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Host-guest chemistry is extremely important in pharmaceutical and drug delivery 

science. The knowledge of host-guest chemistry has opened the way to the formation of 

supramolecular (inclusion) complexes with physicochemical and spectroscopic 

properties. A number of host molecules have been used including crown ethers and 

cyclodextrins. All are capable of enclose guest molecules such as ionic liquids and drugs.  

The inclusion complexes have received considerable attention because of their 

increasing applications in the pharmaceutical field. For example, cyclodextrin based 

supramolecular complex has wide applications in medicine and single molecular devices. 

Due to their unique properties of polar hydrophilic outer shell and relatively 

hydrophobic inner cavity they can build up host–guest complexes by the inclusion of a 

suitable hydrophobic moiety in the guest molecule. This explains the current interest for 

cyclodextrins having versatile applications in pharmaceuticals, pesticides, foodstuffs, 

toilet articles, textile processing and other industry, supramolecular and host–guest 

chemistry, models for studying enzyme activity, molecular recognition and molecular 

encapsulation, and studying their intermolecular interactions and chemical stabilization. 

Of the 3 types of cyclodextrins (α, β and γ) we have taken α- β-cyclodextrin as host 

molecule. 

Some part of our work involves the inclusion complex formation in detail based 

on physicochemical and spectroscopic measurements. The factors affecting the inclusion 

process were also discussed. Sometimes complex formation with cyclodextrin changes 

the properties of the guest. These changes such as enhanced fluorescence and absorption 

characteristics served as an aid for better understanding the inclusion mechanism, 

including the size/shape-fit, hydrophobicity. Detailed spatial information of the inclusion 

complex and related mechanisms in solution can be obtained from 1H NMR.  

Host-guest complexes provide a way to overcome inherent physicochemical 

difficulties with numerous chemical and medicinal agents. The future looks likely to 

bring many more opportunities for host-guest chemistry to play a part in our everyday 

lives. 
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 Physico-chemical studies of electrolytes play a very important role in 

understanding the solute-solute/ion-ion, solute-solvent/ion-solvent and solvent-solvent 

interactions in solutions. In order to explore the strength and nature of the interactions, 

the investigation on thermodynamic, transport properties of electrolytes, and optical 

properties organic solvents exceeds the traditional boundaries of physical, inorganic, 

organic, analytical and electrochemistry. In one chapter we have examined the transport 

properties of an ionic liquids in industrially important solvents along with 

thermodynamic studies to characterize molecular interactions in solutions. 

Solvation surrounds an ion with a cloud of loosely associated solvent molecules, it 

gives ions an effective size considerably bigger than their ionic radius. Solvation is the 

process of reorganizing solvent and solute molecules into solvation complexes (a solute 

molecule surrounded by solvent) until the solute is distributed evenly within the solvent. 

Solvation depends on factors such as hydrogen bonding and van der Waals forces. 

Insoluble solutes prefer to maintain interactions among solute molecules rather than 

break apart and become solvated by the solvent.  

To estimate the extent of solvation broadly three types of approaches have been 

made in ‘Solution Chemistry’ The first is the solvational  approach involving the studies of 

viscosity, conductance, etc., of electrolytes and the derivation of various factors 

associated with ionic salvation, the second is the thermodynamic approach by measuring 

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

associated with solvation can be elucidated, and the third is to use spectroscopic 

measurements where the spectral solvent shifts or the chemical shifts determine their 

qualitative and quantitative nature. 

The mixing of different solute or solvent with another solvent/solvent mixtures 

gives rise to solutions that generally do not behave ideally. This deviation from ideality is 

expressed in terms of thermodynamic parameters, by excess properties in case of liquid-

liquid mixtures and apparent molar properties in case of solid-liquid mixtures. These 

thermodynamic properties of solvent mixtures corresponds to the difference between 

the actual property and the property if the system behaves ideally and thus are useful in 

the study of molecular interactions and arraangements. In particular, they reflect the 

interaction that take place between solute-solute, solute-solvent and solvent-solvent 
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species. The extent of ion-solvation is dependent upon the interactions taking place 

between solute-solute, solute-solvent, solvent-solvent species. The assesment of ion-

pairing in these systems is important because of its effect on the ionic mobility and hence 

on the ionic conductivity of the ions in solution. These phenomenon thus paves the path 

for research in solution chemistry to elucidate the nature of interaction through 

experimental studies involving densitometry, viscometry, interferrometry, refractometry 

and other suitable methods and to interpret the experimental data collected. Complete 

understanding of the phenomena of solution chemistry will become a reality only when 

solute-solute, solute-solvent and solvent-solvent interactions are elucidated and thus the 

present research work is intimately related to the studies of solute-solute, and solvent-

solvent interactions in some industrially important liquid systems. 

How substances behave in solvents is an ancient problem. Yet that understanding 

was in fact highly limited, mainly to ions in dilute solution. One of the causes for the 

workings in solution chemistry is that the structure of the solvent molecule is not known 

with certainty. The introduction of a solute also modifies the solvent structure to an 

uncertain magnitude whereas the solute molecule is also modified and the interplay of 

forces like solute-solute, solute-solvent and solvent-solvent interactions become 

predominant, though the isolated picture of any of the forces is still not known 

completely to the solution chemist. 

A.1. CHOICE OF THE SOLUTES AND SOLVENTS USED

A.1.1 Ionic liquids, Electrolyte, Drug molecules and Cyclic compounds

The ionic liquids, Drug molecules and Cyclic compounds used in the research work 

are 

A.1.1.1 Ionic liquids

The most noteworthy ionic liquids have been used as electrolytes during the 

research work are 

a. Benzyltrimethylammonium chloride

b. Benzyltriethylammonium chloride

c. Benzyltributylammonium chloride
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d. 1-butyl-3-methylimidazolium chloride 

e. 1-methyl-3-octylimidazolium tetrafluoroborate 

 

     A.1.1.2 Electrolytes 

           Tetrabutylammonium tetraphenylborate 

     A.1.1.3 Drug Molecules 

a. Amantadine hydrochloride 

b. Sulfanilamide 

c. Metoclopramide Hydrochloride 

 

A.1.1.4 Cyclic compounds 

a.  α- and β-cyclodextrin 

b. 18-crown-6 

c. Dibenzo-18-crown-6 

d. Dicyclo-18-crown-6 

 

A.1.2 Solvents  

The universal solvent water has been used all over the work and the non-aqueous 

solvent e.g., Methanol, Acetonitrile, Tetrahydrofuran, Dichloromethane. 

The study about the ionic liquids, drug molecules, cyclodextrins, crown ethers and 

different solvents is of great importance because of their wide range of application in 

many industries ranging from pharmaceutical to cosmetics.  

 

A.2. METHODS OF INVESTIGATION 

Different experimental techniques have been used throughout the work to get a 

better approaching into the phenomena of solvation and different interactions prevailing 

in solution systems and to investigate the host-guest inclusion complex formation. So, we 

have tried to employ some important physicochemical methods, namely, Densitometry, 

Surface chemistry (surface tension); transport properties viz., Viscometric, 

Conductometric; optical property Refractometric and spectroscopic properties FTIR, UV-
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Visible, Fluorescence and NMR Spectroscopic method to examine, probing, exploring of 

various interactions occurring in the solution systems. 

 

A.3. PHYSICO-CHEMICAL PARAMETERS AND THEIR SIGNIFICANCE 

Apparent molar volume ( 0

V ) is estimated from experimental density values. The 

sign and magnitude of apparent molar volume ( 0

V ) provides information about the 

nature and magnitude of ion-solvent interaction while the experimental slope (Sv*) 

provides information about ion-ion interactions. 

Viscosity B-coefficients are another tool gives the useful scheme of ion-solvent 

interaction, estimated from experimental viscosity values.   

The optical property as refractive index and spectroscopic property as FTIR 

spectroscopy is are used as supporting parameters to confirm the interaction occurring 

in the solution systems.  

Limiting molar conductance (0) obtained from specific conductance as well as 

molar conductance gives a central idea about the ion-solvent interaction the solution. 

More the magnitude of conductance of the solution less is the ion-solvent interaction. 

Another parameter obtained from the conductance study i.e. association constant (KA) 

gives an idea about the solvation of the ions by the solvent molecules.  

 

A.4. STRUCTURE OF THE THESIS 

The present thesis deals with the investigation on solvation behaviour and host-

guest inclusion complex formation of some significant molecules with various cyclic 

compounds. Here ionic liquids, drug molecules are taken as guest molecules and 

cyclodextrins, crown ethers are taken as host molecules to form inclusion complexes. 

 

In this context, the present work primarily involves (i) preparation of inclusion 

complex between cyclic Host and various significant Guest molecules, (ii) 

characterization of the complexes, (iii) determination of stability constant and 

thermodynamic parametrs, (iv) analyzing the different type of interactions present in the 

inclusion complexes, (v) examination of the transport properties of ionic liquids in 
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industrially important solvents along with thermodynamic studies to characterize 

molecular interactions in solutions. 

 

Chapter-I deals with the objective, 

utility and applications of the research 

work, the important electrolytes/solutes 

and solvents used and methods of 

investigation. This also occupies the 

summary of the works done associated 

with the thesis. 

 

Chapter-II contains the general introduction of the thesis and forms the strong 

background of the work embodied in this thesis. A brief review of noteworthy works in 

the field of molecular as well as ionic interaction and host-guest chemistry have been 

specified. The discussion consist of what is host-guest chemistry, common example of 

cyclic host molecules (cyclodextrins, crown rethers) and significant guest molecules 

(ionic liquids, drug molecules) and it includes structure, properties of host and guest 

molecules and the utility of the host-guest chemistry in the field of medicine. It also 

discuss about the solution behaviour in terms of ion-solvent/solute-solvent, ion-

ion/solute-solute and solvent-solvent interactions in binary solvent systems and of 

electrolytes in pure and non-aqueous solvent systems at various temperatures based on 

the various derived parameters, estimated from the experimentally observed 

physicochemical properties viz., density, viscosity, refractive index and conductance. 

Several semi-empirical models to estimate dynamic viscosity of binary liquid mixtures 

have been discussed. Ionic association and its dependence on ion-size parameters as well 

as relation between solution viscosity and limiting conductance of an ion has been 

discussed using Stokes’ law and Walden rule. Crucial assessment of different methods on 

the relative merits and demerits on the basis of various assumption employed from time 

to time of acquiring the single ion values (viscosity B-coefficient and limiting equivalent 

conductance) and their implications have been discussed. The molecular interactions are 

interpreted based on various derived parameters.  
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Chapter-III covers the experimental 

section which principally involves the 

elementary information’s such as structure, 

source, purification and utility of the solvent 

and fundamental properties of the components 

(ionic liquids and drug molecules) used during 

the entire research work. It is also confines the 

details of the instruments, procedure, working principle and equations that are 

employed to understand the supramolecular host-guest chemistry and solution 

chemistry (physicochemical and spectroscopic properties).  

In the Chapter-IV host-

guest inclusion complexes of 

three sequential cationic room 

temperature surface active ionic 

liquids, benzyltrialkylammonium 

chloride [(C6H5CH2)N(CnH2n+1)3Cl; 

where n=1,2,4] with β-

cyclodextrin in aqueous media have been studied using surface tension, conductance and 

NMR spectroscopy. All the studies have suggested that the hydrophobic benzyl group of 

ionic liquids is encapsulated inside into the cavity of β-cyclodextrin and played a crucial 

role in supporting the formation of inclusion complexes. The variation of the 

thermodynamic parameters with guest size, shape is used to draw inferences about 

contributions to the overall binding by means of the driving forces, viz., hydrophobic 

effect, steric hindrance, van der Waal force, and electrostatic force. 

Chapter-V discuss about the complex formation of amantadine hydrochloride 

with 18-crown-6 was studied in methanol solution by surface tension, conductivity and 

IR study. The limiting apparent molar volume data have been used to characterize the 

interaction between drug molecule (amantadine hydrochloride) and 18-Crown-6 in the 
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experimental ternary solution systems. A conductance study concerning the interaction 

between cationic organic ammonium ions amantadine with 18-crown-6 in methanol 

solution has been carried out at different temperatures. The formation constant (logKf) 

of the resulting 1:1 complex at various temperatures was determined from the 

conductivity study. The enthalpy (ΔH0) entropy (ΔS0) and free energy change (ΔG0) of the 

complexation reaction was determined from the temperature dependence of the 

formation constant. 

 

In Chapter-VI the ion-pair 

formation constant (KP) and triple 

ion formation constant (KT) of 1-

butyl-3-methylimidazolium 

chloride ([bmim][Cl]) have been 

determined conductometrically in 

different solvent media in the 

temperature range from (298.15 

to 318.15) K. The Fuoss 

conductance equation (1978) for 

ion-pair formation and Fuoss–Kraus theory for triple-ion formations have been used for 

analysing the conductance data. The Walden product is obtained and discussed. 

However, the deviation of the conductometric curves (Λ vs √m) from linearity for the 

electrolyte in tetrahydrofuran and dichloromethane indicated/indicates triple-ion 

formation. Ion–solvent interactions have been studied with the help of density, viscosity 

and FTIR spectroscopic measurements. Apparent molar volume and viscosity B-

coefficient have been calculated from experimental density and viscosity data 

respectively. The limiting ionic conductances ( o

 ) have been estimated from the 

appropriate division of the limiting molar conductance of tetrabutylammonium-

tetraphenylborate as “reference electrolyte” method. 
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Chapter-VII describe 

about the complexation of 

sulfanilamide with different 

crown ethers using 1H NMR, 

IR and UV-visible spectra in 

solution state. The 

interactions of crown ethers 

with sulfanilamide have 

been supported by density, viscosity, refractive index indicating higher degree of 

complexation in case of dicyclohexano-18-crown-6. The complexation stoichiometry was 

determined by Job plots and the 1:1 stoichiometry is found for all the complexes; the 

complex formation is confirmed by spectral shifts. The Benesi-Hildebrand method is 

used to calculate the binding constant of the complexes of sulfanilamide with crown 

ethers. The Gibbs free energy change of the inclusion complex process is calculated and 

the process is found to be spontaneous. Hydrogen bonding was observed to be the most 

important interaction for the complexation and π–π interactions also have minor 

contribution towards complexation of dibenzo-18-crown-6. Various factors that 

influence the stability of the complexes formed have been discussed for thermodynamic 

consideration. 

In Chapter-VIII the 

supramolecular interaction of 

metoclopramide hydrochloride (MP) 

with α-cyclodextrin (α-CD) and β-

cyclodextrin (β-CD) has been 

inspected by ultraviolet–visible (UV–

vis) light, infra-red (IR) light, 

fluorescence and 1H NMR spectroscopy. The formation of an inclusion complex greatly 

affects the physical–chemical properties of the guest molecules, such as solubility, 

chemical reactivity and the spectroscopic and electrochemical properties. Thus the 

changes in the spectral properties and physico-chemical properties confirm the inclusion 
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complex formation. Surface tension, conductivity studies and Job’s plot indicate a 1 : 1 

stoichiometry of the MP:CD host–guest inclusion complexes. The binding/association 

constants have been evaluated by both UV-Vis and fluorescence spectroscopic study 

indicating a higher degree of encapsulation for β-cyclodextrin (β-CD). Furthermore, the 

negative value of thermodynamic parameter (ΔG°) of the host guest system suggests that 

the inclusion process proceeded spontaneously at 298.15 K. Based on the NMR data, the 

plausible mode of interaction of MP:α-CD and MP:β-CD complexes were proposed, which 

suggested that lipophilic aromatic ring of the MP entered into the cavity of CDs from the 

wider side, with the amide (-CONH) and methoxy (-OMe) residues inside the CD cavity. 

 

Chapter-IX explains the 

inclusion complex formation 

between hollow circular based 

compounds e.g. crown ethers and 

ionic liquid 1-methyl-3-

octylimidazolium 

tetrafluoroborate in acetonitrile 

solvents by means of conductivity 

measurements, IR spectra and NMR spectra. The results reveal the formation of 1:1 

complexes between crown ethers and ionic liquid in acetonitrile. Crown ethers 

complexes with electron-deficient imidazolium cation which are formed by H-bond 

formation between the acidic protons of the imidazolium ring of the ionic liquid and lone 

pair of electrons of the crown oxygen atom. In case of Dibenzo-18-crown-6 complexation 

is caused by H-bonding but either π-stacking or charge-transfer interactions also seem to 

have a minor contribution towards complex formation. Thus the hydrogen bonding is 

mainly responsible for complexation and ion–dipole interactions also may be responsible 

for the complex formation between the ionic liquid molecule and crown ethers. The 

interactions in complexation are analyzed and discussed. 

 

The thesis ends with Chapter-X where the entire work activity and final outcome 

described throughout the thesis has been highlighted. 
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The work in the thesis entitled “INVESTIGATION ON SOLVATION 

BEHAVIOUR AND HOST GUEST INCLUSION COMPLEXES OF SOME 

SIGNIFICANT MOLECULES WITH DIVERSE CYCLIC COMPOUNDS " was 

commenced on December 2012 under the supervision of Dr. Mahendra 

Nath Roy, Professor of Chemistry in the Department of 

Chemistry, University of North Bengal.  

 

The work is an attempt to explore host guest chemistry by forming inclusion 

complexes of some significant molecules with diverse cyclic compounds and to 

investigate the solvation behaviour of the significant molecules in terms of 

several interactions in aqueous and non-aqueous solutions by studying their 

physicochemical, transport, optical, tensiometric and spectral properties. 

 

I was blessed to participate in several meets and seminars across the country 

and I was highly inspired by listening and interacting with distinguished 

experts and scientists during the course of my research work. I was even 

fortunate enough to publish the works in the thesis in National and 

International Journals of repute. 

 

In keeping with general practice of reporting scientific observation, due 

acknowledgement has been made whenever the work described was based on the 

finding of other investigators. I must take the responsibility of any 

unintentional oversights and errors, which might have sneaked in spite of 

precautions. 

 

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

I have gained during my work can be invest in action in the future. 
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Necessity of the research work 

CHAPTER: I 

 

I.1. AIMS AND OBJECTIVES 

Scientific research work motivated by discovery of unknown. It is especially 

pleasing when the work offers the promise of new knowledge, as well as imminent 

applications.  

Supramolecular chemistry is often defined as “the chemistry beyond the 

molecule” or “the chemistry of the noncovalent bond”. One of the forefront 

contributions of supramolecular chemistry is in designing and synthesizing 

macrocycles that can selectively bind a particular guest. This is extremely important 

especially in our pursuit of knowledge in biological systems. Where it is difficult to 

study the humongous molecules such as enzyme, it is much easier to simulate the 

studies in smaller molecules that have the same properties. This is where 

supramolecules come in useful; where it can mimic the features of biosystems. 

Majority of drug products available in market suffer from solubility problems. 

Because of poor solubility, good numbers of new molecules are not reaching the 

market. The solubility can be enhanced by several techniques. One of the prominent 

approaches to enhance solubility is the complexation with cyclodextrin (CD) and 

formation of solid inclusion complex [1]. Cyclodextrins are employed as complex 

forming agents thereby enhancing the aqueous solubility of poorly soluble drugs [2,3]. 

Thus they improve the bioavailability and stability of drugs, reduce gastrointestinal 

drug irritation, prevent drug–excipient and drug–drug interactions. To overcome 

gastrointestinal tract irritant effects caused by many of nonsteroidal anti-inflammatory 

drugs, it becomes necessary to formulate the drug in an appropriate dosage from which 

can be administered through skin. Due to the major advantage of CDs to act as drug 

delivery vehicles, it is proposed to study CD complexation of various significant 

molecules, an important constituent of numerous pharmaceutical products, by using 

NECESSITY OF THE RESEARCH WORK 
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analytical techniques. The proposed studies employ cyclodextrins as potential drug 

delivery vehicles [4-6] as they can change the physical, chemical and biological 

activities of guest molecules by forming inclusion complexes. The principal advantages 

of natural cyclodextrins as drug carriers are the following: (1) well-defined chemical 

structure (2) availability of cyclodextrins having appropriate cavity size (3) low toxicity 

and low pharmacological activity (4) certain water solubility (5) they can protect  

included drugs from biodegradation. 

The Host-guest complex formation based on the macrocyclic molecules is a facile 

and reversible process, which organise for the feasibilities to design stimuli-responsive 

supramolecular systems and these macrocyclic molecules are basically friendly to the 

biological environment and exhibit good biocompatibilities [7-9]. Crown ether-based 

host-guest interactions, which show good selectivity, high efficiency, and reversibility, 

have been structurally characterized and the underlying supramolecular chemistry has 

been presented in our work. Supramolecular chemistry i.e. host-guest complex 

formation through noncovalent interactions offer the basis for novel approaches in 

medicine and also helps in understanding the interactions present in living systems. It 

was also found that host-guest complexation with crown ethers resembles an 

established principle i.e. the hydrogen bonding acceptance as well as the donation 

propensity of crown ethers.  

To understand the binding behavior of the different unique host system, 

“Inclusion complex”, will be prepared and it is proposed to characterize them by 

various analytical tools such as IR, UV, fluorescence, NMR, conductance and surface 

tension studies. This will throw light not only on the role of host molecule in offering 

protection against degradations but also on stabilising potential conformers via various 

interactions such as hydrogen bonding etc.  

When one substance dissolves in another the properties of the sustances 

changes. Solution chemistry is the branch of physical chemistry  where this type of 

changes are studied. In ‘Solution Chemistry’ broadly three types of approaches have 

been made to estimate the extent of solvation. The first is the ionic solvation of the 

electrolytes involving the studies of viscosity, conductance [10], the second is the 

thermodynamic approach by measuring the free energies, enthalpies and entropies of  



C h a p t e r - I    P a g e  | 27 

 

Necessity of the research work 

 
 

solvation of ions from which factors associated with solvation can be elucidated [11], 

and the third is to use spectroscopic measurements where the spectral solvent shifts or 

the chemical shifts determine their qualitative and quantitative nature [12]. 

Interactions taking place between solute-solute, solute-solvent, solvent-solvent species 

govern the strength of ion-solvation [13,14]. The interpretation of solute-solute, solute-

solvent and solvent-solvent interactions gives a complete information about the 

phenomena of solution chemistry. Hence we have concentrated on the studies of solute-

solute, and solvent-solvent interactions in some industrially important liquid systems. 

The molecular interaction in liquids explored by physicochemical methods has 

paying attention, as thermodynamic parameters are appropriate to interpret 

intermolecular interaction patterns in non-electrolytic solvent mixtures [15]. The 

different sequence of solubility, difference in solvating power and possibilities of 

chemical or electrochemical reactions unaware in aqueous chemistry have open vistas 

for chemists and interest in the organic solvents transcends the traditional boundaries 

of physical, inorganic, organic, analytical and electrochemistry.   

Solvation behaviour is one of the most essential properties of any liquid as it 

regulates more complex processes such as solvation and reaction dynamics. The 

physico chemical properties of a solution (liquid) is a outcome of the strength of their 

intermolecular forces. The molecules are acquired partial charges through the 

intermolecular forces, e.g., dipole-dipole forces, dipole-induced dipole forces, hydrogen 

bonding, Van der Waal forces and electrostatic interaction etc. Intermolecular forces in a 

solution control their thermodynamic properties and the understanding of the 

solvation thermodynamics is essential to the characterization and interpretation of any 

process performed in the liquid systems.  Therefore, the studies on the thermodynamic 

along with the transport and spectral properties of solutions would provide a clear idea 

about the nature of the forces, interacting manner existing between the constituents of 

solution. This type of study thus opens a path for research in solution chemistry to 

discover the nature of interaction through experimental studies involving density, 

viscosity, refractive index, conductometry, spectroscopy study and to interpret the 

experimental data collected. 
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Due to significant physicochemical properties such as negligible vapour 

pressure, high thermal and electrochemical stability, high solvating power, etc. the ionic 

liquids (ILs) are advantageous in various fields. The choice of the cation and the anion 

constituting an ionic liquid has a profound effect on the physicochemical properties 

such as density, viscosity, conductivity and polarity. This variety opens wide 

opportunities in the tailoring of ILs suitable for practical applications. The  

understanding  of  the  behaviour  of  ILs  and  their  properties  is  crucial  for  any  

practical  application. But the available chemical and physical data are unfortunately 

inadequate in comparison to the amount of already commercially available ILs. 

Moreover, the existing data are often inconsistent. In this perspective, we focused on 

the reliable determination of physicochemical, transport and spectral properties of ILs 

in various solvent systems to explore and to understand the molecular as well as ionic 

level of interfaces of ILs prevailing in solvent systems by studying their thermodynamic 

properties based on various physicochemical approach. 

 

I.1.1 Importance of Physicochemical Parameters 

The nature of intermolecular interactions present in the studied system can be 

understood in terms of derived parameters based on the physicochemical approach. 

Apparent molar volumes obtained from density measurements, are usually 

expedient parameters for interpreting ion-solvent/solute-solvent and ion-ion/solute-

solute interactions in solution. Ionic apparent molar volume for the individual ions has 

been obtained with the help of “reference electrolyte” method. The compressibility, a 

second derivative to Gibbs energy, is also a sensitive indicator of molecular interactions, 

which provide useful information in such cases where partial molar volume data alone 

cannot provide an unequivocal interpretation of these interactions. 

The change in viscosity of solutions by the addition of electrolyte is attributed to 

inter-ionic and ion-solvent effects. The viscosity B-coefficients are also separated into 

ionic components by the ‘reference electrolyte’ method and from the temperature 

dependence of ionic values, a satisfactory interpretation of ion-solvent interactions 

such as the effects of solvation, structure-breaking or structure-making, polarization, 

etc. has been given . 
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The transport properties in most cases are studied using the conductance data, 

especially the conductance at infinite dilution. Conductance data obtained as a function 

of concentration can be used to study the ion-association with the help of appropriate 

equations. The limiting ionic conductance of the each ion has been calculated from the 

same method “reference electrolyte” using tetrabutylammonium tetraphenylborate. The 

ionic conductances are also play the crucial role to the interpretation of the ionic level 

of interaction, association or ion-solvent interactions of ions as well as molecules.  

              The spectroscopic study has been established by the investigation of FTIR 

spectroscopy. The study has been taking into account to qualitative interpreting the 

molecular as well as ionic association of the electrolytes in the solutions. 

 

I.1.2 The main objectives of our work  

My research work is: 

 

 To investigate the host-guest inclusion complex formation between cyclic Host 

and various significant Guest molecules by suitable technique. 

 To perform stability studies on guest and its complex with cyclodextrin. 

 To find out solvation behaviour of some significant molecules. 

 To understand the different type of interactions present in the inclusion 

complexes. 

 To collect detailed information about the nature and strength of various 

interactions. 

 To employ Host-Guest complexes in various field of science. 

 To examine the transport properties of ionic liquids in industrially important 

solvents along with thermodynamic studies to characterize molecular 

interactions in solutions. 

 

I.2. CHEMICALS USED 

The name of the significant molecules which have been used throughout the 

research work are ionic liquids (Benzyltrimethylammonium chloride, 

Benzyltriethylammonium chloride, Benzyltributylammonium chloride, 1-ethyl-3-
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methylimidazolium chloride, 1-methyl-3-octylimidazolium tetrafluoroborate), drug 

molecules (Amantadine hydrochloride, Sulfanilamide, Metoclopramide Hydrochloride), 

cyclic compounds (α-cyclodextrin, β-cyclodextrin, 18-crown-6, Dibenzo-18-crown-6, 

Dicyclo-18-crown-6) 

The solvents which have been used during the research work are Water, 

Methanol, Acetonitrile, Dichloromethane, Tetrahydrofuran. The detailed description has 

been given in Chapter III. 

 

I.3. METHODS OF INVESTIGATION 

Existence of free ions, solvated ions, ion-pairs and triple-ions of the 

electrolytes/non-electrolytes in aqueous and non-aqueous media depends upon the 

concentrations of the solution, size of ions, and intermolecular forces, e.g., 

electronegativity of the atom, dipole-dipole forces, dipole-induced dipole forces, H-

bonding, Van der Waal forces, columbic forces and electrostriction, +I, -I effect, side 

chain effect etc. Hence, the study of assorted interfaces and equilibrium of ions in 

diverse concentration regions are of immense importance to the technologist, 

theoretician, industrialist, researchers as most of the chemical processes take place in 

these systems. 

Interestingly the different experimental techniques have been employed to find 

out a better understanding the occurrence of solvation and different interactions 

prevailing in solution. Therefore, we have employed the five significant 

physicochemical methods, viz., conductometry, volumetry, viscometry, and 

refractometry to explore the solvation phenomena and NMR, FT-IR, UV-vis and 

Fluorescence spectroscopy to characterize the inclusion complex.  

 

I.4. SCOPE OF THE PRESENT WORK 

Among the macrocycles constituting the great class of ‘hosts’ in supramolecular 

chemistry, cyclodextrins are the most attractive as they possess a unique molecular 

architecture, with a hydrophilic exterior and a hydrophobic interior. Though there are 

many cavitand host molecules such as calixarenes, crown ethers, cucurbiturils etc.,  
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cyclodextrins are very special as they can complex with a broad spectrum of guest 

molecules of appropriate size, shape and polarity. The physicochemical characteristics 

of guest molecules are beneficially modified after inclusion into these elegant 

‘organized’ assemblies. Among all potential hosts, cyclodextrins have been extensively 

utilized as confined media to modify organic reactions, to achieve selectivity to a 

greater extent and this plays a key role in organic syntheses. 

Cyclodextrin can form inclusion complexes with various biologically active guest 

molecules, among them drug-CD formulations are very significant and important 

because of the enhanced solubility, bioavailability and stability of drug molecules after 

complexation with CD. Structural characterization is of particular significance for these 

supramolecular host-guest complexes, which are the basis of most CD applications in 

medicine, catalysis or in food chemistry, separation and sensor technology. 

Pharmaceutical uses of CDs for drug protection or targeting now legally require 

structural characterization of the administered compounds. To gain insight of reactivity 

and selectivity in organic reactions and also to understand the binding behavior of this 

unique host system, the present work “Inclusion complex formation”, is carried out by 

physicochemical characterization of CD complexes with various analytical techniques.  

Supramolecular chemistry i.e. host-guest complex formation through 

noncovalent interactions offer the basis for novel approaches in medicine and also 

helps in understanding the interactions present in living systems. Hence in Chapter IV 

size, shape, structural effect of ionic liquids in the formation of the inclusion complexes 

have been studied quantitatively and qualitatively to find the nature of host-guest 

inclusion complexes of consecutive cationic surface active ionic liquids, 

benzyltrialkylammonium chloride with β-cyclodextrin in aqueous media using surface 

tension, conductance and NMR study. It is expected to provide important conclusions 

and results on binding behavior, importance of hydrogen bonding and the role of 

hydrophobic group in complex formation.  

          Crown ether-ammonium complexes are of fundamental interest as prototypical 

systems involving multiple hydrogen bonds. Study of these simple multiply-bound 

complexes is a promising means of gaining insight into much more complex 

macromolecular systems, such as those involved in protein folding or in the pairing of 
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nucleo bases in polymetric nucleus acids. In Chapter V conductance study, surface 

tension study and density study of the complex formed between amantadine 

hydrochloride (ADH) and 18-crown-6 (18C6) in methanol solution was reported and 

discuss the influence of several structural and medium parameters on the complexation 

reaction. The study (carried out for the first time) is expected to provide information on 

the potential utility of this substrate for optoelectronic applications. It was also found 

that host-guest complexation with crown ethers resembles an established principle i.e. 

the hydrogen bonding acceptance as well as the donation propensity of crown ethers. 

In Chapter VI, we have investigated on conductometric properties of the ionic 

liquid 1-butyl-3-methylimidazolium chloride in polar aprotic solvents acetonitrile 

(ACN), tetrahydrofuran (THF), dichloromethane (DCM) at different temperatures. The 

experimental data was analysed using Fuoss conductance equation and Fuoss–Kraus 

theory to calculate the ion pair formation constant Kp and triple ion formation constants 

KT. The main purpose of this study is to obtain experimental and quantitative 

information for the interactions between the ions. Here the ion pair formation 

constants are expected to reflect strongly the direct interactions between the ions. 

Crown ethers have proved to be unique cyclic molecules for molecular 

recognition of suitable substrates by hydrogen bonds, ionic interactions and 

hydrophobic interactions. The study of interactions involved in the complex formation 

is important for a better understanding of the mechanism of biological transport, 

molecular recognition, and other analytical applications. In this Chapter (VII), we have 

studied the complexation of Sulfanilamide with three different crown ethers (1) 

Dicyclohexano-18-crown-6 (DC18C6) (2) 18-crown-6 (18C6) and (3) Dibenzo-18-

crown-6 (DB18C6) in acetonitrile (ACN). The complexes were characterized by 1H NMR, 

IR and UV-visible spectra.  

Metoclopramide hydrochloride is used as an anti-emetic in the treatment of 

some forms of nausea and vomiting and to treat heartburn caused by gastroesophageal 

reflux in people who have used other medications without relief of symptoms. 

Metoclopramide hydrochloride have a greater impact on the treatment of disorders of 

the gastrointestinal tract. Since metoclopramide has been confirmed as an effective 

drug in treating and preventing various types of disease hence the stabilization and 
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regulatory release of this drug is of great concern in pharmacology. Thus to protect 

these drugs from external effects and to reduce side effects for their regulatory release, 

it is crucial to investigate whether they can be encapsulated into the cyclodextrin 

molecule. Hence in Chapter VIII, the inclusion complex formation of metoclopramide 

hydrochloride with both α and β-cyclodextrins (CDs) was studied in detail based on 

physicochemical and spectroscopic measurements. The factors affecting the inclusion 

process were discussed. Enhanced fluorescence and absorption characteristics served 

as an aid for better understanding the inclusion mechanism, including the size/shape-

fit, hydrophobicity. Especially, detailed spatial information in solution has been studied 

by 1H NMR.  
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CHAPTER-II 

GENERAL INTRODUCTION 

(REVIEW OF THE EARLIER WORKS) 

 

II.1. HOST-GUEST CHEMISTRY 

Supramolecular host-guest chemistry emphases on the interaction between 

molecules rather than within molecules and on the study of intermolecular bond rather 

than covalent bond [1]. Supramolecular chemistry is often defined as “the chemistry 

beyond the molecule” or “the chemistry of the noncovalent bond”. In host-guest 

chemistry host molecule encapsulate the guest molecule into the inner cavity of the host 

(Figure II.1). All the compounds exhibit supramolecular properties such as molecular 

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

complementarity. A great deal of effort in supramolecular chemistry has been used in 

attempts to model or mimic biological processes [2]. Enzyme mimicking is one of the 

most attractive studies in recent years. The principles, perspectives and recent 

developments in the field of supramolecular chemistry have grown exponentially in the 

last few decades [3-10]. 

 

Figure II.1: Schematic representation for host-guest complexation by Cyclodextrin. 

 

The emergence of supramolecular host-guest chemistry has had a profound effect 

on how efficiently chemists prepare structures using spontaneous secondary 

interactions such as hydrogen bonding, dipole-dipole, charge transfer, van der Wall’s and 
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π-π stacking interactions (Figure II.2)[11-15]. The supramolecular field was and is the 

basis for most of the essential biochemical process of life. The diagrammatic outline from 

molecular to supramolecular chemistry is shown in Figure II.3 [16]. The example of 

some supramolecular host systems are such as Cyclodextrins, Crown ethers, Calixarenes, 

Cucurbit etc. with large cavities capable of accommodating small guest molecules and 

ions [17]. Macrocyclic host molecules are of great importance in inclusion complexes as 

the cyclized and constrained conformation provide the advantages of molecular 

selectivity [18]. Here we have discussed mainly about the cyclodextrins and crown ethers 

(as host) in details.  

 

Figure II.2: Schematic representation of various interactions involved in host-guest 

chemistry. 

 

 

Figure II.3: From molecular to supramolecular chemistry. 
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II.2. CYCLODEXTRINS  

Cyclodextrins (CDs) are useful molecular chelating agents. They possess a cage-

like supramolecular structure, which is the same as the structures formed from 

cryptands, calixarenes, cyclophanes, spherands and crown ethers. Compared to all the 

supramolecular hosts mentioned above, cyclodextrins are most important. Through their 

inclusion complex forming ability, important properties of the complexed substrates can 

be modified significantly. As a result of molecular complexation phenomena CDs are 

widely used in many industrial products, technologies and analytical methods. The 

negligible cytotoxic effects of CDs are an important attribute in applications such as rug 

carrier, food and flavours, cosmetics, packing, textiles, separation processes, 

environment protection, fermentation and catalysis.  

 

II.2.1 Discovery of Cyclodextrin 

The oligosaccharide cyclodextrin were first isolated and discovered by Villers in 

1891 by enzymatic cleavage of starch [19]. Schardinger confirms his result in 1904 by 

further identification of cyclic structure of glucose oligomers and enzymes responsible 

for the synthesis of cyclodextrins [20]. Because of his pioneering work the name 

Schardinger dextrins was often used for cyclodextrins in early literature. In the early 

literature, cyclodextrins are also sometimes called cycloamyloses or 

cyclomaltooligosaccharides. The next major contributor to cyclodextrin chemistry was 

Karl Freudenberg [21], who developed a method for obtaining of pure α-CD and β-CD and 

in the process also isolated another crystalline dextrin, which he named γ-CD. It was 

Freudenberg, who characterized these as cyclic structures composed of α- 1, 4 linked 

glucose unit [22]. However, the molecular weights of the most common CDs were not 

determined until much later [23]. The foundations of cyclodextrin chemistry were laid 

down in the first part of the 20th century. Cramer and French [24] were the first, who 

recognized and studied possible applications by forming complexes of CDs. Because of 

their research, the way was opened for the use of cyclodextrins as enzyme models. 

However, until 1970 only small amounts of cyclodextrins could be produced and high 

production costs prevented their wide spread usage. Today the cost of cyclodextrins is 
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reduced dramatically and as a result, the group of scientists interested in cyclodextrins 

is continually growing. 

 

II.2.2 Structural features and Properties of cyclodextrins  

Cyclodextrin (CD) are cyclic oligosaccharides consisting of glucopyranosyl units 

linked by α-(1,4) bonds. The widely used natural cyclodextrins are α-, β- and γ-

cyclodextrin consisting of 6, 7 and 8 glucopyranose units, respectively (Figure II.4). 

Owing to lack of free rotation about the bonds connecting the glucopyranose units, the 

cyclodextrins are not perfectly cylindrical molecules but the torroidal or cone shaped 

with a hydrophobic cavity and a hydrophilic surface [Figure II.5] [25]. Based on this 

architecture the primary hydroxyl groups are located on the narrow side of the cone 

shape, while the secondary hydroxyl groups are located on the wider edge. The primary 

and secondary hydroxyls on the outside of the cyclodextrins make cyclodextrins water-

soluble. Cyclodextrins are insoluble in most organic solvents. The hydrophobic cavity of 

the cyclodextrin is capable of trapping the hydrophobic parts present in the molecules 

[26-28]. From the crystal structure, it is shown that they have a truncated cone shape 

with a height of approximately 8Å and an inner cavity diameter varying between ≈5 (α-

CD) and 8.30 nm (γ-CD). Figure II.5 indicates the general structure of the native 

cyclodextrins. Table II.1 indicate the common parameters reported by Szejtli [2]. Each 

D-glucose unit in the cyclodextrin structure contains five chiral carbon atoms and which 

make CD as a chiral macrocyle.  

 

Figure II.4: Structures of the α-, β- and γ-cyclodextrin 
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Figure II.5: General structure of cyclodextrin molecule with interior and exterior 

protons (n = 6, 7 for α-CD and β-CD respectively). 

 

Table II.1: Charecteristics of Cyclodextrin. 

Property α-CD β-CD γ-CD 

No. of glucose units 6 7 8 

Empirical formula (anhydrous) C38H60O30 C42H70O35 C48H80O40 

Mol. Wt. (anhydrous) 972 1135 1297 

H2O solubility (g/100 mL) at 25°C 14.5 1.85 23.2 

Cavity diameter [Å] 4.7-5.3 6.0-6.5 7.5-8.3 

Cavity length [Å] 7.9±0.1 7.9±0.1 7.9±0.1 

Approx Cavity Volume (Å3) 174 262 427 

 

The low solubility of β-CD is attributed to the interruption by aggregated β-CD 

with its 7-fold symmetry units [29]. Szejtli [30] proposes that the intramolecular 

hydrogen bonds of the β-CD rim are responsible for its low solubility. Alkylation of β-CD 

hydroxyls leads to an increase in solubility and this phenomenon has constituted a 

motivation for carrying out such chemical modifications [27]. 
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II.2.3 Inclusion Complex formation 

Complex formation is a dimensional fit between the host cavity and the guest 

molecule [31]. The hydrophobic cavity of CD molecules arrange for a microenvironment 

into which appropriately sized non-polar moieties can enter to form inclusion complexes 

[32]. No covalent bonds are formed during the formation of the inclusion complex [33]. 

The main driving force of complex formation is the release of enthalpy-rich water 

molecules from the cavity resulting in a more stable lower energy state. The host-guest 

complexes can be prepared by various methods like co-precipitation method, paste 

method, dry mixing method, slurry method and analyzed by varieties of technique like 

FTIR, UV-visible and NMR spectroscopy, Powder XRD, DSC, TGA, Circular Dichroism 

spectroscopy, etc. [34]. The formation of inclusion complex of β-CD and a guest substance 

is accompanied by changes in their IR spectra as compared with the individual 

components [35, 36]. 

The binding of the guest molecules within the host CD is a dynamic equilibrium. 

Inclusion into CDs exerts a profound effect on the physicochemical properties of guest 

molecules giving rise to beneficial modification of guest molecules, which are not 

achieved otherwise [37]. The ability of a cyclodextrin to form an inclusion complex with 

a guest molecule is a function of two key factors. The first is steric and depends on the 

relative size of the CD to the guest molecule or certain key functional groups within the 

guest. The second critical factor is the thermodynamic interactions between the different 

components of the system (CD, guest and solvent). For a complex to form there must be 

a favorable net energetic driving force that pulls the guest into the CD. 

 

II.2.4 Equilibrium 

In an aqueous solution, the slightly apolar cyclodextrin cavity is occupied by water 

molecules which are energetically unfavored (polar-apolar interaction), and therefore 

can be readily substituted by appropriate ‘guest molecules’ which are less polar than 

water. One, two or three cyclodextrin molecules contain one or more entrapped ‘guest’ 

molecules. Most frequently the host: guest ratio is 1:1. The association of the host CD and 

guest (G) molecules, and the dissociation of the formed CD/guest complex are governed 

by a thermodynamic equilibrium, 
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II.2.5 Higher order complexes 

The complexation depends upon the cavity diameter of CD as well as the size of 

organic compound or guest molecule. Usually complexation occurs between one 

cyclodextrin and one guest (1:1 ratio) molecule. However, 1:2, 2:1, 2:2 and higher order 

complex equilibria also exist in the system [Figure II.6] [38-46]. 

 

Figure II.6: Different stoichiometries of host-guest inclusion complexes. 

 

II.2.6 Binding constants 

Equilibrium constants for molecular association (binding constants/association 

constants/formation constants) have been measured using a variety of chemical 

approaches, including UV-visible, fluorescence and NMR spectroscopy and gas and liquid 

chromatography [47]. Benesi-Hildebrand method [48] is often used to calculate the 

binding constant values for 1:1 association. For UV studies, B.H equation is 
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and for Fluorescence studies, the equation is  

0 0 0

1 1 1 1
.
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II.2.7 Applications of cyclodextrins 

Upon inclusion in cyclodextrins and modified CDs, the guest molecules undergo 

beneficial modifications. Cyclodextrins find versatile applications in innumerable fields 

ranging from agriculture to pharmaceuticals. 

Cyclodextrins are extensively used in separations due to their ability to 

discriminate between positional isomers, functional groups, homologues and 

enatiomers. Cyclodextrins are used as chiral stationary phases bonded to solid support 

or as mobile phase additives in high performance liquid chromatography (HPLC) and in 

capillary electrophoresis for the separation of chiral compounds [49]. 

Cyclodextrins are potential candidates to play the role of drug delivery vehicles 

[50]. The majority of pharmaceutical active agents do not have sufficient solubility in 

water. The solubility of such drugs enhances by the formation of inclusion complex with 

cyclodextrin hence used in drug delivery system [51]. Drug solubility and dissolution, 

bioavailability, safety and stability are the main features in pharmaceutical applications 

of CDs [52]. Cyclodextrins stabilize penicillin from amylase degradation through complex 

formation [53]. The CDs also increase drug efficacy by sustained release of the drug [54]. 

The CD complexation enables enhanced absorption in different delivery routes such as 

oral, ocular, nasal, dermal, retinal etc. [55] 

Cyclodextrins do not damage the microbial cells or enzymes. Cyclodextrins act as 

excellent ‘enzyme models’. They catalyze biomimetic reactions of enzymes. Since CDs 

bind substrates, they are considered as artificial enzymes. They show substrate 

specificity and stereospecificity [56]. Quinine-β-CD complex provides an excellent model 

for mimicking enzyme-substrate interactions [57]. 

CDs are used in the food industry to protect active ingredients against light, heat 

and fermentation. Long-lasting perfumes are possible by slow release of fragrance 

through CD complexation. Unpleasant odors and bitter taste can be masked through 

complexation with CDs [58]. CD inclusion complex containing oily antimicrobial and 
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volatile agents are coated on a water absorbing sheet with a natural resin binder used for 

wrapping fresh products [59]. CDs find applications in waste water treatment. Also 

highly toxic materials from industrial effluents, organic pollutants and heavy metals from 

soil are solubilised in cyclodextrins and hence are removed [59]. Polymers in paints 

interact with each other resulting in thickening of paints and increase the coefficient of 

viscosity. β-cyclodextrin formulations prevent this undesirable effect [60]. A 

supramolecular chemosensor for aromatic compounds has been devised using β –

cyclodextrin [61]. 

 

II.3. MACROCYCLIC POLYETHERS 

Crown ethers, as originally defined are those compounds with multiple ether 

oxygen atoms incorporated in a monocyclic backbone. The term “crown” was used 

because the cavity shape of the macrocycle resembled a crown [62]. Crown ethers have 

proved to be unique cyclic molecules for molecular recognition of suitable substrates by 

hydrogen bonds, ionic interactions, cation−π or π−π interactions. Cation−π interactions 

are well described by a schematic drawing such as Figure II.7 showing a K+ ion 

interacting with the negatively charged π-electron cloud of benzene. The study of 

interactions involved in complexation of different cations with crown ethers in mixtures 

of solvents is important for a better understanding of the mechanism of biological 

transport, molecular recognition, and other analytical applications. Figure II.8 shows 

some of the more common crown ethers. 

 

 

Fig. II.7: Schematic drawing of cation−π interactions showing the contact of K+ ion and 

benzene. 
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Figure II.8: Several example of crown ethers. 

  

We chose 18-crown-6, Dicyclohexano-18-crown-6 (DC18C6) and Dibenzo-18-

crown-6 (DB18C6) three crown ethers in our study. DB18C6 and DC18C6 were used to 

find out the effect of cyclohexyl group (electron donating group) and benzene group 

(electron withdrawing group) on the association constant.  

Crown ethers are well known for their binding strengths and selectivities towards 

alkali and alkaline earth metal cations [63]. Their complexation with organic ammonium 

[64,65], arenediazonium [66-68], guanidinium [69-72], tropylium [73,74] and 

pyridinium [75] cations has also been studied.  

 

II.3.1 Discovery of Crown Ethers 

In 1987, Charles J. Pedersen, Jean-Marie Lehn and Donald J. Cram were jointly 

awarded the Nobel Prize in chemistry for their contributions to the development and use 

of supramolecular chemistry [76]. Pedersen serendipitously discovered dibenzo 18-

crown-6 as a byproduct of a reaction in which he had sought to obtain bis[2-(o-

hydroxyphenoxy) ethyl] ether, 1. (Figure II.9). While trying to purify his product, he 

isolated a small amount of a white crystalline solid. Further analysis showed no alcohol 

groups to be present, and more interestingly, its UV spectrum changed significantly in 

the presence of sodium hydroxide. The unknown byproduct was identified as dibenzo-

18-crown-6, 2. Although this was not the first cyclic polyether to be reported in the 

literature, Pedersen was the first to recognize the unique properties of this type of 

compound, thereby opening up a whole new field of host-guest chemistry [77].  
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Figure II.9: Pedersen’s reaction78 

 

Actually long before Pedersen discovered crown ether by accident, there were 

others like Luttringhaus (Luttringhaus, 1937) who had preceded Pedersen in 

synthesizing macrocyclic polyethers. However, those researchers did not understand the 

unique cation-ligating properties of the cyclic polyethers. So Pedersen is widely regarded 

as the father of these important compounds. Since Pedersen's discovery in 1967, many 

scientists and research groups have synthesized crown ethers and have investigated the 

properties of many more examples of this class of compounds that serve as hosts for 

cations [79], anions [80, 81] and some neutral molecules [81]. 

 

II.3.2 Structure of Crown Ethers 

Cyclic polyethers such as the one discovered by Pedersen consist of polyethylene 

glycol derivatives in a cyclic array wherein the heteroatom, most commonly oxygen, is 

directed toward the center of the cavity. The hydrocarbon backbone is located on the 

periphery of the ring, thereby rendering the cyclic polyether ‘hydrophobic’ on the outside 

and ‘hydrophilic’ on the inside. The heteroatoms, through their lone electron pairs are 

able to complex cationic guest molecules. Pedersen envisioned that the cyclic polyethers 

“crown” the cations; hence, the origin of the common name for these types of compounds: 

crown ethers. 
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II.3.3 Factors Governing Complexation and Selectivity of Crown Ethers 

The factors responsible for the stability of cation-crown complexes can be 

classified as (a) relative size of a cation and crown compound cavity, (b) cation charge, 

(c) cation type, (d) counter anion, (e) number of donor atoms, (f) type of donor atom, (g) 

electron density of crown cavity, (h) crown substituents, (i) crown ether-ring flexibility, 

and (j) physical properties of a solvent. The major contributing factor towards binding 

and selectivity is attributed to size compatibility of the cation and the crown ether cavity. 

The cations that match the cavity size of the macrocycle are located in its center and 

optimize the interactions with the oxygen heteroatoms.  

Functional groups also have been incorporated into host compounds in an effort 

to modify their complexation properties. Benzo substituent groups reduce the binding 

strength and selectivity of coronands and cryptands [82]. There are a number of reasons 

thought to be responsible for this: 

(i) The O-O distance is smaller between the two oxygens joined by the benzene 

ring than those connected by an ethylene unit, thereby resulting in reduced cavity size. 

(ii) The benzene ring also is electron withdrawing, thereby reducing the electron 

density and basicity of the adjacent oxygen atoms. 

(iii) Benzo groups provide a rigid component that reduces the overall flexibility of 

the crown ether. 

 

II.3.4 Applications of Crown ethers 

Crown ethers have appreciable binding strengths and selectivities toward alkali 

and alkaline earth metal cations [77]. These special properties make crown ethers the 

first synthetic compounds that mimic many of the naturally occurring cyclic antibiotics. 

Due to the importance of alkali and alkaline earth metals (sodium, potassium, 

magnesium, calcium) in biological systems, in high –power batteries (lithium) and in 

isotope chemistry and radiochemistry, crown ethers are important ligands in the study 

of the chemistry of these metal ions [83].  

Crown ethers are used in a wide range of areas such as analyses; separations, 

recovery or removal of specific species, ion selective electrodes, biological mimics and 
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reaction catalysts. Derivatives of crown ethers used as potential powerful anti tumor 

agents which is a very important step in fighting deadly diseases such as AIDS.  

The studies of crown ethers and their derivatives have led to important advances 

in the area of molecular recognition and to the emergence of new concepts such as 

supramolecular chemistry [83]. The rapid development and the importance of molecular 

recognition as applied to macrocyclic compounds can be seen in the awarding of the 

Nobel Prize in chemistry in 1987 to three of its pioneers, namely Pedersen, Cram and 

Lehn. 

 

II.4. METHODS OF DETECTING THE INCLUSION PROCESS 

Structural characterization is of particular significance for supramolecular host-

guest complexes, which are the basis of most CD applications in medicine, catalysis or in 

food chemistry, separation and sensor technology. NMR spectroscopy has become the 

most important method for structural elucidation of inclusion complexes. There are a few 

alternatives to NMR in the study of inclusion complexes such as fluorescence, UV-visible 

spectroscopy studies play a major role in measuring complexation energetics. IR, MASS 

methods are used in characterizing solid inclusion complexes. 

 

II.4.1 NMR Spectroscopy 

NMR spectroscopy has proved to be an efficient technique for the determination 

of the interactions between macrocyclic hosts and organic guests [84-89].  The study of 

cyclodextrin complexes by NMR was initiated by Demarco and Thakkar, [90] who 

observed 1H chemical shift variations of CD protons (H3 and H5) in the presence of 

various substrates and inferred that inclusion in the CD cavity had taken place. The 

spectacular advance of NMR techniques during the last few years has led to a much more 

detailed structural elucidation of inclusion complexes of macrocyclic hosts. NMR 

spectroscopy has been used from the very beginning to identify the hydrogen-bonding 

network in CDs. Inoue [91] and Schneider et al. [92] have reviewed NMR studies of the 

CD complexes. A typical structural inference is that if only H3 undergoes a shift in the 

presence of the substrate, then the cavity penetration is shallow, whereas if H5 also shifts, 
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the penetration is deep [27]. Structural information about the crown ether complexes 

can also be obtained from NMR spectra [75,93,94]. 

 

II.4.2 FT-IR Spectra of solid inclusion complexes 

The solid inclusion complex formation is analyzed by FT-IR spectroscopy. FT-IR 

spectrum is used to confirm the formation of the solid inclusion complex by considering 

the deviation of peak shape position and intensity [88, 95-98].  

 

II.4.3 Optical Spectroscopy 

II.4.3.1 UV-visible spectroscopy 

UV–vis spectroscopy is a convenient and widely used method for the study of 

binding phenomena [48,99-102]. Complexation between the macrocyclic hosts such as 

cyclodextrin and crown ethers and either completely or partially included guest 

molecules results in a number of interesting spectroscopic effects. Spectrophotomeric 

determinations of inclusion complexes rely on the difference in the absorptivities of free 

and complexed substrate. Since the host molecule may in principle modify both 

photochemical and photophysical properties of their guest molecules, both absorbance 

and fluorescence signals can be used to gain insight into the characteristics of the 

complexes formed [103]. On adding host to the substrate solution in a suitable solvent, 

there is a hike in the absorbance in most cases, followed by a red/blue shift in absorbance 

maximum in a few cases.  

 

 II.4.3.2 Fluorescence spectroscopy 

The supramolecular interaction of guest molecules with CDs can be investigated 

by spectrofluorimetry [104-108]. With an increase in the CDs (α-CD and β-CD) 

concentration, however, the fluorescence intensity of the guest molecules enhanced 

accompanied by a slight hypsochromic shift of the emission peak. These findings 

indicates the formation of  host-guest inclusion complexes. Cramer et al. first noticed that 

8-(phenylamino)-lnaphthalenesulfonate exhibited a more intense emission in the 

presence of β-cyclodextrin and presumed a 1:1 complex was formed. Since then other 
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authors have reported enhancement of fluorescence of benzene and its derivatives in 

cyclodextrin [109]. The development of fluorescence methods for quantitative analysis 

is particularly important due to their sensitivity, selectivity and instrumental simplicity.  

 

II.4.4 Surface Tension 

Surface tension (γ) is another valuable parameter which also suggests the 

formation of inclusion complex of a guest molecule into cavity of host molecule. The 

addition of CD to pure water does not show any considerable change to the surface 

tension of water which is an indication that both cyclodextrins are almost surface 

inactive compounds. With the successive addition of aqueous cyclodextrin solution the 

surface tension values substantially increased for the surface active guest molecules 

probably due to the removal of surface active guest molecules from the surface of the 

solution, i.e., the hydrophobic part enter the hydrophobic cavity of the cyclodextrin 

forming the host guest inclusion complexes [110]. If we get a single break point in the 

surface tension curve and after that point if the γ value becomes approximately steady 

which confirms the formation of a 1 : 1 inclusion complex. More break points in the 

surface tension curve is the indication of the formation of inclusion complexes with 

complex stoichiometry such as 1 : 2, 2 : 1, 2 : 2 etc. [111,112].  

 

II.4.5 Conductance Study 

The conductivity (k) study not only confirms the formation of a host–guest 

inclusion complex but also gives the stoichiometry of the assembly [113,114]. With the 

successive addition of cyclodextrin in the solution of guest molecule, the conductivity of 

the guest molecules decreases on a regular basis. This type of observation is in good 

agreement with the formation of inclusion complexes. The insertion of the guest 

molecule inside the cavity of the CD molecule decreases the number of free guest 

molecule, resulting in the reduction in conductivity of the solution. The curves having a 

noticeable break suggests the formation of host-guest inclusion with a stoichiometry of 

1 : 1.  
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II.5. SIGNIFICANT MOLECULES 

Significant molecules are those molecules which are very much imperative and 

essential to our environment systems and which can be used in medical applications. 

Such molecules are ionic liquids, vitamins, drug molecules and amino acids etc. Here we 

have discussed about ionic liquids and drug molecules. 

 

II.5.1 Drug molecules 

 Drugs: Definition    

By definition, drugs are chemical 

substances that affect/alter the physiology 

when taken into a living system. They can be 

natural or synthetic. Chemically, they are low 

molecular mass structures. When a drug is 

therapeutically active and is used for the diagnosis, treatment or prevention of a disease, 

it is called medicine (legal drugs). They target the macromolecules inside the body and 

generate a biological response. Most of them interrupt the nervous system (especially 

brain) for the generation of a proper biological response. However, they can be toxic in 

higher doses called lethal dose. 

 

 Classification of Drugs 

Classification of drugs can be done on the basis of different criteria. Some of the 

criteria for the classification of drugs are given below. 

 On the basis of pharmacological effect: 

  How a drug or medicine affects or influences the cells of an organism is referred 

to as the pharmacological effect. Drugs have different pharmacological effects on an 

organism; say, for example, an analgesic reduces the pain while an anti-inflammatory 

drug reduces the inflammation of the body. Thus, drugs can be classified based on the 

pharmacological effect. 
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 On the basis of drug action: 

Different drugs act differently i.e., each drug has its own way of generating 

response called drug action.  Drug action is more specified according to how it generates 

a response. For example, there are lots of medicines to treat hypertension but each type 

of drug has different drug action. All the hypertension medicines reduce the blood 

pressure but in a different pathway. 

 On the basis of chemical structure: 

This is a common classification of drugs. Generally, drugs which have same drug 

action and pharmacological effect have a basic skeletal structure and a minute variation 

in the branching. This is why some drugs have more potential than the other. For 

example, all sulphonamides have the same skeletal structure. 

 On the basis of molecular targets: 

Drugs target the macromolecules inside the body to generate a biological 

response. Such macromolecules are called target molecules or drug targets. Drugs which 

have the same mechanism of action will have the same target. This basis for classification 

of drugs is more helpful during clinical trials. 

 

 Discovery of drug                                                                   

Drug discovery is the process of finding 

new drugs. It has evolved from early 

serendipitous discovery from natural sources, 

such as morphine from poppy seeds, to today’s 

industrial-scale screening projects [115,116]. 

Modern drug discovery starts with the 

identification of a biological target that can be 

modulated to induce the desired therapeutic effect. To search for potential drugs, 

compounds are tested for their ability to modulate the target.  

Technologies such as high-throughput screening (HTS) and combinatorial chemistry 

facilitate screening of libraries of millions of compounds. However, even though 

screening capacity reaches millions of compounds and continues to grow, the number of 

possible molecules that could be synthesized and tested is infinitely larger. This notion 



P a g e  | 52  Chapter-II 

 

General Introduction 

  

has important consequences; apparently, we can only test a tiny sample of what is 

virtually available.  

 

 

 

It includes pre-clinical research (microorganisms/animals) and clinical trials (on 

humans) and may include the step of obtaining regulatory approval to market the drug. 

The development of every drug begins with the search for a target on which the 

drug can act. To find one, scientists need to have very precise knowledge of the 

biochemical processes that take place in the body and how these are changed by a 

disease. They must be able to bind well to the target protein; i.e. they must fit into the 

target like a key into a lock. 
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 Some Examples of Drug Molecules  

 

 

II.5.2 Ionic Liquids 

In the last decades a new class of compounds came into the focus of many research 

groups around the world: ionic liquids (IL). The count of publications with the topic “ionic 

liquids” grew steadily over the last ten years. But what are ionic liquids and why are they 

so interesting?  The following section gives a short overview over this wide field. A much 

more exhaustive overview about the possible applications and properties of ionic liquids 

can be found in the recent book “Ionic Liquids in Syntheses”, edited by Peter Wasserscheid 

and Tom Welton [117]. The commonly accepted definition of ionic liquids is that they are 

“ionic materials that are liquid below 373 K”. Ionic liquids have gained a lot of attention 

as emerging environmentally benign solvents. They can replace conventional organic 

solvents in several applications due to their unique features.  Ionic liquids are salts with 

melting points below 373 K. They  consist  of  an  organic  cation  combined  with  an  

organic  or  inorganic  anion. Ionic  liquids  show,  in  general,  a  very  interesting  set  of  

properties  to  be  used  for different applications in chemical industry. The melting points 

of these organic salts are frequently found below 150 °C [118] and occasionally as low as 

–96 °C. Some ionic liquids are stable up to 500 K. At room temperature they have no 
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measurable vapor pressure due to their ionic nature. They normally have high solvency 

power for polar and non-polar compounds. Billions of ionic liquids can be designed and 

synthesized by selecting different ion pair combinations, which enable them to possess 

specific properties. Furthermore, the ability to tune the solvent properties of the ionic 

liquids is one of their outstanding features, which makes them unique solvents for 

various reactions and separations. Moreover ionic liquids are almost nonflammable, 

highly thermally and (electro) chemically stable and present a large liquid range.  

Interest in ionic liquids has now been grown dramatically in the scientific 

community (both in academia and industry) with over 8000 papers having been 

published in the last decade [119].This growth can be observed in Figure II.10. (number 

of publications per year) and Figure II.11. (number of patents per year), where the 

number of publications and patents are increasing exponentially. There are about one 

million (106) simple ionic liquids that can be easily prepared in the laboratory by 

combination of different cations and anions and this total are just for simple primary 

systems.  If there are one million possible simple IL systems, then there are one billion 

(1012) possible binary combinations of these, and one trillion (1018) ternary possible IL 

systems that can be prepared from the combination of anions, cations, and substituents. 

Hence in this field many mores to discover. 

 

Figure II.10: Growth rate of ionic liquid publications, 1986-2006. 
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Figure II.11: Annual growth of ionic liquid patents, 1996-2006. 

 

Until 1998, the number of entries with the terms “ionic liquid” or “ionic liquids” in 

the Chemical Abstracts was below or around twenty per year, but this number is 

increasing from 45 per year in 1999 to 1255 per year in 2005 and 1717 in 2006 with 

their different use in various field.  

 

II.6. SOLVATION BEHAVIOUR 

The term “Solvation Behaviour” which is connected with dissolved state of matter 

has drawn the interest of physical chemists for quite a long time. This chemistry in fact 

forms the origin of careful investigations to understand the physicochemical properties 

of solution and to know the mechanistic paths of solvation of different solutes like ionic 

liquids and drug molecules [120-125]. In fact, lot of chemistry relates to and is conducted 

in liquid solutions and involves ionic and non-ionic species. The vast bodies of multi-

component aqueous salt solutions of oceans, nature of physiological fluids, dissolution of 

proteins, nutrients, enzymes, sugars, etc., in body fluids, oxygen in blood, various 

industrial processes, use of different solvents in the fields of chemical, analytical, 

electrochemical, food, pharmaceuticals, ecological and photochemical chemistry all are 
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the general subject of interest of solution chemists. In earlier experiments the chemists 

were attracted [122-129] about the role of different solutes on various physicochemical 

properties and processes in aqueous, non-aqueous and mixed solvents. The role of 

solvents was assumed to offer an inert and homogeneous medium for the chemical 

reactions. But later, it has been duly recognized that solvent molecules play a significant 

role in dictating various aspects of physico-chemical properties, equilibrium, and kinetic 

behavior of reactions in solution phase.  

