent molar volume (ߖV) of ionic liquid ([EMIm]Cl/AlCl3) vs 
concentration for methanol (Ƈ ), ethanol (Ŷ), 1-propanol (Ÿ), and 1-butanol (×), at 
different temperature and atmospheric pressure  
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Ŷ Fig S2. Plot of isentropic compressibility ( s) of ionic liquid ([EMIm]Cl/AlCl3) vs 
concentration for methanol (S2a), ethanol (S2b), 1-propanol (S2c), and 1-butanol (S2d), 
at different temperature and atmospheric pressure 
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Ŷ Fig S3. Plot of apparent molar isentropic compressibility (  ) of ionic liquid 
([EMIm]Cl/AlCl3) vs concentration for methanol (S3a), ethanol (S3b), 1-propanol (S3c), 
and 1-butanol (S3d), at different temperature and atmospheric pressure 
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ANALYSIS OF ENCAPSULATION POTENCY OF - AND -

CYCLODEXTRIN TO 4-CHLORO-1-NAPTHOL IN AQUEOUS 

ETHANOL MEDIA 

 

Abstract  

The present workk deals with the  formation and investigation of host guest inclusion 

complexes of 4-chloro-1-napthol insight into - and -cyclodextrin in 50% aqueous 

ethanol media by various physicochemical and spectroscopic methods  Job s plots have 

been drawn by UV-visible spectra and confirm 1:1 stoichiometry of the complex. Surface 

tension data also support 1:1 stoichiometry of the complexes. 1H NMR, FTIR and ESI MS 

studies ensure the inclusion phenomenon once again. Association constants have been 

calculated by UV-Visible spectroscopy on the basis of the Benesi-Hildebrand method 

and non-linear programme, and the thermodynamic parameters have been estimated 

with the help of Van t Hoff equation  The higher binding constant values and calculated 

values of thermodynamic parameters such as Gibb s free energy  enthalpy and entropy 

supported the high stability and feasibility of formation of the inclusion complex. The 

formations of inclusions have been elucidated by H-bonding interactions, hydrophobic 

effects, structural effects, and electrostatic interaction. 

 

Keywords: 4-chloro-1-napthol  -cyclodextrin  -cyclodextrin; Inclusion complex; 

Surface tension and spectroscopic study 
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1. Introduction 

Cyclodextrins (CDs) are doughnut-shaped cyclic oligosaccharides consist of D-

glucopyranose units connected by -(1,4) linkages. [1] There are some types of 

cyclodextrins, commons amongst are having six, seven, and eight D-glucopyranose units 

and are known as  -  -  and -CDs, respectively. [2,3] Due to the presence of cavity of 

hydrophobic nature, CDs show a phenomenal property of accommodating hydrophobic 

part of guest molecules into its cavity to form inclusion complexes (ICs). [4] The 

hydroxyl groups present at the wider and narrow rim of CD act as stabilizer through H-

bond with the hydrophilic part of guest molecules. [2] The  macromolecule remarkably 

shields the embedded guest molecules from degradation by auto-oxidation, hydrolysis, 

proteolysis in the solid state. [1] The encapsulation and controlled release properties of 

CD have been excellently applied in medicine as drug delivery system. CD can also 

increase the solubility of the guest in industrial purposes, food department, 

customization of cosmetic, paint industry, elimination of various toxic materials, 

pollutants, and waste products without a chemical change. [5] 

One of the -napthol derivatives, 4-chloro-1-napthol (4C1N) (Scheme VII.1) is primarily 

used for the detection of protein, Scanning Electrochemical Microscopy (SEM), and for 

imaging of DNA hybridization on microscopic polypyrrole patterns. It can also be used 

as a substitute for benzidine compounds, which are considered to be carcinogenic. 

Therefore, the encapsulation and controlled release of 4-chloro-1-napthol without 

chemical and biological distortion, may give a new direction of its application. 

For this, in the present study we have investigated the nature of formation and 

stoichiometry of inclusion complex of -CD and -CD with 4-chloro-1-napthol in 

aqueous ethanolic media. Interactions between the 4-chloro-1-napthol and CDs have 

been analyzed in terms of surface tension and spectroscopic study viz., UV-Vis, 1H NMR, 

FTIR, and HR MS. 
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2. Experimental section 

2.1. Materials 

4-Chloro-1-napthol  - and -cyclodextrin of puris grade of purity  were 

purchased from Sigma-Aldrich and have been used without further purification. Triple 

distilled water having the conductance 1·10-6 S·m-1 has been used to prepare the 

solutions.  

2.2. Apparatus 

UV visible spectra were recorded using a JASCO V-  UV VIS spectrophotometer 

having a wavelength accuracy of ±0.5nm. A digital thermostat was used to maintain the 

cell constant and temperature. 

Surface tension has been measured using platinum ring detachment technique with a 

K9 digital tensiometer Kruss  GmbH  Hamburg  Germany  at the experimental 

temperature, with an accuracy of ±0.1mN·m . Temperature has been maintained by the 

circulation of auto thermostat water through a double-walled glass vessel containing 

the solution. 

1H NMR spectra has been recorded in DMSO using Bruker Avance 400 MHz instrument. 

Signals have been cited as  values in ppm with reference to residual protonated solvent 

signal as the internal standard HDMSO    ppm  Data are presented as chemical 

shifts. 

FTIR spectra were recorded by means of Perkin-Elmer FTIR spectrometer using KBr 

disk method within the range of  cm  at room temperature. 

Using JEOL JSM-IT 100 Scanning Electron Microscope (SEM), the surface morphologies 

of 4C1N, CDs and both of the inclusion complexes were recorded. The pictures were 

taken at an excitation voltage of 15, 20 and 30kV with a magnification of 425, 500, 1000 

and 2000X. 
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HRMS spectra of the solid ICs were measured by using Quadrupole Time-Of-Flight (Q-

TOF) high resolution instrument with positive-mode electrospray ionization. Methanol 

solutions of the solid ICs were employed for such spectral measurement. 

2.3. Procedure 

Before executing the practical experiments, the solubility of host and both the guest 

molecules have been thoroughly checked  While  -  -cyclodextrins were quite soluble 

in water, 4-chloro-1-napthol was only poorly soluble in water. Then the solubity of all 

the compounds were examined in aqueous ethanol (v:v=1:1) solvent. Both the CDs and 

the guest showed a marked increase in solubility in this mixed solvent. Hence, all the 

solutions were prepared by adding known volume of aqueous ethanol in air tight 

stoppered bottle. The mass measurements were accomplished by using a Mettler 

Toledo AG-285 electronic balance with an uncertainty of ±0.1 mg at 298.15 K. 

Precautions were taken to minimize weight loss due to evaporation while mixing and 

working with the solutions. 

In order to prepare the solid inclusion complexes, 20 ml (1  mM  solutions of each  - 

and -cyclodextrins were prepared separately and stirred continuously for 

approximately 6 hours using a magnetic stirrer. Thereafter, 20 ml (1.0 mM) solutions of 

4C1N were added dropwise separately to the previously made guest solutions so as to 

make the ultimate equimolar mixtures, which were allowed to continuous stir for 

almost 48 hours, keeping the temperature 55-60 oC. The resultant suspensions were 

cooled to 5 oC and then filtered to obtain white and crystalline powders. These were 

then dried in air and finally, kept in a desiccator for further experimental use. 

3. Results and discussion 

3.1. Tensiometric Study 

Surface tension  provides strong testimony about the inclusion phenomenon and also 

the stoichiometry of the inclusion complexes formed. [6] The values of surface tension 

of the 4C1N solutions were determined with gradual addition of CDs at 298.15K (Figure 

VII.1). In both the cases ( -CD and -CD  the -values were increasing with increasing 
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the concentration of the hosts. [7,8] These trends are probably due to the insertion of 

4C1N molecule into the cavity of CDs from the bulk, forming inclusion complexes. [9] 

But, the remarkable observation was found at a definite concentration of CD, where, a 

sudden break point obtained. Moreover, after the break point, the curve remains almost 

flattened, even after further addition of CD. This inflection point indicates the saturation 

of inclusion and from this point we can determine the probable stoichiometry of the 

complex formed. The break points around the concentration of 5mM of the CDs (where 

the concentration of 4C1N solutions were taken 5mM) implies 1:1 stoichiometry for 

both the complexes. [10,11] 

3.2. Continuous Variation  Method 

The stoichiometry of the host-guest inclusion complexes can also be predicted by Job s 

method or continuous variation method. [12] The method has been employed by 

making use of UV-visible spectroscopy  Initially  M solutions of C N  -CD and -

CD were prepared separately  Then C N  -CD  and C N  -CD) solutions were 

prepared separately by varying the molar ratio viz., 4ml:0ml, 3.6ml:0.4ml, 3.2ml:0.8ml 

and so on with keeping the total concentration of species constant. After that, 

absorbance at max was determined at 298.15K. Then Job plots were obtained by 

plotting ȟA×R against R, (Figure VII.2.) (where ȟA is the difference in absorbance of 4-

chloro-1-naphthol without and with of cyclodextrins, and   ). [13,14] This 

ratio (R) gives rise to the stoichiometry of the inclusion complexes. For instance, if 

R=0.33, 0.50, & 0.67, the ratio of the guest and host in the complexes are 1:2, 1:1, & 2:1 

respectively. In Figure VII.2, maxima of plot for each solution was found at R= 0.5, which 

reveals the 1:1 stoichiometry for both the inclusion complexes. 

3.3. Association constant and other thermodynamic parameters 

The extent of encapsulation of the guest into the cavity of the hosts as also the stability 

of the inclusion complexes thus formed were explored by estimating the association 

constants ( ) of both the ICs. The association power in terms of constant ( ) for the 

ICs has been determined by means of UV-Vis spectroscopic study. [15] Benesi-

Hildebrand method has been used to quantify the association constant for the 1:1 host-
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guest inclusion compound, the double reciprocal plot has been obtained using the 

following equation [1,14,16,17], 

    

Where  A represent the difference in absorbances of C N before and after 

complexation with CDs. Depending upon the solvent polarity, the molar extinction 

coefficient  of C N should change on going from polar aqueous ethanolic media to 

the apolar hydrophobic cavity of the cyclodextrins to form the inclusion complexes. 

[16,18] Inorder to determine the association constant ( ), changes in absorbance 

values A  of  C N were measured with increasing concentration of CDs at various 

temperatures viz.,298.15K,303.15K and 308.15K (Table S1, S2, supporting information). 

For C N  max = 211nm was considered to calculate the association constant ( ), 

which has been obtained by dividing the slope by the intercept of the plot  and the 

values have been listed in Table VII.1. The magnitudes of Ka indicate that complexes are 

formed with strong association between host and guest molecules. 

Fitting UV-Vis spectral data in a non-linear program, the changes in absorbance of 4C1N 

owing to its recognition into the apolar cavities of cyclodextrins and the association 

constants  ) were obtained. [1,10,19] The following equilibrium was expected to 

exist between the guest, host and 1:1  inclusion complex. [20,21] 

    

                                           Thus, 

 =    

Where, [IC], and  are the equilibrium concentration of inclusion complex, 

free 4C1N and cyclodextrins respectively.  in terms of absorbance, can be expressed 

as, 

                                                =  
      

 =   
    

 

                                 Here, 

                                             =           
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Where,  is the absorbance of 4C1N molecules in the initial state,  stands for the 

absorbances of the same during the gradual addition of cyclodextrins and A denotes the 

final concentration of 4C1N molecules. 

   are respectively the concentrations of guest and CDs added. 

Resulting  values from binding isotherm applying non-linear program were listed in 

Table 2. Thermodynamic properties like standard enthalpy H0), standard entropy 

S0  and free energy G0) also predicting the feasibility of complexation. The lower 

G0  value for IC2 than for IC1, indicate a better fitting of the guest insight into the cavity 

of -CD than that of -CD by non-covalent bond like electrostatic attraction, van der 

Waal force, hydrogen bond or hydrophobic interactions. 

3.4. 1H NMR spectral analysis of solid inclusion complexes 

The molecular encapsulation has also been studied with the help of 1HNMR 

spectroscopy. The insertion of a guest into the cavity of the CDs is certainly associated 

with a change in the chemical shift values of the interacting protons of both the 

compounds, because of their mutual shielding through space. [20,21] The protons in 

CDs are held in different environments. H3 and H5 protons are situated inside the 

conical cavity; also we notice that H3 proton is located near the wider rim and H5 

proton nearer to the narrower rim. The other protons viz., H1,H2 and H4 were oriented 

at the exterior of the CD molecule (Scheme VII.2). [12,22] 1H NMR spectra of pure 4C1N, 

pure CDs and the inclusion complexes are included in Figures VII.3 and VII.4. The 

signals of the interior H3 and H5 hydrogens of CDs as well as the interacting aromatic 

protons of 4C1N showed considerable up-field shifts (Tables VII.3 & VII.4), confirming 

the generation of inclusion complexes.   The higher chemical shift  of the H  

proton than that of the H5 proton, also signify that the guest probably entered through 

the wider rim of - and -CD (Scheme VII.3). [24] 

3.5. FTIR spectroscopy 

The authenticity about the way the inclusion complexes are formed can be revealed by 

interpreting the IR spectroscopic data of the pure guest, pure host, and the inclusion 

complexes. Changes observed in the significant peak values while going from pure guest 
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or host molecules to the complex (Figure VII.5 and VII.6) suggests the formation of 

inclusion complexes with the binding between the 4C1N and the CDs. [23,25] 

FTIR spectra of the IC  along with the spectra of pure -CD and 4C1N: 

-O-H stretching frequency of -CD and the -O-H and aromatic -C-H stretching 

frequencies of 4C1N were observed at 3398, 3413 and 3232 cm 1 respectively, which 

appears as a broad peak at 3431 cm 1 in case of the IC1. The responsible fact for this 

shifting in frequencies is the formation of H-bond between C N and -CD. 

The peaks at 1052 cm 1 responsible for the -C-O stretching for phenolic -C-OH group of 

4C1N is shifted to 1027 cm 1 correspondingly for the IC1. Thus, weakening of -C-O bond 

proposes the formation of H-bond with the H-  of -CD via the phenolic -OH group of 

the guest molecule. 

The stretching and bending frequencies for the -C-H bond of the -CD was at 2926cm 1 

and 1414 cm 1 and -C-H the out-of-plane bending frequency for 4C1N were at 753cm 1. 

But in case of IC1, their existence is observed at 2922, 1343, 750cm 1 (very weak), 

suggesting that the interactions must be taking place between C N and -CD (Figure 

5). 

FTIR spectra of the IC  along with the spectra of pure -CD and 4C1N: 

The signal for -O-H stretching of -CD was at 3392 cm 1 and the -O-H and aromatic -C-H 

stretching frequencies of 4C1N were at 3413cm 1 and 3232cm 1 respectively, whereas, 

in the IC these signals shifted to 3433cm 1 correspondingly. This is possibly due to the 

formation of H-bonding between C N and -CD.  

The peaks for -C-O (phenolic -C-OH group) were at 1052cm 1, which shifted to 

1028cm 1. This is probably owing to the formation of H-bond between C N and -CD.  

The signals at 2926cm 1 and 1410cm 1 corresponding to -C-H stretching and -C-H 

bending of -CD, almost disappeared in the IC2. This is indicative of extensive inclusion 

between the host and the guest molecule. On the other hand, -C-H out-of-plane bending 

for 4C1N molecule at 753cm 1, is absent in the inclusion complex. The strong peak at 

806cm-1 due to the C-Cl stretching for the guest molecule is also disappeared in the 
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complex. This may be because of the various interactions taking place while forming the 

supramolecular assembly between C N and -CD (Figure VII.6).  

These observations further indicate that  C N undergo more feasible inclusion with -

CD in comparison with -CD. 

3.6. High Resolution Mass Spectrometric (HRMS) Analysis 

The solid ICs were further analyzed by High Resolution Mass Spectrometry, by 

dissolving the complexes in methanol. The spectra were shown in Figure VII.7 and VII.8, 

and the observed peaks were listed into Table VII.5 with possible ions. The peaks at m/z 

 and  correspond to C N  -CD + H]+ and C N  -CD + Na]+, 

respectively. And the peaks at m z  and  correspond to C N  -CD + 

H]+ and C N  -CD + Na]+, respectively. The spectra confirm the desired complexes, 

C N  -CD and C N  -CD, were formed in the solid state with the 1:1 

stoichiometric ratio 1:1. [26-28] 

3.7. SEM 

Like other high resolution microscopic techniques, Scanning Electron Microscopy (SEM) 

is another qualitative way to analyze the surface texture and particle size of solid 

materials.[16][29,30] The surface morphological structures of pure 4C1N, -CD  -CD 

along with those of IC1 and IC2 are shown in Figure VII.9. Vast differences observed 

between the morphological structures of pure 4C1N or CDs and ICs. So, this is one of the 

evidences indicating the strong complexation. 

3.8. Influence of host and guest structure 

The two main factors determining the effectiveness of inclusion complex formations are 

(1) size of the guest molecule and (2) cavity diameter of the host molecule. The 

diameter of the cavity in CD is 6.0 6.5 Å, the same in the case of - CD is 4.7 5.3 Å. [7] 

By virtue of the presence of hydrophobic cavity and hydrophilic rims, cyclodextrin 

provide a fruitful environment for encapsulation. Non-polar part of a guest resides 

inside the cavity and the polar part gets associated with the polar rims, thereby 

resulting in the stabilization of the whole inclusion compound. [2] Some water 
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molecules are present into the cavity of cyclodextrin. Their expulsion from the 

hydrophobic cavity into the bulk is the main driving force.[31] The hydrophobic part of 

the guest is pulled insight into the cavity so as to form the strong host-guest complex 

and the overall process is energetically favorable.[32] However, no covalent bond is 

broken or formed during the process of formation of inclusion complex.[33] The 

insertion of a 4C1N molecule into the cavity of a cyclodextrin molecule is expected to 

take place from the wider rim, to make utmost contact of the aromatic moiety with the 

cyclodextrin cavity.[7] The -Cl and -OH group of 4C1N are projected outside the larger 

rim of CD in polar environment and can make H-bonds with the OH groups at the rims 

of CD molecules and stabilize the complex (Scheme VII.3).  

The IC is of 1:1 stoichiometry probably because of the intricacy for a second 4C1N 

molecule to be introduced into the cavity of CD followed by the first inclusion.  

4. Conclusion 

Characterization of solid state crystal using UV-VIS, FTIR, HRMS, 1H NMR spectroscopy, 

and the observed SEM pictures strongly support the formation of stable inclusion 

complexes. Association constant values obtained from UV-Vis spectroscopic study 

suggests that both the complexes are formed with strong binding affinity. Evaluation of 

Job plots and surface tension data shows that in both the cases 1:1 stoichiometric 

complexes are formed. One of the driving forces for the formation of the inclusion 

complex is the extrication of the water molecules from the hydrophobic cavity of 

cyclodextrin to the bulk, leading to an increase in the entropy of the system with a 

simultaneous decrease in Gibbs free energy. In NMR spectra, the chemical shift 

corresponding to H5 and H3 protons support that the incorporation occur from wider 

rim of cyclodextrin. More negative G0 value and more shifts in various IR stretching 

frequencies in case of complexation with -CD indicate that IC2 is formed more feasibly 

than IC1. This is further supported by higher shifting of H3 and H5 protons in 1H NMR 

spectra for IC2. The bonds to form the ICs thus can be attributed in terms of 

hydrophobic, H-bonding interactions and other non-covalent interactions.  
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TABLES 

Ŷ  Table VII.1. Association Constants of 4C N -CD and C N -CD complexes 

System 
Temperature 

/K 
   Slope ×104 

 
Intercept 

    Association constant  
(Ka)/M-1 

 293.15 9.11 5.40 5930.74 
C N -CD 298.15 9.54 4.03 4227.01 

 303.15 13.10 3.13 2399.99 
 293.15 9.24 6.42 6950.53 

C N -CD 298.15 10.60 5.20 4902.76 
 303.15 14.70 4.48 3047.21 

 

 

 

Ŷ  Table VII.2. Thermodynamic parameters of C N -CD and C N -CD 

System 
  Temperature 

/K 
Ka 

/M-1 

H0 
/kJ mol-1 

S0 
/J mol-1 K-1 

G0 
/kJ mol-1 

 293.15 5927.55    
C N -CD 298.15 4224.31 49.34 0.24 -20.50 

 303.15 2390.79    
 293.15 6950.53    

C N -CD 298.15 4902.76 40.30 0.20 -21.54 
 303.15 3047.21    

 

 

 

Ŷ  Table VII.3. Chemical shifts ( /ppm) of protons of cyclodextrins after complex 
formation 

 
Protons 

 in 
-CD 

 
-CD+4C1N) 

  
-CD+4C1N) 

 
-CD 

   
-CD+4C1N) 

  
-

CD+4C1N) 
H3 3.63 3.59 0.04 3.77 3.57 0.20 
H5 3.53 3.51 0.02 3.63 3.47 0.16 
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Ŷ  Table VII.4. Chemical shifts ( /ppm) of protons of 4C1N after complex formation 

Protons    C N 
 

 
-CD+4C1N) 

 
 

-CD+4C1N) 

 
 

-CD+4C1N) 

 
 

-CD+4C1N)
H2 6.85 6.83 0.02 6.69 0.16 
H3 7.46 7.44 0.02 7.30 0.16 
H5 8.18 8.16 0.02 8.03 0.15 
H6 7.56 7.53 0.03 7.40 0.16 
H7 7.66 7.63 0.03 7.50 0.16 
H8 8.06 8.03 0.03 7.89 0.17 

 

Ŷ  Table VII.5. Mass spectral data 

Name of the complexes Calculated mass Experimental mass 
CN CD H + 1152.45 1152.65 

CN CD Na + 1174.45 1174.12 
CN CD H + 1314.59 1314.89 

CN CD Na + 1336.59 1336.76 
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 FIGURES 

 

Ŷ  Figure VII.1. Variations in the surface tension (  of 4C1N in aqueous ethanol with 
increasing concentration of -CD and -CD at 298.15K 

 
 

 

Ŷ  Figure VII.2. Job plots of (a) [4C1N -CD] (red) and b   C N -CD](orange) 
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Ŷ  Figure VII.3.  1H NMR spectra of IC  -CD and 4C1N  at 298.15 K 
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Ŷ  Figure VII.4. 1H NMR spectra of IC  -CD and 4C1N  at 298.15K 
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Ŷ   Figure VII.5.  FT-IR spectra of C N  -CD and the solid complex (IC1) 

 

 

Ŷ   Figure VII.6. FT-IR spectra of C N   -CD and the solid complex (IC2) 
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Ŷ   Figure VII.7. HRMS of C N -CD) inclusion complex 

 
 

Ŷ   Figure VII.8. HRMS of C N -CD) inclusion complex 
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Ŷ   Figure VII.9. Scanning electron photograph for a  C N b  -CD c  -CD (d) 
C N -CD and e  C N -CD 
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SCHEMES 
 

Ŷ   Scheme VII.1. molecular structure of - CD  -CD and 4-chloro-1-naphthol 

 

 

Ŷ   Scheme VII.2. Various hydrogen atoms in cyclodextrin molecule 

 

 

Ŷ   Scheme VII.3. 4-chloro-1-napthol+Cyclodextrin 1:1 inclusion complex 
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SUPPORTING DATA 

Ŷ  Table S1. Association constant data of 4C1N+ -CD in different temperatures 
 

Temp 
/K 

[4C1N] 
M 

-CD] 
M 

Ao×102 A×102 A 2 -CD] 
×10-3 /M-

1 

A Intercept Slope 
×104 

Ka 
/M-1 

 50 30 240.37 243.18 2.80 33.33 35.62    
 50 40 240.37 243.88 3.50 25.00 28.55    

293.15 50 50 240.37 244.68 4.31 20.00 23.19 5.40 9.11 5930.74 
 50 60 240.37 245.13 4.76 16.67 21.00    
 50 70 240.37 245.88 5.50 14.29 18.17    
 50 30 231.77 234.59 2.81 33.33 35.47    
 50 40 231.77 235.26 3.48 25.00 28.66    

298.15 50 50 231.77 236.15 4.37 20.00 22.83 4.03 9.54 4227.01 
 50 60 231.77 236.75 4.97 16.67 20.11    
 50 70 231.77 237.53 5.75 14.29 17.38    
 50 30 219.88 222.07 2.19 33.33 45.69    
 50 40 219.88 222.60 2.72 25.00 36.75    

303.15 50 50 219.88 223.15 3.27 20.00 30.56 3.13 13.10 2399.99 
 50 60 219.88 223.88 4.00 16.67 24.98    
 50 70 219.88 224.79 4.91 14.29 20.36    

 
 
Ŷ  Table S2. Association constant data of 4C1N+ -CD in different temperatures 
 
Temp 

/K 
[4C1N] 

M 
-CD] 

M 
Ao×102 A×102 A 2 -CD] 

×10-3 /M-

1 

A Intercept Slope 
×104 

Ka 
/M-1 

            50 30 240.38 243.17 2.79 33.33 35.88    
 50 40 240.38 243.55 3.17 25.00 31.52    

293.15 50 50 240.38 244.23 3.85 20.00 25.95 6.42 9.24 6950.53 
 50 60 240.38 245.07 4.66 16.67 21.47    
 50 70 240.38 245.82 5.44 14.29 18.38    
 50 30 231.78 234.30 2.52 33.33 39.70    
 50 40 231.78 234.84 3.06 25.00 32.70    

298.15 50 50 231.78 235.38 3.57 20.00 28.02 5.20 10.60 4902.76 
 50 60 231.78 236.16 4.39 16.67 22.79    
 50 70 231.78 237.03 5.25 14.29 19.04    
 50 30 219.88 221.77 1.89 33.33 52.95    
 50 40 219.88 222.30 2.42 25.00 41.30    

303.15 50 50 219.88 222.75 2.87 20.00 34.81 4.48 14.70 3047.21 
 50 60 219.88 223.38 3.50 16.67 28.54    
 50 70 219.88 223.89 4.01 14.29 24.92    
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INCLUSION OF HYDRAZINOPHTHALAZINE INSIGHT INTO THE 

CAVITY OF -CYCLODEXTRIN  A STUDY OF SURFACE TENSION 

AND UV-VIS SPECTROSCOPY 
 

 
 

Abstract 
 

Surface tension, conductivity, and ultraviolet spectroscopic methods have been 

employed to study the dimensional fit of molecular encapsulation of 

hydrazinophthalazine hydrochloride insight into the cavity of -cyclodextrin in aqueous 

media. The equilibrium constant and 1:1 stoichiometry of the complex has been 

analyzed by surface tension (plot against reciprocal of concentration  and Job s plot 

(drawn from UV-Vis data). The binding constants computed from the tensiometric and 

spectroscopic method were found to be 59.91 M-1 and 12.02-96.58 M-1, respectively, 

that return the comfort zone of the results. The noteworthy upshot has also come out 

from standard Gibbs energy for inclusion complex formation. The free energy for 

inclusion complex formation is negative and lower in magnitude than adsorption by 

6.11kJ mol-1. 1HNMR and SEM picture also certified the formation of the inclusion 

complex. The results demonstrated that the driving force for formation of the inclusion 

complex inside the bucket-like cavity of -cyclodextrin was a combination of 

hydrophobic effect and reduction of the surface energy, while in adsorption is only 

hydrophilic effect. 

