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Theoretical Abstract 

 

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 studies on 

thermodynamic, transport properties of electrolytes, acoustic and optical properties involving in 

one or more solutes in pure and mixed solvent systems are highly useful. The main objective of 

the research work is to explore these interactions prevailing in many electrolytic and in many 

other solution systems where the solvents may be both aqueous and non aqueous. Moreover, 

knowledge of the Physico-chemical and thermodynamic properties are very important for the 

proper planning of industrial processes and has great relevance in theoretical and applied areas 

of research in Chemistry. 

A material is said to be biologically-active if it has an interaction or effect on living 

organism. "Biologically-active compounds" are extra nutritional constituents that typically occur 

in small quantities in foods. They are being intensively studied to evaluate their effects on 

health. Biologically-active solutes find great application in pharmaceutical and cosmetic 

products including medicinal industries. The word "salt" is a general chemical term that refers 

to ionic compounds formed when an acid reacts with a base. Today, salt continues to be of major 

economic importance, with thousands of uses in addition to flavoring and preserving food. An 

ionic liquid (IL) is a salt in the liquid state whose melting point is below some arbitrary 

temperature, such as 100 °C (212 °F). Ionic liquids have wide range of industrial applications. 

They used in chemical industry, pharmaceuticals, cellulose processing, gas handling, gas 

treatment, solar thermal energy, nuclear fuel processing, food and bi-products, waste recycling, 

batteries etc. 

Solution chemistry is an important branch of physical chemistry that studies the change 

in properties that arise when one substance dissolves in another substance. It investigates the 

solubility of substances and how it is affected by the chemical nature of both the solute and the 

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

rise to solutions that generally do not behave ideally. 

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

estimate the extent of solvation. The approaches involves the studies of viscosity, 

conductance, etc., of electrolytic solutions and the derivation of various factors 



associated with ionic solvation, 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 spectroscopic 

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

qualitative and quantitative nature. 

In recent years there have been increasing interests in the behavior of electrolytes in 

non- aqueous and mixed solvents with a view to investigating solute-solute/ion-ion and 

solute–solvent/ion-solvent interactions under varied conditions. However, different sequence 

of solubility, difference in solvating power and possibilities of chemical or electrochemical 

reactions unfamiliar in aqueous chemistry have open vistas for physical chemists and 

interests in these organic solvents transcends the traditional boundaries of inorganic, 

physical, organic, analytical and electrochemistry . 

Studies of transport properties of electrolytes, along with thermodynamic and acoustic 

studies, give very valuable information regarding molecular interactions in solutions. The 

influence of these interactions may be sufficiently large to cause dramatic changes in chemical 

reactions involving ions. The changes in ionic solvation have important applications in such 

diverse areas as organic and inorganic synthesis, studies of reaction mechanisms, non-aqueous 

battery technology and extraction.  Knowledge of ion-solvent interactions in aqueous, non-

aqueous solutions and mixed solvents is very important in many practical problems concerning 

energy transport, heat transport, mass transport and fluid flow. The proper understanding of 

the solute-solvent interactions would form the origin of explaining quantitatively the influence 

of the solvent and the degree of interaction of ions in solvents and thus pave the way for real 

understanding of the different phenomena related with solution chemistry. 

The major aims of the research work are: 

 To understand the nature and strength of various interactions, their     influence 

on structural and dynamic properties of biologically active solutes and ionic salts 

in pure and mixed solvent systems. 

 To investigate the physico-chemical properties of biologically-active solutes and 

ionic salts in pure and mixed solvent systems. 

 To study the transport properties of ionic salts along with thermodynamic and 

acoustic ones to characterize molecular interactions in solutions. 

 



It is thus apparent that the real understanding of the molecular interactions is a difficult 

task. The aspect embraces a wide range of topics but we have embraced on a series of 

investigations based on the volumetric, viscometric, interferometric and conductometric 

behavior to study the chemical nature of the structure of solutes and solvents and their mutual 

interactions in solution. Therefore, a number of conductometric and related studies of different 

electrolytes in non-aqueous solvents have been made for their optimal use in high-energy 

batteries and for understanding organic reaction mechanisms. 

 

CHOICE OF SOLVENTS, SOLUTES AND ELECTROLYTES USED 

Methanol, Acetonitrile, Benzonitrile along with water, considered as a universal 

solvent, have been chosen as main solvent in this research work because these solvents 

are industrially very important and by mixing these solvents we could obtain a wide 

variation of viscosities and dielectric constants giving us an optimum environment for 

the study. 

Cyclodextrins, Crown ethers, Amino acids and its derivatives, ascorbic acid (vitamin C), 

(vitamin B3, B6) etc. were considered as solutes. The study of these solutes is of great interest 

because of their wide use as solvents solubilizing agents in pharmaceutical, cosmetics and 

medicinal industries. 

The electrolytes used are pyrolidinium based ionic liquids, Lithium Iodide etc. These 

electrolytes are used as reference and supporting electrolytes and are used as aqueous 

electrolytes in electrochemical applications. 

METHODS OF INVESTIGATION 

The existence of free ions, solvated ions, in aqueous and non-aqueous media 

depends upon the concentrations of the solvent systems. Hence the study of an 

assortment of interactions and equilibrium of ions in different concentration regions are 

of immense importance to the technologist and theoretician as most of the chemical 

processes occurs in these systems. 

It is of interest to employ diverse experimental techniques to get a better insight into the 

phenomena of solvation and different interactions prevailing in solution. We have, therefore, 

employed vital methods which are experimental, spectrometric and theoretical namely to probe 

the dilemma of solvation phenomena. 

 



PHYSICO-CHEMICAL PARAMETERS AND THEIR SIGNIFICANCE 

Thermodynamic properties, like partial molar volumes obtained from density 

measurements, are generally convenient parameters for interpreting solute-

solvent/ion-solvent ad solute-solute/ion-ion interactions in solution. The sign and 

magnitude of partial molar volume ( 0

V ) also provides information about the nature and 

magnitude of ion-solvent interaction while the experimental slope ( *

vS ) provides 

information about ion-ion interactions. Viscosity B-coefficient obtained from the 

viscosity values indicates the extent of ion-solvent interaction in a solution. These 

parameters also give an idea about the ion-solvent and ion-ion interaction in the 

solution. 

The transport properties in most cases are studied using the conductance data, 

especially conductance at infinite dilution. Limiting molar conductance (0) gives an 

idea about the ion-solvent interaction in the solution. Association constant (KA) obtained 

from the conductance study gives an idea about the solvation of the ions. 

Surface tension, Steady State fluorescence, association constants with the help of 

fluorescence, UV, NMR Study (1H, 13C, 2D ROESY, NMR titration) were performed along 

with SEM, HRTEM, XRD and Ab-initio methods were applied to prove the existence of 

assorted interactions in the diverse systems. 

 

SUMMARY OF WORKS DONE 

 

CHAPTER-I 

 

This chapter contains the objective, novelty and applications of the 

research work, the imperative compounds i.e., electrolytes/solutes and solvents used 

and methods of investigation. Moreover this also occupies the summary of the works 

done allied with the dissertation. 

 

CHAPTER-II 

The chapter encloses general introduction (Review of the Earlier 

works) of the thesis and forms the strong background of the work embodied in the 



thesis. A brief review of noteworthy mechanism in the field of molecular as well as ionic 

interaction has been specified. The discussion includes ion-solvent/solute-solvent, ion-

ion/solute-solute and solvent-solvent interactions in binary, ternary mixed solvent 

systems and of electrolytes in pure and non-aqueous solvent systems at various 

temperatures in terms of various derived parameters, estimated from the 

experimentally observed properties viz., density, viscosity, refractive index and 

conductance, surface tension, pH, FTIR, UV, NMR, fluorescence, HRMS, SEM, HRTEM. 

Ionic association and its reliance 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 diverse methods on relative merits and 

demerits on the basis of various assumption have been employed from time to time 

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 in the systems.  Moreover the 

approximate quantum mechanical calculation and cell viability is also done in the 

present study.  

 

 

CHAPTER-III 

The chapter comprises experimental section which principally involves basic information’s, 

structure, source, purification and uses of imperative compounds i.e., electrolytes/non-

electrolytes or solutes, and solvents have been used throughout the entire research work. It also 

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

employed to understand physicochemical, transport, optical and spectroscopic, and 

approximate quantum mechanical calculations. Cell viability data is also being provided in this 

chapter. 

 

CHAPTER-IV 

Geometry- optimized extended conformation obtained for   amino acids (Tyrosine, 

Tryptophan) prevailing in Aqueous Vitamin C Solutions is studied in this part. The solute – 

solvent interactions are maximum in Tyrosine is observed. C-13 NMR spectral data and Ab-

initio are more reliable and supportive to study the Solute - Solvent interactions. Ascorbic 

acid acts as a co-enzyme. This leads to the essential benefits of Tyrosine in presence of 



Ascorbic acid in various catabolism reactions in human body. The ion-solvent interaction 

dominates above the ion-ion interactions in studied solution. 

 

CHAPTER-V 

Fundamental properties, opportunities, challenge, and latest progress of anode and cathode 

material research is discussed in this chapter. The guest ions can be inserted into and be 

removed from host network reversibly. In a Li-ion battery, Li+ is guest ion and the host network 

compounds are aqueous ascorbic acid solution which can dissociate in solution and organize to 

form 2-furanone molecules. As new supplies and strategies are found, Li-ion batteries will no 

doubt have an ever better impact on our lives in the years to come. Studies of transportation 

properties of diverse electrolytes in solvent media are of importance to obtain information on 

the behavior of ions in solution. Molecular interactions can be studied in the solution phase by 

studying it’s thermodynamic, transport properties. These properties provide vital information 

about the nature and strength of intermolecular forces operating among the components. The 

ion–ion interactions for LiCl, LiBr and LiI decreases with the increase in temperature, which may 

be due to more solvation of ions. The temperature effect on B coefficient for LiCl, LiBr and LiI 

shows a positive sign of dB/dT, viewing thereby that LiCl, LiBr and LiI behaves a structure-

breaker in (0.001, 0.003, 0.005) m aqueous ascorbic acid solution. This allows usage for a green 

battery with high capacity and high voltage. It also paves the way for cheaper consumer 

electronics. 

 

CHAPTER-VI 

The concerned chapter comprises study of two host molecules i.e., beta cyclodextrin, 18 crown 6 

along with ionic liquid. It may be expected that, as innovative applications like those 

in chromatography, electron microscopy, and biochemistry, become more widely appreciated; by the 

use of the studied Ionic liquid will become properly recognized. The ability to control and 

enhance proton-catalyzed chemical reactions should be another feature of studied protic ionic liquid 

chemistry; it is a very effective solvent media for optimum output in several applications with 

minimum possible environment pollution. Physicochemical investigation of both inclusion and 

encapsulation complexes for - CD and 18-Crown-6 with pyrrolidinium based ionic liquid   are 

overviewed   in the present work. In the first case ionic liquid combines with α- and - CD which 

has interesting variations in thermo chromic behavior of the dye molecules and would be 

desirable in the near future. On the other hand 18-Crown-6 including hydrophobic ionic liquid 

has a vital role in electrochemistry. Such type of inclusion complexes are used in recycling 
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process. This proposed electrochemical process for remediation of extraction solvent preserves 

the ionic liquid. 

 

 

CHAPTER-VII 

This chapter deals with few ionic oxalates along with Vitamin C in our body. Few of the 

chemicals which were taken to observe its experimental effects are Lithium Oxalate, Sodium 

Oxalate, Potassium Oxalate, Ammonium Oxalates and aqueous Vitamin C. Vitamin-C which 

should be inserted, on the other hand   Oxalates are already present in the body.  Excess of 

Oxalates cause negative effects in the body by causing health hazards. Importance lies behind 

the fact that if the co-solute ascorbic acid along with water is made to interact with oxalates the 

water along with Oxalates is removed from the body. While Vitamin-C in other way is used by 

the body for the growth and repair of tissues. It helps the body make collagen, an important 

protein used to make skin, cartilage, tendons, ligaments, and blood vessels. Vitamin C is needed 

for healing wounds, and for repairing and maintaining bones and teeth. In my present work the 

interaction of Sodium Oxalate is best with Vitamin-C. 

 

 

CHAPTER-VIII 

The chapter deals precise measurements on geometry, spectroscopic, conductometric, ab initio 

methods. Solvation nature of Lithium iodide (LiI) for both polar and nonpolar organic solvents 

viz., acetonitrile and benzonitrile has been illustrated. Results of vibrational spectroscopic data 

were compared with experimental values, electrical conductance (Λ) of solutions were also 

taken.  The effect of cations on the infrared spectrum of AcN is well known. Similarly, we have 

focused on the effect of anion on infrared spectrum of PhcN. Here the effect of anion on the 

spectral properties of PhcN based on quantum chemical calculations is in agreement with the 

experimental observations.  

Aromatic nitriles have extensive applications in the production of dyes, pesticides and 

pharmaceuticals. They are used as intermediates in the synthesis of a variety of 

pharmacologically active compounds which are used as sedatives, muscle relaxants, 

neuroleptics, etc. Benzonitriles are of immense interest in the ground of organic chemistry for 

the synthesis of pharmaceuticals, natural products, herbicides, and agrochemicals. In the current 

work substituted benzonitriles are being studied in order to find its novelty in many reactions in 

industries at high temperatures.  



Lithium-ion battery performance is strongly influenced by ionic conductivity of the 

electrolyte, which depends on the speed at which Li+ ions drift across cell and relates to 

their solvation structure. The selection of solvent can greatly impact both solvation and 

diffusivity of Li+ ions. Schematically the action of these batteries occurs together with an 

exchange of ions between solution and electrodes. The FTIR spectroscopic analysis of 

benzonitrile and acetonitrile was carried out to assess the impact of at atomic and 

molecular level like bond strength, stability, rigidity of structure, etc. As latest supplies 

and strategies originate, Li-ion batteries will no doubt have an ever superior impact on 

our lives in the years to come. 