 

Solvation behaviour have been studied in a wide range of aqueous, non-aqueous, 

electrolytes and mixed solvents based on the various properties viz. lowering of vapor 

pressure by solutes [129], order of ionic mobilities [125,129,130], viscosity B-

coefficients [129-132], partial molar volume of ionic and non-ionic solutes, dielectric 

decrement produced by ions [133], solubility of substances [134], effect of ionic and non-

ionic solutes on solvent spectra [133,135,136], etc. Several investigations 

[122,124,130,135,137,138-144] were carried out by the use of spectroscopic methods 

such as UV-VIS, IR, NMR and considering thermodynamic, kinetic, transport and 

electrochemical properties at infinite dilution. All these studies provide an idea about the 

solute/ion-solvent interactions [129, 130,145]. Last few decades have witnessed an 

exponential growth on the fundamental research involving solute-solute, solute-solvent, 

and solvent-solvent interactions in aqueous and aquo-organic mixtures in particular but 
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in pure or mixed organic solvents the research was not established to that extent. In this 

context, much attention has been given also to determine the various thermodynamic 

parameters such as enthalpy, entropy and Gibbs free energy change of solutions [146-

149]. The purposes of such studies were to gain the ideas about various mechanisms of 

some significant molecules during solvation. The exploration of molecular interaction 

existing in solution is always an interest to the chemists. Molecular interaction can be 

studied in solution phase by studying it’s thermodynamic and transport properties. 

Results of such proposed studies will have enormous fundamental and physical 

consequences in the land of solution chemistry, biophysical chemistry, and 

pharmaceutical sciences.  

Solvation (specifically, hydration) is important for many biological structures and 

processes. For instance, protein folding occurs spontaneously because of a favourable 

change in the interactions between the protein and the surrounding water molecules. 

Proteins are stabilized by 5-10 kcal/mol when folded due to a combination of solvent and 

hydrogen bonding effects. Minimizing the number of hydrophobic side-chains exposed 

to water by burying them in the centre of a folded protein is a driving force related to 

solvation. Solvation can also drive host-guest complexation. Host molecules having 

hydrophobic cavity can encapsulates a hydrophobic guest within its cavity. These 

interactions can be used in applications such as drug delivery, such that a hydrophobic 

drug molecule can be delivered in a biological system without needing to covalently 

modify the drug in order to solubilize it. Polarity of the solvent affects the binding 

constants for host-guest complexes.  

Our works is concerned mainly with solvation of solutes (ionic liquids) and their 

thermodynamic aspects. The term ‘solvation’ can be defined as the more or less specific 

interaction between a solute molecule and one or more solvent molecule with a force 

intermediate between weak physical interaction and strong covalent bonding [151]. As 

we know solutes are generally two types; one is electrolytes and another is 

nonelectrolytes. Electrolytes when dissolved in suitable solvent, called the ionizing 

medium, produce ions. The basic difference between electrolytes and non-electrolytes 

then lies in the ability of the former to generate ions, which are distinguished by their 

integral charge, and the intense electric field associated with it. In fact, solute-solvent 
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interactions guide all the properties of solutions. Solvation phenomena have been 

studied in a wide range of aqueous, non-aqueous and mixed solvents from various 

properties. Remarkable advancements have been made by a number of researchers 

providing answer to a wide range of relevant problems, concerning solute-solvent 

interactions from both experimental and theoretical stand points also. 

 

 

II.6.1 Interactions in Solution Systems 

Three types of interactions are mainly observed the solution systems:  

(a) Solvent–solvent interactions: energy required to break weak bonds between 

solvent molecules. 

(b) Solute–solute interactions: energy required to break intermolecular bonds 

between the solute molecules.  

(c) Solute–solvent interactions:H is negative since bonds are formed between 

them.  
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For liquid systems, the macroscopic properties are usually quite well known, 

whereas the microscopic structure is often much less studied. The liquid phase is 

characterized by local order and long-range disorder, and to study processes in liquids, 

it is therefore valuable to use methods that probe the local surrounding of the constituent 

particles. The same is also true for solvation processes: a local probe is important to 

obtain insight into the physical and chemical processes going on. 

 

II.6.2 Investigation on Different Kind of Interactions 

When salt is dissolved in water, the ions of the salt dissociate from each other and 

associate with the dipole of the water molecules. This result in a solution is called 

‘solvation’. 

 

 

 

This means that the forces of interaction (attraction or repulsion) depending on 

whether like or unlike charges are closer together. On average, dipoles in a liquid orient 

themselves to form attractive interactions with their neighbours, but thermal motion 

makes some instantaneous configurations unfavourable.  
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 The investigation on thermodynamic, transport and optical properties of different 

electrolytes in various solvents would thus offer an important step in this direction. 

Naturally, in the development of theories, dealing with electrolyte solutions, much 

attention has been devoted to ‘ion-solvent interactions’ which are the controlling forces 

in infinitely dilute solutions where ion-ion interactions are absent. The contributions due 

to cations and anions in the solute-solvent interactions can be obtained by separating 

these functions into ionic contributions. Thus ion-solvent interactions play a crucial role 

to understand the thermodynamic and physicochemical properties of solutions. 

 One of the causes for the intricacies in solution chemistry is that the structure of 

the solvent molecule is not known with certainty. The introduction of a solute also 

modifies the solvent structure to an uncertain magnitude whereas the solute molecule is 

also modified and the solute-solute, solute-solvent and solvent-solvent interactions 

become prominent, though the isolated picture of any of the forces is still not known 

completely to the solution chemist. 

The ion-solvent interactions can be studied from the physicochemical, and 

thermodynamic point of view, where the changes of free energy, enthalpy and entropy, 

etc. associated with a particular reaction. Qualitatively and quantitatively evaluated 

various physicochemical parameters, from which concluded regarding the factors 

associated with the ion-solvent interactions occurred in the studied solutions. 

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 parameters, factors 

associated with ionic solvation. 

We shall particularly dwell upon the different aspects of these physicochemical, 

thermodynamic, transports, acoustic and optical properties as the present research work 

is warmly allied to the studies of ion-ion, ion-solvent and solvent-solvent interactions. 

 

II.6.2.1 Ion-Solvent Interaction 

Ion-solvation is a phenomenon of primary interest in many milieu of chemistry 

because solvated ions are omnipresent on Earth. Hydrated ions occur in aqueous solution 

in many chemical and biological systems [152]. Solvated ions appear in high 
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concentrations in living organisms, where their presence or absence can fundamentally 

alter the functions of life. Ions solvation in organic solvents, mixtures with water and 

other organic solvents are awfully common [153]. The exchange of solvent molecules 

around ions in solutions is fundamental clue to the understanding of the reactivity of ions 

in solution [154]. Solvated ions also play a key role in electrochemical applications, where 

for instance the conductivity of electrolytes depends on ion-solvent interactions 

[155].The significance of ion-solvent interactions was realized after extensive studies in 

aqueous, non-aqueous and mixed solvents [156-165]. 

Most chemical processes of individual and biological importance occur in solution. 

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. But still our knowledge of molecular 

interactions in water is extremely limited. Moreover, the uniqueness of water as a solvent 

has been questioned [166,167] and it has been realized that the studies of other solvent 

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

different molecular interactions. The organic solvents have been classified on the basis 

of dielectric constants, organic group types, acid base properties, or association through 

hydrogen bonding donor-acceptor properties [168,169] hard and soft acid-base 

principles [170] etc. As a result, the different solvents show a wide change in properties, 

ultimately influencing their physicochemical, thermodynamic, transport and acoustic 

properties qualitatively and quantitatively, in presence of electrolytes and non-

electrolytes in these solvents.  

 

II.6.2.2 Ion-Ion Interaction 

Ion-solvent interactions are only a part of the story of an ion related to its 

environment. The surrounding of an ion sees only other ions, no solvent molecules. The 

mutual interactions between these ions represent the essential part ‘ion-ion interactions’. 

The properties of solution is affected by the degree of ion-ion interactions. Solution 

chemistry will become understandable only when solute-solute/ion-ion, solute-solvent/ 

ion-solvent and solvent-solvent interactions are elucidated. And thus the work on 
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solvation of ionic liquid is related to the studies of solute-solute/ion-ion, solute-solvent/ 

ion-solvent and solvent-solvent interactions in some liquid systems. 

 

II.6.3 Density 

The physicochemical properties of liquid mixtures have attracted much attention 

from both theoretical and engineering applications points of view. Many engineering 

applications require quantitative data on the density of liquid systems. They also provide 

information about the nature and molecular interactions between electrolyte or non-

electrolyte and liquid components.  

The volumetric property ‘Density’ is a function of weight, volume and mole 

fraction and excess volumes of mixing. One of the well-recognized approaches to the 

study of molecular interactions in fluids is the use of physicochemical, thermodynamic 

methods. Physicochemical properties are generally convenient parameters for 

interpreting solute-solvent/ion-solvent and ion-ion/solute-solute interactions occurring 

in the solution phase. Fundamental properties such as enthalpy, entropy and Gibbs 

energy represent the macroscopic state of the system as an average of numerous 

microscopic states at a given temperature and pressure. Molecular phenomena is 

generally difficult to understand in terms of density value hence higher derivatives of 

these properties employed. The volumetric information may be of immense importance 

in this regard. Various concepts regarding molecular interaction in solutions is 

electrostriction [171], hydrophobic hydration [172], micellization [173], and co-sphere 

overlap during ion-solvent/solute-solvent interactions [174] have been derived and 

interpreted from the partial molar volume data for electrolytes and non-electrolytes. 

 

 Apparent and Partial Molar Volumes 

Density data can be used for the calculation of molar volume of a pure substance. 

In complex multi-component systems such as solutions, it is easier to describe a system 

in terms of the intrinsic or molal properties rather than the extensive properties. Any 

extensive property of a system can be calculated as the sum of the respective partial 

molal properties if all components have a known concentration. Although the additive 
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definition of partial molal properties is convenient, direct measurement of these solution 

properties are difficult, because interactions with other species contribute to partial 

molal properties. When dealing with solutions it is more common to measure the 

apparent moral quantities, Y , which can be defined as the change in property, Y, due to 

a known amount of solute in a known amount of solvent, assuming the contribution by 

the solvent is the same as that of the pure species. In other words, all changes in the state 

properties can be attributed to the presence of the solute, even if these changes 

contribute to a change in partial molal property of the solvent. The apparent molal 

property of any solute, 
2,Y , can be defined as  

0

1
2,

2

Y
Y

Y n

n





      (II. 1a) 

Where, n1 and n2 represent the mole of the solvent and solute respectively, in the system. 

0

Y , denotes the partial molal property of the pure solvent. Because the solvent is 

assumed to contribute a definite, constant quantity for all solute concentrations at fixed 

temperature and pressure, the partial derivative of the extensive property with respect 

to the number of moles of solute can be defined in terms of the apparent molal quantity: 

1 1
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    (II. 1b) 

Eqs (II.1a) and (II.1b) shows that if the apparent molal property and its derivative with 

respect to moles of solute is known, the partial molal property can be calculated. In other 

words, if any appropriate Eq. for the apparent molal property with respect to any 

concentration scale, which is in good agreement with experimental data is known, the 

apparent molal property at infinite dilution can also be found out. Theoretically, as the 

concentration approaches zero, the apparent molal property approaches the partial 

molal property of the solute at infinite dilution, because by definition the solvent is 

already assumed to be in its pure form. If the apparent molal property is assumed to 

reflect the apparent molal property of the solute only and not the solute-solvent complex, 

then the apparent molal property at infinite dilution, 
2,Y , would be equal to the standard 

state molal property of the solute, as defined by Henry’s law. Ignoring the previous 
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equality, equation of state developed for standard state partial molal variables have been 

used successfully to describe partial molal quantities at infinite dilution. 

 

 

Figure II.12: A diagram for the explanation of molal volume. 

  

The easiest way to explain this is in terms of the molal volume, Vm, shown in the 

Figure II.12, where the volume increases with respect to the amount of solute added. A 

dissolved solute has its own property, referred to as partial molal property.  

 Therefore for a two component system, where one component is the solvent and 

the other is solute, the total volume of the system can be represented as the sum of the 

partial molal volumes of the solvent, 1V , and the solute, 2V : 

1 1 2 2V n V n V        (II. 1c) 

Dividing Eq. (II. 1c) by n1+ n2, the molal volume of the solution is obtained as: 

1 1 2 2mV x V x V        (II. 1d) 

where, x1 and x2 represent the mole fraction of the solvent and the solute, respectively. 

The partial molal property of a solute is defined as the change in the total property of the 

system with respect to the change in the number of moles of solute added, with all other 

variables (T, P, and the amount of the solvent) are held constant. An alternative, widely 

used property of the solute is the apparent molal property. The apparent molal volume 
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is the volume that should be attributed to the solute in solution if it is assumed that the 

solvent contributes the exact volume it would if it was in its pure state. 

Under this assumption, the apparent molal volume of the solute, 
2,V , as defined 

by Harned and Owen, is the difference between the total volume (or the total molal 

volume) and the partial molal volume of the pure solvent (
0

1V ) divided by the number of 

moles (or the mole fraction) of the solute present: 

0

11
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V n V

n



      (II. 1e) 
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      (II. 1f) 

In experimentation, 
0

1V  is generally considered to be constant over the range of solute 

concentration at constant temperature and pressure. Hence, 2,V , can be easily calculated 

using Eq. (II. 1e) or (II. 1f) when the total volume or molal volume is known. Eq. (II. 1e) 

can be modified in order to find out the apparent molal volume of a solute using density 

of the solution containing the solute and the density of the pure solvent, ρ and ρ0, 

respectively. Assuming there is 1 kilogram (kg) of solvent: 

1

1

1
n

M
 ,  therefore, 
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       (II. 1g) 

where, M1 is the molal mass of the solvent. 

Since,  

0

1

1

1

V

M
  , Eq. (II. 1g) becomes: 

2 2,

1

1
VV m 


        (II. 1h) 

where, m2 is the molality of the solute (which is equivalent to n1 if 1kg of solvent is 

present). The entire mass of the solution will be composed of the mass of the solvent 

(1kg) and the mass of the solute (m2∙M2). Since volume is the ratio of mass to density, the 

equation for V becomes:  

2 2
2 2,

1 1

1 1
V

m M
m 

 

 
       (II. 1i) 
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By rearranging this Eq. (II. 1h) and solving for
2,V , an equation for apparent molal volume 

for 1 kg of the solute is obtained:  

2 1 2
2,

2 1 2 2

V

M

m

 


  


       (II. 1j) 

However, the volume contributed to a solvent by the addition of one mole of an 

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

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

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

electrostriction. Electrostriction is a general phenomenon and whenever there are 

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

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

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

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

following relation [175]; 
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 (II.1l) 

Where M is the molar mass of the solute, c is the molarity, m is the molality of the solution; 

ρο and ρ are the densities of the solvent and the solution respectively. The partial molar 

volumes, 2v can be obtained from the equation [176]; 
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(II. 2) 

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

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

made by four major equations over a period of years – the Masson equation [177], the 
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Redlich-Meyer equation [178], the Owen-Brinkley equation [179], and the Pitzer 

equation [180]. According to Masson  

0 *

V V VS c          (II. 3a) 

0 *

V V VS m          (II. 3b) 

Where, 
0

V is the apparent molar volume (equal to the partial molar volume) at infinite 

dilution and *

VS the experimental slope. The majority of V  data in water [181] and nearly 

all V data in non-aqueous [182-186] solvents have been extrapolated to infinite dilution 

through the use of equation (II. 3a) or (II.3b). 

The temperature dependence of 
0

V  in various solvents can be expressed by the 

general equation as follows: 

0 2

0 1 2V a aT a T               (II. 4) 

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

in Kelvin.  

The limiting apparent molar expansibilities (
0

E ) can be obtained by the        

following equation: 

 0 0

1 2δ δ 2E V P
T a a T   

     
(II. 5) 

The limiting apparent molar expansibilities (
0

E ) change in magnitude with the 

change of temperature. During the past few years it has been emphasized by a number of 

workers that *

VS is not the sole criterion for determining the structure-making or 

breaking tendency of any solute. Helper [187] developed a technique of examining the 

sign of  
PE Tδδ 0 for the solute in terms of long–range structure-making and breaking 

capacity of the electrolytes in the mixed solvent systems. The general thermodynamic 

expression used is as follows: 

   0 2 0 2

2δ δ δ δ 2E VP P
T T a  

     
(II. 6) 
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If the sign of  
PE Tδδ 0 is positive or small negative the electrolyte is act as 

structure maker and when the sign of  
PE Tδδ 0 is negative, it is a structure breaker. 

Redlich and Meyer [178] have shown that an equation (II. 3a) or (II. 3b) cannot be any 

more than a limiting law where for a given solvent and temperature, the slope Sv* should 

depend only upon the valence type. They suggested the equation:   

0

v v v vS c b c        (II. 7) 

Where
3

2
vS Kw      (II. 8) 

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

factor where 
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                             (II. 10) 

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

have their usual significance. 

 

 Limiting Ionic Partial Molar Volumes 

The individual partial ionic volumes provide information relevant to the general 

question of the structure near the ion, i.e., its solvation. The calculation of the ionic 

limiting partial molar volumes in organic solvents is, however, a difficult one. At present, 

however, most of the existing ionic limiting partial molar volumes in organic solvents 

were obtained by the application of methods originally developed for aqueous solutions 

to non-aqueous electrolyte solutions. In the last few years, the method suggested by 

Conway et al.[188] has been used more frequently. The authors used the method to 

determine the limiting partial molar volumes of the anion for a series of homologous 

tetra-alkyl ammonium chlorides, bromides and iodides in aqueous solution. They plotted 

the limiting partial molar volume
4

0

v R NX , for a series of these salts with a halide ion in 
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common as a function of the formula weight of the cation, MR4N+ and obtained straight-

lines for each series. Therefore, they suggested the following equation: 

4 4

0 0   v R NX vR N X
bM      (II. 11) 

The extrapolation to zero cationic formula weight gave the limiting partial molar 

volumes of the halide ions 0

V X
  . Uosaki et al. [189] used this method for the separation 

of some literature values and of their own
4

0

V R NX  values into ionic contributions in organic 

electrolyte solutions.  

  

II.6.4 Viscosity 

As fundamental and significant property of liquids is viscosity, provide a lot of 

information on the structures and molecular interactions in liquid systems. Viscosity and 

volume are different types of properties of one liquid, and there is a certain relationship 

between them. So by measuring and studying them together, relatively more realistic and 

comprehensive information could be expected to be gained. Viscosity, one of the most 

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

and studied extensively [190,191]. It is not a thermodynamic quantity, but of an 

electrolytic solution along with the physicochemical property, the partial molar volume 

0

,2v , gives a lot of information and insight regarding ion-solvent interactions and the 

nature of structures in the electrolytic solutions. 

 

 Viscosity of Pure Liquids and Liquid Mixtures 

Since the molecular motion in liquids is controlled by the influence of the 

neighboring molecules, the transport of momentum in liquids takes place, in sharp 

contrast with gases at ordinary pressures, not by the actual movement of molecules but 

by the intense influence of intermolecular force fields. It is this aspect of the mechanism 

of momentum transfer which forms the basis of the procedures for predicting the 

variations in the viscosity of liquids and liquid systems. 
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 Viscosity of Electrolytic Solutions 

The viscosity relationships of electrolytic solutions are highly complicated. 

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

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

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

particular system. As viscosity is a measure of the friction between adjacent, relatively 

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

between the planes will raise or lower the friction and thus, increase or decrease the 

viscosity. If large spheres are placed in the liquid, the planes will be keyed together in 

increasing the viscosity. Similarly, increase in the average degree of hydrogen bonding 

between the planes will increase the friction between the planes, thereby viscosity. An 

ion with a large rigid co-sphere for a structure-promoting ion will behave as a rigid 

sphere placed in the liquid and increase the inter-planar friction. Similarly, an ion 

increasing the degree of hydrogen bonding or the degree of correlation among the 

adjacent solvent molecules will increase the viscosity. Conversely, ions destroying 

correlation would decrease the viscosity. In 1905, Grüneisen [192] performed the first 

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

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

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

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

of the electrolytes with molar concentrations (c):  

1r

o

A c Bc





                                                   (II. 12) 

The above equation can be rearranged as:  

1r A B c
c

 
                                                        (II. 13) 

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

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

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

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

significance of the term had since then been realized due to the development Debye-
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Hückel Theory [194] of inter-ionic attractions in 1923. The A -coefficient depends on the 

ion-ion interactions and can be calculated from interionic attraction theory [195-197] 

and is given by the Falkenhagen Vernon [197] equation: 
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                 (II. 14) 

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

solutions [131, 198], A-coefficient has been obtained by fitting ηr to equation (II. 13) and 

compared with the values calculated from equation (II. 14), the agreement was excellent. 

The accuracy achieved with partially aqueous solutions was however poorer [199]. A-

coefficient suggesting that should be calculated from conductivity measurements. 

Crudden etal. [200] suggested that if association of the ions occurs to form an ion pair, 

the viscosity should be changed and thus analyzed by the equation: 

1 1r
i P

A c
B B
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     (II. 15) 

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

pair. Thus, a plot of 
1r A c

c

 



 
 vs 

1 



 
 
 

, when extrapolated to 
1 



 
 
 

= 0 give the 

intercept Bi. However, for the most of the electrolytic solutions both aqueous and non-

aqueous, the equation (II. 13) is valid up to 0.1 (M) [201,202] within experimental errors. 

At higher concentrations the extended Jones-Dole equation (II. 16), involving an 

additional coefficient D, originally used by Kaminsky [203], has been used by several 

workers [204,205] and is given below: 

21r

o

A c Bc Dc





              (II. 16) 

The coefficient D cannot be evaluated properly and the significance of the constant 

is also not always meaningful and therefore, equation (II. 13) is used by the most of the 

workers. 

The plots of 
( / 1)o

c

  


against √c for the electrolytes should give the value of A-

coefficient. But sometimes, the values come out to be negative or considerably scatter 
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and also deviation from linearity occur [206-211]. Thus, instead of determining A-

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

calculated using Falkenhagen-Vernon equation (II. 14). 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 [193]. The sign of the B-coefficient may be either 

positive or negative which depends on the ions and the solvent. The B–coefficients are 

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

to the A-coefficient. 

 

The factors influencing B-coefficients are [208,209]:  

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

structure breaking effect or depolymeriation effect) decreases η values. 

(b) The solvent having high molal volume and low dielectric constant yield high B-

values. 

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

hindered in high molal volume solvents or if either ion of a binary electrolyte 

cannot be specifically solvated. 

 

 Viscosities at Higher Concentration 

It had been found that the viscosity at high concentrations (1 M to saturation) can 

be represented by the empirical formula suggested by Andrade: 

exp
b

TA                                                                 (II. 17) 

The several alternative formulations have been proposed for representing the 

results of viscosity measurements in the high concentration range [209-215] and the 

equation suggested by Angell [216,217] based on an extension of the free volume theory 

of transport phenomena in liquids and fused salts to ionic solutions is particularly 

noteworthy. The equation is: 

11
exp

K
A

N N

 
  

 
                                                            (II. 18) 
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Where N represents the concentration of the salt in eqv∙litre-1, A and K1 are constants 

supposed to be independent of the salt composition and No is the hypothetical 

concentration at which the system becomes glass.  

 

 Division of B-Coefficient into Ionic Values 

The viscosity B-coefficients have been determined by a large number of workers 

in aqueous, mixed and non-aqueous solvents [218-248]. However, the B-coefficients as 

determined experimentally using the Jones-Dole equation, does not give any impression 

regarding ion-solvent interactions unless there is some way to identify the separate 

contribution of cations and anions to the total solute-solvent interaction. The division of 

B-values into ionic components is quite arbitrary and based on some assumptions, the 

validity of which may be questioned. The following methods have been used for the 

division of B-values in the ionic components: 

[1]. Cox and Wolfenden [249] carried out the division on the assumption that       Bion 

values of Li+ and IO3⁻in LiIO3are proportional to the ionic volumes which are 

proportional to the third power of the ionic mobilities. The method of Gurney [250] 

and also of Kaminsky [203] is based on: 

K Cl
B B  (in water)                                                 (II. 19) 

The argument in favor of this assignment is based on the fact that the B-coefficients 

for KCl is very small and that the motilities’ of K+ and Cl−are very similar over the 

temperature range 288.15–318.15K. The assignment is supported from other 

thermodynamic properties. Nightingle [251], however preferred RbCl or CsCl to KCl 

from mobility considerations. 

 

[2]. The method suggested by Desnoyers and Perron [204is based on the assumption 

that the Et4N+ion in water is probably closest to be neither structure breaker not a 

structure maker. Thus, they suggest that it is possible to apply with a high degree 

of accuracy of the Einstein’s equation [252], 

0.0025B V       (II. 20) 
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and by having an accurate value of the partial molar volume of the ion, V , it is 

possible to calculate the value of 0.359 for
4Et N

B  in water at 298.15 K. Recently, 

Sacco et al. proposed the “reference electrolytic” method for the division of B-values.  

 

Thus, for tetraphenylphosphonium tetraphenylborate in water, we have:  

4 44 4

/ 2BPh PPhBPh PPh
B B B                                  (II. 21) 

4 4BPh PPhB  (Scarcely soluble in water) has been obtained by the following method: 

4 4 4 4BPh PPh NaBPh PPh Br NaBrB B B B                                           (II. 22) 

The values obtained are in good agreement with those obtained by other methods. The 

criteria adopted for the separation of B-coefficients in non-aqueous solvents differ from 

those generally used in water. However, the methods are based on the equality of 

equivalent conductances of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed
K Cl

B B  in ethanol based on equal mobilities of 

ions [253]. They also adopted 
4

25 0.25
Me N

B   as the initial value for acetonitrile 

solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss [254] proposed the equality, as they 

thought that these ions have similar mobilities. However, according to Springer et 

al. [255] 25 4( ) 61.4Bu N    and 25 4( ) 58.3Ph B   in acetonitrile. 

4 4Bu N Ph B
B B                                                                     (II. 23) 

(c) Gopal and Rastogi [219] resolved the B -coefficient in N-methyl propionamide 

solutions assuming that
4Et N I

B B  at all temperatures. 

(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yao and 

Bennion [207] assuming: 

3 43 4 4
[( ) ][( ) ]

1

2
i pe BuNPh Bi pe Bu N Ph B

B B B  
                                        (II. 24) 

at all temperatures. 
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It is apparent that almost all these methods are based on certain approximations 

and anomalous results may arise unless proper mathematical theory is developed to 

calculate B -values. 

 

 Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity (η) can be represented from 

Eyring’s [256] approaches as: 

*
*

vis
H SE G

RT RA ART RT
hN hN

Ae e e
V V

 



 
  

    
     

   
                  (II. 25) 

Where visE = the experimental entropy of activation determined from a plot of ln η against 

1/T. *G , *H and *S are the free energy, enthalpy and entropy of activation, 

respectively. 

Nightingale and Benck [257] dealt in the problem in a different way and calculated 

the thermodynamics of viscous flow of salts in aqueous solution with the help of the 

Jones-Dole equation (neglecting the A c term). Thus, we have: 

(1 )lnln
111 1

o
R d Bcdd

R r
Bc

dd d
TT T



   
   

    
         

               

                                              (II. 26) 

( ln) ( l )So So v VE E E                                                   (II. 27) 

VE   can be interpreted as the increase or decrease of the activation energies for viscous 

flow of the pure solvents due to the presence of ions, i.e., the effective influence of the 

ions upon the viscous flow of the solvent molecules. Feakins et al. [258] have suggested 

an alternative formulation based on the transition state treatment of the relative 

viscosity of electrolytic solution. They suggested the following expression: 

                          
0 0 0 0

,2 ,1 0 2 1
,2

( ) ( )

1000 1000

V V

VB
RT

   


  
               (II. 28) 

Where 0

,1v and 0

,2v are the partial molar volumes of the solvent and solute respectively 

and 2

o   is the contribution per mole of solute to the free energy of activation for viscous 
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flow of solution. 1

o   is the free energy of activation for viscous flow per mole of the 

solvent which is given by: 

0 0 0

1 1 0 ,1Δ Δ ln( )v AG RT hN                                                      (II. 29) 

Further, if B is known at various temperatures, we can calculate the entropy and enthalpy 

of activation of viscous flow respectively from the following equations as given below: 

2
2

( )o
od

S
dT





                                                                         (II. 30) 

2 2 2Δ o o oH T S                         (II. 31) 

 

 

 Effects of Shape and Size 

Stokes and Mills have dealt in the aspect of shape and size extensively. The ions in 

solution can be regarded to be rigid spheres suspended in continuum. The hydrodynamic 

treatment presented by Einstein [252] leads to the equation: 

 

                         
0

1 2.5





                                                                                (II. 32) 

Where  is the volume fraction occupied by the particles. Modifications of the equation 

have been proposed by (i) Sinha [259] on the basis of departures from spherical shape 

and (ii) Vand on the basis of dependence of the flow patterns around the neighboring 

particles at higher concentrations. However, considering the different aspects of the 

problem, spherical shapes have been assumed for electrolytes having hydrated ions of 

large effective size (particularly polyvalent monatomic cations). Thus, we have from 

equation (II. 32): 

 

2.5 A c Bc         (II. 33) 

Since A c term can be neglected in comparison with Bc and    = c 0

,1v  where 0

,1v is the 

partial molar volume of the ion, we get:  

0

,12.5 v B                         (II. 34) 
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In the ideal case, the B -coefficient is a linear function of partial molar volume of 

the solute, 0

,1v with slope to 2.5. Thus, B± can be equated to:  

 3

0 2.5 4
2.5

3 1000

R N
B






 


       (II. 35) 

assuming that the ions behave like rigid spheres with an effective radii, R± moving in a 

continuum. R±, calculated using the equation (II. 35) should be close to crystallographic 

radii or corrected Stoke’s radii if the ions are scarcely solvated and behave as spherical 

entities. But, in general, R± values of the ions are higher than the crystallographic radii 

indicating appreciable solvation. 

The solvation number ( bn ) can be easily calculated by comparing the Jones-Dole 

equation with the Einstein’s equation: 

 
2.5

1000 i b s

B
n 

 


                                                 (II. 36) 

Where i is the molar volume of the base ion and s , the molar volume of the solvent. The 

equation (II. 36) has been used by a number of workers to study the nature of solvation 

and solvation number. 

 

 Viscosity of Non-Electrolytic Solutions 

The equations of Vand [260], Thomas [261], and Moulik [262-264] proposed 

mainly to account for the viscosity of the concentrated solutions of bigger spherical 

particles have been also found to correlate the mixture viscosities of the usual 

nonelectrolytes. These equations are: 

 Vand equation:                             
2.5

ln
1 1

h
r

h

V c

Q QV c


  

 
    (II. 37) 

Thomas equation:                    21 2.5 10.05r h hV cV c                                             (II. 38) 

Moulik equation:                                  
2 2I Mc                                                              (II. 39) 

 

Where r is the relative viscosity, a is constant depending on axial ratios of the particles, 

Q is the interaction constant, hV is the molar volume of the solute including rigidly held 
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solvent molecules due to hydration, c is the molar concentration of the solutes; I and M 

are constants. The viscosity equation proposed by Eyring and coworkers for pure liquids 

on the basis of pure significant liquid structures theory, can be extended to predict the 

viscosity of mixed liquids also. The final expression for the liquid mixtures takes the 

following form: 

1

2

2 3

6
1 exp exp

(2 ( )

2

3

ix
n

i m Sm SmA
m

i m Smm m Sm

n
m Sm i

i

im i

a E VN h

T RT V Vr V V

V V m kT
x

V d






      
      

       

 
       

 





   (II. 40) 

Where n is 2 for binary and 3 for ternary liquid mixtures. The mixture parameters, mr ,

SmE , mV , SmV and ma were calculated from the corresponding pure component parameters 

by using the following relations: 

2 2
n

m i i i j ij

i i j

r x r x x x


  
     

(II. 41) 

2 2
n

Sm i Si i j Sij

i i j

E x E x x E


                                                    (II. 42) 

n n n

m i i Sm i Si m i i

i i i

V xV V xV a x a                          (II. 43) 

1

2( )ij i jr rr and
1

2( )Sij Si SjE E E                                        (II. 44) 

1

2

2

h b

m


 

 
  

 
                                                        (II. 45) 

2
4 2

2 3 3 3

2

1
2 22.106 10.559

2

A A A
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b Z
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          (II. 46) 

Where σ and εr are Lennard-Jones potential parameters and the other symbols have their 

usual significance. 
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 Viscosity Deviation 

Viscosity of liquid mixtures can also provide information for the elucidation of the 

fundamental behavior of liquid mixtures, aid in the correlation of mixture viscosities with 

those of pure components, and may provide a basis for the selection of physico-chemical 

methods of analysis. Quantitatively, as per the absolute reaction rates theory [265], the 

deviations in viscosities ( ) from the ideal mixture values can be calculated as: 

1

( )
j

i i

i

x  


                                                         (47) 

Where η is the dynamic viscosities of the mixture and i ix  are the mole fraction and 

viscosity of ith component in the mixture, respectively. 

 

 

 Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow *G can be 

calculated as [266]: 

1

ln ( ln )
j

E

i i i

i

G RT V x V  


 
  

 
                    (II. 48) 

 

Where   and V are the viscosity and molar volume of the mixture; i  and iV are the 

viscosity and molar volume of ith pure component, respectively. 

 

II.6.5 Conductance 

One of the most precise and direct technique available to determine the extent of 

the dissociation constants of electrolytes in aqueous, mixed and non-aqueous solvents is 

the “conductimetric method.” Conductance data in conjunction with viscosity 

measurements, gives much information regarding ion-ion and ion-solvent interaction. 
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Dissolved Ions Conduct Electricity 

The studies of conductance measurements were pursued vigorously during the 

last five decades, both theoretically and experimentally and a number of important 

theoretical equations have been derived. We shall dwell briefly on some of these aspects 

in relation to the studies in aqueous, non-aqueous, pure and mixed solvents. The 

successful application of the Debye-Hückel theory of interionic attraction was made by 

Onsager [267], to derive the Kohlrausch’s equation representing the molar conductance 

of an electrolyte. For solutions of a single symmetrical electrolyte the equation is given 

by: 

o S c                                                                      (II. 49) 

                                         Where, 

oS                                                                         (II. 50) 

2 4 3

3

2

( ) 82.406 10

3(2 2)
( )r

r

z k z

kT c
T







 


                                  (II. 51a) 

2 382.487

3 r

z eFk z

c T


  
                                                            (II. 51b) 

The equation has no explanation for the short-range interactions and also of shape 

or size of the ions in solution. The ions were regarded as rigid charged spheres in an 

electrostatic and hydrodynamic continuum, i.e., the solvent [268]. In the subsequent 

years, Pitts (1953) [269] and Fuoss and Onsager (1957) [270] individually worked out 

the solution of the problem of electrolytic conductance accounting for both long-range 



C h a p t e r - I I   P a g e  | 81 

 

General Introduction 

 

and short-range interactions. The conductance values at infinite dilution ( o ) are 

different for two different theory (Fuoss-Onsager theory and Pitt’s theory) and the 

derivation of the Fuoss-Onsager equation was questioned [271,272]. Fuoss and Hsia 

[273,274] further modified the original Fuoss-Onsager equation who recalculated the 

relaxation field, retaining the terms which had previously been neglected.  

The results of conductance theories can be expressed in a general form: 

1
( )

(1 ) (1 )2

o o c c
G

   
 

 

  
   

  
                                   (II. 52) 

Where ( )G  is a complicated function of the variable. The simplified form: 

3
1 2lno S c Ec c J c J c                                                    (II. 53) 

However, it has been found that these equations have certain limitations, in some 

cases it fails to fit experimental data. Some of these results have been discussed 

elaborately by Fernandez-Prini [275]. Further correction of the equation (II. 53) was 

made by Fuoss and Accascin. They took into consideration the change in the viscosity of 

the solutions and assumed the validity of Walden’s rule. The new equation becomes: 

3
1 2lno S c Ec c J c J c F c                                   (II. 54) 

Where,     
34

3

AR N
Fc


                                                        (II. 55) 

In most cases, however, 2J is made zero but this leads to a systematic deviation of 

the experimental data from the theoretical equations. It has been observed that Pitt’s 

equation gives better fit to the experimental data in aqueous solutions [276]. 

 

 Ionic Association 

The equation (II. 54) successfully represents the behavior of completely 

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

used to assign the dissociation or association of electrolytes. The electrolyte may be 

regarded as completely dissociated when positive deviation occurs ( o exp o theo  ) but if 

negative deviation ( o exp o theo  ) or positive deviation from the Onsager limiting tangent 
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( o  ) occurs, the electrolyte may be regarded to be associated. Here the electrostatic 

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

difference in o exp  and o theo  would be considerable with increasing association [277]. 

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

association constant, KA for the process: 

z zM A MA          (II. 56) 

2 2

(1 )
AK

c



  


         (II. 57) 

2 21 AK c            (II. 58) 

Where  is the mean activity coefficient of the free ions at concentration c . 

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

Fuoss-Kraus equation [278] or Shedlovsky’s equation [279]. 

2

2

( ) 1

( )

A

o o

K cT z

T z

 

  
         (II. 59) 

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

1 1

2 2( ) 1 (1 (1 ...) )F z z z
 

          (II. 96a) 

and  
2 31

( ) 1 ......
( ) 2 8

z z
S z z

T z
           (II. 96b) 

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

intercept and 2/A oK   for its slope. The values of o  and AK  obtained from equation (II. 

95) show uncertainty when AK  is large. 

 The Fuoss-Hsia [273] conductance equation for associated electrolytes is given 

by: 

3

22
1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                             (II. 60) 

The equation was modified by Justice [280]. The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 

3

2
1 2( ( ) ln( ) ( ) ( )o S c E c c J R c J R c                         (II. 61) 
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                                                                    (II. 62) 

ln
(1 )

k q

kR c









                                                               (II. 63) 

The conductance parameters are obtained from a least square treatment after 

setting, 
2

2

e
R q

kT
  (Bjerrum’s critical distance). 

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

permits a better value of KA to be obtained. Since the equation (II. 61) is a series expansion 

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

must as possible by J2 rather than by KA, whose theoretical interest is greater as it contains 

the information concerning short-range cation-anion interaction. From the experimental 

values of the association constant KA, one can use two methods in order to determine the 

distance of closest approach, ‘a’, of two free ions to form an ion-pair. The following 

equation has been proposed by Fuoss [281]; 

3 24
exp

3000

A
A

N e
K

kT

 



 
  

 
     (II. 64) 

In some cases, the magnitude of KA was too small to permit a calculation of a. The 

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

Bjerrum [282]. 

2 2
24

exp
1000

r q

A
A

r a

N z e
K r dr

r kT

 







 
  

 
      (II. 65) 

 

 Ion Size Parameter and Ionic Association 

For plotting, equation (II. 54) can be rearranged to the ‘ ’ function as: 

3
1 1 2 1ln o oS c Ec c J c J c J c                                 (II. 66) 

with 2J  term omitted. 

Thus, a plot of o vs. c gives a straight line with o  as intercept and J1 as slope and 

‘a’ values can be calculated from J1 values. The ‘a’ values obtained by this method for 
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DMSO were much smaller than would be expected from sums of crystallographic radii. 

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

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

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

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

sulpholane. The viscosity correction leads to a larger value of ‘a’ [283] but the agreement 

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

of closest approach derived from J1 [284]. Fuoss [285] in 1975 proposed a new 

conductance equation. Latter he subsequently put forward another conductance 

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

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

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

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

solvent molecules forming a cage around the pairs.  

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

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

of sphere corresponding to the average volume (actual plus free) per solvent 

molecule. 

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

diameter of the co-sphere (unpaired ions).  

Thermal motions and interionic forces establish a steady state, represented by the 

following equilibria:  

 

A B (A B ) A B AB                 (II. 67) 

Solvent separated ion-pair    Contact ion-pair   Neutral molecule 

 

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

H3O⁺ and CH3COO⁻. Let γ be the fraction of solute present as unpaired (r > R) ions. If cγ is 

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

concentration of unpaired ion and (1 )(1 )c     and that of contact pair is c(1 )  . 
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The equation constants for Eq. (II. 67) are: 

2 2

(1 )(1 ) 



 
RK

c f
                                                    (II. 68) 

exp
1

S
S

E
K e

kT





 
   

  
                                            (II. 69) 

Where KR refer to the formation and separation of solvent separated pairs by diffusion in 

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

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

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

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

Now, 

1
(1 )

1 SK
 


                                                           (II. 70)  

and the conductometric pairing constant is given by: 

2 2

(1 )
(1 )

1

R
A R S

K
K K K

c f



 


   


                                        (II. 71) 

The equation determines the concentration, cγ of active ions that produce long- 

range interionic effects.  

The various patterns can be reproduced by theoretical fractions in the form: 

 
1

1o e o X L

X
p p R E

X


   

   
         

  
                          (II. 72) 

Which is a three parameter equation ( , , , ), /o Sc R E X X    (the relaxation 

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

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

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

1 (1 )p                                                        (II. 73) 

In case of ionogens or for ionophores in solvents of low dielectric constant, 𝛼 is 

very near to unity (-ES/kT) >> 1 and the equation becomes: 

1
o e

X

X


   

   
   

  
                                                        (II. 74) 
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The equilibrium constant for the effective reaction, A B AB    , is then 

2 2

(1 )
A R SK K K

c f






                                                               (II. 75) 

as 1SK  . The parameters and the variables are related by the set of equations: 

2 2

1
(1 )

RK c f



 


                                                          (II. 76) 
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                                               (II. 78) 
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                                                      (II. 79) 

ln
1






 
    

                                                        (II. 80) 

The details of the calculations are presented in the 1978 paper [285]. The shortcomings 

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

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

aqueous solutions).    

      

 Extension of Fuoss Conductance Equation 

As Fuoss 1978 conductance equation contained a boundary condition error 

[286,287], Fuoss introduced a slight modification to his model [288,289]. According to 

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

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

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

boundary errors contained in Fuoss 1978 conductance equation, Lee-Wheaton [290(a)] 

in the same year described in the derivation of a new conductance equation, based on the 

Gurney co-sphere model and henceforth the new equation is referred to as the Lee-

Wheaton equation [290(b)].The conductance data were analyzed by means of the Lee-

Wheaton conductance equation [291] in the form: 
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The mass action law association [292] is 

, 2 2

(1 )i A
A c

i i

K
c

 

  


                                                                   (II. 82) 

and the equation for the mean ionic activity coefficient: 

exp
1

q

R







 
   

                                                                     (II. 83) 

Where C1 to C5 are least square fitting coefficients as described by Pethybridge and Taba 

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

dissociation degree, q is the Bjerrum parameter and   the activity coefficient and β= 2q . 

The distance parameter R is the least distance that two free ions can approach before 

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

defined by the expressions [293]:  

16000 A i iN qc        (II. 84) 

2

8 o r

e
q

T  
                                                                   (II. 85) 

299.79 3

F e






                                                                 (II. 86) 

Where the symbols have their usual significance [294]. 

The equation (II. 78) was resolved by an iterative procedure. For a definite R value 

the initial value of o  and ,A cK , were obtained by the Kraus-Bray method [295]. The 

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

of alternating linearization and least squares optimizations by the Gauss-Siedel method 

[296] until satisfying the criterion for convergence. The best value of a parameter is the 

one when equation (II. 78) is best fitted to the experimental data corresponding to 
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minimum standard deviation ( A ) for a sequence of predetermined R value and standard 

deviation ( A ) was calculated by the following equation: 

2

( ) ( )2

1

[ ]n
i calc i obs

A

i n m

 








                                             (II. 87) 

Where n is the number of experimental points and m is the number of fitting parameters. 

The conductance data were analyzed by fixing the distance of closest approach R with 

two parameter fit (m=2). For the electrolytes with no significant minima observed in the 

A versus R curves, the R values were arbitrarily preset at the centre to centre distance 

of solvent-separated pair: 

R = a + d            (II. 88) 

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

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

The definitions of d and related terms are described in the literature [297]. R was 

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

(78). 

 

 

 Limiting Ionic Conductance 

The limiting ionic conductance of an electrolyte can be easily determined from the 

theoretical equations and experimental observations. At infinite dilutions, the motion of 

an ion is limited solely by the interactions with the surroundings solvent molecules as 

the ions are infinitely apart. Under these conditions, the validity of Kohlrausch’s law of 

independent migration of ions is almost axiomatic. Thus: 

0 o o                                                           (II. 89a) 

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

into ionic components using experimentally determined transport number of ions, i.e. 

  0 0ando ot t    

                                               (II. 89b) 
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 Thus, from accurate value of 0 of ions it is possible to separate the contributions 

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

transference number determinations are limited to few solvents only.           

In the absence of experimentally measured transference numbers it would be 

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

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

The method has been summarized by Krumgalz [298] and some important points 

are mentioned as follows: 

(i) Walden equation [299] 

25 25

o water o,water o acetone o,acetone( ) ( )                                                            (II. 90) 

(ii) 
4

o,pic o oo,Et N
( ) 0.267, 0.269       [299,300]                                                       (II.91) 

based on 
4 pico,Et N 0.563   

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

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

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

for different solvents.  

 

(iii) 25 25

o 4 o 4(Bu N ) (Ph B )                                                                                   (II. 92) 

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

in methanol, acetonitrile and nitromethane. 

(iv) 25 25

o 4 o 4(Bu N ) (Bu B )   [301]                                                                                       (II. 93) 

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

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

was not observed in case of Ph4B⁻. 

(v) The equation suggested by Gill [302] is: 

2
25

4( )
6 [ (0.0103 )]


  

 
 

o
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R N

N r r
                                                          (II. 94) 
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Where Z and ir  are the charge and crystallographic radius of proper ion, respectively: o  

and  o  are solvent viscosity and dielectric constant of the medium, respectively; 
yr = 

adjustable parameter taken equal to 0.85 Å and 1.13 Å for dipolar non-associated 

solvents and for hydrogen bonded and other associated solvents respectively. 

However, large discrepancies were observed between the experimental and 

calculated values [298(a)]. In a paper [298(b)], Krumgalz examined the Gill’s approach 

more critically using conductance data in many solvents and found the method reliable 

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

 

(vi)    25 25

43o oi Am BuN Ph B     
                                                      (II. 95) 

It has been found from transference number measurements that the

 25

3
   o i Am BuN  and  25

4 

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

(vii)         25 25

4 4
1.01o oPh B i Am B                                               (II. 96) 

Krumgalz suggested a method for determining the limiting ion conductance in 

organic solvents. Large tetraalkyl (aryl) onium ions are not solvated in organic solvents 

as there is extremely weak electrostatic interactions between solvent molecules and the 

large ions having low surface charge density and this phenomenon can be utilized as a 

suitable model for distributing o values into ionic components for non-aqueous 

electrolytic solutions. 

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

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

2

S

o o

z F
r

A 
                                                                (II. 97) 

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

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

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

0 constanto        (II. 98) 
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This relation has been verified using o
 values determined with precise 

transference numbers. The relationship can be well utilized to determine o
 of ions in 

other organic solvents from the determined o values 

 

 

 Solvation         

Several types of interactions exist between the ions in solutions. Due to this types 

of interactions solvent molecules orient themselves towards the ion. The number of 

solvent molecules that are involved in the solvation of the ion is called solvation number. 

If the solvent is water, this is called hydration number. Solvation region can be classified 

as primary and secondary solvation regions. Here we are concerned with the primary 

solvation region. The primary solvation number is defined as the number of solvent 

molecules which surrender their own translational freedom and remain with the ion, 

tightly bound, as it moves around, or the number of solvent molecules which are aligned 

in the force field of the ion. 

If the limiting conductance of the ion i of charge Zi is known, the effective radius 

of the solvated ion can be determined from Stokes’ law. The volume of the solvation shell 

is given by the equation. 

 3 34

3
S S CV r r

 
  
 

          (II. 99) 

Where rc is the crystallographic radius of the ion. The solvation number ns would then be 

obtained from 

0

S
S

V
n

V
        (II. 100) 

Assuming Stokes’ relation to hold well, the ionic solvated volume can be obtained, 

because of the packing effects [303], from 

34.35o

S SV r                                            (II. 101) 
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Where o

SV is expressed in mol∙lit-1 and Sr  in angstroms. However, this method is not 

applicable to ions of medium size though a number of empirical and theoretical 

corrections [304-307] have been suggested in order to apply it to most of the ions.  

 

 Stokes’ Law and Walden’s Rule 

According to Stokes’ law the limiting ionic Walden product (the product of the 

limiting ionic conductance and solvent viscosity) for any singly charged, spherical ion is 

as function only of the ionic radius and thus, under normal conditions, is constant. For of 

a spherical ion having radius iR  with movements in a solvent of dielectric field, the 

limiting conductances i

o  can be written, according to Stokes’ hydrodynamics, as   

0.819

6

i ii

o

o i o i

z e eF z

R R


 
                                                            (II. 102) 

Where o = macroscopic viscosity by the solvent in poise, iR is in angstroms. If the radius 

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

bulky organic ions, we get: 

0 819i i
o o

i

. z
cons tant

R
                    (II. 103) 

This is known as the Walden rule [308]. The effective radii obtained using this equation 

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

effective size of the solvated ions for small ions. 

 Robinson and Stokes [309], Nightingale [251] and others [310-312] have 

suggested a method of correcting the radii. The tetraalkylammonium ions were assumed 

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

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

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

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

microscopic viscosity [313] was invoked without much success [314,315] but it has been 

found that: 

0 constanti

o                                                            (II. 104) 
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where i is usually 0.7 for alkali metal or halide ions and i = 1 for the large ions [316,317] 

Gill [302] has pointed out the inapplicability of the Zwanzig theory [318] of dielectric 

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

modification of Stokes’ Law accounting for the dielectric friction effect quantitatively and 

predicts actual solvated radii of ions in solution. This equation can be written as: 

2

0.0103
6

i yi

A o o

z F
r D r

N  
                                           (II. 105) 

Where ir  is the actual solvated radius of the ion in solution and yr is an empirical constant 

dependent on the nature of the solvent [302,318]. 

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

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

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

solvent caused by ionic motion, Fuoss proposed the relation: 

2

1

6

ii

o

Fe z A

R R


  

 
  

 
                                                (II. 106) 

or,                     
i

R
R R 


       (II. 107) 

Where R is the hydrodynamic radius of the ion in a hypothetical medium of dielectric 

constant where all electrostatic forces vanish and A is an empirical constant. 

Boyd [305] gave the expression: 
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                                       (II. 108) 

By considering the effect of dielectric relaxation in ionic motion;  is the Debye relaxation 

time for the solvent dipoles. Zwanzig [306] treated the ion as a rigid sphere of radius ir

moving with a steady state viscosity, Vi through a viscous incompressible dielectric 

continuum. The conductance equation suggested by Zwanzig is: 

2

2 2
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                                            (II. 109) 
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Where o

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

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

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

written in the form: 

3

4

i i
o

i

Ar

r B
 


                                                                       (II. 110) 

The theory predicts [319] that  i

o  passes through a maximum of 
1 1

4 427 / 4A B  at 

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

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

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

radius. For comparison with results in different solvents, the equation (II. 109) can be 

rearranged as [320]: 
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                                     (II. 111) 

2
*
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A z
L A r

r P
                                                                 (II. 112) 

In order to test Zwanzig’s theory, the equation (II. 111) was applied for Me4N⁺and 

Et4N⁺ in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and pentanol 

[319-324]. Plots of *L against the solvent function *P were found to be straight line. It is 

noted that relaxation effect is not the predominant factor affecting ionic mobility and 

these mobility differences could be explained quantitatively if the microscopic properties 

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

factors in the deviation from the Stokes’ law. 

The Zwanzig’s theory is found to be successful for bulky organic cations in aprotic 

media where solvation is seems to be minimum and the viscous friction predominates 

over that caused by dielectric relaxation. The theory breaks down whenever the 

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

ri. Like any continuum theory Zwanzig has the inherent weakness of its inability to 

account for the structural features [325], e.g., 
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(i) It does not allow for any correlation in the orientation of the solvent molecules 

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

hydrogen-bonded solvents [321]. 

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

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

considerably higher molar concentrations than the fastest cations. 

 

 Thermodynamics of Ion-Pair Formation 

The standard Gibbs energy changes ( oG ) for the ion- association process can be 

calculated from the equation 

o

AG RT ln K                                                               (II. 113) 

The values of the standard enthalpy change, oH and the standard entropy 

change, oS , can be evaluated from the temperature dependence of  values as follows; 
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(II. 114) 
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(II. 115) 

The values can be fitted with the help of a polynomial of the type: 

2

0 1 2(298.15 ) (298.15 )oG c c T c T                                         (II. 116) 

 And the coefficients of the fits can be compiled together with the σ % values of the 

fits. The standard values at 298.15 K are then: 

298.15 0

oG c         (II. 117) 

298.15 1

oS c         (II. 118) 

298.15 1298.15o

oH c c                                         (II. 119) 

The standard entropy of ion-association of electrolytes depends on   

(i) the size and shape of the ions,  

(ii) charge density on the ions,  

(iii) electrostriction of the solvent molecules around the ions, 
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(iv) penetration of the solvent molecules inside the space of the ions, and the 

influence of these factors are discussed later. 

The non-columbic part of the Gibbs energy oG  can also be calculated using the 

following equation: 

o

AG N W                                                 (II. 120) 

24 2
exp

1000

R

A
A

a

N Wq
K r dr

r kT

 
  

   
   

      (II. 121) 

Where the symbols have their usual significance. The quantity 2q/r is Columbic part of 

the interionic mean force potential and W  is its non-columbic part.  

 

 Triple-Ion Formations from Electrical Conductance 

While solutions of electrolytes in solvents of high and of intermediate dielectric 

constant have been studied extensively, similar solutions in solvents of very low 

dielectric constant have not been investigated systematically. We know only that such 

solutions generally are poor conductors and that the equivalent conductance falls rapidly 

with decreasing concentration. In addition to a number of isolated observations on the 

conductance of solutions in benzene [326] and several series of measurements relating 

to the conductance of complex compounds in various solvents at relatively high 

concentrations [327], the literature includes two important papers by Walden and his co-

workers [328], who investigated the conductance of a variety of salts in benzene, ether, 

carbon tetrachloride and similar solvents. In solvents of somewhat higher dielectric 

constant, the conductance passes through a minimum at moderate concentration and 

thereafter increases.  

The influence of the dielectric constant on conductance is satisfactorily accounted 

for by the interionic attraction theory in solvents of high dielectric constant, it is not 

known to what extent interionic forces are primarily concerned in solvents of low 

dielectric constant. Due to the deviation of the conductometric curves from linearity in 

case of low dielectric constant solvents, the conductance data have been analyzed by the 

classical Fuoss-Kraus theory of triple-ion formation [329,330]  in the form  
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where g(c) is a factor that lumps together all the intrinsic interaction terms and is defined 

by 
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In all the above usable equations, the o  term signify the sum of the molar conductance 

of the simple ions at infinite dilution, the 0
T is the sum of the conductance value of the 

two possible formation of triple-ions. Where the constants as KP and KT are implies that 

the ion-pair and triple-ion formation constants respectively and S is the limiting Onsager 

coefficient. If KP is greater than KT, indicates the electrolytes are exists as ion-pair with a 

major portion and as triple-ion with a minor portion. We know that the electrostatic ionic 

interactions are very large due to the higher force field effect, for very low relative 

permittivity solvents, i.e., r< 10. Therefore the formed ion-pairs were attracted by the 

free movable cations or anions present in the solution medium; as the distance of the 

closest approach of the ions becomes minimum, these results in the formation of triple-

ions, which acquires the charge of the respective ions, attracted from the solution bulk 

[330,331] i.e.;  

M+ + A-  ↔  M+∙∙∙∙∙∙∙∙A- ↔  MA     (ion-pair)     

MA + M+ ↔  MAM+                        (triple-ion)     

MA + A- ↔  MAA-                          (triple-ion)     
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Where the symbols M+ and A- are implies for the cation and anions respectively. The 

effect of ternary association [332] thus clearly explained the non-linearity of the 

conductometric curve. According to the consequence of this ternary association, some 

formative non-conducting species MA, removed from solution and replaces by triple-ions 

which increase the conductance values evident by non-linearity observed in conductance 

curves. 

Additionally, the ion-pair and triple-ion concentrations, CP and CT, respectively, at the 

minimum molar concentration of the salt solution have also been calculated using the KP 

and KT value by following set of equations [330] 
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At this point, the fraction of ion-pairs (α) and triple-ions (αT), present in the salt-

solutions. From the appraisal of comparison of the CP and CT values, if CP is higher with 

respect to CT; indicates the major portion of ions are present as ion-pair even at high 

concentration and a small fraction exist as triple-ion.  

Using the KP values, the interionic distance parameter aIP has been calculated with 

the aid of the Bjerrum’s theory of ionic association [332] in the form 
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II. 130

II. 131

II. 132

 

The Q(b) and b values have been calculated by the literature procedure [329]. 

The interionic distance aTI for the triple ion can be calculated using the expressions 

[331] 
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II. 134

 

I(b3) is a double integral tabulated in the literature [330] for a range of values of b3. 

Since I(b3) is a function of aTI, the aTI values have been calculated by an iterative computer 

program. These values also suggested the small fraction exist as triple-ion formation 

compared to the ion-pair.  

 

 Solvation Models (Some Recent Trends) 

The interactions between particles in chemistry have been based upon empirical 

laws- principally on Coulomb’s law. This is also the basis of the attractive part of the 

potential energy used in the Schrödinger equation. Quantum mechanical approach for 

ion-water interactions was begun by Clementi in 1970. A quantum mechanical approach 

to salvation can provide information on the energy of the individual ion-water 

interactions provided it is relevant to solution chemistry, because it concerns potential 

energy rather than the entropic aspect of salvation. Another problem in quantum 

approach is the mobility of ions in solution affecting salvation number and coordination 

number. However, the Clementi calculations concerned stationary models and cannot 

have much to do with the dynamic salvation numbers. Covalent bond formation enters 

little into the aqueous calculations; however, with organic solvents the quantum 

mechanical approaches to bonding may be essential. The trend pointing to the future is 

thus the molecular dynamics technique. In molecular dynamic approach, a limited 

number of ions and molecules and Newtonian mechanics of movement of all particles in 

solution is concerned. The basis of such an approach is the knowledge of the 

intermolecular energy of interactions between a pair of particles. Computer simulation 

approaches may be useful in this regard and the last decade (1990-2000) witnessed some 

interesting trends in the development of solvation models and computer software. C.J. 

Cramer, D.G. Truhlar and co-workers from the University of Minnesota, U.S.A. 

constructed a series of solvation models (SM1-SM5 series) based on a collection of 

experimental free energy of solvation data, to predict and calculate the free energy of 
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solvation of a chemical compound [333-337]. These models are applicable to virtually 

any substance composed of H, C, N, O, F, P, S, Cl, Br and/or I. The only input data required 

are, molecular formula, geometry, refractive index, surface tension, Abraham’s a(acidity 

parameter) and b(basicity parameter) values, and, in the latest models, the dielectric 

constants. The advantage of models like SM5 series is that they can be used to predict the 

free energy of self-solvation to better than 1 KCl/mole. These are especially useful when 

other methods are not available. One can also analyze factors like electrostatics, 

dispersion, hydrogen bonding, etc. using these tools. They are also relatively inexpensive 

and available in easy to use computer codes. 

A. Galindo et al. [338,339] have developed Statistical Associating Fluid Theory for 

Variable Range (SAFT-VR) to model the thermodynamics and phase equilibrium of 

electrolytic aqueous solutions. The water molecules are modeled as hard spheres with 

four short-range attractive sites to account for the hydrogen-bond interactions. The 

electrolyte is modeled as two hard spheres of different diameter to describe the anion 

and cation. The Debye-Hückel and mean spherical approximations are used to describe 

the interactions. The relative permittivity becomes very close to unity, especially when 

the mean spherical approximation is used, indicating a good description of the solvent. E. 

Bosch et al. [340] of the University of Barcelona, Spain, have compared several 

“Preferential Solvation Models” specially for describing the polarity of dipolar hydrogen 

bond acceptor-cosolvent mixture. 

 

II.6.6 Refractive Index 

Optical data (refractive index, nD) provide interesting information related to 

molecular interactions and structure of the solutions, as well as complementary data on 

practical procedures, such as concentration measurement or estimation of the extent of 

salvation of electrolytes/non-electrolytes in liquid systems. 

The light bending property is a result of variation of the velocity with which light 

is transmitted. Refractive index (nD) of liquid, changes not only with the wave length of 

light used but also with the temperature. Molar refractions are influenced by the 

arrangement of atoms in the molecule or by factors like unsaturation, ring closure etc. 

linear optical properties of liquids and liquid mixtures have been widely studied to obtain 
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information on their physical, chemical, and molecular properties. Fialkov et. al. 

[341,342] stated that the refractive index is an additive properties of pure components 

when composition is expressed in terms of volume fraction. Several researchers have 

estimated the refractivity of liquid systems using the well known mixting rules viz. Arago-

Biot, Newton, Heller, Gladstone-Dale, Eyring-John, Eykman, Lorentz-Lorenz, Weiner and 

Oster relations [343-346]. These empirical approaches for calculating the excess 

properties attempt to explain the non-ideality in terms of specific and non-specific 

intermolecular interactions. Refractive index or refractivity is a property of intrinsic 

interest in the fields of pharmaceutical research such as formulation of eye preparations, 

in optoelectronic and photonic applications.  

 

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

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

 D

Speed of  light in vacuum
Refractive Index n  = 

Speed of  light in solution systems
 

 

 Due to the change in speed of light its direction of travel also changes as it crosses 

a boundary from one medium into another, i.e., it is refracted. The relationship between 

light's speed in the two mediums (VA and VB), the angles of incidence ( Asin ) and 

refraction ( Bsin ) and the refractive indexes of the two mediums ( An  and Bn ) is shown 

below: 

A A B

B B A

V sin n

V sin n




                                                     (II. 135) 

It is possible to determine the refractive index of the sample quite accurately by 

measuring the angle of refraction, and knowing the index of refraction of the layer that is 

in contact with the sample, instead of measuring speed of light. 

The refractive index of mixing can be correlated by the application of a 

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

Lorentz-Lorenz relation [347,348] by using, nD experimental data according to the 

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

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

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

The molar refractivity deviation is calculated by the following expression: 

1 1 2 2  R R R R                                            (II. 139) 

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

mixture and of the pure components, respectively. 

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

solvent mixtures: 

1 1 2 2  D D D Dn n x n x n                                         (II. 140) 

Where ΔnD is the deviation of the refractive index for this binary system and nD, nD1, and 

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

refractive index of component-2, respectively, ‘x’ is the mole fractions. 

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

using the following Redlich-Kister expression [349]. 
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Where Bp are the adjustable parameters obtained by a least squares fitting method, w is 

the mass fraction, and S is the number of terms in the polynomial. 
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 The molar refractivity is isomorphic to a volume for which the ideal behavior may 

be expressed in terms of mole fraction: in this case smaller deviations occur but data are 

more scattered because of the higher sensitivity of the expression to rounding errors in 

the mole fraction. For the sake of completeness, both calculations of refractivity deviation 

function, molar refractivity deviation was fitted to a Redlich and Kister-type expression 

[349] and the adjustable parameters and the relevant standard deviation ó are calculated 

for the expression in terms of volume fractions and in terms of mole fractions, 

respectively. 

 

II.6.7 FTIR Spectroscopy 

The spectroscopic study has been established by the investigation of FTIR 

spectroscopy. The study has been taking into account to qualitative interpreting the 

molecular as well as ionic association of the electrolytes in the solutions. FTIR 

spectroscopy is one of the most appropriate optical properties which qualitatively 

interpreted the nature, mode, manner of the electrolytes and non-electrolytes in the 

solution system, eventually it also is able to give information about the configurational 

structure of the solute or solvents present in the solutions. 

Infrared (IR) spectroscopy is is the absorption measurement of different IR 

frequencies by a sample positioned in the path of an IR beam. The chemical functional 

groups present in the sample can be analysed by IR spectroscopy. IR spectrometers can 

be applicable for wide range of sample types such as gases, liquids, and solids. Hence, IR 

spectroscopy is found to be an important analytical technique for structural elucidation 

and compound identification. 