 

Keywords:  
Hydrazinophthalazine hydrochloride; -cyclodextrin; surface tension; UV-vis 

spectroscopy; inclusion complex 
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1. Introduction 

Inclusion complex formation is a dimensional fit of host molecule insight into the host 

cavity, the phenomena can also be termed as molecular recognition. [1,2] Cyclodextrin 

and its derivative s inclusion phenomena achieved broad range of application in in-vivo 

and in-vitro. [3-6] The inner cavity cyclodextrin is principally hydrophobic while the 

outer phase is hydrophilic having a good response in aqueous solubility. The polarity 

difference between the interior and exterior of the cavity provide it encapsulating 

power. On the other side, poorly bounded two molecules of water present in the cavity 

[7] of -cyclodextrin ( CD), provide it excellent driving force to encapsulate the 

hydrophobic moiety of the guest molecule. This property makes it to be one of the 

outstanding drug carrier. [8,9] It is also used as solubility enhancer[10-12], stabilizing 

agent[13,14], hydrophobic group protector[15], toxicity reducing agent [16,17], 

catalysts for green synthesis [18,19] etc.  

Hydrazinophthalazine hydrochloride (also known as hydralazine) [20] molecule, 

belongs to the cyclic hydrazine family. It is one of the potential therapeutic drug for 

hypertension[21], which composed of 10, 25, 50, or 100 mg tablets for oral dose. [22] 

The main function of the drug is, in midbrain it clam the pituitary hormone that acts to 

promote the retention of water by the kidneys and increase the blood pressure.  Its 

hydrochloride salt is effective drug, whose condign dose reduces the arterial blood 

pressure and peripheral vascular resistance, whereas increases the rate of heart beats 

and the amount of blood pumped out by the ventricles in a given time period. [23] 

Therefore it is often prescribed to minimize abnormally high blood pressure in large 

number of patients.  Albeit, it used as tumorigenic effect in mice [23], to control on 

hypertensive preeclampsia [24], as waste water treatment [25], for synthesis of 

chemosensor NNI [26] etc.  

A fruitful understanding of the mechanism and basic principles that govern on the host-

guest complexation between hydrazinophthalazine hydrochloride and -cyclodextrin 

helps us to customise the composition, for designing a better drug delivery system 

coupled with increased therapeutic potential. After the thorough survey, it has been 

seen that there are no articles published on this topic. Therefore, to make the clear 

knowledge about the mechanism of encapsulation between hydrazinophthalazine and 
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-cyclodextrin, in the present investigation we have employed  surface tension and UV-

vis spectroscopic data. Here, we have deduced the stiochiometry of the complex, 

binding constant, standard free energy change and binding nature and discussed them 

with reference to molecular recognition. 

Aim of this work is the formation, carrying and controlled release of 

hydrazinophthalazine (HP) by inclusion complex with host cyclodextrin molecules 

without chemical and biological distortion.  

 

2. Experimental section 

2.1 Materials 

1-hydrazinophthalazine hydrochloride and -cyclodextrin of puris grade were 

purchased from Sigma-Aldrich and have been used without further purification. Triple 

distilled water having the conductance 1·10-6 S·m-1 has been used for the preparation of 

the solution.  

2.2 Apparatus 

urface tension of the solutions has been measured using platinum ring detachment 

technique with a K  digital tensiometer Kruss GmbH  Hamburg  Germany  at the 

experimental temperature. The accuracy of measurement is  ±0.1mN·m 1. Temperature 

has been maintained by the circulation of auto thermostat water through a double-

walled glass vessel containing the solution. 

UV visible spectra were recorded using a JA CO V-  UV VI  spectrophotometer 

having a wavelength accuracy of ±0.5nm. A digital thermostat was used to maintain the 

cell constant and temperature. 

2.3 Procedure 

Before executing the practical experiment, the solubility of host and guest molecules 

have been checked. 1-Hydrazinophthalazine hydrochloride and -cyclodextrin, both are 

soluble in water (triple distilled). The solutions were prepared by mass measurements 
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(accomplished by using a Mettler AG-285 electronic balance with a precision of 

±0.0003x10-3 kg) in aqueous solution. Precautions were taken to minimize weight loss 

and the uncertainty in molality of solution was found to be ±0.0001 mol kg-1. All the 

solutions were prepared freshly before performing experimental measurement.  

2.4 Apparatus 

Surface tension of the solutions was measured using the platinum ring detachment 

technique with a K  digital tensiometer Kruss GmbH  Hamburg  Germany  at the 

experimental temperature. The accuracy of measurement was ±0.1mN·m 1. 

Temperature was controlled using a circulation of auto thermostat water through a 

double-walled glass vessel containing the solution  UV visible spectra were recorded 

using a JASCO V-  UV VIS spectrophotometer having a wavelength accuracy of ±0.5 

nm. A digital thermostat was used to maintain the cell constant and temperature. 

METTLER TOLEDO-7 multi conductivity meter has used for the measurement of specific 

conductivity values with an uncertainty of   m   H NMR spectra has been 

recorded in D2O using Bruker Avance 400 MHz instrument. ignals have been cited as  

values in ppm with reference to residual protonated solvent signal as the internal 

standard HDO    ppm  Data have presented in chemical shifts  Using JEOL J M-IT 

100 Scanning Electron Microscope (SEM), the surface morphologies of host, guest and 

complexes have recorded. The pictures were taken at an excitation voltage of 30kV with 

a magnification of 2000X. 

3. Results and Discussion 

3.1. Surface tension method 

3.1.1. Inclusion, adsorption and thermodynamic parameters 

The experiments were carried out at pH 3.4 - 4.9 to ensure the predominant presence of 

the guest and involved in complexation with -CD. Here, the assumption has taken as 

only hydrazinophthalazine (HP) is contributing for inclusion, and the hydrochloride or 

chloride are stabilising the complex or act as a counter ions. Incoming 

hydrazinophthalazine molecules in aqueous solution of -CD experience two scenarios, 
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(a) adsorption at air-water interfaces and (b) inclusion complex formation or other 

associative behavior (diagram VIII.1). The rest non-associative phase has been 

conjectured as bulk solution. Both the scenarios, viz., surface adsorption and inclusion 

are manifested by surface tension, association or binding constant and free energy 

change  With respect to concentration  the surface tension  data have been 

represented in Figure VIII.1. 

           = f ([HP CD]n) air 

adsorption behavior 

 
                

association  behavior 

 

water 

 

complexation 

 

 bulk solution 

 

Diagram VIII.1. Scenarios of interaction behaviour 

of hydrazinophthalazine and -CD 

 

The figure showing two types of nature of  where both the curves intersecting at a 

same point  that kink has been considered as saturation point of inclusion complex ic). 

The corresponding concentration is called as saturation point of inclusion complex 

concentration (Cic  Here  the ic and Cic   are 79.4mN·m2 and 5.01mM respectively (table 

VIII.1). Below the Cic, the incorporation of hydrazinophthalazines are occurring insight 

into the apolar cavity of -CD, in addition to adsorption. We have considered the 

adsorption here to be a physical adsorption rather than a chemical adsorption. At this 

juncture, the inclusion is surface active; the number of surface adsorption at the 

air/water interface is enhanced upon injection of -CD (scheme VIII.1). Above that the 

variation is almost parallel to x-axis, this is because there is no guest molecule present 

for inclusion, therefore, the graph is only for aqueous -CD, and we know that 

cyclodextrin is not surface active compound, in aqueous solution it does not 

significantly change the surface tension. [27]  
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Surface tension data has been plotted with logarithm of concentration and Gibbs 

isotherm equation used to determine the surface excess ( ),   

    (1) 

 

Equation 1 can also be rearranged as, 

 

      (2) 

  

On integration, equation 2 shows the surface tension is a function of concentration. We 

have assumed that the change of adsorption enthalpy unaltered. Therefore, the 

Langmuir isotherm [28] can be written as,    

 

    
 (3) 

 

where,  and Kad are the cross-section area of the hydrazinophthalazine molecules at the 

surface and equilibrium constant for adsorption respectively. Evaluate the surface 

excess from equation 3, substituting into Equation 2 and after integration gives the 

Szyszkowski equation [29] in positive variant.   

 

   (4) 

 

Here  the surface tension of pure water is o (70.8 mN·m-1). Fitting the data of known 

parameters to equation 4, the cross-section area occupied by hydrazinophthalazine 

molecules at the surface and surface adsorption equilibrium constant below the 

saturation of complexation has been determined. For simplifying the calculation of 

equation 4, we have predefined the value of Kad, so that the intercept can be fitted to 

70.8 mN·m-1. Then,  has been evaluated from the slope. From Table VIII.1, the 

considerable cross-section area occupied by the molecules with a strong adsorption 

constant at the surface so as to form the complex. The standard Gibbs energies for 

adsorption and inclusion complex formation have been computed using surface 
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adsorption equilibrium constant and inclusion complex concentration (Cic) respectively 

[30],   

 

          (5) 

 

 The standard Gibbs energy for inclusion complex formation is more negative than for 

adsorption by 6.11 kJ mol-1. That make sense, the driving force in adsorption is only 

hydrophilic effect, while in formation of inclusion complex it is a combination of 

hydrophobic effect and reduction of the surface energy. 

 

 

3.1.2. Guest : Host binding stoichiometry and binding constant 

 
The argument on the binding stoichiometry between hydrazinophthalazine and -CD 

has been taken into account in discussion. The major conflict is, whether the binding 

ratio is 1:1 or 2:1. The ratio has been optimized by employing the surface tension data 

on modified Benesi-Hildebrand equation. The equation has modified on the complex 

formation between hydrazinophthalazine and CD as follows,  

 

   
                    

 

The binding constant Ka is given by, 

 

 (6) 

 

where, n is the number of cyclodextrin participating to complex formation with respect 

to one molecule of hydrazinophthalazine. If the analytical concentration of the host and 

guest are ([HP]o) and ([ CD]o) respectively, 

 

  

 

and   
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then Ka can be rewritten as, 

 

 
 (7) 

 

In experiment  we have used large excess of CD mM  relative to constant 

concentration of hydrazinophthalazine (10mM). Thus, we may assume 

 or .  Then, equation 7 reduces to, 

 

    
 

 (8) 

 

At a low concentration of hydrazinophthalazine,  it is observed that the surface tension 

is proportional to complex concentration. 

 

  (9) 

 

 Where, r is the proportionality constant. Substituting the  from Equation 9 

into Equation 8, and rearranging we have  

 

       
      (10) 

 

Substituting  here  o and  are surface tension of the solution in 

absence and presence of CD  equation  reduced to 

 

  
  (11) 

 
Figure VIII.2 depicts the Plot of   against 

 
 for n=1, 2, 3 etc,  and the nature of 

the curve found out. Linear plot play the best fit for the whole number binding 

stoichiometry (n), while the nonlinear plot diverge the correct stoichiometry. Perusal of 

Figure VIII.2 disclose that the modified Benesi-Hildebrand plot is linearly fit only for 

n=1, and curve for n=2 and higher. So, it is confirmed that only 1:1 stoichiometric 
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complexation are occurring; in other word, at a time only one hydrazinophthalazine 

molecule can be integrated insight into the cavity of CD  The binding constant (Ka) has 

been computed from the ratio of intercept to the slope; and free energy change ( ) 

from Ka. From Table VIII.1, the Ka is 14 times higher than Kad;  in contrast to  is 20% 

and 45% lesser than  and  respectively. These findings reveal that the inclusion 

complex is formed by strong binding between incorporated hydrazinophthalazine and 

-CD. The complexation is stabilized in lower energy even than adsorption. Comparing 

the considerable these three types of standard free energy ( , , and ,), it can 

be said that both the adsorption and incorporation are occurring in a same extent from 

end to end via opposite direction.  
 

3.2. UV-Vis spectroscopic method 

The UV-Vis spectral data plays an incomparable method for analysis of inclusion 

behavior of host-guest complex. Here, UV-vis spectral data have been employed to 

evaluate the stoichiometry of the complexation and binding association. Stoichiometry 

had manifested by dint of Job s method which is also known as continuous variation 

method, while binding association was determined with the help of Benesi-Hildebrand 

equation. 

3.2.1. Job plot for determination of stoichiometry of guest : host 

inclusion complex 

A set of stock solutions hydrazinophthalazine  -CD) have been formulated separately 

By varying the molar ratio viz., 4ml:0ml, 3.6ml:0.4ml, 3.2ml:0.8ml and so on with 

keeping the total concentration of species constant. The absorption spectra at max have 

been observed for each set of solution at room temperature (T K  Then  Job s 

plot generated by plotting (R A) against R, where A is the absorption difference of  

hydrazinophthalazine in presence and absence of CD  and R  HP HP CD]}. R 

provides the stiochiometry of the complexes. As for example, when  R = 0.25, the ratio of 

the guest and host complex is 1:3; similarly, the mole fraction 0.33, 0.50, 0.66, and 0.75, 

assigned 1:2, 1:1, 2:1, and 3:1 respectively. In Figure VIII.3, we have shown a plot of 

R A vs R for corresponding absorption maxima at 271 nm. A half oval-shaped has been 

Chapter VIII 



*Published in Asian Journal of  Green Chemistry 5 (2021) 183-195 

185 

observed from in Figure VIII.3, where R A is maximum at R = 0.50. This implies, 1:1 

stoichiometric guest-host inclusion complex has formed. 

3.2.2. Binding constant and free energy change 

The degree of encapsulation and retention of the guest molecule in the interior cavity of 

-CD can be explained by stability of the complex, binding nature, binding strength and 

standard free energy change. Binding potency in term of constant of inclusion (Ka) has 

been explored by Benesi-Hildebrand method for 1:1 complex. The double reciprocal 

plot has been obtained following the equation, 

                                         
 

 
 

    (12) 

where, A attributes to the difference of guest absorbance before and after 

complexation with -CD. In order to compute the binding constant, changes in 

absorbance ( A  were plotted against wave length  at different concentration  to 

 mM  of -CD (Figure VIII.4). The absorbance maxima have been observed at 208 nm, 

 nm and  nm  If we notice the max of hydrazinophthalazine is at 211, 240, 260, 

304, and 315 nm where  -CD is UV inactive), the absorbance maxima of complex at 

208 nm shows blue shift with respect to 211 nm; and 245 nm and 299nm are red shift 

with respect to 240 nm and 260 nm respectively. This is due to  -  electron transition 

between the aromatic ring. Double reciprocal plot of   vs  
  
 has been plotted at 

208 nm, 245 nm and 299 nm and represented at Figure 5. Binding constant (Ka) has 

been calculated by dividing slope by intercept at 208 nm. Similar way has employed at 

245 nm and 299 nm and the magnitudes have listed in Table VIII.1. After that standard 

free energy changes ( ) have been worked out by means of Ka. Scrutiny of the Table 

VIII.1, expose very high values of Ka than estimated from surface tension; on the other 

hand these are extremely high than adsorption constant. The results are in line with 

surface measurement that association/binding capacity of inclusion is higher than 

adsorption. Alternatively, the standard free energy changes ( ) are more or less lie 

within the range, as obtained from surface tension computation. Overall, it can be 

attributed that 1:1 ratio is powerful complexation with great stability and feasible at 

lower energy. 
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3.3. Conductivity data scrutiny 

Conductivity data is also an important tool to elucidate the inclusion phenomenon in the 

solution. [32] From the scrutiny of the data, it is obvious that specific conductance ( ) is 

decreasing gradually, due to the fact of encapsulation of charged HPHC molecules into 

the -CD cavity  ingle break in the conductivity curve  at  mM of -CD, suggests that 

hydrazinophthalazine and CD complex with equimolar ratio; and therefore, the host-

guest stoichiometry for the complaxation is 1:1. 

3.4. Structural feature of guest and host molecules 

Complex formation between the guest s hydrophobicity and host s apolar cavity can 

only make the clear sense if we demonstrate the fitting with respect to their molecular 

dimension or volume. The noticeable feature of the inner cavity size is 6.0Å  7.0Å [31] 

(6.0-6.5Å [7]) of the -cyclodextrin molecule provides a potential environment, in which 

appropriately sized apolar moiety of the guest meet and form stable complex. The 

qualified dimension of hydrazinophthalazine [33] is 5.25Å (apolar benzene ring) and 

6.6 Å (two unit of benzene ring+side chain of hydrazine part) (Scheme 2), where the 

apolar moiety viz., benzene rings are eligible for incorporation in the cavity. According 

to the dimensional fitting approach or in view of the dimension of both the apolar part 

of guest and space of cavity, it is confirmed that only one hydrazinophthalazine moity 

can occupy the cavity of one cyclodextrin molecule. In other word we may say that there 

is only 1:1 stoichiometric complaxation are occurring. The tendency of the occupation is 

driven by the water molecules present into the cavity of cyclodextrin. [34] Because, in 

cavity, the water molecules are highly energetic and unfavourable, consequently they 

are substituted and pull the hydrophobic moiety of guest (which is less polar). Where, 

they undergo hydrophobic-hydrophobic interactions and cyclodextrin ring strain is 

diminished, as a result the complex becomes stable with lower energy state. But, it 

should be noted that during the complex formation there are no covalent bonds 

breaking or forming with retention of configuration of cyclodextrin. They are attached 

via non-covalent bonds like hydrogen bond, van der Waal force, electrostatic force, 

hydrophobic interactions etc. While, the NH=NH2 is arrested at the periphery by 

secondary OH groups of cyclodextrin through H-bond or electrostatic force or 

hydrophilic-hydrophilic interactions. Hence, the plausible formation of 1:1 guest-host 
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ratio as if by magic molecular encapsulation is remarkably in agreement with the 

experimental data obtained from surface tension and UV-Vis spectroscopy. 

3.5 1H NMR analysis of complex 

The protons in CD are in different environments  From the side of cavity  H  and H  

proton is located near the wider and narrower rim respectively; whereas H1', H2' and 

H4' are oriented at the exterior of CD molecule (Scheme VIII.3). 1HNMR spectra of 

complex  -CD, and pure hydrazinophthalazine are represented in Figure VIII.7. Where, 

the signals of the interior H  and H  protons of CD as well as the interacting aromatic 

protons of hydrazinophthalazine showed down-field shifts (Table VIII.2 and Figure 

VIII.  that confirms the formation of complex  Higher value of the chemical shift  in 

case of H  proton than H  also provide the information that the guest choose the 

wider rim to incorporate into the cavity of -CD (Scheme 2). 

3.6. Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) used to analyze the surface texture and particle 

size of the complex. The surface morphology of pure hydrazinophthalazine  pure -CD, 

and inclusion complex are shown in Figure VIII.8. A vast difference has seen between 

the morphological structures of pure hydrazinophthalazine or -CD and the complex. 

So, this is one of the evidence that indicates the strong complexation again. 

4. Conclusions 

From the observed results and discussion it can be concluded that 

hydrazinophthalazine molecule is incorporated insight into the truncated cone type 

hydrophobic cavity of -cyclodextrin molecule to form 1:1 stoichiometric complex. 

Evaluation of binding stoichiometry and constants from both the surface tension and 

UV-vis spectroscopy demonstrated the same observation that the host-guest inclusion 

complex formed with great stability. The complex has been formed by replacing the 

water molecules present into the cavity of cyclodextrin (which make a driving force for 

incorporation of guest molecule) and becomes stable with non-covalent interaction. The 

inclusion complex formed balance both surface and bulk properties of solution by 
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adsorption and inclusion phenomena. But the inclusion phenomena are dominant over 

the surface adsorption.  
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TABLES 

Ŷ Table VIII.1. Thermodynamic parameters computed from surface tension and uv 

spectroscopy 

 

Parameters Numerical values Parameters  Numerical values 

Cic : 5.01 mmolL-1 Average max  1 = 208nm  

  : -19.24 kJ mol-1   2 = 245nm 

Kad : 4.26×10-4 molL-1   3 = 299nm 

 : 3.53×10-5 m2mol-1 Ka  at 208nm   : 12.03×103 molL-1 

  : -13.13 kJ mol-1 Ka  at 245nm : 96.58×103 molL-1 

Ka : 59.91 ×10-3 molL-1 Ka  at 299nm : 22.84×103 molL-1 

  : -24.10 kJ mol-1   : -23.29 kJ mol-1 

   : -28.45 kJ mol-1 

  : -24.88 kJ mol-1 
 

surface tension and using C-n method;   uv spectroscopy method 

 

Ŷ Table VIII.2. Chemical shifts ( ppm  of protons of -Cyclodextrin after complex 

formation 

 
 

 

Protons 

 

CD 

 

( CD+HP) 

∆  

( CD+HP) 

H3  3.867 3.832 0.35 

H5  3.779 3.758 0.21 
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FIGURES 

Ŷ Figure VIII.1. Plot of surface tension of hydrazinophthalazine as a function of CD 
concentration 

 

Ŷ Figure VIII.2. Plot of Co/( - o) of hydrazine-phthalazine against concentration of CD 
(C-n; n=1 or 2) 

 

Ŷ Figure VIII.3. Jobs plot of hydrazinophthalazine  CD 
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Ŷ Figure VIII.4. Absorption spectra of hydrazinophthalazine in presence and absence of 
CD 

 

 

Ŷ Figure VIII.5. Double reciprocal plot of  vs 
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Ŷ Figure VIII.6. Plot of specific conductivity (  corresponding to conc  of -CD. 