 

CHAPTER-IX 

This chapter consist of qualitative and quantitative analysis of molecular interaction established 

in L-Tert-leucine and aqueous solution of α- and - cyclodextrin have been probed by 

thermophysical properties. So this { + [Tle]} is more suitable for the pharmaceutically active 

compounds, chiral auxillaries & muscular protein. The present work adds a dimension in the 

field of contemporary science of controlled delivery of Tertiary-Leucine which is a derivatized 

amino acid by means of suitable host molecule as selected here as α- and -Cyclodextrin. 

Biological activity relates to the non- toxic nature of the inclusion complexes. 

 

CHAPTER X 

This work portrays the importance of Vitamin B complexes and their novelty in the body in 

regard of In- Vitro Analysis. 

 

CHAPTER XI 

This chapter contains the concluding remarks of the works related to the thesis. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PREFACE 

The work in the thesis entitled “PHYSICOCHEMICAL INVESTIGATION OF ASSORTED 

INTERACTIONS OF SOME IMPERATIVE COMPOUNDS WITH THE MANIFESTATION OF 

SOLVATION EFFECTS PREVALENT IN DIVERSE SOLVENT SYSTEMS " was initiated under the 

supervision of Dr. Mahendra Nath Roy, Prof. of Chemistry in the Department of Chemistry, 

University of North Bengal. This research was become conscious within the framework of the 

Programme in the field of “Imperative Compounds & Solution Thermodynamics” and Research 

Group of Professor Roy. 

 

The work is an attempt to explore molecular interaction in aqueous and   non-aqueous 

electrolytic and non-electrolytic solutions by studying their physico-chemical, transport, spectral 

properties and biological activity. 

 

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

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

experts and scientists. I was even fortunate enough to publish the works in the thesis in 

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 crept 

in spite of precautions. 

 

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

earned during my research can be put into effect in the newest future. 
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CHAPTERS FIGURES PAGE NO. 

ChapterIV Figure 1.1H NMR spectra of Tyrosine along with 

Ascorbic acid in D2O at 298.15 K. {1H-NMR (300 

MHz, CDCl3): δ 7.10-7.6 (d, 2H), 6.83-6.77 (d, 2H), 

3.99-3.95 (t, 1H), 3.66-3.64 (d, 2H), 3.12-3.07                 

(d, 2H)}. 

Figure 2.1H NMR spectra of Tryptophan along 

with Ascorbic acid in D2O at 298.15 K. {1H-NMR 

(300 MHz, CDCl3): δ 7.63-7.60 (d, 2H), 7.44-7.41 

(d, 2H), 7.20-7.06 (m, 2H), 3.99-3.94 (m, 3H), 3.24-

3.19 (d, 2H)}. 

Figure3. 13-C NMR spectra of Tyrosine along with 

Ascorbicacid in D2O at 298.15 K.{13C-NMR (75 

MHz, in D2O): 174.50, 156.2, 155.8, 128.9, 127.3, 

126.6, 126.4, 123.8, 63.9, 53.4}. 

Figure 4.13-C NMR spectra of Tryptophan along 

with Ascorbic acid in D2O at 298.15 K. {13C-NMR 

(75 MHz, in D2O): 174.40, 156.3, 155.8, 125.9, 

123.3, 119.4, 118.3, 115.8, 114.2, 113.9, 113.2, 

68.9, and 54.8}. 

Figure 5.Fluorescence emission spectra of 

aqueous ascorbic acid   in the presence of 0.1mM─ 

1.0 mM ofTyrosine (ex =275 nm, slit =5/5) 

Figure 6.Fluorescence emission spectra of 

aqueous ascorbic acid   in the presence of 0.1mM─ 

1.0 mM ofTryptophan (ex =295 nm, slit =5/5) 

Figure 7.  Bar diagram of the relative fluorescence 

intensity bar for the interaction of tyrosine using 

aqueous ascorbic acid. 

Figure 8.  Bar diagram of the relative fluorescence 

337-341 



intensity bar for the interaction of tryptophan 

using aqueous ascorbic acid. 

Figure 9(a).Optimum geometry for a complex 

consisting of a tyrosine encircled by ascorbic acid 

molecules involving three H-bonding (without 

Cartesian Co-ordinate). 

Figure 9(b).Optimum geometry for a complex 

consisting of a tyrosine encircled by ascorbic acid 

molecules involving three H-bonding (with 

Cartesian Co-ordinate). 

Chapter V Fig1. Comparison of measured densities for 

(ascorbic acid+ H2O) binary system with literature 

at T = 298.15 K, this work;  with reference to the 

introduction of the salt    in the above mixture. 

Fig 2. Variation tendency of apparent molar 

volumes,of Ascorbic acid in aqueous LiCl, LiBr and 

LiI solutions. 

(a)wsalt = 0.001(m) At T = 298.15 K: green,LiCl; 

red○, LiBr; purple □,LiI. At T = 318.15 K: green

,LiCl; red●,LiBr; purple■,LiI. 

(b) wsalt = 0.003(m) at T = 298.15 K: green    , 

LiCl; red○, LiBr; purple □,LiI.At T = 318.15 K: 

green ,LiCl; red● ,LiBr; purple ■; LiI. 

(c) wsalt =0.005(m) at T = 298.15 K: green LiCl; 

○ red, LiBr; purple□, LiI.At T = 318.15 K: green , 

LiCl; red●,LiBr;  ; purple■,LiI 

Fig 3. Variation tendency of apparent molar 

volumes at infinite dilution for ternary [(LiX + 

Ascorbic acid + H2O) where X = Cl, Br, I]  system at 

different temperature obtained from the plots: 

(a)LiCl shows φv0 for  0.001(m)  concentration as 

green ; 0.003(m) concentration as brown ; 

0.005(m) concentration as blue .(b) LiBr shows 
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φv0 for  0.001(m)  concentration as green ; 

0.003(m) concentration as brown ; 0.005(m) 

concentration as blue . .(c) LiI shows φv0 for  

0.001(m)  concentration as green ; 0.003(m) 

concentration as brown ; 0.005(m) concentration 

as blue . 

Fig 4:Plot of RM versus √c for alkali salt formers in 

ascorbic acid solutions: for LiCl (blue), LiBr 

(brown), LiI(green). 

Fig5(a)Plot of molar conductance (Λ) and the 

square root of concentration (√c) of LiCl in w1 = 

0.003(m) shows series 1(■) at 308.15K, series 

2(■) at 303.15K, series 3 (■) at 298.15K, similar 

trends are also shown when w1= 0.001(m) , w1 

=0.005(m) of ascorbic acid in water medium. 

Fig 5(b) Plot of molar conductance (Λ) and the 

square root of concentration (√c) of LiBr in w1 = 

0.005(m) shows series 1(■) at 308.15K, series 

2(■) at 303.15K, series 3 (■) at 298.15K, similar 

trends are also shown when w1 = 0.001(m) , w1 

=0.003 (m) of ascorbic acid in water medium. 

Fig 5(C) Plot of molar conductance (Λ) and the 

square root of concentration (√c) of LiI in w1 = 

0.001(m) shows series 1(■) at 308.15K, series 

2(■) at 303.15K, series 3 (■) at 298.15K, similar 

trends are also shown when w1 = 0.003(m), w1 

=0.005 (m) of ascorbic acid in water medium. 

Fig 6. Plot of limiting molar conductance (λo) vs 

mass fraction (w) forLiCl, LiBr, LiI in definite 

0.001(m) , 0.003(m), 0.005(m) fractions at the 

variable ranges of temperatures of 298.15K, 

303.15K, 308.15K.Series1( ) denotes LiCl, Series2 

( ) denotes LiBr, Series3 ( ) denotes LiI in 

increasing trends of mass fractions from the left 



hand side of the graph. 

Fig 7. Plot of ionic Walden product (λoη) vs mass 

fraction (w) for LiCl, LiBr, LiI in definite 0.001(m) , 

0.003(m), 0.005(m) fractions at the variable 

ranges of temperatures of 298.15K, 303.15K, 

308.15K. Series1( ) denotes LiCl , Series2 ( ) 

denotes LiBr, Series3 ( ) denotes LiI in 

increasing trends of mass fractions from the left 

hand side of the graph. 

ChapterVI Figure 1: Plot of limiting molar volume (ϕV0) vs 

mass fraction for IL in aq. β-CD (blue), IL in aq. 18 

C-6 (brown). 

Figure 2: Plot of viscosity B-coefficient vs mass 

fraction for IL in aq. β-CD (yellow), IL in aq. 18 C-6 

(brown). 

Figure 3: Plot of limiting molar refraction (RM0) vs 

mass fraction for IL in aq. β-CD (pink), IL in aq. 18 

C-6 (green). 

Figure 4(a): Plot of surface tension (γ) against 

concentration for IL in aq. β-CD solutions. 

Figure 4(b): Plot of surface tension (γ) against 

concentration for IL in aq. 18 C-6 solutions. 

Figure 5(a): Plot of Molar conductance ( ) 

against concentration aqueous β-cyclodextrin in 

mass fraction w1=0.001 (M), 0.003 (M) and 0.005 

(M) for IL at 298.15K respectively. 

Figure 5(b):  Plot of Molar conductance ( ) 

against concentration aqueous 18 crown-6 in 

mass fraction w1=0.001 (M), 0.003 (M) and 0.005 

(M) for IL at 298.15K respectively. 

Figure 6(a):  FTIR spectra of [EMPyrr] Br (black), 

-CD (red) and the [EMPyrr] Br–-CD inclusion 

388-396 



complex (blue). 

Figure 6(b): FTIR spectra of [EMPyrr] Br (black), 

18 C-6 (red) and the [EMPyrr] Br–18 C-6 

encapsulated complex (blue). 

Figure 7(a): 1H NMR spectra of -CD, [EMPyrr] 

Br   and a 1: 1 molar ratio of -CD + [EMPyrr] Br in 

D2O at 298.15 K. 

Figure 7(b): 1H NMR spectra of 18 C-6, [EMPyrr] 

Br and a 1: 1 molar ratio of 18 C-6 + [EMPyrr] Br 

in D2O at 298.15 K. 

Figure 7(c): 2D ROESY spectra of the solid 

inclusion complex of [EMPyrr] Br and -CD in D2O 

(correlation signals are marked by red circles). 

Figure 8(a): ESI mass spectra of [EMPyrr] Br–-

CD inclusion complex. 

Figure 8(b): ESI mass spectra of [EMPyrr] Br–18 

C-6 encapsulated complex. 

Chapter VII No figures are included only schemes are drawn  

 

Chapter VIII Figure 1(a).  Infrared spectra for pure AcN in the 

C≡N stretch region (2220 – 2320 cm-1) 

Figure 1(b). Infrared spectra for LiI─ AcN 

solution in the C≡N stretch region (2220 – 2320 

cm-1) 

Figure 2(a). Infrared spectra for pure PhcN 

solution in the C≡N stretch region (2220 – 2320 

cm-1) 

Figure 2(b). Infrared spectra for LiI─PhcN 

solution in the C≡N stretch region (2220 – 2320 

cm-1) 

Figure 3(a). Infrared spectra for Pure AcN 
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solution in the C─H stretch region (2800 – 3100 

cm-1) 

Figure 3(b). Infrared spectra for LiI─AcN solution 

in the C─H stretch region (2800 – 3100 cm-1) 

Figure 4(a). Infrared spectra for pure PhcN 

solution in the C─H stretch region (2800 – 3100 

cm-1) 

Figure 4(b). Infrared spectra for LiI─PhcN 

solution in the C─H stretch region (2800 – 3100 

cm-1) 

Figure 5(a). Infrared spectra for pure AcN 

solution in the C─C stretch region (890 – 950 cm-

1) 

Figure 5(b). Infrared spectra for LiI─AcN solution 

in the C─C stretch region (890 – 950 cm-1) 

Figure 6(a). Infrared spectra for pure PhcN 

solution in the C─C stretch region (890 – 950 cm-

1) 

Figure 6(b). Infrared spectra for LiI─PhcN 

solution in the C─C stretch region (890 – 950 cm-

1) 

Figure 7(a). Infrared spectra for pure AcN 

solution in the C─C≡N stretch region (700 – 820 

cm-1) 

Figure 7(b). Infrared spectra for LiI─ AcN 

solution in the C─C≡N stretch region (700 – 820 

cm-1) 

Figure 8(a). Infrared spectra for pure PhcN 

solution in the C─C≡N stretch region (700 – 820 

cm-1) 

Figure 8(b). Infrared spectra for LiI─PhcN 

solution in the C─C≡N stretch region (700 – 820 



cm-1) 

Figure 9(a). The plot of Λ vs √C of lithium iodide 

in benzonitrile solution at 293.15 K 

Figure 9(b). The plot of Λ vs √C of lithium iodide 

in benzonitrile solution at 303.15 K 

Figure 9(c).  The plot of Λ vs √C of lithium iodide 

in benzonitrile solution at 313.15 K 

Figure 10. Fluorescence emission spectra of 

Benzonitrile in the presence of 0.1mM─ 1.0 mM of 

Lithium iodide. (ex =113nm, slit =5/5). 

Chapter IX Figure 1. Molecular structure of [Tle] in aqueous 

solution and cyclodextrin molecule with interior 

and exterior protons. 

Figure.2. Variation of surface tension of aqueous 

Tert -Leucine- α-CD, Tert -Leucine- β-CD systems 

respectively at 298.15 K. 

Figure.3. Plot for variation of Conductivity of 

aqueous [Tle - α-CD], [Tle- β-CD] systems 

respectively at 298.15 K. 

Figure. 4(a). Limiting apparent molar volume 

(0v) of Tertiary Leucine in 0.001 mass fraction of 

β- and α- CD respectively [for (β-CD + Tle)  : 

yellow, (α-CD + Tle) : blue.] 

Figure. 4(b). Limiting apparent molar volume 

(0v) of Tertiary Leucine in 0.003 mass fraction of 

β- and α- CD respectively [for (β-CD + Tle)  : pink, 

(α-CD + Tle) : green.] 