Infrared radiation spans a section of the electromagnetic spectrum having wave 

numbers from roughly 13,000 to 10 cm–1, or wavelengths from 0.78 to 1000 μm. It is 

bound by the red end of the visible region at high frequencies and the microwave region 

at low frequencies. 

IR absorption positions are generally presented as either wave numbers (ν) or 

wavelengths (l). Wave number defines the number of waves per unit length i.e. wave 

numbers are directly proportional to frequency, as well as the energy of the IR 

absorption. The unit of the wave number is cm–1 (reciprocal centimeter) in modern IR 
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instruments that are linear in the cm–1 scale. In the contrast, wavelengths are inversely 

proportional to frequencies and their associated energy. At present, the recommended 

unit of wavelength is μm (micrometers), but μ (micron) is used in some older literature. 

Wave numbers and wavelengths can be interconverted using the following equation: 

1 41
10

( m )


 

   (cm )     (II.142) 

In the IR spectrum, wavelength or wavenumber taken as the x-axis and absorption 

intensity or percent transmittance as the y-axis.  

Transmittance, T, is the ratio of radiant power transmitted by the sample (I) to the 

radiant power incident on the sample (I0). Absorbance (A) is the logarithm to the base 10 

of the reciprocal of the transmittance (T). 

   10 10 10
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1
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    (II.143) 

The transmittance spectra offer better contrast between intensities of strong and 

weak bands as transmittance ranges from 0 to 100% T whereas absorbance ranges from 

infinity to zero.  

 



Experimental Section 

CHAPTER-III 

EXPERIMENTAL SECTION 

 

III.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, 

PURIFICATION AND APPLICATIONS OF THE CHEMICALS USED IN 

THE RESEARCH WORK 

 

III.1.1 Ionic Liquids 

 Benzyltrimethylammonium chloride: 

Benzyltrimethylammonium chloride is a light 

yellow solid with a mild almond odor, exists as 

a molten solid phase (white crystalline) with 

the melting point 243oC.   

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃99.0% 

 Application:  

Benzyltrimethylammonium chloride used 

as plating agents and surface treating agents, 

processing aids, not otherwise listed, surface 

active agents, Electrical and Electronic Products, Fabric, Textile, and Leather Products not 

covered elsewhere, Paints and Coatings 

 Benzyltriethylammonium chloride: 

Benzyltrimethylammonium chloride, is a quaternary ammonium salt that 

functions as an organic base. It is usually handled as a solution in water or methanol. The 

compound is colourless though the solutions often appear slightly yellowish. Commercial 

samples often have a distinctive fish-like odor, presumably due to the presence of 

trimethylamine via hydrolysis.  

 

Benzyltrimethylammonium 

chloride 

Appearance :White Crystalline 

Molecular Formula :C10H16ClN 

Molecular Weight :185.695g∙mol-1 

Melting Point :243 °C 

Relative Density :1.07 
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 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃99.0% 

 Application: 

Benzyltriethylammonium chloride is 

perhaps used as phase transfer catalyst. The 

ionic liquid may be used in organic synthesis 

and bio-catalysis, dye sensitized-cells, 

batteries, electrochemical application and 

phase transfer catalyst, etc. 

 

 Benzyltributylammonium chloride: 

Benzyltributylammonium chlorides are quaternary ammonium compounds. They 

have a central nitrogen atom which is joined to 

four organic radicals and one acid radical. 

They are prepared by treatment of an amine 

with an alkylating agent. They show a variety 

of physical, chemical, and biological properties 

and most compounds are soluble in water and 

strong electrolytes.  

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃98.0% 

 

 Application: 

The ionic liquid Benzyltributylammonium chloride used for synthesis,antistatic Agent, detergent 

sanitisers, softner for textiles and paper products, phase transfer catalyst, antimicrobials, 

disinfection agents And sanitizers, Slimicidal Agents, Algaecide, Emulsifying Agents, Pigment 

Dispersers 

 

 

 

Benzyltriethylammonium 

chloride 

Appearance :White Crystalline 

Molecular Formula :C13H22ClN 

Molecular Weight :227.776 g∙mol-1 

Relative Density :No data available 

 

 

Benzyltributylammonium 

chloride 

Appearance : White Crystalline 

Molecular Formula :C19H34ClN 

Molecular Weight :311.938 g∙mol-1 

Melting point 152-159 C 
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 1-butyl-3-methylimidazolium 

chloride: 

1-butyl-3-methylimidazolium chloride 

anionic liquid based on imidazole chemistry. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃99.0% 

 Application: 

1-butyl-3-methylimidazolium 

chlorideis currently of interest in industry due 

to their ability to be infinitely recycled and theiramenability to solvation at room 

temperature, making them excellent green solvents. 

 

 1-methyl-3-octylimidazolium tetrafluoroborate: 

1-methyl-3-ocylimidazolium 

tetrafluoroborate is an imidazolium based 

ionic liquid, of molecular formula C12H23BF4N2, 

containing methyl, octyl group with two active 

nitrogen atoms in the imidazole or five member 

ring, exist as a molten liquid phase. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃99.0% 

 Application: 

1-methyl-3-ocylimidazolium tetrafluoroborate is used as solvents for polymer 

chemistry.The ionic liquid are good examples of neoteric solvents, new types of solvents, 

or older materials that are finding new applications as solvents, which is environmentally 

friendly (or eco-friendly) because they are less hazardous for human body as well as less 

toxic for living organisms, used as recyclable solvents for organic reactions and 

 

1-butyl-3-methylimidazolium 

chloride 

Appearance :White Crystalline 

Molecular Formula :C8H15ClN2 

Molecular Weight :174.67 g∙mol-1 

Relative Density :No data available 

 

 

1-methyl-3-octylimidazolium 

tetrafluoroborate 

Appearance :liquid 

Molecular Formula :C12H23BF4N2 

Molecular Weight :282.13 g∙mol-1 

Relative Density :1.1070 g∙cm-3 
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separation processes, lubricating fluids, heat transfer fluids for processing biomass and 

electrically conductive liquids as electrochemical device in the field of electrochemistry 

(batteries and solar cells) and so forth. In the modern technology, industry, and also in 

academic research field, the vast application is frequently increases. 

 

III.1. 2 Drug Molecules 

 Amantadine Hydrochloride: 

Amantadine is an antiviral and an 

antiparkinsonian drug. This drug has U.S. Food 

and Drug Administration approval. 1-

adamantylamine or 1-aminoadamantane 

contains an adamantane backbone that has an 

amino group which is substituted at one of the 

four methyne positions. One derivative of 

adamantane is rimantadine which has parallel 

biological properties. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The chemical   more than 95.0% pure.  

 Application:  

Apart from medical uses, this compound is useful as a building block in organic 

synthesis, allowing the insertion of an adamantyl group. 

 

 Sulphanilamide: 

Sulfanilamide (also spelled 

sulphanilamide) is a sulfonamide 

antibacterial. Chemically, it is an organic 

compound consisting of an aniline derivatized 

with a sulfonamide group. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃98.0% 

 

 

Amantadine Hydrochloride 

Appearance : white crystaline 

solid 

Molecular Formula : C10H18NCl 

Molecular Weight 151.249 g∙mol-1 

Melting Point : 273.15 K  

Relative Density : 1.247  g∙cm-3 

 

 

 

Sulphanilamide 

Appearance :Crystalline 

Molecular Formula :C6H8N2O2S 

Molecular Weight :172.80  g∙mol-1 

Melting Point : 165 C 

Relative Density :1.08 g∙cm-3 
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 Application:  

In the World War II to Powdered sulfanilamide was used to reduce infection rates, 

which helped widely to reduce the mortality rate than earlier wars. Modern antibiotics 

are associated with supplanted sulfanilamide; however, sulfanilamide remains in use for 

treatment of vaginal yeast infections. 

 

 Metoclopramide Hydrochloride: 

Metoclopramide hydrochloride (MP) is a 

white crystalline, odorless substance, freely 

soluble in water. Chemically, it is 4-amino-5- 

chloro-N-[2-(diethylamino) ethyl]-2-methoxy 

benzamide monohydrochloride. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃98.0% 

 Application:  

Metoclopramide hydrochloride (MP) is used as an anti-emetic in the treatment of 

some forms of nausea and vomiting and to treat heartburn caused by gastroesophageal 

reflux in people who have used other medications without relief of symptoms. MP have 

a greater impact on the treatment of disorders of the gastrointestinal tract. MP is 

prokinetic agents in gastroenterology. Prokinetic drugs enhances the response to 

acetylcholine of tissue in upper gastrointestinal tract causing enhanced motility and 

accelerated gastric emptying without stimulating gastric, biliary, or pancreatic 

secretions; increases lower oesophageal sphincter tone. 

 

III.1.3 Macrocyclic Compounds     

                                                          

 α-Cyclodextrin (α-CD) :  

  α-Cyclodextrin is a cyclic oligosaccharide composed of 6 glucose groups. This is 

white amorphous solid having a cylinder like molecular structure. The structural 

 

 

Metoclopramide Hydrochloride 

Appearance :Crystalline 

Molecular Formula :C14H23Cl2N3O2 

Molecular Weight :299.80  g∙mol-1 

Melting Point : 147.3 C 

Relative Density :1.08 g∙cm-3 
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arrangement makes it versatile in different 

fields. The properties are widely used in 

industry for various purpose. 

 Source:  Sigma Aldrich, Germany. 

 Purification: Used as purchased. The 

purity is 99.98%. 

 

 Application:  

α-Cyclodextrin is a new substance 

which can be widely applied in production and 

modification of medicine, food, amino acids, 

vitamins and many essential substrates for 

animals. It can be applied widely in improving 

stability, solubility and good odour. In the 

production of medicine, it can strengthen the 

stability of medicine without being oxidized and resolving. On the other hand, it can 

improve the solubility incorporating the drug molecule inside into it. Due to its proper 

cavity size it is very useful in Host-Guest chemistry. It can also be used to lower the 

toxicity and side-effect of medicine and cover the strange and bad smell. It again 

improves the stability of perfume and condiment and keeps food dry or wet at will. β-CD 

with a cavity diameter of 4.7-5.3 Å, is of great interest because its cavity size allows for a 

number of substrates to fit inside it. Like other host molecules e.g., γ-cyclodextrin, 

calixarin, cucarbit etc. it can accommodate small molecules as guest molecules. For this 

reason, α-cyclodextrin is widely used as a complexing agent with hormones, vitamins, 

and many compounds and these are frequently used in tissue and cell culture 

applications. Thus α-cyclodextrin plays a vital role in the host-guest chemistry and its 

low cost production helps it to be versatile. 

 

 

 

 

 

 

α-Cyclodextrin 

Appearance :Crystalline Powder 

Molecular Formula C42H70O35 

Molecular Weight :1134.98 g∙mol-1 

Melting Point :563.15-573.15 K 

Boiling Point :1814.33 K 

Relative Density :1.44  g∙cm-3 at 20oC 

Refractive Index :1.59 (nD20) 
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 β-Cyclodextrin (β-CD):  

  β-Cyclodextrin is white amorphous 

solid compound composed of 7 glucose groups 

having a cylinder like molecular structure. The 

function of β-Cyclodextrin depends on its 

molecular structure which can be easy to 

integrate other materials. That feature is 

applied widely in industry. 

 Source:  Sigma Aldrich, Germany. 

 Purification: Used as purchased. The 

purity is 99.98%. 

 

 Application:  

β-Cyclodextrin is a new stuff which can be widely applied in production of 

medicine and food. It can be applied widely in production of medicine, food and 

cosmetics, whose function is improved stability, solubility and good smelled. In the 

production of medicine, it can strengthen the stability of medicine without being oxidized 

and resolving. On the other hand, it can improve the solubility. And the effect on living of 

medicine, lower the toxic and side-effect of medicine and cover the strange and bad smell. 

In the production of food, it can mainly cover strange and bad smell of food, improve the 

stability of perfume and condiment and keep food dry or wet at will. β-CD with a cavity 

diameter of 6.4-7.5 Å, is the most interest because its cavity size allows for the best 

special fit for many common guest moieties.For this reason, β-cyclodextrin is most 

commonly used as a complexing agent in hormones, vitamins, and many compounds 

frequently used in tissue and cell culture applications. This capability has also been of 

assistance for different applications in medicines, cosmetics, food technology, 

pharmaceutical, and chemical industries as well as in agriculture and environmental 

engineering as an encapsulating agent to protect sensitive molecules in hostile 

environment. 

 

 

 

 

 

β-Cyclodextrin 

Appearance :Crystalline Powder 

Molecular Formula C42H70O35 

Molecular Weight :1134.98 g∙mol-1 

Melting Point :563.15-573.15 K 

Boiling Point :1814.33 K 

Relative Density :1.44  g∙cm-3 at 20oC 

Refractive Index :1.59 (nD20) 
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 18-crown-6: 

1,4,7,10,13,16-hexaoxacyclooctadecane 

in short 18-Crown-6 has a molecular structure 

[C2H4O]6. It is a white, hygroscopic crystalline 

solid with a low melting point. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃98.0% 

 Application:  

18-Crown-6 binds to a variety of small 

cations, using all six oxygens as donor atoms. 

Crown ethers are often used as phase transfer catalysts. For example, potassium 

permanganate dissolves in benzene In the presence of 18-crown-6, giving the so-called 

"purple benzene", which can be used to oxidize diverse organic compounds. 

 

 

 Dibenzo-18-crown-6: 

Dibenzo-18-Crown-6 has strong complexing 

abilities and has high affinity for alkali metal cations. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The purity of the chemical is ˃98.0% 

 Application:  

Dibenzo-18-Crown-6 can be used as 

phase transfer catalysts for 

monoazaporphyrin syntheses and also used 

for ion transfer across membranes and as a 

synthon for preparation of liquid crystal 

polyesters. 

 

 

 

18-crown-6 

Appearance :Crystalline 

Molecular Formula :C12H24O6 

Molecular Weight :264.315  g∙mol-1 

Melting Point : 37 to 40 C 

Relative Density :1.237 g∙cm-3 

Dibenzo-18-crown-6 

Appearance :hygroscopic 

crystalline solid 

Molecular Formula :C20H24O6 

Molecular Weight :360.41  g∙mol-1 
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 Dicyclo-18-crown-6: 

  Dicyclo-18-Crown-6 has strong complexing abilities 

and has high affinity for alkali metal cations. 

 Source: Sigma Aldrich, Germany 

 Purification: Used as purchased. The 

purity of the chemical is ˃98.0% 

 Application: 

  Dicyclo-18-Crown-6 can be used as 

phase transfer catalysts and also used for ion 

transfer across membranes. 

 

III.1.4 Solvents 

The details of the aqueous and non-aqueous solvents used in the research work 

are given below: 
 

 Water (H2O):                        

Water is an omnipresent chemical substance 

 is composed of hydrogen and oxygen and is essential for all 

known forms of life. In typical usage, water refers only to its 

liquid form or state, but the substance also exists as solid state, ice, and a gaseous state, 

water vapour or steam. Water is a good solvent and is often referred to as the universal 

solvent. 

 

 Source: Distilled water, distilled from 

fractional distillation method in Lab. 

 Purification: Water was first 

deionised and then distilled in an all glass 

distilling set along with alkaline KMnO4 

solution to remove any organic 

matter therein. The doubly distilled water 

was finally distilled using an all glass distilling 

Dicyclo-18-crown-6 

Appearance :hygroscopic 

crystalline solid 

Molecular Formula :C20H36O6 

Molecular Weight :372.496  g∙mol-1 

WATER 

Appearance :Liquid 
Molecular Formula :H20 
Molecular Weight :18.02 g∙mol-1 

Density :0.99713  g∙cm3 
Viscosity :0.891  mP∙s 
  Refractive Index :1.3333 

Ultrasonic Speed :1500.0 m∙s-1 

Dielectric Constant :78.35 at 298.15K 

 

http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Life
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/States_of_matter
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Ice
http://en.wikipedia.org/wiki/Gaseous
http://en.wikipedia.org/wiki/Water_vapor
http://en.wikipedia.org/wiki/Steam
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Universal_solvent
http://en.wikipedia.org/wiki/Universal_solvent
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set. Precautions were taken to prevent contamination from CO2 and other impurities. The 

triply distilled water had specific conductance less than 1 × 10-6 S∙cm-1.  
 

 Application:  

Water is widely used in chemical reactions as a solvent or 

reactant and less commonly as a solute or catalyst. In inorganic 

reactions, water is a common solvent, dissolving many ionic 

compounds. Supercritical water has recently been a topic of 

research. Oxygen saturated supercritical water combusts 

organic pollutants efficiently. It is also use in various industries. 

It is an excellent solvent, generally called the universal solvent, due to the marked 

polarity and its tendency of forming hydrogen bonds with other molecules. Water is the 

main component of life in this earth.  Not only a high percentage of living bodies, both 

plants and animals are found in water, all life on earth is thought to have arisen from 

water and the bodies of all living organisms are composed mostly of water. About 70 to 

90 percent of all organic substance is water.  The chemical reactions in all plants and 

animals that support life take place in water medium. Water not only provides the 

medium to make these life sustaining reactions possible, but water itself is often an 

important reactant or product of all these reactions. In short, the chemistry of life is 

nothing but the “water chemistry.” 

 Dichloromethane (DCM):  

Dichloromethane (DCM, or methylene 

chloride) is an organic compound with the 

formula CH2Cl2. This is colorless, volatile 

liquid with a moderately sweet smelling. 

This is widely used as a solvent. Although it 

is not miscible with water, it is miscible 

with many organic solvents.[10] One of the 

most well-known applications of 

dichloromethane is in the drinking bird 

heat engine. 

 

 

 

Dichloromethane 

Appearance :Colourless Liquid 
Molecular Formula :CH2Cl2 
Molecular Weight :84.93 g∙mol-1 

Density :1.3266g∙cm3 
Viscosity :0.43mP∙s 
Refractive Index :1.4244 
Dielectric Constant : 8.93 at 298.15 K 

 

http://en.wikipedia.org/wiki/Supercritical_water
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 Source: Merck, India. 

 Purification: Dichloromethane (DCM) obtained from Merck, India was used after 

further purification. It was distilled from P2O5 and then from CaH2 in an all-glass 

distillation apparatus [1].  

 Application:  

Dichloromethane is used as a solvent for many different purposes such as DCM's 

volatility and ability to dissolve a wide range of organic compounds makes it a useful 

solvent for many chemical processes. It is widely used as a paint stripper and a degreaser. 

In the food industry, it has been used to decaffeinate coffee and tea as well as to prepare 

extracts of hops and other flavorings. Its volatility has led to its use as an aerosol spray 

propellant and as a blowing agent for polyurethane foams. 

 

 Acetonitrile (ACN):  

Acetonitrile is the colourless liquid and of the 

simplest organic nitrile. It is produced mainly as a 

byproduct of acrylonitrile manufacture. 

 Source: Merck, India. 

 Purification: Acetonitrile (ACN) 

obtained from Merck, India was used after 

further purification. It was distilled from P2O5 

and then from CaH2 in an all-glass distillation 

apparatus [1]. The middle fraction was 

collected. About 99% purified acetonitrile 

with specific conductivity 0.8 – 1.0×10-8 S cm-

3 was obtained. The purity of the liquid was 

checked by measuring it’s density and 

viscosity which were in good agreement with 

the literature values [1,2]  

 

 

Acetonitrile 

Appearance :Colourless Liquid 

Molecular Formula :CH3CN 

Molecular Weight :41.05 g∙mol-1 

Density :0.786  g∙cm3 

Viscosity :0.346  mP∙s 

Refractive Index :1.3441 

Ultrasonic Speed :1282.6 m∙s-1 

Dielectric Constant :35.95 at 298.15 K 

 

http://en.wikipedia.org/wiki/Nitrile
http://en.wikipedia.org/wiki/Acrylonitrile
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 Application: 

   It is widely used in electrochemical cells industry as it has relatively high 

dielectric constant and the ability to dissolve electrolytes more efficiently. For similar 

reasons it is a popular solvent in cyclic voltammetry. Its low viscosity and low chemical 

reactivity make it a popular choice for liquid chromatography. Acetonitrile plays a 

considerable role as a solvent for manufacturing DNA oligonuleotides from its 

monomers. Industrially, it is used as a solvent in the purification of butadiene and in the 

manufacture of pharmaceuticals and photographic film. Acetonitrile is a common two-

carbon building block in organic synthesis as in the production of pesticides to perfumes. 

 

 Tetrahydrofuran (THF): 

Tetrahydrofuran (THF) is an organic  

compound with the formula (CH2)4O. The 

compound is classified as heterocyclic compound,  

specifically a cyclic ether. It is a colorless, water-miscible organic liquid with 

low viscosity. THF has an odor similar to acetone. It is mainly used as a precursor to 

polymers. Being polar and having a wide liquid range, THF is a versatile solvent. 

 Source: Merck, Indian. 

 Purification: Tetrahydrofuran (THF), 

Merck, Indian was kept several days over 

potassium hydroxide (KOH), refluxed for 24 

h and distilled over lithium aluminium 

hydride (LiAlH4) described earlier [3]. The 

purified solvent had a boiling point of 339 K 

and a specific conductance of 0.81 × 10-6 S 

cm-3. The density and viscosity of the 

purified solvent were in good agreement 

with the literature data [4,5] as shown in 

Table IV.1. The purity of the solvent was ≥98.9%. 

 

 

Tetrahydrofuran 

Appearance :Colourless Liquid 

Molecular Formula :C4H8O 

Molecular Weight :72.11 g∙mol-1 

Density :0.88074 g∙cm3 

Viscosity :0.48 mP∙s 

Refractive Index :1.4072 

Ultrasonic Speed :1279.0 m∙s-1 

Dielectric Constant :7.58 at 298.15 K 

 

http://en.wikipedia.org/wiki/Dielectric_constant
http://en.wikipedia.org/wiki/Cyclic_voltammetry
http://en.wikipedia.org/wiki/Liquid_chromatography
http://en.wikipedia.org/wiki/Butadiene
http://en.wikipedia.org/wiki/Pharmaceutical
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/Organic_synthesis
http://en.wikipedia.org/wiki/Pesticide
http://en.wikipedia.org/wiki/Perfume
http://en.wikipedia.org/wiki/Heterocyclic_compound
http://en.wikipedia.org/wiki/Ether
http://en.wikipedia.org/wiki/Miscible
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Acetone
http://en.wikipedia.org/wiki/Polar_molecule
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 Application:  

The main application of THF is as an industrial solvent for PVC and in varnishes. It 

is an aprotic solvent with a moderately polar solvent and can dissolve a wide range of 

non-polar and polar chemical compounds. THF is a popular solvent in the laboratory 

when a moderately higher-boiling ethereal solvent is required and its water miscibility 

is not an issue. THF is often used in polymer science as dissolve polymers prior to 

determining their molecular mass using gel permeation chromatography, to PVC as well 

and thus it is the main ingredient in PVC adhesives. For liquefying old PVC cement this 

is widely used and often to degrease metal parts it is used industrially. THF is also used 

as a component in mobile phases for reversed-phase liquid chromatography. 

 

 Methanol (MeOH):  

  Methanol, also known as methyl  

alcohol, wood alcohol, wood naphtha or wood  

spirits, is the simplest alcohol, and is a light, volatile, colourless, flammable, liquid with a 

distinctive odour that is very similar to but slightly sweeter than ethanol (drinking  

alcohol). 

 Source: Merck, India. 

 

 Purification: It was passed through 

Linde Å molecular sieves and then 

distilled [6]. 

 Application:  

The largest use of methyl alcohol by far 

is in making other chemicals. Methanol is a 

traditional denaturant for ethanol, thus giving 

the term methylated spirit. Methanol is also 

used as a solvent, and as an antifreeze in 

pipelines. In some waste water treatment 

plants, a small amount of methanol is added to waste water to provide a food source of 

Methanol 

Appearance :Colourless Liquid 

Molecular Formula :CH4O 

Molecular Weight :32.04 g∙mol-1 

Density :0.7866 g∙cm3 

Viscosity :0.5445 mP∙s 

Refractive Index :1.3284 

Ultrasonic Speed :1103.0 m∙s-1 

Dielectric Constant :32.6 at 298.15 K 

http://en.wikipedia.org/wiki/PVC
http://en.wikipedia.org/wiki/Varnish
http://en.wikipedia.org/wiki/Protic_solvent
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Gel_permeation_chromatography
http://en.wikipedia.org/wiki/Grease_(lubricant)
http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Volatility_(chemistry)
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Flammable
http://en.wikipedia.org/wiki/Ethanol
http://en.wikipedia.org/wiki/Methylated_spirit
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Antifreeze_(coolant)
http://en.wikipedia.org/wiki/Pipeline_transport
http://en.wikipedia.org/wiki/Wastewater_treatment_plant
http://en.wikipedia.org/wiki/Wastewater_treatment_plant
http://en.wikipedia.org/wiki/Wastewater
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carbon for the denitrifying bacteria, which converts nitrates to nitrogen to reduce the 

denitrification of sensitive aquifers. Methanol is used on a limited basis to fuel internal 

combustion engines. Methanol is also useful as an energy carrier. It is easier to store than 

hydrogen, burns cleaner than fossil fuels, and is biodegradable. 

 

III.2. EXPERIMENTAL METHODS 

 

III.2.1 Preparation of Solutions 

A sock solution for each salt was prepared by mass (digital electronic analytical 

balance, Mettler Toledo, AG 285, Switzerland), and the working solutions were obtained 

by mass dilution of the stock solution. The uncertainty of concentration (molarity or 

molality) of different working solutions was evaluated to be ±0.0002. 

 

III.2.2 Preparation of Multicomponent Liquid Mixtures 

 The binary and multicomponent liquid mixtures can be prepared by any one of 

the methods discussed below: 

(a) Mole fraction 

(b) Weight fraction 

(c) Volume fraction 

(a) Mole fraction: The mole fraction (xi) of the multicomponent liquid mixtures can be 

prepared using the following relation: 

i i
i n

i i

i

( w / M )
x

( w / M )





1

 

 Where wi, and Mi are weight and molecular weight of ith component, respectively. 

The values of i depends on the number of components involved in the formation of 

a mixture. 

 

 

http://en.wikipedia.org/wiki/Denitrifying_bacteria
http://en.wikipedia.org/wiki/Nitrate
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Internal_combustion_engine
http://en.wikipedia.org/wiki/Internal_combustion_engine
http://en.wikipedia.org/wiki/Energy_carrier
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(b) Weight fraction: The mole fraction (wi) of the multicomponent liquid mixtures can 

be prepared using the following relation: 

i i
i n

i i

i

( x / M )
w

( x M )





1

 

(c) Volume fraction: The volume fraction (ϕi) of the multicomponent liquid mixtures 

can be prepared by following employing three methods: 

i. Using volume: The volume fraction (ϕi) of the multicomponent liquid mixtures can 

be prepared by following relation 

i
i n

i

i

V

V








1

 

Where Vi, is the volume of pure liquid i. 

ii. Using molar volume: The volume fraction (ϕil) of the multicomponent liquid 

mixtures can be prepared by following relation 

l i mi
i n

i mi

i

xV

( xV )








1

 

Where Vmi is the molar volume of pure liquid i. 

iii. Using excess volume: The volume fraction (ϕiex) of the multicomponent liquid 

mixtures can be prepared by following relation 

ex i i
i n

E

i i

i

xV

( xV ) V








1

 

Where VE is the excess volume of the liquid mixture. 
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III.2.3 Measurements of Experimental Properties 

III.2.3.1 Mass Measurement 

Using digital electronic analytical 

balance Mettler Toledo, AG 285, 

Switzerland mass in different cases were 

measured.  

It can measure mass to a very high 

precision and accuracy. The weighing pan of 

a high precision (0.0001g) is inside a 

transparent enclosure with doors so that 

dust does not collect and so any air currents in the room do not affect the balance’s 

operation. 

 

Instrument Specification: 

Readability  : 0.1 mg/ 0.01mg 

Maximum capacity : 210 g/81g/41g 

Taring range : 0. . . . 210 g 

Repeatability  : 0.1 mg/ 0.05 mg 

Linearity : ±0.2 mg/±0.1 mg 

Stabilization time : 3 s/ 15 s 

Adjustment with external weights :200 g 

Sensitivity  : ±0.003% 

Display  : LCD 

Interface : Local CAN universal interface  

Weighing  : Ф 85 mm, stainless steel  

Effective height above pan  : 240 mm 

Dimensions(w/d/h) : 205×330×310 mm 

Net wt/with packaging : 4.9 kg/7.25 kg 

 

III.2.3.2 Conductivity Measurement 

Conductivity measurement was done using Systronics Conductivity TDS meter-

308. It is a microprocessor based instrument used for measuring specific conductivity of 

solutions. It can provide both automatic and manual temperature compensation. 
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Systronic-308 Conductivity Bridge 

 

 

The conductance measurements were carried out on this conductivity bridge of 

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 thermostate 

water bath maintained at T = (298.15 ± 0.01) K. The cell was calibrated by the method 

proposed by Lind et al. [7] and cell constant was measured based on 0.01 M aqueous KCl 

solution [8]. During the conductance measurements, cell constant was maintained within 

the range 1.10–1.12 cm−1. The conductance data were reported at a frequency of 1 kHz 

with the accuracy of ±0.3%. The conductivity cell was sealed to the side of a 500 cm3 

conical flask closed by a ground glass fitted with a side arm through which dry and pure 

nitrogen gas was passed to stop admittance of air into the cell during the addition of 

solvent or solution. The measurements were made in a thermostatic water bath 

maintained at the required temperature with an accuracy of  0.01 K by means of 

mercury in glass thermos-regulator[9]. 
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Instrument Specifications: 

Frequency :100 Hz or 1 KHz Automatic 

Conductivity  

Range : 0.1 µS to 100 mS. (6 decadic range) 

Accuracy : ±1% of F.S. ±1 digit 

Resolution : 0.001 µs 

TDS  

Range :0.1 ppm to 100 ppt. (6 decadic range) 

Accuracy : ±1% of F.S. ±1 digit 

Temperature  

Range : 0oC to 100oC (Auto/Manual) 

Accuracy : ± 0.2 oC ±1 digit 

Resolution : 0.1 oC 

Cell Constant : Acceptable from 0.1 to 5.0 

Auto Temp. Compensation : 0oC to 100oC with PT 100 sensor 

Manual Temp. Compensation : 0oC to 60oC user selectable 

Conductivity temp. Co-efficient : 0.0% to 9.9% user selectable  

Display : 7 digits, 7 segment LEDs 

(3 digits for TEMP/TEMPCO 

4 digits for Conductivity/TDS) 

With automatic decimal point selection 

TDS-factor : 0.00 to 9.99 user selectable  

Printer Port : Epson compatible 80 Column Dot Matrix 

Power : 230V AC, ±10%, 50 Hz 

Dimensions : 250(W)× 205(D)× 75(H) 

Weight : 1.25 Kg (Approx.) 

Accessories : i) Conductivity cell, cell constant 0.1 

  ii) Conductivity cell, cell constant 1.0 

  iii) Temp. Probe (PT-100 sensor) 

  iv) Stand & Clamp 
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Solutions were prepared by weight precise to ± 0.02 %. The weights were taken 

on a Mettler electronic analytical balance (AG 285, Switzerland). The molarity being 

converted to molality as required. Several independent solutions were prepared and 

runs were performed to ensure the reproducibility of the results. Due correction was 

made for the specific conductance of the solvents at desired temperatures.  

 

III.2.3.3 Density Measurement 

The density measurement was performed with the help of Anton Paar DMA 

4500M digital density-meter with a precision of ±0.0005 g⋅cm-3. 

 

Anton Paar DMA 4500M digital density-meter 

In the digital density meter, the mechanic oscillation of the U-tube is e.g. 

electromagnetically transformed into an alternating voltage of the same frequency. The 

period τ can be measured with high resolution and stands in simple relation to the density 

ρ of the sample in the oscillator: 

ρ = A ∙ τ2 - B      (III.1) 

A and B are the respective instrument constants of each oscillator. The values of 

A and B are determined by the calibration with the solutions of two different substances of 

known densities ρ1 and ρ2. Modern instruments calculate and store the constants A and 

B after the two calibration measurements, which are mostly performed with air and water. 

They produce suitable values to balance various influences during the measurement, e.g., 

the influence of the sample’s viscosity and the non-linearity caused by the measuring 

instrument’s finite mass. The instrument was calibrated by triply-distilled water and dry 

air.   

http://en.wikipedia.org/wiki/Oscillation
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Water
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Instrument Specification:  

Density : 0  to 1.5 g.cm-3 

Temperature : 15oC to 25oC  

Pressure : 0 to 6 bar 

Repeatability Standard Deviation  

Density : 0.00001 g.cm-3 

Temperature : 0.01 oC 

Additional information  

Minimum sample volume : approx. 2 ml 

Dimensions (L×W×H) : 400×225×231 mm 

Weight : approx. 15 kg 

Automatic bubble detection : yes 

Interfaces : 2×CAN 

Power  : Supplied by the master instrument 

 

 

III.2.3.4 Viscosity Measurement 

By Brookfield DV-III Ultra Programmable Rheometer: The viscosities (η) were 

measured using a Brookfield DV-III Ultra Programmable Rheometer with fitted spindle 

size-42. The viscosities were obtained using the following equation 

η = (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 calibration of the instrument 

was done using the standard viscosity sample solutions supplied with the instrument, 

water and aqueous CaCl2 solutions [10]. The temperature was maintained to within ± 

0.01°C using Brookfield Digital TC-500 thermostat bath. This instrument provides 

viscosity values with an accuracy of ± 1 %. Each measurement was reported as an 

average of three separate reading with a precision of 0.3 %. 
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Instrument Specifications:  

Speed Range  : 0-250 RPM, 0.1 RPM increments 

Viscosity Accuracy : ±1.0% of full scale range for a specific spindle running 

at a specific speed. 

Temperature sensing range : -100°C to 300°C (-148°F to 572°F) 

Temperature accuracy : ±1.0°C from -100°C to 150°C 

  ±2.0°C from +150°C to 300°C 

Analog Torque Output : 0 - 1 Volt DC (0 - 100% torque) 

Analog Temperature Output : 0 - 4 Volts DC (10mv / °C) 
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III.2.3.5 Refractive Index Measurement 

 Refractive index was be measure with the help of Digital 

Refractometer (Mettler Toledo 30GS). 

The instrument was calibrated using double-distilled water, 

toluene, cyclohexane, and carbon tetrachloride at defined 

temperature. The accuracy of the instrument is ±0.0005. A few 

drops of the sample solution were placed onto the measurement 

cell and the value of refractive index was taken. As refractive index 

is dependent on temperature, refractometer is designed to 

determine the temperature to produce the exact value. 

 

 

Specifications-Refracto 30GS- extended RI measuring range 

Model : Refracto 30GS 

Measurement range  : 1.32 -1.65  

Resolution : 0.0001 

Accuracy : +/- 0.0005 

Measurement range BRIX : 0 - 85 Brix%  

Resolution : 0.1 Brix% 

Accuracy  : +/- 0.2 Brix% 

Temperature range : 10 - 40° 

Resolution of temperature : 0.1° 

display : °C or °F 

Trade Name  : 51324660 

 

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

substance is defined as the index of refraction (aka refractive index or nD) for the 

substance. 
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D

Speed of light inavacuum
Refractiveindex of the substance(n ) =

Speed of light insubstance
  (III.5) 

A A B

B B A

V sin n

V sin n




       (III.6) 

Hence, without measuring the speed of light in a sample its index of refraction can easily 

be determined. Measuring the angle of refraction and refraction index of layer in contact 

with the sample it determines the refractive index of the sample accurately [11]. Nearly 

all refractometers utilize this principle, but may differ in their optical design. 
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 A light from its source is projected towards the illuminating prism with ground 

bottom surface that means roughened like a ground-glass joint so that each point on this 

surface can be regarded as producing light rays to be travelled in all directions. As in 

figure2 light propagating from point A to point B with largest angle of incidence (qi) and 

consequently the largest possible angle of refraction (qr) for a particular sample. Rest of 

the rays of light which go into the refracting prism with qr and consequently get revealed 

to the left of point C. Thus, the detector positioned on the back side of the refracting prism 

would show a light region to the left and a dark region to the right. 

 

III.2.3.6 Surface Tension Measurement 

Surface tension were measured by using Digital 

Tensiometer KRUSS K9 (Germany). The tensiometer is 

a precision instrument which will only perform 

reliably on a solid and vibration-free base. It places the 

same demands on its surroundings as a laboratory 

balance with a resolution of 0.1 mg. In addition surface 

tension measurements require a clean and dust-free 

atmosphere as atmospheric pollutants could directly 

falsify the results. 

 

 

III.2.4.7 FTIR Measurement 

Infrared spectra were recorded in 

8300 FTIR spectrometer (Shimadzu, Japan). 

It measures the intensity of light passing 

through the blank (I0) and measures the 

intensity of light (I) passing through the 

sample.  

The blank solution is identical to the 

sample solution only differing in the case 

that it does not contain the substrate which 

absorbs light. (In practice, instrument 
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measures the power rather than the intensity of the light. The power is the energy per 

second, which is the product of the intensity (photons per second) and the energy per 

photon. The experimental data is used to analyse two quantities: the transmittance (T) 

and the absorbance (A).  

10

0

I
T ; A log T

I
         (III.7) 

The fraction of light in the original beam passing through the sample and reaches the 

detector is the transmittance.  

 

III.2.4.8 UV-VIS Spectra Measurement 

     Compounds that absorb Ultraviolet and/or visible light have characteristic 

absorbance curves curves as a function of wavelength.  Absorbance of different 

wavelengths of light occurs as the molecules move to higher energy states.  
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The UV-VIS spectrophotometer uses two light sources, a deuterium (D2) lamp for 

ultraviolet light and a tungsten (W) lamp for visible light. After bouncing of a mirror, the 

light beam passes through a slit and hits a diffraction grating. The grating can be rotated  

allowing for a specific wavelength to be selected. At any specific orientation of the grating, 

only monochromatic (single wavelength) successfully passes through a slit. A filter is 

used to remove unwanted higher orders of diffraction. There is a half mirror where half 

of the light is reflected and the other half passes through. Before the half mirror the light 

beam hits a second mirror to avoid the splitting. One of the beam is allowed to pass 

through a reference cuvette (which contains the solvent only), the other passes through 

the sample cuvette. The intensities of the light beams are then measured at the end. 

Regarding this the Beer-Lambert law has been stated below. 

 

Beer-Lambert Law 

The change in intensity of light (dl) after passing through a sample should be 

proportional to the following: 

(i) Path length (b), the longer the path, more photons should be absorbed 

(ii) Concentration (c) of sample, more molecules absorbing means more photons 

absorbed 

(iii) Intensity of the incident light (I), more photons means more opportunity for a 

molecule to see a photon. Thus, dI is proportional to bcI or dI/I = - kbc (where k is 

a proportionality constant, the negative sign is shown because this is a decrease 

in intensity of the light, this makes b, c and I always positive. Integration of the 

above equation leads to Beer-Lambert’s law [12]: 

- lnI/I0 = kbc                                     (III.8) 

- log I/I0= 2.303kbc                          (III.9) 

ε = 2.303k                                         (III.10) 

A = - log I/I0                                        (III.11) 

A = εbc                                              (III.12) 

A is defined as absorbance and it is found to be directly proportional to the path length, 

b and the concentration of the sample, c. The extinction coefficient is characteristic of the 

substance under study and of course is a function of the wavelength. 
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III.2.3.9 Quanta Master 40 spectrofluorometer 

Fluorescence is the emission of light from a molecule resulting from a transition 

from one electronic state to a lower electronic state of the same multiplicity.  

Detection Limit 460 attomolar fluorescein in 0.1 M NaOH 

Signal to Noise Ratio 10,000:1 or better (350 nm excitation, 5 nm 

spectral bandpass, 1 s integration time) 

Data Acquisition Rate 50,000 points/sec. to 1 point/100 sec 

Inputs 4 analog (+/- 10 volts)  

2 photon counting (TTL) 

1 analog reference channel (+/- 10 volts) 

2 TTL 

Outputs 2 analog (+/- 10 volts)  

2 TTL 

Emission Range  185 nm to 680 nm (optional to 900 nm) 

Light Source High efficiency continuous Xenon arc lamp 

Monochromators Czerny-Turner design 

Focal Length 200 mm 

Excitation Grating 1200 line/mm 300 nm blaze 

Emission Grating 1200 line/mm 400 nm blaze 

Optional Grating 75 to 2400 line/mm and holographic models 

available 

Bandpass 0 to 24 nm, continuously adjustable (computer 

control available) 

Wavelength Accuracy +/- 0.5 nm 

Wavelength Resolution 0.06 nm 

Detection Photon counting/analog 

System Control Computer interface with spectroscopy 

software 

Dimensions 38 x 30 inches 
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The most commonly observed fluorescence from organic molecules is caused by 

a transition from an excited singlet state to the ground singlet state. 

Molecules have various states referred to as energy levels. Fluorescence 

spectroscopy is associated with electronic and vibrational states in principal. Generally, 

the molecules of a particular species consist of ground electronic state and an excited 

electronic state and a number of vibrational states within these two electronic states. 

The fluorescence spectroscopy consist a number of steps. First of all the species is 

excited from its ground electronic state to one of the different vibrational states of higher 

energy. The excited molecules may collide with other molecules and lose vibrational 

energy until it reaches the lowest vibrational state of the ground electronic state. This 

process is described with a Jablonski diagram. The molecule then emits a photon to fall 

down to one of the various vibrational levels of the ground electronic state again. As a 

number of vibrational levels in the ground state are available, the emitted photons will 
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have frequencies. Thus the analysing of different frequencies, along with their relative 

intensities, the structure of the various vibrational levels can be determined. 

In a typical experiment, the different wavelengths of fluorescent light emitted by 

a sample are measured using a monochromator, holding the excitation light at a constant 

wavelength. This is called an emission spectrum. An emission map is measured by 

recording the emission spectra resulting from a range of excitation wavelengths and 

combining them all together. This is a three dimensional surface data set: emission 

intensity as a function of excitation and emission wavelengths, and is typically depicted 

as a contour map. 

The QuantaMaster 40 spectrofluorometer has widespread applications. Below are some 

examples: 

 Protein folding/unfolding 

 Anisotropy 

 FRET 

 Chemiluminescence 

 Bioluminescence 

 Semiconductor Research 

 Electroluminescence Measurements 

 Photovoltaic Measurements 

 

III.2.4.10 NMR Spectra Measurement 

As on the strength of the magnetic field the resolution is mainly dependent, the 

NMR spectrometers are designed with very strong, big and liquid helium-

cooled superconducting magnet. Less expensive machines where permanent magnets 

are used are also available, which still give sufficient performance for certain application 

such as reaction monitoring and quick checking of samples but resolution is quite low. 

http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#Protein#Protein
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#Anisotropy#Anisotropy
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#FRET#FRET
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#BioChemiluminescence#BioChemiluminescence
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#BioChemiluminescence#BioChemiluminescence
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#Semiconductors#Semiconductors
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#Electroluminescence#Electroluminescence
http://www.pti-nj.com/products/Steady-State-Spectrofluorometer/QuantaMaster40-Applications.html#Electroluminescence#Electroluminescence
https://en.wikipedia.org/wiki/Liquid_helium
https://en.wikipedia.org/wiki/Superconducting
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The protons of the solvents, as most regular solvents are hydrocarbons, are NMR 

active. Thus, deuterium (hydrogen-2) is substituted (99+ %). Generally 

deuterochloroform (CDCl3) is used as a solvent. Apart from deuterochloroform 

deuterium oxide (D2O) and deuterated DMSO (DMSO-d6) are also used where applicable. 

While recording the NMR spectra often known solvent residual proton peak was taken 

as the internal standard where applicable instead of adding tetramethylsilane. 

NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectra were 

recorded at 300 MHz and 400 MHz using Bruker ADVANCE 300 MHz and Bruker 

ADVANCE 400 MHz instruments respectively at 298.15K. Signals are quoted as δ values 

in ppm using residual protonated solvent signals as internal standard (D2O: δ 4.79 ppm). 

Data are reported as chemical shift. 

 

 Other Instruments Used: 

III.2.4.11 Water Distiller 

Water from the natural sources is manually or automatically fed into steaming 

chamber of the distiller unit’s. The steam arises from the steaming chamber is passed 

through a built-in vent to condenser where the steam gets converted into water which 

https://en.wikipedia.org/wiki/Hydrocarbon
https://en.wikipedia.org/wiki/Deuterium
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then passes through and store into a container. 

Minerals and salts due to high boiling point 

remains in the boiling chamber as hard deposits 

or scale. The distilled water is then collected in 

a storage tank. If the unit is an automatic model, 

it is set to operate to fill the storage tank. The 

distillation apparatus contains a flask with 

heating elements embedded in glass and fused 

in spiral type coil internally of the bottom and 

tapered round glass, joints at the top double 

walled condenser with B-40/B-50 ground glass 

joints, suitable to work on 220 volts, 50 cycles 

AC supply.  

Water distillation units produce highly treated and disinfected water for laboratory 

usage. The distillation process removes minerals and microbiological contaminants and 

can reduce levels of chemical contaminants.  

 

 

Fractional Distillation Apparatus 
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III.2.4.12 Thermostat Water Bath (Science India, Kolkata): 

Temperature was controlled using thermostatic water bath and in which the 

experiments were also carried out. The temperature was maintained with an accuracy of 

 0.01 K of the desired temperature. 

 

 

Thermostat water bath 

 

Laboratory water bath is a system in which a vessel containing the material to be heated 

is placed into or over the one containing water and to quickly heat it. These laboratory 

equipment supplies are available in different volumes and construction with both digital 

and analogue controls and greater temperature uniformity, durability, heat retention and 

recovery. The chambers of water bath lab products are manufactured using rugged, leak 

proof and highly resistant stainless steel and other lab supplies. 
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CHAPTER-IV 
 

NMR, SURFACE TENSION AND CONDUCTANCE STUDY TO INVESTIGATE 

HOST-GUEST INCLUSION COMPLEXES OF THREE SEQUENTIAL IONIC 

LIQUIDS WITH β-CYCLODEXTRIN IN AQUEOUS MEDIA 

 

IV.1. INTRODUCTION  

Supramolecular assembly is the association of guest molecules into the inner 

cavity of a host molecule by noncovalent bonds under equilibrium conditions [1]. 

Cyclodextrin seems to be the most promising host molecule to form inclusion complexes 

[2]. β-Cyclodextrin (β-CD) is a cyclic oligosaccharide (consists of seven α-D-

glucopyranose units, linked by glycosidic bonds α-1,4 obtained as the main product from 

the enzymatic conversion of the starch [3-6]. Due to lack of free rotation about the 

glycosidic bond, β-CD (as the α- and γ-CDs) has a unique spatial configuration, showing a 

cylindrical hollow truncated cone shape; cavity with 6.0Å of width and 7.9Å of height, has 

a hydrophobic character, while the rims are hydrophilic: the wider one, with fourteen 

primary hydroxyl groups (-OH), and a narrower one with, the seven secondary OH 

groups (-CH2OH) (Scheme IV.1). These structural features give all the fitting and 

encapsulating properties to β-CD, for forming inclusion complexes with molecules that 

fit into the hydrophobic cavity. 

  Cationic ionic liquids are the prominent surface active agents with positively 

charged hydrophilic head group and a hydrophobic tail group, have attracted immense 

interest in the development of methods for separation, purification, extraction of DNA; 

and also been tested for gene delivery and gene transfection that involve in current 

clinical trials based on gene therapy [7, 8]. 

 The driving force of inclusion complex formation is the displacement of water 

molecules by more hydrophobic guest molecules present in the solution to attain an 

apolar-apolar association [2]. The surface active ionic liquids are form inclusion complex 
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with β-CD; may be applied in industries, agriculture, textile, detergent, food, cosmetics 

and the drug or pharmaceutical [9, 10], as antibacterial, antistatic, corrosion inhibitory, 

dispersants, emulsifying, wetting and solubilizing agent’s etc [9, 11, 12]. In addition to 

these industrial applications, CDs are related to many interesting topics, such as 

molecular recognition and self-assembly, molecular encaptulation, chemical 

stabilization, and intermolecular interactions [13, 14]. 

  However, to the best of our knowledge, no work has yet been done in as our 

chosen system. In this paper, size, shape, structural effect of ionic liquids in the formation 

of the inclusion complexes have been studied quantitatively and qualitatively to find the 

nature of ionic host-guest inclusion complexes of sequential cationic room temperature 

surface active ionic liquids, benzyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3]Cl; 

where n=1,2,4] (Scheme IV.1) with β-cyclodextrin in aqueous media using surface 

tension, conductance and NMR study. 

 

 

 

 

 

 

 

 

 

 

β-cyclodextrin 

 

Scheme IV.1: Molecular structure of cationic surfactant and β-cyclodextrin. 

 

 

Benzyltrimethylammonium           Benzyltriethylammonium            Benzyltributylammonium  

                  Chloride                                      Chloride                                             Chloride 
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IV.2. EXPERIMENTAL SECTION 

  IV.2.1 Reagents 

  The cationic surfactants benzyltrimethylammonium chloride (97%), 

benzyltriethylammonium chloride (99%), benzyltributylammonium chloride (98%) and 

β-cyclodextrin (97%) were bought from Sigma-Aldrich, Germany and used as purchased. 

 

IV.2.2 Instrumentations 

 Prior to the start of the experimental work solubility of the chosen cyclodextrins 

in triply distilled and degassed water (with a specific conductance of 1×10-6 S∙cm-1)  and 

title compounds viz., cationic surfactant in aqueous β-cyclodextrin have been precisely 

checked and it was observed that the selected cationic surfactant freely soluble in all 

proportion of aq. β-cyclodextrins. All the stock solutions of the cationic surfactant were 

prepared by mass (weighed by Mettler Toledo AG-285 with uncertainty 0.0003g), and 

then the working solutions were obtained by mass dilution at 298.15 K.  

 The surface tension experiments were done by platinum ring detachment method 

using a Tensiometer (K9, KRŰSS; Germany) at 298.15 K. The accuracy of the 

measurement was within ±0.1 mN∙m−1. Temperature of the system has been maintained 

by circulating auto-thermostated water through a double-wall glass vessel containing the 

solution. 

 The conductance measurements were carried out in a Systronics-308 

conductivity bridge of accuracy ±0.01%, using a dip-type immersion conductivity cell, 

CD-10 having a cell constant of approximately (0.1±0.001) cm-1 [15]. The measurements 

were made in an auto-thermostated water bath maintaining the temperature at 298.15 

K and using the HPLC grade water with specific conductance of 6.0 μS m-1. The cell was 

calibrated using a 0.01M aqueous KCl solution. The uncertainty in temperature was 

0.01K. 

 NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectra were 

recorded at 400 MHz using Bruker ADVANCE 400 MHz instrument at 298.15K. Signals 

are quoted as δ values in ppm using residual protonated solvent signals as internal 

standard (D2O: δ 4.79 ppm).Data are reported as chemical shift. 
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IV.3. RESULTS AND DISCUSSION 

  IV.3.1. Critical Micellization Concentration (CMC) 

 The micelle forming concentration of the three cationic room temperature ionic 

liquids was measured by surface tension, (γ) and molar conductivity (Λ) in aqueous 

media.  

In Figure IV.1 the surface tension (γ) values obtained for the cationic based ionic liquid 

solution is plotted as a function of the ionic liquid concentration at 298 K. Surface tension 

decreases with the increase of ionic liquid concentration, reach a minima (called critical 

micellization concentration, CMC) and the slight increase or taken as almost constant 

variation with further addition of ionic liquids, have disclosed no effective variation in 

the surface tension as expected very seriously [16]. The break point in Figure IV.1 

demonstrates that the micelle starts to form at the critical micellization concentration 

(CMC) of 3.0*10-3, 2.6*10-3, and 2.0*10-3 M (Table IV.1) for [(C6H5CH2)N(CH3)3]Cl, 

[(C6H5CH2)N(C2H5)3]Cl and [(C6H5CH2)N(C4H9)3]Cl respectively. 

 

 

 

Figure IV.1: Plot of surface tension (γ) with corresponding conc. (M) of ionic liquids. 
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Table IV.1: Molar Conductance (Λ) and Surface tension (γ) values with corresponding 

concentration at the CMC and saturation point of inclusion; and concentration ratio (ratio 

of inclusion IL: β-CD) at the break point of the surfactants solution (0.01 M) in aqueous 

β-CD. 

 

Ionic liquids 
CMC  

(M) 

ΛCMC 

(S cm2 mol-1) 

Conc.  

(M) 

Λ (S cm2 mol-1) 

at break point 

Conc. ratio 

(IL:β-CD) 

[(C6H5CH2)N(CH3)3Cl 0.0031 40.31 0.0101 11.90 1 : 1.01 

[(C6H5CH2)N(C2H5)3Cl 0.0029 32.50 0.0103 11.71 1 : 1.03 

[(C6H5CH2)N(C4H9)3Cl 0.0019 18.72 0.0105 12.30 1 : 1.05 

Ionic liquids 
CMC  

(M) 

γCMC 

(mN m-1) 

Conc.  

(M) 

γ (mN m-1) 

at break point 

Conc. ratio 

(IL:β-CD) 

[(C6H5CH2)N(CH3)3Cl 0.0030 39.1 0.0101 68.0 1 : 1.01 

[(C6H5CH2)N(C2H5)3Cl 0.0026 38.9 0.0102 65.5 1 : 1.02 

[(C6H5CH2)N(C4H9)3Cl 0.0020 38.6 0.0105 63.8 1 : 1.05 

 

The conductance values (Λ) obtained for the cationic ionic liquid solution is also plotted 

as a function of the ionic liquid concentration. Conductivity increases monotonically with 

the increase of the ionic liquid concentration, but after a certain point (called break point) 

the conductance data have not vary effectively even further addition of ionic liquid. The 

break point (Figure IV.2) at the concentration of 3.1*10-3, 2.9*10-3, and 1.9*10-3M for 

[(C6H5CH2)N(CH3)3]Cl, [(C6H5CH2)N(C2H5)3]Cl and [(C6H5CH2)N(C4H9)3]Cl respectively 

(Table IV.1), demonstrates the critical micellization concentration (CMC), where, the 

micelles starts to form. The point is confirmed by conductance result in Figure IV.2 

where break point is also seen in good agreement with surface tension (Figure IV.1). 
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Figure IV.2: Plot of molar conductance (Λ) with corresponding conc. (M) of ionic liquids. 

 

 Table IV.2: Free energy of micellization (ΔGmic) and free energy of change (ΔG) 

obtained from degree of micelle ionization (α) and association constant (Ka) of the 

solution (β-CD+ionic liquid) at 25°C evaluated  from the conductance and surface tension 

measurement respectively. 

 

Salt α 
ΔGmic 

(kJ/mol) 
Ka 

∆G 

(kJ/mol) 
β 

106 Γmax 

(mol m-2) 

Amin 

(Å2) 

[(C6H5CH2)N(CH3)3Cl 0.57 -16.29 2252.25±19 -19.14 0.43 2.37 70.19 

[(C6H5CH2)N(C2H5)3Cl 0.54 -16.56 1524.39±22 -18.17 0.46 2.28 72.67 

[(C6H5CH2)N(C4H9)3Cl 0.51 -16.83 1136.36±13 -17.44 0.49 2.13 77.88 

 

IV.3.2. Surface Tension 

 Surface tension (γ) measurement gives significant indication about the formation 

of inclusion complex as well as stoichiometry of the host-guest assembly [17-20].  

Figure IV.3 illustrates the variations of surface tension (γ) of 0.01M chosen three 

aforesaid ionic liquids with β-CD concentration at 298 K. The surface tension curves vary 

linearly with an addition of β-CD concentration to a maximum, and after then surface 

tension data not vary effectively with further adding of β-CD into the solutions. The linear 
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rising surface tension data demonstrates the decreasing tendency of the surface activity 

of the surface active ionic liquids. This is due to the fact that ionic liquids are encapsulated 

insight into the cavity of the β-CD and form the inclusion complexes (ICs) and loss their 

surface activity. The constant variation of surface tension after saturation point, make 

clear that the rest surface tension is only for the aqueous solutions of β-CD or pure water; 

because the inclusion complexes and aqueous solution of β-CD do not possess any surface 

activity [21]. The stoichiometry of the inclusion complexes has been obtained from 

concentration ratio of the ionic liquid and β-CD (IL:β-CD) at the break point or the 

saturation point of the inclusion. From Table IV.1 it has been seen that the concentration 

ratio of IL:β-CD is 1:1.01, 1:1.02, and 1:1.05 for [(C6H5CH2)N(CH3)3]Cl, 

[(C6H5CH2)N(C2H5)3] and[(C6H5CH2)N(C4H9)3]Cl respectively, shows the 1:1 

stoichiometric ratio of inclusion complex. From Figure IV.4 it is found that the surface 

tension curves of the three selected ionic liquids in the presence of fixed amount 

(0.005M) of β-CD are higher than those in the absence of β-CD.  

 

 

 

Figure IV.3: Plot of surface tension (γ) of ionic liquids (0.01M) with corresponding conc. 

(M) of β-CD. 
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Figure IV.4: Plot of molar conductance (Λ) of ionic liquids (0.01M) with corresponding 

conc. (M) of β-CD. 

 

The concentration at which surface tension of ionic liquids (for fixed 0.005M β-

CD) is almost constant is called as apparent critical micelle concentrations (CMC*). The 

CMC* 0.00499, 0.00503, and 0.00505 for [(C6H5CH2)N(CH3)3Cl, [(C6H5CH2)N(C2H5)3Cl 

and[(C6H5CH2)N(C4H9)3Cl respectively, also suggested the 1:1 stoichiometric ratio of 

inclusion. Higher the CMC* values caused by the presence of β-CD indicates that the 

formation of β-CD–ionic liquid inclusion complexes decreases the micelle formation 

ability of the ionic liquids. The surface tension values of each ionic liquid after the CMC in 

the presence of β-CD remain constant as that of the absence of β-CD. This also indicates 

that the inclusion complexes have no surface activity and that there is little interaction 

between the inclusion complexes and the micelles or the free surfactants. 

 

IV.3.3. Conductance 
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for an aqueous mixtures of ionic liquids and monomers of β-CD [22] as the concentration 

in β-CD cavities rises, the conductance of the mixture slightly increases, passes through a 
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of β-CD into the solution systems. Such a behaviour denotes the formation of inclusion 

complexes between the ionic liquid molecules with the β-CD cavities.  

 

Figure IV.5: Plot of surface tension (γ) with corresponding conc. of ionic liquids in 

absence (solid fill) and in presence (no fill) of β-CD. 

 

The initial increase of conductance at very low conc. of β-CD is ascribed to the 

progressive destruction of the micelles (Scheme IV.2a) of ionic liquids by inclusion of 

the benzyl group of ionic liquid into the β-CD cavities (i.e., the β-CD-ionic liquid 

interactions are stronger than those of the ionic liquid-ionic liquid interactions [23]. The 

destruction of the micelles is accompanied by a release of surfactant monomers and a 

release of counter ions initially linked to the surface of the micelles, which increases the 

conductance values.  

 

Scheme IV.2: Schematic illustration of plausible micelle (2a), distraction of micelle (2b) 

and plausible inclusion formation (2c). 
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 At the maximum of the conductance, micelles are supposed to have completely 

disappeared (Scheme IV.2b) and an excess of β-CD cavities reduces the quantity of free 

ionic liquids by formation of inclusion complexes (Scheme IV.2c), leading to a decrease 

of the conductance values. When most of the ionic liquid molecules are incorporated 

insight into the cyclodextrin cavities, a plateau of conductance is observed and its value 

is ascribed only to the charged inclusion complexes and to the counter ion Cl-.  

From output of the Figure IV.5 and Table IV.1, the ratio of the β-CD concentration 

to the ionic liquid concentration at the saturation point or break point is equal to the 1.01, 

1.03, and 1.05 for [(C6H5CH2)N(CH3)3]Cl, [(C6H5CH2)N(C2H5)3]Cl and 

[(C6H5CH2)N(C4H9)3]Cl respectively,has showed that β-CD-ionic liquid complexes are 

mainly formed with a 1:1 stoichiometry, i.e., only one molecule of ionic liquid 

encapsulated per β-CD cavity (Scheme IV.3).  

 

 

 

Scheme IV.3: Schematic representation of mechanism of formation of inclusion 

complexes of cationic ionic liquids with β-cyclodextrin. 

 

In the surface tension (γ) study for the aforesaid three ionic liquids with β-CD 

shows single break point (Figure IV.3) in each γ vs. conc. curve, which clearly indicates 

β-CD can form 1:1 inclusion complexes with the hydrophobic benzyl moiety. The 

hydrophilic ammonium moiety or positive charge on the nitrogen atom remains 

hydrated at the outside of the cyclodextrin cavity and stabilized with oxygen atom of the 
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–OH group present in the rim of cyclodextrin (only in case of benzyltrimethylammonium 

chloride) (Scheme IV.4). 

 

Scheme IV.4: Schematic representation of inclusion complexes of cationic ionic liquids 

with β-cyclodextrin. 

 

 

IV.3.4. 1H NMR 

  Inclusion of a guest molecule into the cavity of β-cyclodextrin has been studied 

by the upfield chemical shift of the protons of cyclodextrin molecule in 1H NMR spectra. 

According to the 1H NMR study in the molecular structure of β-cyclodextrin the H3 and 

H5 hydrogen’s are situated inside the conical cavity, mainly, the H3 are placed near the 

wider rim whereas H5 are placed near the narrower rim, the other H1, H2 and H4 
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hydrogens are situated at the exterior of the cyclodextrin molecule (Figure IV.6). Since 

the H3 is located near the wider rim of CD, through which the guest enters, the shift is 

higher for it than the H5 proton [24].  

O

H4

*

H3

HO

H2

O

OHH5

H1

OH

7

OH

HO

H1 H2 H4

H3
H5

 

Figure IV.6: (a) Stereo-chemical configuration, (b) truncated conical structure of β-

cyclodextrin with interior and exterior protons. 

 

The other H1, H2 and H4 hydrogen’s also show resonableupfield chemical shift, 

but it is less compared to that of the interior protons [25-27]. Here, the inclusion 

phenomenon of chosen benzyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3Cl; 

where n=1,2,4] with β-CD have been studied by 1H NMR spectra by taking 1:1 molar ratio 

in D2O (Figure IV.7-9).  

 

Figure IV.7: 1H NMR spectra of (a) β-CD, (b)[(C6H5CH2)N(CH3)3]Cl, and (c) inclusion 

complex. 
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Figure IV.8: 1H NMR spectra of (a) β-CD, (b) [(C6H5CH2)N(C2H5)3]Cl, and (c) inclusion 

complex. 

 

Figure IV.9: 1H NMR spectra of (a) β-CD, (b) [(C6H5CH2)N(C4H9)3]Cl, and (c) inclusion 

complex. 
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It has been found that there are considerable upfield shifts of interior H3 and H5 

protons, as well as that of the interacting protons i.e., aromatic and methylene protons of 

the benzyl group of benzyltrialkylammonium cations [28]. This establishes that inclusion 

phenomenon has occurred between the chosen ionic liquid with cavity of the β-CD 

molecule [29, 30]. 

  

IV.3.5. Association Constant and Other thermodynamic properties 

 The association constants for 1:1 inclusion complexes of β-CD and ionic liquid was 

determined from the surface tension measurements by using the numerical method 

developed by Lu et al. [21]. We have used two surface tension curves in Figure IV.5 (with 

and without β-CD) to determine the value of association constant, which allows 

justification of the assumption made. The plot of S0–[S] vs(
𝑆𝑜

[𝑆]
− 1) shown in Figure IV.10 

gives the slope (−
1

𝐾𝑎
), and thus the association constants (Ka) for the inclusion 

complexes of β-CD-ionic liquids 16 and free energy change (∆G) are determined, and listed 

in Table IV.2.  