 

 

 

Ŷ  Figure VIII.7. 1HNMR spectra of complex  -CD, and pure hydrazinophthalazine in 
D2O respectively 
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Ŷ Figure VIII.8. EM picture of hydrazinophthalazine  -CD, and inclusion complex 

respectively 
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SCHEMES 

Ŷ Scheme VIII.1. Schematic representation of inclusion complex between the 

hydrazinophthalazine and -CD in aqueous media 

 

 

 

 

 

 

Ŷ  Scheme VIII.2. Schematic representation of 1:1 inclusion complex 
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Ŷ   Scheme VIII.3. Interior and exterior proton of -cyclodextrin 
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SUPPORTING DATA 

Ŷ Table S1. Surface tension of hydrazinophthalazine hydrochloride (HPHC)  

Conc of CD (mM) ln C of CD  mN m-1) 

0.00 0 72.9 

0.91 -0.10 73.7 

1.67 0.51 74.5 

2.31 0.84 75.3 

2.86 1.05 75.9 

3.33 1.20 76.6 

3.75 1.32 77.3 

4.12 1.42 77.8 

4.44 1.49 78.3 

4.74 1.56 78.9 

5.01 1.61 79.4 

5.24 1.66 79.6 

5.45 1.70 79.8 

5.65 1.73 80.0 

5.83 1.76 80.1 

6.00 1.79 80.3 

6.15 1.82 80.4 

6.30 1.84 80.5 

6.43 1.86 80.6 

6.55 1.88 80.6 

6.67 1.90 80.7 
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Ŷ  Table S2. Co/( - o) of hydrazinophthalazine against concentration of CD (C-n; n=1 
and 2) 

C-1 (mmol L-1)-1 C-2 (mmol L-1)-2 Co/( - o) (mmol L-1mN-1 m2) 

1.100 1.210 12.50 

0.600 0.360 6.25 

0.433 0.188 4.17 

0.350 0.123 3.33 

0.300 0.090 2.70 

0.267 0.071 2.27 

0.243 0.059 2.04 

0.225 0.051 1.85 

0.211 0.045 1.67 

0.200 0.040 1.54 

0.191 0.036 1.49 

0.183 0.034 1.45 

0.177 0.031 1.41 

0.171 0.029 1.39 

0.167 0.028 1.35 

0.163 0.026 1.33 

0.159 0.025 1.32 

0.156 0.024 1.30 

0.153 0.023 1.30 

0.150 0.023 1.28 
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PROBING INCLUSION COMPLEX OF N,N-DIMETHYL-4-
PHENYLENEDIAMINE DIHYDROCHLORIDE WITH -CYCLODEXTRIN 

MOLECULE FOR ENHANCING ITS EFFECTIVENESS IN CHEMICAL AND 

BIOLOGICAL SCIENCES 
 

 

 

Abstract 

Inclusion complex forms by the encapsulation of apolar part of N,N-dimethyl-4-

phenylenediamine dihydrochloride insight into the hydrophobic cavity of -

cyclodextrin. The complex has been prepared in aqueous medium and characterize by 

employing several physicochemical and spectroscopic techniques. The origination of  

DMPD -CD)  inclusion complex was established by UV-Visible Job's plot. 1H NMR, FT-

IR and SEM studies also account for the inclusion phenomenon.  Appraisement of both 

conductivity as well as surface tension data implies 1 : 1 stoichiometry of the inclusion 

complex.  Association constant and free energy change is 23600 M-1 and -24.54 kJ M-1 

respectively. The formation of the inclusion complex has further accomplished by 

hydrophobic e ects  structural e ects  electrostatic forces and H-bonding interactions. 

 

Keywords:   

N,N-dimethyl-4-phenylenediamine dihydrochloride  -Cyclodextrin; Inclusion complex; 

Physicochemical and Spectroscopic Techniques 
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1. Introduction 

The hollow cylindrical oligosaccharides viz., -  - and -cyclodextrin [1,2] are truncated 

conical in structure consist of inner cavity of hydrophobic nature. In contrast, the 

exterior is sufficiently hydrophilic that impart the cyclodextrins (or its derivatives) 

water solubility. [3] While, the wider rim has all secondary hydroxyl groups , the 

narrow one has all primary hydroxyl groups (Scheme IX.1). This particular feature 

facilitates cyclodextrin to form stable host-guest inclusion complexes through the 

insertion of hydrophobic part of incoming guest molecules. [4]  

The incorporation of hydrophobic part of a guest moiety into the cavity of cyclodextrin 

is energetically unfavourable. The water molecules in the cavity of cyclodextrin in 

aqueous medium are the main driving force and create faceable condition for 

encapsulation. Molecules having appropriate dimension and a hydrophobic moiety can 

replace the water molecules. The energetically unfavourable water molecules come out 

from the cavity and pull the guest molecules insight into the cavity; as a result stable 

complex is formed. This property is excellently utilized to macromolecules, especially 

for shielding the hydrophibic part of guest molecules from deformation, degradation by 

auto-oxidation, hydrolysis, proteolysis. [5]  For this unique property, cyclodextrins have 

extensive uses in pharmaceuticals, foodstuffs, pesticides, textile processing and toilet 

articles.[6,7] The control release ability of CD is also used in cosmetic and paint 

industries, removing different toxic materials, pollutants and waste products without a 

chemical change. [8] 

N,N-dimethyl-4-phenylenediamine dihydrochloride (DMPD) is a derivative of aniline 

family (Scheme IX.1). It is effective in the oxidase test to differentiate bacteria by the 

formation of dye. It was used for the determination of the plasma oxidant in terms of 

plasma ferric equivalent oxidative potential (PFEOP), as an accelerator for the 

vulcanization of rubber. [9]  Therefore, inclusion of DMPD molecule with -CD may give 

rise to a superior application, like synthesis of DMPD derivatives, to protect the N,N-

dimethyl part from the reaction, modification of cosmetics, reduce toxicity etc. 
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In this work, we have focused on the preparation and characterization of the inclusion 

complex formed by the encapsulation of N,N-Dimethyl-p-phenylenediamine 

dihydrochloride (DMPD) insight into -cyclodextrin. Physicochemical properties 

(surface tension, conductivity measurements) and spectroscopic techniques (UV-Vis, 1H 

NMR, 2D NMR, FT-IR, SEM picture) have been employed to elucidate the stoichiometry 

and stability of the complex.  

2. Experimental  Section 

2.1 Materials   

N,N-dimethyl-4-phenylenediamine dihydrochloride (CAS Number- 3575-32-4, purity 

99%) and -cyclodextrin (CAS Number- 7585-39-9, purity 97%) of puris grade were 

purchased from Sigma-Aldrich. The chemicals have been kept in dry and dark place in a 

vacuum desiccator (with CaF2 crucible). They are used as received without any further 

purification. 

2.2 Apparatus and procedure 

The UV-Visible spectra were recorded utilizing a JASCO V-  UV Vis 

spectrophotometer. The wavelength accuracy was ±0.5 nm and the cell temperature 

during the experiment was regulated with a digital thermostat. 

1H NMR spectra were recorded in D2O solvent at 400MHz in a Bruker Avance 

instrument. The residual protonated signal HDO    ppm  was used as an internal 

standard. 

By means of JEOL JSM-IT 100 Scanning Electron Microscope (SEM), the surface 

morphologies of DMPD, -CD and the complex were recorded. Images were taken at an 

excitation voltage of 30kV with a magnification of 2000X. 

Surface tension of the solutions was measured by platinum ring detachment technique 

with a  digital tensiometer russ mbH  Hamburg  ermany  at the room 

temperature. The accuracy of measurement was ±0.1 mN·m 1. 
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The METTLER-TOLEDO 7 multi conductivity meter was used for the measurement of 

specific conductivity with an uncertainty of  S m 1. HPLC-grade water with a 

specific conductance of 6.  S m 1 was used for conductivity measurement. The 

conductivity cell was calibrated using a freshly prepared 0.01M KCl solution. 

2.3 Procedure and preparation of the complex 

Prior to perform the experiment, the solubility of the chosen cyclodextrin and DMPD 

were checked in triply distilled, deionized, and degassed water. In order to prepare the 

solutions the mass measurements were done by Mettler Toledo AG-285 analytical 

balance with an uncertainty of ±0.1 mg. Adequate precautions were taken to minimise 

the evaporation and losses during the preparation of complex and working with 

solutions. In order to prepare the inclusion complex, 1.0 mmol of DMPD and 1.0 mmol of 

CD were separately dissolved in 20 mL of water and stirred for more than 4h. 

Afterwards, the DMPD solution was added drop wise to the CD solution and then stirred 

for  hours at °C. The mixture was then cooled to 5°C for 12 hours. Finally, the 

resulting suspension was filtered and a white polycrystalline powder was obtained. It 

was then washed with ethanol and dried in air. 

3. Results and discussion 

3.1 Conductivity and surface tension study 

Here, two physicochemical properties viz. conductivity and surface tension have been 

studied on the ternary solution of DMPD and -CD in aqueous media. Initially, 10ml 

5mM DMPD solution was taken, and then conductivity and surface tension were 

measured separately upon the sequential addition of -CD. A gradual fall in conductivity 

and rise in tensiometric curve were observed (Figure IX.1). Initially conductivity (3.43 

S m-1) and surface tension (61.2 mN m-1) is showing for DMPD. The decreasing trend in 

conductivity and increasing fashion in surface tension is probably for the trapping of 

charged DMPD molecules by -CD. [10,11] This trend takes place till all the DMPD 

molecules were encapsulated by cyclodextrin. A break in each of the conductivity and 

surface tension curve has been found at a certain concentration (5.23 mM) of -CD. 

After the break point the curve remains nearly parallel with -CD. The parallel variation 
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is due to the non-conductive and surface inactive cyclodextrin molecules. The 

concentration ratio of DMPD and -CD at the break point (5 mM : 5.23 mM) suggests the 

formation of  1:1 stoichiometric complex. [12-15]  

3.2. UV-Visible Spectroscopy 

Job s method, or the continuous variation method has been employed to talk about the 

stoichiometry of inclusion complexes. [16] UV-Visible spectral data were used in this 

method. Separately 100µM solutions of DMPD and -CD were prepared. After that, the 

mixed solutions of DMPD and -CD were prepared by varying the molar ratio (viz., 

4ml:0ml, 3.6ml:0.4ml, 3.2ml:0.8ml and so on) by keeping the total concentration of the 

species constant. The absorbance was measured at max (237 nm) for all solutions, 

because at maxima, the -  transition of the aromatic moiety occurs. In Figure 2, R A 

values were plotted against R, so as to obtain Job plots. Here, A is the difference in 

absorbance of the DMPD in absence and presence of cyclodextrin; and R = 

[DMPD]/([DMPD]+[  -CD]).  

The value of R at the highest deviation discloses the stoichiometry of the complex. A 1:1 

stoichiometry comes out, when R is 0.5; similarly 1:2 and 2:1 ratio comes when the 

guest is present 0.33 and 0.67 fractions respectively with respect to host (Scheme IX.4). 

Here, Figure IX.2 shows the curve maxima at R = 0.5. This ratio implies a 1:1 

stoichiometry of the inclusion complex . [17]  

The Figure IX.3. shows the variation in UV-vis spectra of different strength (20 mM, 50 

mM, 80 mM, 110 mM, 140 mM respectively) of DMPD on addition of -CD. The 

absoption maxima was observed at 237 nm. For the guest, max = 237 nm was 

considered to determine the binding constant (Ka). 

Assessment of binding constant (Ka) values demonstrate both the extent of 

encapsulation into the host s cavity and also the stability of the complex formed. UV-VIS 

spectra have been used to find out the binding constant. While forming the inclusion 

complex, the guest molecule from a polar aqueous media migrates to a non-polar 

hydrophobic cavity of -CD. This results in a change in molar extinction coefficient  

of DMPD solution. [18,19]  Now, using Benesi-Hindebrand double reciprocal method, 
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the reciprocal of changes in absorbance ( A) were interpreted in terms of the reciprocal 

of cyclodextrin concentration.  

     

 

Plot of A versus -CD] was found to be straight line. The binding constant for the 

complexation can be calculated simply by dividing the slope by the intercept of the plot 

given in the Figure IX.4. at 20 mM, 50 mM, 80 mM, 110 mM, and 140 mM respectively. 

From Table IX.1, it has been found that the binding constant is 23600 M-1 and Gibbs free 

energy is -24.54 kJ mol-1. The results are quite satisfactory and are in agreement with 

the formation of stable complex. [20]  

On the other hand, fitting UV-VIS spectroscopic data into a non-linear program to 

determine association constant Ka . [21] The formation of 1:1 complex may lead to the 

following equilibrium to exist between the guest and host molecule. [22]  

   

 

Thus, the association constant (Ka ) can be obtained, 

 =  
      

 

Where, [IC], [DMPD]f and [CD]f are the equilibrium concentration of inclusion complex, 

free DMPD and free cyclodextrin respectively. Ka  can also be expressed in terms of 

absorbance of the guest and host molecules, 

  
      

   
    

 

Here, 

    =     
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Where, A0, Aobs and A stands for the initial absorbance of DMPD, absorbance during the 

gradual addition of CD and final concentration of DMPD. [DMPD]x and [CD]x are 

respectively the concentrations of guest and the host added.  

3.3 1H NMR and 2D NMR Spectral Analysis  

Formation of inclusion complexes can also be illustrated by 1HNMR spectroscopic study. 

[23] The study also affords the explication of the probable mode of inclusion as well as 

the quantitative information on spatial arrangement of the guest with the CD molecule. 

[24] The 1H NMR of -CD, DMPD along with the inclusion compound they form upon 

complexation, have been studied and shown in the Figure IX.5. The host s cavity exerts a 

hydrophobic environment to the encapsulated guest molecule, very much different from 

that of the bulk solution. [25,26] This results in an appreciable change in chemical shift 

values of different protons of  both the guest and the host.  A close look at the structure 

of cyclodextrin molecule reveals that the H3 and H5 protons are situated within the 

conical cavity. Moreover, the H3 are placed near the wider rim whereas H5 are located 

at the proximity of narrower rim of cyclodextrin molecule but the H1, H2 and H4 

protons are placed at the periphery of the -CD molecule (Scheme IX.2). [27, 28] 

Inclusion of the guest moiety DMPD  into the cavity of the host, leads to an increase in 

electron density over the H3, H5 protons thereby resulting into shielding of the protons 

to induce an up field shift. [29] The up field shift of these protons along with the 

significant shift of the interacting aromatic protons of DMPD molecule clearly  implies 

the presence of DMPD molecule inside the CD cavity. The greater change in chemical 

shift  of the H  hydrogen compare to that of the H  hydrogen confirm that the guest 

entered through the wider rim of -CD. [30] Apart from these, negligible chemical shifts 

were also observed for the H1, H2 and H4 protons, which are not the part of the 

hydrophobic cavity of -CD.  

Two-Dimensional NMR (2D NMR) spectroscopy offers critical evidence regarding the 

spatial vicinity of the interacting atoms of the host guest duo by observing the 

intermolecular dipolar cross-correlations. [31,32]  When two protons are located within 

a distance of 0.4 nm in space, they can generate a nuclear overhauser effect (NOE) 

cross-correlation in NOE spectroscopy (NOESY) or rotating-frame NOE spectroscopy 

(ROESY). [33] The inclusion of guest molecule  into the cavity of -CD can be established 
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by the appearance of NOE cross-peaks between the H3 or H5 protons of CD and the 

interacting protons of the guest molecule disclosing their  proximity in space. [34,35] 

The D ROESY spectra  obtained for the inclusion complex of DMPD  and -CD in D2O, 

also showed substantial correlation between  the aromatic protons of DMPD and the H3 

and H5 protons of the host (Figure IX.6.). This signify the encapsulation of aromatic ring 

inside the CD cavity. [36] The fact that the H  protons of -CD molecule remain 

uninfluenced by the inclusion  procedure  yet again suggest that the  incorporation of 

DMPD molecule  into the host s cavity occurs through the wider rim  but   not through 

the narrower rim, because, in that case, cross-peaks between the H6 proton and the 

guest would have been obtained. [37] 

3.4 SEM analysis  

Scanning Electron Microscopy (SEM) is another proficient technique for the  exploration 

of the change in surface texture and particle size of host and guest compounds upon 

complexation. [38,39] The SEM images exhibiting surface morphological structures of 

DMPD  -CD, and (DMPD+ -CD) complex are shown in Figure IX.7. From this Figure, it is 

evident that all the morphological structures are quite different from each other. 

Indeed, the original morphology of DMPD disappeared almost completely, and it was 

also impossible to differentiate the two components of DMPD and -CD, in the inclusion 

complex. This might be regarded as an additional testimony for the formation of 

inclusion complex between DMPD and -CD, as evident from UV-Vis, 1H NMR analysis as 

well.                                                                                                        

3.5 Structural influence of host and guest 

Since the hydrophobic cavity and hydrophilic rims of cyclodextrin molecule provides a 

suitable environment for the apolar part of a competent guest to be situated inside the 

cavity; whereas, the polar portion gets associated with the polar rims. These give rise 

enormous stability to the inclusion complex thus formed. [1] The qualified dimension of 

apolar benzene ring in DMPD is 5.25 Å. This width is smaller than the diameter of the 

inner cavity of -CD (6.0 - 7.0 Å). [40] The dimensional fit of DMPD and -CD, binds 

them effectively and form 1:1 inclusion complex. However, the formation of complex is 

not associated with breaking or making of any covalent bond. [41]  They  binds together 
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with non-covalent bonds like H-bonds, hydrophobic-hydophobic interaction, 

hydrophilic-hydrophilic interaction etc. (Scheme IX.3). Both the polar amine groups in 

DMPD molecule projected outside the rims of -CD involves in H-bond formation with 

the OH groups at the rims of CD molecules thereby stabilizing the complex. 

4. Conclusion 

This comprehensive study describes the inclusion phenomena of N,N-dimethyl-4-

phenylenediamine dihydrochloride with -Cyclodextrin. 1:1 inclusion complex formed 

between DMPD and -CD. The solid complex was found to be freely soluble in water. 

The stoichiometry of the complex was established by UV-Vis, conductance and surface 

tension study. 1HNMR data reveal the mode of inclusion where the hydrophobic 

aromatic part of the guest molecule was incorporated. The reliable value of association 

constant and free energy stands for the stability of the inclusion complex. The 

complaxation is occurring by the binding between DMPD and -CD with non-covalent 

bonds, where H-bonding interactions played a significant role. 
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TABLES 

Ŷ Table IX.1. Association Constant and change in free energy for the DMPD -CD) 

complex 

 

System T (K) Slope Intercept Ka (M-1) G KJ mol-1) 

DMPD -CD 293.15 1494.6 35.313 23600 -24.543 

 

 FIGURES 

Ŷ  Figure IX.1. Variation of specific conductivity ( ) and surface tension ( ) of DMPD 

with concentration of -CD 

 

 

 

Ŷ  Figure IX.2. Job s plot of DMPD with -CD 
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Ŷ  Figure IX.3. UV-vis spectral changes on addition of -CD 

 

 
                             

Ŷ  Figure IX.4.  Linear plot of  A vs -CD] for DMPD -CD system 
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Ŷ  Figure IX.5.  1HNMR spectra of pure a  DMPD  b  -CD and (c) inclusion complex 

between DMPD and -CD (in D2O, 400 MHz) 

(a) 

 
 

 

 (b) 

 
 (c) 
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Ŷ  Figure IX.6. D ROESY spectra of the solid inclusion complex of  DMPD and -CD 

 

 

 

Ŷ  Figure IX.7. Scanning electron photograph for a  DMPD  b  -CD  d  DMPD -CD) 

inclusion complex 
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SCHEMES 

 

Ŷ  Scheme IX.1.  Molecular structure of -CD and DMPD 

 

    

 

 

 

 

 

Ŷ  Scheme IX.2. Molecular structure of  -Cyclodextrin  molecule  with interior and 

exterior protons 

 

Ŷ  Scheme IX.3. Plausible mechanism of the inclusion complaxation 
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Ŷ  Scheme IX.4  Probable host:guest stoichiometric ratio of the inclusion complexes 

 
 

 
 

SUPPORTING INFORMATION 
 

Ŷ  Table S1. Values of Surface Tension  and Conductivity  at the Break Point with 

Corresponding Concentrations of DMPD and -CD at 298.15 Ka  

Conc.of DMPD (mM)      Conc  Of -CD (mM)    a (mN m-1)          a (mS m-1) 

           5.23              4.77          67.5            1.78 

aStandard uncertainties u  temperature  u T     surface tension  u    

mN m 1  conductivity  u    mS m 1 . 
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CONCLUDING REMARKS 
 

In this thesis, I have studied the phenomenal  supramolecular Host-Guest  inclusion 

complexation of some important molecules, including biomolecules, drugs etc., with - 

and -Cyclodextrins. Cyclodextrin by the formation of Inclusion complexes are capable 

to modify the physicochemical properties of guests, such as solubility, particle size, 

thermal behaviour and thus providing a highly water miscible amorphous forms. The 

formation, characterisation, stabilisation, solubility, bioavailability, bio degradability of 

inclusion complexes  and also their  controlled release without a chemical modification 

have been explored by various spectroscopical techniques such as NMR, 2D ROESY, FT-

IR spectroscopy, UV-Vis spectroscopy,  Fluorescence spectroscopy, High Resolution 

Mass spectroscopy  as well as physicochemical techniques such as surface tension, 

conductance, refractive index, density and viscosity studies,  focusing primarily on the 

encapsulation of the guest molecules into the hydrophobic cavity of cyclodextrins. The 

encapsulation of the guest molecules inside into cyclodextrin s cavity and the 

stoichiometry, association constant and thermodynamic parameters for the complexes 

thus formed have been determined so as to communicate a set of quantitative data. 

In my research work, I have also explored the molecular interaction in different solution 

systems by means of various physicochemical parameters obtained from density, 

viscosity, refractive index and conductivity studies along with FT-IR measurements. 

Various types of interactions exist between the ions in solutions, and of these, ion-ion 

and ion-solvent interactions are of prime interest. The nature of solute and solvent, or 

more simply, whether the solute distorts or modifies the solvent structure, can be 

percieved well by studying these interactions. The inkling of whatever taking place in 

aqueous medium enhances curiosity to examine the behaviour of electrolytes in 

aqueous and mixed solvents by investigating solute-solute and solute-solvent 

interactions at different circumstances. The proper understanding of the ion-ion and 
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ion-solvent interactions may form the basis for the quantitative interpretation of the 

influence of solvents and ions in solution and thus pave the way for actual 

understanding of diverse phenomena associated with solution chemistry. 

Nevertheless, the behaviour of solutes in mixed solvents are quite different than in 

aqueous medium. The ion-ion and ion-solvent interactions can be better studied in 

mixed solvents because such solvents  facilitated the variation of properties. The 

dependence of electrolyte conductivity upon concentration leads to the derivation of 

several quantities intensely influenced by solvent properties. Accordingly, a number of 

conductometric and related studies of different ionic liquids and some lithium salts in 

non-aqueous solvents, especially mixed organic solvents, have been performed. 