Figure. 4(c). Limiting apparent molar volume 

(0v) of Tertiary Leucine in 0.005 mass fraction of 

β- and α- CD respectively [for (β-CD + Tle)  : red, 

(α-CD + Tle) : blue.] 
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Figure. 5(a). Viscosity B-coefficient (B) of 

Tertiary Leucine in 0.001, 0.003, 0.005 mass 

fraction of α- CD at 298.15K, 303.15K, 308.15K 

respectively. 

Figure. 5(b). Viscosity B-coefficient (B) of 

Tertiary Leucine in 0.001, 0.003, 0.005 mass 

fraction of  -CD at 298.15K, 303.15K, 308.15K 

respectively. 

Figure. 6. Plot of limiting molar refraction (RoM) 

for Tert-Leucine in different mass fractions (w1) 

of aqueous  α-CD (green, red, olive) and (w2) of 

aqueous  -CD (yellow, pink, blue)  respectively at 

298.15K, 303.15K, 308.15K. (For interpretation of 

the references to colour in this figure legend, the 

reader is referred to the web version of this 

article). 

Figure.7 (a).1H NMR titration spectra of Tert - 

Leucine with α-CD in D2O at 300 MHz at 298 K. 

Figure.7 (b). 1H NMR titration spectra of Tert -

Leucine with -CD in D2O at 300 MHz at 298 K. 

Figure. 8(a). Fluorescence emission spectra of 

aqueous α-CD in the presence of 0.1mM─1.0 mM 

of Tert-Leucine (ex =230 nm, slit =5/5) 

Figure.  8(b). Fluorescence emission spectra of 

aqueous -CD in the presence of 0.1mM─1.0 mM 

of Tert-Leucine (ex =230 nm, slit =5/5). 

Figure 9 FTIR spectra of [Tertiary leucine] (olive 

green), [α-CD + Tertiary Leucine] (red) and the 

[Tertiary leucine]–-CD inclusion complex (blue). 

Figure 10.(a)   ESI mass spectra of [Tertiary 

Leucine]–α-CD inclusion complex. 

Figure 10.(b)   ESI mass spectra of [Tertiary 



Leucine]–-CD inclusion complex. 

Figure 11. Scanning electron microscope (SEM) 

morphology of (a) α-CD, (b) [Tle]: α-CD, (c) β-CD, 

(d) [Tle]: β-CD (1:1 M ratio) inclusion complex 

Figure 12. High resolution transmission electron 

microscopy (HRTEM) images formed by (a) α-CD, 

(b) [Tle]: α-CD, (c) β-CD, (d) [Tle]: β-CD (1:1 M 

ratio) inclusion complex 

Figure 13. (a) Cell viability analysis of Gram 

negative E.coli by Pour plate method. Cells grown 

in medium without the ICs taken as the control. 

Experiments were done in triplicates with 0.05 

level of significance. (b) Cell viability analysis of 

Gram positive B. subtilis by Pour plate method. 

Cells grown in medium without the ICs taken as 

the control. Experiments were done in triplicates 

with 0.05 level of  significance. 

Figure14. (a) Antimicrobial activity analysis α-CD 

on Gram-positive B. subtilis by AgarCup method. 

No zone of inhibition was observed. Double 

distilled water was taken as the control. (b) 

Antimicrobial activity analysis α-CD on Gram-

negative E. coli by Agar Cup method. No zone of 

inhibition was observed. Double distilled water 

was taken as the control. (c) Antimicrobial activity 

analysis -CD on Gram-positive B. subtilis by Agar 

Cup method. No zone of inhibition was observed. 

Double distilled water was taken as the control. 

(d) Antimicrobial activity analysis -CD on Gram-

negative E. coli by Agar Cup method. No zone of 

inhibition was observed. Double distilled water 

was taken as the control. 

Figure.  S4(a). Benesi-Hildebrand double 

reciprocal plot for the effect of α-CD on the 



chemical shift of Tert-Leucine. 

Figure. S4(b). Benesi-Hildebrand double 

reciprocal plot for the effect of β-CD on the 

chemical shift of Tert-Leucine 

Figure. S6(a.)  Plots of   lnF0/F vs. [α-CD] at 

different concentrations (0.05mM). 

Figure. S6(b.) Plots of lnF0/F vs. [-CD] at 

different concentrations (0.05mM). 

Chapter X Figure1. Plot of the variation of density () of 

solution as a function of molality (m) for aqueous 

solutions of pyridoxine at T = 298.15 K: -, 

nicotinamide at T = 298.15 K: -. 

Figure 2. Dependence of apparent molar volumes 

(0V) in 0.005 mass fraction of pyridoxine (blue 

bars) & nicotinamide (brown bars) in aqueous  

CD solutions at (T =298.15–308.15) K. 

Figure3. Plots of viscosity B-coefficients for 

pyridoxine (brown bars) and nicotinamide (blue 

bars) in mole fraction (0.005) in aqueous 

solutions at T = (298.15–308.15) K. 

Figure4. Plot of the variation of (V - AV (m) 1/2) as 

a function of various intermediate mass fractions 

of  (0.005) in terms of molality/mol. Kg-1 for 

aqueous CD solutions of nicotinamide (blue 

colored linear graph) & pyridoxine (brown 

colored linear graph) at T = 298.15 K to 308.15K. 

Figure5. Plot of the variation of ((r-1) / m1/2) as 

a function of (C1/2) for aqueous CD solutions of 

nicotinamide (denoted with brown line) & 

pyridoxine (denoted with blue line) at the 

elevated temperature of T = 298.15 K. 

Figure6. Plots of standard partial molar volume of 
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transfer (t0V) for pyridoxine on the molality of 

beta-cyclodextrin (m CD) in aqueous solutions at 

T = (298.15–308.15) K. 

Figure7. Plots of standard partial molar volume of 

transfer (t0V) for nicotinamide on the molality of 

beta-cyclodextrin (m CD) in aqueous solutions at 

T = (298.15–308.15) K. 

Figure8. Curve of absorbance versus wavelength 

of nicotinamide (Vit B3) vs. -CD solution 

Figure9. Curve of absorbance versus wavelength 

of pyridoxine (vit B6) vs. -CD solution 

Figure10. Fluorescence emission spectra of 

aqueous -CD in the presence of 0.1mM─ 1.0 mM 

of Vit B3 (ex =405 nm, slit =5/5). 

Figure 11. Fluorescence emission spectra of 

aqueous -CD in the presence of 0.1mM─ 1.0 mM 

of Vit B6 (ex =258 nm, slit =5/5). 

Figure12. FTIR Spectra of (a) nicotinamide, (b) 

[nicotinamide +  - CD]IC, (c) pyridoxine, (d) 

[pyridoxine +  - CD] IC. 

Figure13. 1H – NMR Spectra of [-CD: 

Nicotinamide] inclusion complex in D2O 

Figure14. 1H –NMR Spectra of [-CD: Pyridoxine] 

inclusion complex in D2O. 

Figure15. SEM images of Vit B3 structures: (a) 

rod-shaped crystals in the absence of -CD. With 

the influence of -CD (b) uneven micro-clusters 

formed at pH 7.0. 

Figure16. SEM images of Vit B6 structures: (a) 

Mesh is formed in the absence of -CD. With the 

influence of -CD (b) distinct cylindrical rods 



formed at pH 7.0. 

Figure17. TEM images (a) only Vit B3 (b) Vit B3 

in presence of -CD morphological study. 

Figure18. TEM images (a) only Vit B6 (b) Vit B6 

in presence of -CD morphological study. 

Figure19. Powder X-ray diffraction pattern of (a) Vit 

B3 and (b) Vit B3: β-CD    (1:1M ratio) inclusion 

complex. 

Figure20. Powder X-ray diffraction pattern of (a) 

Vit B6 and (b) Vit B6: β-CD (1:1 M ratio) inclusion 

complex. 
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Chapter-IV Scheme 1: The molecular structures of Tyrosine, Tryptophan 
and Ascorbic acid. 

342-343 

Scheme 2. Diagrammatic representation of the Probable 
Geometrical Configurations involving  tyrosine molecules 
surrounded    by ascorbic acid molecules involving three H-
bonding. 

Scheme3. Diagrammatic representation of the Probable 
Geometrical Configurations involving tryptophan molecules 
surrounded by ascorbic acid molecules involving two H-
bonding. 

 

Chapter-V Scheme 1.Three Dimensional Representation of Solvent 
Cage 

368-370 

Scheme 2. Array of Limiting Apparent Molar Volumes at a 
definite concentration. 

Scheme 3. Array of Molecular Interactions. 

Scheme 4. Different possible ionic group interactions in 
aqueous solutions of ascorbic acid in presence of LiX [X = Cl, 
Br, I]. 

 

Scheme 5.  Ion-solvent  interaction 

 

 

Chapter-VI Scheme 1 Structure of Cyclodextrin and Crown molecules. 

Scheme 2  Molecular structure of   [EMPyrr] Br. 

397-400 

Scheme 3 (a) Schematic representation of Inclusion 
complexation of [EMPyrr] Br with β- Cyclodextrin. 
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(b) Incorporation of   [EMPyrr] Br into the cavity of 

truncated conical structure of -cyclodextrin showing the   
stereospecific complexation. 

Scheme 4 Schematic representation of encapsulation 
interaction of [EMPyrr] Br with 18 C-6. 

Scheme 5 Schematic representation of solvation of ions   
screening Solute – Solvent Interactions. 

(a) Incorporation of IL into the hollow space of -CD. 

(b) Encapsulation of   [EMPyrr] Br with 18 C-6. 

Chapter-VII Scheme 1: Molecular structure of ascorbic acid 418, 419, 

423, 425  Scheme 2: Pictorial representation of Oxalate ion . 

Scheme 3:   Pictorial representation of the four oxalate salts. 

Scheme 4. Keto-enol tautomerism of ascorbic acid. 

Scheme 5. The stability   of the conjugate base of ascorbate ion.  

Scheme 6: pH ranges of interactions of aqueous ascorbic acid solutions 

 Scheme 7: Probable interaction pattern of the studied 

system. 

Scheme 8  : Probable mechanism of the studied system. 

 

 Scheme 9. The schematic representation of solute–solvent 

interaction, for the studied OXALATES in aqueous vitamins 

binary mixtures. 

 

 Chapter-VIII Scheme 1.Optimised geometry would involve a central Li+ 
ion tetrahedrally surrounded by four benzonitrile molecules. 

464-465 

Scheme 2.  Diagrammatic representation of the Probable 
Geometrical Configurations of the complex I(PhcN)2-. 

Chapter-IX Scheme 1. Schematic representation of mechanism for the 
formation of 1: 1 inclusion complex of Tertiary-Leucine with 
both α and β-cyclodextrin. 

466 

Scheme2. (a) Proposed schemes of different possibilities of 
host-guest ratio for inclusion complexation. (b) Proposed 
schemes of feasible and restricted inclusion of the guest 



molecule   into the host molecule. 

Chapter-X Scheme 1. Schematic representation of mechanism for the 
formation of 1: 1 inclusion complex of nicotinamide with β-
cyclodextrin. 

512 

Scheme 2. Schematic representation of mechanism for the 
formation of 1: 1 inclusion complex of pyridoxine with β-
cyclodextrin. 
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APPENDIX B: 

LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 

ILs Ionic liquids 

 [EMPyrr]+ 1-ethyl-1-methyl pyrrolidinium  cation 

ACN or CH3CN 

PhCN or 

C6H5CN 

acetonitrile 

  

benzonitrile 

CH3OH methanol 

CD Cyclodextrin  

β-CD 

-CD 

β-cyclodextrin 

 -cyclodextrin 

L 

RPM, 
SMC(0.327), & 
TK (0.09373) 

Speed, spindle multiplier constant, and viscometer torque constant of 
DV-III pro viscometer. 

Λ molar conductance 

Λo limiting molar conductance 

M molar mass 

ρ density of the solution 

w1 & w2 mass fraction of the first & second component of molar mass M1 & M2 

ηo solvent viscosity  

η Viscosity of solution 

Λoη Walden product  

λo
± Limiting ionic conductance 

λo
±η limiting ionic Walden product 

w mass fraction 

ΔGo Gibbs energy changes 

Atheo-coefficient Ion-ion interactions from Debye-Hückel theory  

V  Apparent molar volume 

B-coefficients Viscosity B-coefficient 

√c  square root of molar concentration  



0

V  partial molar volume at infinite dilution  

or limiting molar volume 

A or AV  Ion-ion or solute-solute interaction from Masson equation  

B or BV Ion-solvent or solute-solvent interaction from Masson equation 

ηr = η/η0 Relative viscosity  

0

1V  partial molar volumes of the solvent  

0

2V  partial molar volumes of the solute 

0#

1 or 0#

1G  free energy of activation per mole of solvent mixture of viscous flow 

0#

2  free energy of activation per mole of the solute of viscous flow 

h Planck's constant 

NA Avogadro's number 

0#

2S  Entropy of the solution 

0#

2ΔH  Enthalpy of the solution 

m Molality of the solution  

0

K  limiting apparent molar adiabatic compressibilities 

*

KS  experimental slopes  

0  limiting ionic apparent molar volumes 

B± ionic viscosity B-coefficients 

Dn  refractive index 

RM molar refraction 

-R alkyl chain group of the amino acid 

nc number of carbon atoms in the alkyl chain of the amino acid 

3

0 (NH , COO )V      zwitterionic end group to apparent molar volume 

2

0 (CH )V  methylene group contribution to 0
V    

0
V  standard transfer volume for amino acid from H2O to aqueous β-CD 

solution 

VW  van der Waals volume 

VS  volume associated with voids or empty space 

S  shrinkage volume due to electrostriction 

3

0 (NH ,COO )V      standard partial molar volumes of transfer of the zwitterionic end 
group 



0 (R)V    standard partial molar volumes of transfer of other alkyl chain groups 

nH hydrated to the amino acids 

0 (int)V  intrinsic partial molar volumes of the amino acids 

0 (elect)V  electrostriction partial molar volume resulting of hydration of amino 
acid 

0 (cryst)V  molar volume of crystal 

0

E  limiting apparent molar expansibilities  

B(NH3
+,COO-) zwitterionic end group to viscosity B-coefficient 

B(CH2)   methylene group to apparent molar volume 

B(R) side chain contributions to B-coefficients 

0#  total free energy of activation of viscous flow of the solution 

n1 & n2 number of moles of mixed solvent and solute, respectively 

R2 squared correlation coefficient or linear regression coefficient 

LiI, LiBr, LiCl 

Vit C 

Vit B3 

Vit  B6 

(COO)2
- 

Tryp 

Tyro 

18-C-6 

Tle 

Lithium iodide, Lithium bromide, Lithium iodide. 