 

Figure IV.10: Relationship between (So-S) and (So/S)-1 for solution of ionic liquids along 

and mixed with β-CD. 
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CD+ionic liquid) at 25°C respectively (Table IV.2).The degree of micelle ionization (θ) 

was calculated by taking the ratio between the slopes of the linear portions above and 

below the break point in the conductivity profiles. The larger value of θ for the complex 

micelles is indication of an increased degree of ionic dissociation (Table IV.2) as a result 

of the interaction of ionic liquids with β-CD. The free energy of micellization (ΔGmic) can 

be calculated using the equation of [31] 

ΔGmic = RT(2-θ)lnCMC 

The negative ΔGmic values(Table IV.2) indicates that the presence of β-CD makes 

the process feasible and can be explained on the basis that more β-CD will be able to 

encapsulate more monomers and the amount of ionic liquids needed to form the micelle 

will obviously disappeared.The degree of counter ions binding (ϕ) onto the self-

aggregated assemblies was obtained from the slopes of the Λ vs [(C6H5CH2)N(CnH2n+1)3]Cl 

isotherm in the pre-micellar region (S1) and the post-micellar region (S2) using the 

following relationship: 

ϕ = 1 −
S2
S1

 

The ϕ factor includes the fraction of free energy required to condense the counter 

ions on the aggregate to reduce the repulsion between the adjacent monomer head 

groups [32]. 

From the perusal of Table IV.2 it is clear that the association constants (Ka) for 

benzyltrimethylammonium chloride is higher compared to the other two ionic liquids; is 

obviously due to the fact of steric factor of the side chain group of cationic part of the 

chosen ionic liquids. The higher the side chain group increases the steric hindrance effect, 

i.e., butyl group in [(C6H5CH2)N(C4H9)3]Cl is more steric effect than ethyl group in 

[(C6H5CH2)N(C2H5)3]Cl, which is in turn more than methyl group in [(C6H5CH2)N(CH3)3]Cl 

(Scheme IV.4); which clearly state the benzyl group of benzyltrimethylammonium 

cationic part of the ionic liquid is more associated/encapsulated with β-CD( Scheme 

IV.4). On other hand more negative ∆G for [(C6H5CH2)N(CH3)3]Cl than the rest two is also 

undoubtedly speak out that benzyltrimethylammonium charge or cationic part of the 

ionic liquid is more feasibly associated. 
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 The maximum surface excess concentration (Γmax), and the minimum area of 

exclusion per molecule at the air-solution interface (Amin) were estimated for the three 

surface active ionic liquids to the slope of the tensiometric profile near the CMC, is 

quantified by applying the Gibbs adsorption isotherm [33]. The values of Γmax and Amin 

are also listed in Table IV.2. The increase in the Amin values with temperature may be 

ascribed to the greater kinetic motion of the monomers populating the air-solution 

interface. It was noticed from Table IV.2 that the values of Γmax decrease and those of Amin 

increase, with the increase of alkyl chain length; which means the ionic liquid molecules 

with the short alkyl chain (i.e., trimethyl group) can make packing more closely or 

arrange more tightly than longer one.  

 

IV.4. CONCLUSIONS 

The surface tension, conductance and NMR study gives the clear indication of 1:1 

host-guest inclusion complex formation of a series of surface active ionic liquids, 

benzyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3Cl; where n=1,2,4 ] with aq. β-

cyclodextrin. The study also expose that benzyl, the hydrophobic group of ionic liquids 

encapsulated insight into the cavity of β-cyclodextrin and form the inclusion complex. 

This study also demonstrated that hydrophobic interactions and hydrogen bonding 

contribute to the inclusion of ionic liquids in CDs. It was found that addition of β-CD 

causes the shifting of micellization of the ionic liquids towards the higher concentration. 

This indicates the inclusion complex formation between the ionic liquids and β-CD. 
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CHAPTER-V 

PROBING INCLUSION COMPLEX FORMATION OF AMANTADINE 

HYDROCHLORIDE WITH 18-CROWN-6 IN METHANOL BY 

PHYSICOCHEMICAL APPROACH 

 

V.1. INTRODUCTION  

 Host-guest interaction has been termed 'a complementary stereo-electronic 

arrangement of binding sites in host and guest’ [1]. In the chemical sense the host is 

usually an organic molecule containing specific receptor sites while the guest is 

normally a metal or organic cation. Host-guest interactions have recognized 

importance in many biological processes, including enzyme catalysis and inhibition, 

antibody-antigen interactions, and membrane transport. A particularly fruitful field 

of organic synthesis during the past several years has been the design and preparation 

of macrocyclic molecules of the cyclic polyether type with the intent to mimic certain 

biological host-guest interactions [1-4]. Several workers have reported the 

attachment of organic ammonium [5] groups to hosts which are analogues of 18-

crown-6 with the subsequent enhancement of a reaction between host and guest 

components away from the site of primary binding.  

 The crown ethers were of a great interest since their discovery had been 

reported by Pedersen in 1967 [6]. The ability of these macrocycles to form non-

covalent, H-bonding complexes with ammonium cations has been actively 

investigated with an eye toward biological applications [7,8],molecular recognition 

[9,10],self-assembly [11,12], crystal engineering [13,14], and catalysis [15].The 

stoichiometry and stability of these host–guest complexes depend both on the size of 

the crown ether and on the nature of the ammonium cation (NH4+, RNH3+etc) 

[16,17].The numerous studies of 18-crown-6 (18C6) and its derivatives, which have 

the highest affinity for ammonium cations, invariably showed a 1:1 stoichiometry 

with both NH4+and RNH3+cations in solution [18] and in the solid state [19,20]. 

          Crown ether-ammonium complexes are of fundamental interest as prototypical 

systems involving multiple hydrogen bonds. Study of these simple multiply-bound 

complexes is a promising means of gaining insight into much more complex 
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macromolecular systems, such as those involved in protein folding or in the pairing of 

nucleo bases in polymetric nucleus acids [21]. Host parameters of importance in 

binding both metals and organic ammonium cations include cavity size, donor atom 

number and type, ring number and type, ring substituents, and ring conformation. 

Guest parameters for organic ammonium cations differ from those of metal cations 

because of the different binding mechanisms involved for the two types of guest. 

Metal cations are sequestered within the macrocyclic ring, whereas ammonium 

cations hydrogen bond to the ring donor atoms. Thus, guest parameters significant to 

organic ammonium cation binding include number of hydrogen atoms available for 

hydrogen bonding. 

           Amantadine (Scheme V.1) is tricyclicaminohydrocarbons with antiviral 

activity directed uniquely against influenza A virus. The compounds have a potential 

to inhibit the early phases of viral replication by preventing uncoating of the viral 

genome and virus-mediated membrane fusion. The drug is used in the prevention and 

treatment of influenza A infections [22, 23]. 

 

 

 

Scheme V.1: Molecular structure of Amantadine hydrochloride and 18C6. 

 

On the other hand, macrocyclic [24] and macrobicyclic polyethers [25] have 

been extensively used as interesting model compounds for the study of molecular 

effect on membrane permeability [26,27],due to their many similarities to cyclic 

antibiotics and biological transport agents. Considerable attention has been focused 

on the interactions between different protonated amines and macrocyclic ligands in 

order to study the molecular effect on membrane permeability [28-30]. 
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One interesting property of crown ethers is that the electron pairs present in 

the ring heteroatoms provide the molecule with the ability to complex a wide range 

of cations in the empty cavity present in the centre of the ring [31]. A space filling 

model of 18-crown-6 is shown in Figure V.1 illustrating the central cavity in which K+ 

ions bind by coordinating to the six surrounding ether oxygen atoms. In the case of 

18-crown-6, the diameter of the interior hole is about 4.0 Å [31].That structural 

feature allows for crown ethers to form a number of complexes with cationic species 

[32]. 

 

 

Figure V.1: A space filling model of 18-crown-6 showing the open space at the center 

of the crown and electron pairs present on the exposed oxygen atoms (in pink). 

 

Conductance measurements as a sensitive and powerful technique to study the 

complexation of macrocyclic ligands with different cations in a variety of non-aqueous 

and mixed solvents [33,34]. The thermodynamics of complexation of amantadine ion 

with different crown ethers and cryptands in acetonitrile solvents have been reported 

in the literature [35]. In this paper a conductance study, surface tension study and 

density study of the complex formed between amantadine hydrochloride (ADH) and 

18-crown-6 (18C6) in methanol solution was reported and discuss the influence of 

several structural and medium parameters on the complexation reaction. The 

structure of the crown ether is shown in Scheme V.1. 

 

V.2. EXPERIMENTAL SECTION 

V.2.1 Reagents 

The Amantadine hydrochloride (ADH) and 18-crown-6(18C6) of puriss grade were 

bought from Sigma-Aldrich, Germany and used as purchased. The mass fraction purity 

of ADH and 18C6were ≥ 0.99 and 0.98 respectively. 
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V.2. 2. Instrumentations 

Prior to the start of the experimental work solubility of the chosen crown ether 

in methanol and ADH in methanolic solution of 18C6 have been precisely checked and 

observed that the drug molecule ADH freely soluble in all proportion of methanolic 

18C6 solution. All the stock solutions of the drug molecule were prepared by mass 

(weighed by Mettler Toledo AG-285 with uncertainty 0.0003g), and then the working 

solutions were obtained by mass dilution at 298.15 K. The conversions of molarity 

into molality have been done [36] using density values. Adequate precautions were 

made to reduce evaporation losses during mixing.  

 The surface tension experiments were done by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at the experimental temperature. 

The accuracy of the measurement was within ±0.1 mN∙m−1. Temperature of the 

system was maintained at 298.15 K by using Omniset thermostat having uncertainty 

in temperature ±0.01 K.  

 The conductance values were obtained by using Systronics-308 [37]. The 

study was carried out using Brookfield TC-550 water bath with thermostat 

maintaining at the experimental temperatures having uncertainty of ± 0.01 K. 

 The densities (  ) of the solvents were measured by means of vibrating U-tube 

Anton Paar digital density meter (DMA 4500M) with a precision of ± 0.00005 gcm-

3maintained at ± 0.01 K of the desired temperature. It was calibrated by passing triply 

distilled, degassed water and dry air. 

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, 

Japan). The details of the instrument have formerly been described [38].  

 

V.3. RESULTS AND DISCUSSION 

V.3.1. Conductance 

The molar conductance (Λ) of ADH (5×10-4 M) in methanol solution was 

monitored as a function of crown ether to amantadine ion mole ratio at various 

temperatures [Table V.1]. The resulting molar conductance vs. crown/cation mole 

ratio plots at 298.15, 303.15, and 308.15 K are shown in Figure V.2. In every case, 

there is a gradual decrease in the molar conductance with an increase in the crown 

ether concentration. This behavior indicates that the complexed amantadine ion is 

less mobile than the corresponding amantadine ion in methanol. As can be seen from 
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Figures V.2, the complexation of amantadine ion with 18C6, addition of the crown 

solution to the amantadine solution causes a continuous decrease in the molar 

conductance, which begins to level off at a mole ratio greater than one, indicating the 

formation of a stable 1:1 complex [39, 40]. By comparison of the molar conductance-

mole ratio plot for amantadine ion -18C6 systems obtained at different temperatures 

(Figure V.2), it can be observed, that the corresponding molar conductance increased 

rapidly with temperature, due to the decreased viscosity of the solvent and, 

consequently, the enhanced mobility of the charged species present.  

 

Figure V.2: Molar conductance vs [18C6]/[amantadine ion] at 298.15 K (▲) , 303.15 

K (⧫), 308.15 K (●). 

 

Table V.1: Values of observed molar conductivities (Λ) at various mole ratios for the 

system Amantadine-18C6 at different temperature. 

 

 

Mole Ratio 

 Conductance (Λ) 

(S. cm2. mol-1) 

 

 293.15 K 298.15 K 303.15 K 

0 162.40 170.60 179.74 

0.099 158.46 166.42 176.18 

0.196 154.84 162.80 172.00 

0.291 151.06 159.32 168.20 

0.385 147.32 155.68 165.16 

0.476 143.50 152.02 161.00 

0.566 139.12 148.68 158.16 
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0.654 135.24 146.20 155.24 

0.740 131.68 143.12 151.56 

0.825 128.58 140.34 148.82 

0.909 126.20 137.10 146.60 

1.071 122.46 132.38 142.12 

1.228 119.88 129.60 139.76 

1.379 118.34 128.82 138.72 

1.667 117.44 127.76 136.88 

1.935 117.10 127.00 135.80 

2.187 116.80 126.42 134.80 

2.424 116.62 125.90 133.90 

2.647 116.04 124.72 132.48 

2.857 115.66 123.92 131.64 

3.333 115.20 122.60 129.52 

3.750 114.58 121.94 128.34 

 

V.3.2. Association constant and Thermodynamic parameter 

 The 1: 1 complexation of amantadine ion with 18C6 crown ether can be 

expressed by the following equilibrium 

                            
fK

M C MC                                                               (1) 

The corresponding equilibrium constant, 
fK is given by  

                  
[ ] ( )

[ ][ ] ( ) ( )f

MC f MC
K

M C f M f C

 

 
                                                   (2) 

where [MC+], [M+], [C] and f represent the equilibrium molar concentrations of the 

complex, free cation, free ligand and the activity coefficients of the species indicated, 

respectively. Under the dilute conditions used, the activity coefficient of uncharged 

macrocycle, f (C), can be reasonably assumed as unity [41]. The use of the Debye-

Hückel limiting law [42], leads to the conclusion that f (M+) ∼f (MC+), so the activity 

coefficients in Equation (2) cancel. The complex formation constant can be expressed 

in terms of the molar conductances, Λ, by the following equations [39, 41]. 
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                                             (4) 

Here, M is the molar conductance of the metal ion before addition of ligand, MC the 

molar conductance of the complexed ion, obs the molar conductance of the solution 

during titration, CC the analytical concentration of the macrocycle added and MC the 

analytical concentration of the salt. The complex formation constant,
fK , and the 

molar conductance of the complex, MC , were evaluated by using Equations (3) and 

(4).  

 In order to have a better understanding of the thermodynamics of the 

complexation reactions of amantadine ion with the 18C6 crown ether it is useful to 

consider the enthalpic and entropic contributions to these reactions. The ∆H◦ and ∆S◦ 

values for the complexation reactions were evaluated from the corresponding log fK

and temperature data by applying a linear least-squares analysis according to the 

equation: 

             2.303log f

H S
K

RT R

 
                                                      (5) 

Plots of log fK vs. 
1

T
for Amantadine -18C6 complex is linear (Figure V.3).  

 

 

Figure V.3: The linear relationship of log Kf vs 1/T for the interaction between 

amantadine hydrochloride with 18C6. 
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The enthalpy (∆H0) and entropy (∆S0) of complexation were determined in the 

usual manner from the slopes and intercepts of the plots and the results are also 

included in Table V.2. Both of these two parameters have negative values. The 

negative values of enthalpy confirm that when ADH interact with the crown ether 

molecules the overall energy of the system is decreased, i.e., there is some 

stabilization interaction in the system, whereas negative values of entropy factor 

indicate that there is an ordered arrangement, i.e., complex formation takes place 

between the ADH and the 18C6 molecule. The negative value of entropy is 

unfavourable for the spontaneity of the complex formation, but this effect is overcome 

by higher negative value of ∆H0. The values of ∆G0 (Table V.2) for the complex 

formation was found negative suggesting that the complex formation process 

proceeds spontaneously. The data shown in table indicates that formation constant 

log fK  for amantadine ion with 18C6 is highest at 298.15 K and decreases with 

increase in temperature i.e. amantadine ion form stable complex with 18C6 at 

298.15K. 

 

Table V.2: Values of formation constant, enthalpy, entropy and free energy change of 

amantadine-18C6 complex in methanol solution. 

 

Cation Crown Log Kf 
ΔHo 

(kJ mol-1) 

ΔSo 

(J mol-1K-1) 

ΔGo 

(kJ mol-1) 

  298.15K 303.15K 308.15K    

Amantadine 18C6 3.04 2.90 2.77 -46.56 -100.58 -16.57 

 

V.3.3. Surface tension 

               Surface tension (γ) measurement provides significant indication about 

formation of inclusion complex as well as stoichiometry of the host-guest assembly 

[43-45]. The values of surface tension at different concentration of 18C6 are listed in 

Table V.3.  
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Table V.3: Experimental values of surface tension (γ) corresponding to concentration 

of 18C6 in methanolic solution. 

 

 Conc. of 18C6 (mM)                  Surface tension (γ) (mN.m-1) 

0.00 26.5 

0.91 25.8 

1.67 25.2 

2.31 24.7 

2.86 24.1 

3.33 23.7 

3.75 23.3 

4.12 22.9 

4.44 22.5 

4.74 22.2 

5.00 21.9 

5.24 21.8 

5.45 21.7 

5.65 21.7 

5.83 21.6 

6.00 21.6 

6.15 21.5 

6.30 21.5 

6.43 21.4 

6.55 21.4 

6.67 21.4 

 

In the present work ADH have a hydrophobic group and a terminal –NH3+ group 

(Scheme V.1) due to which ADH shows surfactant like activities, thus γ of the ADH 

solution shows decreasing trend. In this work when 18C6 was added in ADH solution 

the proton of the –NH3+  group binds to the alternate three oxygen atom of the crown 

ether and the formation of three  H-bonds occurs (Scheme V.2). As a result charged 

portion of the amantadine ion form complex with 18C6 and due to the formation of 

complex effect of hydrophobic portion increases i.e. surface tension of the solution 
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again decreases slowly. At a certain conc. of ADH and crown ether, a single break was 

observed in the surface tension curve (Figure V.4).  

 

 

 

 

 

 

 

 

 

 

Scheme V.2: Schematic presentation of complexation between amantadine ion and 

18C6 and corresponding energy minimized structure of the complex. 

 

            The break point in surface tension curve not only indicates the formation of 

complex between amantadine ion and 18C6 but also about its stoichiometry, i.e., 

appearance of single break point in the plot indicates 1:1 stoichiometry of the 

complex. The value of γ at the break point and corresponding concentration of crown 

ether have been listed in Table V.4. Hence the plausibility of formation of complex 

can be predicted from surface tension study. 

 

 

Figure V.4: Variation of surface tension of amantadine with increasing concentration 

of 18C6 at 298.15 K. 
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Table V.4: Values of surface tension (γ) at the break point with corresponding to 

concentration of 18C6 in methanolic solution at 298.15 K. 

 

Conc. (mM) γ (mN.m-1) 

5.07 21.99 

 

V.3.4. IR Study 

FTIR spectra of the complex, 18C6 and that of pure ADH were obtained in the 

region 400-4000 cm-1. If the FTIR spectrum of 18C6 was compared with that of 

complex, it was noticed that the peaks observed in pure 18C6 (Figure V.5) at 1120 

cm-1 correspond to COC  group shift to 1106 cm-1 in the complex (Figure V.5). The 

frequency of the C-O-C asymmetric stretching vibrations of a polyether, νas (COC), 

decreases upon interaction of the O atoms with the protons of the ammonium group 

via hydrogen H bonds. The N-H stretching band of the amonium group expected for 

amantadine ion in the region 2961 to 3087 cm-1 by Pierre D. Harvey [46] was 

observed in pure ADH at 3047 cm-1. This peak shifts to 3027 cm-1 revealed that the N–

H bonds were involved in the complex formation. The characteristic peak of ADH at 

2927 cm−1 was shifted to 2909 cm−1 in the complex. The peak at 1086 cm-1 

corresponding to C–N bend of the C–N bond of ADH shifts to higher frequencies [47]. 

Thus it may be concluded that amantadine was strongly bound to 18C6 through H-

bonds of the ammonium group. 

 

Figure V.5: FTIR spectra of pure amantadine hydrochloride (black), 18-crown-6 

(blue) and complex (red). 
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V.3.5. Apparent molar volume  

The characteristic behavior of interaction present in complex of solute has also 

been obtained from apparent molar volume. The sum of the geometric volume of the 

central solute molecule and changes in the solvent volume due to its interaction with 

the solute around the co-sphere is the measure of apparent molar volume. The 

physical properties of binary mixtures in different mass fractions (w1=0.001, 0.004, 

0.007) of methanolic 18C6 solutions at 298.15, 303.15, 308.15 K are reported in Table 

V.5. Here ϕv has been determined from the measured density of the solutions at 

298.15 K, 303.15 K, 308.15 K (Table V.6) and by using the suitable equation. ϕv varies 

linearly with the square root of molal concentration and is fitted to the Masson 

equation, from where the limiting apparent molar volume (ϕvo) has been determined 

(Table V.7) [48].The limiting molar volume (ϕvo) signify the solute-solvent 

interactions in the amantadine + 18C6 ternary solution systems. The magnitude of 

which is found to be positive for all the systems under study, indicating strong solute–

solvent interactions [44,49].  

Table V.5: Experimental values of density (ρ) in different mass fraction of methanolic 

solution of 18C6. 

 

Solvent 

mixture 

Temp 

(K) 

ρ∙10-3 

(kg∙m-3) 

w 1=0.001 

 

298.15 0.79378 

303.15 0.79141 

308.15 0.78899 

w 1=0.004 

 

298.15 0.79540 

303.15 0.79207 

308.15 0.78962 

w 1=0.007 

 

298.15 0.79627 

303.15 0.79336 

308.15 0.78107 
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Table V.6: Experimental values of densities (ρ) corresponding to concentration in 

different mass fractions of methanolic solution of 18C6 at different temperature. 

 

 Concentration 

(M) 

ρ∙10-3 

(kg∙m-3) 

298.15 K 303.15 K 308.15 K 

W1 = 0.001 

0.002 0.79392 0.79156 0.78914 

0.004 0.79407 0.79172 0.78930 

0.006 0.79423 0.79188 0.78947 

0.008 0.79440 0.79205 0.78965 

W1 = 0.004 

0.002 0.79552 0.79221 0.78977 

0.004 0.79566 0.79236 0.78994 

0.006 0.79581 0.79252 0.79012 

0.008 0.79597 0.79270 0.79029 

W1 = 0.007 

0.002 0.79638 0.79348 0.79121 

0.004 0.79651 0.79362 0.79137 

0.006 0.79666 0.79377 0.79154 

0.008 0.79681 0.79394 0.79172 

 

Table V.7: Limiting apparent molar volume (ϕvo) and experimental slope (Sv*) in 

different mass fractions of methanolic solution of 18-crown-6. 

 

Temp.(K) ϕvo×106 (m3 .mol-1  ) Sv*×106 (m3·mol- 3/2 ·kg1/2) 

                                                                        W1=0.001 

298.15 156.91 -174.98 

303.15 152.32 -162.19 

308.15 148.11 -139.57 

                                                                         W1=0.004 

298.15 174.48 -280.76 

303.15 164.06 -254.20 

308.15 153.75 226.20 



P a g e  | 166  C h a p t e r - V  

 

Zeitschrift für Physikalische Chemie  231 (2016) 1111-1126 

 

                                                                           W1=0.007 

298.15 181.95 -311.69 

303.15 175.74 -294.20 

308.15 163.04 -284.41 

 

The plot of ϕvo values against different temperature at different mass fractions 

are represented in Figure V.6, which suggests that ϕvo values increases with increase 

of mass fraction at same temperature and decreases with increasing the temperature. 

The values of ϕvo increases with the increase of mass fractions of 18C6 in methanol 

indicating that the ion-hydrophilic group interactions are stronger than the ion-

hydrophobic group interactions. In the present ternary system interactions are taking 

place between the positive charge of ammonium groups and the alternative oxygen 

atom of the crown ether. The decreasing trend with increasing temperature suggests 

that the interactions between the drug molecule and crown molecules are decreased 

with increasing temperature. The facts support the data and the results observed 

from surface tension and conductivity study discussed earlier also support the facts.  

 

 

 

Figure V.6: Plot of limiting apparent molar volume ( V ) of amantadine against 

different temperature (298.15 K, 303.15 K, 308.15 K) in mass fractions w1=0.001 (■), 

w1=0.004 (■), w1=0.007 (■) mass fractions of 18C6 in methanol solution. 
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The parameter 
V
*S is the volumetric virial coefficient, and it characterizes the 

pair wise interaction of solute species in solution [50,51]. 
V
*S is found to be negative 

under investigations, which suggest that the pair wise interaction is restricted by the 

interaction of the charged functional group of ADH with crown. From Table V.7, a 

quantitative comparison between 0
V   and 

V
*S  values show that, the magnitude of 0

V  

values is higher than
V
*S , suggesting that the solute-solvent interactions dominate 

over the solute-solute interactions in all solutions at the investigated temperatures.  

 

V.3.6. Temperature dependent limiting apparent molar volume: 

The variation of 
0

V  with the temperature of the ADH in methanolic solution 

of 18C6 can be expressed by the general polynomial equation as follows,  

V a a T a T   0 2

0 1 2      (6) 

where 0a , 1a , 2a are the empirical coefficients depending on the solute, mass fraction 

(w1) of the co-solute Crown, and T is the temperature range under study in Kelvin.  

The limiting apparent molar expansibilities,
0

E , can be obtained by the 

following equation, 

                E V P
δ δT a a T   0 0

1 22
     (7) 

The limiting apparent molar expansibilities,
0

E , change in magnitude of 

limiting apparent molar volume with the change of temperature. The values of 
0

E  for 

different solutions of the studied ADH at 298.15, 303.15, and 308.15 K are reported 

in Table V.8. The table reveals that 
0

E  is small negative in all studied temperature. 

This fact can ascribed to the presence of small caging or packing effect [52] for ADH 

in solutions. 
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Table V.8: Limiting apparent molar expansibilities ( 0

E
 ) for amantadine 

hydrochloride in different mass fraction of 18C6 in methanol solution (w1) at 298.15K 

to 308.15K respectively. 

 

solvent mixture 0

E ·106(m3·mol-1·K-1) 

Amandine + 18C6 

 298.15 K  303.15 K 308.15 K 

w1 = 0.001 -0.956 -0.880 -0.804 

w1= 0.004 -2.095 -2.073 -2.051 

w1= 0.007 -1.034 -2.170 -2.906 

 

 

V.4. CONCLUSION 

The present study shows that amantadine ion can bind nicely to three of the 

six available oxygen atoms in the 18C6 ring to form a stable complex (Scheme V.2) 

with 1:1 stoichiometry. The N–H…O hydrogen bridges between the ammonium 

functionalities and the oxygen acceptor heteroatoms of the crown ethers play a 

significant role in packing the host–guest complexes. The stable complex formation is 

established by physicochemical methods surface tension measurements, conductivity 

and IR study and the density data also support the interaction between amantadine 

ion and 18C6 systems. The inclusion complex formation has been explained 

qualitatively as well as quantitatively so as to make it dependable in its field of 

application. 

The Host-guest complex formation based on the macrocyclic molecules is a 

facile and reversible process, which provides the feasibilities to design stimuli-

responsive supramolecular systems and these macrocyclic molecules are basically 

friendly to the biological environment and exhibit good biocompatibilities. Crown 

ether-based host-guest interactions, which show good selectivity, high efficiency, and 

reversibility, have been structurally characterized and the underlying supramolecular 

chemistry has been presented in this work. Supramolecular chemistry i.e host-guest 

complex formation through noncovalent interactions offer the basis for novel 

approaches in medicine and also helps in understanding the interactions present in 

living systems. It was also found that host-guest complexation with crown ethers 
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resembles an established principle i.e. the hydrogen bonding acceptance as well as 

the donation propensity of crown ethers.  

Amantadine is an antiviral agent that specifically inhibits influenza A virus 

replication at micromolar concentration. This drug is also very effective in the 

treatment of human Parkinson’s disease. The host−guest complex is capable of 

protecting the drug molecule from chemical reactions and photochemical/thermal 

degradation in biological environment and the encapsulated drug can also be released 

sustainably from the cavity of macrocyclic molecule, achieving prolonged therapeutic 

effect. 
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CHAPTER-VI 

INVESTIGATION ON SOLVATION BEHAVIOR OF AN IONIC LIQUID 

(1–BUTYL–3–METHYLIMIDAZOLIUM CHLORIDE) WITH THE 

MANIFESTATION OF ION ASSOCIATION PREVAILING IN DIFFERENT 

PURE SOLVENT SYSTEMS 

 

VI.1. INTRODUCTION 

Ionic liquids (IL) presently experience important consideration in many areas 

of chemistry. There is competition to find a proper niche for these materials, and also 

more insight is needed. The most attractive property is the “tunability” of the physical 

and chemical properties of ILs by varying structure. There are several reviews 

available on different aspects of ILs [1]. Ionic liquids (ILs) have attracted significant 

attention over the last two decades, as many of them have a negligible vapour 

pressure, exceptional thermal and electrochemical stability, favorable dissolution 

properties with many organic/inorganic compounds, and low flammability [2, 3]. ILs, 

which may consist of a diverse variety of cations and anions, have been widely 

investigated for a variety of applications including biphasic systems for separation, 

solvents for synthetic and catalytic applications [4], lubricants [5, 6], lithium batteries 

[7-9], supercapacitors [10−12], actuators [13,14], reaction media [15] replacement of 

conventional solvents [3], and active pharmaceutical ingredients [15]. Importantly, IL 

properties can be tailored for specific chemical or electrochemical applications by 

tuning the combination of cations and anions to achieve the desired thermodynamic, 

solvating, and transport properties, as well as safety. In the modern technology, the 

application of the ionic liquid is well understood by studying the ionic solvation or ion 

association. Ionic association of electrolytes in solution depends upon the mode of 

solvation of its ions [16-19] which in turn depends on the solvent properties such as 

viscosity and the relative permittivity. These properties support in determining the 

extent of ion association and the solvent-solvent interactions. The non-aqueous 

arrangement has been of enormous prominence [20, 21] to the technologist and 

theoretician as numerous chemical processes ensue in these systems. 
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In this study, we have investigated on conductometric properties of the ionic 

liquid [IL] 1-butyl-3-methylimidazolium chloride [bmim][Cl] in polar aprotic solvents 

acetonitrile (ACN), tetrahydrofuran (THF), dichloromethane (DCM) at different 

temperatures 298.15 K, 303.15 K and 308.15 K. The experimental data was analyzed 

using Fuoss conductance equation and Fuoss–Kraus theory to calculate the ion pair 

formation constant Kp and triple ion formation constants KT. The main purpose of this 

study is to obtain experimental and quantitative information for the interactions 

between the ions. Here the ion pair formation constants are expected to reflect 

strongly the direct interactions between the ions. The structure of the IL and solvents 

are presented in Scheme VI.1. 

 

 

 

Scheme VI.1: Molecular structures of the IL and the solvents. 

 

VI.2. EXPERIMENTAL SECTION 

VI.2.1 Reagents 

The IL [bmim][Cl] (purity ≥ 98%) was obtained from Sigma-Aldrich, Germany 

and the IL was preserved in vacuum desiccator containing anhydrous P2O5 and any 

water content of the solvents was removed by using molecular sieves.  

The solvents ACN, THF, and DCM were procured from Merck, India. The 

solvents were further purified by standard methods [22]. The purity of the solvents 

were checked by measuring it’s density and viscosity which were in good agreement 

with the literature values [23, 24] as shown in Table VI.1. The purities of the solvents 

were ≥ 99.5%. 

 

 



C h a p t e r - V I   P a g e  | 173 

Indian Journal of Advances in Chemical Science 5 (2017) 1-16. 

 

 

VI.2.2 Instrumentations 

All the stock solutions of the IL in considered solvents were prepared by mass 

(weighed by Mettler Toledo AG-285 with uncertainty 0.0003 g). In case of 

conductometric study the working solutions were achieved by mass dilution of the 

stock solutions.  

Temperature of the solution was maintained to within ±0.01 K using 

Brookfield Digital TC-500 temperature thermostat bath. The viscosities were 

measured with an accuracy of ±1%. Each quantity reported herein is an average of 

triplicate reading with a precision of 0.3%. 

The conductance values were obtained by using Systronics-308. 

Measurements were made in a thermostat water bath maintained at T = (298.15 ± 

0.01) K. The cell was calibrated by the method proposed by Lind et al. [25] and cell 

constant was calculated based on 0.01 (M) aqueous KCl solution. During the 

conductance measurements, cell constant was maintained within the range 1.10–1.12 

cm-1. The conductance data were reported at a frequency of 1 kHz and the accuracy 

was ±0.3%. During all the measurements, uncertainty of temperatures were ±0.01 K. 

The density values of the solvents and experimental solutions (ρ) were 

measured using vibrating u-tube Anton Paar digital density meter (DMA 4500M) with 

a precision of ±0.00005 g cm-3 maintained at ±0.01 K of the desired temperature. It 

was calibrated by triply-distilled water and passing dry air. 

Brookfield DV-III Ultra Programmable Rheometer with fitted spindle size-42 

fitted to a Brookfield digital bath TC-500 helps in measuring the viscosity values. The 

viscosities were obtained using the following equation  

η = (100/RPM) × TK × torque × SMC 

Where RPM= speed, TK (0.09373)= viscometer torque constant and SMC (0.327)= 

spindle multiplier constant, respectively. The instrument was standardized against 

the standard viscosity samples provided with the instrument, water and aqueous 

CaCl2 solutions [26]. The viscosities were measured with an accuracy of ±1%. 

Fourier transform infrared spectra (FT-IR) were recorded in a Perkin Elmer 

FT-IR spectrometer. The spectra were acquired in the frequency range 4000–400 cm-

1 at a resolution of 4 cm-1 with a total of 10 scans. The concentration of the studied 

solutions used in the IR study was 0.05 M. 
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VI.3. RESULTS AND DISCUSSION 

VI.3.1 Electrical Conductance 

VI.3.1.1 Ion-pair formation: 

The formation of ion pair in ACN have been explored from the conductivity 

studies of [bmim][Cl] by using the Fuoss conductance equation [27].The physical 

properties solvent are given in Table VI.1. The molar conductance (Λ) for all studied 

system was calculated using suitable equation [28].  

 

 

Table VI.1: Density (ρ), viscosity () and relative permittivity (ε) of the different 

solvents Acetonitrile, Tetrahydrofuran and Dichloromethane.  

 

Temp./K ρa · 10-3/kg m-3 b/mPa s ε 

                                                                        Acetonitrile 

298.15 0.78597 0.36 35.94 

303.15 0.78278 0.35 35.01 

308.15 0.77996 0.34               34.30 

                                                                       Tetrahydrofuran 

298.15 0.88599 0.48 7.58 

303.15 0.88591 0.45 7.24 

308.15 0.88586 0.41                7.09 

                                                                       Dichloromethane 

298.15 1.32571 0.43 8.93 

303.15 1.31852 0.41 8.84 

308.15 1.30955 0.39                8.73 

      a Uncertainity in the density  values: ±0.00001  g  cm−3 

      b Uncertainity  in  the  viscosity  values:  ±0.03  mPa s 

 

The plot of molal conductivity, Λ, versus the square root of the molal concentration, 

√m, gives a linear conductance curves for the solvent with higher to moderate relative 

permittivity (εr = 35.95 to 14.47), shown in Figure VI.1 and the values are listed in 

the Table VI.2. Extrapolation of √m = 0 evaluated the starting limiting molar 

conductances for the electrolyte [29].  
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Figure VI.1: Plot of molar conductance (


) versus √m of [bmim][Cl] in ACN at 

298.15 K (♦), 303.15 K (●) and 308.15 K (▲). 

 

Table VI.2: The concentration (m) and molal conductance (Λ) of [bmim][Cl] in 

Acetonitrile, Dichloromethane and Tetrahydrofuran at 298.15 K, 303.15K and 

308.15K respectively.    
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m·104/ 

mol·dm−3 

Λ·104/ 

S·m2·mol−1 

m ·104/ 

mol·dm−3 

Λ·104/ 

S·m2·mol−1 

m ·104/ 

mol·dm−3 

Λ·104/ 

S·m2·mol−1 

Acetonitrile Dichloramethane Tetrahydrofuran 

298.15 K 

0.87 176.54 8.97 41.77 0.95 40.11 

11.58 166.42 10.74 39.95 1.60 38.48 

24.95 160.14 13.06 37.68 2.83 37.13 

35.44 155.66 15.15 36.2 4.07 36.10 

57.00 149.3 17.64 34.67 6.22 34.76 

70.02 146.04 19.85 33.29 7.79 33.96 

84.63 142.6 22.85 31.8 10.19 32.86 

105.80 138.81 25.01 30.88 13.55 31.66 

129.30 134.62 27.70 29.91 15.79 31.36 

156.12 130.7 33.74 27.98 17.81 30.76 

177.99 127.9 39.25 26.79 20.05 30.36 

206.72 123.23 46.61 26.17 22.80 30.36 

233.73 120.68 53.92 26.99 25.68 30.16 

266.02 116.52 60.72 28.57 29.66 31.06 



P a g e  | 176  C h a p t e r - V I  

  Indian Journal of Advances in Chemical Science 5 (2017) 1-16. 

 

 306.52 112.13 66.97 31.18 34.29 33.87 

303.15K 

1.10 181.36 4.63 50.59 1.06 43.96 

12.40 171.07 6.28 48.32 2.18 41.26 

26.14 165.28 8.13 46.13 3.59 39.46 

36.86 160.46 10.43 44.22 4.97 38.06 

58.79 153.67 13.22 42.31 7.33 36.41 

72.00 150.37 15.94 41.03 9.03 35.51 

86.81 147.06 19.51 39.12 11.59 34.77 

108.23 143.67 22.45 37.61 14.19 33.89 

131.99 139.38 26.01 36.52 17.04 33.3 

159.07 135.36 29.35 35.72 19.66 32.66 

181.15 132.99 32.26 35.03 22.00 32.52 

210.12 128.42 34.70 33.99 25.05 32.2 

237.34 124.58 42.13 34.22 27.89 33.06 

269.87 121.16 46.64 35.91 30.55 34.96 

310.65 116.36 53.03 38.92 33.42 36.46 

308.15 K 

1.34 188.20 9.09 52.14 1.43 49.66 

13.18 176.91 11.09 50.22 2.70 47.56 

27.27 169.90 13.94 48.54 4.25 45.86 

38.20 166.20 17.04 46.62 6.34 44.06 

60.49 159.61 21.29 44.93 8.26 42.67 

73.87 156.51 23.94 43.84 10.06 41.69 

88.87 152.51 28.20 42.53 12.75 40.61 

110.53 148.64 31.74 41.37 16.49 39.38 

134.52 144.42 35.92 40.73 18.95 38.4 

161.85 139.90 39.74 40.06 22.09 37.96 

184.12 136.73 45.02 39.26 23.59 37.56 

213.32 132.26 47.84 38.88 25.72 37.66 

240.74 128.82 54.21 38.56 29.68 37.96 

273.49 125.10 60.05 39.74 32.43 39.46 

314.53 120.82 64.25 42.32 35.37 41.36 
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The limiting molar conductance (
o

), the association constant (KA) and the 

distance of closest approach of ions (R) these three adaptable parameters are derived 

from the following set of equations (Fuoss equation) using a given set of conductivity 

values 1j j( c , , j ,...n )  : 
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Where RX is the relaxation field effect, EL is the electrophoretic counter current, α is 

the fraction of contact pairs, γ is the fraction of solute present as unpaired ion, KA is 

the overall paring constant, , f  is the activity coefficient, m is the molality of the 

solution, β is twice the Bjerrum distance, κ is the radius of the ion atmosphere, e is the 

electron charge, r is the relative permittivity of the solvent mixture, kB is the 

Boltzmann constant, T is the absolute temperature, KR is the association constant of 

the solvent-separated pairs and KS is the association constant of the contact-pairs.  

The computations were performed using a program suggested by Fuoss [27]. 

The initial 
o

 values for the iteration procedure were obtained from Shedlovsky 

extrapolation of the data [30]. Input for the program is the set 

1j j( m , , j ,...n ),n, , ,T ,   initial 
o

 value, and an instruction to cover a pre-selected 

range of R values. The best values of a parameter is the one when equations is best 

fitted to the experimental data corresponding to minimum standard deviation δ for a 

sequence of predetermined R values, and standard deviation δ was calculated by the 

following equation: 

2 2[ ( ) ( )] / ( ) (7)j jcal obs n m      

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

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

approach (R) of ions with two fitting parameter (m = 2). No significant minima were 

detected in the δ vs. R curves, whereas the R values were arbitrarily preset at the 

center to center distance of solvent-separated ion pair [26, 29]. Thus, R values are 
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assumed to be R = (a + d); where ( )a r r    is the sum of the crystallographic radii 

of the cation ( r ) and anion ( r ) and d is the average distance corresponding to the 

side of a cell occupied by a solvent molecule. The distance, d is given by Fuoss and 

Accascina [31].  

d (Å) = 1.183 (M /  )1/3                                                                                               (8) 

Where M is the molar mass of the solvent and ρ is its density. The values of Λo, KA and 

R obtained by using Fuoss conductance equation for [bmim][Cl] in ACN at 298.15 K, 

303.15 K and 308.15 K are represented in Table VI.3. The values in table shows that 

the limiting molar conductances (Λo) of [bmim][Cl]] is highest in ACN (Table VI.3) 

and lowest in case of  THF (Table VI.7). Thus the observed trend of the 
o

values is 

ACN > DCM > THF. The observed trend of solvent 
o

 is found to be the opposite of the 

viscosity trend. As expected, limiting molar conductance values decrease when the 

viscosity of the solvents increases because ionic mobility is diminished in viscous 

media.  

 

Table VI.3: Limiting molar conductance (Λo), association constant (KA), co-sphere 

diameter (R) and standard deviations of experimental Λ (δ) obtained from Fuoss 

conductance equation of [bmim][Cl] in Acetonitrile at 298.15 K, 303.15 K and 308.15 

K respectively.   

 

T/K Λo·104/S·m2·mol−1 KA/ dm3mol-1 R/Å δ 

298.15 178.45 725.21 8.98 3.43 

303.15 191.43 641.23 8.82 3.54 

308.15 199.56 571.34 8.73 3.92 

 

Ion-solvation can also be explained with the help of another characteristic 

property called the Walden product (Λoη) (Table VI.4) [32]. Λo increases for the IL in 

ACN with increasing temperature and the Λoη also increases even though the viscosity 

of the solvent decreases. This fact indicates the prevalence of Λo over η. 
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Table VI.4: Walden product (Λo·) and Gibb’s energy change (ΔG◦) of [bmim][Cl] in 

Acetonitrile at 298.15 K, 303.15 K and 308.15 K respectively. 

 

 T/K Λo··104/ 

S·m2·mol−1mPa 

ΔG◦/ 

kJ·mol−1 

298.15 64.24 -16.33 

303.15 67.00 -16.29 

308.15 67.85 -16.26 

 

To investigate the role of the individual IL ions in ion-solvation, we have to split the 

limiting molar conductance values into their ionic contributions. The ionic 

conductances λo± for the [bmim]+ cation and Cl- anion in different solvents were 

calculated using tetrabutylammonium tetraphenylborate (Bu4NBPh4) as a ‘reference 

electrolyte’ by the method of Das et al. [33]. The ionic limiting molar conductances λo± 

values for [bmim]+ cation and [Cl]- anion has been determined in ACN solvents by 

interpolating conductance data from the literature [34] using cubic spline fitting and 

the values are given in Table VI.5. 

 

Table VI.5: Limiting Ionic Conductance (λ0±), Ionic Walden Product (λ0± , Stokes’ 

Radii (rs), and Crystallographic Radii (rc) of [bmim][Cl] in Acetonitrile at 298.15 K, 

303.15 K and 308.15 K respectively.   

 

T/K ion λ0± 

/S·m2·mol−1 

λ0± 

/S·m2·mol−1mPa 

rs /Å rc/Å 

298.15 bmim+  87.41 31.47 3.15 2.25 

Cl- 99.42 35.78 2.19 1.95 

303.15 bmim+  89.42 31.28 3.14 2.27 

Cl- 103.31 36.15 2.16 1.98 

308.15 bmim+  93.24 31.70 3.12 2.28 

Cl- 105.84 35.99 2.12 2.03 

 

 It is observed from Table VI.5 that a smaller limiting molar conductivity value of the 

[bmim]+ than Cl- in a solvent suggests enhanced solvation of the cation in that specific 

medium i.e., the [bmim]+  cation is responsible for a greater portion of ionic 
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association with the sovents. Estimation of the ionic contributions to conductance is 

based mostly on Stokes' law, which provides valuable insight for the limiting ionic 

Walden product. The law states that the limiting ionic Walden product (λo±η); the 

product of the limiting ionic conductance and solvent viscosity) for any singly 

charged, spherical ion is a function of the ionic radius (crystallographic radius), and 

thus, is a constant under normal conditions. The values of ionic conductance λo±   and 

the product of ionic conductance and viscosity of the solvent named ionic Walden 

product (λo±η) along with Stokes’ radii (rs) and Crystallographic Radii (rc) of 

[bmim][Cl] in ACN at different temperatures are given in Table VI.5. 

 

VI.3.1.2. Thermodynamic Parameters: 

The Gibbs free energy change ΔGo is given by the following relationship [35] 

and is given in Table VI.4. 

                                         0 ln ART KG                                                                               (9) 

The negative values of ΔGo can be explained by considering the participation of 

specific covalent interaction in the ion-association process.  

The variation of conductance of an ion with temperature can be treated as 

similar to the variation of the rate constant with temperature which is given by the 

Arrhenius equation [27]: 

                                                                (10) 

0log log
2.303

aE

RT
                                                             (11) 

Where A is an Arrhenius constant, Ea is the activation energy of the rate process which 

determines the rate of movement of ions in solution. The slope of the linear plot of 

logɅ0 versus 1/T gives the value of Ea (Table VI.6).  

 

Table VI.6: Thermodynamic parameters for [bmim][Cl] in ACN. 

0

aG / kJ·mol−1 

0

aH
/ kJ·mol−1 

0

aS
/ J K−1mol−1 Ea/ kJ·mol−1 

-16.33 -18.22 -6.35 8.55 

 
 To have a better understanding of the thermodynamics of the ion-association 

process, it is beneficial to consider the contributions obtained from the 

thermodynamic parameters. The
0

aH and 
0

aS  values for the ion-association process 
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were evaluated by applying the linear least-squares analysis according to the 

equation: 

                               ln
a a

a
H S

K
RT R

 
                                                                                      (12) 

From the slopes and intercepts of linear Plots of  ln aK  vs. 1

T
 (Figure VI.2) the values 

of enthalpy (

0

aH
) and entropy (

0

aS
) of ion association process were determined 

and the results are also included in Table VI.6. Both of these two parameters have 

negative values. The negative values of enthalpy confirm that when ion association 

occurs the overall energy of the system is decreased, i.e., there is some stabilization 

interaction in the system, whereas negative values of entropy factor indicate that 

there is an ordered arrangement, i.e., ion pair formation takes place. The negative 

value of entropy is unfavorable for the spontaneity of the system, but this effect is 

overcome by higher negative value of ∆H0. The value of 
0

aG  was calculated by using 

equation
0

aG = 

0

aH
- T

0

aS
. The negative values of 

0

aG  (Table VI.6) suggests that the 

ion pair formation process proceeds spontaneously. 

 

 

 

Figure VI.2: The linear relationships of lnKa vs. 1/T for the ion pair formation in ACN. 

 

VI.3.1.3 Triple-ion formation: 

Figure VI.3 shows the deviations in the conductance curves from linearity 

which indicates the triple ion formation. The curves shows a decrease in conductance 

values with increasing concentration, reaches a minimum and then increases.  
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Figure VI.3: Plot of molar conductance ( ) versus √m for [bmim][Cl] in DCM at 

298.15 K (♦), 303.15 K (●) and 308.15 K (▲) and in THF at 298.15 K (◊), 303.15 K (○) 

and 308.15 K (∆). 

 

The conductance data for the IL in THF and DCM have been analyzed by the classical 

Fuoss-Kraus theory of triple-ion formation in the form [31, 35]:  
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Where g(c) is a factor that lumps together all the intrinsic interaction terms and is 

defined by: 
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In the above equations, o  is 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 triple-ions 

[bmim+]2Cl-andbmim+[Cl-]2.KP ≈KA and KT are the ion-pair and triple-ion formation 

constants respectively and S is the limiting Onsager coefficient. To make equation (13) 

applicable, the symmetrical approximation of the two possible formation constants of 

triple-ions, KT1 = [(bmim+)2][Cl]/{[bmim+][bmim][Cl]} and KT2 = [bmim][(Cl-)2]/{[Cl-
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][bmim][Cl]} equal to each other has been adopted, i.e. KT1 = KT2 = KT [36] and 
o

 

values for the studied electrolyte have been calculated following the scheme as 

suggested by Krumgalz [37]. 
T

o  has been calculated by setting the triple-ion 

conductance equal to 2/3 Λ0 [38].  

Thus, the ratio 
0
T

/
o

 was set equal to 0.667 during linear regression analysis 

of equation (13). The linear regression analysis of equation (13) for the electrolytes 

with an average regression constant, R2 = 0.9436, gives intercepts and slopes. The 

calculated limiting molal conductance of simple ion (
o

), limiting molal conductance 

of triple ion (
0
T

), slope and intercept of equation (13) for [bmim][Cl] in DCM, THF at 

different temperature are given in Table VI.7.  

 

Table VI.7: The calculated limiting molar conductance of ion-pair (Λ0), limiting molar 

conductances of triple ion Λ0T, experimental slope and intercept obtained from Fuoss-

Kraus Equation for [bmim][Cl] in DCM and THF at 298.15 K, 303.15 K and 308.15 K 

respectively.   

 

Solvents 
Λ0·104 

/S·m2·mol−1 

ΛoT×104 

/S·m2·mol−1 
Slope×10-2 Intercept ×10-2 

298.15 K 

DCM 42.71 28.83 0.19 -5.21 

THF 35.59 23.61 0.14 -6.83 

303.15 K 

DCM 47.53 31.35 0.34 -5.27 

THF 39.33 25.15 0.27 -6.91 

308.15 K 

DCM 52.43 35.59 0.46 -5.53 

THF 43.93 27.98 0.47 -7.83 

 

We obtain KP and KT by applying the Fuoss–Kraus equation, the values are 

presented in Table VI.8.  
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Table VI.8: Salt concentration at the minimum conductivity (Cmin) along with the ion-

pair formation constant (KP), triple ion formation constant (KT) for [bmim][Cl] in DCM 

and THF at 298.15 K, 303.15 K and 308.15 K respectively.   

 

Solvents 
cmin·104/ 

mol·dm−3 
log cmin 

KP. 102/ 

(mol·dm−3)−1 

KT. 103/ 

(mol·dm−3)−1 
KT/ KP.105 log KT /KP 

298.15 K 

DCM 5.31 0.7298 5.62 57.63 10.25 1.011 

THF 5.25 0.7158 5.25 62.54 11.91 1.076 

303.15 K 

DCM 6.36 0.8655 5.18 64.21 12.39 1.093 

THF 5.38 0.7291 5.03 67.59 13.44 1.128 

308.15 K 

DCM 7.12 0.8675 5.03 66.97 13.31 1.124 

THF 5.51 0.7381 4.98 69.95 14.05 1.148 
 

These values permit the calculation of other derived parameters such as KP and KT 

listed in Table VI.8. The values of KP and KT predicts that a major portion of the 

electrolytes exists as ion-pairs with a minor portion as triple ions. The tendency of 

triple ion formation can be judged from the KT/KP ratios and log (KT/KP), which are 

highest in THF. These ratios suggest that strong association between the ions is due 

to the coulombic interactions as well as covalent forces present in the solution. These 

results are in good agreement with those of Hazra et al. [39]. At very low permittivity 

of the solvent, i.e., < 10, electrostatic ionic interactions are very large. So the ion-pairs 

attract the free cations (+ve) or anions (-ve) present in the solution medium as the 

distance of the closest approach of the ions becomes minimum resulting in the 

formation of triple-ions, which acquires the charge of the respective ions, attracted 

from the solution bulk [34, 35], i.e.,  

                     M++A−↔M+A−↔MA (ion-pair)                                                                         (17) 

                     MA+A−↔MAA− (triple-ion I)                                                                              (18) 

                     MA+M+↔MAM+ (triple-ion II)                                                                           (19) 

Where M+ is [bmim+] and A- is [Cl-]. The effect of ternary association [40] thus removes 

some non-conducting species, MA, from solution, and replaces them with triple-ions 

which increase the conductance manifested by non-linearity observed in conductance 
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curves for the electrolyte in DCM, THF [Figure VI.3]. The pictorial representation of 

triple-ion formation for the selected ionic liquid ([bmim+][Cl-]) in DCM and THF 

solvents is depicted in Scheme VI.2. 

 

 

Scheme VI.2: Pictorial representation of ion-pair and triple-ion formation for the 

electrolyte in diverse solvent systems. 

 

The ion-pair and triple-ion concentrations, CP and CT, respectively of the IL in 

DCM, THF have also been calculated using the following set of equations [41] 
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The fraction of ion-pairs (α) and triple-ions (αT) present in the salt-solutions 

are given in Table VI.9. The calculated values of CP and CT are also presented in Table 

VI.9. Comparison of the CP and CT values shows that the CP is higher than CT, indicating 

that the major portion of ions are present as ion-pairs even at high concentrations, 

and a small fraction exist as triple-ions. The conductance value decreases with 

increasing concentration and reach a minimum called Ʌmin. The concentration at 
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which the conductance value reaches a minimum is termed Cmin (Table VI.9); after 

that the fraction of triple-ions in the solution increases with the increasing 

concentration in the studied solution medium.  

 

Table VI.9: Salt concentration at the minimum conductivity (cmin), the ion pair 

fraction (α), triple ion fraction (αT), ion pair concentration (cP) and triple-ion 

concentration (cT) for [bmim][Cl] in DCM and THF at 298.15 K, 303.15 K and 308.15 

K respectively.   

 

 

 

VI.3.2. Volumetric Properties: 

The apparent molar volume ( V ) and limiting apparent molar volume (
0

V ) 

provide information regarding the solute-solvent interactions present in our systems. 

[42]. The apparent molal volume of the IL can be considered to be the sum of the 

geometric volume of the solute molecule [bmim][Cl] and changes in the solvent 

volume due to its interaction with the solute [43]. The values of  V  of the IL (Table 

VI.10) at different concentrations were calculated using density data (Table VI.11) 

through the following equation: 

                               

                                        / /V M    m                                                                      (24) 

 

Where M is the molar mass of the solute, m is the molality of the solution, and 0   are 

the densities of the solution and solvent, respectively.  
 

Solvents 
cmin·104/ 

mol·dm−3 
α · 10-2 α T · 102 

cP ·10-3/ 

mol·dm−3 

cT·10-2/ 

mol ·dm−3 

298.15 K 

DCM 6.89 14.98 57.34 0.96 3.43 

        THF 5.19 17.67 59.23 0.94 3.12 

303.15 K 

DCM 6.86 15.21 65.24 1.56 5.45 

THF 5.11 16.14 67.81 1.04 3.46 

308.15 K 

DCM 6.84 18.34 71.26 1.61 5.97 

THF 5.04 15.93 68.92 1.21 3.62 
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Table VI.10: Density (ρ) and viscosity () of 1-butyl-3-methylimidazolium chloride 

in different mass fraction of Acetonitrile, Dichloromethane and Tetrahydrofuran at 

different temperatures.    

 

molality/mol·kg-1 ρ · 10-3/kg m-3 /mPa s 

ACN       298.15 K 

0.0127 0.78713 0.38 

0.0319 0.78893 0.40 

0.0510 0.79078 0.42 

0.0702 0.79267 0.43 

0.0895 0.79460 0.45 

0.1087 0.79656 0.46 

303.15 K 

0.0128 0.78389 0.36 

0.0320 0.78563 0.38 

0.0513 0.78742 0.39 

0.0705 0.78925 0.40 

0.0899 0.79112 0.42 

0.1092 0.79303 0.43 

308.15 K 

0.0128 0.78101 0.35 

0.0321 0.78266 0.36 

0.0515 0.78437 0.38 

0.0708 0.78613 0.39 

0.0902 0.78792 0.40 

0.1097 0.78975 0.42 

DCM        298.15 K 

0.0076 1.32586 0.45 

0.0189 1.32618 0.47 

0.0303 1.32658 0.49 

0.0417 1.32704 0.51 

0.0532 1.32756 0.53 

0.0647 1.32814 0.55 
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303.15 K 

0.0076 1.31863 0.42 

0.0190 1.31890 0.44 

0.0305 1.31924 0.46 

0.0420 1.31965 0.47 

0.0535 1.32012 0.49 

0.0651 1.32074 0.51 

308.15 K 

0.0076 1.30963 0.40 

0.0192 1.30985 0.42 

0.0307 1.31016 0.44 

0.0423 1.31055 0.46 

0.0539 1.31099 0.47 

0.0655 1.31158 0.49 

THF     298.15 K 

0.0113 0.88627 0.49 

0.0283 0.88676 0.51 

0.0454 0.88733 0.53 

0.0626 0.88796 0.55 

0.0799 0.88864 0.57 

0.0972 0.88934 0.59 

303.15 K 

0.0113 0.88616 0.47 

0.0283 0.88662 0.50 

0.0454 0.88715 0.52 

0.0626 0.88774 0.55 

0.0799 0.88839 0.57 

0.0972 0.88907 0.59 

308.15 K 

0.0113 0.88607 0.42 

0.0283 0.88648 0.44 

0.0455 0.88697 0.46 

0.0627 0.88750 0.48 

0.0799 0.88810 0.50 

0.0973 0.88874 0.53 
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Table VI.11: Apparent molal volume (V) and 
( 1)r

m

 
 for 1-butyl-3-

methylimidazolium Chloride ([bmim][Cl]) in different mass fraction of Acetonitrile, 

Dichloromethane and Tetrahydrofuran at different temperatures.    

 

Molality 

/mol·kg-1 

V ·106 

/m3·mol-1 

( 1)r

m

 
 
Molality 

/mol·kg-1 

V ·106 

/m3·mol-1 

( 1)r

m

 
 

Molality 

/mol·kg-

1 

V ·106 

/m3·mol-1 

( 1)r

m

 
 

ACN 298.15 K 303.15 K  308.15 K 

0.0127 74.66 0.556 0.0128 81.35 0.286 0.0128 89.34 0.235 

0.0319 71.61 0.703 0.0320 77.52 0.488 0.0321 85.49 0.409 

0.0510 69.25 0.778 0.0513 74.96 0.571 0.0515 82.61 0.529 

0.0702 67.26 0.829 0.0705 72.87 0.658 0.0708 80.13 0.627 

0.0895 65.39 0.924 0.0899 70.95 0.756 0.0902 78.17 0.700 

0.1087 63.73 0.953 0.1092 69.10 0.804 0.1097 76.29 0.807 

DCM 298.15 K 303.15 K  308.15 K 

0.0076 120.45 0.465 0.0076 124.14 0.244 0.0076 127.28 0.256 

0.0189 117.58 0.588 0.0190 120.95 0.463 0.0192 124.23 0.487 

0.0303 115.36 0.698 0.0305 118.83 0.610 0.0307 121.74 0.641 

0.0417 113.52 0.793 0.0420 116.90 0.666 0.0423 119.51 0.754 

0.0532 111.83 0.879 0.0535 115.15 0.737 0.0539 117.68 0.804 

0.0647 110.20 0.957 0.0651 113.65 0.837 0.0655 115.86 0.879 

THF 298.15 K 303.15 K  308.15 K 

0.0113 165.55 0.208 0.0113 168.96 0.444 0.0113 173.48 0.244 

0.0283 162.39 0.395 0.0283 165.12 0.675 0.0283 169.19 0.463 

0.0454 159.35 0.521 0.0454 162.18 0.811 0.0455 165.86 0.610 

0.0626 156.73 0.622 0.0626 159.62 0.919 0.0627 163.53 0.728 

0.0799 154.43 0.709 0.0799 157.18 1.016 0.0799 161.06 0.830 

0.0972 152.67 0.786 0.0972 155.21 1.075 0.0973 158.94 0.934 

 

The values of the the apparent molar volume at infinite dilution (
0

V ) and the 

experimental slopes (SV*) were determined by using leastsquares fitting of the linear 

plots of  V  against the square root of the molar concentrations (m1/2) using the 

Masson equation [44]. 
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                             0 *       V V VS m                                                                                        (25)                                                                  

The calculated values of 
0

V  and 
*

VS  are reported in Table VI.12.  

Table VI.12: Limiting apparent molar volume (
0

V ), experimental slope (
*

VS ), 

viscosity B-and viscosity A- coefficient for [bmim[Cl] in ACN, DCM and THF at T= 

(298.15 to 308.15) K respectively. 

 

 

Solvents 

0

V ·106 

/m3·mol-1 

*

VS ·106 

/m3·mol- 3/2 ·kg1/2 

B 

/kg1/2·mol-1/2 

A 

/kg-1/2mol-1/2 

298.15 K     

ACN 80.511 -50.44 2.0710 +0.3593 

DCM 125.89 -61.04 2.5905 +0.1910 

THF 172.77 -64.16 3.0063 -0.0855 

303.15 K     

ACN 87.607 -55.78 2.6746 +0.0371 

DCM 129.6 -62.31 2.9687 -0.0252 

THF 176.32 -67.25 3.3026 +0.1360 

308.15 K     

ACN 96.189 -60.06 2.9162 -0.0555 

DCM 133.46 -67.99 3.2438 -0.0381 

THF 181.02 -70.56 3.5642 -0.1072 

 

The plot of 
0

V values for the studied IL in different solvent systems at different 

temperatures has shown in Figure VI.4. The   values of  
0

V  are positive for all the 

systems and is highest in THF, suggesting presence of strong solute-solvent 

interactions in case of THF than in DCM than in ACN shown in the Scheme VI.3.  
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Figure VI.4: Plot of limiting apparent molal volume (
0

V ) versus temperature for 

[bmim][Cl] in ACN (yellow), DCM (green) and THF (blue). 

 

The values of 
0

V  increases with an increase in temperature which indicates that 

stronger interaction occur between the IL and solvent at higher temperatures [45, 

46]. Because of the release of some of the solvent molecules from loose solvation 

layers during the solute solvent interactions, the value of  
0

V  increases with the 

increase in temperature.  

 

Scheme VI.3: Extent of ion-solvent interaction of IL in various solvent systems. 

 

The highest values of  
0

V  in THF leads to lower conductance of [bmim][Cl] than in 

DCM and ACN as discussed in above section. The 
*

VS values designate the extent of ion-

ion interaction and the small values indicates the presence of less ion-ion interaction 
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in the medium. The degree of ion-ion interactions are highest in case of ACN and are 

lowest in THF. A quantitative comparison shows that the magnitude of 
0

V  values is 

much greater than the magnitude of 
*

VS  values suggests that the ion–solvent 

interactions dominant over ion-ion interactions. 

 

VI.3.3. Temperature dependent limiting apparent molal volume 

The variation of 
0

V values with temperature can be expressed by the general 

polynomial equation as follows,  

V a a T a T   0 2

0 1 2      (26) 

Where T is the temperature in degree kelvin and 0a , 1a , 2a are the empirical 

coefficients and the values of these coefficients  have been calculated by the least-

squares fitting of apparent molar volume at different temperatures [Table VI.13].  

 

Table VI.13: Values of empirical coefficients (a0, a1, and a2) of Equation 26 of the 

[bmim][Cl] in ACN, DCM and THF.  

 

Solvents 
a0·106 

/m3·mol-1 

a1·106 

/m3·mol-1·K-1 

a2·106 

/m3·mol-1·K-2 

ACN 2343.6 -16.451 0.0297 

DCM 175.82 -1.062 0.0030 

THF 2039.9 -13.12 0.0230 

 

The limiting apparent molar expansibilities,
0

E , can be obtained by the following 

equation, 

 E V P
δ δT a a T   0 0

1 22     (27)                 

Differentiation of equation 26 with respect to temperature gives the values of the 

limiting apparent molar expansibilities (
0

E ) [Table VI.14]. These values are also 

employed in interpreting of the structure-making or breaking properties of various 

solutes. Positive expansivity i.e increasing volume with increasing temperature is a 

characteristic property of nonaqueous solutions of hydrophobic solvation [47]. 
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Table VI.14: Limiting apparent molal expansibilities (
0

E
 ) of [bmim][Cl] in ACN, DCM 

and THF at T= (298.15 to 308.15) K. 

 

T/ Ka 

0

E ·106 

/m3·mol-1·K-1 

 0 6

E P
T 10 

 

/m3·mol-1·K-2 

 [bmim][Cl]+ ACN  

298.15 0.595  

303.15 0.825 0.046 

308.15 1.055  

 [bmim][Cl]+ DCM  

298.15 0.727  

303.15 0.757 0.006 

308.15 0.787  

 [bmim][Cl]+ THF  

298.15 1.259  

303.15 1.556 0.059 

308.15 1.853  

aStandard uncertainties in temperature (T) = ±0.01 K. 