Therefore, to examine the nature and magnitude of ion-ion and ion-solvent interactions, 

extensive studies have been done on electrical conductance in mixed organic solvents.  

Ionic association of electrolytes in solution is influenced by the mode of solvation of its 

ions, which in turn depends on the nature of the solvent (or, solvent mixtures). Such 

solvent properties as viscosity and the relative permittivity have been taken into 

account, since,  they help to determine the extent of ion association and the solvent-

solvent interactions.  

In chapter IV, the outstanding result of the triple-ion formation of the investigated ionic 

liquid, tetrabutylphosphonium methanesulfonate in methylamine solution (CH3NH2) 

with the help of conductivity has been obtained. The tendency of the triple-ion 

formation depends on the size and the charge distribution of the ions, and functional 

group of the solvents. The qualitative analysis from FTIR spectroscopy has confirmed 

the same observation. 

Chapter V dealt with all-embracing study of conductance of lithium salts (CH3COOLi, 

LiNO3, and LiI) in the binary mixtures of acetonitrile and water leads to the conclusion 

that, electrolytes associated more in the mixture. Therefore, it can also be seen that in 

the conductometric studies in the binary mixture of different mass fraction of 

acetonitrile they probably remains as ion-pairs. The reliable significance of volumetric, 

viscometric and refractometric studies also suggest that in solution there strong ion

solvent interaction than the ion ion interaction and these interactions  promote 
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strength at higher molality and with increasing size of lithium salts in the solution 

media. 

In chapter VI, based on the experimental results and derived parameters of the studied 

binary system viz., {([EMIm]Cl/AlCl3)+methanol}, {([EMIm]Cl/AlCl3)+ethanol}, 

{([EMIm]Cl/AlCl3)+1-propanol}, and {([EMIm]Cl/AlCl3)+1-butanol}, we concluded that 

the ion-solvent interaction signifying parameters e.g., limiting apparent molar volume, 

molar refraction, limiting apparent molar isentropic compressibility  increases with 

rising the side chain of the studied alcohols and with increasing temperature. On the 

other hand, ion-ion interaction indicating parameters (Sv and Sk) decreases with the 

same.  The study also attributed that ion-solvent interactions are dominant over the ion-

ion interactions. The molecular interactions occurring between the ionic liquid and 

solvent molecules are due to the structure-making capacity that causes by 

intermolecular forces and non-covalent interactions. 

Chapter VII concludes characterization of solid state crystal using UV-VIS, FTIR, HRMS, 
1H NMR spectroscopy, and the observed SEM pictures strongly support the formation of 

stable inclusion complexes. Association constant values obtained from UV-Vis 

spectroscopic study suggests that both the complexes are formed with strong binding 

affinity. Evaluation of Job plots and surface tension data shows that in both the cases 1:1 

stoichiometric complexes are formed. One of the driving forces for the formation of the 

inclusion complex is the extrication of the water molecules from the hydrophobic cavity 

of cyclodextrin to the bulk, leading to an increase in the entropy of the system with a 

simultaneous decrease in Gibbs free energy. In NMR spectra, the chemical shift 

corresponding to H5 and H3 protons support that the incorporation occur from wider 

rim of cyclodextrin. More negative G0 value and more shifts in various IR stretching 

frequencies in case of complexation with -CD indicate that IC2 is formed more feasibly 

than IC1. This is further supported by higher shifting of H3 and H5 protons in 1H NMR 

spectra for IC2. The bonds to form the ICs thus can be attributed in terms of 

hydrophobic, H-bonding interactions and other non-covalent interactions.  

From the observed results and discussion in chapter VIII, it can be concluded that 

hydrazinophthalazine molecule is incorporated insight into the truncated cone type 

hydrophobic cavity of -cyclodextrin molecule to form 1:1 stoichiometric complex. 

Evaluation of binding stoichiometry and constants from both the surface tension and 
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UV-vis spectroscopy demonstrated the same observation that the host-guest inclusion 

complex formed with great stability. The complex has been formed by replacing the 

water molecules present into the cavity of cyclodextrin (which make a driving force for 

incorporation of guest molecule) and becomes stable with non-covalent interaction. The 

inclusion complex formed balance both surface and bulk properties of solution by 

adsorption and inclusion phenomena. But the inclusion phenomena are dominant over 

the surface adsorption.  

The comprehensive study in chapter IX  describes the inclusion phenomena of N,N-

dimethyl-4-phenylenediamine dihydrochloride with -Cyclodextrin. 1:1 inclusion 

complex formed between DMPD and -CD. The solid complex was found to be freely 

soluble in water. The stoichiometry of the complex was established by UV-Vis, 

conductance and surface tension study. 1HNMR data reveal the mode of inclusion where 

the hydrophobic aromatic part of the guest molecule was incorporated. The reliable 

value of association constant and free energy stands for the stability of the inclusion 

complex. The complaxation is occurring by the binding between DMPD and -CD with 

non-covalent bonds, where H-bonding interactions played a significant role. 

So, this work is an attempt to explore the supramolecular Host-Guest  inclusion 

complexation of some noteworthy molecules by various physicochemical and 

spectroscopic methods and to make them more bioavailable by increasing their 

solubility and controlled release without any chemical modification. All the studies 

fruitfully support the formation of inclusion complexes which are stabilised by Van der 

waals forces. In addition, H-bonding interactions sometime provides extra stability to 

the inclusion complexes. 

Beside, in this thesis, I have also tried to investigate solution behaviour of some 

important solutes in some aqueous and industrially important non-aqueous solvents in 

terms of various interactions like solute-solute, solute-solvent and solvent-solvent 

interactions. Molecular interactions have been examined with the help of 

thermodynamic and transport properties of solutions. Such study will find significance 

in chemical engineering areas particularly to understand the mixing behaviour of 

different components in the mixture.  

Chapter X 



217 

More extensive studies of the different thermodynamic and transport properties of the 

electrolytes will be of sufficient help in understanding the nature of the ion-solvent 

interactions and the role of solvents in different chemical processes. However, it is 

necessary to remember that molecular interactions are very complex in nature. There 

are strong forces existing in the molecule and it is not really possible to separate them 

all. Nevertheless, upon careful judgement, valid conclusions can be drawn in many cases 

relating to degree of structure and order of the system. 

In the near future we must endeavour to extend our research work with more ionic 

liquids and biomolecules, and I hope, this will certainly complement our present 

findings. 
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Triple-ion formation of tetrabutylphosphonium methanesulfonate 
[Bu4PCH3SO3] in methylamine solution has been reported quantitatively by 
conductometric study, and the observation has evident from the qualitative 
analysis of FT-IR spectroscopy. The ionic liquid exists as triple-ion state in 
low dielectric constant solution (methylamine solution having r<10). Thus, 
the conductance data have been analysized using the fuoss-kraus theory of 
triple-ion formation. After that, the results have been discussed in terms of 
driving forces i.e., H-bond formation, dipole-dipole interactions, and 
structural aspect (functional group) of the ionic liquid and methylamine 
molecules. Shifting of the stretching frequency of functional group of the 
solvent in presence and absence of the ionic liquid has been taken into 
account in FTIR spectroscopic study, and then the solvation consequence 
has been manifest by the change of the intensity. 
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Graphical Abstract 

 

Introduction  

The electrolytic behaviour of the ionic liquid, tetrabutylphosphonium methanesulfonate in solvents 

of high and intermediate or moderate dielectric constant ( r 12) has been extensively studied by 

the author [1]. But, the behaviour of this ionic liquid in solvents of very low dielectric constant 

( r<12 or 10) has not been examined yet. Normally, the ions/molecules in low dielectric constant 

solvents are poor conductors, and the ionic/molar conductance gradually decreases with increasing 

the molar concentration, because the ions or molecules become engaged with other ions or 

molecules, through the hydrogen bond, intermolecular attraction, van der Waal bond, electrostatic 

interaction etc. On the other way, the influence of the dielectric constant on conductance of ionic 

liquids is satisfactorily accounted for by the inter ionic attraction theory in solvents of high 

dielectric constant, it is not completely known to what extent inter ionic forces are primarily 

concerned in solvents of low dielectric constant. There are some papers in low dielectric constant 

solvents [2-5]. Therefore, recently we have investigated the behavior of the ionic liquid in low 

dielectric constant solvents.  

Ionic liquids (ILs) have recently attracted as ground-breaking compound. For their unique intrinsic 

properties [6], the application of Ionic liquids (ILs) is also increasing exponentially in many 

academic, industrial, and research fields [7, 8]. The applications of individual ionic liquid may be 

understood by investigation of their nature and mode of interaction with the solvent molecules. 

Imidazolium, pyridinium, ammonium and phosphonium based ionic liquids are commercially 

available in market. Among these ionic liquids, the phosphonium-based ionic liquids have exhibited 

high thermal stability. The chosen ionic liquid is also a phosphonium-based ionic liquid having 

great thermal stability. We can apply this ionic liquid as a conducting material if we closely study 
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the conductometric behaviour and salvation consequences. The employed ionic liquid content the 

functional anionic group ([CH3SO3]-) are capable for interactions with polar solvents through the 

driving forces, like H-bonding, dipole-dipole interaction, dipolar ionic/charge-charge, van der 

Waals forces etc., [9, 10]. 

In continuation of our investigations on ionic conductance, in the present study, an attempt has 

been made to ascertain the nature of ion-association of tetrabutylphosphonium methanesulfonate 

[Bu4PCH3SO3] in methylamine solution. The salvation consequence has been explained with the 

evidence of shifting of the stretching frequency of characteristic bonds in FTIR spectroscopy in the 

presence and absence of the [Bu4PCH3SO3]. 

Experimental 

Materials 

Tetrabutylphosphonium methanesulfonate [Bu4PCH3SO3] selected for the present work, puriss 

grade, was procured from Sigma-Aldrich, Germany and used as purchased. The mass fraction purity 

of [Bu4PMS  was 0.98. The methylamine solution which was 40% wt. in H2O of spectroscopic 

grade was purchased from Sigma-Aldrich, Germany and used as received. The experimentally 

observed physical properties of methylamine solution are given in Table 1. 

Table 1. The density ( ), viscosity ( ) and relative permittivity ( r) value of methylamine solution at T=298.15 Ka  

ɏ ×10-3 (kg m-3) Ʉ (mPa s) 
ɂr 

Expt Lit Expt Lit 

0.89703 0.89700b 0.59 - 9.35c 

 a standard uncertainties u are u( ) = ± 5×10-5 kg m 3, u( ) = ±0.02 mPa s, and u(T) = 
±0.01 K 
b Catalogue of the product from Sigma Aldrich 
c Ref. [30] 

Apparatus and procedure 

Before the start of the experimental work, we have checked the solubility that the chosen ionic 

liquid is freely soluble in methylamine solution. The mother solution of the ionic liquid was 

prepared by mass (weighted by Mettler Toledo AG-285 with uncertainty 0.0003 g), and then the 

specific conductance the working solutions, was obtained by mass dilution method of the mother 

solution.  

Instrumentally, the conductance measurements were carried out in a Systronics-308 conductivity 

bridge (accuracy±0.01%), using a dip-type immersion conductivity cell (CD-10) and having a cell 

constant of approximately (0.1±0.001) cm-1. Measurements were carried out in a thermostat water 
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bath with maintaining the temperature (T)=298.15 ± 0.01 K. The cell was calibrated by the method 

proposed by Lind et al., [11] and cell constant was measured based on 0.01 M aqueous KCl solution. 

During the conductance measurements, cell constant was maintained within the range of (1.10

1.12)×10 2 cm 1. The conductance data were reported at a frequency of 1 kHz and the accuracy of 

±0.3%. 

For analysing the conductance data and the density and viscosity of the solvent mixture are 

required. Therefore, the density ( ) was measured with the help of vibrating u-tube Anton Paar 

digital density meter (DMA 4500M) with a precision of ±0.00005g cm-3 maintained at ±0.01K of the 

desired temperature. It was calibrated by triply-distilled water and passing dry air. The viscosity 

( ) was measured using Brookfield DV-III ultra programmable rheometer with fitted spindle size-

42. The viscosities were obtained using the following relation. 

 = (100 / RPM) × TK × torque × SMC 

Where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant and spindle 

multiplier constant, respectively. The instrument was calibrated against the standard viscosity 

samples supplied with the instrument, water and aqueous CaCl2 solutions [12].  The temperature 

was maintained to within ± 0.01 °C using Brookfield Digital TC-500 thermostat bath. The viscosity 

measured with an accuracy of ±1%. The measurement reported is an average of triplicate reading 

with a precision of 0.3%. 

Infrared spectra were recorded in 8300 FTIR spectrometer (Shimadzu, Japan). The details of the 

instrument have already been previously described [13]. The concentration of the studied solutions 

used in the IR study is 0.05 M. 

Results and discussion 

Conductance 

The experimentally measured specific conductance  of the solutions have been utilized to 

determine the molar conductances ( ) by the equation 

                                                                                 = 1000  c         (1) 

The calculated values of molar conductances ( ) with corresponding molar concentrations (c) was 

presented in Table 2 and Figure 1.  
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Table 2. Molar conductance ( ) with corresponding concentration (c) of [Bu4PCH3SO3] in methylamine solution at 

T = 298.15 K 

c×104 (mol dm 3) Ȧ×104 (S m2 mol 1) 
0.15 18.60 
0.38 10.43 
0.55 6.05 
0.70 3.57 
0.90 1.82 
1.01 1.03 
1.16 0.71 
1.34 0.85 
1.52 2.03 
1.70 3.97 
1.95 6.37 
2.16 8.81 

 

 
Figure 1. Plot of molar conductance ( ) and the square root of molar concentration ( c) of [Bu4PCH3SO3] in 

methylamine solution at T = 298.15K 

However, the non-linearity in Figure 1 has been found in the conductance curves plotting with 

square root of molar concentration. In case of the solvent having low relative permittivity ( r<10), 

as methylamine solution, r=9.35, the ionic liquid showed the similar fashion of conductivity curve, 

i.e., the conductance data gradually falling with rising the molar concentration; arrived at a 

minimum and then the aging increased. For the reason of the divergence of the conductometric 

curves from linearity, have been analyzed by the classical Fuoss-Kraus theory of triple-ion 

formation [14-16] in the following form  

                          

0 0

0

( ) 1
T

T

p p

K
g c c c

K K

  


 
   

                              (2) 

Where g(c) is a factor that lumps together all the intrinsic interaction terms and is defined by: 
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where the symbols have their usual meanings. In the above set of equations, 0 is representing the 

sum of the molar conductance of the simple ions at infinite dilution, 0T is the sum of the 

conductance value of the two existing triple-ions, [(Bu4P)2]+CH3SO3 and Bu4P[(CH3SO3)2]- for the 

ionic liquid [Bu4PCH3SO3]. KP and KT were the ion-pair and triple-ion formation constants 

respectively and S is the limiting Onsager coefficient. To make Eq. (2) applicable, the symmetrical 

approximation of the two possible formation constants of triple-ions,  
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equal to each other has been adopted, i.e., KT1=KT2=KT [17] and 0 values for the studied electrolyte 

have been calculated using the scheme as suggested by Krumgalz [18]. 0T has been calculated by 

setting the triple-ion conductance equal to (2/3)· 0 [19]. The ratio 0T / 0 was thus set equal to 

0.667 during linear regression analysis of Eq. (2). Table 3 showing the calculated limiting molar 

conductance of simple ion ( 0), limiting molar conductance of triple ion ( 0T), slope and intercept 

from Eq. (2) for [Bu4PCH3SO3] in methylamine solution at 298.15 K. 

Table 3. The calculated limiting molar conductance of ion-pair ( 0), limiting molar conductance of triple-ion 
( 0T), slope and intercept of Eq. (2) for [Bu4PCH3SO3] in methylamine solution at T = 298.15 K 

4
0 10   

(S m2 mol 1) 

4
0 10T   

(S m2 mol 1) 

 
Slope×10-2 

 
Intercept 

71.65 47.79 1.08 0.03 
 

The linear regression analysis of Eq. (2) for the ionic liquid with an average regression constant, R2 

= 0.9981, gives intercept and slope. These value permits to calculate the other derived parameters 

such as KP and KT listed in Table 4. 
Table 4.  The ion-pair KP, and triple-ion KT formation constant respectively corresponding to the minimum 

salt concentration (cmin) for [Bu4PCH3SO3] in methylamine solution at T = 298.15 K 

cmin×104 

(mol kg 1) 

log (cmin 

/mol kg 1) 

KP ×10 4 

(mol m 3) 1 

KT×10 4 

(mol m 3) 1 

(KT/KP)×104 log(KT/KP) 

1.16 -3.94 442.20 0.47 10.72 -2.97 

 



Samir Das et al.  P a g e  | 61  

 
A perusal of Table 4, shows that the KP is higher than KT, and indicates the major portion of the ionic 

liquid exists as ion-pair with a minor portion as triple-ions. The tendency of triple ion formation 

with respect to ion-pair, can be judged from the ratio of KT/KP and log (KT/KP). The ratios suggest 

that strong ion-association between the ions and solvent is due to the coulombic interactions as 

well as to covalent forces in the solution. These results are in good agreement with those of Hazra et 

al., [20]. At very low permittivity of the solvent, i.e., r<10, electrostatic ionic interactions are very 

large. So, the ion-pairs attract the free cations or anions present in the solution medium and the 

distance of the closest approach of the ions become minimum. These results the formation of triple-

ion, where the ion-pairs acquire a charged ion (cations or anions) from the solution bulk [16, 21] as 

following: 

                 Bu4P+ + CH3SO3-  Bu4P+  CH3SO3-  Bu4PCH3SO3                                                   (ion-pair) 

                  Bu4PCH3SO3 + Bu4P+  [Bu4PCH3SO3] Bu4P+                                                                     (triple-ion) 

                  Bu4PCH3SO3 + A-  [Bu4PCH3SO3] CH3SO3-                                                                        (triple-ion) 

And/or depicts as the pictorial representation in Scheme 1. Thus owning to the effect of ternary 

association [22] the non-conducting species, Bu4PCH3SO3, removes some from the solution, and 

replaced into triple-ions that increase the conductance values; which manifested by non-linearity 

observed in conductance curves. 

Moreover, to understand the nature of the formation of triple-ion from KP and KT values, we have 

calculated the concentration of ion-pair, CP, and triple-ion, CT, at minimum molar concentration 

(cmin) by means of the following set of equations [23] 

 
 
 

 

1/2 1/2

1/2 1/2

1/2 3/2

1/ (9)

/ (10)

1 3 (11)

/ (12)

P

T T P

P T

T T P

K c

K K c

C c

C K K c





 

 



  


 

Here   and T are signing the fraction of ion-pairs and triple-ions respectively, as c is the molar 

concentration. Thus, the observed values of CP, CT,  and T at minimum molar concentration (cmin) 

have been represented in Table 5. 
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Scheme 1. The pictographic representation of triple-ion formations for the studied ionic liquid, as an example 

in methylamine solution 

Table 5. Salt concentration (cmin) at the minimum conductivity ( min), the ion-pair fraction ( ), triple-ion 
fraction ( T), ion-pair concentration (CP) and triple-ion concentration (CT) of [Bu4PCH3SO3] in methylamine 

solution at T = 298.15 K 

cmin×104 
(mol kg 1) Ȧmin×104 Ƚ×102 ȽT×102 CP ×106 

(mol kg 1) 
CT ×106 

(mol kg 1) 
1.16 0.71 4.42 2.43 119.33 2.82 

 

The concentration at which the conductance value reaches minimum is termed as Cmin and 

the conductance value reaches at Cmin is termed as min. Initially, at very low concentration, 

the free ions are present which shows conductance value; after that on addition of ionic 

liquid into solvent the non-conducting ion-pair increases and the conductance values are 

gradually fallen. The certain concentration at which the fraction of non-conducting ion-pair 

species becomes maximum (i.e., all the ions are paired up) and the conductance value of 
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ion-pair reach minimum min. After that further addition of ionic liquid, the fraction of the 

triple-ion species in the solution becomes more by acquiring free movable ion by non-

conducting species. As a result the values of conductance start increasing with growing up 

chargeable conducting triple-ion species is the studied solution media 

{[Bu4PCH3SO3]+methylamine solution}. 

The KP value is utilized to calculate the inter ionic distance (aIP) parameter with the aid of 

the Bjerrum s theory of ionic association [15, 16] in the form 

(13)

(14)

(15)

32
A

P
r

b 4

2

2

IP r

4 N e
K Q( b )

1000 KT

Q( b ) y exp( y )dy

e
b

a KT








 
  

 







 
Where the symbols are usual significant. The aIP values obtained are given in Table 6. 

Table 6. Interionic distance parameter for ion-pair (aIP) and for triple-ion (aTI) in methylamine solution at T = 
298.15 K 

Electrolyte aIP/Å aTI/Å 1.5aIP/Å 
[Bu4PCH3SO3] 3.05 4.06 4.58 

 

The Q (b) and b values have been calculated by the literature procedure [15, 16]. The Table 6 reveals 

that the aIP values for all the electrolyte lies within the range the actual ionic sizes (or crystallographic 

radii) varied by 2.83 Å to 4.42 Å. This may be due to easy penetration by the CH3SO3- ion to some extent 

into the void spaces between the alkyl chain of the Bu4P+, as suggested by Abbott and Schiffrin [24]. 

Again, the aIP are less in comparison with the crystallographic radii (rc) (rc of Bu4P+ is 4.42 [25] and of 

CH3SO3- is 2.83 [26] of the [Bu4PCH3SO3]), suggesting probable contact ion-pair in solution [27]. This will 

cause a decrease in the degree of freedom for the cations in the ion-pair resulting in their loss of 

configurational entropy of the contact-pair. Generally, KP values do not change significantly for 

quaternary phosphonium ions with the alkyl chain consisting of more than three carbon atoms. The 

small changes in the KP may thus some extent due to the entropic contribution.  

The inter ionic distance (aTI) for the triple ion can be calculated using the expressions [28].  

(16)

(17)

3
A IP

T 3

2

3
TI r

2 N a
K I( b )

1000

e
b

a KT
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I (b3) is a double integral tabulated in the literature [28] for a range of values of b3. Since I (b3) is a 

function of aTI; thus the aTI values have been calculated by an iterative computer program. From Table 6 

we can see that the aTI values for the ionic liquid are greater than the corresponding aIP values but are 

much less than the expected theoretical value 1.5 aIP. This is probably due to repulsive forces between 

the two anions or cations in the triple ions [Bu4P(CH3SO3)2]- and [(Bu4P)2+ CH3SO3] as suggested by 

Hazra et al. [23]. 

FT-IR spectroscopy 

Qualitatively analysed of the molecular interaction existing between the ionic liquid and the solvent 

molecules with the help of FT IR spectroscopy and used as supporting confirmation for examine of bond 

formation (or bond breaking) owning to ion-solvent interaction. The IR spectra of the pure solvents as 

well as studied solutions of ([Bu4PCH3SO3]+Solvents) have been studied, and the shifting of the 

stretching frequencies of the functional groups in presence and absence of ionic liquids within the range 

of wave number 400-4000 cm-1 are given Figure 2. 