Ascorbic acid / vitamin C 

Nicotinamide / vitamin B3 

Pyridoxine /vitamin B6 

Oxalate anion 

Tryptophan 

Tyrosine 

18-Crown-6 

Tertiary Leucine / Tert - leucine 

 

 

 

Some Important Dimensional Constants Used  

Name Symbol Value 

Density of the water at 298.15K ρ0 : 0.99712×103  kg m-3 

Viscosity of water η0 : 0.890 mP s 

Conductivity of water  : <1×10−6 S cm−1 

Relative permittivity of water µ0 : 78.30 

Boltzmann’s Constant kB : 1.3806488×10−23 m2 kg s-2 K-1 



Faraday  F : 96500 coulomb 

π  : 3.143 

Avogadro number NA : 6.023×1023  mol-1 

Universal Gas constant Rg : 8.314×107  erg mol-1 K-1 

Plank Constant h : 6.63 ×10-34 J s-1 

Volume of 1 kg H2O at its maximum 

density 

Vo : 1000.028 cm3 

Speed of light  co : 3.00 ×108 m s-1 

Permeability of free space    µ0 : 1.256637 × 10-6 Henry m-1 

Relative permittivity of free space ε0 : 8.85416 × 10-12 F m-1 

Electronic charge   e : 1.60 ×10-19 C 

 

 

Unity 

 

 

eq. : equivalents 

 

h : hour 

mL : milliliter   g : gram 

min. : minute mg : milligram 

mol : mole   °C : degree Celsius   

mmol : millimole K : degree Kelvin  

µmol : micromole Hz : Hertz   

ppm : part per million    

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Chemistry, the facet of Science that deals with the properties, composition, structural 

conformation as well as configuration of substances (defined as elements, compounds), the 

transformations they undergo, and the energy that is released or absorbed during these 

processes.  

 

. (1)  Aim of study  

The aim of chosen research area is to bridge the gap between the knowledge and the skills 

necessary to be a successful research scientist in the field of “Solutions Chemistry”.  

The immense challenge in Chemistry is the expansion of a coherent explanation of the 

complex behavior of materials, why they appear as they do, what gives them their enduring 

properties, and how interactions among different substances can bring about the 

configuration of new substances by destruction of old ones. From the most primitive 

attempts to understand the material world in rational terms, chemists have struggled to 

develop theories of matter so as to satisfactorily explain both permanence and change. The 

ordered assembly of indestructible atoms into small and large molecules, or extended 

networks of intermingled atoms, is usually accepted as the basis of permanence, while the 

reorganization of atoms or molecules into contradictory arrangements lies behind theories of 

change. Thus Chemistry involves the study of the atomic composition and structural 

architecture of substances, as well as the varied interactions amongst substances that can 

lead to abrupt reactions. [1-4] 

CHAPTER:  

https://www.britannica.com/topic/science
https://www.merriam-webster.com/dictionary/composition
https://www.britannica.com/science/energy
https://www.merriam-webster.com/dictionary/coherent
https://www.britannica.com/science/molecule


Research methodology deals with acquiring the information needed to structure or solve the 

problem and to discover the innovative facts involved through the process in the dynamic 

change in the society. 

The foremost aims of the research work are: 

 To explore the manifestation of solvation effect of diverse liquid systems. 

 To assemble details about the nature and strength of assorted interactions, 

their influence on structural and dynamic properties of diverse solutions. 

 To comprehend the effects of variation in ionic structure, ionic mobility and 

common- ions along with a host of other properties on the thermodynamic 

properties of different electrolytes and non-electrolytes solutes in aqueous, 

non-aqueous and mixed solvent systems. 

 

. (2)   Objectives follow a line of investigation  

Research objective(s) can be categorized into qualitative and quantitative aspects. The aim of 

the qualitative objective is to test hypotheses significance of exploration. The purpose of 

quantitative objectives is to optimize certain measures of the study. 

Objective of research is one of the important elements for conducting any research because 

it helps in determining the possibility of conducting the study. Keeping the system 

requirement into consideration, research objectives must be clearly identifiable.  

The significance and uses of chemistry of electrolytes in diverse and mixed solvents are well 

recognized. On the other hand the studies have much effects of variation in ionic structure, 

ionic mobility and common ions along with a host of other properties. Different sequence of 

solubility, difference in solvating power and possibility of chemical or electrochemical 

reactions have open “vitas” for physical chemists interest in these organic solvents 

transcends the traditional boundaries of inorganic, physical, organic, analytical and 

electrochemistry. These phenomenon thus paves the path for research in Solution 

chemistry to elucidate the nature of interaction through experimental studies [5-7] 

involving densitometry, viscometry, refractometry and other suitable techniques to interpret 

the experimental data collected. 

 



. (3)   Scope & Applications of Research  

 What Is Physical Chemistry? 

Physical chemistry is the study of how matter behaves on a molecular, atomic level and how 

chemical reactions occur. Based on analyses, physical chemists may develop new theories, 

such as how complex structures are formed. Physical chemists often work closely with 

Materials scientists to research and build up potential uses for new materials. 

 

 

 

 

 

 

 

 

 

 

 What Do Physical Chemists Do? 

A physical chemist focuses on understanding the physical properties of atoms and molecules, 

the technique chemical reactions work, and what these properties reveal. Their work involves 

analyzing materials, developing methods to test, characterize the properties of materials, 

developing theories about these properties, discovering the potential use of materials. Using 

sophisticated instrumentation and equipment has always been a significant aspect of physical 

chemistry. [8-11] 

Physical chemists’ discoveries are based on understanding chemical properties and describing 

their actions using theories of physics and mathematical computations. Physical chemists 

predict properties of diverse elements and compounds, reactions of chemicals, then test and 

refine those predications. They also employ mathematical analysis and statistics on huge 

datasets, sometimes with millions of data points, to reveal hidden information about 



compounds, materials, and processes.  They may also conduct simulations, developing 

mathematical equations with the aim to predict how compounds will react over time. [12-16] 

Recently, progressively physical chemists have found homes in the emerging fields of 

materials science and molecular modeling where their skills in analyzing and predicting the 

behavior of physical properties have exciting novel applications.  By combining the 

mathematical rigidity of physical chemistry with the practicality of new materials and new 

applications, the field of physical chemistry is mounting in new and exciting ways. [17-19] 

 Where Is Physical Chemistry Used? 

Physical chemists toil in  diverse areas, but their universal goal is to discover, test, and 

understand the fundamental physical characteristics of a material—be it solid, liquid, or gas. 

Precision and attention to detail create their work somewhat similar to analytical chemistry, 

though physical chemists also stress the consequence of applying knowledge of math and 

physics to develop a thorough understanding of the material. 

Physical chemists generally have a strong curiosity concerning how things work at the atomic 

level and enjoy working by means of lab instrumentation and machines. Many are drawn to 

the fact that physical chemistry processes are similar to those of engineering, and many 

chemists enjoy using their knowledge and love of chemistry to create discoveries. 

 Industries Where Physical Chemistry Is Used 

Industries that are involved with the improvement of materials, including plastics, ceramics, 

catalysis, electronics, fuel formulation, batteries, surfactants and colloids, Pharmaceuticals  

etc. 

. (4)   Solution Chemistry  

       A ‘Solution’ in thermodynamics refers to a system with more than one chemical 

constituent that is mixed homogeneously at the molecular level. A well-known example of a 

salt-water solution: Na+, Cl- and H2O ions are intimately mixed at the atomic level. Many 

systems can be characterized as a dispersion of one phase surrounded by another phase. 

Even though such systems typically contain more than one chemical component, they do not 

form a solution. Solutions are not restricted to liquids: for example air, a mixture of 



predominantly N2 and O2, forms a gaseous solution. Solid solutions for example the solid 

phase scheme {Si-Ge} are also universal. Schematically illustrates a binary solid solution and a 

binary liquid solution at the atomic level. [20-28] 

 

Pictorial representations of (a) Binary solid solution (b) Binary liquid solution 

 

Measures of Compositions of the solutions composed of mole fractions, mass fractions, 

molarity, molality, volume fraction, mole ratio or volume ratio. 

Properties of solutions are not in general the additive properties of the pure components. 

The actual contribution to any extensive property is distinguished by its partial property. 

Partial property is used to designate the property of a component when it is in a mixture. 

Solvent assemblies is one of the most fundamental properties of any liquid as it determines 

more complex processes such as solvation and reaction dynamics. We know matter in three 

states of aggregation — solid, liquid, and vapour. Matter in each of these three states can be 

miscible in matter of the same state of aggregation as itself and in both of other states. Thus, 

we have solutions of gases in gases, or mixtures of gases which do not operate chemically 

upon one another. The characteristic here is unlimited solubility, the properties of the 

mixture being the summation of the properties of the constituent gases. Solutions of gases, 

liquids, and solids in liquids are the best and longest identified types of solutions. 



 

 

Gases dissolve in liquids to only a limited extent, keeping in view with Henry's law, 

increasing with the pressure to which the gas is subjected. The solubility of gaseous in liquid is 

directly proportional to its pressure. 



 

One of the most recent and most interesting types of solutions is that of solid in solid. Solid-

Solid solutions particularly of metals are sometimes called ALLOYS. 

 

       It is believed that unique ordering in imperative compounds results form a balance 

between anion-cation, cation-cation and also by ion-pair formation. The ultimate parameter 

has been found is the transport properties of the liquids and these atom-atom interactions 

mediate the dissociation of the ions and thus the ability to form solvation shells associated 

with the ‘assorted interactions’. To probe imperative compounds behaviour,  



effect  of  ionic  changes  were  examined experimentally  and  compared  to  that  of  model  

systems  drawn  for  conventional molecular solvents. [29-36]  

 

Both physical and chemical properties of a solution (liquid) are a result of the strength of their 

intermolecular forces: differing charges on adjacent molecules that lead to electrostatic 

attractions governed by coulombs law. The molecules acquire partial charges through the 

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

forces, hydrogen bonding, Vander Waals forces and electrostatic 

interaction etc. These specific thermodynamic properties are quantities which are 

either an attribute of an entire system or are functions of position which is continuous 

and doesn’t vary rapidly over microscopic distances, except in cases where there are 

abrupt changes at boundaries between phases of the diverse systems. [37-42] Therefore, 

the studies on the thermodynamic along with the transport properties of a solution 

would give a clear design about the nature of the forces existing within the constituents 

of a solution. Intermolecular forces in a solution control their physicochemical properties and 

thus help in understanding of the solvation thermodynamics is essential for the 

characterization and interpretation of any process performed in the liquid systems. [43-

45]These physicochemical properties are quantities which are either an attribute of an entire 

system or are functions of position which is continuous and does not vary rapidly over 

microscopic distances, except in cases where there are abrupt changes at boundaries 

between phases of the system. Therefore, the studies on physicochemical properties of 

solutions would provide a clear idea about the nature of the forces, interacting manner 

existing between the constituents of solution. It is thus, apparent that real understanding 

of the molecular interactions is a difficult task. The aspect embraces a wide range of 

topics but we have embarked on a series of investigations based on the volumetric, 

viscometric, refractometric, conductometric, tensiometric, pH-metric, 



and spectroscopic, quantum mechanical approximations, biological 

activity; which is used to study the nature and configuration of imperative 

compounds in diverse solvents with their mutual and specific interactions in solution 

systems. 

 Preparing Solutions 

Amount of solute in a solution is specified by its concentration. 

 

 

IDEAL SOLUTION is the solution where the properties depend only on the concentration of 

solute. Need conc. units to tell us the number of solute particles per solvent particle.  

 There are a number of different ways of expressing solute concentration that are commonly 

used. Some of these are listed below.  

Molarity, M = moles solute/litre of solution 

Normality, N = equivalents of solute/liter of solution 

Weight (Wt %) = (mass of solute/mass of solution) x 100% 

Parts per million, (ppm) = (mass of solute/mass of solution) x 10
6
 

Mass per volume, (mg/L) = mass of solute/liter of solution 

molality, (m) = moles of solute/mass of solvent 



  Mole fraction, (χ) = moles of solute/total moles 

Concentrations expressed as ppm and N is less familiar to most students at this stage. 

Parts per million: 

The number of milligrams of solute per kg of solution = one ppm, since 1 mg = 10
-3 

g and 1 kg 

= 10
3 

g. 

Assuming the density of water is 1.00 g/mL, 1 litre of solution = 1 kg and hence, 

1 mg/L = 1 ppm. This is generally true for freshwater and other dilute aqueous solutions. 

Parts per million concentrations are fundamentally mass ratios (solute to solution) x a million 

(10
6
). In this sense, they are similar to wt %, which could be thought of as parts per hundred 

(although nobody uses this term). 

Other variations on this theme include: 

{ppt  parts per thousand (used for common ions in sea water)} 

                            { ppb  parts per billion (used for heavy metals and organics)} 

{ppt  parts per trillion (used for trace metals and trace organics)} 

The following table 
summarizes common 

mass ratios for 
solutions and solids. 