Hepler [48] developed a method of investigative the sign of  
PE Tδδ 0 for the 

solute in terms of long-range structure-making and -breaking capacity of the solute in 

the solution using the general thermodynamic expression, 

   2

E VP P
δ δT δ δT a  0 0 2

22   (28) 

If the sign of the second derivatives of the limiting apparent molal volume with 

respect to the temperature  
PE Tδδ 0 is positive or a small negative, the molecule is 

a structure maker; otherwise, it is a structure breaker [49].It is evident from Table 

VI.14 that the values for all the complexes are positive i.e. [bmim][Cl] is 

predominantly structure makers in all the solvent systems studied here. 

 

VI.3.4. Viscosity B Coefficients 

 The experimental values of viscosity (η) measured at different 

temperatures for the studied systems under investigation are listed in Table VI.11. 

The relative viscosity (ηr) has been analyzed applying the Jones-Dole equation [50] 
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                     (/o - 1)/ √m = (ηr - 1)/ √m = A + B √m                                                      (29) 

Where relative viscosity ηr=/o, o and  are the viscosities of the solvent and 

solution respectively, and m is the molality of the IL in the solutions. A and B are 

experimental constants known as viscosity A- and B-coefficients, which are specific to 

ion-ion and ion-solvent interactions, respectively. The values of A and B coefficients 

are obtained from the slope of linear plot of  
0

1( ) / m



   against √m (Table VI.10) 

by least-squares method, and reported in Table VI.12. 

The viscosity B coefficient is a measure of the effective solvodynamic volume 

of solvated species and depends on shape, size, and ion−ion interactions [51]. Positive 

values of the B-coefficient indicates the presence of strong ion-solvent interaction of 

the IL in the studied solvent system. This type of ion-solvent interaction arises mainly 

due to the hydrogen bonding of the solvent with the IL molecule and resulting in an 

increase in viscosity of the solution due to the large size of the moving molecules. The 

higher values of the B-coefficient are due to the solvated solutes molecule associated 

by the solvent molecules all round to the formation of associated molecule by ion-

solvent interaction, would present greater resistance, and this type of interactions are 

strengthened with a rise in temperature and follow the trend THF>DCM>ACN [Figure 

VI.5]. These observations are in excellent agreement with the conclusions drawn from 

the analysis of apparent molal volume,
0
V    discussed earlier.  

 

Figure VI.5: Plot of viscosity B-coefficient versus temperature for [bmim][Cl] in ACN 

(blue), DCM (red) and THF (green). 
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Thus, the volumetric and viscometric properties of the sulfa drug in the 

present work provide useful information in medicinal and pharmaceutical chemistry 

for the prediction of absorption and permeability of drug through membranes. 

 

VI.3.5. Infrared Spectroscopy 

              Solvation is caused by specific interactions of functional groups. The FT-IR 

spectroscopy provide the supportive evidence for such type of ion-solvent 

interactions present in the studied solvent system. The IR spectra of the pure solvents 

as well as the solutions of {[bmim][Cl] + solvents} were investigated  in the wave 

number range 400–4000 cm-1 and the stretching frequencies of the functional groups 

are given in Table VI.15.  

 

Table VI.15: Stretching frequencies of the functional groups present in the pure 

solvent and change of frequency after addition of [bmim][Cl] in the solvents. 

 

 Functional 

Group 

Stretching frequencies (cm-1) 

Solvents Pure Solvents Solvent + [bmim][Cl] 

ACN C≡N 2253.66 2290.64 

DCM C-Cl 746.54 736.00 

THF C-O 1069.30 1086.00 

 

The ν(C≡N) stretching vibrations of ACN is observed at 2253.66 cm-1 and this peak is  

shifted to 2290.64 cm–1 when the IL is added to ACN solvent.The shifts of the IR 

spectra occurs due to the disruption of the dipole–dipole interaction of acetonitrile 

[52] leading to the formation of ion–dipole interaction between the [bmim]+ ions and 

C≡N bond. A sharp peak for C-O is obtained at 1069.30 cm-1 in case of THF and a peak 

for C-Cl is obtained at 746.54 cm-1 in DCM. After addition of IL to THF and DCM solvent 

these peaks are shifted to 1086 cm-1 and 736 cm-1 respectively. The observed shifts in 

the bands are due to the disruption of weak H-bonding interaction between the 

solvent molecules and formation of ion–dipole interaction between IL and solvent 

molecules [26]. 
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VI.4. CONCLUSION 

An extensive study was done on the ion-solvation behavioural aspect of the IL 

1-butyl-3-methylimidazolium chloride in industrially-important non-aqueous polar 

solvents acetonitrile (CH3CN), dichloromethane (CH2Cl2) and tetrahydrofuran 

(C4H8O) with the help of conductometric, FTIR, density and viscosity measurements. 

From the conductometric measurements it becomes clear that the IL exists as ion-

pairs in acetonitrile and as triple ions in tetrahydrofuran, dichloromethane solvents. 

The tendency of the ion-pair and triple-ion formation of [bmim][Cl] depends on the 

dielectric constant of the medium. The present study revealed that this type of 

experimental study is being accompanied for a better understanding of the interionic 

interactions of ionic liquids. The evaluated values of thermodynamic functions of 

association suggest the spontaneity of the association process. 

 

 

 



Communicated 

CHAPTER-VII 

INTERACTIONS BETWEEN AN ANTIFUNGAL SULFA DRUG AND 

DIVERSE MACROCYCLIC POLYETHERS EXPLAINING 

MECHANISM, PERFORMANCE AND PHYSIOGNOMIES LEADING 

TO FORMATION OF STABLE COMPLEXES 

 

VII.1. INTRODUCTION  

Crown ethers are macrocyclic ligands discovered by Pedersen 1967 [1-3]. Crown 

ethers are one of the most widely studied family of host compounds in the field of 

supramolecular chemistry, involving non-covalent interactions.The important 

characteristics of crown ethers are the number and type of donor atoms, the dimension 

of the macrocyclic cavity and the preorganization of the host molecule for most effective 

coordination. Macrocyclic compounds can form complexes with inorganic cations, 

organic cations and organic neutral molecules in their cavity via different types of 

interactions with multiple oxygen atoms [4, 5]. Applications of CEs as drug carriers [6] 

has been in progress on the basis of their inclusion ability. Crown ethers have proved to 

be unique cyclic molecules for molecular recognition of suitable substrates by hydrogen 

bonds, ionic interactions and hydrophobic interactions. The study of interactions 

involved in the complex formation is important for a better understanding of the 

mechanism of biological transport, molecular recognition, and other analytical 

applications [7]. They also have medical applications as diagnostic or therapeutic agents 

[8, 9].  

Sulfonamides are considered as an important group of drugs which are used 

widely as antimicrobial, high ceiling diuretics, anti-thyroid and anti-inflammatory agents 

[10]. Sulfanilamide, 4-aminobenzenesulfonamide, is the simplest representative in the 

group of sulfonamide drugs [11]. This compound is an antibacterial and antimicrobial 

agent used in the treatment of both topical and internal infections. It can be found in 
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medications for vaginal and urinary tract infections as well as in medications for 

pneumonia, bowel diseases and other infections. It works by stopping the growth of yeast 

(fungus) that causes the infection. Further research may identify additional product or 

industrial usages of this chemical. Powdered sulfanilamide was used by the Allies in 

WWII to reduce infection rates.  

In this work, we have studied the complexation of Sulfanilamide (SA) with three 

different crown ethers (CEs) (1) Dicyclohexano-18-crown-6 (DC18C6) [complex 1], (2) 

18-crown-6 (18C6) [complex 2] and (3) Dibenzo-18-crown-6 (DB18C6) [complex 3] in 

acetonitrile (ACN). The complexes were characterized by 1H NMR, IR and UV-visible 

spectra. The structure of the SA and all crown ethers are shown in Scheme VII.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme VII.1: Molecular structure of crown ethers and SA. 
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VII.2. EXPERIMENTAL SECTION 

VII.2.1 Reagents 

       The sulfa drug (99%) and crown ethers [18C6 (99%), DB18C6 (98%), DC18C6 

(98%)] were bought from Sigma-Aldrich, Germany and used as purchased.  

 

VII.2.2 Instrumentations 

       Prior to the start of the experimental work solubility of the chosen CEs and SA in 

ACN have been precisely checked and it was observed that the selected sulfa drug freely 

soluble in all proportion of CEs solution. 

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, Japan). 

The details of the instrument have formerly been described [12]. The FTIR 

measurements were performed in the scanning range of 4000−400 cm−1 at room 

temperature. 

1H NMR spectra were recorded in CD3CN at 300 MHz using Bruker ADVANCE 300 

MHz instrument. Signals are quoted as δ values in ppm using residual protonated solvent 

signals as internal standard (CD3CN: δ 1.97 ppm). Data are reported as chemical shift.  

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, 

with an uncertainty of wavelength resolution of±2 nm. All the absorption spectra were 

recorded at 25°C ±1°C. The measuring temperature was held constant by an automated 

digital thermostat. 

The densities (ρ) of the solutions were calculated by using vibrating U-tube Anton 

Paar digital density meter (DMA 4500M) having precision ±0.00005 g cm-3 and 

uncertainty in temperature was ±0.01K. The density meter was calibrated by standard 

method [13]. 

Viscosities (η) were determined by Brookfield DV-III Ultra Programmable 

Rheometer with spindle size 42. The detail has already been depicted before [13]. 

Refractive indexes of the solutions were studied with a Digital Refractometer 

from Mettler Toledo having uncertainty ±0.0002 units. The detail has already been 

described before [13]. 



P a g e  | 200   C h a p t e r - V I I  

Communicated 

 

 

VII.3. RESULT AND DISCUSSION 

VII.3.1 Job plot demonstrate the Stoichiometry 

The continuous variation method (Job’s plot) was used to determine the 

stoichiometry of SA-CEs complexes [14, 15]. The plot of ΔA ×R against R represents the 

job plot where ΔA is the differences in absorbance of sulfa drug with and without CEs and 

R= [SA]/ [CEs] + [SA] and is presented in Figure VII.1. Absorbance values were measured 

at respective ʎmax for a series of solutions at 298.15 K.  

 

 

Figure VII.1: Job plot of (a) SA-DC18C6 system, (b) SA-18C6 system, (c) SA-DB18C6 

system at T= 298.15 K. 

 

In this method, the total molar concentration of the two binding partners ([SA] + 

[CEs]) is kept constant at 100μM but their mole fraction are varied so that the mole 

fractions of SA complete the range of 0-1 (Table VII.1, Table VII.2 and Table VII.3) [16, 

17]. 
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Table VII.1: Data for the Job plot performed by UV-Vis spectroscopy for SA-DC18C6 

system. 

 

SA 

(mL) 

DC18C6 

(mL) 

SA 

(µM) 

DC18C6 

(µM) 

R=
[SA]

[SA]+[DC18C6]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.0 1.01185 0.0 

0.6 2.4 20 80 0.2 0.21129 0.80056 0.16011 

1.2 1.8 40 60 0.4 0.43896 0.57289 0.22915 

1.5 1.5 50 50 0.5 0.53905 0.47280 0.23640 

1.8 1.2 60 40 0.6 0.64153 0.37032 0.22219 

2.4 0.6 80 20 0.8 0.82361 0.18824 0.15059 

3 0 100 0 1 1.01185 0.0 0.0 

 

Table VII.2: Data for the Job plot performed by UV-Vis spectroscopy for SA-18C6 system. 

 

SA 

(mL) 

18C6 

(mL) 

SA 

(µM) 

18C6 

(µM) 

R=
[SA]

[SA]+[18C6]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.01981 0.99204 0.0 

0.6 2.4 20 80 0.2 0.25067 0.76118 0.15224 

1.2 1.8 40 60 0.4 0.45858 0.55327 0.22131 

1.5 1.5 50 50 0.5 0.54919 0.46266 0.23133 

1.8 1.2 60 40 0.6 0.64606 0.36579 0.21947 

2.4 0.6 80 20 0.8 0.83681 0.17504 0.14003 

3 0 100 0 1 1.01185 0.0 0.0 
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Table VII.3: Data for the Job plot performed by UV-Vis spectroscopy for SA-DB18C6 

system. 

 

SA 

(mL) 

DB18C6 

(mL) 

SA 

(µM) 

DB18C6 

(µM) 

R=
[SA]

[SA]+[DB18C6]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.25859 0.75326 0.0 

0.6 2.4 20 80 0.2 0.36268 0.64917 0.12983 

1.2 1.8 40 60 0.4 0.56147 0.45038 0.18015 

1.5 1.5 50 50 0.5 0.62905 0.38280 0.19140 

1.8 1.2 60 40 0.6 0.72059 0.29126 0.17475 

2.4 0.6 80 20 0.8 0.84731 0.16454 0.13163 

3 0 100 0 1 1.01185 0.0 0.0 

 

According to this method, maximum point of the molar ratio (R) corresponds to 

the complexation stoichiometry. The each of the three plots in Figure VII.1 shows the 

maximum at a molar ratio of about 0.5, indicating that the complexes were formed with 

1:1 stoichiometry. 

 

VII.3.2 FTIR spectral analysis  

The complexation between the sulfa drug (SA) and CEs was investigated using 

FTIR spectroscopy. Figure VII.2, VII.3 and VII.4 depict the FTIR spectra of free SA, 18C6, 

DC18C6, DB18C6 and their corresponding complexes in the 4000–500 cm−1 region. The 

investigation of the inclusion complexes was complicated due to the strong stretching 

frequency of CEs overlapping with the bands of the drugs. The IR spectrum of SA drug 

(Figure VII.2, Figure VII.3 and Figure VII.4) was characterised by principal absorption 

peaks at 3382 and 3242 cm-1(for NH stretching and antistretching in SO2–NH group), 

1310 cm-1(for SO2 asymmetric stretching), 1149 cm-1(for SO2 symmetric stretching) [18, 

19]. The IR spectral features of the pure drug has changed in the complexes. The band 

assigned to the NH stretching and antistretching in SO2–NH group were shifted in all the 

complexes (Figure VII.2, VII.3 and VII.4). The symmetric and asymmetric vibrations of 
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SO2 group at 1149 and 1310 cm-1 are shifted to 1124 cm-1 and 1290 cm-1 in complex 1, 

1131 and 1296 cm-1 in complex 2 and 1130 and 1291 cm-1 in complex 3 respectively.  

 

 

 

Figure VII.2: FTIR spectra of free DC18C6 (Black), SA (Blue) and complex 1 (Red). 

 

 

 

Figure VII.3: FTIR spectra of free 18C6 (Black), SA (Blue) and complex 2 (Red). 
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Figure VII.4: FTIR spectra of free DB18C6 (Black), SA (Blue) and complex 3 (Red). 

 

In our investigation, the the NH stretching and anti-stretching in SO2–NH group 

were shifted to 3346 and 3187 cm-1 in complex 1 (Figure VII.2), 3349 and 3203 cm-1 in 

complex 2 (Figure VII.3) and 3357 and 3220 in complex 3 (Figure VII.4). The above 

changes can be due to the formation of SA-CEs inclusion complex formation. According 

to the above FTIR analysis of all the three complexes, we might suggest that the 

sulfonamide ring of the SA was involved in the complexation. The bands positioned at 

1103 cm-1 corresponding to the ν(С – O – C ) of DC18C6 shifted to 1066 cm-1 in the 

complex 1 (Figure VII.2). The stretching frequencies of ν(С – O – C )aliph of 18C6 at 1106 

cm-1 shifted to 1083 cm-1 in the complex 2 (Figure VII.3). The shift of IR spectra of crown 

ethers in ACN solution indicates that the specific interactions observed in the crown 

ether complexes are in fact due to the hydrogen bonds of SA with the donor atoms of the 

crown ether. Comparing with the spectrum of the free crown ethers, most of these bands 

are shifted to lower energy presumably due to less restriction on the coupling of some 

vibrational modes caused by bonding of oxygen atoms of the polyether ring with the in 

both the complexes. The ν(С – O – C )arom stretching vibrations of DB18C6 are observed 

at 1125 cm–1 and these peak is  also shifted to lower frequency 1108 cm–1 in the complex 



C h a p t e r - V I I   P a g e  | 205 

 

Communicated 

 

3 (Figure VII.4). The anisole oxygens of DB18C6 are also involved in H-bond formation 

in the complex 2, as indicated by the shifts of the νas(Ph-O-C) and νs(Ph-O-C) bands from 

1213 and 1251 cm-1  to 1194 and 1231 cm-1, respectively [20]. In the IR spectra, the bands 

in the 2800–3000 cm-1 region correspond to the CH stretching vibrations of the 

methylene groups of crown ethers. Selected IR data for the free compounds and their 

complexes and corresponding changes in frequencies are listed in Table VII.4. 

 

Table VII.4: Comparison between the Frequencies change (cm-1) of different functional 

group of free compound and their complexes. 

 

Functional Group Wavenumber (cm-1) Changes (cm-1) 

 DC18C6 Complex 1 ∆δ 

ν(С – О – C ) 1103 1066 37 

 18C6 Complex 2  

ν(С – О – C ) aliph. 1106 1083 23 

 DB18C6 Complex 3  

ν(С – O – C ) arom 1125 1108 27 

νas(Ph-O-C) 1213 1194 19 

νs(Ph-O-C) 1251 1231 20 

 SA Complex 1  

νas(NH2)sulfonamide 3382 3346 36 

νs(NH2)sulfonamide 3242 3187 55 

νas(SO2) 1310 1290 20 

νs(SO2) 1149 1124 25 

 SA Complex 2  

νas(NH2)sulfonamide 3382 3349 33 

νs(NH2)sulfonamide 3242 3203 39 

νas(SO2) 1310 1296 14 

νs(SO2) 1149 1131 18 

 

 SA Complex 3  

νas(NH2)sulfonamide 3382 3357 25 

νs(NH2)sulfonamide 3242 3220 22 

νas(SO2) 1310 1291 19 

νs(SO2) 1149 1130 19 
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VII.3.3 NMR Study 

NMR spectroscopy has proved to be an efficient technique for the determination 

of the interactions between macrocyclic hosts and organic guests [21, 22].  A comparison 

of the 1H NMR spectra revealed that the most significant change in the chemical shift of 

SA was observed in the move of the signal for –NH2 protons (H2) of –SO2NH2 group 

towards higher field for complex 1 and complex 2 and lower field for complex 3 (Figure 

VII.5-VII.7) which suggests H-bonding via the protons of the sulfonyl group rather than 

amine group as the hydrogen atoms on the sulfonyl group are relatively acidic.  

 

 

 

Figure VII.5: The 1H NMR spectra of complex 1 (SA-DC18C6) (upper), uncomplexed SA 

and DC18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.  
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Figure VII.6: The 1H NMR spectra of complex 2 (SA-18C6) (upper), uncomplexed SA and 

18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.  

 

 

Figure VII.7: The 1H NMR spectra of complex 3 (SA-DB18C6) (upper), uncomplexed SA 

and DB18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.  
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These changes in chemical shifts confirm the host-guest complexation of SA with 

all the studied crown ethers and gives the more accurate information about the 

conformations of host-guest complexes in solution which allows for a better 

understanding of molecular recognition [23-25]. Signals for the –OCH2 protons of the 

crown ethers for complex 1 and complex 3 were found to be little upfield shifted relative 

to those signals for the free individual component (Figure VII.5 and Figure VII.7). The 

observed upfield shift in Figure VII.5 and VII.7 represent, of course, the difference in the 

environment of the crown ether’s –OCH2 groups in the free and complexed ligand. In case 

of complex 2 –OCH2 protons of the crown ether show downfield shift (Figure VII.6). The 

magnitude of the shift reflects the tightness of the crown-SA complex i.e., the overlap of 

the lone pair orbitals of the donating oxygen atoms of the macrocyclic ring and the outer 

orbitals of protons involved in H-bonding, which in turn induces a rather large change in 

the electronic environment of the –OCH2 groups.  

 

Selected 1H NMR data 

Sulfanilamide (SA): 1H NMR (CD3CN, 298.15 K): δ 7.56-7.71 (aryl, 2H), 6.81-6.84 (-

SO2NH2, 2H), 6.69-6.72 (aryl, 2H), 5.47-5.51(aniline –NH2, 2H). 

18-crown-6(18C6): 1H NMR (CD3CN, 298.15 K): δ 3.52-3.59 (OCH2, 24H). 

Dicyclohexano-18-crown-6(DC18C6): 1H NMR (CD3CN, 298.15 K): δ 3.54-3.59 (OCH2, 

16H), 3.11-3.13(cyclohexane, 4H), 1.56-1.59 (cyclohexane, 8H), 1.39-1.50 (cyclohexane, 

8H). 

Dibenzo-18-crown-6(DB18C6): 1H NMR (CD3CN, 298.15 K): δ 6.89-6.96 (aryl, 8H), 

4.10-4.13 (OCH2, 8H), 3.85-3.88 (OCH2, 8H). 

DC18C6-SA (complex 1): 1H NMR (CD3CN, 298.15 K): δ 7.37-7.46 (aryl, 2H), 6.55-6.59 

(-SO2NH2, 2H), 6.49-6.52 (aryl, 2H), 5.34-5.41 (aniline –NH2, 2H), 3.34-3.38 (OCH2, 16H). 

18C6-SA (complex 1): 1H NMR (CD3CN, 298.15 K): δ 7.55-7.66 (aryl, 2H), 6.79-6.80 (-

SO2NH2, 2H), 6.68-6.72 (aryl, 2H), 5.62-5.63 (aniline –NH2, 2H), 3.46-3.69 (m, OCH2, 24H). 

DB18C6-SA (complex 3): 1H NMR (CD3CN, 298.15 K): δ 7.57-7.79 (aryl, 2H), 6.90-6.95 

(-SO2NH2, 2H), 5.48-5.49 (aniline –NH2, 2H), 6.90-6.95 (aryl, 8H), 4.03-4.12 (OCH2, 8H), 

3.83-3.85 (OCH2, 8H). 
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VII.3.4 Apparent molar volume 

The interactions between SA and cyclic CEs can be studied from the apparent 

molar volume ( V ) and limiting apparent molar volume ( 0

V ) [26]. The apparent molar 

volume can be considered to be the sum of the geometric volume of the solute molecule 

and changes in the solvent volume due to its interaction with the solute [27]. For this 

purpose, the apparent molar volumes V were determined from the solutions densities 

(Table VII.5) using the following equation  

                                                        
      / /V M    m                                               (1) 

where M is the molar mass of the solute, m is the molality of the solution,  and 0 are the 

densities of the solution and reference solvent [crown ether + ACN], respectively.  

 

Table VII.5: Experimental values of density ( ) and viscosity ( ) of sulfa drug in 

different mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= (293.15 

to 308.15) K. 

m 

/mol kg-1 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

Η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

Sulfa+DC186 

w1=0.001b 

 293.15 Ka 298.15 Ka 303.5 Ka 308.15 Ka 

0.001 0.78249 0.38 0.77710 0.37 0.77165 0.36 0.76619 0.35 

0.003 0.78263 0.38 0.77724 0.37 0.77179 0.36 0.76633 0.35 

0.005 0.78277 0.38 0.77738 0.38 0.77193 0.36 0.76647 0.35 

0.007 0.78292 0.39 0.77753 0.38 0.77208 0.36 0.76661 0.36 

0.009 0.78308 0.39 0.77768 0.39 0.77223 0.37 0.76676 0.36 

   w1=0.003b    

0.001 0.78290 0.40 0.77753 0.39 0.77209 0.37 0.76663 0.36 

0.003 0.78302 0.40 0.77765 0.39 0.77221 0.37 0.76675 0.36 

0.005 0.78316 0.40 0.77778 0.39 0.77234 0.38 0.76688 0.36 

0.007 0.78329 0.41 0.77792 0.40 0.77248 0.38 0.76702 0.37 

0.009 0.78344 0.41 0.77806 0.40 0.77262 0.38 0.76716 0.37 
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w1=0.005b 

0.001 0.78316 0.42 0.77777 0.41 0.77236 0.38 0.76690 0.36 

0.003 0.78327 0.42 0.77788 0.41 0.77247 0.38 0.76701 0.36 

0.005 0.78339 0.43 0.77800 0.41 0.77258 0.39 0.76712 0.37 

0.007 0.78351 0.43 0.77812 0.42 0.77270 0.39 0.76724 0.37 

0.009 0.78364 0.43 0.77824 0.42 0.77283 0.39 0.76736 0.37 

Sulfa+18C6 

w2=0.001b 

0.001 0.78241 0.37 0.77702 0.36 0.77161 0.35 0.76615 0.34 

0.003 0.78257 0.37 0.77718 0.36 0.77176 0.35 0.76630 0.34 

0.005 0.78273 0.37 0.77734 0.37 0.77192 0.35 0.76645 0.34 

0.007 0.78290 0.38 0.77750 0.37 0.77208 0.36 0.76661 0.35 

0.009 0.78307 0.38 0.77767 0.37 0.77224 0.36 0.76677 0.35 

w2=0.003b 

0.001 0.78283 0.37 0.77745 0.37 0.77201 0.36 0.76655 0.35 

0.003 0.78296 0.38 0.77758 0.37 0.77215 0.36 0.76669 0.35 

0.005 0.78311 0.38 0.77773 0.37 0.77229 0.36 0.76683 0.35 

0.007 0.78326 0.38 0.77787 0.38 0.77243 0.37 0.76697 0.36 

0.009 0.78341 0.38 0.77803 0.38 0.77258 0.37 0.76712 0.36 

w2=0.005b 

0.001 0.78311 0.40 0.77772 0.38 0.77230 0.36 0.76684 0.35 

0.003 0.78323 0.40 0.77784 0.38 0.77242 0.37 0.76696 0.35 

0.005 0.78336 0.40 0.77797 0.38 0.77255 0.37 0.76709 0.35 

0.007 0.78350 0.41 0.77811 0.39 0.77268 0.37 0.76722 0.35 

0.009 0.78364 0.41 0.77825 0.39 0.77282 0.38 0.76736 0.36 

Sulfa+DB186 

w3=0.001b 

0.001 0.78237 0.34 0.77698 0.32 0.77157 0.31 0.76609 0.29 

0.003 0.78252 0.35 0.77713 0.33 0.77173 0.32 0.76625 0.30 

0.005 0.78268 0.35 0.77729 0.33 0.77188 0.32 0.76640 0.30 

0.007 0.78284 0.35 0.77745 0.33 0.77204 0.32 0.76656 0.30 

0.009 0.78301 0.35 0.77761 0.33 0.77220 0.32 0.76672 0.31 
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w3=0.003b 

0.001 0.78269 0.36 0.77730 0.35 0.77189 0.32 0.76643 0.32 

0.003 0.78282 0.36 0.77743 0.35 0.77202 0.33 0.76656 0.32 

0.005 0.78296 0.36 0.77757 0.35 0.77215 0.33 0.76669 0.32 

0.007 0.78310 0.37 0.77771 0.36 0.77229 0.33 0.76683 0.33 

0.009 0.78325 0.37 0.77785 0.36 0.77243 0.34 0.76697 0.33 

w3=0.005b 

0.001 0.78292 0.37 0.77753 0.35 0.77211 0.32 0.76664 0.32 

0.003 0.78304 0.37 0.77765 0.35 0.77223 0.33 0.76676 0.32 

0.005 0.78317 0.37 0.77778 0.35 0.77236 0.33 0.76689 0.32 

0.007 0.78330 0.38 0.77791 0.36 0.77249 0.33 0.76701 0.33 

0.009 0.78344 0.38 0.77804 0.36 0.77262 0.33 0.76714 0.33 

aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 

 

The values of V  are large and positive for all the systems, suggesting strong 

solute-solvent interactions. The values of the the apparent molar volume at infinite 

dilution ( 0

V ) and the experimental slopes (SV*) were determined by using least squares 

fitting of the linear plots of  V  against the square root of the molar concentrations (m1/2) 

in accordance with the Masson equation [28]. 

                                                     
0 *       V V VS m                                                    (2)                                                                   

The calculated values of 0

V and *

VS are reported in Table VII.6. This table shows that 

positive values of  0

V  for all the three complexes increases with an increase in mass 

fraction of the respective crown and temperature (Figure VII.8) which indicates that 

stronger interaction occur between SA and CEs in ACN solvent at higher mass fraction of 

crown ether and high temperature [29, 30]. Since *

VS  values for large organic molecules 

are not of much significance, they have not been discussed here [31]. The observed 0
V  

positive values (Table VII.6) are mainly due to the interactions between acidic protons 
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of –SO2NH2 group and lone pair of electrons of Ocrown. From Figure VII.6 it can be 

observed that 0

V  values for SA in complex 1 is highest, then complex 1 and then complex 

3. This can be explained on the basis of the strength of the interacting groups present in 

the crown ethers molecules. In complex 1 i.e. complex of DC18C6, electron pumping of 

cyclohexyl groups of DC18C6 is a major reason that its complex is more stable than those 

with 18C6, most possibly due to the increased basicity of the oxygen atoms of the ring, as 

H-bond acceptors. In the case of complex 3 i.e complex of DB18C6, the electron-

withdrawing power of the benzo group(s) which weaken the electron-donor ability of 

the oxygen atoms resulting in a weaker interaction. Thus from this study, we can say that 

the trend in the solute-solvent interaction is 

Complex 3 < complex 2< complex 1  

 

                    (a)                                                     (b)                                                      (c)  

 

Figure VII.8: Plot of limiting apparent molar volume (
0

V ) of SA in mass fractions (a) 

0.001, (b) 0.003, (c) 0.005 (w) of different CEs in ACN at T= (293.15 to 308.15 )K 

respectively. 
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Table VII.6: Limiting apparent molar volume ( 0

V ) and viscosity B-coefficient of sulfa 

drug in different mass fraction of different crown ethers in ACN at T= (293.15 to 308.15) 

K. 

        

         Temp/Ka 

0

V ·106 

/m3·mol-1 

*

VS ·106 

/m3·mol- 3/2 ·kg1/2 

B 

/kg1/2·mol-1/2 

SA+DC18C6  w1 = 0.001b  

293.15 143.75±0.01 -146.86 0.5357±0.0080 

298.15 144.16±0.00 -135.29 0.5475±0.0147 

303.15 144.71±0.01 -126.16 0.5556±0.0219 

308.15 145.29±0.01 -112.42 0.5674±0.0259 

SA+18C6  w2 = 0.001b  

            293.15 130.12±0.01 -129.53 0.3639±0.0257 

298.15 132.04±0.01 -119.47 0.4090±0.0297 

303.15 133.42±0.02 -102.75 0.4281±0.0219 

308.15 135.62±0.00 -97.90 0.4631±0.0271 

SA+DB18C6  w3 = 0.001b  

            293.15 127.43±0.01 -86.41 0.2948±0.0380 

298.15 127.73±0.01 -74.63 0.3648±0.0268 

303.15 129.85±0.01 -70.02 0.3859±0.0174 

308.15 130.47±0.01 -63.48 0.4597±0.0133 

SA+DC18C6  w1 = 0.003b  

293.15 151.05±0.01 -149.01 0.6482±0.0165 

298.15 151.97±0.01 -139.49 0.6553±0.0266 

303.15 152.66±0.00 -131.80 0.6745±0.0157 

308.15 153.73±0.02 -126.72 0.6912±0.0254 

SA+18C6  w2 = 0.003b  

            293.15 141.72±0.01 -137.14 0.4951±0.0049 

298.15 142.43±0.01 -123.67 0.5506±0.0080 

303.15 144.17±0.01 -108.21 0.6054±0.0167 

308.15 144.97±0.01 -103.23 0.6904±0.0126 
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SA+DB18C6  w3 = 0.003b  

293.15 140.05±0.01 -88.73 0.3930±0.0211 

298.15 140.46±0.01 -73.19 0.4437±0.0098 

303.15 141.10±0.02 -58.04 0.5221±0.0160 

308.15 141.72±0.01 -50.03 0.6012±0.0170 

SA+DC18C6  w1 = 0.005b  

293.15 161.51±0.01 -155.69 0.7414±0.0157 

298.15 162.28±0.00 -144.31 0.7930±0.0000 

303.15 162.88±0.01 -133.79 0.8243±0.0290 

308.15 163.73±0.01 -124.02 0.8704±0.0290 

SA+18C6  w2 = 0.005b  

293.15 150.87±0.01 -137.59 0.5921±0.0117 

298.15 151.53±0.01 -129.91 0.6407±0.0181 

303.15 152.06±0.00 -115.89 0.6810±0.0150 

308.15 152.97±0.01 -108.57 0.7268±0.0123 

SA+DB18C6  w3 = 0.005b  

293.15 148.03±0.01 -95.43 0.4796±0.0204 

298.15 148.72±0.01 -85.25 0.5399±0.0080 

303.15 149.31±0.01 -72.50 0.6141±0.0106 

308.15 149.99±0.01 -61.08 0.6977±0.0202 

aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 

 

VII.3.5 Temperature dependent limiting apparent molar volume 

The temperature dependence of 
0

V values can be expressed by the general 

polynomial equation as follows,  

                                                     V a a T a T   0 2

0 1 2      (3) 
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where 0a , 1a , 2a  are the empirical coefficients and the values of these coefficients  have 

been evaluated by the least-squares fitting of apparent molar volume at different 

temperatures [Table VII.7].  

 

Table VII.7: Values of empirical coefficients (a0, a1, and a2) of Equation 14 of sulfa drug 

in different mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= 

(293.15 to 308.15) K. 

 

Mass fraction 
a0·106 

/m3·mol-1 

a1·106 

/m3·mol-1·K-1 

a2·106 

/m3·mol-1·K-2 

SA + DC18C6 

w1 = 0.001b 267.00 -0.919 0.0017 

w1 = 0.003b 235.40 -0.727 0.0015 

w1 = 0.005b 191.23 -0.336 0.0008 

SA + 18C6 

w1 = 0.001b 278.29 -1.326 0.0028 

w1 = 0.003b 155.56 -0.311 0.0009 

w1 = 0.005b 336.69 -1.367 0.0025 

SA + DB18C6 

w1 = 0.001b 350.43 -1.699 0.0032 

w1 = 0.003b 296.61 -1.150 0.0021 

w1 = 0.005b 171.94 -0.287 0.0007 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 

 

The limiting apparent molar expansibilities,
0

E , can be obtained by the following 

equation, 

                                   E V P
δ δT a a T   0 0

1 22
    (4)                 

Differentiation of eq. 4 with respect to temperature gives the values of the limiting 

apparent molar expansibilities (
0

E ) [Table VII.8]. These values are also employed in 
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interpreting of the structure-making or breaking properties of various solutes. Positive 

expansivity i.e increasing volume with increasing temperature is a characteristic 

property of nonaqueous solutions of hydrophobic solvation [32]. 

 

Table VII.8: Limiting apparent molal expansibilities ( 0

E
 ) of sulfa drug in different mass 

fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= (293.15 to 308.15) K. 

 

Mass 

fraction 

                          0

E ·106  

                    /m3·mol-1·K-1 

 0 6

E P
T 10 

/m3·mol-1·K-2

 
SA + DC18C6 

T/Ka 293.15 298.15 303.15 308.15 
 

 

w1 = 0.001b 0.078 0.095 0.112 0.129 0.003 

w1 = 0.003b 0.152 0.167 0.182 0.197 0.003 

w1 = 0.005b 0.133 0.141 0.149 0.157 0.002 

SA + 18C6 

T/Ka 293.15 298.15 303.15 308.15 
 

 

w2 = 0.001b 0.316 0.344 0.372 0.400 0.006 

w2= 0.003b 0.216 0.225 0.234 0.243 0.002 

w2= 0.005b 0.099 0.124 0.149 0.174 0.005 

SA + DB18C6 

T/Ka 293.15 298.15 303.15 308.15 
 

 

w3 = 0.001b 0.177 0.209 0.241 0.273 0.006 

w3= 0.003b 0.081 0.103 0.124 0.145 0.004 

w3 = 0.005b 0.124 0.131 0.138 0.145 0.001 

aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 
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Hepler [33] developed a technique of examining the sign of  
PE Tδδ 0 for the 

solute in terms of long-range structure-making and -breaking capacity of the solute in the 

solution using the general thermodynamic expression, 

                                                   
   2

E VP P
δ δT δ δT a  0 0 2

22    (5) 

If the sign of the second derivatives of the limiting apparent molar volume with respect 

to the temperature  
PE Tδδ 0 is positive or a small negative, the molecule is a structure 

maker; otherwise, it is a structure breaker [34]. As is evident from Table VII.8, the 

 
PE Tδδ 0 values for all the complexes are positive i.e. SA is predominantly structure 

makers in all of the complexes of crown ethers and this tendency is enhanced with 

increasing crown concentration. 

 

VII.3.6 Viscosity B Coefficients 

 The experimental viscosity ( ) data measured at different temperatures for the 

studied systems are tabulated in Table VII.5. The relative viscosity (ηr) has been 

analyzed using the Jones-Dole equation [35] 

                                          (/o - 1)/ √m = (ηr - 1)/ √m = A + B √m                                 (6) 

Where relative viscosity ηr=/o,   and 0  are the viscosities of the ternary solutions (SA 

+ crown ether + ACN) and binary reference solvent (crown ether + ACN), respectively, 

and m is the molality of the SA in the ternary solutions. A and B are experimental 

constants known as viscosity A- and B-coefficients, which are specific to solute-solute and 

solute-solvent interactions, respectively. The values of B coefficients are obtained from 

the slope of linear plot of  1r( ) / m    against m  by least-squares method, and 

reported in Table VII.6.       

B-Coefficients are known to provide information regarding the solvation of the 

solutes and their effects on the structure of the solvent in the near environment of the 

solute molecules [36,37]. The values of B-coefficient for SA in complex 1 are highest of 

the three complexes and the smallest for complex 3 in ACN [Table VII.6]. Positive values 

of the B-coefficient suggest hydrogen bonding of the solvent with the drug molecule and 
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indicate an increase in viscosity of the solution due to the large size of the moving 

molecules. The solvated solutes molecule associated by the solvent molecules all round 

to the formation of associated molecule by solute-solvent interaction are responsible for 

the higher values of the B-coefficient, would present greater resistance, and this type of 

interactions are strengthened with a rise in temperature and also increase with an 

increase of mass fraction of CEs in the solvent mixtures [Figure VII.9].  

 

                    (a)                                                     (b)                                                      (c) 

 

Figure VII.9: Plot of viscosity B-coefficient of SA in mass fractions (a) 0.001, (b) 0.003, (c) 

0.005 (w) of different CEs in ACN at T= (293.15 to 308.15 )K respectively. 

 

These observations are in excellent agreement with the conclusions drawn from 

the analysis of apparent molar volume, 0
V    discussed earlier. The calculated values of 

dB/dT are small positive shown in Table VII.9 reflects the structure-maker behaviors of 

the sulfa drug [27]. 
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Table VII.9: Values of dB/dT of sulfa drug in different mass fraction of DC18C6 (w1), 18C6 

(w2) and DB18C6 (w3) in ACN at T= (293.15 to 308.15) K respectively.  

 

 

Mass 

fraction 

 dB

dT
 

/kg1/2∙mol1/2∙K-1 

  

 SA + DC18C6  SA + 18C6  SA + DB18C6 

w1 = 0.001b 0.006 w2 = 0.001b 0.002 w3 = 0.001b 0.010 

w1 = 0.003b 0.012 w2= 0.003b 0.003 w3= 0.003b 0.014 

w1 = 0.005b 0.008 w2= 0.005b 0.008 w3 = 0.005b 0.014 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 

 

Thus, the volumetric and viscometric properties of the sulfa drug in the present 

work provide useful information in medicinal and pharmaceutical chemistry for the 

prediction of absorption and permeability of drug through membranes. 

 

VII.3.7 Refractive index calculation 

Experimental refractive index data Dn  for (SA + crown ether + ACN) ternary 

solutions were measured as a function of the molarities of several crown ethers at T 

=298.15 K. The values of measured Dn  are tabulated in Table VII.10. The molar 

refraction MR  can be evaluated from the Lorentz-Lorenz relation [38].  

                    2 2

M D DR  = (n -1)/(n + 2) (M/ )                                                            (7) 

Where MR , Dn , M and   are the molar refraction, the refractive index, the molar mass 

and the density of solution respectively. Because the MR  value is directly proportional to 

molecular polarizability [39], this quantity is a measure of the ability of the molecular 

orbitals to be impaired under an electrical field [40].  

Table VII.10 indicates that the MR  values increase with an increasing amount of 

crown in the ternary solutions studied because its electron cloud becomes more 

decentralized, indicating high polarizability in the presence of crown ethers. The 



P a g e  | 220   C h a p t e r - V I I  

Communicated 

 

refractive index, molar refraction ( MR ) and consequently the limiting molar refraction 

(RM0) (Table VII.11) values of a substance is higher when its molecules are more tightly 

packed or in general when the compound is denser. In the present ternary solution 

system, the interactions occurring between the SA and three different crown ether are 

explored. It is evident from Figure VII.10 that DC18C6 interacts more strongly with SA 

than with 18C6 and DB18C6 which is probably due to stable complex formation of 

DC18C6 through the H-bond formation between acidic protons of sulfonyl group (-

SO2NH2) and Ocrown i.e. DC18C6 form compact structure which is reflected in their high 

RM0 values; moreover, the strength of the interactions are increases with increasing 

molarity of crown.  

 

 

 

Figure VII.10: Plot of limiting molar refraction (RMo ) of SA in different mass fractions (w) 

of different CEs in ACN at T= 298.15 K respectively. 
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Table VII.10: Values of Refractive Index ( Dn ) and Molar Refraction ( MR ) of sulfa drug in 

different mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= 298.15 

K respectively. 

 Conc. (m)                 Dn  MR /m3∙mol-1 

w1 = 0.001b    

SA + DC18C6 0.001 1.3428 46.79 

 0.003 1.3436 46.88 

 0.005 1.3442 46.95 

 0.007 1.3447 47.00 

 0.009 1.3452 47.06 

w2 = 0.001b    

SA + 18C6 0.001 1.3415 46.64 

 0.003 1.3422 46.72 

 0.005 1.3429 46.79 

 0.007 1.3435 46.86 

 0.009 1.3440 46.91 

w3 = 0.001b    

SA + DB18C6 0.001 1.3409 46.57 

 0.003 1.3417 46.66 

 0.005 1.3423 46.72 

 0.007 1.3429 46.79 

 0.009 1.3435 46.85 

w1 = 0.003b    

SA + DC18C6 0.001 1.3436 46.87 

 0.003 1.3443 46.95 

 0.005 1.3449 47.01 

 0.007 1.3454 47.07 

 0.009 1.3459 47.12 
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w2= 0.003b    

SA + 18C6 0.001 1.3423 46.71 

 0.003 1.3431 46.80 

 0.005 1.3438 46.88 

 0.007 1.3445 46.96 

 0.009 1.3451 47.02 

w3= 0.003b    

SA + DB18C6 0.001 1.3416 46.63 

 0.003 1.3423 46.71 

 0.005 1.3429 46.78 

 0.007 1.3436 46.86 

 0.009 1.3440 46.90 

w1 = 0.005b    

SA + DC18C6 0.001 1.3450 47.03 

 0.003 1.3459 47.13 

 0.005 1.3465 47.21 

 0.007 1.3473 47.29 

 0.009 1.3479 47.35 

w2= 0.005b    

SA + 18C6 0.001 1.3428 46.76 

 0.003 1.3436 46.85 

 0.005 1.3442 46.91 

 0.007 1.3448 46.98 

 0.009 1.3453 47.03 

w3 = 0.005b    

SA + DB18C6 0.001 1.3421 46.68 

 0.003 1.3430 46.79 

 0.005 1.3437 46.86 

 0.007 1.3444 46.94 

 0.009 1.3450 47.01 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 
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Table VII.11: Limiting molar refractions (RM0) values of sulfa drug in different mass 

fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= 298.15 K respectively. 

 

Mass fraction  RM0 /m3.mol-1  

 SA + DC18C6 SA + 18C6 SA + DB18C6 

w1 = 0.001b 46.64 46.49 46.64 

w1 = 0.003b 46.71 46.51 46.71 

w1 = 0.005b 46.82 46.59 46.82 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), 

(ACN+DB18C6) respectively. 

 

VII.3.8 Typical Features of Specific Interactions involved in the Complexation 

The all three complexes of CEs (Scheme VII.2) are stabilized mainly by hydrogen 

bonds formed between acidic protons of –NH2 group and ether oxygen atoms. This can 

be shown by the suitable plausible mechanism (Scheme VII.2).But in case of complex 3 

i.e. complex of DB18C6, hydrogen bonding seems to play a secondary role because the 

benzene rings of the DB18C6 decrease the negative charge of the oxygen atoms and hence 

their ability to undergo hydrogen bonding. The π–π interaction is present only in this 

complex which also slightly stabilized the complex (Scheme VII.2) [41-43]. 

 

 

 

 

 

 

 

 

Scheme VII.2a: Schematic presentation of complex formation between SA and DC18C6 

and corresponding energy minimized structure of the complex. 
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Scheme VII.2b: Schematic presentation of complex formation between SA and 18C6 and 

corresponding energy minimized structure of the complex. 

 

 

 

 

 

 

 

 

 

 

 

Scheme VII.2c: Schematic presentation of complex formation between SA and DB18C6 

and corresponding energy minimized structure of the complex. 
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VII.3.9 Association constant and Thermodynamic parameters 

The stability constants (Ka) for 1:1 complexation were measured in ACN solution 

by UV-visible spectroscopy and are presented in Table VII.12.  

 

Table VII.12: Values of Association constant (Ka) and free energy change (∆G0) of the 

three SA-CEs complexes. 

 
 T/Ka Ka/ M-1 ∆G0/KJ mol-1  

Complex 1  541.88 -15.60 

Complex 2 298.15 412.27 - 14.94 

Complex 3  372.80 -14.67 

a Standard uncertainties in temperature  are: (T) = ±0.01 K. 

 

UV–vis spectroscopy is a convenient and widely used method for the study of 

binding phenomena [44]. The sulfa drug absorbs light at different wavelengths in free 

and complexed states and the differences in the UV–vis spectra may suffice for the 

estimation of molecular recognition thermodynamics. In UV spectroscopic titration 

experiments, the addition of varying concentration of host molecules results in a gradual 

increase or decrease of characteristic absorptions of the guest molecules. The association 

constants of the supramolecular systems formed were calculated according to the 

modified Benesi-Hildebrand equation, Eq. (8) [45], (Figure VII.11) 

                                
1 1 1 1

.
[ ] [ ] [ ]aA SA K CE SA 

 
  

                                                  (8) 

Where [CE] and [SA] refer to the total concentration of crown ether and SA respectively, 

∆ϵ is the change in molar extinction coefficient between the free and complexed crown 

ether and ∆A denotes the absorption changes of SA on the addition of CEs. The values of 

Ka for each of the complexes were evaluated by dividing the intercept by the slope (Table 

VII.13-VII.15) of the straight line of the double reciprocal plot. The free energy change 

(∆G), has been easily estimated from association constant by using following equation 

[46, 47] 

                                                  ∆G=-RTlnK                                                                 (9) 
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The ∆G values (Table VII.12) for all the three complexes are negative which indicates 

that the Complex formation process proceeds spontaneously at 298.15K. In all the              

complexes, H-bonding to the ether oxygen atoms is obviously responsible for 

complexation but either π-stacking or charge-transfer interactions (Scheme VII.2) also 

seem to have a minor contribution towards complexation. The stability constants for 

complex 3 is slightly lower than the corresponding value of complex 1 and complex 2 

(Table VII.12) as the aromatic rings of the crown ether decrease the electron density of 

the adjacent oxygen atoms, and this seems to decrease the strength of any H-bonding in 

complex 3. Although complex 3 has the potential for π-stacking or charge transfer 

interactions which is absent in the complex 1 and complex 2 indicates that H-bonding 

bonding to the ether oxygen atoms is dominant here for the complexation.  

 

 

 

Figure VII.11: Benesi-Hildebrand double reciprocal plot for the effect of (a) DC18C6, (b) 

18C6, (c) DB18C6 on the absorbance of Sulfa drug. 
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Table VII.13: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-DC18C6 system at T=298.15K. 

 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[DC18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

50 30  1.10102 0.03868 33333 25.8531    

50 40  1.09072 0.04898 25000 20.4165    

50 50 1.13970 1.07887 0.06083 20000 16.4392 0.4335 0.0008 541.88 

50 60  1.06496 0.07474 16667 13.3797    

50 70  1.04830 0.09140 14286 10.9409    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 

 

Table VII.14: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-18C6 system at T=298.15K. 

 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

50 30  1.11983 0.01987 33333 50.3271    

50 40  1.11434 0.02536 25000 39.4322    

50 50 1.13970 1.10973 0.02997 20000 33.3667 0.6184 0.0015 412.27 

50 60  1.10165 0.03805 16667 26.2812    

50 70  1.09040 0.04930 14286 20.2840    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 

Table VII.15: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-DB18C6 system at T=298.15K. 

 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[DB18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

50 30  1.15464 0.01494 33333 66.9344    

50 40  1.15971 0.02001 25000 49.9750    

50 50 1.13970 1.16372 0.02402 20000 41.6319 0.7456 0.0020 372.80 

50 60  1.16887 0.02917 16667 34.2818    

50 70  1.17509 0.03539 14286 28.2565    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 
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VII.4. CONCLUSION               

The formation of three complexes of sulfa drug with several crown ethers in ACN 

have been investigated with the help of above mentioned spectroscopic and 

physicochemical studies. 1H NMR data confirms the complex formation and the Job plot 

suggests the formation of complexes with 1:1 stoichiometry. The interaction of sulfa drug 

with crown ethers in the solution have been interpreted by density, viscosity, refractive 

index measurements. These measurements provide valuable information on ion-solvent 

and ion-ion interactions of the complexes in solutions. The formation constants are found 

highest for complex 2, then complex 1 and then complex 3 which indicates that SA form 

most stable complex with DC18C6 compared to other complexes. The probable 

structures of the three complexes of sulfa drug with crown ethers have been proposed 

by the above mentioned studies. 

In this work we have found that the studied complexes are mainly stabilised by 

hydrogen bonds, and π-stacking play only a secondary role in case of complex 3 i.e 

complex of benzene substituted crown ether. The 1:1 complexation of the sulfa drug by 

different crown ethers proceeds spontaneously (∆G0 <0). The roles of guest SA has been 

established in directing the formation of supramolecular architectures between crown 

ether and –NH2 group of –SO2NH2 in SA by host–guest hydrogen-bonding interactions. 

Here the present work helps to understand the vital role of –NH2 group in the design and 

construction of supramolecular host–guest materials. These results are also significant 

for other host–guest systems. However, with the knowledge acquired from the solution 

chemistry of SA-Crown complexes, we believe that the scope and future prospect of this 

type of studies with other supramolecules are also a promising preposition. 
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CHAPTER- VIII 

SUBSISTENCE OF HOST-GUEST INCLUSION COMPLEXES OF 
METOCLOPRAMIDE HYDROCHLORIDE WITH α- AND β-
CYCLODEXTRIN MOLECULES PROBED BY PHYSICO-
CHEMICAL INVESTIGATION 

 

VII.1. INTRODUCTION 

Enhancement of drug-delivery performance using formulations based on 

cyclodextrin (CD)-drug inclusion complexes is well known because of the enhanced 

solubility, bioavailability and stability of drug molecules after complexation with CD.  

Cyclodextrins (CDs) are cyclic oligosaccharides containing six (α-CD), seven (β-CD) and 

eight (γ-CD) glucopyranose units which are bound together by α-(1–4) linkages forming 

a truncated conical structure, which allows CDs to form host–guest ICs with different 

sized guest molecules. Owing to lack of free rotation about the bonds connecting the 

glucopyranose units, the cyclodextrins are not perfectly cylindrical molecules but the 

torroidal or cone shaped with a hydrophobic cavity and a hydrophilic surface [Scheme 

VIII.1] [1]. The primary hydroxyl groups are located on the narrow side of the cone 

shape, while the secondary hydroxyl groups are located on the wider edge due to the 

presence of specific architecture of the cyclodextrin. The hydrophobic cavity of the 

cyclodextrin is capable of trapping the hydrophobic parts present in the molecules within 

to produce stable host-guest inclusion complexes through various interactions, such as 

hydrogen-bonding, van der Waals, and hydrophobic interactions [2-8]. As a result, the 

solubility of the hydrophobic and amphiphilic compounds increases. Many advantages of 

drug- complexation with Cyclodextrins have been reported in scientific literature which 

includes increased solubility, enhanced bioavailability, improved stability, masking of 

bad test or odour, reduced volatility, transformation of liquid or gas into solid form 

reduced side effect and the possibility of a drug release system, etc [9]. Due to these 

abilities, cyclodextrins are of great interests in pharmaceutical chemistry [10–13], 

agriculture [14], cosmetics [15, 16], food [17], drug delivery [18-21] and industries [22- 

24].  
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Metoclopramide hydrochloride (MP) is a white crystalline, odorless substance, 

freely soluble in water. Chemically, it is 4-amino-5- chloro-N-[2-(diethylamino) ethyl]-2-

methoxy benzamide monohydrochloride, and is used as an anti-emetic in the treatment 

of some forms of nausea and vomiting and to treat heartburn caused by gastroesophageal 

reflux in people who have used other medications without relief of symptoms. MP have 

a greater impact on the treatment of disorders of the gastrointestinal tract. MP is 

prokinetic agents in gastroenterology. Prokinetic drugs enhances the response to 

acetylcholine of tissue in upper gastrointestinal tract causing enhanced motility and 

accelerated gastric emptying without stimulating gastric, biliary, or pancreatic 

secretions; increases lower oesophageal sphincter tone [25]. It is also used to treat slow 

gastric emptying in people with diabetes, also called diabetic gastroparesis which can 

cause nausea, vomiting, heartburn, loss of appetite, and a feeling of fullness after meals. 

Metoclopramide Hydrochloride blocks dopamine receptors and (when given in higher 

doses) also blocks serotonin receptors in chemoreceptor trigger zone of the Central 

Nervous System. Since metoclopramide has been confirmed as an effective drug in 

treating and preventing various types of disease hence the stabilization and regulatory 

release of this drug is of great concern in pharmacology. Thus to protect these drugs from 

external effects and to reduce side effects for their regulatory release, it is crucial to 

investigate whether they can be encapsulated into the CD molecule. 

In this work, the inclusion complex (IC) formation of metoclopramide 

hydrochloride (MP) with both α and β-cyclodextrins (CDs) was studied in detail based on 

physicochemical and spectroscopic measurements. The factors affecting the inclusion 

process were discussed. Enhanced fluorescence and absorption characteristics served as 

an aid for better understanding the inclusion mechanism, including the size/shape-fit, 

hydrophobicity. Especially, detailed spatial information in solution has been studied by 

1H NMR. The related mechanisms proposed to explain the inclusion process. 

 

 

 

 

 



 

C h a p t e r - V I I I    P a g e  | 231 

Communicated 

 

 
 

 

 

 

 

 

 

Scheme VIII.1: Molecular structures of (a) metoclopramide hydrochloride and (b) 

cyclodextrin molecule with interior and exterior protons (n = 6, 7 for α-CD and β-CD 

respectively). 
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VII.2. EXPERIMENTAL SECTION 

VIII.2.1 Reagents 

 Metoclopramide Hydrochloride, α-cyclodextrin and β-cyclodextrin of high purity 

grade were purchased from Sigma-Aldrich and used as received. Purity of 

Metoclopramide Hydrchloride, α-cyclodextrin and β-cyclodextrin were ≥98.0%, ≥98.0% 

and ≥97.0% respectively. 

 

VIII.2.2 Instrumentations 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, 

with an uncertainty of wavelength resolution of±2 nm. All the absorption spectra were 

recorded at 25°C ±1°C. The measuring temperature was held constant by an automated 

digital thermostat. 

The surface tension experiments were accomplished by platinum ring 

detachment technique using digital tensiometer K9, KRÜSS, Germany at the experimental 

temperature. Accuracy in the measurement was ±0.1 mNm−1. Temperature was 

maintained at 298.15 K by circulating auto-thermostat water through a double-wall glass 

vessel containing the solution. 

Specific conductivities of the experimental solutions were measured by Mettler 

Toledo Seven Multi conductivity meter with uncertainty ±1.0 μS m-1. The experiments 

were carried out in an auto-thermostat water bath maintaining the temperature at 

298.15 K and using the HPLC grade water with specific conductance of 6.0 μS m-1. The 

cell was calibrated using a 0.01M aqueous KCl solution. 

 Steady state fluorescence emission study was carried out in bench top 

spectrofluorimeter from Photon Technologies International (Quantamaster-40, USA) 

with excitation and emission slit widths fixed at 3.0 nm and 2.0 nm respectively. Samples 

were taken in Hellma quartz cuvette of optical length 1.0 cm.  

1H NMR spectra were recorded in D2O at 300 MHz in Bruker Avance 300 MHz 

instrument at 298 K. Signals are cited as δ values in ppm using residual protonated 

solvent signal as internal standard (HDO: δ 4.79 ppm). Data are reported as chemical 

shift. 
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Fourier transform infrared spectra were recorded in a Perkin Elmer FT-IR 

spectrometer according to the KBr disk method. KBr disks were made in 1:100 ratios of 

sample and KBr. FTIR studies were carried out in the scanning range of 4000−400 cm−1 

at room temperature. 

 

VIII.2.3 Preparation of MP:α-CD and MP:β-CD inclusion complexes 

Prior to the start of the experimental work solubility of the chosen CDs and MP 

have been precisely checked and it was observed that the selected drug freely soluble in 

all proportion of CD solution. The two solid ICs (MP+ α-CD and MP + β-CD) have been 

prepared in 1:1 molar ratio of MP and CD. For each complex, 1.0 millimole MP and 1.0 

millimole CD were dissolved in 30 mL water separately and stirred for 2 hours. Then the 

aqueous solution of MP was added drop wise to the aqueous solution of CD. The resulting 

mixture was stirred for an additional 24 h at room temperature and filtered. The filtrate 

was concentrated by evaporating, and the resulting precipitate was collected and dried 

at 50°C for 12 h. The white inclusion complexes were used to characterize by different 

physical and spectroscopic methods. 

 

 

VII.3. RESULTS AND DISCUSSION 

VIII.3.1 Job plot demonstrate the Stoichiometry 

To establish the stoichiometry of the complex, the continuous variation method 

(Job’s plot) was used to follow the changes in absorbance [26-28]. The absorbance of a 

set of solutions of MP with α and β-CD was/were measured by using UV-visible 

spectroscopy. The plot of ΔA ×R against R represents the job plot where ΔA is the 

differences in absorbance of MP with and without CDs and R= [MP]/ [MP] + [CD] and is 

presented in Figure VIII.1a and VIII.1b. Absorbance values were calculated at ʎmax=272 

nm for all the solutions at 298.15 K. In this method, the total molar concentration of the 

two binding partners ([MP] + [CD]) is kept constant but their mole fraction are varied in 

the range of 0-1 (Table VIII.1 and VIII.2) [29, 30]. 
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Figure VIII.1: Job plots of (a) MP:α-CD system and (b) MP:β-CD system at λmax = 272 nm 

at 298.15 K. R = [SS]/([MP] + [CD]), ΔA = absorbance difference of MP with and without 

CD. 

 

According to this method, the value of R at the maxima on the curve provides the 

stoichiometry of IC, thus, the ratio of guest and host is 1:2 if R ≈ 0.33; 1:1 if R ≈ 0.5; 2:1 if 

R ≈ 0.66 etc. The maxima for each of the two plots in Figure VIII.1a and VIII.1b were the 

found at R ≈ 0.5, which indicate 1:1 stoichiometry of the host-guest inclusion complexes.  

 

Table VIII.1: Data for the Job plot performed by UV-Vis spectroscopy for aqueous 

MP:α-CD system at 298.15Ka 

 

MP 
(mL) 

α-CD 
 (mL) 

MP 
(µM) 

α-CD 
(µM) 

R=
[𝐌𝐏]

[𝑴𝑷]+[𝛂−𝐂𝐃]
 Absorbance 

(A) 
∆A ∆A*R 

0 3 0 50 0.0 0.00000 0.7114 0.0000 
0.3 2.7 05 45 0.1 0.10455 0.6068 0.0607 
0.6 2.4 10 40 0.2 0.16964 0.5417 0.1083 
0.9 2.1 15 35 0.3 0.23445 0.4769 0.1431 
1.2 1.8 20 30 0.4 0.30051 0.4109 0.1643 
1.5 1.5 25 25 0.5 0.33845 0.3729 0.1865 
1.8 1.2 30 20 0.6 0.39919 0.3122 0.1873 
2.1 0.9 35 15 0.7 0.45848 0.2529 0.1770 
2.4 0.6 40 10 0.8 0.51901 0.1924 0.1539 
2.7 0.3 45 05 0.9 0.61435 0.0970 0.0873 
3.0 0 50 0 1.0 0.71136 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table VIII.2: Data for the Job plot performed by UV-Vis spectroscopy for aqueous MP:β-

CD system at 298.15Ka 

 

MP 

(mL) 

β- CD 

(mL) 

MP 

(µM) 

β- CD 

 (µM) 

R=
[𝐌𝐏]

[𝐌𝐏]+[𝛃−𝐂𝐃]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 50 0.0 0.0000 0.7114 0.0000 

0.3 2.7 05 45 0.1 0.1086 0.6028 0.0603 

0.6 2.4 10 40 0.2 0.1624 0.5490 0.1098 

0.9 2.1 15 35 0.3 0.2151 0.4963 0.1489 

1.2 1.8 20 30 0.4 0.2590 0.4523 0.1809 

1.5 1.5 25 25 0.5 0.3007 0.4107 0.2054 

1.8 1.2 30 20 0.6 0.3766 0.3348 0.2009 

2.1 0.9 35 15 0.7 0.4457 0.2657 0.1860 

2.4 0.6 40 10 0.8 0.5133 0.1981 0.1584 

2.7 0.3 45 05 0.9 0.5856 0.1257 0.1131 

3.0 0 50 0 1.0 0.7114 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

  

 

VIII.3.2 Surface tension study 

Surface tension (γ) study provides significant evidence regarding the formation 

and the stoichiometry of the host-guest inclusion complex [31-33]. MP behaves like 

surfactant molecule, which is reflected in the lower γ value of its aqueous solution 

compared to pure aqueous media [34,35]. CDs in contrast, because of having 

hydrophobic outer surface and hydrophilic rims, hardly show any change in γ while 

dissolved in aqueous medium for a wide range of concentration [36,37]. In the present 

study γ of aqueous MP was measured with increasing concentration of α and β-CD at 

298.15K (Table VIII.3 and VIII.4). In both cases there were progressively rising trend 

of γ with increasing concentration of α and β-CD (Figure VIII.2a and VIII.2b), may be 

as a result of encapsulation of the MP molecule from the surface of the solution into the 
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hydrophobic cavity of CDs forming host-guest ICs (Scheme VIII.2) [30]. Both the plots 

also demonstrate that there are single noticeable breaks in each curve (Figure VIII.2a 

and VIII.2b), which not only reveal the formation of IC but also specify the 1:1 

stoichiometric ratio for each of the ICs formed [31,32].  