 
Figure 2. Stretching frequency of N-H in methylamine solution (black solid line) and in {[Bu4PMS]+CH3NH2 

solution} (red solid line) respectively 

Higher the interaction is seen between the molecules of [Bu4PCH3SO3] and methylamine in solution as 

evident from the values of the KP obtained from the conductivity studies. Here the peaks for N-H, C-N, 

and C-H bonds are at 3448.5 cm-1 (3300-3500 cm-1), 1285.6 (1000-1360 cm-1), and 2916.1 (2850-2950 

cm-1) respectively shifts to 3553.8 cm-1, 1287.3 cm-1 and 2917.4 cm-1 respectively when [Bu4PCH3SO3] 

has added to methylamine solution given in the Table 7. 
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Table 7. Stretching frequency of the functional group of methylamine solution and change of frequency in addition 

of [Bu4PCH3SO3] 

Functional 
Group 

Range 
(  cm-1) 

Pure Solvent 
( o cm-1) 

[Bu4PMS]+Solvent 
( s cm-1) 

 
(cm-1) 

N-H 3300-3500 3448.5 3553.8 105.3 
C-N 1000-1360 1285.6 1287.3 1.7 
C-H 2850-2950 2916.1 2917.4 1.3 

 

This is due to the disruption of weak H-bonding interaction between the CH3NH2 molecules [29] and 

formation of ion-dipole interaction between [Bu4P]+ and/or CH3SO3- and N-H (Scheme 2). From the 

difference in shifting of frequency  , in the Table 7, it is clear that the N-H bond of NH2 group of 

CH3NH2 is contributing to interact with the employed ions of the ionic liquid. 

 

Scheme 2. The probable schematic representation of the interaction (ion-dipole, H-bond interaction) between ions 
of ionic liquid and methylamine molecule in solution system 

 

Thus, from the theoretical model of calculation and qualitative analysis of FTIR spectroscopy, it is 

possible to state that the individual ions (central positive cation or outermost negatively charged 

anions) obviously interact with the methylamine solvent molecules in the studied ternary solutions.  
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Conclusions 

The outstanding result of the triple-ion formation of the investigated ionic liquid, 

tetrabutylphosphonium methanesulfonate in methylamine solution (CH3NH2) with the help of 

conductivity has been obtained. The tendency of the triple-ion formation depends on the size the 

charge distribution of the ions, and functional group of the solvents. The qualitative analysis from 

FTIR spectroscopy has confirmed the same observation. 
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Abstract: The properties of material like densities and viscosities of some selected lithium salts (namely, lithium 
nitrate, lithium iodide and lithium acetate) have been studied in acetonitrile-water binary mixed solvent systems at 
the temperature 298.15K. Apparent molar volumes (V) and viscosity B coefficients of these salts are obtained from 
these data supplemented with their densities and viscosities, respectively. Limiting apparent molar volumes (V°) 
and experimental slopes (SV*) derived from density date using Masson equation have been interpreted in terms of 
ion-solvent and ion-ion interactions, respectively. The viscosity data have been analyzed using Jones-Dole equation, 
and derived parameters B and A have also been interpreted in terms of ion-solvent, ion-ion interactions, 
respectively. It has been observed from the both derived parameters the ion-solvent interaction is predominant than 
interaction of ions (ion-ion) itself in all the studied binaries. Furthermore, the structure making/breaking capacities 
of salts investigated have been discussed in terms of the rearrangement with symmetrically of the interacting ions. 
Another two parameters, refractive index and conductivity have been taken into account to give explanation and 
confirming the same results occurring into the studied solutions system.  
 
Keywords: Lithium salts, acetonitrile-water binaries, non-covalent interactions, salvation consequences 
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Introduction 

Studies on thermophysical properties namely, 
viscosities, densities, and refractive index, conductivity 
of ionic solutions assist in characterizing structures and 
properties of binary solutions. Various types of 
interactions exist among the ions in solutions, and of 
them, ion-ion and ion-solvent interactions are 
occurring in solutions is plying interesting role in all 
branches of chemistry. These interactions help in better 
understanding the nature of solute and solvent, i.e., 
whether solute modifies or distorts structure of the 
solvent. A survey of the literature showed that although 
a lot of studies have been carried out for various 
electrolytic solutions, few works have been done to 
discuss the behavior of mineral salts in water as 
reported earlier1. The present mineral salts have been 
selected for study because they are significant  
 

constituents of lithium as bio-fluids, Lithium batteries 
etc. Main ionic solutes in biofluids in the mixed 
solvent; are  common ions are the small amounts of 
CN-2, H+, Li+, -OH-. The present investigation has been 
undertaken to endow with better understanding of 
nature of these mineral salts in polar mixed solvent 
throw light on ion-solvent interactions2-5. 
 
Material and Methods 
Lithium iodide, lithium nitrate, lithium acetate (all are 
A.R.) were used as such, only after drying over P2O5 in 
a desiccators for more than 48h. Freshly prepared 
distilled conductivity water was taken for the 
experiments. Aqueous mixed solvents of acetonitrile 
were made by mass; conversion of molality into 
molarity was done. Figure 1, 2 shows diagram of the 
sample taken and the dielectric constants. 



S. Das et al. Int. J. Res. Chem. Environ. Vol. 9 Issue 1 (1-10) January 2019 

2 
 

Figure1: Three dimensional representations of the salts and the mixture of binary solvents used in the work 
 

 
Figure 2: Diagrammatic representation of the solvation sphere 

  
The densities () were calculated with an Ostwald-
Sprengel type pycnometer having a bulb volume of 
25cm3 and an internal diameter of the capillary of 
about (0.1 cm) and pycnometer was calibrated at 
298.15K with doubly distilled water. Pycnometer with 
the test solution was equilibrated in a water bath 
maintained at (0.01 K of the desired temperature by 
means of a mercury in glass thermo regulator, and 
temperature was determined with a calibrated 
thermometer and a Muller bridge. The pycnometer was 
then detached from the thermostatic bath, properly 
dried, and weighed. The evaporation losses remained 
insignificant throughout the time of actual 
measurements. Averages of triplicate measurements 
were taken into description. Density values were 
reproducible to (3·10-5 g·cm-3) and details have been 
described earlier1. 
 
The viscosities of the test solutions measured by means 
of a suspended level Ubbelode viscometer at the 
desired temperature (accuracy  0.01 K). The precision 
of viscosity measurements was 0.05% and details have 
been described earlier1-3. 
 
Refractive index was also measured with the aid of a 
Digital Refractometer Mettler Toledo. The light source 
was LED, (k = 589.3nm). The refractometer was 
calibrated twice using distilled water, and calibration 
was checked after every small amount of 
measurements. The uncertainty of refractive index 
measurement was detected to be ±0.0002 units.  

The experimental data’s of densities (0), viscosities 
(0) with corresponding concentrations (c) of aqueous 
binary mixture has been recorded in Table 1. 
 
Table 1: Density ( 0), Viscosity ( ), refractive index 

(nD) of aqueous acetonitrile solutions 
 

Solvent 
mixture 

0 ·10-3 (kg m-3)  
(mPas) 

nD 

T=298.15K    
0.10 0.9808 0.867 1.3974 
0.20 0.9612 0.862 1.3835 
0.30 0.9387 0.858 1.3696 

T=308.15K    
0.10 0.9773 0.707 1.3562 
0.20 0.9551 0.705 1.3549 
0.30 0.9317 0.697 1.3432 

T=318.15K    
0.10 0.9733 0.584 1.3387 
0.20 0.9489 0.580 1.3245 
0.30 0.9248 0.578 1.3231 

 
The conductance measurement were done in a 
Systronic-308 conductivity meter (accuracy ± 0.01 %) 
using a dip-type immersion conductivity cell, CD-10, 
having a cell constant of approximately (0.1 ± 0.001) 
cm-1. Measurements were made in a water bath 
maintained within T=(298.15 ± 0.01) K and the cell 
were calibrated by technique proposed by Lind et al15. 
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The conductance values were reported at a frequency 
of 1 kHz and the accuracy was ±0.3%. 
 
Results and Discussion 
 Density 
The experimental observed values of the density, 
viscosity, and refractive index have been tabulated in 
table 2-4. Volumetric properties, for instance, apparent 
molar volumes,

 
V and limiting apparent molar 

volumes V° are regarded as approachable parameter 
for the understanding of interactions taking place in 
solutions. The apparent molar volume can be 
considered to be the summation of the geometric 
volume of the fundamental solute molecule and 
changes in the solvent volume due to its interface with 
the solute around the peripheral/co-sphere. For this 
principle, V has been determined from density of 
solutions by means of the suitable equation. The 
apparent molar volumes V were determined from 
solutions densities using the equation  

  
(1) 

and given in Table 5-7. Where M is the molar mass of 
ionic salts, m is the molality of solution,   and 0  is 
the density of solution and aqueous acetonitrile mixture. 

 
Table 2: Density, Viscosity, Refractive index of [25 

%H2O + 75% CH3CN] solvent mixture at 250C 
 

Salt Conc (m) 
(mol kg-1) 

0·10-3 

(kg m-3) 
 

(mPas) 
nD 

CH3COOLi 0.005 17.3178 0.451 1.3441 
0.02 17.3225 0.453 1.3443 
0.035 17.3245 0.455 1.3442 
0.05 17.3401 0.457 1.3443 
0.065 17.3503 0.458 1.3445 
0.08 17.3744 0.459 1.3446 

LiNO3 0.005 17.3009 0.442 1.3438 
0.02 17.3235 0.446 1.3440 
0.035 17.3280 0.448 1.3441 
0.05 17.3009 0.449 1.3443 
0.065 17.3574 0.453 1.3445 
0.08 17.3744 0.457 1.3447 

LiI 0.005 17.2721 0.440 1.3429 
0.02 17.2732 0.443 1.3431 
0.035 17.3000 0.446 1.3433 
0.05 17.3211 0.448 1.3438 
0.065 17.3270 0.447 1.3441 
0.08 17.3472 0.449 1.3447 

 
 
 
 
 

Table 3: Density, Viscosity, Refractive index of 
[50 %H2O + 50% CH3CN] solvent mixture at 250C 

 
Salt Conc (m) 

(mol kg-1) 
0·10-3 

(kg m-3) 
 

(mPas) 
nD 

CH3COOLi 0.005 18.4016 0.717 1.3428 
0.02 18.3569 0.720 1.3436 
0.035 18.3473 0.725 1.3442 
0.05 18.3185 0.729 1.3448 
0.065 18.2935 0.733 1.3354 
0.08 18.2888 0.740 1.3357 

LiNO3 0.005 17.6383 0.405 1.3432 
0.02 17.5211 0.428 1.3438 
0.035 17.4297 0.445 1.3441 
0.05 17.3391 0.458 1.3446 
0.065 17.3119 0.514 1.3450 
0.08 17.1822 0.529 1.3429 

LiI 0.005 18.2758 0.719 1.3431 
0.02 18.2709 0.718 1.3433 
0.035 18.2688 0.722 1.3441 
0.05 18.2685 0.719 1.3447 

 0.065 18.2683 0.726 1.3448 
0.08 18.2681 0.727 1.3449 

 
Table 4: Density, Viscosity, Refractive index of 

[75 %H2O + 25% CH3CN] solvent mixture at 250C 
 

Salt Conc (m) 
(mol kg-1) 

0·10-3 

(kg m-3) 
 

(mPas) 
nD 

CH3COOLi 0.005 18.2702 0.738 1.3449 
0.02 18.3027 0.743 1.3403 
0.035 18.3300 0.745 1.3406 
0.05 18.3595 0.746 1.3420 
0.065 18.4002 0.747 1.3426 
0.08 18.4403 0.749 1.3395 

LiNO3 0.005 18.5946 0.733 1.3424 
0.02 18.7078 0.731 1.3432 
0.035 18.7129 0.728 1.3435 
0.05 18.7134 0.726 1.3435 
0.065 18.7152 0.724 1.3438 
0.08 18.7385 0.722 1.3440 

LiI 0.005 18.2788 0.726 1.3421 
0.02 18.2918 0.727 1.3419 
0.035 18.3193 0.729 1.3416 
0.05 18.3956 0.735 1.3413 
0.065 18.4472 0.737 1.3410 
0.08 18.4361 0.733 1.3407 

 
The limiting apparent molar volumes V° were obtain 
by a least-square treatment to the plots of V versus √m 
using Masson equation and shown in Table 8. 
    (2) 
The extent of V (Table 5-7) is found to be large and 
positive for all the considered systems, suggesting 
strong solute-solvent interactions. The V values are 
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decreased with increasing molality (m) of ionic salts in 
the aqueous acetonitrile solution (Figure 3).  
 

 
 
Figure 3: Plot of apparent molar volume with 
respect to concentrations at 298.15K [yellow line for 
LiI, blue line for LiNO3, green line for CH3COOLi] 
 
V, varied linearly with c and could be least-squares 
fitted to Masson equation from where limiting molar 
volume V° (infinite dilution partial molar volume) 
have been projected. If variation of V with c show 
significant scatter, V° has been determine either 
graphically or has been taken as the average of the V 
values when slope tends to zero. The values of V° 
and *

VS are reported in Table 8. Owing to a quantitative 
comparison, magnitude of V° are much greater than 
SV*, in every solutions. This suggests that ion-solvent 
interactions dominate over ion-ion interactions in all 
solutions.  The drift of variation of V° for particular 
systems is in order 
LiI  LiNO3  CH3COOLi 
The increase of V° for ionic salts with increasing mass 
fraction of aq. acetonitrile and the increasing positive 
shift volumes suggest that the ion-ion and ion-
hydrophilic group interactions are stronger (Figure 4). 
In the present ternary system (ionic salts + aq. 
acetonitrile), the interaction is well-built (Scheme 1) 
It noted that V° of LiI is less than that of LiNO3 and 
CH3COOLi owing to greater electrostriction. This is 
because acetate anion of lithium acetate provides an 

increasing structure enforcing tendency in aqueous 
acetonitrile solution due to greater resonance effect, 
and as a result, the water in the overlapping spheres is 
more structured due to ion-solvent interaction. In the 
ionic salts, the interactions increase with the addition 
of excess of the acetonitrile in solvent mixture shown 
in Figure 4. 
    

 
Figure 4: Plot of limiting apparent molar volume 
with respect to mass fractions of the binary solvent 
mixture at 298.15K [red symbol for CH3COOLi, 
green symbol for LiNO3, sky symbol for LiI] 
         

If we consider individual acetonitrile, initially in 
aqueous mixture it would interact with the water 
molecules present in the solution bulk and give the 
product of methanol and a bronsted Lowry base which 
is quite stable in nature. After addition of chosen 
Lithium ion, they become fascinated to bind with (–
OCH3

-) ion by replacing the water molecules with the 
proper phase of interaction as a result net increase in 
the solvation. With increasing conc. of acetonitrile, V° value increases indicating the ion-solvent interaction 
increases. SV* values showed in Table 15 indicates that 
ion-ion interaction decreases from CH3COOLi to LiI 
and ion-ion interaction increases with increases the 
conc. of water [5-8]. 
 

 
Table 5: Experimental value of apparent molar volume V for CH3COOLi in binary solvent mixtures of H2O 

(w1) + CH3CN (w2) at 298.15 K 
 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0158 118.153 0.0172 109.035 0.0177 103.396 
0.0309 112.481 0.0345 104.726 0.0347 100.086 
0.0467 108.567 0.0489 102.273 0.0545 95.761 
0.0614 103.468 0.0668 97.536 0.0726 93.873 
0.0776 102.879 0.0848 95.873 0.0885 92.257 
0.0925 97.573 0.0999 93.678 0.1086 89.072 
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Table 6: Experimental value of apparent molar volume V for LiNO3 in binary solvent mixtures of H2O (w1) + 
CH3CN (w2) at 298.15 K 

 
Molality 

(mol kg−1) 
V ×106 

(m3 mol−1) 
Molality 

(mol kg−1) 
V ×106 

(m3 mol−1) 
Molality 

(mol kg−1) 
V ×106 

(m3 mol−1) 
[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0120 104.456 0.0131 103.996 0.1218 86.128 
0.0605 104.049 0.0616 100.457 0.0618 81.899 
0.1087 100.686 0.1079 94.466 0.1083 76.126 
0.1689 92.257 0.1698 83.716 0.1717 70.089 
0.2298 85.567 0.2321 84.957 0.2431 65.884 
0.2438 83.788 0.2437 83.887 0.2567 64.662 

 
Table 7: Experimental value of apparent molar volume V for LiI in binary solvent mixtures of H2O (w1) + 

CH3CN (w2) at 298.15 K 
 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

Molality 
(mol kg−1) 

V ×106 
(m3 mol−1) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0118 104.153 0.0175 102.035 0.0279 83.396 
0.0307 103.781 0.0340 98.726 0.0357 80.086 
0.0457 99.567 0.0469 92.273 0.0585 72.761 
0.0609 91.468 0.0649 81.536 0.0766 69.873 
0.0788 82.879 0.0839 80.873 0.0889 63.257 
0.0929 79.573 0.0989 77.678 0.1096 60.072 

 
Table 8: Limiting apparent molar volumes 0

V, experimental slopes SV
 *, A, B-coefficients for lithium salts in 

binary solvent mixtures of H2O (w1) + CH3CN (w2) at 298.15 K 
 

Salts 0
V ×106 

(m3 mol−1) 
SV

* × 106 
(m3 mol−3/2L1/2) 

A 
(L mol−1) 

B 
(L1/2mol−1/2) 

[25 %H2O + 75% CH3CN] 
CH3COOLi 126.532 −94.651 0.559 0.781 
LiNO3 117.405 -65.982 0.176 0.756 
LiI 107.511 -58.796 0.054 0.552 
[50 %H2O + 50% CH3CN] 
CH3COOLi 119.467 −87.443 0.278 0.894 
LiNO3 112.316 -59.597 0.165 0.721 
LiI 98.452 -55.776 0.041 0.531 
[75 %H2O + 25% CH3CN] 
CH3COOLi 115.754 −77.459 0.110 0.947 
LiNO3 93.754 -56.163 0.142 0.687 
LiI 94.962 -52.219 0.011 0.509 

 
Table 9: Experimental value of apparent molar volume ( r −1)/√c for CH3COOLi in binary solvent mixtures 

of H2O (w1) + CH3CN (w2) at 298.15 K 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2 kg1/2) 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2 kg1/2) 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2kg1/2) 
[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0158 0.0715 0.0172 0.1085 0.0177 0.0892 
0.0309 0.1196 0.0345 0.1614 0.0347 0.1398 
0.0467 0.1563 0.0489 0.2026 0.0545 0.1767 
0.0614 0.1852 0.0668 0.2303 0.0726 0.2073 
0.0776 0.2133 0.0848 0.2588 0.0885 0.2342 
0.0925 0.2395 0.0999 0.2832 0.1086 0.2605 
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Table 10: Experimental value of apparent molar volume ( r −1)/√c for LiNO3 in binary solvent mixtures of 
H2O (w1) + CH3CN (w2) at 298.15 K 

 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2 kg1/2) 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2 kg1/2) 
Molality 

(mol kg−1) 
( r −1)/√c 

(mol−1/2kg1/2) 
[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0120 0.0547 0.0133 0.0895 0.1215 0.0982 
0.0605 0.1564 0.0615 0.1393 0.0615 0.1212 
0.1087 0.1593 0.1077 0.1762 0.1089 0.1721 
0.1689 0.1651 0.1697 0.2073 0.1713 0.2008 
0.2298 0.1705 0.2322 0.2344 0.2432 0.2313 
0.2438 0.1756 0.2438 0.2604 0.2564 0.2517 

 
Viscosity 
The viscosity data has been analyzed by means of 
Jones-Dole equation 

             (3)      

                                      (4) 
    
where A and B are viscosity coefficient point toward 
ion–ion and ion–solvent interaction, respectively. The 
values of A and B coefficient are obtained by plotting 
(r −1)/√m against √m and reported in Table 9, 10, 11. 
A perusal of Figure 5 shows that the values of the 
viscosity B-coefficient for lithium salts in the studied 
mixed solvent systems are positive and higher than A-
coefficient, thereby suggesting the presence of strong 
ion–solvent interactions and these type of interactions 
are strengthened from acetate to iodide but weakened 
with increasing amount of water in (acetonitrile + 
water) mixture9-15. 

 
Figure 5: Plot of Viscosity B-coefficient of Lithium 
salts verses the mass fractions of the solvent 
mixture at 298.15K [orange symbol points 
CH3COOLi, purple symbol points LiNO3, yellow 
symbol points LiI]. 
 
Refractive index 
The refractive index measurement is also a convenient 
process for investigating the ion–solvent interaction of 
electrolyte in solution. The values of refractive index 
of the chosen mineral salts in binary mixed solution are 
reported in Table 2, 3, 4. As stated by Deetlefs et al  14-

16.  The refractive index of a material is higher when its 

molecules are more tightly packed or when the 
compound is denser. The refractive index is directly 
proportional to molecular polarizability; Figure 6 
discloses that limiting molar refraction (RM

0) values 
increases linearly with an increasing concentration of 
the solution of lithium salts but decreases as increasing 
content of water in (acetonitrile + water) solvent 
mixtures. Accordingly, we found that higher refractive 
index value indicating the fact that the salts are more 
tightly packed and more solvated in solution, leading 
to low conductance value as obtained by the 
conductometric study. This is also in superior 
agreement with the results obtained from density and 
viscosity parameters discussed above16. 