Unit  

Solutions  Solids  

ppm  mg/L  μg/mL  mg/kg  μg/g  

ppb  μg/L  ng/mL  μg/kg  ng/g  

ppt  ng/L  pg/mL  ng/kg  pg/g  

 

 “Thermodynamics of solubility”  

One of the key properties of a solution is solubility, i.e. how much solute the solvent can 

dissolve in it. Solubility is a quantitative calculation of the maximum amount of solute (gas, 

liquid, or solid) that can be dissolved in a given solvent (pure component or mixture, liquid or 

solid), i.e. the equilibrium composition of a saturated solution. Solubility is considered as a 

thermodynamic function that depends on the substances (solute and solvent), temperature 

and pressure; if additional solute is present it will form a separate phase (pure solid, a hydrate 

compound, another liquid phase or a gas phase). A solution is known to be saturated if it 

contains the maximum dissolvable amount. Solutions possibly can be unsaturated (solute 

concentration below its solubility limit), at equilibrium (solubility concentration), 



supersaturated (a metastable state that will settled after a while if disturbed). The procedure 

of solubilisation involves breaking of inter-ionic or intermolecular bonds in solute, the 

separation of molecules of solvent to provide space in the solvent for the solute, further 

interaction between solvent and the solute molecule or ion. We therefore understand much 

of the dissolution phenomenon through its energetic (thermodynamics). [46-48] 

 

 

 Binary Solution & Ternary solution 

Binary solution is a mixture of two liquids that are completely miscible one with another in a 

particular system. Ternary solution is one in which three components are present in the 

system. They can either be two solvents and one solute or one solvent and two solutes.  

Ternary system  A physicochemical system consisting of three components; with 

practical importances in metal alloys, molten salts, oxides (slags), sulfides (mattes), systems of 

water and two salts with a common ion. Knowledge of phase diagrams and composition 

properties diagrams of ternary systems is necessary for an understanding of the nature of 

interaction of components and practical use of such systems. The most recent works relating 

to ternary systems in depicted in the later chapters composing of both ‘association’ and 

‘incorporation’ of various imperative compounds in diverse solvent systems.  

 



. (5)   Physicochemical contrivances of Imperative compounds   

        Physicochemical processes is stated as the physical reactions involved in the 

formation of or changes in the structure of atoms and molecules and their interactions 

affecting the Imperative Compounds kinetics. Investigation of physical and chemical 

properties of an Imperative compound – alone and or when combined with excipients in 

crucial during pre-formulation studies. Despite of the enormous benefits obtained from these 

practices, a comprehensive understanding of the properties of raw materials is crucial to the 

success of process design. Physicochemical properties linking excess thermodynamic 

function encompass relevance in carrying out engineering applications in industries and 

in designing of industrial separation processes. [49-52] 

Imperative means “of vital importance; crucial”. Preferential Imperative 

compounds studied comprises of: 

 Lithium compounds 

 Vitamins 

 Amino acids and its derivatives 

 Ionic Liquids 

 Cyclodextrins (α and ) 

In recent years there has been a growing interest in the study of physicochemical properties 

of “solvent-solvent” and “solute-solvent” systems. Physicochemical properties participate a 

“pivotal role” in interpreting intermolecular interactions amongst mixed components and 

efforts in current years have been aimed at an understanding of such properties at both 

microscopic and macroscopic levels. In order to gain insight into the mechanism of such 

interactions thermodynamic, transport and computational studies on binary and ternary 

solvent systems are exceedingly useful. The excess thermodynamic property of the mixtures 

corresponds to the difference between actual property and the property if a system behaves 

ideally. Thus these properties provide important information about the nature and strength 

of intermolecular forces operating between mixed components in solutions. Physicochemical 

properties relating excess thermodynamic functions have relevance in implementation of 

engineering applications in the process manufacturing industries and also in the design of 

industrial separation processes.  



The behaviour of solution on natural processes was early recognized. It was clearly seen that 

without solution there would be no chemistry. It was summarized by alchemists in terse 

generalization, "Corpora non agunt nisi soluta,"or in the equally concise, 

"Menstrua non agunt nisifluida." These generalizations are a little too broad in the 

light of what was known regarding solutions at the time when they were written.  

 

A view of alchemies’ era 

In solution chemistry, technique for appropriate understanding of the diverse phenomena 

regarding the molecular interactions forms imperative basis of explaining quantitatively the 

influence of solvent and the extent of interactions of ions in solvent systems. Estimates of 

ion-solvent interactions can be prepared thermodynamically from measurement of the 

dimension of partial molar volumes, viscosity B - coefficient limiting ionic conductivity and 

various other related studies. Estimates of single-ion values facilitate us to refine our model 

of ion-solvent interactions. Acceptable values of ion-solvent interactions would enable the 

chemists to select solvents that will enhance (i) the rates of chemical reactions in solvation 

system, (ii) the solubility of raw materials in leaching operations or (iii) reverse direction of 

equilibrium reactions. The importance and uses of chemistry of electrolytes in non aqueous 

and mixed solvents are now well recognized. 

The significance and uses of chemistry of electrolytes in non-aqueous and mixed 

solvents are now well recognized. The applications and implications of reaction in non-

aqueous and mixed solvents have been summarized in the entire study. In spite of vast 

collections of data on the different electrolytic and non electrolytic solutions in water, 



the structure of water and dissimilar types of interactions that water undergoes with 

electrolytes are yet to be properly understood. However, the studies on properties of 

aqueous solutions have provided adequate information on the thermodynamic 

properties of different electrolytes and non-electrolytes, the effects of variation in ionic 

structure, ionic mobility and common ions along with a host of other properties. 

Behavior of electrolytes or solutes in non-aqueous and mixed solvents with an outlook 

to investigate solute-solute and solute-solvent interactions under varied situation. 

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

of chemical or electrochemical reactions unfamiliar in aqueous chemistry have opened 

vistas for physical chemists in these organic solvents transcends the traditional 

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

. (6)  Assorted interactions mechanized in the research work  

Solution thermodynamics is an important branch of physical chemistry that deals with the 

changes in properties that arises where species-species interactions are being portrayed. 

Investigations are made on the solubility of substances and how it is affected by the chemical 

consequences of both the solute and the solvent. Mixing of different types of solute, solvent 

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

expressed in terms of many thermodynamic parameters, by excess properties in case of 

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

There are three types of interactions in the solution process: 

a. Solvent–solvent interactions 

b. Ion-Ion/Solute–solute interactions 

c. Ion-Solvent/Solute–solvent interactions 

Besides the above mentioned interactions the two additional interactions are being studied: 

d. Hydrophilic interactions 

e. Hydrophobic interactions 

 



 

Some of the thermodynamic parameters which explain the intensity of ion-solvent/solute-

solvent interactions are limiting apparent molar volume (0
V), viscosity B-coefficient, and 

association constant (KA). The parameters which explain the intensity of ion-ion/solute-solute 

interactions are viscosity A-coefficient and SV* (the slope obtained from the Masson’s 

equation), Walden product. Fundamental research on various electrolyte solutions has 

catalysed their wide technical application in many fields. High  energy primary and secondary 

batteries, wet double-layer capacitors and super capacitors, electrodepositing and 

electroplating are some devices and processes for which the use of electrolytic solutions have 

brought the biggest success. Hence the study of thermodynamic and transport properties of 

electrolytic solutions will help in the production of more useful and cost effective batteries.  

 



During the last few decades many researchers have tried to study the thermodynamic 

behaviour of different electrolytic solution such as alkali metal salt solution and quaternary 

ammonium salt solutions in various solvent and have come to the conclusion that mixed 

solvent systems are more useful in better functioning of the battery. 

 

This thesis is also targeted to various investigations with lithium based compounds which 

would provide much information about latest researches. The motivation to work with 

Lithium compounds is obtained by its recent goals and various review works. The records of 

the work would be very much constructive to the manufacturing industry for making cost-

effective and higher resistance batteries. The records of several lithium based researches is 

depicted in the form of a graphical representation 



 

Moreover ascorbic acid (Vitamin-C) is very suitable due to the excellent solubility 

characteristics in aqueous solvents. Importance’s lies behind the fact that if the co-solute 

ascorbic acid along with water is made to interact with oxalates, the water along with 

oxalates is removed from the body which has been studied during the course of my research 

work. Various other works relating to the inclusion complex has wide applications in 

pharmaceutical industry, environmental protection, biochemical applications, 

electrochemistry, analytical chemistry, chromatography etc.  

Supramolecular chemistry is the chemistry of the intermolecular bond, covering the 

structures and functions of the entities formed by the association of two or more chemical 

species” is studied in the recent works. Process by which two or more molecules interact 

from a larger structure or organization. The total thesis consists of host molecules such as 

cyclodextrin, crown ether and various imperative guest molecules. All the works have various 

practical applications in biological sensors, molecular motors, pharmaceuticals, catalyses, 

phase transfer agents, drug delivery etc. 



 

 

. (7)  Importance of Physicochemical Parameters  

The studied physicochemical, thermodynamic, transport, and spectroscopic 

properties are of great importance in characterizing the properties and structural aspects of 

solutions. The nature of intermolecular interactions can be exposed from the 

interpretation of the derived properties through the physicochemical study. 

Density of solvent mixtures and related volumetric properties like apparent molar 

volume are of also immense significance in measuring the properties and feature of solutions. 

The particulars therefore encourage us to extent the study of binary or ternary solvent 

systems with some industrially important solvents: polar, weakly polar and non polar solvents 

as well as with some solutes/electrolytes. The sign and magnitude of partial molar volume (

0

V ), a thermodynamic quantity, provide information about the nature and magnitude of ion-

solvent interaction whereas the experimental slope (Sv
*) provides information about ion-ion 

interactions. Furthermore, derived parameters from experimental density, viscosity and 

subsequent interpretation of the nature and strength of intermolecular interaction help in 

testing and development of various theories of solution. Thus the properties provide vital 

information about the nature and strength of intermolecular forces operating among mixed 

components also. 

 Precious information regarding the nature and strength of forces of electrolytes/non-

electrolytes effective in solutions can be obtained from viscosity data. Recently the use of 

computer simulation of molecular dynamics has led to major development in the direction of 



a unbeaten molecular theory of transport properties in fluids and a proper understanding of 

molecular motions and interaction patterns in non-electrolytic solvent mixtures involving 

both hydrogen bonding and non-hydrogen bonding solvents has been recognized. 

The refractive index is also important optical physical property of liquids and liquid 

mixtures influence the solution of different problems in chemical engineering in order to 

expand industrial processes. Knowledge of refractive index of multicomponent systems 

provides decisive information regarding molecular interactions occurring in the solutions, is 

essential for many physicochemical calculations counting the correlation of refractive index 

with density. 

Non-aqueous electrolyte solutions are actually competing with other ion conductors, 

especially at ambient and low temperatures, due to their high flexibility based on the choice 

of numerous solvents, additives and electrolytes with widely varying properties. High-energy 

primary and secondary batteries, wet double-layer capacitors and super capacitors, electro 

deposition and electroplating are a number of devices and processes for which the use of 

non-aqueous electrolyte solutions had brought the biggest success. Drug transportation 

across biological cells and membranes is dependent on physicochemical properties of drugs. 

But direct revise of the physico-chemical properties in physiological media such as blood, 

intracellular fluids is difficult to accomplish. One of the well-organized approaches is the study 

of molecular interactions in fluids by thermodynamic methods as thermodynamic parameters 

are convenient for interpreting intermolecular interactions in solution phase. The study of 

thermodynamic properties of drug in a suitable medium can be correlated to its therapeutic 

effects. 

. (8)  Choice and Importance of solutes and solvents used  

A short description of the electrolytes (ionic liquids), non-electrolytes (vitamins, amino 

acids), solutes (electrolyte other than ionic liquid) and solvents has been used throughout 

research work is specified below. The detailed description has been given in Chapter III. 

 Electrolytes 

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

work are 

(a) 1-butyl-4-methylpyridinum iodide 

(b) 1-ethyl-1-methylpyrrolidinium bromide 



 

 Non-Electrolytes 

(a) Amino acids, viz. Tyrosine, Tryptophan, and L-Tert-leucine  

(b) 18-crown-6 

(c) α -  and β - cyclodextrin  

(d) Ascorbic acid etc. 

 

 Electrolytes other than ionic liquids 

 Alkyl halide viz. lithium chloride, lithium bromide, and lithium iodide, 

 Sodium oxalate, potassium oxalate, ammonium oxalate,  lithium oxalate 

 

 Solvents 

The industrially important solvents have been used in the work are  

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

solvent e.g., acetonitrile, benzonitrile etc. 

The study of electrolytes (ionic liquids), non-electrolytes (vitamins and amino acids), 

solutes (electrolyte other than ionic liquid) and solvents is of enormous importance because 

of their wide use as  solvents, solutes and solubilizing agents in many industries ranging from 

pharmaceutical to cosmetics. 

 

 

 

 

. (9)  Methods of investigation of assorted interactions  

             Existence of free ions, solvated ions, ion-pairs 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., electro negativity of the atom, dipole-

dipole forces, dipole-induced dipole forces, Charge-Dipole interactions, 

Fluctuating Dipoles (Dispersive interactions, London Forces), Cation-Π 

Interactions, Hydrogen Bonding, Van der Waals forces, columbic 



forces electrostriction, +I, -I effect, side chain effect, Folding and 

assembly of biological macromolecules, Electrostatic Interactions etc. 

Therefore, study of assorted interactions and equilibrium of ions in diverse concentration 

regions are of immense importance to the technologist, theoretician, industrialist, 

researchers as the majority of chemical processes take place in these systems. 

Apparent molar volumes obtained from density, are generally 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 aid of 

“reference electrolyte” method. The compressibility, a second derivative to Gibbs energy, is 

also a sensitive indicator of molecular interactions, which provide constructive information in 

such cases where partial molar volume data alone cannot provide an unequivocal 

interpretation of these types of interactions. 

The changes in viscosity of solutions by addition of electrolyte are attributed to inter-

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

components by ‘reference electrolyte’ technique and from temperature dependence of ionic 

values, a satisfactory interpretation of ion-solvent interactions such as effects of solvation, 

structure-breaking or structure-making, polarization, etc. has been given . The transport 

properties in the majority 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 learn 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”. The ionic conductance’s are also plays a crucial role to the interpretation of the 

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

Surface tension, pH metric studies were also done in the whole research work.  