 

 

  

 

Figure VIII.2: Variation of surface tension of aqueous MP with increasing concentration 

of (a) α-CD and (b) β-CD solution respectively at 298.15 K. 
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Table VIII.3: Data for surface tension and conductivity study of aqueous MP:α-CD 

system at 298.15Ka 

 

Conc. of MP 

(mM) 

Conc. of α-CD 

(mM) 

Surface tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

10 0 66 1.280 

9.091 0.909 66.7 1.163 

8.333 1.667 67.4 1.075 

7.692 2.308 67.8 0.997 

              7.143 2.857 68.2 0.929 

6.667 3.333 68.6 0.870 

6.250 3.750 69.1 0.812 

5.882 4.118 69.4 0.761 

5.556 4.444 69.7 0.719 

5.263 4.737 70.1 0.684 

5.000 5.000 70.3 0.652 

4.762 5.238 70.5 0.643 

4.545 5.455 70.5 0.635 

4.348 5.652 70.6 0.628 

4.167 5.833 70.6 0.621 

4.000 6.000 70.6 0.615 

3.846 6.154 70.7 0.610 

3.704 6.296 70.7 0.605 

3.571 6.429 70.7 0.599 

3.448 6.552 70.8 0.595 

3.333 6.667 70.8 0.591 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table VIII.4: Data for surface tension and conductivity study of aqueous MP:β-CD 

system at 298.15Ka 

 

Conc. of MP 

(mM) 

Conc. of β-CD 

(mM) 

Surface tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

10 0 66 1.280 

9.091 0.909 66.8 1.160 

8.333 1.667 67.4 1.070 

7.692 2.308 67.9 0.988 

              7.143 2.857 68.4 0.917 

6.667 3.333 68.8 0.856 

6.250 3.750 69.2 0.799 

5.882 4.118 69.5 0.750 

5.556 4.444 69.9 0.708 

5.263 4.737 70.2 0.675 

5.000 5.000 70.5 0.640 

4.762 5.238 70.7 0.630 

4.545 5.455 70.9 0.621 

4.348 5.652 71.0 0.613 

4.167 5.833 71.0 0.604 

4.000 6.000 71.1 0.598 

3.846 6.154 71.1 0.586 

3.704 6.296 71.2 0.579 

3.571 6.429 71.2 0.572 

3.448 6.552 71.3 0.565 

3.333 6.667 71.3 0.560 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

The values of γ and corresponding concentrations of MP and CDs at each break 

have been listed in Table VIII.5, which also point out that at each break point the 

concentration ratio of host and guest is about 1:1, establishing the formation of 1:1 ICs 

between MP and CDs [30, 35]. 



 

C h a p t e r - V I I I    P a g e  | 239 

Communicated 

 

 
 

 

 

Table VIII.5: Values of surface tension (γ) at the break point with corresponding 

concentrations of MP and CD at 298.15 Ka 

 Conc. of MP/mM Conc. of CD/mM γa/mN.m-1 

α-CD 4.80 5.20 70.4 

β-CD 4.46 5.36 70.7 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: u(γ) = ±0.1 

mN∙m−1 

 

VIII.3.3 Conductivity study 

Conductivity (κ) study is an essential tool to elucidate the inclusion phenomenon 

in solution phase [38,39]. It identifies the formation as well as the stoichiometry of the 

ICs [34,36]. In the present study the conductivity of aqueous solution of MP was 

measured with continuous addition of α and β-CD (Table VIII.3 and VIII.4).  

  

 

Figure VIII.3: Variation of surface tension of aqueous MP with increasing concentration 

of (a) α-CD and (b) β-CD solution respectively at 298.15 K. 
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In aqueous solution MP has substantial conductance value which show gradually 

decreasing trend of κ (Figure VIII.3a and VIII.3b) with the successive addition of 

aqueous solution of CDs, may be because of less number of free MP molecules in the 

medium due to encapsulation into the cavity of CDs [40.41]. Thus, the conductivities of 

the solutions are noticeably affected by the inclusion phenomenon (Scheme VIII.2) [39]. 

At certain concentrations of α and β-CD single breaks were found in each conductivity 

curve signifying the formation of 1:1 IC (Figure VIII.3a and VIII.3b) [30,34]. The values 

of κ and corresponding concentrations of MP and CDs at each break have been listed in 

Table VIII.6, which inform that the ratio of the concentrations of MP and each CD at the 

break point is roughly 1:1, suggesting that MP-CD IC is equimolar, i.e., the host-guest ratio 

is 1:1 [36,39]. There always exists a dynamic equilibrium between the host and guest 

molecule. At the break point most of the guest molecules are inserted in the cavity of CD 

i.e., at this point maximum inclusion takes place than before. After this point the 

concentration of CD is more than the drug molecule and the equilibrium is shifted toward 

the ICs. 

 

Table VIII.6: Values of conductivity (κ) at the break point with corresponding 

concentrations of MP and CD at 298.15 Ka 

 

 Conc. of MP/mM Conc. of CD/mM κa/mS.m-1 

α-CD 5.05 4.95 0.651 

β-CD 5.01 4.99 0.659 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.001 

mS·m-1 

 

VIII.3.4  Association constants from UV-vis spectroscopy 

Spectrophotometric titration is carried out to determine the molecular 

encapsulation behavior of MP with CDs in aqueous solution [42-45]. The absorption 

spectral data of MP with various concentrations of CD are given in Table VIII.7 and 

VIII.8. The absorption intensity of MP gradually increased with the stepwise addition of 
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CDs [Figure VIII.4a and VIII.5a][30]. This change might be partly attributed to the 

shielding of chromophore groups of MP in the CD cavity [28]. 

 

 

 

Figure VIII.4: (a) Absorption spectra of MP (50 µM) in different α-CD concentrations 

(µM): 1) without α-CD, 2) 30 µM , 3) 40 µM, 4) 50 µM, 5) 60 µM, 6) 70 µM. (b) Benesi–

Hildebrand plot of 1/A−A0 vs. 1/[α-CD] for 1:1 complexation of MP with α-CD. 

 

 

Table VIII.7: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for MP:α-CD system 

[MP] 

/µM 

[α-CD] 

/µM 

A0 A A- A0 1/[α-CD] 

/M-1 

1/A- A0 Intercept Slope Ka 

/M-1 

50 30  0.73636 0.02500 33333 40.00000    

50 40  0.74309 0.03173 25000 31.51592    

50 50 0.71136 0.75008 0.03872 20000 25.82645 0.5662 0.0012 472 

50 60  0.76079 0.04943 16667 20.23063    

50 70  0.77018 0.05882 14286 17.00102    

a Standard uncertainties in temperature are: (T) = ±0.01 K. 
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In this case, the association constant for the formation of MP: CD complexes are 

determined by analyzing the changes in the absorbance of MP with the CDs 

concentration. The association constant Ka and stoichiometry of the inclusion complex of 

MP with both CDs can be determined by the Benesi-Hildebrand equation [Figure VIII.4b 

and VIII.5b][46]: 

0

1 1 1 1
.

[ ] [ ] [ ]aA A MP K CD MP 
 

  
 

where [CD] and [MP] refer to the total concentration of cyclodextrin and metoclopramide 

drug respectively, ∆ϵ is the change in molar extinction coefficient of  the chromophore 

MP as the MP molecules go from the polar aqueous environment to the apolar cavity of α 

or β-CD making the ICs [36]. A-A0 denotes the absorption changes of MP on the addition 

of CDs. The values of Ka for each of the complexes were evaluated by dividing the 

intercept by the slope of the straight line of the double reciprocal plot (Table VIII.7 and 

VIII.8). The change of absorbance (A-A0) was measured as a function of concentration of 

α and β-CD molecule to find out the association constant (Ka). The good linearity of the 

plot shows the formation of a 1:1 complex between MP and CDs.  

 

  

 

Figure VIII.5: (a) Absorption spectra of MP (50 µM) in different β-CD concentrations 

(µM): 1) without β-CD, 2) 30 µM , 3) 40 µM, 4) 50 µM, 5) 60 µM, 6) 70 µM. (b) Benesi–

Hildebrand plot of 1/A−A0 vs. 1/[β-CD] for 1:1 complexation of MP with β-CD 
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Table VIII.8: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for MP:β-CD system at 298.15K 

 

[MP] 

/µM 

[β-CD] 

/µM 

A0 A A- A0 1/[β-CD] 

/M-1 

1/ A- A0 Intercept Slope Ka 

/M-1 

50 30  0.74208 0.03072 33333 32.55208    

50 40  0.75195 0.04059 25000 24.63661    

50 50 0.71136 0.76078 0.04942 20000 20.23472 0.9107 0.001 911 

50 60  0.77105 0.05969 16667 16.75322    

50 70  0.78121 0.06985 14286 14.31639    

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

VIII.3.5 Association constant from fluorescence spectroscopy 

The supramolecular interaction of MP with CDs was been investigated by 

spectrofluorimetry [47-49]. As shown in Figure VIII.6a and VIII.7a, with an increase in 

the CDs (α-CD and β-CD) concentration, however, the fluorescence intensity of MP was 

enhanced accompanied by a slight hypsochromic shift of the emission peak [Table VIII.9 

and VIII.10]. These findings indicated the formation of MP–CDs inclusion complexes. 

Molecules partially or fully encapsulated in the CD cavity often exhibit an enhancement 

in their fluorescence intensity. This is because the cyclodextrin’s cavity offers a protective 

microenvironment which can shield the excited singlet species from quenching and 

nonradiative decay process occurring in the bulk aqueous solution [50,51]. 

The association constants (Ka) of both the complexes were calculated from 

fluorescence data using the modified Benesi–Hildebrand equation [46]: 

 

0 0 0

1 1 1 1
.

[ ' ] [ ] 'aI I I I K CD I I
 

  
 

 

Where I and I0 represent the fluorescence intensities of MP in the presence and absence 

of CDs, respectively; [CD] represent the concentrations of both CDs; Ka is the association 

constant of the complexes and I’ denotes the fluorescence intensity when all MP 
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molecules are essentially complexed with CDs. The double reciprocal plots 1/(I-I0) vs. 

1/[CD] for MP complexed with α-CD and β-CD (shown in Figure 6b and 7b) exhibit good 

linearity, implying that the inclusion complexes have a stoichiometric ratio of 1:1. 

 

  

 

Figure VIII.6: (a) Fluorescence emission spectra of MP (5 µM) in different α-CD 

concentrations (µM): 1) without α-CD, 2) 10 µM , 3) 20 µM, 4) 30 µM, 5) 40 µM, 6) 50 µM. 

(b) Benesi–Hildebrand plot of 1/I−I0 vs. 1/[α-CD] for 1:1 complexation of MP with α-CD. 

 

Table VIII.9: Data for the Benesi-Hildebrand double reciprocal plot performed by 

fluorescence spectroscopy for MP:α-CD system at 298.15Ka 

 

[MP] 

/µM 

[α-CD] 

/µM 

I0 I I- I0 1/[α-CD] 

/M-1 

1/ I- I0 Intercept Slope Ka 

/M-1 

5 10  2042391 110928 100000 9.01×10-6    

5 20  2172112 240649 50000 4.16×10-6    

5 30 1931463 2278802 347339 33333 2.88×10-6 3×10-6 9×10-6 333 

5 40  2360301 428838 25000 2.33×10-6    

5 50  2433963 502499 20000 1.99×10-6    

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Figure VIII.7: (a) Fluorescence emission spectra of MP (5 µM) in different β-CD 

concentrations (µM): 1) without β-CD, 2) 10 µM , 3) 20 µM, 4) 30 µM, 5) 40 µM, 6) 50 µM. 

(b) Benesi–Hildebrand plot of 1/I−I0 vs. 1/[β-CD] for 1:1 complexation of MP with β-CD. 

 

Table VIII.10: Data for the Benesi-Hildebrand double reciprocal plot performed by 

fluorescence spectroscopy for MP:β-CD system at 298.15Ka 

 

[MP] 

/µM 

[β-CD] 

/µM 

I0 I I- I0 1/[β-CD] 

/M-1 

1/ I- I0 Intercept Slope Ka 

/M-1 

5 30  2116069 184606 100000 5.42×10-6    

5 40  2309301 377838 50000 2.65×10-6    

5 50 1931463 2535769 604306 33333 1.65×10-6 4×10-8 5×10-11 800 

5 60  2648717 717254 25000 1.39×10-6    

5 70  2727701 796238 20000 1.26×10-6    

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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with MP is higher than probably due to its larger cavity size than that of α-CD i.e the size 

of its cavity is more appropriate to encapsulate the drug molecules. 

 

Table VIII.11: Values of Association constants (Ka) obtained by Benesi–Hildebrand 

method both from UV-vis spectroscopy and Fluorescence spectroscopy and 

corresponding free energy change (∆G0) of the MP:CD inclusion complexes at 298.15Ka 

 

 Ka× 10-2/ M-1b ∆G0/KJ mol-1b Ka× 10-2/ M-1b ∆G0/KJ mol-1b 

 UV-vis spectroscopy Fluorescence spectroscopy 

MP:α-CD 4.72 -3.85 3.33 -2.98 

MP:β-CD 9.11 -5.48 8.00 -5.15 

aStandard uncertainties in temperature u are: u(T) = ±0.01 K. 

bMean errors in Ka = ±0.02 × 10-3 M-1; ∆G0 = ±0.01 kJ mol-1. 

 

VIII.3.6 The thermodynamics of inclusion process 

The thermodynamic parameters ΔG for the binding of guest molecule to 

cyclodextrin cavity can be calculated from the association constant ‘K’ by using the 

following equation 

ΔG = – RT ln Ka 

The thermodynamic parameters ΔG for the binding of guest molecules (MP) to CD cavity 

are given in Table VIII.11. The negative value of ΔG suggests that the inclusion process 

proceeded spontaneously at 298.15 K.  

 

VII.3.7 1H-NMR analysis of inclusion complexes 

NMR study is the most important tool which ascertains the inclusion phenomena 

of the guest drug molecule inside the host CD molecule. Hence, further investigations of 

inclusion complexes were performed by 1H-NMR analysis. Chemical shifts and the 

changes of the chemical shifts of protons in MP: CD complex compared with the pure 

compounds of MP and CDs (Figure VIII.8 and VIII.9). 
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Figure VIII.8: 1H NMR spectra of (a) α-CD, (b) MP and (c) 1:1 M ratio of α-CD & MP in 

D2O at 298.15 K. 

 

 

 

Figure VIII.9: 1H NMR spectra of (a) β-CD, (b) MP and (c) 1:1 M ratio of β-CD & MP in 

D2O at 298.15 K. 
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 In the structure of CD it may be observed that the H3 and H5 hydrogens are 

located inside the conical cavity, particularly, the H3 are placed near the wider rim while 

H5 are placed near the narrower rim and the other H1, H2 and H4 hydrogens are located 

at the exterior of the CD molecule (Scheme VIII.1) [28,52]. The observable changes in 

the chemical shifts of CD protons were detected for H3, H5 and H6 protons which is in 

accordance with the involvement of these protons in the formation of inclusion complex 

[20,31,53,54]. The highest proton shifts of CD in the complex have been observed for the 

H3 protons, and slightly lower for the H5 and H6 protons. The signals of the included MP 

are shifted by complexation to a variable extent. The spectral changes that can be 

observed in case of encapsulation of aromatic guest molecules are due to the interactions 

of interacting protons of CD by the aromatic moiety of the guest [54]. The chemical shift 

difference for the protons belonging to the phenyl ring are higher than that for the other 

group protons i.e. the H6 and H7 protons of the aromatic ring were more involved in the 

interaction with CD. Conversely, the protons of three ethyl group bonded with N atom 

experience very little perturbation. Thus from the above discussion we can say that the 

changes in chemical shifts of protons H-5, H-3, and H-6 of both CD (Figure VIII.8 and 

VIII.9) and protons H6, H7 and H5 of the MP (Fig. 5), which show the most marked 

variations. Upfield chemical shift is also observed for the exterior protons of the CD but 

to lesser extent. The shifts of the interacting protons illustrates the mechanism of 

insertion as depicted in Scheme VIII.2.  

 

Scheme VIII.2: Plausible schematic presentation of mechanism for formation of 1:1 

inclusion complex between metoclopramide hydrochloride and cyclodextrin. 
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Based on the NMR data, the plausible mode of interaction of MP-α-CD and MP-β-

CD complexes were proposed, which suggested that lipophilic aromatic ring of the MP 

entered into the cavity of CDs from the wider side, with the amide (-CONH) and methoxy 

(-OMe) residues inside the CD cavity, and the –N(CH2CH3)2 group was close to the wider 

rim and exposed outside the cavity. Also the –NH2 and –Cl moieties exposed outside the 

cavity near the narrower rim.  

 

Selected 1H NMR data  

Metoclopramide Hydrochloride: 1H NMR (D2O, 298.15 K): δ/ppm 1.154-1.202 (6H, m), 

3.144-3.237 (6H, m), 3.584-3.602 (2H, m), 3.697-3.706(3H, m), 6.262-6.271 (1H, s), 

7.474-7.484 (1H, s).  

α- Cyclodextrin (α-CD): 1H NMR (D2O, 298.15 K): δ/ppm 3.480-3.517 (6H, t, J= 9.00 Hz), 

3.534-3.560 (6H, dd, J= 10.00, 3.00 Hz), 3.749-3.839 (18H, m), 3.877-3.914 (6H, t, J = 9 

Hz), 4.965-4.971 (6H, d, J = 3 Hz).  

β- Cyclodextrin (β-CD): 1H NMR (D2O, 298.15 K): δ/ppm 3.497-3.543 (7H, t, J = 9.2 Hz), 

3.570-3.603 (7H, dd, J = 9.6, 3.2 Hz), 3.790-3.848 (21H, m), 3.878-3.925 (7H, t, J = 9.2 Hz), 

5.003-5.012 (7H, d, J = 3.6 Hz) 

MP-α-CD (1:1 molar ratio): 1H NMR (D2O, 298.15 K): δ/ppm 1.162-1.212 (6H, m), 

3.149-3.245 (6H, m), 3.427-3.531 (12H, m), 3.607-3.646 (2H, m), 6.404 (1H, s), 7.617 (1H, 

s), 3.717-3.760 (6H, m), 3.805 (21H, m), 4.923-4.934 (6H, m).   

MP-β-CD (1:1 molar ratio) 1H NMR (D2O, 298.15 K): δ/ppm 1.157-1.208 (6H, m), 3.180-

3.281 (6H, m),  3.428-3.553 (12H, m), 3.612-3.696 (2H+6H, m), 6.392-6.406 (1H, s), 

7.622-7.667 (1H, s),  3.747-3.819 (21H+3H, m), 4.936-4.947 (6H, m).   

 

VIII.3.8 FT-IR Spectra of solid inclusion complexes 

The solid inclusion complex formation is analyzed by FT-IR spectroscopy. FT-IR 

spectrum is used to confirm the formation of the solid inclusion complex by considering 

the deviation of peak shape position and intensity [55-58]. The characteristic IR 

frequencies of MP, α-CD, β-CD and their solid ICs are listed in Table VIII.12 with the 

chemical bonds responsible for the corresponding stretching frequencies and the spectra 
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are shown in Figure VIII.10 and VIII.11. In the IR spectra, symmetric stretching of 

vibrations of amine N–H is observed at 3316 cm−1 [59]. Owing to the result of inclusion 

the stretching of N-H vibration got slightly shifted. The peaks observed at 3369 cm−1 and 

3201 cm−1 were assigned to amide group N–H asymmetric and symmetric stretching 

vibrations. The carbonyl stretching vibration of C=O group is appeared at 1640 cm−1 for 

amides [60]. The IR spectrum of the MP (Figure VIII.10 and VIII.11) is also characterized 

by absorption peaks at 2939 cm-1 (for C-H stretching vibration in aromatic ring), 1590 

cm-1 (for N-H bending vibration), 1213 cm-1 and 1026 cm-1 (for asymmetric and 

symmetric C-O stretching vibration of –OCH3 group), 1309 cm-1 (for aromatic -C-N 

stretching vibration), 593.41 cm-1 (for C-Cl stretching vibration).  

However, several peaks of the MP are either absent or shifted which is due to the 

change in environment of the guest molecule after inclusion in the cavity of CDs. The (N-

H)amide and (C-H)aromatic band of the MP are almost completely masked by very intense and 

broad CDs bands. The (>C=O)amide stretching signal was at 1640.81 cm-1 for MP, which 

was shifted at 1624 cm-1 in case of α-CD and at 1619 cm-1 in case of  β-CD IC may be as a 

result of encapsulation into the CD cavity.  

Broad characteristic peaks of –OH at about 3363 cm−1 and 3372 cm−1 are present 

in the spectrum for α and β-CD. However, the peaks are shifted at 3398.66 cm-1 and 3397 

cm-1 respectively in the solid inclusion complex. The –O-H stretching of both α and β-CD 

is shifted in the spectrum of both ICs possibly due to involvement of the –O-H groups of 

the host molecules in hydrogen bonding with the guest molecules. The stretching 

frequencies of the other characteristic peaks, which are shifted in solid inclusion complex 

due to various interactions, are given in the table 9. According to the above FT-IR analysis 

of inclusion complexes, we might recommend that the aromatic ring of the guest 

molecule is encapsulated in the hydrophobic cavity of α and β-CD. Hence, the FT-IR study 

provides significant indications of formation of ICs in the solid form, supporting the 

outcomes of the other above studies. 
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Figure VIII.10: FTIR spectra of free α-CD, MP and their 1:1 inclusion complex (MP:α-CD). 

 

Figure VIII.11: FTIR spectra of free β-CD, MP and their 1:1 inclusion complex (MP:β-

CD). 
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Table VIII.12: Comparison between the Frequencies change (cm-1) of different 

functional group of free compound and their solid complexes 

 

MP 

Functional Group Wavenumber (cm-

1) 

Functional Group Wavenumber (cm-1) 

N-H asymmetric 

stretching of amide 
3369 N-H bending 1590 

N-H symmetric 

stretching of amide 
3201 

(aromatic)-C-N 

stretching 
1309 

N-H stretching of 

amine 
3316 

–C-O asymmetric 

stretching of  –OCH3  
1213 

>C=O stretching of 

amide 
1640 

–C-O symmetric 

stretching of  –OCH3 

1026 

Aromatic –C-H 

streching 
2939 –C-Cl stretching 593 

α-Cyclodextrin β-Cyclodextrin 

Functional Group 

 

wave number/ cm-1 Functional Group wave number/ cm-1 

stretching of O-H 3363 stretching of O-H 3372 

stretching of –C-H 

from –CH2 
2926 

stretching of –C-H 

from –CH2 
2921 

bending of –C-H 

from –CH2 and 

bending of O-H 

1416 

bending of –C-H 

from –CH2 and 

bending of O-H 

 

1409 

 

bending of C-O-C 1150 bending of C-O-C 1157 

stretching of C-C-O 1042 stretching of C-C-O 1030 

Skeletal vibration  

involving α-1,4 

linkage 

943 

skeletal vibration  

involving α-1,4 

linkage 

943 
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MP-α-CD inclusion complex MP-β-CD inclusion complex 

Functional Group 

 

wave number/ cm-1 Functional Group wave number/ cm-1 

stretching of O-H of 

α-CD 
3398 

stretching of O-H of 

β-CD 
3397 

stretching of –C-H 

from –CH2 of α-CD 
2932 

stretching of –C-H 

from –CH2 of β-CD 
2929 

bending of –C-H 

from –CH2 and 

bending of O-H of α-

CD 

1420 

bending of–C-H 

from –CH2 and 

bending of O-H of β-

CD 

1415 

bending of C-O-C of 

α-CD 
1156 

bending of C-O-C  

β-CD 
1153 

Stretching C-C-O 1030 Stretching C-C-O 1036 

skeletal vibration  

involving α-1,4 

linkage 

938 

skeletal vibration 

involving β-1,4 

linkage 

 

                 937 

 

>C=O stretching of 

amide 
1624 

>C=O stretching of 

amide              
1619 

(aromatic)-C-N 

stretching 
1317 

(aromatic)-C-N 

stretching  
1322 

–C-Cl stretching 578 
–C-Cl stretching

  
570 

N-H bending 1587 N-H bending 1583 

–C-O asymmetric 

stretching of  –OCH3  
1210 

–C-O asymmetric 

stretching of  –OCH3  
1209 

 

 

 



 
P a g e  | 254   C h a p t e r - V I I I  

Communicated 

 

 

VIII.3.9 Driving force of the inclusion complex formation 

The formation of host-guest ICs between the MP drug and CDs not only depends 

upon the size of the guest molecules but also on the cavity diameter of host. The cavity 

diameter of α and β-CD are 4.7-5.3 Å and 6.0-6.5Å respectively. Considering the size of 

MP, it is found that β-CD is more suitable for forming ICs due to the size of its cavity is 

more appropriate to encapsulate MP molecules which is in agreement with spectroscopic 

and physicochemical observations. Another structural suitability of the CD molecule for 

the hydrophobic guest molecule has been explained by Shekaari and his co-worker [61] 

where, polar water molecules inside into the hydrophobic CD molecule are bound by 

polar-apolar interaction which is however not so strong and as a consequence the 

relatively more hydrophobic drug molecules  form inclusion complex with relatively 

stronger apolar-apolar interaction removing the water molecules from the cavity It 

results in a more stable lower energy state of the system and also reduces the ring strain 

of CD moiety. The stiochiometry of the host guest IC is 1:1 probably because of difficulty 

for the second molecule of MP to be trapped by the cavity after inclusion of one. The N 

atoms of the MP form H-bonds with the –OH groups at the rim of CD, thus stabilizing the 

whole IC. 

 

VIII.4. CONCLUSION 

The results obtained from UV-Visible, Fluorescence, NMR, FT-IR spectra and Mass 

analysis serve as a proof for the formation of inclusion complex of MP with both α and β-

CD and MP. Taking all the parameters and results in account the plausible mechanism of 

the inclusion was depicted. The association constants of the complexes, calculated from 

uv and fluorescence data, discovered that the capability of β-CD to form an inclusion 

complex with MP is higher than that of α-CD, probably due to its larger cavity size. 1H 

NMR data demonstrated that the hydrophobic aromatic ring with the amide (-CONH) and 

methoxy (-OMe) residues of MP were embedded inside the cavity of CDs, leaving the 

other residue exposed outside the cavity, while surface tension, conductivity and Job’s 

measurement suggest 1:1 stoichiometry. Therefore, complexes of MP with CDs would 

certainly show advantage over the free drug usage in the field of medicine. As the CDs are 

prepared from starch by enzymic conversion, their safety profile is also assured and this 

formulation would open new vistas in the field of drug delivery.  
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CHAPTER-IX 
 

HOLLOW CIRCULAR COMPOUND-BASED INCLUSION 

COMPLEXES OF AN IONIC LIQUID 

 

IX.1. INTRODUCTION  

 The crown ether (CE) family of macrocyclic compounds has attracted a 

huge amount of interest since their discovery in 1967 [1,2], especially in the fields of 

host–guest and coordination Chemistry. They can form complexes with a variety of guest 

species, such as metal cations, protonated species and neutral molecules, in their cavity 

via different types of interactions with multiple oxygen atoms [3,4]. Applications of CEs, 

such as phase transfer catalyst [5,6], photo-switching devices [7], and drug carriers [8], 

have been in progress on the basis of the inclusion ability. Crown ethers have proved to 

be unique cyclic molecules for molecular recognition of suitable substrates by hydrogen 

bonds, ionic interactions and hydrophobic interactions. The study of interactions 

involved in complexation of different cations with crown ethers in mixtures of solvents 

is important for a better understanding of the mechanism of biological transport, 

molecular recognition, and other analytical applications [9]. 

It is already known that the imidazolium cation can form inclusion complexes 

with large crown-ether-type hosts via H-bonding [10]. 1, 3-disubstituted imidazolium 

salts are known to form an inclusion complex with DB24C8 or its derivatives through 

intermolecular hydrogen-bond formation as demonstrated by different research groups 

[11-14]. In 1,3-disubstituted imidazolium salts, all protons on the imidazolium ring are 

quite acidic, as the positive charge is delocalized over the entire imidazolium ring [15]. 

The acidic protons are attractive in supramolecular chemistry, since the acidic protons 

participate in stronger hydrogen-bond formation with the lone pair of electrons of the 

oxygen this accounts for the stability of the adduct formed. Biologically important 

heterocyclic bases, like imidazole, form planar cations, act as an effective structural unit 
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at the active sites of various proteins and nucleic acids. However, during enzymatic 

reactions imidazole can also exist as a protonated cation, and may then interact with the 

substrate by direct electrostatic or π-π interactions. Imidazolium salts have been and are 

going to be significant not only in organometallic chemistry as precursors of N-

heterocyclic carbenes [16, 17], but also in organic chemistry and material science areas 

as ionic liquids due to their unique chemical, physical, and electrical properties [18-21]. 

In this work, we have studied the inclusion complex formation of ionic liquid (IL) 

1-methyl-3-octylimidazolium tetrafluoroborate with hollow circular based host 18-

crown-6 (18C6) [complex 1] and dibenzo-18-crown-6 (DB18C6) [complex 2] in 

acetonitrile (ACN). The complexes were characterized by Conductance and IR study. The 

formation constant and thermodynamic parameters of the above specific interactions in 

solutions are discussed here. The structure of the IL 1-methyl-3-octylimidazolium 

tetrafluoroborate and both crown ethers are shown in Scheme IX.1. 

 

 

 

 

 

 

 

     18–crown–6                                                                                Dibenzo–18–Crown–6 

 

1–methyl–3–octylimidazolium tetrafluoroborate 

 

Scheme IX.1: Molecular structure of crown ethers and IL. 
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IX.2. EXPERIMENTAL SECTION 

IX.2.1 Reagents 

 The ionic liquid (97%) and crown ethers [18C6 (99%), DB18C6 (98%)] were 

bought from Sigma-Aldrich, Germany and used as purchased.  

 

IX.2.2 Instrumentations 

 Prior to the start of the experimental work solubility of the chosen CEs and IL in 

ACN have been precisely checked and it was observed that the selected IL salt freely 

soluble in all proportion of CEs solution. 

The conductance measurements were carried out in a Systronics-308 

conductivity bridge of accuracy ±0.01%, using a dip-type immersion conductivity cell, 

CD-10 having a cell constant of approximately (0.1±0.001) cm-1 [22]. The measurements 

were made in an auto-thermostated water bath maintaining the experimental 

temperature. The cell was calibrated using a 0.01M aqueous KCl solution. The 

uncertainty in temperature was 0.01 K. 

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, Japan). 

The details of the instrument have formerly been described [23]. 

1H NMR spectra were recorded in CD3CN at 300 MHz using Bruker ADVANCE 300 

MHz instrument. Signals are quoted as δ values in ppm using residual protonated solvent 

signals as internal standard (CD3CN: δ 1.98 ppm). Data are reported as chemical shift.  

 

IX.3. RESULTS AND DISCUSSION 

IX.3.1 Conductance  

The benefit of the conductometric study is that the measurements can be carried 

out with high precision at very low concentration in solution systems. Conductance 

measurements of a solution of IL in presence of a crown ether provide information about 

the stability and transport phenomena of the cation-crown ether complex in the solution. 

Also, it is one of the most reliable methods for obtaining the formation constants of 

cation-macrocyclic complexes (Takeda et al., 1991) [24]. 
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A conductance study of the interaction between imidazolium cation of the IL with 

18C6 and DB18C6 in ACN solutions is reported at different temperatures and the values 

are presented in the Table IX.1. The stability of these complexes depends mainly on the 

strength of the bonds between acidic protons of the imidazolium ring and crown ethers 

oxygen atoms (Scheme IX.2).  

 

Table IX.1: Values of observed molar conductivities, Λ, at various mole ratios for the 

system IL-18C6 (complex 1) and IL-DB186 (complex 2) at different temperature 

 

Mole  

Ratio 

Λ 

                                                        (S. cm2. Mol-1) 

    DB18C6      18C6  

 293.15 K 298.15 K 303.15 K 293.15 K 298.15 K 303.15 K 

0 135.80 143.72 152.21 154.00 162.58 168.36 

0.099 132.10 138.34 147.60 149.10 156.50 163.84 

0.196 128.50 133.80 143.12 144.60 151.68 159.56 

0.291 125.07 130.60 139.72 140.76 147.20 154.72 

0.385 121.61 127.82 135.80 137.88 143.12 150.50 

0.476 117.82 124.92 132.24 134.10 138.34 145.42 

0.566 114.24 121.52 128.56 130.18 134.80 141.64 

0.654 110.12 117.92 125.14 126.84 130.60 137.68 

0.740 107.30 115.60 122.46 123.18 127.82 134.54 

0.825 105.20 112.32 119.32 120.24 124.50 131.50 

0.909 102.30 109.50 116.22 117.46 121.92 128.96 

1.071 100.14 106.44 113.6 113.38 118.06 124.58 

1.228 99.06 105.46 111.52 112.14 116.82 121.80 

1.379 98.90 104.14 110.72 111.70 116.22 120.62 

1.667 98.20 103.56 109.28 111.22 115.54 120.04 

1.935 97.70 102.12 108.14 110.82 114.92 119.38 

2.187 96.80 101.30 107.58 110.34 114.34 118.92 

2.424 95.50 100.28 107.02 109.68 113.62 118.46 

2.647 95.00 99.88 106.66 109.06 113.02 117.70 

2.857 94.40 99.08 106.16 108.52 112.44 117.32 

3.333 94.02 98.52 104.08 108.24 112.06 116.84 

3.750 93.36 97.44 103.42 108.58 111.42 115.46 
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Scheme IX.2: Plausible schematic presentation of complex formation between 

imidazolium cation and crown ethers. 

 

The molar conductance (Λ) of imidazolium salt (5×10-4 M) in ACN solution was 

monitored as a function of crown ether to imidazolium cation mole ratio at various 

temperatures. The resulting molar conductance vs. crown/cation mole ratio plots at 

298.15, 303.15, and 308.15 K are shown in Figure IX.1 and IX.2. In both case, there is a 

gradual decrease in the molar conductance with an increase in the crown ether 

concentration. This behavior indicates that the complexed imidazolium cation is less 

mobile than the corresponding free imidazolium cation in ACN and since the imidazolium 

salt is strong electrolyte in acetonitrile the changes are not due to ion pairing, unless the 

complexation of the cation causes the imidazolium salt to associate. Both Figure IX.1 and 

Figure IX.2 shows that the complexation of imidazolium cation with both crown ethers, 

addition of the crown solution to the imidazolium salt solution causes a continuous 

decrease in the molar conductance, which begins to level off at a mole ratio greater than 

one, indicating the formation of a stable 1:1 complex [25,26]. By comparison of the molar 
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conductance-mole ratio plot for imidazolium cation–crown ether systems obtained at 

different temperatures (Figure IX.1 and Figure IX.2), it can be observed, that the 

corresponding molar conductance increased rapidly with temperature, due to the 

decreased viscosity of the solvent and, consequently, the enhanced mobility of the 

charged species present.  

The stability of these complexes depends mainly on the strength of the bonds 

between acidic protons of the imidazolium ring and crown ethers oxygen atoms (Scheme 

IX.2). The formation constants determined by the conductivity study and 

thermodynamic values for the complex formation between crown ethers and 

imidazolium cation in acetonitrile solution are summarized in Table IX.2. The formation 

constants (log Kf) of the 1:1 complexes at different temperatures varied in the order 18C6 

>DB18C6 for the IL. Thus, a decrease in the net charge on oxygen atoms during the 

introduction of two benzo group into the macrocycle makes the obtained complex less 

stable. 

 

Table IX.2: Values of formation constant, enthalpy, entropy and free energy change of 

different crown ethers complexes in ACN solution 

 

Crown  log Kf 

      (M-1  ) 

 ΔHo 

(kJ mol-1) 

ΔSo 

(J mol-1K-1) 

ΔGo  

(kJ mol-1) 

 298.15 K 303.15 K 308.15K    

18C6                           3.35 3.14 2.97 -65.02 -157.67 -18.01 

DB18C6 3.05 2.96 2.87 -29.90 -43.57 -16.91 
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Figure IX.1: Molar conductance vs [18C6]/[cation] at 298.15 K (▲) , 303.15 K (■), 

308.15 K (●). 

 

 

 

  

Figure IX.2: Molar conductance vs [DB18C6]/[cation] at 298.15 K (∆) , 303.15 K (□), 

308.15 K (○). 
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IX.3.2 Association constant and Thermodynamic parameter 

The following mathematical treatment to calculate the formation constant is 

based on Evans et al. (1972) [27]  

          The 1:1 complexation of IL with 18C6 crown ether can be expressed by the following 

equilibrium 

  fK
M C MC                                                                             (1) 

The corresponding equilibrium constant, fK is given by  

[ ] ( )

[ ][ ] ( ) ( )f

MC f MC
K

M C f M f C

 

 
                                                                 (2) 

where [MC+], [M+], [C] and f symbolize the equilibrium molar concentrations of the 

complex, free cation, free ligand (crown ethers) and the activity coefficients of the species 

indicated, respectively. Under the dilute conditions used, the activity coefficient of 

uncharged macrocycle, f (C), can be reasonably assumed as unity [28]. The use of the 

Debye-Hückel limiting law [29], leads to the conclusion that f (M+) ∼f (MC+), so the activity 

coefficients in Equation (2) cancel. The complex formation constant in terms of the molar 

conductances, Λ , can be expressed as [25,28]. 

                                      
( )[ ]

[ ][ ] ( )[ ]

M obs
f

obs MC

MC
K

M C C





 
 

 
                                     (3) 

                                            Where          
( )

[ ]
( )

M M obs
C

M MC

C
C C

 
 

 
                                        (4) 

 Here, M is the molar conductance of the metal ion before addition of ligand, MC

the molar conductance of the complexed ion, obs the molar conductance of the solution 

during titration, CC the analytical concentration of the macrocycle added and MC the 

analytical concentration of the salt. The complex formation constant, fK , and the molar 

conductance of the complex, MC , were evaluated by using Equations (3) and (4).  

Complexation enthalpy changes are mainly related to: (i) cation-crown 

interactions, (ii) solvation energies of the species in solvent systems involved in the 

complexation reactions (iii) repulsion between neighboring donor atoms, and (iv) steric 

deformation of the crown (v) number of H-bond present for H-bonding. Entropy changes 
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are linked to: (i) change in the number of particles involved in the complexation process, 

and (ii) conformational changes of the crown ether accompanying the complexation. 

  In order to have a better understanding of the thermodynamics of the 

complexation reactions of imidazolium cation with crown ethers is useful to consider the 

enthalpic and entropic contributions to these reactions. The ∆H◦ and ∆S◦ values for the 

complexation reactions were evaluated from the corresponding log fK and temperature 

data by applying a linear least-squares analysis according to the equation: 

2.303log f

H S
K

RT R

 
         (5) 

 Plots of log fK vs. 
1

T
for both complex (complex 1 and complex 2) is linear (Figure 

IX.3). 

 

 

 

Figure IX.3: The linear relationship of log Kf vs. 1/T for the interaction of IL with 18C6 

(●) and DB18C6 (∎). 

 

 The enthalpy (∆H0) and entropy (∆S0) of complexation were determined from the 

slopes and intercepts of the plots and the results are also listed in Table IX.2. Both of 

these two parameters have negative values. True molecular recognition and a physical 
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attraction between host and guest should result in a favorable enthalpy change (∆H) on 

complexation. The negative values of enthalpy confirm that when imidazolium cation 

interact with the crown ether molecules the overall energy of the system is decreased, 

i.e., there is some stabilization interaction in the system, whereas negative values of 

entropy factor indicate that there is an ordered arrangement, i.e., complex formation 

takes place between the imidazolium and the crown molecules. Other investigators [30-

32] established that the binding of the free amino acids with 18C6 has negative enthalpy 

and negative entropy which indicates that the process is driven by a favorable enthalpy 

change only. 

The two fundamental equations ∆G = – RT ln K and ∆G =∆H – T∆S are useful in 

comparing the contributions of enthalpy and entropy towards the stability of different 

complexes. The negative value of entropy is unfavorable for the spontaneity of the 

complex formation, but this effect is overcome by higher negative value of ∆H0. The values 

of ∆G0  (Table IX.2) for the complex formation was found negative suggesting that the 

complex formation process proceeds spontaneously. 

 The data shown in Table IX.2 indicates that formation constant log fK  for 

imidazolium cation with both crown is highest at 298.15K and decreases with increase 

in temperature i.e. imidazolium cation form stable complex with crown at 298.15K. 

 

IX.3.3 IR Study 

The IR spectra of 18C6, IL and complex 1 are shown in Figure IX.4 and the spectra 

of DB18C6, IL and complex 2 are shown in the Figure IX.5 in the 4000–500 cm−1 region. 

The shift of IR spectra of crown ethers in ACN solution indicates that the specific 

interactions observed in the crown ether complexes are in fact typical hydrogen bonds 

of the imidazolium ring with the donor atoms of the crown ether. Comparing with the 

spectrum of the free crown ethers, most of these bands are shifted to lower energy 

presumably due to less restriction on the coupling of some vibrational modes caused by 

bonding of oxygen atoms of the polyether ring with the C-H protons of the imidazolium 

ring in both the complexes.  
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Figure IX.4: FTIR spectra of free IL (Black), 18-crown-6 (Blue) and complex (Red). 

 

 

Figure IX.5: FTIR spectra of free IL (Black), Dibenzo-18-crown-6 (Blue) and complex 

(Red). 
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In the case of 18C6 a very strong and sharp IR band centered at 1102 cm-1 is assigned to 

the characteristic absorption due to the C-O-C asymmetric stretching vibrational motion 

[ν(С – О – C )aliph.]. This sharp peak is shifted to lower frequency 1082 cm–1 in the complex 

1 (Figure IX.4).The ν(С – O – C )arom stretching vibrations of DB18C6 are observed at 

1126 cm–1 and these peak is  also shifted to lower frequency 1108 cm–1 in the complex 2 

(Figure IV.5).The presence of benzene rings in the DB18C6 make the IR spectra more 

difficult to assign because of their characteristic bands which may overlap with those of 

ethylene glycol groups. In the IR spectra, the bands in the 2800–3000 cm-1 region 

correspond to the CH stretching vibrations of the methylene groups of crown ethers. The 

CH stretching frequency of the methylene groups observed at 2895 cm–1 in 18C6 is 

shifted to higher frequency due to the perturbation of the methylene groups. Interaction 

of the O atoms of the crown with the protons of the imidazolium ring via hydrogen H-

bonds are responsible for the perturbation. 1200-1300 cm-1 of the IR spectra of DB18C6 

and its complex, there are two bands assignable to anisole νs(Ph-O-C) and νas(Ph-O-C) 

vibrations [33]. These anisole oxygens are involved in H-bond formation in the complex 

2, as indicated by the shifts of the νas(Ph-O-C) and νs(Ph-O-C) bands from 1216 and 1253 

cm-1  to 1198 and 1237 cm-1, respectively. Selected IR data for the free compounds and 

their complexes and corresponding changes in frequencies are listed in Table IX.3. 

 

Table IX.3: Comparison between the Frequencies change (cm-1) of different functional 

group of free compound and their complexes 

 

Functional Group Wavenumber (cm-1) Changes (cm-1) 

 18C6 Complex 1 ∆δ 

ν(С – О – C ) aliph. 1102 1082 20 

 DB18C6 Complex 2  

ν(С – O – C ) arom 1126 1108 18 

νas(Ph-O-C) 1216 1198 18 

νs(Ph-O-C) 1253 1237 16 

 IL Complex 1  

ν(С – H) 3082, 2930 3066, 2905 16, 25 

 IL Complex 2  

ν(С – H) 3082, 2930 3069, 2921 13, 9 
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IR spectroscopy has extensively been used to analyze the interaction present in 

the ILs. The shifts in C-H stretching frequencies in imidazolium-based ILs provide the 

information about the existence of the H-bonding in the complex. The imidazolium based 

IL shows the presence of C-H stretching vibrations in the region3000-3100 cm-1 which is 

the characteristic region for the ready identification of C-H stretching vibrations [34,35]. 

According to Grondin et. al. [36] the IR band at 3160±15 cm-1 are assigned to the more or 

less symmetric and anti-symmetric combination of the C(4)-H and C(5)-H stretching 

vibration of the  imidazolium ring. The feature around 3120±15 cm-1 consists of two 

bands and results from the C(2)-H stretching mode and Fermi resonances of the C-H 

stretching vibrations with overtones of in-plane ring deformations. In our investigation, 

the C-H vibrations have been found at 3082 and 2930 cm-1 in the FTIR spectrum are 

shifted to 3066 and 2905 cm-1 in complex 1 (Figure IX.4) and 3069 and 2921 cm-1  in 

complex 2 (Figure IX.5). In the IR spectra the region between 2800 cm-1and 3000 cm-1 

referred to the CH2 and CH3 stretching vibrations of the alkyl groups at the nitrogen 

atoms of the imidazolium ring.  

 

IX.3.4 NMR Study 

The complexation of imidazolium salt with crown ethers were investigated by 1H 

NMR spectroscopy in CD3CN at 298.15 K. The 1H NMR spectra of IL (imidazolium ion) 

was recorded in absence and the presence of 18C6 (Figure IX.6) and DB18C6 (Figure 

IX.7) in CD3CN.  
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Figure IX.6: The 1H NMR spectra of complex 1 (18C6.IL) (upper) and uncomplexed 

imidazolium cation (lower) recorded at 300 MHz in CD3CN at 298.15 K.  

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure IX.7: The 1H NMR spectra of complex 2 (DB18C6.IL) (upper) and uncomplexed 

imidazolium cation (lower) recorded at 300 MHz in CD3CN at 298.15 K. 
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A comparison of the 1H NMR spectra for complex 1(Figure IX.6) with free IL 

revealed that the signals for hydrogen atoms of the imidazolium ion (H2, H3 and H4) 

were downfield shifted. Downfield shifts of imidazolium protons supports the complex 

formation through H-bond formation involving for [(C–H)Imidazolium……OCrown]–

interaction. Signals for the –OCH2 protons of crown ether were found to be little 

downfield shifted relative to those signals for the free individual component (Figure 

IX.6). 

In case of complex 2 (Figure IX.7) i.e. complex of DB18C6, downfield shift for the 

signal of H2 was observed, while small upfield shift for the other two imidazolium 

protons (H3, H4) was observed [12,37]. This possibly suggest an orientation for the 

imidazolium ring that allows H-bond formation of H2 and a weak π-π interaction 

involving H3, H4. Two opposing influences namely H-bonding and π-π interaction were 

responsible for small upfield shifts for H3 and H4 [37]. The changes in chemical shifts 

suggest that host-guest complexation between crown ethers and imidazolium salt exists 

in both the complexes [38,39]. 

Based on different associated modes of interactions and 1H NMR chemical shifts 

data for the two complexes, complex 1 and complex 2, a plausible interaction scheme 

have been proposed and schematic representation of such interaction is shown in 

Scheme IX.2. DB18C6 is a bowl-like host with two possible sites for interactions with the 

guest : the minor site formed by the O-CH2-CH2-O chains and the major site located 

between the phenyl rings. The minor site may interact with the guest molecules only via 

hydrogen bonds while the major site can complex both via H-bonding and π-interactions 

(Scheme IX.2). The inclusion of a guest capable of interacting with both sites 

(imidazolium cation) leads to an interesting structure [11,12]. 

1H NMR studies revealed  apparent perpendicular orientation of the imidazolium 

moiety of IL in the crown cavity of complex 2; while this seemed to be different for 

complex 1. The possibility of such an orientation for the imidazolium ion was confirmed 

by Rissianen and Pursiainen for analogous inclusion complex formation between 

imidazolium ion and dibenzo-18-crown-6 [11]. The 1H NMR results also suggested that 

the electron-deficient imidazolium ion may be wrapped by benzene-substituted crown 
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ethers and imidazolium ions are oriented face-to-face, such that the phenyl ring(s) and 

the substituents in the 1,3 position point away from the cavity of the crown ethers. In 1,3-

disubstituted imidazolium salts both 1,3 positions are substituted by alkyl group which 

are electron donating groups relative to a hydrogen atom. Thus the substituents decrease 

the positive charge on the imidazolium ring and reduce the π-π stacking between dibenzo 

crown host and imidazolium guest in complex 2. In the complex 1 imidazolium ring can 

penetrate into the hollow circular based cavity of the macrocycle 18C6 and form strong 

H-bonding but the substituents in the 1,3 position point away from the cavity of the 

crown ethers.  

Thus detailed 1H NMR spectral studies indicate that hydrogen bonding 

interactions [(C–H)Imidazolium……OCrown] apart from the weaker π-π /arene–arene donor–

acceptor interactions resulted in moderately strong inclusion complex formation i.e the 

result of 1H NMR spectral studies support the results obtained from conductivity and IR 

measurements. 

 

Selected 1H NMR data 

1-meyhyl-3-octylimidazolium tetrafluoroborate (IL): 1H NMR (CD3CN, 298.15 K): δ 

8.47 (s, N-CH-N, 2H), 7.40-7.36 (d, N-(CH)2-N, 2H), 3.84-3.81 (s, NCH3, 3H), 4.15-4.10 (t, 

CH2, 2H), 1.31 (m, C5H10, 10H), 0.92-0.88 (t, oct-CH3, 3H). 

18-crown-6: 1H NMR (CD3CN, 298.15 K): δ 3.59-3.52 (s, OCH2, 24H). 

Dibenzo 18-crown-6: 1H NMR (CD3CN, 298.15 K): δ 6.96-6.89 (s, aryl, 8H), 4.13-4.10 (m, 

OCH2, 8H), 3.88-3.85 (m, OCH2, 8H),  

18C6-1-meyhyl-3-octylimidazolium tetrafluoroborate (complex 1): 3.64(m, 

OCH2)1H NMR (CD3CN, 298.15 K): δ 8.83 (s, N-CH-N, 1H), 7.53-7.50 (s, N-(CH)2-N, 2H), 

3.64-3.58 (m, OCH2, 24H). 

DB18C6-1-meyhyl-3-octylimidazolium tetrafluoroborate (complex 2): 1H NMR 

(CD3CN, 298.15 K): δ 8.75 (s, N-CH-N, 1H), 7.27-7.24 (d, N-(CH)2-N, 2H), 6.95-6.90 (s, aryl, 

8H), 4.09-4.05 (m, OCH2, 8H), 3.89-3.86 (m, OCH2, 8H). 
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3.5 Typical Features of Specific Interactions involved in the Complexation 

Inclusion complex formation of crown ethers with imidazolium ion involved three 

possible modes of interaction. The most prominent one is the hydrogen bonding 

interaction between oxygen atom of crown ethers (OCrown) and acidic C–H protons of 

imidazolium ion [(C–H)Imidazolium] for [(C–H)Imidazolium……OCrown]–interaction . π–π stacking 

interactions between the electron poor imidazolium ring and aryl groups of the crown 

ether-based host (DB18C6) is the second one which is expected to contribute to the 

stability of the adduct formation. The possibility of such an interaction for an analogous 

system was reported earlier [11,14]. Apart from H-bonding and π–π stacking 

interactions, induced dipole–dipole interaction between imidazolium ion and OCrown 

having -δcharge could also contribute to the overall stability of the adduct formation; 

such a proposition was made independently by Schmitzer et al. and Pursiainen et al. [11-

14, 40-42]. However, this induced dipole–dipole interaction is expected to be weaker as 

compared to two previous modes of interaction discussed. 

In the complex 2 (Scheme IX.2), hydrogen bonding seems to play a secondary 

role. Obviously, the π–π interaction is dominant in this complex (Scheme IX.2), because 

the benzene rings of the DB18C6 decrease the negative charge of the oxygen atoms and 

hence their ability to undergo hydrogen bonding, but under favorable conditions 

hydrogen bonds can enhance the stability of crown ether complexes. Also the 

electrostatic interaction between the aromatic ring of the crown and positive charge of 

the imidazolium ring play an important role to stabilize the complex. The negative charge 

on the benzene rings of the crown ether skeleton is enhanced by the ether oxygen atoms 

and this negative face of the aromatic ring interacts with the positive charge of the 

imidazolium ring. The unsubstituted crown ether imidazolium complex [complex 1] is 

likely stabilized by hydrogen bonds formed between acidic protons of imidazolium ring 

and ether oxygen atoms (C-H…O interactions) [43]. 

The stability constants (log Kf) for 1:1 complexation were measured in ACN 

solution by conductance study and are presented in Table IX.2. In both the complexes 

[complex 1 and complex 2], H-bonding to the ether oxygen atoms is obviously 

responsible for complexation. This can be shown by the suitable plausible mechanism 
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(Scheme 2).Complexation is mainly caused by H-bonding but either π-stacking or charge-

transfer interactions (Scheme IX.2) also seem to have a minor contribution towards 

complexation and there may be possibility of ion-dipole interactions between positive N 

atom of imidazolium cation and ether oxygen atom. The stability constants for complex 

2 is slightly lower than the corresponding value of complex 1 (Table IX.2). The aromatic 

rings of the crown ether decrease the electron density of the adjacent oxygen atoms, and 

this seems to decrease the strength of any H-bonding in complex of complex 2 explaining 

the lower stability constants. Although complex 2 has the potential for π-stacking or 

charge transfer interactions which is absent in the complex 1 indicates that H-bonding is 

dominant here for the complex formation.  

 

IX.4. CONCLUSION 

              The conductometric titration data support the different types of interactions 

responsible for complex formation of crown ethers with IL molecule and are consistent 

with the IR and NMR spectra. The stability of complexes between planar, five-membered 

imidazolium cations and crown ethers were established by the different types of non-

covalent interactions. We have found that the studied complexes are mainly stabilised by 

hydrogen bonds, and π-stacking or cation–πinteractions play only a secondary role in 

case of complex 2. Larger formation constant value for complex 1 compared to complex 

2 determined by conductivity study indicates that imidazolium cation form stable 

complex with 18C6 compared to DB18C6 in ACN solution. The 1:1 complexation of the 

imidazolium based IL by different crown ethers is driven by favourable changes in 

enthalpy (∆H0<0) and proceeds spontaneously (∆G0<0).This study also helps to get 

important information about the other host-guest system with crown ethers.  

Here our studies of complexation of imidazolium ion, similar to complexation of 

pyridinium ions [40], provide further information on the nature of the complexation 

between positively charged organic guests and macrocyclic polyethers. This study is also 

significant for the understanding of the vital role of imidazolium cation in the design and 

construction of supramolecular host-guest materials. 



Concluding Remarks 

 

CHAPTER- X 

CONCLUDING REMARKS 

        

In chapter II subjects discussed in this thesis were introduced. Some thoughts on 

host-guest chemistry were discussed and how this type of study offer new 

opportunities, were brought forward. 

Due to the major advantage of CDs to act as drug delivery vehicles, it is proposed 

to study CD complexation of various significant mol an important constituent of 

numerous pharmaceutical products, by using analytical techniques at different pH 

values. The proposed studies employ cyclodextrins as potential drug delivery vehicles 

because of their ability to alter the physical, chemical and biological activities of guest 

molecules through formation of inclusion complexes. The principal advantages of 

natural cyclodextrins as drug carriers are the following: (1) well-defined chemical 

structure, yielding many potential sites for chemical modification or conjugation (2) 

availability of cyclodextrins of different cavity size (3) low toxicity and low 

pharmacological activity (4) certain water solubility (5) protection of 

included/conjugated drugs from biodegradation. 

 

The aim of the works embodied in this thesis was to explore the assortment of 

interfaces of some Ionic Liquids by physicochemical approach. Here, I have studied the 

molecular as well as ionic interaction on ionic liquids in some solvent systems. The 

molecular interactions occurring in the solution systems have been studied with the 

help of physicochemical, thermodynamic, transport and optical properties along with 

spectroscopic studies. 

The study reported in this thesis explains the procedures and results as well as 

the studies of the molecular interactions of ionic liquids in different solvent systems 

and somewhere ionic liquid as solvent media with other as solute. The overall goal was 

to look into the structure, property and interaction of ionic liquids in different solvent 
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media. Therefore the systematic study of these properties has great importance in 

gaining a better knowledge about different interactions.  

The volumetric, viscometric, interferometric, conductometric refractive index 

studies helped us to evaluate the extent of molecular interaction in a particular solution 

quantitatively whereas the spectroscopic measurements gave an insight into the type of 

molecular interaction occurring in any solution systems. Various types of interactions 

exist between the ions in solutions, and of these, ion-ion and ion-solvent interactions 

are of current interest in all branches of chemistry. These interactions help in better 

understanding the nature of solute and solvent, that is, whether the solute modifies or 

distorts the structure of the solvent. 

The consequences of my research lead to some new scientific results in host-guest 

chemistry, which can be served as explanations of the change of the physical properties 

of the guest molecules. The investigations on the host-guest inclusion complex 

formation processes provides explanation about the driving force present in inclusion 

complex and also structural arrangement. The results of this study have provided data 

to new research and development tendency, to the theoretical and practical basis of the 

host-guest chemistry. 

         The surface tension, conductance and NMR study gives the clear indication of 1:1 

host-guest inclusion complex formation of a series of surface active ionic liquids, 

benzyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3Cl; where n=1,2,4 ] with aq. β-

cyclodextrin reveal in Chapter IV. The study also expose that benzyl, the hydrophobic 

group of ionic liquids encapsulated insight into the cavity of β-cyclodextrin and form 

the inclusion complex. This study also demonstrated that hydrophobic interactions and 

hydrogen bonding contribute to the inclusion of ionic liquids in CDs. It was found that 

addition of β-CD causes the shifting of micellization of the ionic liquids towards the 

higher concentration. This indicates the inclusion complex formation between the ionic 

liquids and β-CD. 

Considering the showing the amantadine ion can bind nicely to three of the six available 

oxygen atoms in the 18C6 ring to form a stable complex (scheme 2) with 1:1 

stoichiometry have been studied. The N–H…O hydrogen bridges between the 

ammonium functionalities and the oxygen acceptor heteroatoms of the crown ethers 
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play a significant role in packing the host–guest complexes. The stable complex 

formation is established by physicochemical methods surface tension measurements, 

conductivity and IR study and the density data also support the interaction between 

amantadine ion and 18C6 systems. The inclusion complex formation has been explained 

qualitatively as well as quantitatively so as to make it dependable in its field of 

application. 

The Host-guest complex formation based on the macrocyclic molecules is a facile 

and reversible process, which provides the feasibilities to design stimuli-responsive 

supramolecular systems and these macrocyclic molecules are basically friendly to the 

biological environment and exhibit good biocompatibilities. Crown ether-based host-

guest interactions, which show good selectivity, high efficiency, and reversibility, have 

been structurally characterized and the underlying supramolecular chemistry has been 

presented in this work. Supramolecular chemistry i.e host-guest complex formation 

through noncovalent interactions offer the basis for novel approaches in medicine and 

also helps in understanding the interactions present in living systems.It was also found 

that host-guest complexation with crown ethers resembles an established principle i.e 

the hydrogen bonding acceptance as well as the donation propensity of crown ethers.  

Amantadine is an antiviral agent that specifically inhibits influenza A virus replication 

at micromolar concentration. This drug is also very effective in the treatment of human 

Parkinson’s disease. The host−guest complex is capable ofprotecting the drug molecule 

from chemical reactions and photochemical/thermal degradation in biological 

environment and the encapsulated drug can also be released sustainably from the 

cavity of macrocyclic molecule, achieving prolonged therapeutic effect. 

An extensive study was done on the ion-solvation behavioural aspect of the IL 1-

butyl-3-methylimidazolium chloride in industrially-important non-aqueous polar 

solvents acetonitrile (CH3CN), dichloromethane (CH2Cl2) and tetrahydrofuran (C4H8O) 

with the help of conductometric, FTIR, density and viscosity measurements has reveals 

in chapter VI. From the conductometric measurements it becomes clear that the IL 

exists as ion-pairs in acetonitrile and as triple ions in tetrahydrofuran, dichloromethane 

solvents. The tendency of the ion-pair and triple-ion formation of [bmim][Cl] depends 

on the dielectric constant of the medium. The present study revealed that this type of 
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experimental study is being accompanied for a better understanding of the interionic 

interactions of ionic liquids. The evaluated values of thermodynamic functions of 

association suggest the spontaneity of the association process 

The formation of three complexes of sulfa drug with several crown ethers in ACN 

have been investigated with the help of above mentioned spectroscopic and 

physicochemical studies.1H NMR data confirms the complex formation and the Job plot 

suggests the formation of complexes with 1:1 stoichiometry. The interaction of sulfa 

drug with crown ethers in the solution have been interpreted by density, viscosity, 

refractive index measurements. These measurements provide valuable information on 

ion-solvent and ion-ion interactions of the complexes in solutions. The 

association/formation constants are found highest for complex 2, then complex 1 and 

then complex 3 which indicates that SA form most stable complex with DC18C6 

compared to other complexes. The probable structures of the three complexes of sulfa 

drug with crown ethers have been proposed by the above mentioned studies. 

In this chapter VII we have found that the studied complexes are mainly stabilised by 

hydrogen bonds, and π-stacking play only a secondary role in case of complex 3 i.e 

complex of benzene substituted crown ether. The 1:1 complexation of the sulfa drug by 

different crown ethers proceeds spontaneously (∆G0<0). The roles of guest SA has been 

established in directing the formation of supramolecular architectures between crown 

ether and –NH2 group of –SO2NH2 in SA by host–guest hydrogen-bonding interactions. 

Here the present work helps to understand the vital role of –NH2 group in the design 

and construction of supramolecular host–guest materials. These results are also 

significant for other host–guest systems. However, with the knowledge acquired from 

the solution chemistry of SA-Crown complexes, we believe that the scope and future 

prospect of this type of studies with other supramolecules are also a promising 

preposition. 

In chapter VIII the entire study reveals the fact of formation Host-Guest inclusion 

complex with 1:1 stoichiometry. The density and viscosity studyconfirms the formation 

of inclusion complexes between the drug and β-CD molecule. The single break point at 

the concentration near to 5mM of CD obtained from the surface tension study and 

Conductometric study indicates the formation of the inclusion complexes with 1:1 
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stoichiometry. From the UV-VIS spectroscopic data binding constant was calculated 

using Job’s plot, which clearly explains that the drug molecule MP forms more effective 

inclusion complex. Taking all the parameters and results in account the plausible 

mechanism of the inclusion was depicted. 

The conductometric titration data support the different types of interactions 

responsible for complex formation of crown ethers with IL molecule and are consistent 

with the IR and NMR spectra. The stability of complexes between planar, five-

membered imidazolium cations and crown ethers wereestablished by the different 

types of non-covalent interactions. We have found that the studied complexes are 

mainly stabilised by hydrogen bonds, and π-stacking or cation–πinteractions play only 

a secondary role in case of complex 2. Larger formation constant value for complex 1 

compared to complex 2 determined by conductivity study indicates that imidazolium 

cation form stable complex with 18C6 compared to DB18C6 in ACN solution. The 1:1 

complexation of the imidazolium based IL by different crown ethers is driven by 

favourable changes in enthalpy (∆H0<0) and proceeds spontaneously (∆G0<0).This 

study also helps to get important information about the other host-guest system with 

crown ethers have been discussed in chapter IX.  

The broad studies of the different physicochemical, thermodynamic, transport  

and spectral properties of the ionic liquids  in different solvents will be of sufficient in 

understanding the nature of the ion-solvent interactions and the role of solvents in 

different chemical processes. Here in this research work I have also tried to explore the 

formation of Host-Guest inclusion complexes between ionic liquids and cyclodextrins 

and the formed inclusion complexes have been confirmed by Conductance, Surface 

tension, UV-Visible and NMR spectroscopy. Such type of ionic liquids are very important 

in pharmaceutical industry, cosmetic and hygiene industries, food industries, paint 

industries and it also increases in speed of diagnostic test reaction. So, it may be 

concluded that our research work has adequate significance in the different branches of 

Sciences and demands a far reaching effect for the augmentation of the advanced 

research. 
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a b s t r a c t

Host–guest inclusion complexes of three sequential cationic room temperature surface active ionic liq-
uids, benzyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3Cl; where n = 1,2,4] with b-cyclodextrin
in aqueous media have been studied using surface tension, conductance and NMR spectroscopy. All
the studies have suggested that the hydrophobic benzyl group of ionic liquids is encapsulated inside into
the cavity of b-cyclodextrin and played a crucial role in supporting the formation of inclusion complexes.
The variation of the thermodynamic parameters with guest size, shape is used to draw inferences about
contributions to the overall binding by means of the driving forces, viz., hydrophobic effect, steric
hindrance, van der Waal force, and electrostatic force.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Supramolecular assembly is the association of guest molecules
into the inner cavity of a host molecule by noncovalent bonds
under equilibrium conditions [1]. Cyclodextrin seems to be the
most promising host molecule to form inclusion complexes [2].
b-Cyclodextrin (b-CD) is a cyclic oligosaccharide (consists of seven
a-D-glucopyranose units, linked by glycosidic bonds a-1,4 obtained
as the main product from the enzymatic conversion of the starch
[3–6]. Due to lack of free rotation about the glycosidic bond,
b-CD (as the a- and c-CDs) has a unique spatial configuration,
showing a cylindrical hollow truncated cone shape; cavity with
6.0 Å of width and 7.9 Å of height, has a hydrophobic character,

while the rims are hydrophilic: the wider one, with fourteen pri-
mary hydroxyl groups (–OH), and a narrower one with, the seven
secondary OH groups (–CH2OH) (Scheme 1). These structural fea-
tures give all the fitting and encapsulating properties to b-CD, for
forming inclusion complexes with molecules that fit into the
hydrophobic cavity.