 
Figure 6: Plot of limiting molar refraction (RM

0) vs 
mass fraction for Lithium salts CH3COOLi (blue), 
LiNO3 (brown), LiI (green) in aqueous acetonitrile 

 

 
Figure 7: Plot of equivalent conductance verses 
concentration of lithium salts at 298.15K [red 
triangles for CH3COOLi, green squares for LiNO3, 
and blue small squares for LiI]  
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Figure 8: Plot of Fluorescence intensity against wave length of lithium salts at 298.15K [green squares for LiI, 
red triangles for LiNO3, and blue small squares for CH3COOLi] 

 
Table 11: Experimental value of apparent molar volume ( r −1)/√c for LiI in binary solvent mixtures of H2O 

(w1) + CH3CN (w2) at 298.15 K 
 

Molality 
(mol kg−1) 

( r −1)/√c 
(mol−1/2 kg1/2) 

Molality 
(mol kg−1) 

( r −1)/√c 
(mol−1/2 kg1/2) 

Molality 
(mol kg−1) 

( r −1)/√c 
(mol−1/2kg1/2) 

[25 %H2O + 75% CH3CN] [50 %H2O + 50% CH3CN] [75 %H2O + 25% CH3CN] 
0.0118 0.0549 0.0176 0.0895 0.0274 0.0982 
0.0307 0.1566 0.0342 0.1398 0.0352 0.1213 
0.0457 0.1593 0.0467 0.1763 0.0586 0.1723 
0.0609 0.1651 0.0641 0.2076 0.0768 0.2002 
0.0788 0.1707 0.0838 0.2345 0.0882 0.2311 
0.0929 0.1759 0.0988 0.2608 0.1091 0.2517 

 
Table 12: The equivalent conductance ( ), the corresponding concentration (c), for lithium salts in binary 

solvent mixture at 298.15 K 
 

Conc. [25%H2O + 75% CH3CN] [50%H2O + 50% CH3CN] [75%H2O + 25% CH3CN] 
Salts c×104 

(mol dm−3) 
×104 

(Sm2mol−1) 
c×104 

(mol dm−3) 
×104 

(Sm2mol−1) 
c×104 

(mol dm−3) 
×104 

(Sm2mol−1) 
CH3COOLi 1.3382 148.12 1.4926 96.55 4.3682 74.73 

3.5515 104.23 2.7259 93.78 6.8123 71.71 
5.1941 89.28 3.7883 88.55 10.1751 67.67 
6.4553 79.31 5.4728 86.69 14.0635 62.07 
7.4541 67.89 6.7594 83.56 16.9726 59.68 
8.2637 61.36 7.7758 81.23 20.1856 56.75 
8.9336 56.34 8.2277 80.07 22.6308 54.96 
9.7456 50.49 8.9538 79.19 24.6883 52.78 
10.5759 45.25 9.5758 76.93 27.1562 51.37 
10.9136 45.29 10.108 76.97 28.4973 50.55 
11.2117 44.56 10.9426 75.93 29.1957 49.83 
11.5982 45.95 12.0956 73.55 29.6535 49.16 
12.1522 48.43 12.4117 73.28 30.1736 49.17 
12.5034 49.65 13.0654 72.58 30.6608 48.77 
12.9169 54.16     

LiNO3 3.6273 131.22 1.4680 123.41 4.1542 100.86 
5.2857 115.00 2.6720 117.50 7.5326 93.41 
6.5577 103.40 3.7013 114.30 10.4426 88.97 
7.5639 96.20 4.5828 116.59 12.9312 86.26 
8.3793 89.06 5.3560 107.42 15.1853 84.24 
9.0531 83.54 6.0243 105.11 16.9739 81.37 
9.8707 77.72 6.6030 104.97 18.6348 78.47 
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10.7066 71.00 7.5949 104.07 20.1132 78.52 
11.0475 68.72 8.0192 101.94 21.4372 75.36 
11.3459 67.18 8.4002 101.87 22.6273 74.28 
11.7549 65.80 9.6221 100.85 23.7154 74.75 
12.2965 64.70 10.5073 98.46 24.6852 73.79 
12.6453 65.54 11.4555 98.57 26.3993 72.54 
13.0613 68.30 11.8171 97.43 29.1930 69.87 

LiI 1.1539 120.41 2.5615 95.56 3.9227 68.57 
2.9876 86.93 2.6530 88.34 4.3682 64.74 
4.3412 66.89 3.7111 85.36 8.9401 57.17 
5.3781 53.75 4.5813 83.29 12.9412 52.28 
6.1976 47.87 5.3462 80.97 16.8922 48.44 
6.8616 42.12 6.1143 79.29 18.6346 46.96 
7.4106 33.47 7.1281 78.27 21.4372 44.48 
7.8715 27.91 8.3190 76.69 22.6280 43.68 
8.4397 26.50 8.7380 74.36 25.2064 42.59 
9.0419 21.00 9.1650 74.56 27.5627 39.56 
9.4927 15.10 9.3556 73.68 28.1962 39.38 
9.8615 23.00 10.3100 72.89 30.8125 36.53 
10.2302 25.00 10.6930 71.45 33.6402 34.93 
10.5771 27.10 11.5831 70.59 35.5226 32.87 
10.7585 28.30 12.8303 69.54 38.1923 31.31 

 
Conductometric study 
The concentrations and equivalent conductances of 
Lithium salts in acetonitrile and water at 298.15 K are 
given in Table 12. Linear conductance curves were 
obtained for the electrolyte in aqueous acetonitrile 
solution by extrapolation of √c to zero concentration, 
evaluated the starting limiting ionic conductance for 
the electrolyte. Figure 7 concludes at as concentration 
is raised in the solute-solvent system then the 
conductance also decreases steeply. The limiting ionic 
conductance for CH3COOLi, LiNO3 and LiI in varying 
mass fractions aqueous acetonitrile solutions were 
recorded in Table 13. In the state of infinite dilution, 
the movement of an ion is limited solely by its 
interaction with surrounding solvent molecules; there 
are no other ions within a finite distance. Therefore 
evaluation of limiting ionic conductance should 
provide equally reliable information regarding ion–
solvent interactions. Greater value of limiting ionic 
conductance may therefore be interpreted as a measure 
of greater ion–solvent interactions (Table 13), Figure 7. 

The order of Solute–Solvent interactions for 
CH3COOLi, LiNO3, LiI in varying mass fractions of 
aqueous acetonitrile solutions follow as: 
 
CH3COOLi > LiNO3 > LiI 
 
We know that the effect of anions upon conductivity is 
constantly observed. Bulky anions face difficulty to 
move in a viscous liquid, which affects the mobility of 
an anion, so that there seem to be no merit to use heavy 
anions. Conversely the electronic effect of anionic 
groups upon conductivity is clearly observed and it is 
positive, which compensates the negative effect 
derived from the bulkiness of an anion. This evidently 
indicates the electronic structures of Lithium salts are 
important in developing advanced organic lithium 
batteries. Again ion – solvent interaction is inversely 
associated to the extent of hydration. So, ion – solvent 
interaction is highest in case of acetate ion (Scheme 1) 
15, 16. 
 

 
Table 13: Calculated limiting ionic conductance at different concentrations of the solvent mixture at 298.15K 

 
 

 

Salts 0 /S .cm2. mol-1 
 [25%H2O+ 

75%CH3CN] 
[50%H2O+ 

50%CH3CN] 
[75%H2O+ 

25%CH3CN] 
CH3COOLi 58.77 72.64 78.52 

LiNO3 64.11 69.78 76.25 
LiI 67.10 70.32 79.29 
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Scheme 1: Diagrammatic representation of the ion-solvent interaction 

 
Fluorescence Spectroscopy 
Fluorescence spectroscopy is the fundamental tool for 
analyzing the interaction occurring in the solution 
systems. The fluorescence data have observed from 
fluorimeter has been plotted corresponding to the wave 
length in figure 8.  From the figure we can see that the 
max intensity in fluorescence data have been found at 
the same range of the wave length 221nm, 220nm, 
220nm for LiI, LiNO3, LiOOCCH3, respectively. The 
figure also signifying that the more intense at lower 
wave length is due to the more interactions. The 
interaction (ion-solvent or solute-solvent) is only 
greater if they are largely coupled to each other, tightly 
bound, become denser and as a result more reflected or 
emitted the fluorescence light and thus the intensity 
become higher. This observation also dealing that good 
agreement with the results came out from density, 
viscosity, refractive index, and conductance.  
 
Conclusion 
All-embracing study of conductance of lithium salts 
(CH3COOLi, LiNO3, and LiI) in the binary mixtures of 
acetonitrile and water leads to the conclusion that, 
electrolytes associated more in the mixture. Therefore 
it can also be seen that in the conductometric studies in 
the binary mixture of different mass fraction of 
acetonitrile they probably remains as ion-pairs. The 
reliable significance of volumetric, viscometric and  
 
refractometric studies also suggest that in solution 
there strong ion–solvent interaction than the ion–ion 
interaction and these interactions are promote strength 

at higher molality and with increasing size of lithium 
salts of homologues series in the solution media. 
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  Abstract: Background: The non-covalent molecular interactions of 1-Ethyl-3-
methylimidazolium chloride-aluminum chloride and pure alcohols are attracting attention in 
the industry, academic and research. Chemists, engineers, designers, and some researchers 
are interested in accessing   trustworthy databases.  

Objective: 1-Ethyl-3-methylimidazolium chloride-aluminum chloride interacts with pure al-
cohols with non-covalent interactions. Physicochemical properties with their convincing da-
ta interpret the interactions occurring there. 

Mehtods: For that limiting apparent molar volume, molar refraction, and limiting apparent 
molar isentropic compressibility of the binary systems viz., {([EMIm]Cl/AlCl3) +methanol}, 
{([EMIm]Cl/AlCl3) +ethanol}, {([EMIm]Cl/AlCl3) +1-propanol}, and {([EM-
Im]Cl/AlCl3)+1-butanol} have been calculated using physicochemical properties i.e.,. densi-
ty, refractive index, and speed of sound, respectively within the temperature range 
T=293.15K-318.15K (with the interval of 5K). 

Results: The ionic liquid strongly interacts with 1-butanol (106⋅���=874.52 m3 mol-1, 106·RM 
= 211.13 m3 mol-1, and 10-11·���= -0.10 m3 mol-1 Pa-1, 108· ���� �� � = 1.52 m3 mol-1 K-2) 
than other chosen primary alcohol at a higher temperature (318.15K).  Among the 
individual ions, the 106·��(���)�  is higher for ������

�(522.96 m3 mol-1) than 
���� �(351.56 m3 mol-1) at high temperature (318.15K) in 1-butanol. 

Conclusion: The molecular interactions occurring between the ionic liquid and solvent 
molecules are due to the structure-making capacity caused by intermolecular forces and 
non-covalent interactions. Where the 1-butanol strongly interacts with ionic liquids. In be-
tween the ions, the anaion interaction is greater than cation to solvents. 

A R T I C L E  H I S T O R Y 

Received: October 31, 2010 
Revised: May 10, 2021 
Accepted: May 25, 2021 
  
DOI:  

10.2174/1877946811666210623163554 

 
 

Keywords: Chloroaluminate, ionic liquid, primary alcohol, ion-solvent, ion-ion interactions, physico-
chemical properties. 

1. INTRODUCTION 
Industrial and academics interest in Ionic Liq-

uids (ILs) is well established [1, 2]. The 
importance of ionic liquids in industries is 
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reflected by the number of commercial processes 
and products based on these compounds currently 
available in the market [3-7]. Chemists, engineers, 
designers, and some researchers have a limited 
amount of available data for selecting ionic liquids 
in designing their product and processes for the 
use of models and correlations. The increasing 
number of databases and accessibility of some 
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trustworthy databases [8] were making our task 
easy to correlate the thermophysical data of ionic 
liquids for a wide range of applications. Effect of 
temperatures [9-11] and effect of alcohol [12-14] 
on some physicochemical properties of ionic 
liquids are visible. Olivieri and co-workers [15] 
studied the thermodynamic properties and 
spectroscopic analysis of n-butylammonium oleate 
+ 1-propanol, or +1-butanol, or + 1-pentanol, or + 
1-hexanol, at 288.15-308.15K. Figueiredo et al. 
[16] have shown the influence of methanol and 
ethanol on inter-ion interactions of 1-ethyl-3-
methylimidazolium thiocyanate in terms of 
density, the heat of vaporization, viscosity, self-
diffusion coefficients, radial, angular and spatial 
distributions. Electrostatic and hydrogen bonding 
interactions between 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide with 1-ptopanol 
and 1-butanol was examined through simulated X-
ray scattering structure functions, radial and spatial 
distribution functions [17].  Thus, the knowledge 
of thermodynamic, physicochemical, and transport 
properties of ionic liquids are very useful for 
designing products and processes. 

Apparent molar volume, apparent molar isen-
tropic compressibility, and apparent molar expan-
sivity are important tools to determine the behav-
ior of solutes in solution and are being studied for 
various compounds [15, 16]. These studies provide 
important information about solute-solvent inter-
actions in the solution [17, 18]. 

Some articles are published on 1-Ethyl-3-
methylimidazolium chloride-aluminum chloride 
([EMIm]Cl/AlCl3) (a) as reaction media of 
acylative cleavage of ethers [19], (b) conductivities 
as a function of electrolyte composition and tem-
perature for electrodepositing and surface mor-
phology of aluminum [20]. The electrodepositions 
by chloroaluminate-based ionic liquids give good 
results owing to their low viscosity and non-
flammable properties, which have a sufficiently 
wide range of applications in electrochemical win-
dows [21]. This behavior becomes an excellent 
solvent for Friedel-Crafts reaction [22], polymeri-
zations of alkenes in refinery waste gas [23], cata-
lytic hydrogenation [24, 25], and stereoselective 
hydrogenation of aromatic compounds [26]. Ionic 
liquids are composed of 1-ethyl-3-

methylimidazolium chloride ([EMIm]Cl) and 
AlCl3 is a classical chloroaluminate based electro-
lytes that has many desired properties as non-
flammability, non-volatility, low viscosity, high 
conductivity, and high thermal stability and chem-
ical inertness [27]. In this electrolyte, AlCl3 com-
plexes with the Cl- ion from [EMIm]Cl to produce 
������– and ���� �, and any excess AlCl3 con-
verts a portion of ������– into ������–, resulting in 
the coexistence of ������– and ������– : 
���� �����+ ���������−→ ��� ���� � �+ ��������– 

������– �+ ����������−→ ��������–�� 

The [EMIm]Cl/AlCl3-based ILs have also been 
used as electrolytes for rechargeable metal batter-
ies [27, 28]. 

On a careful survey of the literature (review), it 
has been found that there are no articles studied on 
molecular interactions between 1-ethyl-3-
methylimidazolium chloride-aluminum chloride 
and alcohols by thermodynamic properties viz., 
density, refractive index, and speed of sound, re-
spectively within the temperature range 
T=293.15K-318.15K. The study of the interaction 
between [EMIm]Cl/AlCl3-based ILs with alcohols 
may be useful for better enhancement of these 
electrolytes for rechargeable batteries and more 
efficient electrodepositions. 

Vaz et al. [29] investigated the solvation behav-
ior of different types of ionic liquids in 1-propanol 
for understanding the effect of anion and cation by 
isothermal titration calorimetry (ITC), molecular 
dynamics (MD) simulation and quantum chemical 
(QC) calculations. In this work, we have attempted 
to study the molecular interactions occurring in 
binary systems between [EMIm]Cl/AlCl3 and pri-
mary alcohols (methanol, ethanol, 1-propanol, 1-
butanol). The density, refractive index, and speed 
of sound within the temperature range from 
293.15K to 318.15K, and atmospheric pressure 
have been used to find out the derived parameters 
for interpreting the interactions occurring there. 
The results have been discussed in terms of ion-
solvent interaction with the help of hydrogen 
bond, ion-dipole, London dispersion force, elec-
trostriction, hydrophobic interaction with structur-
al aspect, and configuration. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 
The ionic liquid and primary alcohols namely: 

methanol, ethanol, 1-propanol, and 1-butanol were 
purchased from Aldrich and used as it is. The ap-
parent mole fraction of composition is x=0.62 for 
AlCl3 and the rest is for EMImCl; where ������– 
has been ignored because of its very less stability. 
Where [EMIm] and AlCl4 with a charge +1 and -1, 
respectively act as cation and anion. The chemi-
cals were kept in desiccators with molecular sieves 
to reduce evaporation and adsorption of moisture. 
Still, the chemicals may absorb moisture; there-
fore, the water content has been determined using 
Metrohm 831 Karl-Fischer coulometric titrator. 
The source, CAS number, mass fraction purity, 
and water content of the chemicals used in this 
study have been tabuled in Table 1. 

2.2. METHODS 
The experimental data of density (ρ), speed of 

sound (u) and refractive index (nD) were automati-
cally and simultaneously measured using a digital 
vibrating-tube density meter & speed of sound an-
alyzer (Anton Paar DSA 5000 M) and Anton Paar 
RXA 156 refractometer, respectively. The accura-
cy of ±0.01K, ±1·10-6 g·cm-3, ±0.01 m·s-1, and 
±2·10-6 for temperature, density, speed of sound 
and refractive index, respectively. Moreover, error 
on both the cells and measured parameters are 
temperature depended and controlled by a built-in 
Peltier thermostat. The purity of the solvents has 
been compared with the experimental densities, 
speed of sounds, and refractive indices with litera-

ture data (Table 1). The density of ethanol is 
slightly lower than methanol; it is due to the strong 
H-bond in ethanol than methanol. 

Before the start of the measurement of density 
and sound speed, the Antan Paar meter has been 
cleaned (three times) with ethanol (liquid 1) and 
then dried with acetone (liquid 2) using a fully au-
tomatic X sample 452 Module. This module of 
routine cleaning of the cell (u-tube of the instru-
ment) has been performed after each measurement. 
the rinsing and cleaning of the instrument after 
each measurement has been permormed by ultra-
pure water and passing dry air. The stock solution 
has been prepared by the weighing mass of the 
ionic liquid. The mass has been weighed using 
Ohaus PioneerTM, item-PA214, with readability 
0.0001g. Then, the experimental solutions have 
been prepared by the dilution method of the stock 
solution of the ionic liquid from the sealed vial. 
All the prepared solutions have been tightly sealed 
to minimize the evaporation of solvent and absorp-
tion of atmospheric moisture, and measurements 
have been performed instantly after the prepara-
tion of solutions. The experimentally observed 
values of density, refractive index, and speed of 
sound of the solutions have been listed in Table 2. 

3. RESULTS AND DISCUSSIONS 

3.1. Apparent Molar Volume 
The term apparent molar volume is important to 

analyze the solvent effect on the solute or ion- sol-
vent interactions [30]. Therefore, we have calcu-
lated the apparent molar volumes (��) with corre-
sponding concentrations (m) of ionic liquid at 

Table 1. Chemical name, CAS number, the mass fraction of purity and water content of the chemicals used.¶ 

Chemical Name CAS Number Mass Fraction Purity† Water Content (%) 

[EMIm]Cl/AlCl3
§ 

(x_AlCl3=0.62)  
742872-100G‡ 0.990 0.1062 

Methanol 67-56-1 ≥0.999 0.6723 

Ethanol 67-17-5 ≥0.998 0.8745 

1-Propanol 71-23-8 ≥0.995 0.8976 

1-Butanol 71-36-3 >0.990 0.9612 
¶Purification method-used as procured and analytical method Gas Chromatography; †Confirmed by the supplier; §1-ethyl-3-methylimidazolium chloride-
aluminum chloride; ‡Product number. 
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Table 2. Density (ρ), refractive index (nD) and speed of sound (u) of ionic liquid (x_AlCl3=0.62) and pure sol-
vents at T = 293.15K to 318.15K and at atmospheric pressurea. 

Solvent T (K) ρ ×10-3(kg m-3) nD u (m s-1) 

Experimental Literature Expt Lit Expt Lit 

[EMIm]Cl/AlCl3 293.15 1.354472 - 1.480628 - 1417.07 - 

 298.15 1.350003 - 1.479027 - 1410.99 - 

 303.15 1.345556 - 1.477393 - 1404.46 - 

 308.15 1.341135 - 1.475788 - 1398.13 - 

 313.15 1.336735 - 1.474198 - 1391.75 - 

 318.15 1.332360 - 1.472574 - 1385.62 - 

Methanol 293.15 0.792136 0.791218b 

0.791243c 

1.329146 1.32843d 1120.27 1118.83c 

1119.49e 

 298.15 0.786613 0.78661f 

0.786710e 

1.327200 1.32645d 1104.01 1102.98e 

 303.15 0.782717 0.781778b 

0.781813c 

1.325247 1.32410g 

1.3241d 

1087.22 1085.99c 

1086.46e 

 308.15 0.777974 0.777028b 1.323244 1.32223g 1069.17 1068.90g 

 313.15 0.773204 0.772238b 

0.772287c 
1.321216 1.32018g 

1.32048d 
1054.25 1053.55c 

1053.97e 

 318.15 0.768399 0.767326b 1.318681 1.31759g 1038.14 1037.30g 

Ethanol 293.15 0.789420 0.789386h 

0.79091i 
1.361503 1.36125d 1162.97 1161.97j 

 298.15 0.785133 0.785096h 

0.78660i 
1.359482 1.35941g 

1.35922d 
1146.37 1145.44j 

1143.50e 

 303.15 0.780815 0.780779h 

0.78228i 
1.357377 1.35680d 1129.49 1128.77j 

 308.15 0.776463 0.776431h 

0.77794i 
1.355298 1.35451g 1114.26 1112.14j 

 313.15 0.772077 0.772044h 

0.77356i 
1.353195 1.35245g 

1.35303d 
1096.99 1095.49j 

 318.15 0.767646 0.768166j 

0.76915i 
1.351061 1.35015g 1080.51 1078.79j 

1-propanol 293.15 0.804479 0.803516h 
0.80384i 

1.385257 1.38484d 
1.38578k 

1224.45 1223.00d 

 298.15 0.800461 0.799506h 
0.79985i 

1.383276 1.38307d 
1.38364k 

1207.47 1206.54l 

 303.15 0.796413 0.795476h 
0.79581i 

1.381227 1.38104d 
1.38153k 

1190.48 1188.64l 

 308.15 0.792332 0.791406h 
0.79174i 

1.379177 1.37918m 
1.37929k 

1173.58 1171.81l 

 313.15 0.788212 0.787296h 
0.78764i 

1.377078 1.37676d 
1.37702k 

1156.78 1150.0n 

 318.15 0.784043 0.78355i 1.374934 1.37483k 1140.01 1139.4n 

(Table 2) Contd… 
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Solvent T (K) ρ ×10-3(kg m-3) nD u (m s-1) 

Experimental Literature Expt Lit Expt Lit 

1-butanol 293.15 0.809607 0.809660h 
0.80953i 

1.399479 1.39924d 
1.39932k 

1256.34 1257.5n 

 298.15 0.805792 0.805845h 
0.80570i 

1.397563 1.39702d 
1.39730k 

1239.61 1239.28l 

 303.15 0.801951 0.802004h 
0.80186i 

1.395530 1.39521d 
1.39523k 

1222.82 1223.41l 

 308.15 0.798078 0.798133h 
0.79799i 

1.393478 1.39318k 1206.13 1206.83l 

 313.15 0.794169 0.794222h 
0.79410i 

1.391442 1.39090d 
1.39110k 

1189.53 1192.6n 

 318.15 0.790220 0.79018i 1.389374 1.38901k 1173.01 1169.6n 
aStandard uncertainties u are u(ρ) = 0.00005 g cm-3 & u(u) = 0.05 m s-1 with u(T) = 0.01K and u(nD) = 0.00003 with u(T) = 0.01K (with 0.68 level of confi-
dence) and the estimated expanded uncertainties U are U(ρ) = 0.00010 g cm-3 & U(u) = 0.10 m s-1and U(nD) = 0.00006 (with 0.95 level of confidence (k=2)); 
b[49], c[50], d[51], e[52], f[53], g[54], h[55], i[56], j[57], k[58], l[59], m[60], n[61]. 

 

 
Fig. (1). A plot of apparent molar volume (ϕV) of ionic liquid with a corresponding concentration in methanol (1a), 
ethanol (1b), 1-propanol (1c), and 1-butanol (1d), at T=293.15K-318.15K and atmospheric pressure. 
 
T =293.15K to 318.15K with 5K interval of tem-
perature and at atmospheric pressure using Eq. (1): 

�� =
�
� −

(� − ��)
����

���������������������������������(1)�

where ρ, ��, M and m are the density of the solu-
tion, solvent, molar mass of ionic liquid, and con-
centration in molality, respectively. The apparent 
molar volumes (��) have been represented in Fig. 
(1) (each solvent at a different temperature) Fig. 
S1 ((Supplementary Data) at a particular temp in 



6     Current Physical Chemistry, xxxx, Vol. xx, No. x Das et al. 

different solvents). The apparent molar volumes 
(��) have been plotted with the square root of 
concentration (√m) to obtain the limiting apparent 
molar volume (���) (Table 3) with the help of the 
least square analysis of the Masson equation [31] 

�� = ��� + ��√� + ���   (2) 

where ��, and �� were the empirical coefficients, 
and the estimated values have been given in Table 
3. �� signify the interactions between ion and sol-
vent (ion-solvent interaction) into the solution. In 

Table 3. Limiting apparent molar volume, ��
� , coefficients (�� and  ��), molar refraction (RM), apparent 

molar isentropic compressibility (��
�), coefficients (�� and ��) of ionic liquid [emimCl]2[AlCl3]3 

(x_AlCl3=0.62) in solvents at T = 293.15K to 318.15K and at atmospheric pressurea. 