The spectroscopic study has been established by the investigation of FTIR, Ultraviolet 

spectroscopy, NMR [1H, ROESY, and 13C], HRMS, Fluorescence spectroscopy, HRTEM, SEM. 

Moreover the approximate quantum mechanical calculation and cell viability is also done in 

the present study. The study has been taking into consideration the qualitative and 

quantitative interpreting of molecular as well as ionic association of the electrolytes in the 

solutions. 



Overall internal energy of a molecule in a initial approximation can be resolved into the 

summation of rotational, vibrational and electronic energy levels.  

 

. (10)  Summary of the works highlight in the Dissertation  

 

CHAPTER-I 

This chapter contains the objective, novelty and applications of the 

research work, the imperative compounds i.e., electrolytes/solutes and solvents used 

and methods of investigation. Moreover this also occupies the summary of the works done 

allied with the dissertation. 

 

CHAPTER-II 

The chapter encloses general introduction (Review of the Earlier 

works) of the thesis and forms the strong background of the work embodied in the thesis. A 

brief review of noteworthy mechanism in the field of molecular as well as ionic interaction 

has been specified. The discussion includes ion-solvent/solute-solvent, ion-ion/solute-solute 

and solvent-solvent interactions in binary, ternary mixed solvent systems and of electrolytes 

in pure and non-aqueous solvent systems at various temperatures in terms of various derived 

parameters, estimated from the experimentally observed properties viz., density, viscosity, 

refractive index and conductance, surface tension, pH, FTIR, UV, NMR, fluorescence, HRMS, 

SEM, HRTEM. Ionic association and its reliance 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 diverse methods on relative merits and 

demerits on the basis of various assumption have been employed from time to time 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 in the systems.  Moreover the approximate quantum mechanical 

calculation and cell viability is also done in the present study.  

CHAPTER-III 

The chapter comprises experimental section which principally involves basic information’s, 

structure, source, purification and uses of imperative compounds i.e., electrolytes/non-



electrolytes or solutes, and solvents have been used throughout the entire research work. It 

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

employed to understand physicochemical, transport, optical and spectroscopic, and 

approximate quantum mechanical calculations. Cell viability data is also being provided in this 

chapter. 

CHAPTER-IV 

Geometry- optimized extended conformation obtained for   amino acids (Tyrosine, 

Tryptophan) prevailing in Aqueous Vitamin C Solutions is studied in this part. The solute – 

solvent interactions are maximum in Tyrosine is observed. C-13 NMR spectroscopic data’s 

along with Ab-initio are more reliable and supportive to learn the Solute - Solvent 

interactions. Ascorbic acid (also known as Vitamin C) acts like a co-enzyme. This leads to the 

indispensable benefits of Tyrosine in attendance of Ascorbic acid in assorted catabolism 

reactions in human body. The ion-solvent interaction dominates above the ion-ion interactions 

in studied solution. 

 

 

CHAPTER-V 

Fundamental properties, opportunities, challenge, and latest progress of anode and cathode 

material research is discussed in this chapter. The guest ions can be inserted into and be 

removed from host network reversibly. In a Li-ion battery, Li+ is guest ion and the host network 

compounds are aqueous ascorbic acid solution which can dissociate in solution and organize to 

form 2-furanone molecules. As new supplies and strategies are found, Li-ion batteries will no 

doubt have an ever better impact on our lives in the years to come. Studies of transportation 

properties of diverse electrolytes in solvent media are of importance to obtain information on 

the behavior of ions in solution. Molecular interactions can be studied in the solution phase by 

studying it’s thermodynamic, transport properties. These properties provide vital information 

about the nature and strength of intermolecular forces operating among the components. The 

ion–ion interactions for LiCl, LiBr and LiI decreases with the increase in temperature, which may 

be due to more solvation of ions. The temperature effect on B coefficient for LiCl, LiBr and LiI 

shows a positive sign of dB/dT, viewing thereby that LiCl, LiBr and LiI behaves a structure-

breaker in (0.001, 0.003, 0.005) m aqueous ascorbic acid solution. This allows usage for a green 

battery with high capacity and high voltage. It also paves the way for cheaper consumer 

electronics. 



 

CHAPTER-VI 

The concerned chapter comprises study of two host molecules i.e., beta cyclodextrin, 18 crown 6 

along with ionic liquid. It may be expected that, as innovative applications like those 

in chromatography, electron microscopy, and biochemistry, become more widely appreciated; by 

the use of the studied Ionic liquid will become properly recognized. The ability to control and 

enhance proton-catalyzed chemical reactions should be another feature of studied protic ionic 

liquid chemistry; it is a very effective solvent media for optimum output in several applications 

with minimum possible environment pollution. Physicochemical investigation of both inclusion 

and encapsulation complexes for - CD and 18-Crown-6 with pyrrolidinium based ionic liquid   

are overviewed   in the present work. In the first case ionic liquid combines with α- and - CD 

which has interesting variations in thermo chromic behavior of the dye molecules and would 

be desirable in the near future. On the other hand 18-Crown-6 including hydrophobic ionic 

liquid has a vital role in electrochemistry. Such type of inclusion complexes are used in 

recycling process. This proposed electrochemical process for remediation of extraction 

solvent preserves the ionic liquid. 

CHAPTER-VII 

This chapter deals with few ionic oxalates along with Vitamin C in our body. Few of the 

chemicals which were taken to observe its experimental effects are Lithium Oxalate, Sodium 

Oxalate, Potassium Oxalate, Ammonium Oxalates and aqueous Vitamin C. Vitamin-C which 

should be inserted, on the other hand   Oxalates are already present in the body.  Excess of 

Oxalates cause negative effects in the body by causing health hazards. Importance lies behind 

the fact that if the co-solute ascorbic acid along with water is made to interact with oxalates 

the water along with Oxalates is removed from the body. While  Vitamin-C in other way is 

utilized by the body for growth and repair of tissues. It helps the body to formulate collagen, 

an imperative protein used to build skin, cartilage, tendons, ligaments, and blood vessels. 

Vitamin C is desired for healing wounds, for repairing and maintaining bones and teeth. In my 

present work the interaction of Sodium Oxalate is best with Vitamin-C. 

 

CHAPTER-VIII 
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The chapter deals precise measurements on geometry, spectroscopic, conductometric, ab 

initio methods. Solvation nature of Lithium iodide (LiI) for both polar and nonpolar organic 

solvents viz., acetonitrile and benzonitrile has been illustrated. Results of vibrational 

spectroscopic data were compared with experimental values, electrical conductance (Λ) of 

solutions were also taken.  The effect of cations on the infrared spectrum of AcN is well 

known. Similarly, we have focused on the effect of anion on infrared spectrum of PhcN. Here 

the effect of anion on the spectral properties of PhcN based on quantum chemical 

calculations is in agreement with the experimental observations.  

Aromatic nitriles have extensive applications in the production of dyes, pesticides and 

pharmaceuticals. They are used as intermediates in the synthesis of a variety of 

pharmacologically active compounds which are used as sedatives, muscle relaxants, 

neuroleptics, etc. Benzonitriles are of immense interest in the ground of organic chemistry for 

the synthesis of pharmaceuticals, natural products, herbicides, and agrochemicals. In the 

current work substituted benzonitriles are being studied in order to find its novelty in many 

reactions in industries at high temperatures.  

Lithium-ion battery performance is strongly influenced by ionic conductivity of the 

electrolyte, which depends on the speed at which Li+ ions drift across cell and relates to their 

solvation structure. The selection of solvent can greatly impact both solvation and diffusivity 

of Li+ ions. Schematically the action of these batteries occurs together with an exchange of 

ions between solution and electrodes. The FTIR spectroscopic analysis of benzonitrile and 

acetonitrile was carried out to assess the impact of at atomic and molecular level like bond 

strength, stability, rigidity of structure, etc. As latest supplies and strategies originate, Li-ion 

batteries will no doubt have an ever superior impact on our lives in the years to come. 

 

CHAPTER-IX 

This chapter consist of qualitative and quantitative analysis of molecular interaction 

established in L-Tert-leucine and aqueous solution of α- and - cyclodextrin have been 

probed by thermophysical properties. So this { + [Tle]} is more suitable for the 

pharmaceutically active compounds, chiral auxillaries & muscular protein. The present 

work adds a dimension in the field of contemporary science of controlled delivery of Tertiary-

Leucine which is a derivatized amino acid by means of suitable host molecule as selected here 



as α- and -Cyclodextrin. Biological activity relates to the non- toxic nature of the inclusion 

complexes. 

 

CHAPTER-X 

This chapter consists of the formation of supramolecular assemblies with Vitamins which 

would add to the controlled delivery in accordance with the pharmaceutical applications. 

 

. (11)  References of the Dissertation 

1. W. B. Guenther, Ions in aqueous systems. An introduction to chemical equilibrium and 

solution chemistry (Moeller, Therald), J. Chem. Educ., 1972, 49 (12), p A697. 

2. Arthur W. Davidson, An Introduction to the Chemistry of Acetic Acid Solutions., Chem. 

Rev., 1931, 8 (2), pp 175–190. 

3. James L. Hall, Qualitative Analysis: An Introduction to Equilibrium and Solution Chemistry 

(Moeller, Therald),J. Chem. Educ., 1958, 35 (10), p 530. 

4. Journal of Solution Chemistry, Editors-in-Chief: J.A. Rard; E. Waghorne, ISSN: 0095-

9782 (print version) 

5. Roy, M. N.; Jha, A.; Dey, R. Study of ion-solvent interactions of some alkali metal chlorides 

in tetrahydrofuran + water mixture at different temperatures. J. Chem. Eng. Data 2001, 

46, 1247–1252. 

6.  Janz, C. G.; Tomkins, R. P. T. Non-Aqueous Electrolytes Handbook; Academic Press: New 

York, 1973; Vol. 2.  

7.  Jasinki, R. High Energy Batteries; Plenum Press: New York, 1967. 

8. Millero, F. J. ln Structure and Transport Process in Water and Aqueous Solutions; Horne, R. 

A.: New York, 1972. 

9.  Kim, E. S.; Marsh, K. N. Isothermal vapor-liquid equilibria for the ternary ethanol-

acetonitrile-chloroform system. J. Chem. Eng. Data 1988, 33, 288–292. 

10. Oswal, S. L.; Patel, N. B. Speeds of Sound, Isentropic Compressibilties, and Excess Volumes 

of Binary Mixtures of Acrylonitrile with Organic Solvents. J. Chem. Eng. Data 2000, 45, 

225–230. 

11.  Perrin, D. D.; Armarego, W. L. F. Purifucation of Laboratory Chemicals, 3rd ed.; Pergamon: 

Great Britain, 1998. 

http://pubs.acs.org/author/Guenther%2C+W.+B.
http://pubs.acs.org/author/Davidson%2C+Arthur+W
http://pubs.acs.org/author/Hall%2C+James+L.


12. Roy, M. N.; Jha, A.; Dey, R. Study of Ion-Solvent Interactions of some Alkali metal 

chlorides in Tetrahydrofuran + water mixture at different temperatures.,  J. Chem. Eng. 

Data 2001, 46, 1327–1329. 

13. Roy, M. N.; Jha, A.; Choudhury, A. Densities and viscosities and adiabatic compressibilities 

of some mineral salts in water at different temperatures. J. Chem. Eng. Data 2004, 49, 

291–296. 

14.  Fort, R. J.; Moore, W. R. Viscosities of binary liquid mixtures. Trans. Faraday Soc. 1966, 

62, 1112–1119. 

15.  Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The Properties of Gases and Liquids; 4th ed.; 

McGraw-Hill: New York, 1987. 

16. Aminabhavi, T. M., Nayak, J. N.; Aralaguppi, M. I. J. Chem. Eng. Data 2003, 48, 1489–

1494. 

17. Jain, P.; Singh, M. Density, viscosity and excess properties of binary liquid mixtures of 

propylene carbonate with polar and nonpolar Solvents. J. Chem. Eng. Data 2004, 49, 

1214–1217. Lafuente, C.; Giner, B.; Villares, A.; Gascon, I.; Cea, P.  

18.  Artigas, H.; Lafuente, C.; Lopez, M. C.; Royo, F. M.; Urieta, J. S. Calorimetric behaviour of 

primary bromobutanes with isomeric butanols. Zeit. Phys. Chem. 2001, 215, 933. 

19. Gascon, I.; Martin, S.; Cea, P.; Lopez, M. C.; Royo, F. M. Density and speed of sound for 

binary mixtures of a  cyclic ether with a butanol isomer. J. Solution Chem. 2002, 31, 905. 

20.  Kimura, F.; Treszczanowicz, A.; Halpin, C.; Benson, G. Excess volumes and ultrasonic 

speedsfor (di-n-propyl ether + n-heptane). J. Chem. Thermodyn. 1983, 15, 503. 

21. Ku, H.-C.; Tu, C.-H. Densities and viscosities of binary and ternary mixtures of ethanol, 2-

butanone, and 2, 2, 4-trimethylpentane at T) (298.15, 308.15, 318.15) K. J. Chem. Eng. 

Data 2005, 50, 608–615. 

22.  Grunberg, L.; Nissan, A. H. Mixture law for viscosity. Nature 1949, 164, 799–800. 

23. Redlich, O.; Kister, A. T. Algebraic representation of thermodynamic properties and the 

classification of solutions. Ind. Eng. Chem. 1948, 40, 345–348. 

24.  Triolo A, Russina O, Bleif HJ, Di Cola E. Nanoscale segregation in room  temperature  ionic 

liquids, J. Phys. Chem. B, 2007, 111(18), 4641–4644. 

25. Tochigi K, Yamamoto H. Estimation of ionic conductivity and viscosity of ionic liquids using 

a QSPR model, J. Phys. Chem. C, 2007, 111(43), 15989-15994. 

26. Covington AK, Dickinson T. Physical Chemistry of Organic Solvent Systems, Plenum, 

New York, 1973. 