Cationic ionic liquids are the prominent surface active agents
with positively charged hydrophilic head group and a hydrophobic
tail group, have attracted immense interest in the development of
methods for separation, purification, extraction of DNA; and also
been tested for gene delivery and gene transfection that involve
in current clinical trials based on gene therapy [7,8].

The driving force of inclusion complex formation is the dis-
placement of water molecules by more hydrophobic guest mole-
cules present in the solution to attain an apolar-apolar
association [2]. The surface active ionic liquids are form inclusion
complex with b-CD; may be applied in industries, agriculture,

http://dx.doi.org/10.1016/j.cplett.2016.06.017
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textile, detergent, food, cosmetics and the drug or pharmaceutical
[9,10], as antibacterial, antistatic, corrosion inhibitory, dispersants,
emulsifying, wetting and solubilizing agent’s etc [9,11,12]. In addi-
tion to these industrial applications, CDs are related to many inter-
esting topics, such as molecular recognition and self-assembly,
molecular encapsulation, chemical stabilization, and intermolecu-
lar interactions [13,14].

However, to the best of our knowledge, no work has yet been
done in as our chosen system. In this paper, size, shape, structural
effect of ionic liquids in the formation of the inclusion complexes
have been studied quantitatively and qualitatively to find the nat-
ure of ionic host–guest inclusion complexes of sequential cationic
room temperature surface active ionic liquids, benzyltrialkylam-
monium chloride [(C6H5CH2)N(CnH2n+1)3]Cl; where n = 1,2,4]
(Scheme 1) with b-cyclodextrin in aqueous media using surface
tension, conductance and NMR study.

2. Result and discussion

2.1. Critical micellization concentration (CMC)

The micelle forming concentration of the three cationic room
temperature ionic liquids was measured by surface tension, (c)
and molar conductivity (K) in aqueous media.

In Fig. 1 the surface tension (c) values obtained for the cationic
based ionic liquid solution is plotted as a function of the ionic liq-
uid concentration at 298 K. Surface tension decreases with the
increase of ionic liquid concentration, reach a minima (called crit-
ical micellization concentration, CMC) and the slight increase or
taken as almost constant variation with further addition of ionic
liquids, have disclosed no effective variation in the surface tension
as expected very seriously [15]. The break point in Fig. 1 demon-
strates that the micelle starts to form at the critical micellization
concentration (CMC) of 3.0 ⁄ 10�3, 2.6 ⁄ 10�3, and 2.0 ⁄ 10�3 M
(Table 1) for [(C6H5CH2)N(CH3)3]Cl, [(C6H5CH2)N(C2H5)3]Cl and
[(C6H5CH2)N(C4H9)3]Cl respectively.

The conductance values (K) obtained for the cationic ionic liq-
uid solution is also plotted as a function of the ionic liquid concen-
tration. Conductivity increases monotonically with the increase of

the ionic liquid concentration, but after a certain point (called
break point) the conductance data have not vary effectively even
further addition of ionic liquid. The break point (Fig. 2) at the con-
centration of 3.1 ⁄ 10�3, 2.9 ⁄ 10�3, and 1.9 ⁄ 10�3 M for [(C6H5CH2)
N(CH3)3]Cl, [(C6H5CH2)N(C2H5)3]Cl and [(C6H5CH2)N(C4H9)3]Cl
respectively (Table 1), demonstrates the critical micellization con-
centration (CMC), where, the micelles starts to form. The point is
confirmed by conductance result in Fig. 2 where break point is also
seen in good agreement with surface tension (Fig. 1).

2.2. Surface tension

Surface tension (c) measurement gives significant indication
about the formation of inclusion complex as well as stoichiometry
of the host–guest assembly [16–19]. Fig. 3 illustrates the variations
of surface tension (c) of 0.01 M chosen three aforesaid ionic liquids
with b-CD concentration at 298 K.

The surface tension curves vary linearly with an addition of
b-CD concentration to a maximum, and after then surface tension
data not vary effectively with further adding of b-CD into the

Scheme 1. Molecular structure of cationic surfactant and b-cyclodextrin.

Fig. 1. Plot of surface tension (c) with corresponding conc. (M) of ionic liquids.
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solutions. The linear rising surface tension data demonstrates the
decreasing tendency of the surface activity of the surface active
ionic liquids. This is due to the fact that ionic liquids are encapsu-
lated insight into the cavity of the b-CD and form the inclusion
complexes (ICs) and loss their surface activity. The constant varia-
tion of surface tension after saturation point, make clear that the
rest surface tension is only for the aqueous solutions of b-CD or
pure water; because the inclusion complexes and aqueous solution
of b-CD do not possess any surface activity [20]. The stoichiometry
of the inclusion complexes has been obtained from concentration
ratio of the ionic liquid and b-CD (IL:b-CD) at the break point or
the saturation point of the inclusion. From Table 1 it has been seen
that the concentration ratio of IL:b-CD is 1:1.01, 1:1.02, and 1:1.05

for [(C6H5CH2)N(CH3)3]Cl, [(C6H5CH2)N(C2H5)3] and [(C6H5CH2)N
(C4H9)3]Cl respectively, shows the 1:1 stoichiometric ratio of inclu-
sion complex. From Fig. 4 it is found that the surface tension curves
of the three selected ionic liquids in the presence of fixed amount
(0.005 M) of b-CD are higher than those in the absence of b-CD.

The concentration at which surface tension of ionic liquids (for
fixed 0.005 M b-CD) is almost constant is called as apparent critical
micelle concentrations (CMC⁄). The CMC⁄ 0.00499, 0.00503, and
0.00505 for [(C6H5CH2)N(CH3)3Cl, [(C6H5CH2)N(C2H5)3Cl and
[(C6H5CH2)N(C4H9)3Cl respectively, also suggested the 1:1 stoi-
chiometric ratio of inclusion. Higher the CMC⁄ values caused by
the presence of b-CD indicates that the formation of b-CD-ionic liq-
uid inclusion complexes decreases the micelle formation ability of
the ionic liquids. The surface tension values of each ionic liquid
after the CMC in the presence of b-CD remain constant as that of
the absence of b-CD. This also indicates that the inclusion com-
plexes have no surface activity and that there is little interaction
between the inclusion complexes and the micelles or the free
surfactants.

2.3. Conductance

The shape of the curve (Fig. 5) is quite similar to those generally
obtained for an aqueous mixtures of ionic liquids and monomers of
b-CD [21] as the concentration in b-CD cavities rises, the conduc-
tance of the mixture slightly increases, passes through a maximum,
then decreases gradually, reach a minima, up to the saturation
point (existence of a break in the curve) and then the change is
constant even further addition of b-CD into the solution systems.
Such a behaviour denotes the formation of inclusion complexes
between the ionic liquid molecules with the b-CD cavities.

Table 1
Molar conductance (K) and surface tension (c) values with corresponding concentration at the CMC and saturation point of inclusion; and concentration ratio (ratio of inclusion
IL: b-CD) at the break point of the surfactants solution (0.01 M) in aqueous b-CD.

Ionic liquids CMC
(M)

KCMC

(S cm2 mol�1)
Conc.
(M)

K
(S cm2 mol�1)
at break point

Conc.
ratio (IL:
b-CD)

[(C6H5CH2)N(CH3)3Cl 0.0031 40.31 0.0101 11.90 1: 1.01
[(C6H5CH2)N(C2H5)3Cl 0.0029 32.50 0.0103 11.71 1: 1.03
[(C6H5CH2)N(C4H9)3Cl 0.0019 18.72 0.0105 12.30 1: 1.05

Ionic liquids CMC (M) cCMC

(mNm�1)
Conc. (M) c (mN m�1)

at break point
Conc. ratio
(IL:b-CD)

[(C6H5CH2)N(CH3)3Cl 0.0030 39.1 0.0101 68.0 1: 1.01
[(C6H5CH2)N(C2H5)3Cl 0.0026 38.9 0.0102 65.5 1: 1.02
[(C6H5CH2)N(C4H9)3Cl 0.0020 38.6 0.0105 63.8 1: 1.05

Fig. 2. Plot of molar conductance (K) with corresponding conc. (M) of ionic liquids. Fig. 4. Plot of molar conductance (K) of ionic liquids (0.01 M) with corresponding
conc. (M) of b-CD.

Fig. 3. Plot of surface tension (c) of ionic liquids (0.01 M) with corresponding conc.
(M) of b-CD.
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The initial increase of conductance at very low conc. of b-CD is
ascribed to the progressive destruction of the micelles (Scheme 2a)
of ionic liquids by inclusion of the benzyl group of ionic liquid into
the b-CD cavities (i.e., the b-CD-ionic liquid interactions are stron-
ger than those of the ionic liquid-ionic liquid interactions [22]. The
destruction of the micelles is accompanied by a release of surfac-
tant monomers and a release of counter ions initially linked to
the surface of the micelles, which increases the conductance
values.

At the maximum of the conductance, micelles are supposed to
have completely disappeared (Scheme 2b) and an excess of b-CD
cavities reduces the quantity of free ionic liquids by formation of
inclusion complexes (Scheme 2c), leading to a decrease of the con-

ductance values. When most of the ionic liquid molecules are
incorporated insight into the cyclodextrin cavities, a plateau of
conductance is observed and its value is ascribed only to the
charged inclusion complexes and to the counter ion Cl�.

From output of Fig. 5 and Table 1, the ratio of the b-CD concen-
tration to the ionic liquid concentration at the saturation point or
break point is equal to the 1.01, 1.03, and 1.05 for [(C6H5CH2)N
(CH3)3]Cl, [(C6H5CH2)N(C2H5)3]Cl and [(C6H5CH2)N(C4H9)3]Cl
respectively, has showed that b-CD-ionic liquid complexes are
mainly formed with a 1:1 stoichiometry, i.e., only one molecule
of ionic liquid encapsulated per b-CD cavity (Scheme 3).

In the surface tension (c) study for the aforesaid three ionic liq-
uids with b-CD shows single break point (Fig. 3) in each c vs. conc.
curve, which clearly indicates b-CD can form 1:1 inclusion com-
plexes with the hydrophobic benzyl moiety. The hydrophilic
ammonium moiety or positive charge on the nitrogen atom
remains hydrated at the outside of the cyclodextrin cavity and sta-
bilized with oxygen atom of the –OH group present in the rim of
cyclodextrin (only in case of benzyltrimethylammonium chloride)
(Scheme 4).

2.4. 1H NMR

Inclusion of a guest molecule into the cavity of b-cyclodextrin
has been studied by the upfield chemical shift of the protons of
cyclodextrin molecule in 1H NMR spectra. According to the 1H
NMR study in the molecular structure of b-cyclodextrin the H3
and H5 hydrogen’s are situated inside the conical cavity, mainly,
the H3 are placed near the wider rim whereas H5 are placed near
the narrower rim, the other H1, H2 and H4 hydrogens are situated
at the exterior of the cyclodextrin molecule (Fig. 6). Since the H3 is
located near the wider rim of CD, through which the guest enters,
the shift is higher for it than the H5 proton [23].

The other H1, H2 and H4 hydrogen’s also show resonable
upfield chemical shift, but it is less compared to that of the interior
protons [24–26]. Here, the inclusion phenomenon of chosen ben-
zyltrialkylammonium chloride [(C6H5CH2)N(CnH2n+1)3Cl; where
n = 1,2,4] with b-CD have been studied by 1H NMR spectra by tak-
ing 1:1 M ratio in D2O (Fig. 7–9). It has been found that there are
considerable upfield shifts of interior H3 and H5 protons, as well
as that of the interacting protons i.e., aromatic and methylene pro-
tons of the benzyl group of benzyltrialkylammonium cations [27].
This establishes that inclusion phenomenon has occurred between
the chosen ionic liquid with cavity of the b-CD molecule [28,29].

2.5. Association constant and other thermodynamic properties

The association constants for 1:1 inclusion complexes of b-CD
and ionic liquid was determined from the surface tension measure-

Fig. 5. Plot of surface tension (c) with corresponding conc. of ionic liquids in
absence (solid fill) and in presence (no fill) of b-CD.

Scheme 2. Schematic illustration of plausible micelle (2a), distraction of micelle
(2b) and plausible inclusion formation (2c).

Scheme 3. Schematic representation of mechanism of formation of inclusion complexes of cationic ionic liquids with b-cyclodextrin.
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ments by using the numerical method developed by Lu et al. [20].
We have used two surface tension curves in Fig. 5 (with and with-
out b-CD) to determine the value of association constant, which
allows justification of the assumption made. The plot of S0 � [S]

vs So
½S� � 1

� �
shown in Fig. 10 gives the slope �1

Ka

� �
, and thus the

association constants (Ka) for the inclusion complexes of b-CD-
ionic liquids [16] and free energy change (DG) are determined,
and listed in Table 2.

Free energy of micellization (DGmic), degree of micellization (h)
and degree of counterion binding (/) evaluated from the conduc-

tance; association constant (Ka), free energy of change (DG), Cmax,
and Amin obtained from surface tension of the solution (b-CD
+ ionic liquid) at 25 �C respectively (Table 2). The degree of micelle
ionization (h) was calculated by taking the ratio between the slopes
of the linear portions above and below the break point in the con-
ductivity profiles. The larger value of h for the complex micelles is
indication of an increased degree of ionic dissociation (Table 2) as a
result of the interaction of ionic liquids with b-CD. The free energy
of micellization (DGmic) can be calculated using the equation of
[30]

DGmic ¼ RTð2� hÞ ln CMC

The negative DGmic values (Table 2) indicates that the presence
of b-CD makes the process feasible and can be explained on the
basis that more b-CD will be able to encapsulate more monomers
and the amount of ionic liquids needed to form the micelle will
obviously disappeared. The degree of counter ions binding (/) onto
the self-aggregated assemblies was obtained from the slopes of the
K vs [(C6H5CH2)N(CnH2n+1)3]Cl isotherm in the pre-micellar region
(S1) and the post-micellar region (S2) using the following
relationship:

/ ¼ 1� S2
S1

Scheme 4. Schematic representation of inclusion complexes of cationic ionic liquids with b-cyclodextrin.

Fig. 6. (a) Stereo-chemical configuration, (b) truncated conical structure of b-
cyclodextrin with interior and exterior protons.
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The / factor includes the fraction of free energy required to con-
dense the counter ions on the aggregate to reduce the repulsion
between the adjacent monomer head groups [31].

From the perusal of Table 2 it is clear that the association con-
stants (Ka) for benzyltrimethylammonium chloride is higher com-

pared to the other two ionic liquids; is obviously due to the fact of
steric factor of the side chain group of cationic part of the chosen
ionic liquids. The higher the side chain group increases the steric
hindrance effect, i.e., butyl group in [(C6H5CH2)N(C4H9)3]Cl is more
steric effect than ethyl group in [(C6H5CH2)N(C2H5)3]Cl, which is in

Fig. 7. 1H NMR spectra of (a) b-CD, (b) [(C6H5CH2)N(CH3)3]Cl, and (c) inclusion complex.

Fig. 8. 1H NMR spectra of (a) b-CD, (b) [(C6H5CH2)N(C2H5)3]Cl, and (c) inclusion complex.
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turn more than methyl group in [(C6H5CH2)N(CH3)3]Cl (Scheme 4);
which clearly state the benzyl group of benzyltrimethylammonium
cationic part of the ionic liquid is more associated/encapsulated
with b-CD (Scheme 4). On other hand more negative DG for
[(C6H5CH2)N(CH3)3]Cl than the rest two is also undoubtedly speak
out that benzyltrimethylammonium charge or cationic part of the
ionic liquid is more feasibly associated.

The maximum surface excess concentration (Cmax), and the
minimum area of exclusion per molecule at the air-solution inter-
face (Amin) were estimated for the three surface active ionic liquids
to the slope of the tensiometric profile near the CMC, is quantified
by applying the Gibbs adsorption isotherm [32]. The values of Cmax

and Amin are also listed in Table 2. The increase in the Amin values
with temperature may be ascribed to the greater kinetic motion
of the monomers populating the air-solution interface. It was
noticed from Table 2 that the values of Cmax decrease and those
of Amin increase, with the increase of alkyl chain length; which
means the ionic liquid molecules with the short alkyl chain (i.e.,
trimethyl group) can make packing more closely or arrange more
tightly than longer one.

3. Conclusion

The surface tension, conductance and NMR study gives the clear
indication of 1:1 host–guest inclusion complex formation of a
series of surface active ionic liquids, benzyltrialkylammonium
chloride [(C6H5CH2)N(CnH2n+1)3Cl; where n = 1,2,4 ] with aq.
b-cyclodextrin. The study also expose that benzyl, the hydrophobic
group of ionic liquids encapsulated insight into the cavity of
b-cyclodextrin and form the inclusion complex. This study also
demonstrated that hydrophobic interactions and hydrogen bond-
ing contribute to the inclusion of ionic liquids in CDs. It was found

Fig. 9. 1H NMR spectra of (a) b-CD, (b) [(C6H5CH2)N(C4H9)3]Cl, and (c) inclusion complex.

Fig. 10. Relationship between (So–S) and (So/S) � 1 for solution of ionic liquids
along and mixed with b-CD.

Table 2
Free energy of micellization (DGmic) and free energy of change (DG) obtained from degree of micelle ionization (a) and association constant (Ka) of the solution (b-CD + ionic
liquid) at 25 �C evaluated from the conductance and surface tension measurement respectively.

Salt a DGmic (kJ/mol) Ka DG (kJ/mol) b 106 Cmax (mol m�2) Amin (Å2)

[(C6H5CH2)N(CH3)3Cl 0.57 �16.29 2252.25 ± 19 �19.14 0.43 2.37 70.19
[(C6H5CH2)N(C2H5)3Cl 0.54 �16.56 1524.39 ± 22 �18.17 0.46 2.28 72.67
[(C6H5CH2)N(C4H9)3Cl 0.51 �16.83 1136.36 ± 13 �17.44 0.49 2.13 77.88

S. Barman et al. / Chemical Physics Letters 658 (2016) 43–50 49



that addition of b-CD causes the shifting of micellization of the
ionic liquids towards the higher concentration. This indicates the
inclusion complex formation between the ionic liquids and b-CD.

4. Experimental section

4.1. Reagents

The cationic surfactants benzyltrimethylammonium chloride
(97%), benzyltriethylammonium chloride (99%), benzyltributylam-
monium chloride (98%) and b-cyclodextrin (97%) were bought
from Sigma–Aldrich, Germany and used as purchased.

4.2. Instrumentations

Prior to the start of the experimental work solubility of the cho-
sen cyclodextrins in triply distilled and degassed water (with a
specific conductance of 1 � 10�6 S cm�1) and title compounds
viz., cationic surfactant in aqueous b-cyclodextrin have been pre-
cisely checked and it was observed that the selected cationic sur-
factant freely soluble in all proportion of aq. b-cyclodextrins. All
the stock solutions of the cationic surfactant were prepared by
mass (weighed by Mettler Toledo AG-285 with uncertainty
0.0003 g), and then the working solutions were obtained by mass
dilution at 298.15 K.

The surface tension experiments were done by platinum ring

detachment method using a Tensiometer (K9, KR}USS; Germany)
at 298.15 K. The accuracy of the measurement was within
±0.1 mNm�1. Temperature of the system has been maintained by
circulating auto-thermostated water through a double-wall glass
vessel containing the solution.

The conductance measurements were carried out in a
Systronics-308 conductivity bridge of accuracy ±0.01%, using a
dip-type immersion conductivity cell, CD-10 having a cell constant
of approximately (0.1 ± 0.001) cm�1 [33]. The measurements were
made in an auto-thermostated water bath maintaining the temper-
ature at 298.15 K and using the HPLC grade water with specific
conductance of 6.0 lS m�1. The cell was calibrated using a
0.01 M aqueous KCl solution. The uncertainty in temperature was
0.01 K.

NMR spectra were recorded in D2O unless otherwise stated. 1H
NMR spectra were recorded at 400 MHz using Bruker ADVANCE
400 MHz instrument at 298.15 K. Signals are quoted as d values
in ppm using residual protonated solvent signals as internal stan-
dard (D2O: d 4.79 ppm). Data are reported as chemical shift.
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Abstract: The complex formation of amantadine hydrochloride with 
18-crown-6  was studied in methanol solution by surface tension, conductiv-
ity and IR study. The limiting apparent molar volume data have been used to 
characterize the interaction between drug molecule (amantadine hydrochlo-
ride) and 18-crown-6 in the experimental ternary solution systems. A conduct-
ance study concerning the interaction between cationic organic ammonium 
ions amantadine with 18-crown-6 in methanol solution has been carried out 
at different temperatures. The formation constant (logKf) of the resulting 1 : 1 
complex at various temperatures was determined from the conductivity study. 
The enthalpy (ΔH0) entropy (ΔS0) and free energy change (ΔG0) of the complexa-
tion reaction was determined from the temperature dependence of the forma-
tion constant.

Keywords: 18-crown-6; amantadine; complexation; formation constant; thermo-
dynamic parameter.

1  Introduction
Host–guest interaction has been termed ‘a complementary stereo-electronic 
arrangement of binding sites in host and guest’ [1]. In the chemical sense the 
host is usually an organic molecule containing specific receptor sites while the 
guest is normally a metal or organic cation. Host–guest interactions have recog-
nized importance in many biological processes, including enzyme catalysis and 
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2      M.N. Roy et al.

inhibition, antibody-antigen interactions, and membrane transport. A particu-
larly fruitful field of organic synthesis during the past several years has been 
the design and preparation of macrocyclic molecules of the cyclic polyether 
type with the intent to mimic certain biological host–guest interactions [1–4]. 
Several workers have reported the attachment of organic ammonium [5] groups 
to hosts which are analogues of 18-crown-6 with the subsequent enhancement 
of a reaction between host and guest components away from the site of primary 
binding.

The crown ethers were of a great interest since their discovery had been 
reported by Pedersen in 1967 [6]. The ability of these macrocycles to form non-
covalent, H-bonding complexes with ammonium cations has been actively 
investigated with an eye toward biological applications [7, 8], molecular recogni-
tion [9, 10], self-assembly [11, 12], crystal engineering [13, 14], and catalysis [15]. 
The stoichiometry and stability of these host–guest complexes depend both on 
the size of the crown ether and on the nature of the ammonium cation (NH4

+, 
RNH3

+ etc.) [16, 17]. The numerous studies of 18-crown-6 (18C6) and its deriva-
tives, which have the highest affinity for ammonium cations, invariably showed 
a 1 : 1 stoichiometry with both NH4

+ and RNH3
+ cations in solution [18] and in the 

solid state [19, 20].
Crown ether-ammonium complexes are of fundamental interest as 

 prototypical systems involving multiple hydrogen bonds. Study of these simple 
multiply-bound complexes is a promising means of gaining insight into much 
more complex macromolecular systems, such as those involved in protein folding 
or in the pairing of nucleo bases in polymetric nucleus acids [21]. Host parameters 
of importance in binding both metals and organic ammonium cations include 
cavity size, donor atom number and type, ring number and type, ring substitu-
ents, and ring conformation. Guest parameters for organic ammonium cations 
differ from those of metal cations because of the different binding mechanisms 
involved for the two types of guest. Metal cations are sequestered within the 
macrocyclic ring, whereas ammonium cations hydrogen bond to the ring donor 

Scheme 1: Molecular structure of amantadine hydrochloride and 18C6.
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Probing Inclusion Complex Formation of Amantadine Hydrochloride      3

atoms. Thus, guest parameters significant to organic ammonium cation binding 
include number of hydrogen atoms available for hydrogen bonding.

Amantadine (Scheme 1) is tricyclic aminohydrocarbons with antiviral activity 
directed uniquely against influenza A virus. The compounds have a potential to 
inhibit the early phases of viral replication by preventing uncoating of the viral 
genome and virus-mediated membrane fusion. The drug is used in the prevention 
and treatment of influenza A infections [22, 23].

On the other hand, macrocyclic [24] and macrobicyclic polyethers [25] have 
been extensively used as interesting model compounds for the study of molecu-
lar effect on membrane permeability [26, 27], due to their many similarities to 
cyclic antibiotics and biological transport agents. Considerable attention has 
been focused on the interactions between different protonated amines and mac-
rocyclic ligands in order to study the molecular effect on membrane permeability 
[28–30].

One interesting property of crown ethers is that the electron pairs present 
in the ring heteroatoms provide the molecule with the ability to complex a wide 
range of cations in the empty cavity present in the center of the ring [31]. A space 
filling model of 18-crown-6 is shown in Figure 1 illustrating the central cavity in 

Fig. 1: A space filling model of 18-crown-6 showing the open space at the center of the crown 
and electron pairs present on the exposed oxygen atoms (in pink).
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4      M.N. Roy et al.

which K+ ions bind by coordinating to the six surrounding ether oxygen atoms. In 
the case of 18-crown-6, the diameter of the interior hole is about 4.0 Å [31]. That 
structural feature allows for crown ethers to form a number of complexes with 
cationic species [32].

Conductance measurements as a sensitive and powerful technique to study 
the complexation of macrocyclic ligands with different cations in a variety of 
nonaqueous and mixed solvents [33, 34]. The thermodynamics of complexa-
tion of amantadine ion with different crown ethers and cryptands in acetonitrile 
solvents have been reported in the literature [35]. In this paper, a conductance 
study, a surface tension study and a density study of the complex formed between 
amantadine hydrochloride (ADH) and 18-crown-6 (18C6) (Scheme 2) in methanol 
solution was reported and the influence of several structural and medium param-
eters on the complexation reaction were discussed. The structure of the crown 
ether is shown in Scheme 1.

2   Experimental

2.1   Materials

The amantadine hydrochloride (ADH) and 18-crown-6 (18C6) of puriss grade were 
bought from Sigma-Aldrich, Germany and used as purchased. The mass fraction 
purity of ADH and 18C6 were  ≥  0.99 and 0.98, respectively.

Scheme 2: Schematic presentation of complexation between amantadine ion and 18C6 and 
corresponding energy minimized structure of the complex.
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Probing Inclusion Complex Formation of Amantadine Hydrochloride      5

2.2   Apparatus and procedure

Prior to the start of the experimental work solubility of the chosen crown ether in 
methanol and ADH in methanolic solution of 18C6 have been precisely checked 
and observed that the drug molecule ADH freely soluble in all proportion of 
methanolic 18C6 solution. All the stock solutions of the drug molecule were pre-
pared by mass (weighed by Mettler Toledo AG-285  with uncertainty 0.0003 g), 
and then the working solutions were obtained by mass dilution at 298.15 K. The 
conversions of molarity into molality have been done [36] using density values. 
Adequate precautions were made to reduce evaporation losses during mixing.

The surface tension experiments were done by platinum ring detachment 
method using a Tensiometer (K9, KRŰSS; Germany) at the experimental temper-
ature. The accuracy of the measurement was within ± 0.1 mN·m−1. Temperature 
of the system was maintained at 298.15 K by using Omniset thermostat having 
uncertainty in temperature ± 0.01 K.

The conductance measurements were carried out in a Systronics-308 conduc-
tivity bridge of accuracy ± 0.01 %, using a dip-type immersion conductivity cell, 
CD-10  having a cell constant of approximately (0.1 ± 0.001) cm−1 [37]. The study 
was carried out using Brookfield TC-550 water bath with thermostat maintaining 
at the experimental temperatures having uncertainty of ± 0.01 K.

The densities (ρ) of the solvents were measured by means of vibrating 
U-tube Anton Paar digital density meter (DMA 4500 M) with a precision of 
± 0.00005 g cm−3 maintained at ± 0.01 K of the desired temperature. It was cali-
brated by passing triply distilled, degassed water and dry air.

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, 
Japan). The details of the instrument have formerly been described [38].

3   Result and discussion

3.1   Conductance

The molar conductance (Λ) of ADH (5 × 10− 4 M) in methanol solution was moni-
tored as a function of crown ether to amantadine ion mole ratio at various tem-
peratures (Table S1). The resulting molar conductance vs. crown/cation mole ratio 
plots at 298.15, 303.15, and 308.15 K are shown in Figure 2. In every case, there is 
a gradual decrease in the molar conductance with an increase in the crown ether 
concentration. This behavior indicates that the complexed amantadine ion is less 
mobile than the corresponding amantadine ion in methanol. As can be seen from 
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6      M.N. Roy et al.

Figure 2, the complexation of amantadine ion with 18C6, addition of the crown 
solution to the amantadine solution causes a continuous decrease in the molar 
conductance, which begins to level off at a mole ratio greater than one, indicat-
ing the formation of a stable 1 : 1 complex [39, 40]. By comparison of the molar 
conductance-mole ratio plot for amantadine ion – 18C6 systems obtained at dif-
ferent temperatures (Figure 2), it can be observed, that the corresponding molar 
conductance increased rapidly with temperature, due to the decreased viscosity 
of the solvent and, consequently, the enhanced mobility of the charged species 
present.

3.2   Association constant and thermodynamic parameter

The 1 : 1 complexation of amantadine ion with 18C6 crown ether can be expressed 
by the following equilibrium

 �
fK

M C MC+ ++  
(1)

The corresponding equilibrium constant, Kf is given by

 

[ ] ( )
[ ][ ] ( ) ( )f
MC f MCK
M C f M f C

+ +

+ += ×
 

(2)

where [MC+], [M+], [C] and f represent the equilibrium molar concentrations of 
the complex, free cation, free ligand and the activity coefficients of the species 

Fig. 2: Molar conductance vs. [18C6]/[amantadine ion] at 298.15 K (▲), 303.15 K (♦),  
308.15 K (●).
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Probing Inclusion Complex Formation of Amantadine Hydrochloride      7

indicated, respectively. Under the dilute conditions used, the activity coeffi-
cient of uncharged macrocycle, f (C), can be reasonably assumed as unity [41]. 
The use of the Debye–Hückel limiting law [42], leads to the conclusion that  
f (M+) ~ f (MC+), so the activity coefficients in Equation (2) cancel. The complex 
formation constant in terms of the molar conductances, Λ, can be expressed as 
[39, 41].

 

obs

obs

( )[ ]
( )[ ][ ][ ]

M
f

MC

MCK
CM C

Λ Λ

Λ Λ

+

+

−
= =

−
 

(3)

where
 

obs( )
[ ]

( )
M M

C
M MC

C
C C

Λ Λ

Λ Λ

−
= −

−
 

(4)

here, ΛM is the molar conductance of the metal ion before addition of ligand, ΛMC 
the molar conductance of the complexed ion, Λobs the molar conductance of the 
solution during titration, CC the analytical concentration of the macrocycle added 
and CM the analytical concentration of the salt. The complex formation constant, 
Kf, and the molar conductance of the complex, ΛMC, were evaluated by using 
Equations (3) and (4).

In order to have a better understanding of the thermodynamics of the com-
plexation reactions of amantadine ion with the 18C6 crown ether it is useful to 
consider the enthalpic and entropic contributions to these reactions. The ∆H0 and 
∆S0 values for the complexation reactions were evaluated from the corresponding 
logKf and temperature data by applying a linear least-squares analysis according 
to the equation:

 

0 0

2.303log f
H SK
RT R

∆ ∆= − +
 

(5)

Plots of logKf vs. 
1
T  for amantadine – 18C6 complex is linear (Figure 3).

The enthalpy (∆H0) and entropy (∆S0) of complexation were determined in 
the usual manner from the slopes and intercepts of the plots and the results are 
also included in Table 1. Both of these two parameters have negative values. The 
negative values of enthalpy confirm that when ADH interact with the crown ether 
molecules the overall energy of the system is decreased, i.e. there is some sta-
bilization interaction in the system, whereas negative values of entropy factor 
indicate that there is an ordered arrangement, i.e. complex formation takes place 
between the ADH and the 18C6 molecule. The negative value of entropy is unfa-
vourable for the spontaneity of the complex formation, but this effect is over-
come by higher negative value of ∆H0. The values of ∆G0 (Table 1) for the complex 
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8      M.N. Roy et al.

formation was found negative suggesting that the complex formation process 
proceeds spontaneously.

The data shown in table indicates that formation constant logKf for amanta-
dine ion with 18C6 is highest at 298.15 K and decreases with increase in tempera-
ture i.e. amantadine ion form stable complex with 18C6 at 298.15 K.

3.3   Surface tension

Surface tension (γ) measurement provides significant indication about forma-
tion of inclusion complex as well as stoichiometry of the host–guest assembly 
[43–45]. The values of surface tension at different concentration of 18C6 are listed 
in Table S2. In the present work ADH have a hydrophobic group and a terminal 
–NH3

+ group (Scheme 1) due to which ADH shows surfactant like activities, thus γ 
of the ADH solution shows decreasing trend. In this work when 18C6 was added 
in ADH solution the proton of the –NH3

+ group binds to the alternate three oxygen 
atom of the crown ether and the formation of three H-bonds occurs. As a result 
charged portion of the amantadine ion form complex with 18C6 and due to the 

Tab. 1: Values of formation constant, enthalpy, entropy and free energy change of amantadine-
18C6 complex in methanol solution.

Cation   Crown  
 

LogKf  ΔH0  
(kJ mol–1)

  ΔS0  
(J mol–1K–1)

  ΔG0  
(kJ mol–1)

298.15 K  303.15 K  308.15 K

Amantadine  18C6  3.04  2.90  2.77  – 46.56  – 100.58  – 16.57

Fig. 3: The linear relationship of logKf  vs. 1/T for the interaction between amantadine 
 hydrochloride with 18C6.

Brought to you by | University of Toronto-Ocul
Authenticated

Download Date | 12/11/16 8:15 AM



Probing Inclusion Complex Formation of Amantadine Hydrochloride      9

formation of complex effect of hydrophobic portion increases i.e. surface tension 
of the solution again decreases slowly. At a certain conc. of ADH and crown ether, 
a single break was observed in the surface tension curve (Figure 4).

The break point in surface tension curve not only indicates the formation of 
complex between amantadine ion and 18C6 but also about its stoichiometry, i.e. 
appearance of single break point in the plot indicates 1 : 1 stoichiometry of the 
complex. The value of γ at the break point and corresponding concentration of 
crown ether have been listed in Table 2. Hence the plausibility of formation of 
complex can be predicted from surface tension study.

3.4   IR Study

FTIR spectra of the complex, 18C6 and that of pure ADH were obtained in the 
region 400–4000  cm−1. If the FTIR spectrum of 18C6  was compared with that 

Fig. 4: Variation of surface tension of amantadine with increasing concentration of 18C6 
at 298.15 K.

Tab. 2: Values of surface tension (γ) at the break point with corresponding to concentration of 
18C6 in methanolic solution at 298.15 K.

Conc. (mM)   γ (mN·m–1)

5.07   21.99
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of complex, it was noticed that the peaks observed in pure 18C6 (Figure 5) at 
1120 cm−1 correspond to COC group shift to 1106 cm−1 in the complex (Figure 5). 
The frequency of the C–O–C asymmetric stretching vibrations of a polyether, νas 
(COC), decreases upon interaction of the O atoms with the protons of the ammo-
nium group via hydrogen H bonds. The N–H stretching band of the amonium 
group expected for amantadine ion in the region 2961 to 3087 cm−1 by Pierre D. 
Harvey [46] was observed in pure ADH at 3047 cm−1. This peak shifts to 3027 cm−1 
revealed that the N–H bonds were involved in the complex formation. The char-
acteristic peak of ADH at 2927 cm−1 was shifted to 2909 cm−1 in the complex. The 
peak at 1086 cm−1 corresponding to C–N bend of the C–N bond of ADH shifts to 
higher frequencies [47]. Thus it may be concluded that amantadine was strongly 
bound to 18C6 through H-bonds of the ammonium group.

3.5   Apparent molar volume

The characteristic behavior of interaction present in complex of solute has also 
been obtained from apparent molar volume. The apparent molar volume is the 
measure of the sum of the geometric volume of the central solute molecule and 
changes in the solvent volume due to its interaction with the solute around the 
co-sphere. The physical properties of binary mixtures in different mass fractions 
(w1 = 0.001, 0.004, 0.007) of methanolic 18C6 solutions at 298.15, 303.15, 308.15 K 

Fig. 5: FTIR spectra of pure amantadine hydrochloride (black), 18-crown-6 (blue) and complex 
(red).
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are reported in Table S3. Here φv has been determined from the measured density 
of the solutions at 298.15 K, 303.15 K, 308.15 K (Table S4) and by using the suit-
able equation. φv varies linearly with the square root of molal concentration 
and is fitted to the Masson equation, from where the limiting apparent molar 
volume v( )φ0  has been determined (Table 3) [48]. The limiting molar volume v( )φ0  
signify the solute–solvent interactions in the amantadine + 18C6 ternary solution 
systems. The magnitude of which is found to be positive for all the systems under 
study, indicating strong solute–solvent interactions [44, 49].

The plot of 0
vφ  values against different temperature at different mass frac-

tions are represented in Figure 6, which suggests that 0
vφ  values increases with 

increase of mass fraction at same temperature and decreases with increasing 
the temperature. The values of 0

vφ  increases with the increase of mass fractions 
of 18C6 in methanol indicating that the ion-hydrophilic group interactions are 
stronger than the ion-hydrophobic group interactions. In the present ternary 
system interactions are taking place between the positive charge of ammonium 
groups and the alternative oxygen atom of the crown ether. The decreasing trend 
with increasing temperature suggests that the interactions between the drug mol-
ecule and crown molecules are decreased with increasing temperature. The facts 
support the data and the results observed from surface tension and conductivity 
study discussed earlier also support the facts.

The parameter VS
∗  is the volumetric virial coefficient, and it characterizes 

the pair wise interaction of solute species in solution [50, 51]. VS
∗  is found to be 

negative under investigations, which suggest that the pair wise interaction is 

Tab. 3: Limiting apparent molar volume φ0
v( ) and experimental slope ∗Sv( ) in defferent mass 

 fractions of methanolic solution of 18-crown-6.

Temp. (K)   0
vφ  × 106 (m3·mol–1 )  vS

∗  × 106 (m3·mol–3/2 ·kg1/2)

w1 = 0.001
 298.15   156.91  – 174.98
 303.15   152.32  – 162.19
 308.15   148.11  – 139.57
w1 = 0.004
 298.15   174.48  – 280.76
 303.15   164.06  – 254.20
 308.15   153.75  226.20
w1 = 0.007
 298.15   181.95  – 311.69
 303.15   175.74  – 294.20
 308.15   163.04  – 284.41
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restricted by the interaction of the charged functional group of ADH with crown. 
From Table 3, a quantitative comparison between 0  Vφ and VS

∗  values show that, 
the magnitude of 0

Vφ  values is higher than VS
∗ , suggesting that the solute–solvent 

interactions dominate over the solute–solute interactions in all solutions at the 
investigated temperatures.

3.6   Temperature dependent limiting apparent molar volume:

The variation of 0
Vφ  with the temperature of the ADH in methanolic solution of 

18C6 can be expressed by the general polynomial equation as follows,

 0 2
0 1 2V a a T a Tφ = + +  (6)

where a0, a1, a2 are the empirical coefficients depending on the solute, mass frac-
tion (w1) of the co-solute crown, and T is the temperature range under study in 
Kelvin.

The limiting apparent molar expansibilities, 0 ,Eφ  can be obtained by the fol-
lowing equation,

 0 0
1 2( / ) 2E V PT a a Tφ δφ δ= = +  (7)

The limiting apparent molar expansibilities, 0 ,Eφ  change in magnitude of 
limiting apparent molar volume with the change of temperature. The values of 

0
Eφ  for different solutions of the studied ADH at 298.15, 303.15, and 308.15 K are 

Fig. 6: Plot of limiting apparent molar volume φ0
v of amantadine against different temperature 

(298.15 K, 303.15 K, 308.15 K) in mass fractions w1 = 0.001 ( ), w1 = 0.004 ( ), w1 = 0.007 ( ) mass 
fractions of 18C6 in methanol solution.
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reported in Table 4. The table reveals that 0
Eφ  is small negative in all studied tem-

perature. This fact can ascribed to the presence of small caging or packing effect 
[52] for ADH in solutions.

4   Conclusion
The present study shows that amantadine ion can bind nicely to three of the six 
available oxygen atoms in the 18C6 ring to form a stable complex (Scheme 2) with 
1 : 1 stoichiometry. The N–H…O hydrogen bridges between the ammonium func-
tionalities and the oxygen acceptor heteroatoms of the crown ethers play a sig-
nificant role in packing the host–guest complexes. The stable complex formation 
is established by physicochemical methods surface tension measurements, con-
ductivity and IR study and the density data also support the interaction between 
amantadine ion and 18C6  systems. The inclusion complex formation has been 
explained qualitatively as well as quantitatively so as to make it dependable in 
its field of application.

The host–guest complex formation based on the macrocyclic molecules 
is a facile and reversible process, which provides the feasibilities to design 
 stimuli-responsive supramolecular systems and these macrocyclic molecules 
are basically friendly to the biological environment and exhibit good biocom-
patibilities. Crown ether-based host–guest interactions, which show good selec-
tivity, high efficiency, and reversibility, have been structurally characterized 
and the underlying supramolecular chemistry has been presented in this work. 
Supramolecular chemistry i.e. host–guest complex formation through noncova-
lent interactions offer the basis for novel approaches in medicine and also helps 
in understanding the interactions present in living systems. It was also found 
that host–guest complexation with crown ethers resembles an established 

Tab. 4: Limiting apparent molar expansibilities φE
0( ) for amantadine hydrochloride in different 

mass fraction of 18C6 in methanol solution (w1) at 298.15 K–308.15 K, respectively.

Solvent mixture 0
Eφ ·106 (m3·mol–1·K–1)

Amandine + 18C6

298.15 K 303.15 K 308.15 K

w1 = 0.001 – 0.956 – 0.880 – 0.804
w1 = 0.004 – 2.095 – 2.073 – 2.051
w1 = 0.007 – 1.034 – 2.170 – 2.906
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principle i.e. the hydrogen bonding acceptance as well as the donation propen-
sity of crown ethers.

Amantadine is an antiviral agent that specifically inhibits influenza A virus 
replication at micromolar concentration. This drug is also very effective in the 
treatment of human Parkinson’s disease. The host−guest complex is capable 
of protecting the drug molecule from chemical reactions and photochemical/
thermal degradation in biological environment and the encapsulated drug can 
also be released sustainably from the cavity of macrocyclic molecule, achieving 
prolonged therapeutic effect.
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Investigation on Solvation Behavior of an Ionic Liquid (1-butyl-3-
methylimidazolium Chloride) with the Manifestation of Ion Association 
Prevailing in Different Pure Solvent Systems
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ABSTRACT
The ion-pair formation constant (KP) and triple-ion formation constant (KT) of 1-butyl-3-methylimidazolium 
chloride ([bmim][Cl]) have been determined conductometrically in different solvent media in the temperature 
range from 298.15 to 318.15 K. The Fuoss conductance equation (1978) for ion-formation and Fuoss–Kraus 
theory for triple-ion formations have been used for analyzing the conductance data. The Walden product is 
obtained and discussed. However, the deviation of the conductometric curves (Λ vs. √m) from linearity for the 
electrolyte in tetrahydrofuran and dichloromethane indicated/indicates triple-ion formation. Ion-solvent 
interactions have been studied with the help of density, viscosity, and Fourier transform infrared spectroscopic 
measurements. Apparent molar volume and viscosity B-coefficient have been calculated from experimental density 
and viscosity data, respectively. The limiting ionic conductances ( o

± ) have been estimated from the appropriate 
division of the limiting molar conductance of tetrabutylammonium tetraphenylborate as “reference electrolyte” 
method.

Graphical abstract

Keywords: Ionic liquid, Ion-pair and triple-ion formation, Ion-solvent interaction, Thermodynamic parameters, 
Walden product.
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1. INTRODUCTION
Ionic liquids (IL) or molten salts at room temperature 
presently experience significant attention in many areas 
of chemistry. There is competition to find a proper niche 
for these materials, and also more insight is needed. 
The most attractive property is the “tunability” of the 
physical and chemical properties of ILs by varying 
structure. There are several reviews available on 
different aspects of ILs [1]. ILs have attracted significant 
attention over the past two decades, as many of them 
have a negligible vapor pressure, exceptional thermal 
and electrochemical stability, favorable dissolution 
properties with many organic/inorganic compounds, 
and low flammability [2,3]. ILs, which may consist of a 
diverse variety of cations and anions, have been widely 
investigated for a variety of applications including 
biphasic systems for separation, solvents for synthetic 
and catalytic applications [4], lubricants [5,6], 
lithium batteries [7-9], supercapacitors [10-12], 
actuators [13,14], reaction media [15] replacement of 
conventional solvents [3], and active pharmaceutical 
ingredients [15]. Importantly, IL properties can be 
tailored for specific chemical or electrochemical 
applications by tuning the combination of cations 
and anions to achieve the desired thermodynamic, 
solvating, and transport properties, as well as safety. 
In the modern technology, the application of the IL is 
well understood by studying the ionic solvation or ion 
association. Ionic association of electrolytes in solution 
depends on the mode of solvation of its ions [16-19] 
which in turn depends on the solvent properties such as 
viscosity and the relative permittivity. These properties 
help in determining the extent of ion association and 
the solvent-solvent interactions. The nonaqueous 
arrangement has been of enormous prominence [20,21] 
to the technologist and theoretician as numerous 
chemical processes ensue in these systems.

In this study, we have investigated on conductometric 
properties of the IL1-butyl-3-methylimidazolium 
chloride [bmim][Cl] in polar aprotic solvents 
acetonitrile (ACN), tetrahydrofuran (THF), 
dichloromethane (DCM) at different temperatures 
298.15 K, 303.15 K and 308.15 K. The experimental 
data were analyzed using Fuoss conductance equation 
and Fuoss–Kraus theory to calculate the ion-pair 
formation constant Kp and triple-ion formation 
constants KT. The main purpose of this study is to 
obtain experimental and quantitative information for 
the interactions between the ions. Here, the ion-pair 
formation constants are expected to reflect strongly 
the direct interactions between the ions. The structure 
of the IL and solvents is presented in Scheme 1.

2. EXPERIMENTAL
2.1. Materials
The IL [bmim][Cl] (purity ≥98%) was obtained from 
Sigma-Aldrich, Germany, and the IL was preserved 
in vacuum desiccator containing anhydrous P2O5 and 

any water content of the solvents was removed using 
molecular sieves.

The solvents ACN, THF, and DCM were procured 
from Merck, India. The solvents were further purified 
by standard methods [22]. The purity of the solvents 
was checked by measuring its density and viscosity 
which were in good agreement with the literature 
values [23,24] as shown in Table 1. The purities of the 
solvents were ≥99.5%.

2.2. Apparatus and Procedure
All the stock solutions of the IL in considered solvents 
were prepared by mass (weighed by Mettler Toledo 
AG-285 with uncertainty 0.0003 g). In case of 
conductometric study, the working solutions were 
achieved by mass dilution of the stock solutions.

Temperature of the solution was maintained to within 
±0.01 K using Brookfield Digital TC-500 temperature 
thermostat bath. The viscosities were measured with an 
accuracy of ±1%. Each measurement reported herein 
is an average of triplicate reading with a precision of 
0.3%.

The conductance measurements were carried out in 
a Systronics-308 conductivity bridge of accuracy 
±0.01%, using a dip-type immersion conductivity 

Table 1: Density (ρ), viscosity (η) and relative 
permittivity (ε) of the different solvents acetonitrile, 
tetrahydrofuran, and dichloromethane.

Temp./K ρa 10−3/kg m−3 ηb/mPa s ε
Acetonitrile

298.15 0.78597 0.36 35.94
303.15 0.78278 0.35 35.01
308.15 0.77996 0.34 34.30

Tetrahydrofuran
298.15 0.88599 0.48 7.58
303.15 0.88591 0.45 7.24
308.15 0.88586 0.41 7.09

Dichloromethane
298.15 1.32571 0.43 8.93
303.15 1.31852 0.41 8.84
308.15 1.30955 0.39 8.73

aUncertainity in the density values: ±0.00001 g cm−3. 
bUncertainity in the viscosity values: ±0.03 mPa s

Scheme 1: Molecular structures of the ionic liquids 
and the solvents.
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cell, CD-10 having a cell constant of approximately 
(0.1±0.001) cm−1. Measurements were made in a 
thermostat water bath maintained at T = (298.15 
± 0.01) K. The cell was calibrated by the method 
proposed by Lind et al. [25], and cell constant was 
calculated based on 0.01 (M) aqueous KCl solution. 
During the conductance measurements, cell constant 
was maintained within the range 1.10-1.12 cm−1. 

The conductance data were reported at a frequency 
of 1 kHz, and the accuracy was ±0.3%. During all 
the measurements, uncertainty of temperatures was 
±0.01 K.

The density values of the solvents and experimental 
solutions (ρ) were measured using vibrating u-tube 
Anton Paar digital density meter (DMA 4500M) with 

Table 2: The concentration (m) and molar conductance (Λ) of [bmim][Cl] in acetonitrile, dichloromethane and 
tetrahydrofuran at 298.15 K, 303.15 K and 308.15 K respectively.

m·104/mol·dm−3 Λ·104/S·m2·mol−1 m·104/mol·dm−3 Λ·104/S·m2·mol−1 m·104/mol·dm−3 Λ·104/S·m2·mol−1

Acetonitrile Dichloromethane Tetrahydrofuran
298.15 K

0.87 176.54 8.97 41.77 0.95 40.11
11.58 166.42 10.74 39.95 1.60 38.48
24.95 160.14 13.06 37.68 2.83 37.13
35.44 155.66 15.15 36.2 4.07 36.10
57.00 149.3 17.64 34.67 6.22 34.76
70.02 146.04 19.85 33.29 7.79 33.96
84.63 142.6 22.85 31.8 10.19 32.86
105.80 138.81 25.01 30.88 13.55 31.66
129.30 134.62 27.70 29.91 15.79 31.36
156.12 130.7 33.74 27.98 17.81 30.76
177.99 127.9 39.25 26.79 20.05 30.36
206.72 123.23 46.61 26.17 22.80 30.36
233.73 120.68 53.92 26.99 25.68 30.16
266.02 116.52 60.72 28.57 29.66 31.06
306.52 112.13 66.97 31.18 34.29 33.87

303.15 K
1.10 181.36 4.63 50.59 1.06 43.96
12.40 171.07 6.28 48.32 2.18 41.26
26.14 165.28 8.13 46.13 3.59 39.46
36.86 160.46 10.43 44.22 4.97 38.06
58.79 153.67 13.22 42.31 7.33 36.41
72.00 150.37 15.94 41.03 9.03 35.51
86.81 147.06 19.51 39.12 11.59 34.77
108.23 143.67 22.45 37.61 14.19 33.89
131.99 139.38 26.01 36.52 17.04 33.3
159.07 135.36 29.35 35.72 19.66 32.66
181.15 132.99 32.26 35.03 22.00 32.52
210.12 128.42 34.70 33.99 25.05 32.2
237.34 124.58 42.13 34.22 27.89 33.06
269.87 121.16 46.64 35.91 30.55 34.96
310.65 116.36 53.03 38.92 33.42 36.46

308.15 K
1.34 188.20 9.09 52.14 1.43 49.66
13.18 176.91 11.09 50.22 2.70 47.56

(Contd...)
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a precision of ±0.00005 g cm−3maintained at ±0.01 K 
of the desired temperature. It was calibrated by triply-
distilled water and passing dry air.

The viscosity values were measured using a Brookfield 
DV-III Ultra Programmable Rheometer with fitted 
spindle size-42 fitted to a Brookfield digital bath TC-
500. The viscosities were obtained using the following 
equation:

η = (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 [26]. The viscosities were measured 
with an accuracy of ±1%.

Fourier transform infrared spectra (FT-IR) were 
recorded in a Perkin Elmer FT-IR spectrometer. 
The spectra were acquired in the frequency range 
4000-400/cm at a resolution of 4/cm with a total of 10 
scans. The concentration of the studied solutions used 
in the IR study was 0.05 M.

3. RESULTS AND DISCUSSION
3.1. Electrical Conductance
3.1.1. Ion-pair formation
The formation of ion-pair in ACN has been explored 
from the conductivity studies of [bmim][Cl] using 
the Fuoss conductance equation [27]. The physical 
properties solvent are given in Table 1. The molar 
conductance (Λ) for all studied system was calculated 
using suitable equation [28]. The plot of molal 
conductivity, Λ, versus the square root of the molal 
concentration, √m, gives a linear conductance curves 
for the solvent with higher to moderate relative 
permittivity (εr=35.95-14.47), shown in Figure 1, and 
the values are listed in Table 2. Extrapolation of √m=0 
evaluated the starting limiting molar conductances for 
the electrolyte [29].

The limiting molar conductance (Λ0), the association 
constant (KA), and the distance of closest approach of 
ions (R) these three adaptable parameters are derived 
from the following set of equations (Fuoss equation) 
using a given set of conductivity values (cj, Λj, 
j=1,…,n):

Λ=PΛ0[(1+RX)+EL] (1)

P=1−α(1−γ) (2)

γ=1−KAmγ2f2 (3)

m·104/mol·dm−3 Λ·104/S·m2·mol−1 m·104/mol·dm−3 Λ·104/S·m2·mol−1 m·104/mol·dm−3 Λ·104/S·m2·mol−1

Acetonitrile Dichloromethane Tetrahydrofuran
27.27 169.90 13.94 48.54 4.25 45.86
38.20 166.20 17.04 46.62 6.34 44.06
60.49 159.61 21.29 44.93 8.26 42.67
73.87 156.51 23.94 43.84 10.06 41.69
88.87 152.51 28.20 42.53 12.75 40.61
110.53 148.64 31.74 41.37 16.49 39.38
134.52 144.42 35.92 40.73 18.95 38.4
161.85 139.90 39.74 40.06 22.09 37.96
184.12 136.73 45.02 39.26 23.59 37.56
213.32 132.26 47.84 38.88 25.72 37.66
240.74 128.82 54.21 38.56 29.68 37.96
273.49 125.10 60.05 39.74 32.43 39.46
314.53 120.82 64.25 42.32 35.37 41.36

Table 2: (Continued).

Figure 1: Plot of molar conductance (Λ) versus √m of 
[bmim][Cl] in acetonitrile at 298.15 K (♦), 303.15 K 
(●) and 308.15 K (▲).
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−ln f=βk/2(1+kR) (4)

β=e2/(εrkBT) (5)

KA=KR/(1−α)=KR/(1+KS) (6)

Where RX is the relaxation field effect, EL is the 
electrophoretic counter current, α is the fraction of 
contact pairs, γ is the fraction of solute present as 
unpaired ion, KA is the overall paring constant, f is the 
activity coefficient, m is the molality of the solution, 
β is twice the Bjerrum distance, κ is the radius of 
the ion atmosphere, e is the electron charge, εr is the 
relative permittivity of the solvent mixture, kB is the 
Boltzmann constant, T is the absolute temperature, 
KR is the association constant of the solvent-separated 
pairs, and KS is the association constant of the contact 
pairs.

The computations were performed using a program 
suggested by Fuoss [27]. The initial Λ0 values for the 
iteration procedure were obtained from Shedlovsky 
extrapolation of the data [30]. Input for the program 
is the set (mj, Λj, j=1,…n), n, ε, η, T, initial Λ0 value, 
and an instruction to cover a preselected range of R 
values. The best values of a parameter are the one 
when equations are best fitted to the experimental data 
corresponding to minimum standard deviation δ for 
a sequence of predetermined R values, and standard 
deviation δ was calculated by the following equation:

 2 2= − −∑[ ( ) ( )] / ( )Λ Λj jcal obs n m  (7)

Where n is the number of experimental points and m 
is the number of fitting parameters. The conductance 
data were examined by fixing the distance of closest 
approach (R) of ions with two fitting parameters 
(m=2). No significant minima were detected in the δ 
versus R curves, whereas the R values were arbitrarily 
preset at the center to center distance of solvent-
separated ion-pair [26,29]. Thus, R values are assumed 
to be R = (a + d); where a=(r++r−) is the sum of the 
crystallographic radii of the cation (r+) and anion (r−) 
and d is the average distance corresponding to the side 
of a cell occupied by a solvent molecule. The distance, 
d is given by Fuoss and Accascina [31].

d (Å)=1.183 (M/ρ)1/3 (8)

Where M is the molar mass of the solvent and ρ is its 
density. The values of Λ0, KA and R obtained by using 
Fuoss conductance equation for [bmim][Cl] in ACN 
at 298.15 K, 303.15 K, and 308.15 K are represented 
in Table 3. The values in Table 3 shows that the 
limiting molar conductances (Λ0) of [bmim][Cl]] is 
highest in ACN (Table 3) and lowest in case of THF 
(Table 4). Thus, the observed trend of the Λ0 values is 
ACN>DCM> THF. The observed trend of solvent Λ0 
is found to be the opposite of the viscosity trend. As 

expected, limiting molar conductance values decrease 
when the viscosity of the solvents increases because 
ionic mobility is diminished in viscous media.

Ion-solvation can also be explained with the help of 
another characteristic property called the Walden 
product (Λ0η) (Table 5) [32]. Λ0 increases for the IL 
in ACN with increasing temperature, and the Λ0η also 
increases even though the viscosity of the solvent 
decreases. This fact indicates the prevalence of Λ0 
over η.

To investigate the role of the individual IL ions in 
ion-solvation, we have to split the limiting molar 
conductance values into their ionic contributions. The 
ionic conductances λ0

± for the [bmim]+ cation and 
Cl− anion in different solvents were calculated using 
tetrabutylammonium tetraphenylborate (Bu4NBPh4) 
as a “reference electrolyte” by the method of Das 
et al. [33]. The ionic limiting molar conductances 
λ0

± values for [bmim]+ cation and [Cl]− anion has 
been determined in ACN solvents by interpolating 
conductance data from the literature [34] using cubic 
spline fitting, and the values are given in Table 6. 
It is observed from Table 6 that a smaller limiting 
molar conductivity value of the [bmim]+ than Cl− in 

Table 3: Limiting molar conductance (Λ0), 
association constant (KA), cosphere diameter (R) and 
standard deviations of experimental Λ (δ) obtained 
from Fuoss conductance equation of [bmim][Cl] in 
Acetonitrile at 298.15 K, 303.15 K and 308.15 K 
respectively.

Temp./K Λ0·104/
S·m2·mol−1

KA/dm3. mol-1 R/Å δ

298.15 178.45 725.21 8.98 3.43
303.15 191.43 641.23 8.82 3.54
308.15 199.56 571.34 8.73 3.92

Table 4: Thermodynamic parameters for [bmim][Cl] 
in ACN.

ΔGa
0 /

kJ·mol−1
ΔHa

0/
kJ·mol−1

ΔSa
0/ 

JK−1mol−1
Ea/kJ·mol−1

−16.33 −18.22 −6.35 8.55
ACN: Acetonitrile

Table 5: Walden product (Λ0·η) and Gibb’s energy 
change (ΔG0) of [bmim][Cl] in acetonitrile at 298.15 
K, 303.15 K, and 308.15 K, respectively.

Temp./K Λ0·η·104/S·m2·mol−1 mPa ΔG0/kJ·mol−1

298.15 64.24 –16.33
303.15 67.00 –16.29
308.15 67.85 –16.26
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a solvent suggests enhanced solvation of the cation 
in that specific medium, i.e., the [bmim]+ cation is 
responsible for a greater portion of ionic association 
with the solvents. Estimation of the ionic contributions 
to conductance is based mostly on Stokes’ law, which 
provides valuable insight for the limiting ionic Walden 
product. The law states that the limiting ionic Walden 
product (λ0

±η); the product of the limiting ionic 
conductance and solvent viscosity) for any singly 
charged, spherical ion is a function of the ionic radius 
(crystallographic radius), and thus, is a constant under 
normal conditions. The values of ionic conductance 
λ0

± and the product of ionic conductance and viscosity 
of the solvent named ionic Walden product (λ0

±η) 
along with stokes’ radii (rs) and crystallographic radii 
(rc) of [bmim][Cl] in ACN at different temperatures 
are given in Table 5.

3.1.2. Thermodynamic parameters
The Gibbs free energy change ΔG0 is given by the 
following relationship [35] and is given in Table 5.

ΔG0=−RTlnKA (9)

The negative values of ΔG0 can be explained by 
considering the participation of specific covalent 
interaction in the ion-association process.

The variation of conductance of an ion with 
temperature can be treated as similar to the variation 
of the rate constant with temperature which is given by 
the Arrhenius equation [27]:

Λ0 = Ae
Ea RT. /  (10)

log log
.

Λ Α0

2 303
= −

E
RT
a

 (11)

Where A is an Arrhenius constant, Ea is the activation 
energy of the rate process which determines the rate of 
movement of ions in solution. The slope of the linear 
plot of logɅ0 versus 1/T gives the value of Ea (Table 4).

To have a better understanding of the thermodynamics 
of the ion-association process, it is beneficial 
to consider the contributions obtained from the 

thermodynamic parameters. The ΔHa
0 and ΔSa

0 values 
for the ion-association process were evaluated by 
applying the linear least-squares analysis according to 
the equation:

ln K H
RT

S
R

a
a a

= − +
∆ ∆ 

 (12)

From the slopes and intercepts of linear plots of 
ln .K

T
a vs

1  (Figure 2), the values of enthalpy (ΔHa
0) 

and entropy (ΔSa
0) of ion association process were 

determined and the results are also included in Table 6. 
Both of these two parameters have negative values. 
The negative values of enthalpy confirm that when ion 
association occurs the overall energy of the system is 
decreased, i.e., there is some stabilization interaction 
in the system, whereas negative values of entropy 
factor indicate that there is an ordered arrangement, 
i.e., ion-pair formation takes place. The negative value 
of entropy is unfavorable for the spontaneity of the 
system, but this effect is overcome by higher negative 
value of ∆H0. The value of ΔGa

0 was calculated using 
equation ∆ ∆ ∆G H Sa

0
a
0

a
0= −T . The negative values of 

ΔGa
0 (Table 4) suggest that the ion-pair formation 

process proceeds spontaneously.

3.1.3. Triple-ion formation
Figure 3 shows the deviations in the conductance 
curves from linearity which indicates the triple-ion 
formation. The curves show a decrease in conductance 
values with increasing concentration, reaches a 
minimum and then increases.

The conductance data for the IL in THF and DCM have 
been analyzed by the classical Fuoss-Kraus theory of 
triple-ion formation in the form [31,35]:

Λ
Λ Λ Λ

Λ
g c c

K
K
K

c
p

T
T

p
( ) = + −







0 0

0

1  (13)

Where g(c) is a factor that lumps together all the 
intrinsic interaction terms and is defined by:

g c
c

S c
( )

exp{ . ( ) }

{ ( ) }( )

/ . .

. . .
=

−
− −

2 303

1 1

0 5
0
0 5

0 5
0
1 5

0
0 5

 Λ Λ
Λ Λ Λ Λ

 (14)

Table 6: Limiting ionic conductance (λ0
±), ionic Walden product (λ0

±η), stokes’ Radii (rs), and crystallographic 
Radii (rc) of [bmim][Cl] in acetonitrile at 298.15 K, 303.15 K, and 308.15 K, respectively.

Temp./K Ion λ0
±/S·m2·mol−1 λ0

±η/S·m2·mol−1 mPa rs/Å rc/Å

298.15 Bmim+ 87.41 31.47 3.15 2.25
Cl− 99.42 35.78 2.19 1.95

303.15 Bmim+ 89.42 31.28 3.14 2.27
Cl− 103.31 36.15 2.16 1.98

308.15 Bmim+ 93.24 31.70 3.12 2.28
Cl− 105.84 35.99 2.12 2.03
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β ε/ .. ( )= ×1 8247 106 1 5T  (15)

S
T T

= + =
×

+α β
ε η ε

Λ Λ0

6

1 5 0 0 5

0 8204 10 82 501.

( )

.