T (K) 
106· ��

�  
(m3 mol-1) 

106 · �� 
(m3 mol-3/2 kg1/2) 

106·�� 
(m3 mol-2 kg) 

106·RM 

(m3 mol-1) 

10-11�· ��
�  

(m3 mol-1 Pa-1) 
10-11·�� 

(m3 mol3/2 kg1/2 Pa-1) 
10-11·�� 

(m3 mol2 kg Pa-1) 

[EMIm]Cl/AlCl3+methanol 

293.15 839.20 17.59 -443.42 172.89 -229.6 12.28 -19.36 

298.15 842.61 17.09 -440.76 173.03 -223.0 11.96 -18.91 

303.15 847.55 16.61 -442.46 173.14 -214.2 11.40 -17.86 

308.15 852.92 16.23 -446.14 173.26 -207.1 11.03 -17.36 

313.15 857.47 15.81 -445.42 173.40 -195.6 10.27 -15.99 

318.15 862.40 15.42 -445.09 173.60 -186.3 9.83 -15.29 

[EMIm]Cl/AlCl3+ethanol 

293.15 844.71 15.13 -404.48 189.46 -194.1 11.10 -18.09 

298.15 848.12 14.69 -404.39 189.53 -187.7 10.76 -17.48 

303.15 853.60 14.26 -403.99 189.66 -181.3 10.37 -16.78 

308.15 857.42 13.86 -408.90 189.88 -176.5 10.10 -16.28 

313.15 862.10 13.44 -410.23 190.07 -169.7 09.74 -15.76 

318.15 866.73 13.03 -410.24 190.27 -160.9 09.17 -14.72 

[EMIm]Cl/AlCl3+1-propanol 

293.15 852.61 13.13 -381.78 202.05 -0.69 3.46 -5.71 

298.15 855.49 12.61 -379.40 202.13 -0.66 3.41 -5.46 

303.15 859.82 12.24 -382.13 202.37 -0.64 3.32 -5.31 

308.15 863.06 11.81 -380.13 202.59 -0.61 3.18 -5.07 

313.15 866.42 11.48 -380.34 202.90 -0.57 2.97 -4.69 

318.15 869.60 11.02 -377.97 203.19 -0.54 2.80 -4.40 

[EMIm]Cl/AlCl3+butanol 

293.15 858.11 10.85 -362.52 209.85 -0.15 0.45 -0.65 

298.15 860.54 10.31 -365.99 210.11 -0.14 0.43 -0.63 

303.15 863.62 9.84 -364.47 210.38 -0.13 0.38 -0.55 

308.15 866.71 9.40 -364.23 210.60 -0.12 0.35 -0.51 

313.15 870.68 9.01 -364.01 210.86 -0.11 0.30 -0.44 

318.15 874.52 8.64 -360.72 211.13 -0.10 0.27 -0.34 
a Standard uncertainties u are u(���) = (0.13-0.96)·106 m3 mol-1, u(RM) = 0.21·106 m3 mol-1, and u(��� ) = (0.09-0.97)·1011 m3 mol-1 Pa-1 (with 0.68 level of con-
fidence),  and u(T) = 0.001K. 
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Fig. (1) and Table 3, we have seen that the values 
of ���and���� , respectively increases (a) with ris-
ing of temperature and (b) from methanol to 1-
butanol (Fig. S1). This indicates the ion-solvent 
interaction between ions of ionic liquids and sol-
vent molecules are increased with (i) increasing 
temperature and (ii) increasing number of carbon 
atoms in the solvent.  

The coefficient, ��, is signifying the ion-ion in-
teractions (or self-interaction of ions of the solute). 
For all the studied compositions and temperatures, 
it has been observed that the magnitude of  
�� is positive but very much lower than limiting 
apparent molar volume. This observation of �� 
means that there must be some extent of self-
interaction between the ions of ionic liquid  
(ion-ion interactions). But it is negligible com-
pared to the ion-solvent interactions. The plausible 
forms [32] of ion-ion interactions ( ���� �/
���� �����������–/������–�and ���� �/
������–

�
have been shown in Scheme 1. Where, the 

ions in solutions may interact to it-self and/or to 
other ions with H-bonding, ion-dipole, dipole-
dipole, or electrostatic interactions. The also pro-
vide a space for interaction with alcohol.    

At infinite dilution, the ions of ionic liquid have 
separated by the solvent molecules. The ions are 
located at an infinite distance from each other and 
surrounded only by the solvent molecules. There-
fore, in this situation, the interactions that occur 
are only between ions of solute and solvent mole-
cules, e.g., there are only ion-solvent interactions 
with no ion-ion interactions. Hence, we can say 
that ion-solvent interactions are dominating over 
ion-ion interactions. Since, ���  is only affected by 
ion-solvent interactions. So, its value gives us the 
quantitative measurement of ion-solvent interac-
tions [33-36]. Table 3 (or Fig. S1) shows that the 
values of limiting apparent molar volume, ���, for 

the ionic liquid in all the chosen solvents were 
positive, and the trends are increasing with rising 
temperature. A similar increasing trend of ���   has 
been observed if we change solvents (from metha-
nol to 1-butanol). From this observation, we can 
suggest the plausible two effects are temperature 
effect (at different temperatures), and solvent ef-
fect (for the structure of different solvents). We 
have seen that, with rising temperature, the values 
of ��� are increasing, which indicates the interac-
tions between ions and solvent molecules (ion-
solvent interaction) are strengthening with rising 
temperature. This observation can also be ex-
plained by transition state theory [37]. According 
to this theory, an increase in the temperature caus-
es the molecules/ions to gain energy and become 
excited; as a result, it is easy to transfer at the tran-
sition state. The formation of the transition state is 
coupled by the rupture of the intermolecular hy-
drogen bond of the alcohol and distortion of the 
intermolecular forces in the solvent molecules. 
Then, these excited molecules/ions favorably in-
teract with solvent molecules, which imply strong-
er [37] ion-solvent interactions. 

The effect of temperature on ���, can be ex-
pressed by fitting ���  data to a polynomial [30] as 

��� = �� + �����+ �����   (3) 

where, ��,��, and��� were the empirical coeffi-
cients. The nature of these coefficients depends on 
the type of electrolyte, solvents, and studying tem-
perature T (K). The calculated values of these co-
efficients were listed in Table 4. 

The first differentiation of Eq. (3), limiting ap-
parent molar volumes (���) concerning tempera-
ture (T) at constant pressure gives the limiting mo-
lar expansibility (���) [30] as follow: 

��� =
���

�

�� �
= �� + 2���    (4) 

N+
NH

2

N+

N
H
2

or    
Cl

Cl
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Scheme 1. Plausible inter-ion interaction of ionic liquid ([EMIm]Cl/AlCl3). 
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The limiting molar expansibility (���)�have 
been reported in Table 5. The positive values of 
��� ascribed the characteristics of solvation, elec-
trostriction, or rearrangement of the solvent mole-
cules at the surrounding surface of the ions. By 
increasing temperature, some solvent molecules 
attached to the ionic liquid via hydrogen bond 
(Scheme 2) may be released from the surrounding 
surface of the ionic liquid; as a result, the apparent 
molar expansibilities are increased. The positive 
attitude of ��� also signifies the absence of caging 
or packing effect of the ionic liquid in the solution 
system. The ��� values in methanol and ethanol are 
increasing with increasing temperature, suddenly 
decreasing in the case of 1-propanol, and increas-
ing in the case of 1-butanol.  However, they have a 
lower magnitude than the above three solvents. 
This may be because the 1-butanol has greater ion-
solvent interaction (replace the methanol with 1-
butanol in Scheme 2).  For the similar reason of 
hydrogen bonding (Scheme 2), the ionic species 
have less expansibility in 1-propanol than ethanol, 
which in turn is less than methanol. Therefore, SV 
is not the sole criteria to predict the structure 
breaking and the tendency of a solute/electrolyte. 

Therefore, Hepler [38] introduced another view 
(the second derivative of ��� concerning tempera-

ture (Eq. 5)) to find out the structure breaking and 
to make nature of ions in the binary solution sys-
tems, using the general thermophysical expression 
[30] 

����
�

��� �
= ���

�

�� �
= 2��    (5) 

The positive and negative signs of ���� �� � 
imply the tendency of structure making and break-
ing (the tendency of order and disorder), respec-
tively. By the inspection of Table 4, we have 
found the positive magnitude of ���� �� � of the 
ionic liquid in all the investigated binary solutions. 
These results indicate that the structure making 
tendency and/or symmetric rearrangement of sol-
vents may be with hydrogen bond, ion-dipole, 
London dispersion force, electrostriction, hydro-
phobic interactions, etc. 

Solvent effect: At a particular temperature (say 
298.15K), the values of limiting apparent molar 
volumes (���) for ionic liquid  increase with in-
creasing number of side-chain carbon atoms (in-
creasing the chain with CH2 group, as well as in-
creasing the inductive effect, +I effect) from meth-
anol to 1-butanol in the chosen alcohols (Figure S1 
or Table 3). The consequences can also be eluci-
dated by Friedman and Krishnan's co-sphere 

Table 4. Empirical coefficient (��, ��, ��) of equation 3,  ���
� �� � for ionic liquid in chosen solvents. 

Solvent 
107·�� 

(m3 mol-1) 
107·�� 

(m3 mol-1 K-1) 
108·�� 

(m3 mol-1 K-2) 
108· ���

� �� � 
(m3 mol-1 K-2) 

Methanol 9632.49 -16.89 0.43 0.86 

Ethanol 7765.92 -3.76 0.21 0.42 

1-Propanol 4911.73 -17.31 0.47 0.94 

1-Butanol 13713.15 -39.72 0.76 1.52 

�
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Scheme 2. Plausible form of Hydrogen bonding of ionic liquid [EMIm]Cl/AlCl3  with methanol [32]. 
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Table 5. Limiting apparent molar expansibility (��� ), �(��
�), ionic limiting apparent molar volume (��(���)� ) 

solvated volume including ions (rs) polarizability (α), solvated volume by solvents (���(�����)) in 
methanol, ethanol, 1-propanol, and 1-butanol. 

T(K) 
106·��

�  
(m3 mol-1 K-1) 

108·�(��
�) 

(m3 mol-1 K-1) 

106·��(���)
�  (m3 mol-1) 

rs(Å3) 
1024·α 

(m3 mol-1) 
106·��

�(�����) 
 (m3 mol-1) ���� �  ������

– 

 methanol 
 

     

293.15 0.83 0.15 337.36 501.84 11.17 68.54 666.31 

298.15 0.88 0.16 338.73 503.88 11.19 68.59 669.58 

303.15 0.92 0.17 340.72 506.83 11.21 68.64 674.41 

308.15 0.96 0.17 342.87 510.05 11.23 68.69 679.66 

313.15 1.00 0.18 344.70 512.77 11.25 68.74 684.07 

318.15 1.05 0.19 346.68 515.72 11.27 68.82 688.80 

 ethanol 
 

     

293.15 0.86 0.17 339.57 505.14 11.19 75.11 655.25 

298.15 0.88 0.18 340.94 507.18 11.21 75.14 658.59 

303.15 0.90 0.18 343.15 510.45 11.23 75.19 663.94 

308.15 0.92 0.18 344.68 512.74 11.25 75.27 667.54 

313.15 0.94 0.19 346.56 515.54 11.27 75.35 672.03 

318.15 0.96 0.19 348.43 518.30 11.29 75.43 676.46 

 1-propanol      

293.15 0.73 0.14 342.75 509.86 11.23 80.10 650.56 

298.15 0.72 0.14 343.91 511.58 11.24 80.13 653.36 

303.15 0.70 0.13 345.65 514.17 11.26 80.23 657.45 

308.15 0.68 0.13 346.95 516.11 11.28 80.31 660.47 

313.15 0.67 0.13 348.30 518.12 11.29 80.44 663.52 

318.15 0.65 0.12 349.58 520.02 11.30 80.55 666.41 

 1-butanol      

293.15 0.48 0.01 344.96 513.15 11.25 83.19 648.26 

298.15 0.56 0.02 345.94 514.60 11.26 83.29 650.43 

303.15 0.64 0.02 347.18 516.44 11.28 83.40 653.24 

308.15 0.71 0.02 348.42 518.29 11.29 83.49 656.11 

313.15 0.79 0.02 350.01 520.67 11.31 83.59 659.82 

318.15 0.86 0.03 351.56 522.96 11.32 83.70 663.39 

 

model [39]. According to this model, co-sphere 
solvation is destructive due to the effect of over-
lapping. Since the effect of (i) overlapping and (ii) 
hydrophobic-hydrophobic interaction decrease the 
limiting apparent molar volume. Therefore, the 
ion-hydrophobic or ion-hydrophilic interactions 

(chain of ionic liquids and solvent molecules or 
chain of solvent with central ion) will have a posi-
tive effect on stronger ion-solvent interactions. 
Hence, from the inspection of experimental obser-
vations of (���) and the positive effect of ion-
hydrophobic or ion-hydrophilic interaction (in ion-
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solvent interaction), increasing order of ion-
solvent interaction in chosen alcohols at each tem-
perature can be rearranged as follow 

���ℎ���� < ��ℎ���� < 1 − ��������
< 1 − �������� 

The limiting apparent molar volumes of each 
part of chosen ionic liquid i.e., ([EMIm]Cl/AlCl3) 
also play a crucial role in ion-solvent interaction 
[35, 40, 41]. If we discussed the solvated ions in 
solution (at infinite dilution ionic liquid parts are 
far apart from each other and only solvated by sol-
vent molecules) concerning crystal ionic volume, 
we can say that the solvation of ionic liquid mole-
cules have occurred through the solvation of indi-
vidual part ���� � and ������–; and they are 
solvated by non-covalent interaction (Scheme 2) 
as ion-dipole, electrostatic interaction, and electro-
striction, etc. Since the ions open its spaces to in-
teract with alcohols, then from Scheme 2, it can be 
attributed that the plausible form of cation is only 
one extent i.e., by H2

 ̵̵  ̵  ̵̵  ̵ O hydrogen bonding; 
whereas, anion can open at least four phases 
(Cl ̵̵  ̵  ̵̵  ̵ H) to accomodate the solvent molecules. 
The limiting apparent molar volumes (��(���)� ) for 
each part (calculated using radius ratio rule,[35] 
solvated radii (rs/Å3) have been depicted in Table 
5. A perusal of Table 5, we have got the limiting 
apparent molar volume of each ionic part, the 
solvated radii of cation ���� � and the solvated 
radii of anion ������– are increased (a) from meth-
anol to 1-butanol of the chosen solvents and (b) 
with increasing temperature. These results indicate 
the ionic solvation by solvent molecules. This ion-
ic salvation (for both ions) is higher in the case of 
1-butanol compared to the other chosen solvents. 
Moreover, this ionic salvation  strengthened with 
rising temperatures. 

3.2. Molar Refraction 
The experimental observed refractive index 

(nD) and density (ρ) of solutions have been used to 
obtain the molar refraction (��) by following ex-
pression [42]  

�� =
��� − 1
��� + 2

��������������������������������(6) 

Here, the molar volume Vm (M/ρ) is given, 
where, M and ρ are respectively molar mass and 
density of the solvent. The polarizability (α) has 
been calculated from ��, using the following 
equation [43] 

� =
��� − 1
��� + 2

3��
4π��

�������������������������������(7) 

where NA is the Avogadro number. From the defi-
nition of the refractive index, it is a ratio of the 
speed of light in vacuum and through the medium 
(��/�), or the capacity of reflection of light when 
it moves from one medium to another medium, 
and consequently, higher the refractive index, 
greater the refraction of light [42, 43]. However, 
more refraction of light is only possible when the 
substance is tightly packed or denser. Molar re-
fraction is linearly varied with the refractive index. 
From the molar refraction data in Table 3 and Fig. 
(2)), it is noted that there is not too much variation 
with rising temperature, but it reasonably changes 
with the change in the solvent. This fact is indicat-
ing that the ions ���� � and ������– are more 
tightly packed in 1-butanol with respect to other 
chosen alcohols via non-covalent interactions. 
Similar results have been observed from the ap-
parent molar volumes calculation (mentioned 
above). 

The polarizability effect has been explained by 
London dispersion forces and the intermolecular 
forces viz., hydrogen bonding, ion-dipole interac-
tions, etc. The London dispersion force is also an 
intermolecular force exit by the molecule and it 
can be expressed by polarizability. Polarizability is 
dependant on the total number of electrons and the 
total volume over with which they were spread. 
The greater the number of electrons in large vol-
umes over their spread, the greater will be the po-
larizability as well as greater the dispersion force. 
By scrutiny of Table 5, it has been seen that the 
polarizability (α) values increase from methanol to 
1-butanol among the selected primary alcohols. 
This result indicates that with the presence of a 
number of electrons, the apparent molar volume 
also becomes higher. This result also suggests the 
London dispersion forces are effective on ion-
solvent interaction, as we have interpreted by other 
intermolecular forces (viz. hydrogen bonding, ion-
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dipole interactions). The dominance of the London 
dispersion forces also can be shown from the boil-
ing point of the solvents, the more the boiling 
point greater the dispersion forces (64.7°C, 
78.4°C, 97.0°C, 117.7°C are the boiling points of 
the methanol, ethanol, 1-propanol, 1-butanol re-
spectively). It has also been noted that the polar-
izability linearly depends on molar refraction. Al-
ternatively, both the polarizability and molar re-
fraction follow the same trend with concentration 
as we observe in apparent molar volume. The opti-
cal region and the molar refraction is in the same 
trend with the strength of dispersion forces. On the 
other hand, we measured the refractive index in 
the optical region, where the polarizability cannot 
be included as an orientation effect [44-47]. Thus, 
it has been shown that there are negligible changes 
in molar refraction by orientation effect on polar-
izability with 5K interval of temperature. 

The molar refraction and apparent molar vol-
ume can also be used to obtain the apparent molar 
solvated volume, ���(�����), which represent the 
volume occupied by solvent molecules, as 
��� ����� = (��� − ��) reported in Table 5. This 

volume appearance is also used in many liquid-
state models, based on the van der Waals equation-
of-state. The values of ��� �����  were invariant 
with the change of solvent, indicating that the ion-
solvation interaction is quite the same as found in 
ions (cation/anion). However, the values of 
��� �����  increase with temperature mean and the 
ion-solvation rise with raising temperature. Hence, 
a cooperative analysis of density and refractive 
index provides a useful clue about the solvody-
namic behavior of a system. 

3.3. Isentropic Compressibility  
The values of speed of sound (u) and density 

(ρ) have been utilized to calculate the isentropic 
compressibility (��) for the binary systems (ionic 
liquid+alcohols). These �� values have been calcu-
lated by employing the Newton-Laplace’s equa-
tion [30] 

�� = 1 (� ∙ ��)    (8) 

Now, the isentropic compressibilities (��) have 
been plotted with corresponding concentration (m) 
of alcohol (Fig. 3). The magnitude of isentropic 

 
Fig. (2). Plot of molar refraction (RM) of ionic liquid ([EMIm]Cl/AlCl3) vs. concentration for (2a) methanol, (2b) 
ethanol, (2c) 1-propanol, and (2d) 1-butanol, at different temperature and atmospheric pressure. 
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compressibility of the ionic liquid is higher in 1-
butanol than 1-propanol, ethanol, and methanol at 
a particular temperature (say 298.15K). However, 
this compressibility is also increased with the rise 
in the temperature (293.15K to 318.15K) in a par-
ticular solvent system (methanol). The fact can be 
elucidated by hydrogen bonding and dipole mo-
ments; ion-solvent interactions are exhibited more 
when ions can rupture the hydrogen bonds of sol-
vent molecules. Methanol has a stronger hydrogen 
bond and higher dipole moments than ethanol, 
which in turn has a stronger H-bond than other 
higher alcohols; and the ions of ionic liquids can-
not effectively rupture the stronger H-bond of 
methanol, resulting in poor ion-solvent interaction. 
This agrees with the findings from radial distribu-
tion functions (RDFs) analysis [32] and contact 
ion pair (CIP) and solvent shared ion pair (SSIP) 
optimization by DFT calculations [48]. For each 
temperature, �� is gradually decreasing with an 
increasing molality of alcohol, which is due to the 
solvation of ions.  

The isentropic compressibilities (��) have been 
used to compute the apparent molar isentropic 
compressibility [30] (��) 

�� =
����
�
− (��������)

����
��������������������������������(9)  

where �� and �� are isentropic compressibility of 
pure and binaries, respectively. The limiting ap-
parent molar isentropic compressibility (���) is 
computed using the following relation [30]: 

�� = ��� + ��√� + ���   (10) 

and listed in Table 3, where �� and �� are the em-
pirical coefficient. ���, �� and �� are similarly sig-
nificant as described in Eq. (1) of the apparent mo-
lar volume. A perusal of Table 3, the negative val-
ues of limiting apparent molar isentropic com-
pressibility is attributed to the solvated ions of ion-
ic liquid, which would present greater resistance to 
compression. At a particular temperature (say 
298.15K), the values of ��� increase from metha-
nol to 1-butanol (Fig. 4). Moreover, for a particu-
lar solvent (say methanol) these ��� values were 
also increasing with rising temperature (Fig. 5). 
The results certified that the ion-solvent interac-
tions are increased with both the increase in tem-
perature and change in solvent (from methanol to 
1-butanol). The similar significant (ion-ion inter-
action) empirical coefficient of �� and �� from 

 
Fig. (3). Plot of isentropic compressibility (βs) of ionic liquid ([EMIm]Cl/AlCl3) vs. concentration for methanol 
(3a), ethanol (3b), 1-propanol (3c), and 1-butanol (3d), at different temperature and atmospheric pressure. 
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apparent molar volume and molar isentropic com-
pressibility is negative (Table 3), implying that 
there is no tertiary effect between the ion and sol-
vent molecules in the studied binary solution sys-
tems. 