27. Pradhan P, Sah RS, Roy MN, Ion–solvent and ion–ion interactions of sodium molybdate 

and sodium tungstate in mixtures of ethane-1,2-diol and water at 298.15, 308.15 and 

318.15K, J. Mol. Liq. 2009, 144, 149. 

28. Sinha A., Roy MN*, Viscous synergy & antagonism and isentropic compressibility of 

ternary mixtures containing 1, 3-dioxolane, water and monoalkanols at 303.15 K, Fluid 

Phase Equilibria, 2006, 243, 133–141.  

29. Dymond JH, Hard-sphere theories of transport properties, Chem. Soc. Rev., 1985, 14, 

417-436. 

30. Giner B, Martin S, Artigas H, Lopez MC, Lafuente CJ. Study of weak molecular 

interactions through thermodynamic mixing properties, J. Phys. Chem. B 2006, 110, 

17683-17690. 

31. Garcia B, Alcalde R, Aparicio S, Leal JM. Volumetric properties, viscosities and 

refractive indices of binary mixed solvents containing methyl benzoate, Phys. Chem. 

Chem. Phys. 2002, 4, 5833-5840. 

32. Aralaguppi MI, Aminabhavi TM, Harogoppad SB, Balundgi RH. Thermodynamic 

interactions in binary mixtures of dimethyl sulfoxide with benzene, toluene, 1,3-

dimethylbenzene, 1,3,5-trimethylbenzene, and methoxybenzene from 298.15 to 308.15 

K, J. Chem Eng. Data 1992, 37, 298-303. 

33. Fucaloro AF. Partial molar volumes from refractive index measurements, J. Chem. Educ. 

2002, 79, 865-868. 

34. Giner B, Lafuente C, Villares A, Haro M, Lopez MC. Volumetric and refractive 

properties of binary mixtures containing 1,4-dioxane and chloroalkanes, J. Chem. 

Thermodyn. 2007, 39, 148-157. 

35. Pineiro A, Brocos P, Amigo A, Pintos M, Bravo R. Prediction of excess volumes and 

excess surface tensions from experimental refractive indices, Phys. Chem. Liq. 2000, 38, 

251-260.  

36. Kell GS, Daries CM, Jarynski J. Water and Aqueous Solution, Structure, 

Thermodynamics and Transport Process, Ed. Horne RA, Wiley: 1972, Ch 9&10. 

37. Meck DK. The Chemistry of Non- Aqueous solvents, Academic Press: New York, 1996. 

38. Popovych O, Bates RO. Estimation of medium effects for single ions in non-aqueous 

solvents, Crit. Rev. Anal. Chem. 1970, 1, 73-117. 

39. Franks F. Physico-Chemical Processes in Mixed Aqueous Solvents, Heinemann 

Educational Books Ltd., London, 1967. 



40. Bates RG. Determination of pH Theory and Practice, John Wiley and sons: New York, 

1973. 

41. Bates RG. Solute –solvent Interactions, Marcel Dekker: New York, 1969. 

42. Bates RG, Parker AJ. Chemical Physics of Ionic solutions, John Wiley and Sons. Inc: 

New York, 1966. 

43. Parker AJ, Sharp JH. Proceeding of the Royal Australian Chemical Institute, 1972. 

44. Parker AJ, Solvation of ions-enthalpies, entropies and free energies of transfer, 

Electrochim. Acta. 1976, 21, 671-679. 

45. Criss CM, Salomon M. Thermodynamics of ionic solvation and its significance in various 

systems, J. Chem. Educ. 1976, 53, 763-766. 

46. Mercus Y. Ion-solvation, Wiley: Chinchester, 1986. 

47. King EJ, Acid-Base Equilibria, Pergamon Press: London, 1965. 

48. Ppovych O, Tomkins RTP, Non–Aqueous solution Chemsitry, John Wiley and Sons: 

New York, 1981. 

49. Dogonadze RR, Kalman E, Kornyshev AA. Ulstrup J. The Chemical Physics of Solvation, 

Elsevier: Amsterdam, 1988. 

50. Faraday, Discussion of the Chemical Society, No. 67, 1977. 

51. Marcus Y. Ion Properties, Dekker: New York, 1997. 

52. Masquez A, Vargas A, Balbuena PB. Computational studies of lithium intercalation in 

model graphite in the presence of tetrahydrofuran, J. Electrochem. Soc. 1998, 145, 

3328-3334. 

 

 

 



 

 

 

 

 

 

 

II. (1) Molecular Interactions (Noncovalent Interactions) in the 
Solution 

Molecular Interactions are attractive or repulsive forces shown between molecules in addition 

to between non-bonded atoms. Molecular interactions are significant in diverse fields of 

protein folding, drug design, material science, sensors, nanotechnology, separations, and 

origin of life. [1] Molecular interactions are also identified as noncovalent interactions or 

intermolecular interactions. Molecular interactions are not the real bonds that hold atoms 

together within molecules, whereas a molecule is a set of atoms that associates tightly 

enough that it does not detach or lose its structure when it interacts with its environment. 

Whilst the overall physicochemical properties of the molecule can have a major influence it 

CHAPTER:  



probable that specificity might be driven by optimisation of strength and geometry of specific 

molecular interactions. An intermolecular force in a solution controls their 

thermodynamic properties and the understanding of the solvation thermodynamics is 

essential to the characterization and interpretation of any process carried out in the 

liquid phase.  The object of this introductory chapter is to call attention to the 

significance of solvents and the study made on assorted interaction prevailing in liquid 

systems by studying their thermodynamic and transport properties.  

 

To understand transport properties of electrolytes/solutes along with thermodynamic and 

theoretical ones to characterize molecular interactions in solutions Ion-Solvent/Solute-

Solvent, Ion-Ion/Solute-Solute and Solvent-Solvent Interaction in terms of Thermodynamic 

parameters are being prescribed as supporting key points. [2] 

 Assorted interactions are discussed as follows: 

 

 Anatomy of a hydrogen bonding 

A hydrogen bond is a favorable interaction between atoms with basic lone pair of electrons (a 

Lewis Base), a hydrogen atom that has been partially stripped of its electrons as it is 



covalently bound to an electronegative atom (N, O, or S). These bonds can occur between 

molecules in a system (intermolecularly), or within different parts of a single molecule 

(intramolecularly). The hydrogen bond (5 to 30 kJ/mole) is stronger than the van der Waals 

interaction, but weaker than covalent or ionic bonds. This type of bond occurs in both 

inorganic molecules such as water, ammonia and organic molecules such as DNA. Certain 

substances such as H2O, HF, NH3 form hydrogen bonds, and the formation of which affects 

properties (i.e., m.p, b.p, solubility) of substance. Other compounds containing OH and NH2 

groups also form the hydrogen bonds. Molecules of several organic compounds such as 

alcohols, acids, amines, and amino acids contain these groups, and thus hydrogen bonding 

plays an important role in biological science. So it can be said that the Hydrogen bond is a 

ubiquitous element of the recognition in imperative biological systems as studied in the 

various investigations. 

 

 Hydrophobic Interactions (Folding and assembly of imperative 

biological macromolecules) 

The “Hydrophobic effect “refers to the idea that energetically protein folding is driven by two 

factors: - Hydrophobic side-chains prefer to "get away" from water, whilst hydrophilic side-

chains prefer to interact with the water. Whilst this is extended to interaction of guest 

molecules with the binding situate; the classic concept of hydrophobic effect is as follows: A 
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hydrophobic guest disrupts the configuration of bulk water and decreases entropy as of 

stronger bonding and ordering of water molecules in the region of the solute. 

In sphere of biological systems proteins fold into globular structures known as native states. 

These native states and assemblies are stabilized via molecular interactions of enormous 

number and complexities. Native states are weakened by their low conformational entropy. 

The prime groups of studied amino acids have nonpolar side chains. When associated 

together by a series of peptide bonds, amino acids outline a polypeptide, an additional word 

for protein.The polypeptide will subsequently fold into a particular conformation depending 

on the interactions linking its amino acid side chains. Accordingly the aggregated protein 

forms large assemblies has also been evaluated. 

 

 Note on Van der Waals interactions 

Van der Waals interactions are forces are driven through induced electrical interactions 

connecting two or more atoms or molecules that are very close to each other. Van der Waals 

interaction is weakest of all intermolecular attractions between molecules. However, with a 

lot of Van der Waals forces interacting between two objects, interaction can be extremely 

strong. Explicit information about various types of Vander Waals interactions are mentioned 

in the thesis. 



 

Causes of the aforesaid interaction arise from Quantum mechanics. Two important aspects of 

Quantum Mechanics strongly suggest that the electrons are constantly are moving in an 

atom, so dipoles are probable of occurring. A specific dipole is defined as molecules or atoms 

by means of equal and opposite electrical charges separated by means of a small distance. 

There occur two types of fluctuations. 

 

Further these fluctuations are responsible to show various types of interactions, depicted as 

follows: 

 Dipole-Dipole Interaction: arise stuck between molecules that have 

permanent dipoles; these molecules are furthermore referred to as polar molecules. The figure 

below shows the electrostatic interaction connecting two dipoles. 



 

 

 Induced Dipoles: An induced dipole moment is a temporary condition during 

which neutral nonpolar atoms undergoes separation of charges due to the environment. 

Whilst an instantaneous dipole atom approaches a neighboring atom, it causes atom to 

moreover produce dipoles. Then the neighboring atom is considered to have an induced 

dipole moment. 

 

 

 

 Dispersion forces or Spontaneous -Dipole-Induced -Dipole 

Interaction: in addition recognized as London forces. They are large networks of 

intermolecular forces between nonpolar and non-charged molecules, atoms. Molecules 

having induced dipoles may also induce neighboring molecules to have dipole moments, so a 

large network of induced dipole-induced dipole interactions may exist. The picture below 

illustrates a network of induced dipole-induced dipole interactions. 



 

 

 Ion-Dipole Interactions:  electrostatic interaction that results between a 

charged ion and a molecule that has a dipole. It is an attractive force that is generally found in 

solutions, especially ionic compounds dissolved in polar liquids. A cation can attract partially 

negative end of a neutral polar molecule, while an anion attracts the positive end of a polar 

molecule in solutions. Ion-dipole attractions become stronger as charge on the ion increases 

or as the magnitude of the dipole of the polar molecule increases. These aforesaid 

interactions can be exceptionally significant factors in many chemical situations. 

 



 Ion - Induced Dipole Interactions: The charges on the ions as well as 

charge separation in polar molecules elucidate fairly strong interactions amid them, with very 

strong ion - ion interactions, weaker ion - dipole interactions, and considerably 

weaker dipole-dipole interactions. Even in a non-polar molecule, though, the valence 

electrons are moving around and there will occasionally be instances when more are on one 

side of the molecule than on the other.  

 

 

 -stacking 

Aromatic based interactions are intermolecular forces concerning electron rich molecules so 

as long been known. They are problematical to revise, however aromatic interactions offer 

great potential in drug design, structural biology, conformational analysis and asymmetric 

catalysis. Though interrelated, the various aromatic interactions vary drastically in their 

strength, physical nature, and specificity. These types of interactions are being analyzed in 

the thesis. Thus it useful to consider them individually as listed: 

 The Cation  Interactions or Cation-Aryl Interactions: arises from 

the electrostatic interaction of a cation with the face a   system in a solution. 

https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Intermolecular_Forces/Specific_Interactions/Dipole-Dipole_Interactions


 

Survey of protein database shows that cation- stabilization is a most important facet of 

protein structure and enzyme catalysis. It is now considered as important as hydrogen 

bonding, ion pairing, and hydrophobic effects in determining protein structures. 

In vision of the review works of Dougherty [3], investigated that cation  energies for the 

alkali metals in aqueous solution computationally finds that the trend is very different than it 

was in the gas phase. Cation  is strong and specific even across a range of solvents, whereas 

most other intermolecular forces are sharply attenuated in polar media, and the nature of 

the interaction and its energetics are very well understood. 

 Aryl-Aryl Interactions or - Interactions: Interactions amid aromatics 

rings be well documented, 60% of the aromatic residues are involved in aryl-aryl 

interactions. It refers to attractive, noncovalent interactions between aromatic rings, since 

they have  bonds. These interactions are imperative in nucleobase stacking within DNA 

and RNA molecules stabilization, protein folding, and template-directed synthesis, materials 

science, and molecular recognition, drug intercalation and widely in supramolecular 

chemistry. [4] 
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 The CH -  Interaction: gives rise to interaction geometries where the CH 

bond lies directly in line with a p orbital on the ring. 

 

 

 OH and NH Bonding to Aromatics: Alcohols, amides and amines all bind 

to aromatic rings. [5] 

 

 Covalent bonding: it is intramolecular force that exists rather than 

intermolecular force. It is mentioned here, as some solids are formed due to covalent 



bonding. For example, in diamond, silicon, quartz etc., in these all atoms the entire 

crystal is linked together by means of covalent bonding. These all solids are hard, brittle, 

have high melting points and holds atoms tighter than ionic attraction. 

 

 Metallic bonding: Forces between atoms in metallic solids belong to one 

more category. Valence electrons in metals are widespread and not restricted to certain 

atoms or bonds. Rather run freely in the entire solid, providing good conductivity for 

heat and electric energy. These behaviors of electrons provide special properties such as 

ductility and mechanical strength to metals.  

 

The majority of reactions happening in solutions are of chemical or biological in nature. It was 

presumed before that the solvent only provides an inert medium for chemical reactions. The 

significance of “ion-solvent interactions” was realized after intensive studies in 

aqueous, non-aqueous and mixed solvents. Intermolecular forces are also vital in determining 

the solubility of a matter. “Like” intermolecular forces for solute and solvent will build the 

solute soluble in the solvent system. In this regard Hsoln is either negative or positive. 

Furthermore, solubility of the matter is affected by  

(a) Energy of attraction (due Ion-dipole force) that affects the solubility. 

(b) Lattice energy (energy holding the ions together in the lattice 

structure). 