( ). .
 (16)

In the above equations, Ʌ0 is the sum of the molar 
conductance of the simple ions at infinite dilution, Λ0

T

is the sum of the conductance value of the two triple-
ions [bmim+]2Cl− and bmim+[Cl−]2. KP ≈KA and KT are 
the ion-pair and triple-ion formation constants, 
respectively, and S is the limiting Onsager coefficient. 
To make equation (13) applicable, the symmetrical 
approximation of the two possible formation constants 
of triple-ions, KT1=[(bmim+)2][Cl]/{[bmim+][bmim]
[Cl]} and KT2=[bmim][(Cl-)2]/{[Cl-][bmim][Cl]} 
equal to each other has been adopted, 
i.e., KT1=KT2=KT [36] and Ʌ0 values for the studied 
electrolyte have been calculated following the scheme 
as suggested by Krumgalz [37]. Λo

T  has been 
calculated by setting the triple-ion conductance equal 
to 2/3 Λ0 [38].

Thus, the ratio Λ Λ0 0
T /  was set equal to 0.667 during 

linear regression analysis of equation (13). The linear 
regression analysis of equation (13) for the electrolytes 
with an average regression constant, R2 = 0.9436, 
gives intercepts and slopes. The calculated limiting 
molar conductance of simple ion (Ʌ0), limiting molar 
conductance of triple-ion ( Λ0

T ), slope and intercept of 

Equation (13) for [bmim][Cl] in DCM, THF at 
different temperature are given in Table 7. We obtain 
KP and KT by applying the Fuoss–Kraus equation; the 
values are presented in Table 5. These values permit 
the calculation of other derived parameters such as KP 
and KT listed in Table 8. The values of KP and KT 
predict that a major portion of the electrolytes exists as 
ion-pairs with a minor portion as triple ions. The 
tendency of triple ion formation can be judged from 

the KT/KP ratios and log(KT/KP), which are highest in 
THF. These ratios suggest that strong association 
between the ions is due to the Coulombic interactions 
as well as covalent forces present in the solution. 
These results are in good agreement with those of 
Hazra et al. [39]. At very low permittivity of the 

Figure 2: The linear relationships of lnKa versus 1/T 
for the ion-pair formation in acetonitrile.

Figure 3: Plot of molar conductance (Λ) versus √m 
for [bmim][Cl] in dichloromethane at 298.15 K (♦), 
303.15 K (●) and 308.15 K (▲) and in tetrahydrofuran 
at 298.15 K (◊), 303.15 K (○) and 308.15 K (∆).

Table 7: The calculated limiting molar conductance of ion-pair (Λ0), limiting molar conductances of triple ion 
Λ0

T, experimental slope and intercept obtained from Fuoss–Kraus Equation for [bmim][Cl] in DCM and THF at 
298.15 K, 303.15 K and 308.15 K respectively.

Solvents Λ0·104/S·m2·mol−1 Λ0
T×104/S·m2·mol−1 Slope×10−2 Intercept×10−2

298.15 K
DCM 42.71 28.83 0.19 −5.21
THF 35.59 23.61 0.14 −6.83

303.15 K
DCM 47.53 31.35 0.34 −5.27
THF 39.33 25.15 0.27 −6.91

308.15 K
DCM 52.43 35.59 0.46 −5.53
THF 43.93 27.98 0.47 −7.83

THF: Tetrahydrofuran, DCN: Dichloromethane
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solvent, i.e., ε<10, electrostatic ionic interactions are 
very large. Hence, the ion-pairs attract the free cations 
(+ve) or anions (−ve) present in the solution medium 
as the distance of the closest approach of the ions 
becomes minimum resulting in the formation of triple-
ions, which acquires the charge of the respective ions, 
attracted from the solution bulk [34,35], i.e.,

M++A−↔M+A−↔MA (ion-pair) (17)

MA+A−↔MAA− (triple-ion I) (18)

MA+M+↔MAM+ (triple-ion II) (19)

where M+ is [bmim+] and A− is [Cl−]. The effect 
of ternary association [40] thus removes some 
nonconducting species, MA, from solution, and 
replaces them with triple-ions which increase the 
conductance manifested by non-linearity observed in 

conductance curves for the electrolyte in DCM, THF 
(Figure 3). The pictorial representation of triple-ion 
formation for the selected IL ([bmim+][Cl-]) in DCM 
and THF solvents is depicted in Scheme 2.

The ion-pair and triple-ion concentrations, CP and CT, 
respectively, of the IL in DCM, THF have also been 
calculated using the following set of equations [41]:

 = ⋅( )1 1 2 1 2/ / /K CP  (20)

T T PK K C=( )/ / /1 2 1 2  (21)

C CP T= − −( )1 3   (22)

C K K CT T P=( )/ / /1 2 3 2  (23)

The fraction of ion-pairs (α) and triple-ions (αT) 
present in the salt solutions are given in Table 8. The 

Table 8: Salt concentration at the minimum conductivity (Cmin) along with the ion-pair formation constant (KP), 
triple-ion formation constant (KT) for [bmim][Cl] in DCM and THF at 298.15 K, 303.15 K, and 308.15 K, 
respectively.

Solvents cmin·104/mol·dm−3 log cmin KP. 102/(mol·dm−3)−1 KT. 103/(mol·dm−3)−1 KT/KP. 105 log KT/KP

298.15 K
DCM 5.31 0.7298 5.62 57.63 10.25 1.011
THF 5.25 0.7158 5.25 62.54 11.91 1.076

303.15 K
DCM 6.36 0.8655 5.18 64.21 12.39 1.093
THF 5.38 0.7291 5.03 67.59 13.44 1.128

308.15 K
DCM 7.12 0.8675 5.03 66.97 13.31 1.124
THF 5.51 0.7381 4.98 69.95 14.05 1.148

THF: Tetrahydrofuran, DCN: Dichloromethane

Scheme 2: Pictorial representation of ion-pair and triple-ion formation for the electrolyte in diverse solvent 
systems.
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calculated values of CP and CT are also presented in 
Table 9. Comparison of the CP and CT values shows 
that the CP is higher than CT, indicating that the major 
portion of ions are present as ion-pairs even at high 
concentrations, and a small fraction exists as triple-
ions. The conductance value decreases with increasing 
concentration and reach a minimum called Ʌmin. The 
concentration at which the conductance value reaches 
a minimum is termed Cmin (Table 9); after that, the 
fraction of triple-ions in the solution increases with 
the increasing concentration in the studied solution 
medium.

3.2. Volumetric Properties
The apparent molal volume (ϕV) and limiting 
apparent molar volume (ϕV

0) provide information 
regarding the solute-solvent interactions present in 
our systems. [42]. The apparent molal volume of the 
IL can be considered to be the sum of the geometric 
volume of the solute molecule [bmim][Cl] and changes 
in the solvent volume due to its interaction with the 
solute [43]. The values of ϕV of the IL (Table 10) at 
different concentrations were calculated using density 
data (Table 11) through the following equation:

ϕV=M/ρ−Mρ−ρ0)/mρ0ρ (24)

Where M is the molar mass of the solute, m is the 
molality of the solution, ρ and ρ0 are the densities of 
the solution and solvent, respectively. The values of 
the apparent molar volume at infinite dilution (ϕV

0) and 
the experimental slopes (SV*) were determined using 
least squares fitting of the linear plots of ϕV against the 
square root of the molar concentrations (m1/2) using 
the Masson equation [44].

φ φV V VS m= + √⋅0 *
 (25)

The calculated values of ϕV
0 and SV

* are reported in 
Table 12. The plot of ϕV

0 values for the studied IL in 

different solvent systems at different temperatures 
has shown in Figure 4. The values of ϕV

0 are positive 
for all the systems and is highest in THF, suggesting 
the presence of strong solute-solvent interactions 
in case of THF than in DCM than in ACN shown 
in Scheme 3. The values of ϕV

0 increases with an 
increase in temperature which indicates that stronger 
interaction occurs between the IL and solvent at higher 
temperatures [45,46]. Because of the release of some 
of the solvent molecules from loose solvation layers 
during the solute-solvent interactions, the value of ϕV

0 
increases with the increase in temperature. The highest 
values of ϕV

0 in THF leads to lower conductance of 
[bmim][Cl] than in DCM and ACN as discussed in 
above section. The SV

* values designate the extent of 
ion-ion interaction, and the small values indicate the 
presence of less ion-ion interaction in the medium. The 
degree of ion-ion interactions are highest in case of 
ACN and are lowest in THF. A quantitative comparison 
shows that the magnitude of ϕV

0 values is much greater 
than the magnitude of SV

*  values suggests that the ion-
solvent interactions dominant over ion-ion interactions.

Table 9: Salt concentration at the minimum conductivity (cmin), the ion-pair fraction (α), triple-ion fraction (αT), 
ion-pair concentration (cP) and triple-ion concentration (cT) for [bmim][Cl] in DCM and THF at 298.15 K, 
303.15 K, and 308.15 K, respectively.

Solvents cmin·104/mol·dm−3 α 10−2 αT·102 cP 10−3/mol·dm−3 cT·10−2/mol·dm−3

298.15 K
DCM 6.89 14.98 57.34 0.96 3.43
THF 5.19 17.67 59.23 0.94 3.12

303.15 K
DCM 6.86 15.21 65.24 1.56 5.45
THF 5.11 16.14 67.81 1.04 3.46

308.15 K
DCM 6.84 18.34 71.26 1.61 5.97
THF 5.04 15.93 68.92 1.21 3.62

THF: Tetrahydrofuran, DCN: Dichloromethane

Figure 4: Plot of limiting apparent molal 
volume (ϕV

0) versus temperature for [bmim][Cl] in 
acetonitrile (yellow), dichloromethane (green) and 
tetrahydrofuran (blue).
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3.3. Temperature Dependent Limiting Apparent 
Molal volume
The variation of ϕV

0 values with temperature can be 
expressed by the general polynomial equation as 
follows:

φV a a T a T0
0 1 2

2= + +  (26)

Where T is the temperature in degree Kelvin and a0, 
a1, a2 are the empirical coefficients and the values of 
these coefficients have been calculated by the least-

squares fitting of apparent molar volume at different 
temperatures (Table 13).

The limiting apparent molar expansibilities, ϕE
0, can be 

obtained by the following equation:

φ δφ δE V P
T a a T0 0

1 22= ( ) = +
 (27)

Differentiation of Equation 26 with respect to 
temperature gives the values of the limiting apparent 

Table 10: Apparent molal volume (ϕV)  and ( )ηr
m
−1  for 1-butyl-3-methylimidazolium chloride ([bmim][Cl]) in 

different mass fraction of ACN, DCM and THF at different temperatures.

Molality/
mol·kg−1

ϕV·106/m3·mol−1
( )ηr
m
−1 Molality/

mol·kg−1
ϕV·106/m3·mol−1

( )ηr
m
−1 Molality/

mol·kg−1
ϕV·106/m3·mol−1

( )ηr
m
−1

ACN 298.15 K 303.15 K 308.15 K
0.0127 74.66 0.556 0.0128 81.35 0.286 0.0128 89.34 0.235
0.0319 71.61 0.703 0.0320 77.52 0.488 0.0321 85.49 0.409
0.0510 69.25 0.778 0.0513 74.96 0.571 0.0515 82.61 0.529
0.0702 67.26 0.829 0.0705 72.87 0.658 0.0708 80.13 0.627
0.0895 65.39 0.924 0.0899 70.95 0.756 0.0902 78.17 0.700
0.1087 63.73 0.953 0.1092 69.10 0.804 0.1097 76.29 0.807

DCM 298.15 K 303.15 K 308.15 K
0.0076 120.45 0.465 0.0076 124.14 0.244 0.0076 127.28 0.256
0.0189 117.58 0.588 0.0190 120.95 0.463 0.0192 124.23 0.487
0.0303 115.36 0.698 0.0305 118.83 0.610 0.0307 121.74 0.641
0.0417 113.52 0.793 0.0420 116.90 0.666 0.0423 119.51 0.754
0.0532 111.83 0.879 0.0535 115.15 0.737 0.0539 117.68 0.804
0.0647 110.20 0.957 0.0651 113.65 0.837 0.0655 115.86 0.879

THF 298.15 K 303.15 K 308.15 K
0.0113 165.55 0.208 0.0113 168.96 0.444 0.0113 173.48 0.244
0.0283 162.39 0.395 0.0283 165.12 0.675 0.0283 169.19 0.463
0.0454 159.35 0.521 0.0454 162.18 0.811 0.0455 165.86 0.610
0.0626 156.73 0.622 0.0626 159.62 0.919 0.0627 163.53 0.728
0.0799 154.43 0.709 0.0799 157.18 1.016 0.0799 161.06 0.830
0.0972 152.67 0.786 0.0972 155.21 1.075 0.0973 158.94 0.934

ACN: Acetonitrile, THF: Tetrahydrofuran, DCN: Dichloromethane

Scheme 3: Extent of ion-solvent interaction of ionic liquid in various solvent systems.
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molar expansibilities (ϕE
0) (Table 14). These values are 

also employed in interpreting of the structure-making 
or breaking properties of various solutes. Positive 
expansivity, i.e., increasing volume with increasing 
temperature is a characteristic property of nonaqueous 
solutions of hydrophobic solvation [47].

Hepler [48] developed a technique of examining the 
sign of δϕ δE P

T0( )  for the solute in terms of long-
range structure-making and -breaking capacity of the 
solute in the solution using the general thermodynamic 
expression:

δφ δ δ φ δE P V P
T T a0 2 0 2

22( ) = ( ) =
 (28)

If the sign of the second derivatives of the limiting 
apparent molal volume with respect to the temperature 
δϕ δE P

T0( ) is positive or a small negative, the 

molecule is a structure maker; otherwise, it is a 

Molality/mol·kg−1 ρ 10−3/kg m−3 η/mPa s
0.0423 1.31055 0.46
0.0539 1.31099 0.47
0.0655 1.31158 0.49

THF
298.15 K

0.0113 0.88627 0.49
0.0283 0.88676 0.51
0.0454 0.88733 0.53
0.0626 0.88796 0.55
0.0799 0.88864 0.57
0.0972 0.88934 0.59

303.15 K
0.0113 0.88616 0.47
0.0283 0.88662 0.50
0.0454 0.88715 0.52
0.0626 0.88774 0.55
0.0799 0.88839 0.57
0.0972 0.88907 0.59

308.15 K
0.0113 0.88607 0.42
0.0283 0.88648 0.44
0.0455 0.88697 0.46
0.0627 0.88750 0.48
0.0799 0.88810 0.50
0.0973 0.88874 0.53

ACN: Acetonitrile, THF: Tetrahydrofuran, 
DCN: Dichloromethane

Table 11: (Continud).

Molality/mol·kg−1 ρ 10−3/kg m−3 η/mPa s
ACN

298.15 K
0.0127 0.78713 0.38
0.0319 0.78893 0.40
0.0510 0.79078 0.42
0.0702 0.79267 0.43
0.0895 0.79460 0.45
0.1087 0.79656 0.46

303.15 K
0.0128 0.78389 0.36
0.0320 0.78563 0.38
0.0513 0.78742 0.39
0.0705 0.78925 0.40
0.0899 0.79112 0.42
0.1092 0.79303 0.43

308.15 K
0.0128 0.78101 0.35
0.0321 0.78266 0.36
0.0515 0.78437 0.38
0.0708 0.78613 0.39
0.0902 0.78792 0.40
0.1097 0.78975 0.42

DCM
298.15 K

0.0076 1.32586 0.45
0.0189 1.32618 0.47
0.0303 1.32658 0.49
0.0417 1.32704 0.51
0.0532 1.32756 0.53
0.0647 1.32814 0.55

303.15 K
0.0076 1.31863 0.42
0.0190 1.31890 0.44
0.0305 1.31924 0.46
0.0420 1.31965 0.47
0.0535 1.32012 0.49
0.0651 1.32074 0.51

308.15 K
0.0076 1.30963 0.40
0.0192 1.30985 0.42
0.0307 1.31016 0.44

Table 11: Density (ρ) and viscosity (η) 
of1-butyl-3-methylimidazolium chloride in different 
mass fraction of ACN, DCM, and THF at different 
temperatures.

(Contd...)
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structure breaker [49]. It is evident from Table 14 that 
the values for all the complexes are positive, 
i.e., [bmim][Cl] is predominantly structure makers in 
all the solvent systems studied here.

3.4. Viscosity B Coefficients
The experimental values of viscosity (η) measured at 
different temperatures for the studied systems under 
investigation are listed in Table 11. The relative 
viscosity (ηr) has been analyzed applying the Jones-
Dole equation [50]:
(η/ηo−1)/√m=(ηr−1)/√m=A+B √m (29)

Where relative viscosity ηr=η/ηo, ηo and η are the 
viscosities of the solvent and solution, respectively, 
and m is the molality of the IL in the solutions. A and B 
are experimental constants known as viscosity A- and 
B-coefficients, which are specific to ion-ion and ion-
solvent interactions, respectively. The values of A and 
B-coefficients are obtained from the slope of linear 
plot of ( ) /η

η 0
1− √m  against √m by least-squares 

method and reported in Table 10.

The viscosity B coefficient is a measure of the 
effective solvodynamic volume of solvated 

Table 12: Limiting apparent molar volume (ϕV
0), experimental slope (SV

*), viscosity B- and viscosity 
A-coefficient for [bmim[Cl] in ACN, DCM and THF at T=(298.15-308.15) K respectively.

Solvents ϕV
0·106/m3·mol−1 SV

* ·106/m3·mol−3/2 ·kg1/2 B/kg1/2·mol−1/2 A/kg−1/2mol−1/2

298.15 K
ACN 80.511 −50.44 2.0710 +0.3593
DCM 125.89 −61.04 2.5905 +0.1910
THF 172.77 −64.16 3.0063 −0.0855

303.15 K
ACN 87.607 −55.78 2.6746 +0.0371
DCM 129.6 −62.31 2.9687 −0.0252
THF 176.32 −67.25 3.3026 +0.1360

308.15 K
ACN 96.189 −60.06 2.9162 −0.0555
DCM 133.46 −67.99 3.2438 −0.0381
THF 181.02 −70.56 3.5642 −0.1072

ACN: Acetonitrile, THF: Tetrahydrofuran, DCN: Dichloromethane

Table 13: Values of empirical coefficients (a0, a1, and a2) of Equation 26 of the [bmim][Cl] in ACN, DCM and 
THF.

Solvents a0·106/m3·mol−1 a1·106/m3·mol−1·K−1 a2·106/m3·mol−1·K−2

ACN 2343.6 −16.451 0.0297
DCM 175.82 −1.062 0.0030
THF 2039.9 −13.12 0.0230
ACN: Acetonitrile, THF: Tetrahydrofuran, DCN: Dichloromethane

Table 14: Limiting apparent molar expansibilities (ϕE
0) 

of [bmim][Cl] in ACN, DCM and THF at 
T=(298.15-308.15) K.

T/Ka ϕE
0· 

106/
m3·mol−1·K−1

∂∂ ∂∂(( )) ⋅⋅φφE T P
0 610

/m3·mol−1·K−2

[bmim][Cl]+ACN
298.15 0.595
303.15 0.825 0.046
308.15 1.055

[bmim][Cl]+DCM
298.15 0.727
303.15 0.757 0.006
308.15 0.787

[bmim][Cl]+THF
298.15 1.259
303.15 1.556 0.059
308.15 1.853

aStandard uncertainties in temperature (T)=±0.01 
K. ACN: Acetonitrile, THF: Tetrahydrofuran, 
DCN: Dichloromethane
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species and depends on shape, size, and ion-ion 
interactions [51].

Positive values of the B-coefficient indicate the 
presence of strong ion-solvent interaction of the 
IL in the studied solvent system. This type of ion-
solvent interaction arises mainly due to the hydrogen 
bonding of the solvent with the IL molecule and 
resulting in an increase in viscosity of the solution 
due to the large size of the moving molecules. 
The higher values of the B-coefficient are due to 
the solvated solutes molecule associated with the 
solvent molecules all round to the formation of 
associated molecule by ion-solvent interaction, 
would present greater resistance, and this type 
of interactions are strengthened with a rise in 
temperature and follow the trend THF>DCM>ACN 
(Figure 5). These observations are in excellent 
agreement with the conclusions drawn from the 
analysis of apparent molal volume, ϕV

0  discussed 
earlier.

Thus, the volumetric and viscometric properties of 
the sulfa drug in the present work provide useful 
information in medicinal and pharmaceutical chemistry 
for the prediction of absorption and permeability of 
drug through membranes.

3.5. Infrared Spectroscopy
Solvation is caused by specific interactions of 
functional groups. The FT-IR spectroscopy provides 
the supportive evidence for such type of ion-
solvent interactions present in the studied solvent 
system. The IR spectra of the pure solvents as well 
as the solutions of {[bmim][Cl]+solvents} were 
investigated in the wave number range 400-4000 
cm−1, and the stretching frequencies of the functional 
groups are given in Table 15. The ν(C≡N) stretching 
vibrations of ACN are observed at 2253.66 cm−1, and 
this peak is shifted to 2290.64 cm−1 when the IL is 
added to ACN solvent. The shifts of the IR spectra 
occur due to the disruption of the dipole–dipole 
interaction of ACN [52] leading to the formation 
of ion–dipole interaction between the [bmim]+ ions 
and C≡N bond. A sharp peak for C-O is obtained at 
1069.30 cm−1 in case of THF and a peak for C-Cl is 
obtained at 746.54 cm−1 in DCM. After addition of IL 
to THF and DCM solvent, these peaks are shifted to 
1086 cm−1 and 736 cm−1, respectively. The observed 
shifts in the bands are due to the disruption of weak 
H-bonding interaction between the solvent molecules 
and formation of ion–dipole interaction between IL 
and solvent molecules [26].

4. CONCLUSIONS
An extensive study was done on the ion-
solvation behavioral aspect of the IL 1-butyl-
3-methylimidazolium chloride in industrially-
important nonaqueous polar solvents ACN 

(CH3CN), DCM (CH2Cl2) and THF (C4H8O) with 
the help of conductometric, FT-IR, density and 
viscosity measurements. From the conductometric 
measurements, it becomes clear that the IL exists as 
ion-pairs in ACN and as triple ions in THF, DCM 
solvents. The tendency of the ion-pair and triple-ion 
formation of [bmim][Cl] depends on the dielectric 
constant of the medium. This study revealed that this 
type of experimental study is being accompanied for 
a better understanding of the interionic interactions 
of ILs. The evaluated values of thermodynamic 
functions of association suggest the spontaneity of the 
association process.

5. ACKNOWLEDGMENTS
The authors are thankful to the Departmental Special 
Assistance Scheme under the University Grants 
Commission, New Delhi (No.540/6/DRS/2007, 
SAP-1), India, and Department of Chemistry, 
University of North Bengal for financial support 
and instrumental facilities to continue this research 
work.

6. REFERENCES
1. (a) T. Welton, (1999) Room-temperature ionic 

liquids. Solvents for synthesis and catalysis, 

Table 15: Stretching frequencies of the functional 
groups present in the pure solvent and change 
of frequency after addition of [bmim][Cl] in the 
solvents.

Solvents Functional 
group

Stretching frequencies (cm−1)
Pure 

solvents
Solvent+[bmim][Cl]

ACN C≡N 2253.66 2290.64
DCM C-Cl 746.54 736.00
THF C-O 1069.30 1086.00
ACN: Acetonitrile, THF: Tetrahydrofuran, 
DCN: Dichloromethane

Figure 5: Plot of viscosity B-coefficient versus 
temperature for [bmim][Cl] in acetonitrile (blue), 
dichloromethane (red), and tetrahydrofuran (green).



Indian Journal of Advances in Chemical Science 5(2) (2017) 1-16

14

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Chemical Review, 99: 2071-2084; (b) 
R. A. Sheldon, R. M. Lau, M. J. Sorgedrager, 
F. V. Rantwijk, K. R. Seddon, (2002) Biocatalysis 
in ionic liquids, Green Chemistry, 4: 147-151.

2. H. Niedermeyer, J. P. Hallett, I. J. Villar-
Garcia, P. A. Hunt, T. Welton, (2012) Mixtures 
of ionic liquids, Chemical Society Reviews, 41: 
7780-7802.

3. N. V. Plechkova, K. R. Seddon, (2008) 
Applications of ionic liquids in the chemical 
industry, Chemical Society Reviews, 37: 123-
150.

4. S. A. Forsyth, J. M. Pringle, D. R. MacFarlane, 
(2004) Ionic liquids-an overview, Australian 
Journal of Chemistry, 57: 113-119.

5. C. M. Jin, C. F. Ye, B. S. Phillips, 
J. S. Zabinski, X. Q. Liu, W. M. Liu, 
J. M. Shreeve, (2006) Polyethylene glycol 
functionalized dicationic ionic liquids with 
alkyl or polyfluoroalkyl substituents as high 
temperature lubricants, Journal of Materials 
Chemistry, 16: 1529-1535.

6. Z. Zeng, B. S. Phillips, J. C. Xiao, J. M. Shreeve, 
(2008) Polyfluoroalkyl, polyethylene glycol, 
1,4-bismethylenebenzene or 1,4-bismethylene-
2,3,5,6-tetrafluorobenzene bridged functionalized 
dicationic ionic liquids: Synthesis and properties 
as high temperature lubricants, Chemistry of 
Materials, 20: 2719-2726.

7. J. H. Shin, W. A. Henderson, S. Passerini, (2003) 
Ionic liquids to the rescue? Overcoming the ionic 
conductivity limitations of polymer electrolytes, 
Electrochemistry Communications, 5: 1016-
1020.

8. B. Garcia, S. Lavallee, G. Perron, C. Michot, M. 
Armand, (2004) Room temperature molten salts 
as lithium battery electrolyte, Electrochimica 
Acta, 49: 4583-4588.

9. M. Galinski, A. Lewandowski, I. Stepniak, (2006) 
Ionic liquids as electrolytes, Electrochimica Acta, 
51: 5567-5580.

10. J. Vatamanu, O. Borodin, G. D. Smith, (2010) 
Molecular insights into the potential and 
temperature dependences of the differential 
capacitance of a room-temperature ionic liquid 
at graphite electrodes, Journal of the American 
Chemical Society, 132: 14825-14833.

11. A. A. Kornyshev, (2007) Double-layer in ionic 
liquids: Paradigm change? Journal of Physical 
Chemistry B, 111: 5545-5557.

12. Y. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, 
W. Cai, P. J. Ferreira, A. Pirkle, R. M. Wallace, 
K. A. Cychosz, M. Thommes, D. Su, E. A. Stach, 
R. S. Ruoff, (2011) Carbon-based supercapacitors 
produced by activation of graphene, Science, 
332: 1537-1541.

13. J. Ding, D. Zhou, G. Spinks, G. Wallace, S. Forsyth, 
M. Forsyth, D. MacFarlane, (2003) Use of ionic 
liquids as electrolytes in electromechanical 

actuator systems based on inherently conducting 
polymers, Chemistry of Materials, 15: 2392-
2398.

14. M. S. Cho, H. J. Seo, J. D. Nam, H. R. Choi, J. C. 
Koo, K. G. Song, Y. Lee, (2006) A solid state 
actuator based on the PEDOT/NBR System, 
Sensors and Actuators B: Chemical, 
119: 621-624.

15. W. L. Hough, R. D. Rogers, (2007) Ionic liquids 
then and now: From solvents to materials to 
active pharmaceutical ingredients, Bulletin of the 
Chemical Society of Japan, 80: 2262-2269.

16. D. Das, B. Das, D. K. Hazra, (2002) Conductance 
of some 1:1 electrolytes in N,N-dimethylacetamide 
at 25°C, Journal of Solution Chemistry, 31: 425-
431.

17. C. Guha, J. M. Chakraborty, S. Karanjai, B. 
Das, (2003) The structure and thermodynamics 
of ion association and solvation of some 
thiocyanates and nitrates in 2-methoxyethanol 
studied by conductometry and FTIR 
spectroscopy, Journal of Physical Chemistry 
B, 107: 12814-12819.

18. D. Das, B. Das, D. K. Hazra, (2003) 
Electrical conductance of some symmetrical 
tetraalkylammonium and alkali salts in N,N-
dimethylacetamide at 25°C, Journal of Solution 
Chemistry, 32: 77-83.

19. M. N. Roy, D. Nandi, D. K. Hazra, (1993) 
Conductance studies of alkali metal chlorides 
and bromides in aqueous binary mixtures of 
tetrahydrofuran at 25°C, Journals of Indian 
Chemical Society, 70: 121-124.

20. O. Popvych, R. P. T. Tomkins, (1981) Nonaqueous 
Solution Chemistry, Ch. 4. New York: Wiley-
Interscience.

21. A. J. Matheson, (1971) Molecular Acoustics, 
London: Wiley-Interscience.

22. D. D. Perrin, W. L. F. Armarego, (1988) 
Purification of Laboratory Chemicals, 3rd ed. 
Oxford: Pergamon Press.

23. N. Saha, B. Das, (1997) Apparent molar volumes 
of some symmetrical tetraalkylammonium 
bromides in acetonitrile at (298.15, 308.15, and 
318.15) K, Journal of Chemical and Engineering 
Data, 42: 227-229.

24. M. G. Prolongo, R. M. Masegosa, I. H. Fuentes, 
A. Horta, (1984) Viscosities and excess volumes 
of binary mixtures formed by the liquids 
acetonitrile, pentyl acetate, 1-chlorobutane, and 
carbon tetrachloride at 25.degree.C, Journal of 
Physical Chemistry B, 88: 2163-2167.

25. J. E. Jr. Lind, J. J. Zwolenik, R. M. Fuoss, 
(1959) Calibration of conductance cells at 25° 
with aqueous solutions of potassium chloride, 
Journal of the American Chemical Society, 81: 
1557-1559.

26. D. Ekka, M. N. Roy, (2014) Quantitative 
and qualitative analysis of ionic solvation of 



Indian Journal of Advances in Chemical Science 5(2) (2017) 1-16

15

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

individual ions of imidazolium based ionic liquids 
in significant solution systems by conductance 
and FT-IR spectroscopy, RSC Advances, 
4: 19831-19845.

27. R. M. Fuoss, (1978) Conductance-concentration 
function for the paired ion model, Journal of 
Physical Chemistry, 82: 2427-2440.

28. F. I. El-Dossoki, (2010) Effect of hydrogen 
bond, relative permittivity and temperature 
on the transport properties and the association 
behaviour of some 1:1 electrolytes in some 
binary mixed solvents, Journal of Molecular 
Liquids, 151: 1-8.

29. D. Ekka, M. N. Roy, (2012) Conductance, 
a contrivance to explore ion association 
and solvation behaviour of an ionic liquid 
(tetrabutylphosphonium tetrafluoroborate) in 
acetonitrile, tetrahydrofuran, 1,3-dioxolane, and 
their binaries, Journal of Physical Chemistry B, 
116: 11687-11694.

30. D. S. Gill, M. S. Chauhan, (1984) Preferential 
solvation of ions in mixed solvents, Zeitschriftfür 
Physikalische Chemie NF, 140: 139-148.

31. R. M. Fuoss, F. Accascina, (1959) Electrolytic 
Conductance, New York: Interscience.

32. R. Dewan, M. N. Roy, (2012) Physico-chemical 
studies of sodium tetraphenylborate and 
tetrabutylammonium tetraphenylborate in pure 
nitrobenzene and nitromethane and their binaries 
probed by conductometry, refractometry and 
FT-IR spectroscopy, The Journal of Chemical 
Thermodynamics, 54: 28-34.

33. J. M. Chakraborty, B. Das, (2004) 
Electrical conductances and viscosities of 
tetrabutylammonium thiocyanate in acetonitrile 
in the temperature range 25-45°C, Zeitschriftfür 
Physikalische, 218: 219-230.

34. R. M. Fuoss, E. Hirsch, (1960) Single ion 
conductances in non-aqueous solvents, 
Journal of the American Chemical Society, 
82: 1013-1017.

35. R. M. Fuoss, C. A. Kraus, (1933) Properties 
of electrolytic solutions. IV. The conductance 
minimum and the formation of triple ions due 
to the action of coulomb forces, Journal of the 
American Chemical Society, 55: 2387-2399.

36. Y. Harada, M. Salamon, S. Petrucci, 
(1985) Molecular dynamics and ionic 
associations of lithium hexafluoroarsenate 
(LiAsF6) in 4-butyrolactone mixtures with 
2-methyltetrahydrofuran, Journal of Physical 
Chemistry B, 89: 2006-2010.

37. B. S. Krumgalz, (1983) Separation of limiting 
equivalent conductances into ionic contributions 
in non-aqueous solutions by indirect methods, 
Journal of the Chemical Society, Faraday 
Transactions, 179: 571-587.

38. M. Delsignore, H. Farber, S. Petrucci, (1985) 
Ionic conductivity and microwave dielectric 

relaxation of lithium hexafluoroarsenate (LiAsF6) 
and lithium perchlorate (LiClO4) in dimethyl 
carbonate, Journal of Physical Chemistry, 
89: 4968-4973.

39. M. N. Roy, D. Nandi, D. K. Hazra, (1993A) 
Electrical conductances for tetraalkylammonium 
bromides, LiBF4 and LiAsF6 in THF at 25°C, 
Journal of Indian Chemical Society, 70: 
305-310.

40. A. Sinha, M. N. Roy, (2007) Conductivity studies 
of sodium iodide in pure tetrahydrofuran and 
aqueous binary mixtures of tetrahydrofuran and 
1, 4-dioxane at 298.15 K, Physics and Chemistry 
of Liquids, 45: 67-77.

41. D. Nandi, S. Das, D. K. Hazra, (1988) 
Conductances of tetraalkylammonium bromides 
in 1, 2-dimethoxyethane at 25-degrees-c-analysis 
of data by fuoss-kraus, Indian Journal of 
Chemistry, A27: 574-580.

42. M. N. Roy, D. Ekka, S. Saha, M. C. Roy, 
(2014) Host-guest inclusion complexes of α 
and β-cyclodextrins with α-amino acids, RSC 
Advances, 4: 42383-42390.

43. D. Ekka, M. N. Roy, (2013) Molecular 
interactions of α-amino acids insight into 
aqueous β-cyclodextrin systems, Amino Acids, 
45: 755-777.

44. D. O. Masson, (1929) Solute molecular volumes in 
relation to solvation and ionization, Philosophical 
Magazine, 8: 218-235.

45. T. S. Banipal, P. Kapoor, (1999) Partial molal 
volumes and expansibilities of some amino 
acids in aqueous solutions, Journals of Indian 
Chemical Society, 76: 431-437.

46. F. Franks, (Ed.), (1975) Aqueous Solutions of 
Amphiphiles and Macromolecules; Water, a 
Comprehensive Treatise, Vol. 4. New York: 
Plenum Press.

47. C. M. Romero, F. Negrete, (2004) Effect of 
temperature on partial molar volumes and 
viscosities of aqueous solutions of α-dl-
Aminobutyric acid, dl-norvaline and dl-
norleucine, Physics and Chemistry of Liquids, 
42: 261-267.

48. L. G. Hepler, (1969) Thermal expansion and 
structure in water aqueous solutions, Canadian 
Journal of Chemistry, 47: 4613-4616.

49. Y. J. Zhang, P. S. Cremer, (2006) Interactions 
between macromolecules and ions: The 
hofmeister series, Current Opinion in Chemical 
Biology, 10: 658-663.

50. G. Jones, D. Dole, (1929) The viscosity 
of aqueous solutions of strong electrolytes 
with special reference to barium chloride, 
Journal of the American Chemical Society, 
51: 2950-2964.

51. Q. Zhao, Z. J. Sun, Q. Zhang, S. K. 
Xing, M. Liu, D. Z. Sun, L. W. Li, (2009) Densities 
and apparent molar volumes of myoinositol in 



Indian Journal of Advances in Chemical Science 5(2) (2017) 1-16

16

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

*Bibliographical Sketch

?????AQ2

aqueous solutions of alkaline earth metal salts 
at different temperatures, Thermochimica Acta, 
487: 1-7.

52. R. Yandagni, P. Kebarle, (1972) Solvation of 

negative ions by protic and aprotic solvents. Gas-
phase solvation of halide ions by acetonitrile 
and water molecules, Journal of the American 
Chemical Society, 94: 2940-2943.

Author Queries???
AQ1: Kindly provide history details
AQ2: Kindly provide text par



Hollow circular compound-based inclusion
complexes of an ionic liquid

Siti Barman and Mahendra Nath Roy*

Inclusion complex formation between hollow circular compounds, e.g. crown ethers, and an ionic liquid,

1-methyl-3-octylimidazolium tetrafluoroborate, in acetonitrile solvent is studied by means of

conductivity measurements, IR spectra and NMR spectra. The results reveal the formation of 1 : 1

complexes between the crown ethers and ionic liquid molecules in acetonitrile. Crown ether complexes

with electron-deficient imidazolium cations are formed by H-bond formation between the acidic

protons of the imidazolium ring of the ionic liquid and the lone pair of electrons of the crown oxygen

atom. In the case of dibenzo-18-crown-6, complexation is caused by H-bonding; however, p-stacking

or charge-transfer interactions also appear to have minor contributions to the complex formation. Thus,

hydrogen bonding is mainly responsible for the complexation, and ion–dipole interactions also may be

responsible for complex formation between ionic liquid molecules and the crown ethers. The

interactions in the complexation are analyzed and discussed.

1. Introduction

The crown ether (CE) family of macrocyclic compounds has
attracted an enormous amount of interest since their discovery
in 1967,1,2 especially in the elds of host–guest and coordina-
tion chemistry. CEs can form complexes with a variety of guest
species, such as metal cations, protonated species and neutral
molecules, in their cavities via different types of interactions
with multiple oxygen atoms.3,4 Studies of applications of CEs,
such as phase transfer catalysts,5,6 photo-switching devices,7

and drug carriers,8 are in progress on the basis of this inclusion
ability. Crown ethers have proved to be unique cyclic molecules
for molecular recognition of suitable substrates by hydrogen
bonds, ionic interactions and hydrophobic interactions. The
study of the interactions involved in the complexation of
different cations with crown ethers in mixtures of solvents is
important to improve our understanding of the mechanisms of
biological transport, molecular recognition, and other analyt-
ical applications.9

It is already known that imidazolium cations can form
inclusion complexes with large crown-ether-type hosts via H-
bonding.10 1,3-Disubstituted imidazolium salts are known to
form inclusion complexes with DB24C8 or its derivatives
through intermolecular hydrogen-bond formation, as demon-
strated by different research groups.11–14 In 1,3-disubstituted
imidazolium salts, all protons on the imidazolium ring are
quite acidic, as the positive charge is delocalized over the
entire imidazolium ring.15 Acidic protons are attractive in

supramolecular chemistry because the acidic protons partici-
pate in stronger hydrogen-bond formation with the lone pair of
electrons of the oxygen; this accounts for the stability of the
adduct formed. Biologically important heterocyclic bases, such
as imidazole, form planar cations and act as effective structural
units at the active sites of various proteins and nucleic acids.
However, during enzymatic reactions, imidazole can also exist
as a protonated cation and may thus interact with the substrate
by direct electrostatic or p–p interactions. Imidazolium salts
have been and will be signicant not only in organometallic
chemistry as precursors of N-heterocyclic carbenes,16,17 but
also in organic chemistry and material science areas as ionic
liquids due to their unique chemical, physical, and electrical
properties.18–21

In this work, we have studied the inclusion complex forma-
tion of an ionic liquid (IL), 1-methyl-3-octylimidazolium tetra-
uoroborate, with hollow circular hosts, 18-crown-6 (18C6)
[complex 1] and dibenzo-18-crown-6 (DB18C6) [complex 2], in
acetonitrile (ACN). The complexes were characterised by
conductance, IR and NMR studies. The formation constants
and thermodynamic parameters of the above-specied inter-
actions in solution are discussed here. The structures of the IL,
1-methyl-3-octylimidazolium tetrauoroborate, and both crown
ethers are shown in Scheme 1.

2. Experimental section
2.1 Reagents

The ionic liquid (97%) and crown ethers [18C6 (99%), DB18C6
(98%)] were bought from Sigma-Aldrich, Germany and were
used as purchased.
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2.2 Instrumentation

Prior to the start of the experimental work, the solubility of the
chosen CEs and IL in ACN were precisely checked; it was
observed that the selected IL salt was freely soluble in all
proportions of the CE solutions.

The conductance measurements were carried out in
a Systronics-308 conductivity bridge with an accuracy of�0.01%
using a dip-type immersion conductivity cell, CD-10, with a cell
constant of approximately (0.1 � 0.001) cm�1.22 The measure-
ments were performed in an auto-thermostated water bath
while maintaining the experimental temperature. The cell was
calibrated using 0.01 M aqueous KCl solution. The uncertainty
in temperature was 0.01 K.

Infrared spectra were recorded on an 8300 FT-IR spectrom-
eter (Shimadzu, Japan). The details of the instrument have been
described previously.23

1H NMR spectra were recorded in CD3CN at 300 MHz using
a Bruker AVANCE 300 MHz instrument. Signals are quoted as
d values in ppm using residual protonated solvent signals as the
internal standard (CD3CN: d 1.98 ppm). Data are reported as
chemical shis.

3. Results and discussion
3.1 Conductance

The advantage of conductometry is that measurements can be
carried out with high precision at very low concentrations in
solution systems. Conductance measurements of a solution of
IL in the presence of a crown ether provide information about
the stability and transport phenomena of the cation-crown
ether complex in solution. Also, conductometry is one of the
most reliable methods for obtaining the formation constants of
cation–macrocyclic complexes (Takeda et al., 1991).24

Conductance studies of the interactions between the imida-
zolium cation of the IL and 18C6 and DB18C6 in ACN solution
were conducted at different temperatures, and the values are
presented in Table 1. The stability of these complexes depends
mainly on the strength of the bonds between the acidic protons
of the imidazolium ring and the oxygen atoms of the crown
ethers (Scheme 2). The formation constants (log Kf) of the 1 : 1
complexes at different temperatures varied in the order 18C6 >
DB18C6 for the IL. The formation constants determined by the
conductivity studies and the thermodynamic values for complex
formation between the crown ethers and the imidazolium cation
in acetonitrile solution are summarized in Table 2.

The molar conductance (L) of the imidazolium salt (5� 10�4

M) in ACN solution was monitored as a function of the crown
ether to imidazolium cation mole ratio at various temperatures.
The resulting molar conductance vs. crown/cation mole ratio
plots at 298.15, 303.15, and 308.15 K are shown in Fig. 1 and 2.
In both cases, there is a gradual decrease in the molar
conductance with increasing crown ether concentration. This
behavior indicates that the complexed imidazolium cation is
less mobile than the corresponding free imidazolium cation in
ACN; because the imidazolium salt is a strong electrolyte in
acetonitrile, the changes are not due to ion pairing, unless the
complexation of the cation causes the imidazolium salt to
associate. Both Fig. 1 and 2 show that in the complexation of
imidazolium cation with both crown ethers, addition of the
crown solution to the imidazolium salt solution causes
a continuous decrease in the molar conductance, which begins
to level off at a mole ratio greater than one, indicating the
formation of a stable 1 : 1 complex.25,26 By comparison of the
molar conductance-mole ratio plot for imidazolium cation–
crown ether systems obtained at different temperatures (Fig. 1
and 2), it can be observed that the corresponding molar
conductance increased rapidly with temperature due to the

Scheme 1 Molecular structures of the crown ethers and the Ionic Liquid.
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decreased viscosity of the solvent and, consequently, the
enhanced mobility of the charged species present.

The stability of these complexes depends mainly on the
strength of the bonds between the acidic protons of the

imidazolium ring and the crown ether oxygen atoms (Scheme
2). The formation constants (log Kf) of the 1 : 1 complexes at
different temperatures varied in the order 18C6 > DB18C6 for
the IL. Thus, a decrease in the net charge on the oxygen atoms

Table 1 Values of observed molar conductivities, L, at various mole ratios for the IL-18C6 (complex 1) and IL-DB186 (complex 2) systems at
different temperatures

Mole ratio

L (S cm2 mol�1)

DB18C6 18C6

293.15 K 298.15 K 303.15 K 293.15 K 298.15 K 303.15 K

0 135.80 143.72 152.21 154.00 162.58 168.36
0.099 132.10 138.34 147.60 149.10 156.50 163.84
0.196 128.50 133.80 143.12 144.60 151.68 159.56
0.291 125.07 130.60 139.72 140.76 147.20 154.72
0.385 121.61 127.82 135.80 137.88 143.12 150.50
0.476 117.82 124.92 132.24 134.10 138.34 145.42
0.566 114.24 121.52 128.56 130.18 134.80 141.64
0.654 110.12 117.92 125.14 126.84 130.60 137.68
0.740 107.30 115.60 122.46 123.18 127.82 134.54
0.825 105.20 112.32 119.32 120.24 124.50 131.50
0.909 102.30 109.50 116.22 117.46 121.92 128.96
1.071 100.14 106.44 113.6 113.38 118.06 124.58
1.228 99.06 105.46 111.52 112.14 116.82 121.80
1.379 98.90 104.14 110.72 111.70 116.22 120.62
1.667 98.20 103.56 109.28 111.22 115.54 120.04
1.935 97.70 102.12 108.14 110.82 114.92 119.38
2.187 96.80 101.30 107.58 110.34 114.34 118.92
2.424 95.50 100.28 107.02 109.68 113.62 118.46
2.647 95.00 99.88 106.66 109.06 113.02 117.70
2.857 94.40 99.08 106.16 108.52 112.44 117.32
3.333 94.02 98.52 104.08 108.24 112.06 116.84
3.750 93.36 97.44 103.42 108.58 111.42 115.46

Scheme 2 Plausible schematic of complex formation between the imidazolium cation and the crown ethers.
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during the introduction of two benzo groups into the macro-
cycle destabilizes the obtained complex.

3.2 Association constants and thermodynamic parameters

The following mathematical treatment to calculate the forma-
tion constant is based on Evans et al. (1972).27

The 1 : 1 complexation of IL with 18C6 crown ether can be
expressed by the following equilibrium:

Mþ þ C ����! ����Kf
MCþ (1)

The corresponding equilibrium constant, Kf is given by

Kf ¼
�
MCþ

�
�
Mþ��C��

f
�
MCþ

�

f
�
Mþ�f �C� (2)

where [MC+], [M+], [C] and f represent the equilibrium molar
concentrations of the complex, free cation, and free ligand
(crown ether) and the activity coefficients of the species indi-
cated, respectively. Under the dilute conditions used, the
activity coefficient of the uncharged macrocycle, f(C), can be
reasonably assumed as unity.28 The use of the Debye–Hückel
limiting law29 leads to the conclusion that f(M+) � f(MC+);
therefore, the activity coefficients in eqn (2) cancel. The complex
formation constant in terms of the molar conductances, L, can
be expressed as:25,28

Kf ¼
�
MCþ

�
�
Mþ��C� ¼

ðLM � LobsÞ
ðLobs � LMCÞ½C� (3)

where

�
C
� ¼ CC � CMðLM � LobsÞ

ðLM � LMCÞ (4)

here, LM is the molar conductance of the metal ion before the
addition of ligand, LMC is the molar conductance of the com-
plexed ion,Lobs is the molar conductance of the solution during
titration, CC is the analytical concentration of the macrocycle
added and CM is the analytical concentration of the salt. The
complex formation constant, Kf, and the molar conductance of
the complex, LMC, were evaluated using eqn (3) and (4).

Complexation enthalpy changes are mainly related to (i)
cation-crown interactions, (ii) solvation energies of the species
in solvent systems involved in the complexation reactions, (iii)
repulsion between neighboring donor atoms, (iv) steric defor-
mation of the crown, and (v) the number of H-bonds present for
H-bonding. Entropy changes are linked to (i) changes in the
number of particles involved in the complexation process and
(ii) conformational changes of the crown ether accompanying
the complexation.

In order to better understand the thermodynamics of the
complexation reactions of imidazolium cation with crown
ethers, it is useful to consider the enthalpic and entropic
contributions to these reactions. The DH� and DS� values for the
complexation reactions were evaluated from the corresponding
log Kf and temperature data by applying linear least-squares
analysis according to the equation:

2:303 log Kf ¼ �DH
�

RT
þ DS�

R
(5)

Table 2 Formation constant, enthalpy, entropy and free energy change values of the crown ether complexes in ACN solution

Crown

log Kf (M
�1)

DH� (kJ mol�1) DS� (J mol�1 K�1) DG� (kJ mol�1)298.15 K 303.15 K 308.15 K

18C6 3.35 3.14 2.97 �65.02 �157.67 �18.01
DB18C6 3.05 2.96 2.87 �29.90 �43.57 �16.91

Fig. 1 Molar conductance vs. [18C6]/[cation] at 298.15 K ( ), 303.15 K
( ), and 308.15 K ( ).

Fig. 2 Molar conductance vs. [DB18C6]/[cation] at 298.15 K ( ), 303.15
K ( ), and 308.15 K ( ).
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The plots of log Kf vs.
1
T
for both complexes (complex 1 and

complex 2) are linear (Fig. 3 and 4).
The enthalpy (DH�) and entropy (DS�) of complexation were

determined from the slopes and intercepts of the plots, and the
results are also listed in Table 2. Both of these parameters have
negative values. True molecular recognition and physical
attraction between host and guest should result in a favorable
enthalpy change (DH) on complexation. The negative values of
enthalpy conrm that when the imidazolium cation interacts
with the crown ether molecules, the overall energy of the system
is decreased, i.e., there is some stabilizing interaction in the
system, whereas negative values of the entropy factor indicate
that there is an ordered arrangement, i.e., complex formation
takes place between the imidazolium and the crown molecules.
Other investigators30–32 established that the binding of free
amino acids with 18C6 has negative enthalpy and negative
entropy, which indicates that the process is driven by a favor-
able enthalpy change only.

The two fundamental equations DG ¼ �RT ln K and DG ¼
DH � TDS are useful in comparing the contributions of

enthalpy and entropy to the stabilities of different complexes. A
negative value of entropy is unfavourable for spontaneous
complex formation; however, this effect is overcome by higher
negative values of DH�. The values of DG� (Table 2) for complex
formation were found to be negative, suggesting that the
complex formation process proceeds spontaneously.

The data shown in Table 2 indicate that the formation
constant log Kf for imidazolium cation with both crowns is
highest at 298.15 K and decreases with increasing temperature,
i.e. imidazolium cation forms stable complexes with the crowns
at 298.15 K.

3.3 IR studies

The IR spectra of 18C6, IL and complex 1 are shown in Fig. 4 and
the spectra of DB18C6, IL and complex 2 are shown in Fig. 5 in
the 4000 to 500 cm�1 region. The shi of the IR spectra of the
crown ethers in ACN solution indicates that the specic inter-
actions observed in the crown ether complexes are in fact typical
hydrogen bonds of the imidazolium ring with the donor atoms
of the crown ether. Compared with the spectra of the free crown
ethers, most of these bands are shied to lower energies,
presumably due to less restriction on the coupling of some
vibrational modes caused by bonding of the oxygen atoms of the
polyether ring with the C–H protons of the imidazolium ring in
both complexes. In the case of 18C6, a very strong and sharp IR
band centered at 1102 cm�1 is assigned to the characteristic
absorption due to the C–O–C asymmetric stretching vibrational
motion [n(C–O–C)aliph]. This sharp peak is shied to a lower
frequency of 1082 cm�1 in complex 1 (Fig. 4). The n(C–O–C)arom
stretching vibrations of DB18C6 are observed at 1126 cm�1; this
peak is also shied to a lower frequency, 1108 cm�1, in complex
2 (Fig. 5). The presence of benzene rings in DB18C6 make the IR
spectra more difficult to assign because their characteristic
bands may overlap with those of the ethylene glycol groups. In
the IR spectra, the bands in the 2800 to 3000 cm�1 region
correspond to the CH stretching vibrations of the methyleneFig. 3 The linear relationships of log Kf vs. 1/T for the interaction of IL

with 18C6 ( ) and DB18C6 ( ).

Fig. 4 FTIR spectra of free IL (black), 18-crown-6 (blue) and their
complex (red).

Fig. 5 FTIR spectra of free IL (black), dibenzo-18-crown-6 (blue) and
their complex (red).
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groups of crown ethers. The CH stretching frequency of the
methylene groups observed at 2895 cm�1 in 18C6 is shied to
a higher frequency due to the perturbation of the methylene
groups. Interaction of the O atoms of the crown with the
protons of the imidazolium ring via hydrogen H-bonds are
responsible for the perturbation. In the 1200 to 1300 cm�1

range of the IR spectra of DB18C6 and its complex, there are two
bands assignable to anisole ns(Ph–O–C) and nas(Ph–O–C) vibra-
tions.33 These anisole oxygens are involved in H-bond formation
in complex 2, as indicated by the shis of the nas(Ph–O–C) and
ns(Ph–O–C) bands from 1216 and 1253 cm�1 to 1198 and 1237
cm�1, respectively. Selected IR data for the free compounds and
their complexes and the corresponding changes in frequencies
are listed in Table 3.

IR spectroscopy has been extensively used to analyse the
interactions present in ILs. Shis in the C–H stretching
frequencies in imidazolium-based ILs provide information
about the existence of H-bonding in complexes. The imidazo-
lium based IL shows the presence of C–H stretching vibrations
in the region of 3000 to 3100 cm�1, which is the characteristic
region for the ready identication of C–H stretching vibra-
tions.34,35 According to Grondin et al.,36 the IR bands at 3160 �
15 cm�1 can be assigned to the more or less symmetric and anti-
symmetric combination of the C(4)–H and C(5)–H stretching
vibrations of the imidazolium ring. The two bands around 3120
� 15 cm�1 result from the C(2)–H stretching mode and Fermi
resonances of the C–H stretching vibrations with overtones of
in-plane ring deformations. In our investigation, the C–H
vibrations at 3082 and 2930 cm�1 in the FTIR spectrum are
shied to 3066 and 2905 cm�1 in complex 1 (Fig. 4) and to 3069

and 2921 cm�1 in complex 2, respectively (Fig. 5). In the IR
spectra, the region between 2800 cm�1 and 3000 cm�1 shows
the CH2 and CH3 stretching vibrations of the alkyl groups at the
nitrogen atoms of the imidazolium ring.

3.4 NMR studies

The complexations of the imidazolium salt with the crown
ethers were investigated by 1H NMR spectroscopy in CD3CN at
298.15 K. The 1H NMR spectra of IL (imidazolium ion) was
recorded in the absence and the presence of 18C6 (Fig. 6) and
DB18C6 (Fig. 7) in CD3CN. A comparison of the 1H NMR spectra
for complex 1 (Fig. 6) with free IL revealed that the signals for
the hydrogen atoms of the imidazolium ion (H2, H3 and H4)
were shied downeld. This downeld shi of the imidazolium
protons supports the formation of the complex through H-bond
formation involving [(C–H)Imidazolium/OCrown]– interactions.
Signals for the –OCH2 protons of the crown ethers were found to
be shied slightly downeld relative to those signals for the free
individual components (Fig. 6).

In the case of complex 2 (Fig. 7), i.e. the complex of DB18C6,
a downeld shi for the H2 signal was observed, while small
upeld shis for the other two imidazolium protons (H3, H4)
were observed.12,37 This suggests an orientation for the imida-
zolium ring that allows H-bond formation of H2 and a weak p–

p interaction involving H3 and H4. Two opposing inuences,
namely H-bonding and p–p interactions, are responsible for
the small upeld shis for H3 and H4.37 The changes in the
chemical shis suggest that host–guest complexation between
the crown ether and the imidazolium salt exists in both
complexes.38,39

Based on the different associated modes of interaction and
the 1H NMR chemical shi data for the two complexes,
complex 1 and complex 2, a plausible interaction scheme has
been proposed; a schematic representation of this interaction
is shown in Scheme 2. DB18C6 is a bowl-like host with two
possible sites for interaction with the guest: the minor site
formed by the O–CH2–CH2–O chains and the major site
located between the phenyl rings. The minor site may interact
with the guest molecules only via hydrogen bonds, while the
major site can complex both via H-bonding and p-interactions
(Scheme 2). The inclusion of a guest capable of interacting
with both sites (imidazolium cation) leads to an interesting
structure.11,12

1H NMR studies revealed an apparent perpendicular orien-
tation of the imidazolium moiety of IL in the crown cavity of
complex 2; however, this seemed to be different for complex 1.
The possibility of such an orientation for the imidazolium ion
was conrmed by Rissianen and Pursiainen for analogous
inclusion complex formation between imidazolium ion and
dibenzo-18-crown-6.11 The 1H NMR results also suggested that
the electron-decient imidazolium ion may be wrapped by
benzene-substituted crown ethers and that the imidazolium
ions are oriented face-to-face, such that the phenyl ring(s) and
the substituents in the 1,3 position point away from the cavities
of the crown ethers. In the 1,3-disubstituted imidazolium salt,
both the 1 and 3 positions are substituted by alkyl groups,

Table 3 Comparison between the frequency changes (cm�1) of
different functional groups of the free compounds and their
complexes

Functional group

Wavenumber (cm�1) Change (cm�1)

18C6 Complex 1 Dd

n(C–O–C)aliph 1102 1082 20

Functional group

Wavenumber (cm�1) Change (cm�1)

DB18C6 Complex 2 Dd

n(C–O–C)arom 1126 1108 18
nas(Ph–O–C) 1216 1198 18
ns(Ph–O–C) 1253 1237 16

Functional
group

Wavenumber (cm�1) Change (cm�1)

IL Complex 1 Dd

n(C–H) 3082, 2930 3066, 2905 16, 25

Functional
group

Wavenumber (cm�1) Change (cm�1)

IL Complex 2 Dd

n(C–H) 3082, 2930 3069, 2921 13, 9
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which are electron donating groups relative to hydrogen atoms.
Thus, the substituents decrease the positive charge on the
imidazolium ring and reduce the p–p stacking between the

dibenzo crown host and the imidazolium guest in complex 2. In
complex 1, the imidazolium ring can penetrate into the hollow
circular based cavity of the macrocycle 18C6 and form strong H-

Fig. 6 1H NMR spectra of complex 1 (18C6.IL) (above) and the uncomplexed imidazolium cation (below) recorded at 300 MHz in CD3CN at
298.15 K.

Fig. 7 1H NMR spectra of complex 2 (DB18C6.IL) (above) and the uncomplexed imidazolium cation (below) recorded at 300 MHz in CD3CN at
298.15 K.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 76381–76389 | 76387

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

 B
en

ga
l o

n 
25

/0
8/

20
16

 1
0:

35
:1

6.
 

View Article Online



bonds; however, the substituents in the 1,3 position point away
from the cavities of the crown ethers.

Thus, detailed 1H NMR spectral studies indicate that
hydrogen bonding interactions [(C–H)Imidazolium/OCrown] in
addition to weaker p–p/arene–arene donor–acceptor interac-
tions resulted in moderately strong inclusion complex forma-
tion, i.e. the results of the 1H NMR spectral studies support the
results obtained from the conductivity and IR measurements.

3.5 Selected 1H NMR data

1-Methyl-3-octylimidazolium tetrauoroborate (IL). 1H NMR
(CD3CN, 298.15 K): d 8.47 (s, N–CH–N, 2H), 7.40–7.36 (d, N–
(CH)2–N, 2H), 3.84–3.81 (s, NCH3, 3H), 4.15–4.10 (t, CH2, 2H),
1.31 (m, C5H10, 10H), 0.92–0.88 (t, oct-CH3, 3H).

18-Crown-6. 1H NMR (CD3CN, 298.15 K): d 3.59–3.52 (s,
OCH2, 24H).

Dibenzo 18-crown-6. 1H NMR (CD3CN, 298.15 K): d 6.96–6.89
(s, aryl, 8H), 4.13–4.10 (m, OCH2, 8H), 3.88–3.85 (m, OCH2, 8H).

18C6-1-methyl-3-octylimidazolium tetrauoroborate (complex
1). 3.64 (m, OCH2)

1HNMR (CD3CN, 298.15 K): d 8.83 (s, N–CH–N,
1H), 7.53–7.50 (s, N–(CH)2–N, 2H), 3.64–3.58 (m, OCH2, 24H).

DB18C6-1-methyl-3-octylimidazolium tetrauoroborate
(complex 2). 1H NMR (CD3CN, 298.15 K): d 8.75 (s, N–CH–N,
1H), 7.27–7.24 (d, N–(CH)2–N, 2H), 6.95–6.90 (s, aryl, 8H), 4.09–
4.05 (m, OCH2, 8H), 3.89–3.86 (m, OCH2, 8H).

3.6 Typical features of specic interactions involved in the
complexation

The formation of inclusion complexes of crown ethers with the
imidazolium ion involved three possible modes of interaction.
The most prominent mode is the hydrogen bonding interaction
between the oxygen atoms of the crown ethers (OCrown) and the
acidic C–H protons of the imidazolium ion [(C–H)Imidazolium] for
[(C–H)Imidazolium/OCrown]– interaction. p–p stacking interac-
tions between the electron poor imidazolium ring and the aryl
groups of the crown ether-based host (DB18C6) is the second
mode which is expected to contribute to the stability of the
adduct formation. The possibility of such an interaction for an
analogous system was reported earlier.11,14 In addition to H-
bonding and p–p stacking interactions, induced dipole–
dipole interactions between the imidazolium ion and OCrown,
having �d charges, could also contribute to the overall stability
of the adduct formation; this proposition was made indepen-
dently by Schmitzer et al. and Pursiainen et al.11–14,40–42 However,
this induced dipole–dipole interaction is expected to be weaker
compared to the two previous modes of interaction discussed.

In complex 2 (Scheme 2), hydrogen bonding seems to play
a secondary role. Obviously, the p–p interaction is dominant in
this complex (Scheme 2) because the benzene rings of DB18C6
decrease the negative charge of the oxygen atoms and hence
decrease their ability to undergo hydrogen bonding; however,
under favourable conditions, hydrogen bonds can enhance the
stability of crown ether complexes. Also, the electrostatic inter-
actions between the aromatic ring of the crown and the positive
charge of the imidazolium ring play an important role to stabilise
the complex. The negative charge on the benzene rings of the

crown ether skeleton is enhanced by the ether oxygen atoms, and
this negative face of the aromatic ring interacts with the positive
charge of the imidazolium ring. The unsubstituted crown ether
imidazolium complex [complex 1] is likely stabilized by hydrogen
bonds formed between the acidic protons of the imidazolium
ring and the ether oxygen atoms (C–H/O interactions).43

The stability constants (log Kf) for 1 : 1 complexation were
measured in ACN solution by conductance studies and are
presented in Table 2. In both complexes [complex 1 and
complex 2], H-bonding with the ether oxygen atoms is obviously
responsible for the complexation. This can be shown by a suit-
able plausible mechanism (Scheme 2). Complexation is mainly
caused by H-bonding; however, either p-stacking or charge-
transfer interactions (Scheme 2) also seem to make minor
contributions towards complexation, with the possibility of ion–
dipole interactions between the positive N atom of the imida-
zolium cation and ether oxygen atoms. The stability constant
for complex 2 is slightly lower than the corresponding value for
complex 1 (Table 2). The aromatic rings of the crown ether
decrease the electron density of the adjacent oxygen atoms, and
this seems to decrease the strength of the H-bonding in
complex 2, explaining the lower stability constant. Although
complex 2 has potential p-stacking or charge transfer interac-
tions which are absent in complex 1, these results indicate that
H-bonding is dominant for the formation of these complexes.

4. Conclusion

Conductometric titration data support the different types of
interactions responsible for the complex formation of crown
ethers with IL molecules and are consistent with the IR and NMR
spectra. The stabilities of complexes between planar, ve-
membered imidazolium cations and crown ethers were estab-
lished by different types of non-covalent interactions. We have
found that the studied complexes are mainly stabilised by
hydrogen bonds, and p-stacking or cation-p interactions play
only a secondary role in the case of complex 2. The larger
formation constant value for complex 1 compared to complex 2
determined by conductivity studies indicates that the imidazo-
lium cation forms a more stable complex with 18C6 than with
DB18C6 in ACN solution. The 1 : 1 complexation of the
imidazolium-based IL by different crown ethers is driven by
favourable changes in enthalpy (DH� < 0) and proceeds sponta-
neously (DG� < 0). This study may also help to provide important
information about other host–guest systems with crown ethers.

Here, our studies of the complexation of an imidazolium ion,
similar to the complexation of pyridinium ions,40 provide
further information on the nature of the complexation between
positively charged organic guests and macrocyclic polyethers.
This study is also signicant for understanding the vital role of
imidazolium cations in the design and construction of supra-
molecular host–guest materials.
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