CONCLUSION 
From the experimental results and derived pa-

rameters of the studied binary system, we con-
cluded that the ion-solvent interaction signifying 
parameters e.g., limiting apparent molar volume 
(106⋅ϕv

o(m3 mol-1) = 842.61, 848.12, 855.49, 
860.54 at 298.15K), molar refraction (106·RM (m3 
mol-1)= 173.03, 189.53, 202.13, 210.11 at 
298.15K), limiting apparent molar isentropic com-

pressibility (10-11�· ���  (m3 mol-1 Pa-1) = -233.0, -
187.7, -0.66, -0.14 at 298.15K) are increasing with 
the rise in the side chain of the studied alcohols 
(methanol to 1-butanol). The same parameters, 
106⋅ϕv

o(m3 mol-1) = 839.20, 842.61, 847.55, 
852.92, 857.47, 862.40 in methanol, 106·RM (m3 
mol-1) = 189.46, 189.53, 189.66, 189.88, 190.07, 
190.27 in ethanol, and 10-11�· ���  (m3 mol-1 Pa-1)= -
0.15, -0.14, -0.13, -0.12, -0.11, -0.10 in 1-butanol 
were taken with increasing temperature. On the 
other hand, ion-ion interaction indicating parame-
ters (Sv and Sk) decrease with the same parameters.  
The study attributed that the ion-solvent interac-
tions are dominant over the ion-ion interactions. 
108· ���� �� � (m3 mol-1 K-2) = 0.86, 0.42, 0.94, 

 
Fig. (4). Plot of apparent molar isentropic compressibility ( κφ ) of ionic liquid ([EMIm]Cl/AlCl3) vs concentration 
for methanol (♦), ethanol (■), 1-propanol (▲), and 1-butanol (×), at 293.15K (4a), 298.15K (4b), 303.15K (4c), 
308.15K (4d), 313.15K (4e), 318.15K (4f) and at atmospheric pressure. 
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1.52 for MeOH to 1-BuOH ascribing the molecu-
lar interactions occurring between the ionic liquid 
and solvent molecules are due to the structure-
making capacity caused by intermolecular forces 
and non-covalent interactions. Finally, the sym-
metric arrangements of interaction ({([EM-
Im]Cl/AlCl3+Alcohols) give us the following or-
der: 

�( ���� ��/����� + 1 − �������) �>
( ���� ��/����� + 1 − ��������) �>
( ���� ��/����� + ��ℎ�����) > ( ���� ��/
����� +���ℎ����)   

LIST OF ABBREVIATION 
[EMIm]Cl/AlCl3 = 1-Ethyl-3-

methylimidazolium Chlo-
ride-aluminum Chloride 

ILs = Ionic Liquids 

CAS = Chemical Abstracts Service  

ρ = Density in kg m-3 

nD = Refractive Index 

u = Speed of Sound in m s-1 

T = Temperature in Kelvin 

φv = Apparent Molar Volume 

φv
0 = Limiting the Apparent Mo-

lar Volume 

m  = Concentration in Molality 

M = Molar Mass of Solute 

�� & �� = Empirical Coefficients 

�� = Isentropic Compressibility 

�� = Apparent Molar Isentropic 
Compressibility 

���  = Apparent Molar Isentropic 
Compressibility  

�� & �� = Empirical Coefficients 

x = Mole Fraction of AlCl3 in 
Ionic Liquid 

��� = Limiting Molar Expansibil-
ity 

 
Fig. (5). Plot of apparent molar isentropic compressibility (φK) of ionic liquid ([EMIm]Cl/AlCl3) vs concentration 
for methanol (5a), ethanol (5b), 1-propanol (5c), and 1-butanol (5d), at different temperature and atmospheric 
pressure. 
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��,��, and���  = are the Empirical Coeffi-
cients 

��(���)�   = Limiting Apparent Molar 
Volume of Ion 

��  = Molar Refraction 

rs  = Solvated Volume Including 
Ions in Å3  

α = Polarizability  

���(�����)  = Solvated Volume by Sol-
vents 

RDFs = Radial Distribution Func-
tions 

CIP  = Contact Ion Pair 

SSIP = Solvent Shared Ion Pair  

DFT = Density Functional Theory 
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Surface tension, conductivity, and ultraviolet spectroscopic methods have 
been employed to study the dimensional fit molecular encapsulation of 
hydrazinophthalazine hydrochloride insight into the cavity of -cyclodextrin 
in aqueous media. The equilibrium constant and 1:1 stoichiometry of the 
complex has been analyzed by surface tension (plot against reciprocal of 
concentration  and Job s plot drawn from UV-vis data). The binding 
constants computed from the tensiometric and spectroscopic method were 
found to be  M-1 and 12.02-  M-1, respectively, that return the 
comfort zone of the results. The noteworthy upshot has also come out from 
standard Gibbs energy for inclusion complex formation. The free energy for 
inclusion complex is negative and lower in magnitude than adsorption by 
6.11 kJ mol-1. 1HNMR and SEM picture also certified the formation of the 
inclusion complex. The results demonstrated that the driving force for 
formation of the inclusion complex inside the bucket-like cavity of -
cyclodextrin was a combination of hydrophobic effect and reduction of the 
surface energy, while in adsorption is only hydrophilic effect. 
© 2021 by SPC (Sami Publishing Company), Asian Journal of Green 
Chemistry, Reproduction is permitted for noncommercial purposes. 
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Introduction 

Inclusion complex formation is a 
dimensional fit of host molecule insight into the 
host cavity, and the phenomena can also termed 
as molecular recognition [1, 2]. Cyclodextrin 
and its derivatives inclusion phenomena 
achieved broad range of application in in-vivo 
and in-vitro [3-6]. Its inner cavity is principally 
hydrophobic while the outer phase is 
hydrophilic good response in aqueous 
solubility. The polarity difference between the 
interior and exterior of the cavity provide it 
encapsulating power. On the other side, poorly 
bounded two molecules of water present in the 
cavity [7] of -cyclodextrin ( CD), provide it 
excellent driving force to encapsulate the 
hydrophobic moiety of the guest molecule. This 
property enhances it as one of the outstanding 
drug carrier [8, 9]. It is also utilized as solubility 
enhancer, [10-12] stabilizing agent, [13, 14] 
hydrophobic group protector, [15] toxicity 
reducing agent [16, 17] catalysts for green 
synthesis [18, 19].  

Hydrazinophthalazine hydrochloride [20] 
molecule (also known as hydralazine or l(2H)-
Phthalazinone hydrazone) is belongs to the 
cyclic hydrazine family. It is one of the potential 
therapeutic drug for hypertension, [21] which 
composed of 10, 25, 50, and 100 mg tablets for 
oral dose [22]. The main function of the drug is, 
in midbrain it clams the pituitary hormone that 
acts to promote the retention of water by the 
kidneys and increase the blood pressure.  Its 
hydrochloride salt is effective drug, whose 
condign dose reduce the arterial blood pressure 
and peripheral vascular resistance, whereas 
increases rate of heart beat and the amount of 
blood pumped out by the ventricles in a given 
time period [23]. Therefore, it is often prescribe 
to minimize abnormally high blood pressure in 
large number of patients.  Albeit, it used as 
tumorigenic effect in mice, [23] to control on 

hypertensive preeclampsia [24], as waste water 
treatment [25], for synthesis of chemosensor 
NNI [26].  

A fruitful understanding of the mechanism 
and basic principles that govern the host-guest 
complexation between the 
hydrazinophthalazine hydrochloride and -
cyclodextrin helps us to customize the 
composition, to design a better drug delivery 
system coupled with increased therapeutic 
potential. After the thorough survey, it has been 
seen that there is no article has published on 
this topic. Therefore, to make the clear 
knowledge about the mechanism of 
encapsulation between hydrazinophthalazine 
and -cyclodextrin, in the present investigation 
we have employed to surface tension and UV-vis 
spectroscopic data. In this research study we 
have deduced the stoichiometry of the complex, 
binding constant, standard free energy change 
and binding nature; and there after discuss 
them with reference to molecular recognition. 

This work aimed at synthesizing and 
controlling the release of 4-chloro-1-napthol 
(4C1N) by inclusion complex with host 
cyclodextrin molecules without any chemical 
and biological distortion.  

Experimental 

Materials and methods 

1-hydrazinophthalazine hydrochloride and 
-cyclodextrin of puris grade were purchased 

from the Sigma-Aldrich and were utilized 
without any further purification. Triple distilled 
water having the conductance 1·10-6 S·m-1 was 
used to prepare the solution.  

Apparatus 

Surface tension of the solutions was 
measured using the platinum ring detachment 
technique with a K9 digital tensiometer (Kruss 
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GmbH, Hamburg, Germany) at the experimental 
temperature. The accuracy of measurement 
was ±0.1 mN·m 1. Temperature was controlled 
using a circulation of auto thermostat water 
through a double-walled glass vessel containing 
the solution  UV visible spectra were recorded 
using a JASCO V-  UV VIS 
spectrophotometer having a wavelength 
accuracy of ±0.5 nm. A digital thermostat was 
used to maintain the cell constant and 
temperature. METTLER TOLEDO-7 multi 
conductivity meter has used for the 
measurement of specific conductivity values 
with an uncertainty of  S m 1 . 

1H NMR spectra has been recorded in D2O 
using Bruker Avance 400 MHz instrument. 
Signals have been cited as  values in ppm with 
reference to residual protonated solvent signal 
as the internal standard HDO    ppm  
Data have presented in chemical shifts. FTIR 
spectra have recorded by means of Perkin-
Elmer FTIR spectrometer using KBr disk cell 
within the range of  cm 1 at room 
temperature. Using JEOL JSM-IT 100 Scanning 
Electron Microscope (SEM), the surface 
morphologies of host, guest and complexes 
have recorded. The pictures were taken at an 
excitation voltage of 30kV with a magnification 
of 2000X. 

Procedure 

Before execute the practical experiment the 
solubility of host and guest molecules have been 
checked. 1-hydrazinophthalazine 
hydrochloride and -cyclodextrin both are 
soluble in water (triple distilled). The solutions 
were prepared by mass measurements 
(accomplished using a Mettler AG-285 
electronic balance with a precision of 

±0.0003x10-3 kg) in aqueous solution. 
Precautions were taken to minimize the weight 
loss and the uncertainty in molality of solution 
was found to be ±0.0001 mol kg-1. All the 
solutions were prepared freshly before 
performing experimental measurement.  

Results and Discussion 

Surface tension method 

Inclusion, adsorption and thermodynamic 
parameters 

The experiment were carried out at pH 3.4 - 
4.9 to ensure the predominant presence of the 
guest and involved in complexation with CD. 
The assumption was taken as only 
hydrazinophthalazine (HP) is contributing for 
inclusion, and the hydrochloride or chloride are 
stabilising the complex or act as a counter ion. 
Incoming hydrazinophthalazine molecules in 
aqueous solution of CD experience two 
scenarios, (a) adsorption at air-water interfaces 
and (b) inclusion complex formation or other 
associative behavior.  

  f HP CD n) air 
adsorption behavior 

HP  CD
               HP CD  

association  behavior 

water 
 

complexation 
 bulk solution 

The rest non-associative phase has been 
conjecture as bulk solution. Both the scenarios 
surface adsorption and inclusion are 
manifested by surface tension, association or 
binding constant and free energy change. The 
surface tension  results are represented in 
Figure 1. 
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Figure 1. Plot of surface tension of 
hydrazinophthalazine as a function of CD 
concentration  

Figure 1 demonstrates two types of nature of 
 where both the curves intersecting at a same 

point, that kink has been considered as 
saturation point of inclusion complex ic). The 
corresponding concentration is called as 

saturation point of inclusion complex 
concentration (Cic  Here  the ic and Cic are 79.4 
mN·m2 and 5.01 mM respectively (Table 1). 
Below the Cic, the incorporation of 
hydrazinophthalazine are occurring insight into 
the apolar cavity of CD, in addition to 
adsorption, so, the results are continues 
positive variation corresponding to 
concentration. The adsorption considered here 
is a physical adsorption instates of chemical 
adsorption. At this juncture, the inclusion is 
surface active; the number of surface 
adsorption at the air/water interface is increase 
upon injection of CD (Scheme 1). In addition, 
the variation was almost parallel to x axis, this 
is due to the absence of guest molecules for 
inclusion. The graph has shown only for 
aqueous CD; we know that cyclodextrin is 
surface inactive compound, so, in aqueous 
solution it does not significantly changed the 
surface tension [27].  

 

Scheme 1. Schematic representation of inclusion complex between the hydrazinophthalazine and 
CD in aqueous media 

Surface tension data have plotted with 
logarithm of concentration and determine the 
surface excess ( ) using the Gibbs isotherm 
equation 
                                                             (1) 

Equation 1 can also be rearranged as 
                                                        (2) 

On integration, Equation 2 demonstrates the 
surface tension is a function of concentration. 
We have assumed that the change of adsorption 
enthalpy unaltered. Therefore, the Langmuir 
isotherm [28] can be write as    
                                                            (3) 
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Where,  and Kad are the cross-section area 
of the hydrazinophthalazine molecules at the 
surface and equilibrium constant for 
adsorption. Evaluate the surface excess from 
Equation 3, substituting into Equation 2 and 
after integration gives the Szyszkowski 
equation [29] in positive variant.   

 ln                                     (4) 

Here, the surface tension of pure water is 
o(70.8 mN·m-1). Fitting the data of know 

parameters to Equation 4, the cross-section 
area occupied by hydrazinophthalazine 
molecules at the surface and surface adsorption 
equilibrium constant below the saturation of 
complexation has been determined. For 
simplifying the calculation of Equation 4, we 
have predefined the value of Kad, so that the 
intercept has been fitted to 70.8 mN·m-1. Then 

 has been evaluated from slope. As seen in 
Table 1, the considerable cross-section area 
occupied the molecules with a strong 
adsorption constant at the surface event there 
are complex has formed. The standard Gibbs 
energies for adsorption and inclusion complex 
formation have been computed using surface 
adsorption equilibrium constant and inclusion 
complex concentration (Cic) respectively [30].   

             
(5) 

The standard Gibbs energy for inclusion 
complex formation is more negative than for 
adsorption by 6.11 kJ mol-1. That make sense, 
the driving force in adsorption is only 
hydrophilic effect, while in formation of 
inclusion complex it is a combination of 
hydrophobic effect and reduction of the surface 
energy. 

Guest: host binding stoichiometry and binding 
constant 

The argument on the binding stoichiometry 
between hydrazinophthalazine and CD has 
been taken into account in discussion. The 
major conflict is whether the binding ratio is 
1:1 or 2:1. The ratio has been optimized by 
employing the surface tension data on modified 
Benesi-Hildebrand equation. The equation has 
modified on the complex formation between 
hydrazinophthalazine and CD as follow: 

   
                   HP  

The binding constant Ka is given by 
                                                   (6) 

where, n is the number of cyclodextrin 
participating to complex formation with 
respect to one molecule of 
hydrazinophthalazine. If the analytical 
concentration of the host ([HP]o)and guest 
([ CD]o) are respectively 

 HP  
and CD CD  HP  
then Ka can be rewritten as 

 
              (7) 

In experiment, we have used large excess of 
CD  mM) relative to constant 

concentration of hydrazinophthalazine (10 
mM). Thus, we may assume 
HP  or HP . 

Then, equation 7 reduces to 

 
                          (8) 

As a low concentration of 
hydrazinophthalazine, it has obtained that the 
surface tension is proportional to complex 
concentration. 

 HP                                         (9) 

Where, r is the proportionality constant. 
Substituting the HP  from equation 9 
into equation 8, and rearranging we have  
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                         (10) 

Substituting  here  o 
and  are surface tension of the solution in 
absence and presence of CD  equation  
reduced to 

  
                                       (11) 

Plot  against 
 

 for n=1, 2, 3 etc 

(Figure 2) and find out the nature of the curve. 
Linear plot play the best fit whole number 
binding stoichiometry (n), while the nonlinear 
plot is diverge the correct stoichiometry. 
Perusal of Figure 2 disclose that the modified 
Benesi-Hildebrand plot is linearly fit only for 
n=1, and curve for n=2 and higher. So, it is 
confirmed that only 1:1 stoichiometric 

complexation are occurring; in other word, at a 
time only one hydrazinophthalazine molecule 
can integrated insight into the cavity of CD  
The binding constant (Ka) has computed from 
the ratio of intercept to the slope; and free 
energy change ( ) from Ka. From Table 1, the 
Ka is 14 time higher than Kad; in contrast to  
is 20% and 45% lesser than  and , 
respectively. These findings reveal that the 
inclusion complex is formed by strong binding 
between incorporated hydrazinophthalazine 
and CD  The complexation has stabilized in 
lower energy even than adsorption. Comparing 
the considerable these three types of standard 
free energy ( , , and ,), it can be say 
that both the adsorption and incorporation are 
occurring in a same extent from end to end via 
opposite direction. 

Table 1. Thermodynamic parameters computed from surface tension and uv spectroscopy 
Parameters Numerical values Parameters Numerical values 

Cic : 5.01 mmolL-1 Average max  1 = 208 nm 
 : -19.24 kJ mol-1   2 = 245 nm 

Kad : 4.26×10-4 molL-1   3 = 299 nm 
 : 3.53×10-5 m2mol-1 Ka  at 208 nm : 12.03×103 molL-1 

 : -13.13 kJ mol-1 Ka  at 245 nm : 96.58×103 molL-1 
Ka : 59.91 ×10-3 molL-1 Ka  at 299 nm : 22.84×103 molL-1 

 : -24.10 kJ mol-1  : -23.29 kJ mol-1 
   : -28.45 kJ mol-1 
   : -24.88 kJ mol-1 

surface tension and using C-n method 
  uv spectroscopy method 

UV-vis spectroscopic method 

The UV-vis spectral data plays an 
incomparable method for analysis of inclusion 
behavior of host-guest complex. Here, UV-vis 
spectral data have been employed to evaluate 
the stiochiometry of the complexation and 
binding association. Stiochiometry had 
manifested by dint of Job s method which 
known as continuous variation method, while 
binding association with the help of Benesi-
Hildebrand equation. 

Job s plot for determination of stoichiometry of 
guest: host inclusion complex 

A set of stock solutions 
(hydrazinophthalazine  CD) have been 
formulated separately by varying the mole 
fraction (x) of the hydrazinophthalazine within 
the range x = 0 to x = 1 with keeping the total 
concentration of the species are constant. The 
absorption spectra at max has observed for each 
set of solution at room temperature 
(T K  Then  Job s plot has generated by 
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plotting (x A) against mole fraction (x), where 
A is absorption difference of 

hydrazinophthalazine in presence and absence 
of CD  and x  HP HP CD }. This fraction 
(x) provides the stiochiometry of the complexes. 
As for example, when x = 0.25, the ratio of the 
guest and host complex is 1:3; similarly, the 
mole fraction 0.33, 0.50, 0.66, and 0.75, assigned 
1:2, 1:1, 2:1, and 3:1 respectively. In Figure 3 we 
have shown a plot of x A vs x for with 
corresponding absorption maxima at 271 nm.  

 

Figure 2. Plot of Co/( - o) of hydrazine-
phthalazine against concentration of CD (C-n; 
n=1 or 2) 

 

Figure 3. Jobs plot of hydrazinophthalazine + 
CD  

A half oval-shaped was observed from in 
Figure 3, where x A is maximum at x = 0.50. 
This implies, 1:1 stiochiometric dimensional (or 
volume) fit guest-host inclusion complex has 
formed. 

Binding constant and free energy change 

The degree of encapsulation and retention of 
the guest molecule in the interior cavity of CD 
can be explained by stability of the complex, 
binding nature, binding strength and standard 
free energy change. Binding potency in term of 
constant (Ka) of inclusion were explored by 
Benesi-Hildebrand method for 1:1 complex. The 
double reciprocal plot was obtained using the 
Equation. 

 
 

 
 

                             (12) 

Where, A attributes the difference of guest 
absorbance before and after complexation with 

CD  In order to compute the binding constant 
changes in absorbance ( A) were plotted 
against wave length  at different 
concentration  to  mM  of CD Figure 4). 
Inspection of Figure 4, the absorbance maxima 
have observed at 208 nm, 245 nm and 299 nm. 
If we notice the max of hydrazinophthalazine is 
at     and  nm where  CD 
is UV inactive), the absorbance maxima of 
complex at 208 nm is blue shift with respect to 
211 nm; and 245 nm and 299 nm are red shift 
with respect to 240 nm and 260 nm 
respectively. The effect observed can be 
expressed that this is due to  -  electron 
transition between the aromatic ring. Double 
reciprocal plot of  vs 

  
 has been plotted at 

208 nm, 245 nm and 299 nm and represented at 
Figure 5. Binding constant (Ka) has been 
calculated from intercept by dividing slope at 
208 nm. Similar way has employed at 245 nm 
and 299 nm and the magnitudes have listed in 
Table 1. After that standard free energy changes 
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( ) have been work out by means of Ka. 
Scrutiny of the Table 1, expose very high values 
of Ka than estimated from surface tension; on 
the other hand these are extremely high than 
adsorption constant. The results are in line with 
surface measurement that association/binding 
capacity of inclusion is higher than adsorption. 

Alternatively, the standard free energy changes 
( ) are more or less lie within the range, as 
obtained from surface tension computation. 
Overall, it can attribute that 1:1 ratio is powerful 
complexation with great stability and feasible at 
lower energy. 

 

Figure 4. Absorption spectra of hydrazinophthalazine in presence and absence of CD 

 

Figure 5. Double reciprocal plot of  vs 
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Conductivity 

Conductivity data is also an important tool to 
elucidate the inclusion phenomenon in the 
solution [31]. From the scrutiny of the data, it is 
obvious that the specification conductance ( ) is 
decreasing gradually, due to the fact of 
encapsulation of charged HPHC molecules into 
the -CD cavity (Figure 6). Single break in the 
conductivity curve  at  mM of -CD, suggests 
that hydrazinophthalazine and -CD complex 
with equimolar ratio; and therefore, the host-
guest stiochiometry of the complaxation is 1:1. 

Structural feature of guest and host molecules 

Complex formation between the guest 
hydrophobicity and the host apolar cavity can 
only make the clear sense if we demonstrate the 
fitting with respect to their molecular 
dimension or volume. The noticeable feature of 
the inner cavity size is 6.0Å  7.0Å (6.0-6.5Å [7]) 
of the -cyclodextrin molecule provides a 
potential environment, in which appropriate 
size apolar moiety of the guest meet and form 
stable complex [32]. The qualified dimension of 
hydrazinophthalazine [33] is 5.25Å (apolar 
benzene ring) and 6.6 Å (two unit of benzene 
ring+side chain of hydrazine part) (Scheme 2), 
where the apolar moiety benzene rings are 
eligible for incorporation in the cavity. 
According to the dimensional fitting approach 
or in view of the dimension of both the apolar 
part of guest and space of cavity, it is confirmed 
that only one hydrazinophthalazine moity can 
occupied the cavity of one cyclodextrin 
molecule. In other word we may say that there 
is only 1:1 stiochiometric complaxation are 
occurring. The tendency of the occupation is 
driven by the water molecules present into the 
cavity of cyclodextrin [34]. Because the water 
molecules present into the cavity are highly 
energetic and unfavourable, consequently they 

are substituted and pull the hydrophobic 
moiety of guest insight into cyclodextrin cavity. 
Inside the cavity, they undergo hydrophobic-
hydrophobic interactions and cyclodextrin ring 
strain is diminished, as a result the complex 
becomes stable with lower energy. But, it 
should be note that during the complex 
formation there are no covalent bonds breaking 
or forming. The complexation occurs with 
retention of configuration of cyclodextrin. They 
are attached via non-covalent bonds like 
hydrogen bond, van der Waal force, 
electrostatic force, hydrophobic interactions 
etc. While, the NH=NH2 is arrested at the 
periphery by secondary OH groups of 
cyclodextrin through H-bond or electrostatic 
force or hydrophilic-hydrophilic interactions. 
Hence, the plausible formation of 1:1 guest-host 
ratio as if by magic molecular encapsulation is 
remarkably agree with the experiment and 
observed data analysis from surface tension and 
UV-vis spectroscopy. 

1H NMR analysis of complexes 

The protons in CD are in different 
environments. From the side of cavity, H  and 
H  proton is located near the wider and 
narrower rim respectively; whereas H1', H2' and 
H4' were oriented at the exterior of CD molecule 
(Scheme 3).  
1HNMR spectra of complex  -CD, and pure 
hydrazinophthalazine are represented in Figure 
7.  Where, the signals of the interior H  and H  
protons of CD as well as the interacting aromatic 
protons of hydrazinophthalazine showed 
down-field shifts (Table 2 and Figure 7), that 
confirms the formation of complex.  

Higher value of the chemical shift  in case 
of H  proton than H , also provide the 
information that the guest choose the wider rim 
to incorporate into the cavity of -CD (Scheme 
2). 
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Figure 6. Plot of specific conductivity () corresponding to conc  of -CD 
 
Scheme 2. Schematic 
representation of 1:1 inclusion 
complex 

 

 
Scheme 3. Interior and 
exterior proton of -
cyclodextrin  

 

 

 

Figure 7. 1HNMR spectra of complex  -CD, and pure hydrazinophthalazine in D2O respectively 
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Table 2. Chemical shifts ( /ppm) of protons of -Cyclodextrin after complex formation 
Protons  CD  CD+HP)  CD+HP) 

H  3.867 3.832 0.35 
H  3.779 3.758 0.21 

 
Scanning electron microscopy (SEM)  

Scanning Electron Microscopy (SEM) used to 
analyze the surface texture and particle size of 
the complex. The surface morphology of pure 
hydrazinophthalazine  pure -CD, and inclusion 

complex are shown in Figure 7. A vast difference 
has seen between the morphological structures 
of pure hydrazinophthalazine or -CD and the 
complex. So, this is one of the evidence that 
indicating the strong complexation (Figure 8). 

      
    

 

Figure 8. SEM picture of hydrazinophthalazine  -CD, and inclusion complex respectively 

Conclusions 

This study demonstrated that the 
hydrazinophthalazine molecule is incorporated 
insight into the truncated cone type 

hydrophobic cavity of -cyclodextrin molecule 
and form 1:1 stiochiometric complex. Binding 
the stiochiometry and constants observed from 
both the surface tension and UV-vis 
spectroscopy are demonstrating the same 
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observation that the host-guest inclusion 
complex formed with great stability. 
Conductivity, 1HNMR, and SEM picture also 
support and agree with this result. The complex 
was formed by replacing the water molecules 
present into the cavity of cyclodextrin (which 
make a driving force for incorporation of guest 
molecule) and becomes stable with non-
covalent interaction. The formed inclusion 
balance both surface and bulk properties of the 
solution by adsorption and inclusion 
phenomena. However, the inclusion 
phenomena are dominant over the surface 
adsorption. 
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