(c) Charge on the ions: larger charge means higher lattice energy. 

(d) Size of the ion: large ions stand for smaller lattice energy. 



 

 

 



 

 

. (2) Interactions in the Solution media 

There are three types of interactions in the solution media:  

f. Solute–solvent/ion-solvent interactions: H is negative since bonds are 

created between them.  

g. Solute–solute/ion-ion interactions: energy required to break intermolecular 

bonds between the solute molecules in the solution.  

h. Solvent–solvent interactions: energy required to break weak bonds between 

solvent molecules in the solution. 

For liquid systems, the macroscopic properties are usually well known, whereas the 

microscopic structure is rarely  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 

techniques that probe the local surrounding of the constituent particles. The same is also true 



for solvation processes: a local probe is a key to obtain insight into the physical and chemical 

processes going on. 

 

 The Solvation energy and thermodynamic considerations 

The Solvation progression will be thermodynamically favored only if the overall Gibbs 

energy of the solution is decreased, compared to the Gibbs energy of the separated solvent 

and solute (solid or gas or liquid). This means that change in enthalpy minus change 

in entropy (multiplied by the absolute temperature) is a negative value, or that Gibbs energy 

of the system also decreases gradually. It is important to remember, however, that a negative 

Gibbs energy indicates a spontaneous process but does not supply information about the rate 

of dissolution. Solvation involves multiple steps processes with different energy 

consequences. First, a cavity should form in the solvent to make space for a solute. This is 

equally entropically and enthalpically unfavorable, as solvent ordering increases and solvent-

solvent interactions decreases. Stronger interactions amongst solvent molecules lead to a 

greater enthalpic penalty for the cavity formation. Next, a particle of solute has to get 

separated from the bulk. This is enthalpically adverse as solute-solute interactions decreases, 

when the solute particle enters the cavity; resulting solute- solvent interactions are 

https://en.wikipedia.org/wiki/Gibbs_energy
https://en.wikipedia.org/wiki/Gibbs_energy
https://en.wikipedia.org/wiki/Enthalpy
https://en.wikipedia.org/wiki/Entropy


enthalpically favorable. Finally, as solute mixes into solvent system, and there is an entropy 

gain. 

 

A negative enthalpy of solution evaluates that the solute is less soluble at high temperatures. 

The sum of the enthalpy and entropy changes throughout various steps is called the solvation 

energy. Enthalpy of solvation helps to explain why solvation occurs with some ionic lattices 

not with others.  
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When salt is dissolved in water, the ions of the salt dissociate from each other in 

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

solution known as an “electrolyte”. These facts meant forces can be attractive or 

repulsive depending on whether like or unlike charges are closer together in the 

solvation media. On average, dipoles in a liquid orient themselves to form attractive 

interactions with their neighbours, but thermal motion create some prompt 

configurations unfavorable. 

 



 

Therefore, if a salt crystal is positioned in water, the polar water molecules are 

attracted to ions on the crystal surfaces. The water molecules steadily surround and 

isolate the surface ions. The ions therefore become hydrated. They gradually move away 

from the crystal into solution media. This separation of ions from each other is known as 

dissociation. The surrounding of solute particles by solvent particles is known as 

solvation. When the ions are dissociated, each ionic species in the solution media acts as 

though it were present alone. Therefore, a solution of sodium chloride acts as a solution 

of sodium ions and chloride ions.   

The determination of thermodynamic, transport, optical, morphological and biological 

properties of different electrolytes in various solvents would thus afford an important step in 

this direction. Naturally, in the expansion of theories, dealing with electrolyte solutions, much 

interest has been devoted to ion-solvent interactions which are the controlling forces in 

infinitely dilute solutions where ion-ion interactions are absent. It is possible by separating 

these functions into ionic contributions to verify the contributions due to cations and anions 

in the solute-solvent interactions. Thus “ion-solvent interactions show a very 

important role to know the physico-chemical properties of solutions”. 

One of the causes for intricacies in solution chemistry is structure of the solvent molecule is 

not known properly with certainty. The introduction of a solute also modifies the solvent 

structure to an doubtful 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 totally to the 

solution chemist. The problems of ion-solvent interactions which are closely similar to ionic 

solvations can be studied from diverse angles using almost all the available physico-chemical 

techniques.  



 

 

a) Ion-Solvent Interaction 

Solutions which conducts electricity consisting of (solute + solvent). Electrolytes may be 

defined as a class of compounds, which, upon dissolution in a polar solvent, dissociate at least 

partially into ions. [5, 6] 

NaCl is an ionic compound consisting of Na+ and Cl-   ions joined collectively via ionic bonds in 

a crystal lattice. When solid NaCl is put in contact with water, the solvent molecules rapidly 

attack the lattice, disrupt and break the ionic bonds and thereby generate hydrated ions 

Na+(aq) and Cl- (aq) as outlined schematically below.[7, 8] 



 

Two distinct ways is formed by the mobile ions in solution to create ionically conducting 

phases that make up the solution side of an electrode–solution system. 

A different condition pertains for acetic acid. In this case a specific reaction between the 

solute and solvent, a proton transfer reaction, results in the generation of acetate CH3CO2
- 

and hydronium ions. A proton is transferred from the organic acid (a proton donor) to a water 

molecule (a proton acceptor) outlined beneath. This is a case of Bronsted-Lowry 

acid/base reaction. Typically the degree of dissociation is ca. 10-3. [9, 10] 

 

Ion-Solvent/Solute-Solvent interactions play a vital role in solution phase chemistry. These 

interactions not only stabilize intermediate states by solvation of the corresponding valence 

charge distributions, but modify energy barriers thereby altering transition states, and allow 



for the ultrafast solvent dynamics. Solute- Solvent interactions are thus frequently vital in 

determining ground-states and steering chemical reaction mechanisms in solution-phase 

chemistry. 

We seek to comprehend the role of solvation and solvation dynamics upon external 

perturbations through excitation of electronic and vibrational degrees of freedom. While 

extended collective motions of solvent molecules and their corresponding spectral density 

are useful in understanding the influence of solvation (dynamics) on the solute’s constituents 

during chemical reactions.[11, 12] 

Both, vibrational and core-level transitions extend over length scales from functional groups 

to individual atoms, making them tremendous spectroscopic probes of solute-solvent 

interactions. So, it can be said that Ions orient dipoles; spherically symmetrical electric 

field of the concerned ion may well tear solvent dipoles out of the solvent lattice and 

orient them with appropriate charged end in the direction of central ion. Thus, 

screening the ion as a point charge and the solvent molecules as electric dipoles, ion-

dipole forces become the principal source of ion-solvent interactions.  While vibrational 

transitions can basically be associated with structural dynamics, core-level transitions report 

on valence electronic distributions as well structural parameters such as bond lengths and 

geometries. [13, 14]  

 

The majority of reactions happening in solutions are chemical or biological in nature. It was 

presumed previously that the solvent only provides an inert medium for chemical reactions. 



The significance of ion-solvent interactions was realized following extensive studies in 

aqueous, non-aqueous and mixed solvents.  

The role of solvent is so immense that million fold rate changes take place in some reactions 

simply by changing the reaction medium. Human body is composed of 65 to 70% water, 

which acts as a lubricant, as an aid to digestion and more specifically as a stabilizing factor to 

the double helix conformations of DNA. The solvent governs movement and energy of the 

reacting species to such a level that a reaction undergoes a several-million fold change 

in rate when the solvent is changed. [15, 16] 

As water is the “universal solvent” in nature and has 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 in a particular boundary. 

Moreover, the uniqueness of water as a solvent has been questioned and it has been realized 

that the studies of other solvent media like non aqueous and mixed solvents would be of 

helpful in understanding diverse molecular interactions and a host of complicated 

phenomena. Varieties of 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 hard and soft acid-base principles etc. As a result, 

the different solvents show a wide change in properties, ultimately influencing their 

thermo physical, thermodynamic, transport qualitatively and quantitatively, in presence 

of electrolytes and non-electrolytes in these solvents. Henceforth, in the development of 

theories of electrolytic solutions, much awareness has been devoted to the controlling 

forces ‘ion-solvent interactions’ in infinitely dilute solutions wherein ion-ion 

interactions are almost absent. By sorting out these functions into ionic contributions, it 

is possible to determine the contributions of cations and anions in the ion-solvent 

interactions. One of the major causes for the intricacies in solution chemistry is the 

uncertainty about the structure of the solvent molecules in solution. The introduction of 

a solute modifies the solvent structure to an uncertain magnitude, the solvent molecule 

and the interplay of forces like solute-solute, solute-solvent also modify the solute 

molecule and solvent-solvent interactions becomes predominant, though the isolated 

picture of any of the forces is still incomplete to the solution chemist.[17] 



 How does the presence of an Ion affect the structure of neighboring water? 

The aim here is to take a microscopic vision of an ion inside a solvent. The central 

consideration is that the ions get oriented as dipoles. The spherically symmetrical electric 

field of the ion may tear water dipoles out of the water lattice and craft them like a point (like 

compass needles oriented toward a magnetic pole) with the appropriate charged end toward 

the central ion. Hence screening the ion by considering it as a point charge and the solvent 

molecules as electric dipoles, one obtains a picture of ion–dipole forces as the principal 

source of ion–solvent interactions. 

 

 How does the presence of an Ion affect Structure of neighboring water? 

Owing to the action of ion–dipole forces, a number of water molecules in the immediate 

vicinity of the ion may be trapped and oriented in the ionic field. Such water molecules cease 

to connect with the water molecules that remain part of the network characteristic of water. 

They are immobilized except in a distance as the ion moves, in which case the sheath of 

immobilized, water molecules moves with the ion. The ion and its water sheath then become 

a distinct kinetic entity. Thus, the depiction of a hydrated ion is one of an ion enveloped by a 

solvent sheath of oriented, immobilized water molecules. 

 



 

The spectral solvent shifts or the chemical shifts can establish the qualitative and 

quantitative nature of ion-solvent interactions. But still qualitative or quantitative 

apportioning of the ion-solvent interactions into the variety of possible factors is still an 

uphill task. It is thus apparent that the real understanding of the ion-solvent interaction 

is a difficult task. The aspect embraces a wide range of topics but we concentrated only 

on the measurement of transport properties like viscosity, conductance etc; 

physicochemical, thermodynamic properties as apparent or partial molar volumes, 

apparent molar adiabatic compressibility, and spectral properties as FT-IR 

spectroscopy, U.V, Fluorescence, NMR, SEM, HRTEM and HRMS etc. [18] 

 

b) Ion-Ion Interaction 

When an ion looks out upon its surroundings, it sees not only solvent dipoles but also other 

ions in the solvent sphere. The mutual interaction between these ions constitutes a vital part 

of the picture of an electrolytic solution. Ion-solvent interactions are only a part of the 

story of an ion related to its atmosphere. The surrounding of an ion sees only other ions, 

no solvent molecules. [19, 20] 



 

Why are ion–ion interactions in solution important?  

Because, as will be revealed from various experimental data [21, 22], they affect the equilibrium 

properties of ionic solutions, and also because they interfere with the drift of ions, for 

instance, under an externally applied electric field. [23]  

Now, the degree to which these interactions influence properties of solutions will depend on 

the mean distance of the ions, i.e., on the way how densely the solution is populated with 

ions, because the interionic fields are distance dependent. This ionic population density will in 

turn depend on the nature of the electrolyte, i.e., on the extent to which the electrolyte gives 

rise to ions in solution. Thus ionic compounds contain oppositely charged particles held 

together by extremely strong electrostatic interactions. These ionic interactions are much 

stronger than the intermolecular forces present between covalent molecules. It is 

comparable to Coulomb’s law, which states that the energy of interaction between two ions 

is directly proportional to the product of the charges of the two ions and inversely 

proportional to the distance between them. [24] 

 



 

c.)  Solvent-Solvent Interactions (Theory of Mixed Solvents) 

             Solubility provides a suitable parameter for studying the solvation interaction.  

Solvent–solvent interaction plays a major role in the overall solvation process. [25] Mixed 

binary solvents provide systems where it is possible to vary the solvent–solvent interaction 

and as such, study in these media is likely to throw light on the role of such type of 

interactions on the solvation process. Solvation in mixed binary aqueous solvents shows non-

ideal behaviour and solvent–solvent interaction play a key role in determining solubility. As 

the use of mixed and non-aqueous solvents are increasingly in chromatography, solvent 

extraction, elucidation of reaction mechanism, preparing high density batteries, etc. a 

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

choice of suitable physical model, have been developed for mixed solvents.[26]  

 



L. Jones and Devonshire [27] were first to evaluate thermodynamic functions for a 

single fluid in conditions of interchange energy parameters and used “Free volume” 

or “Cell model”.  

Prigogine and Garikian[28] extended the aforesaid approach to solvent mixtures. 

Prigogine and Bellemans[29] further investigated a two fluid version of the 

cell model and found that while excess molar volume (VE) was negative for mixtures 

with molecules of almost same size. It was large positive for mixtures with molecules 

having minute difference in their molecular sizes.  

Treszczanowiczet.al. [30] recommended that VE is the result of numerous 

contributions from several opposing effects. These may be divided arbitrarily into three 

types, viz., physical, chemical and structural effects. Physical contributions contribute a 

positive term to VE and the chemical or specific intermolecular interactions effects 

volume decrease and contribute negative values to VE. The structural contributions are 

mostly negative values and arise from several effects, particularly from interstitial 

accommodation and changes in the free volume. The actual volume change would 

therefore depend on the relative strength of these effects totally. On the other hand, it is 

generally assumed that when VE is negative, viscosity deviation (Δη) may be positive and 

vice-versa. This assumption is not a real, as evidence behind it is proved from some 

studies. [31, 32] 

 Rastogi et al. [33] recommended the experimental excess property is a combination 

of an interaction and non-interaction part. The non-interaction part in the form of size 

effect can be comparable to the interaction part which may be sufficient to reverse the 

trend set by the latter.  

Pitzer[34], L. Huggins[35] introduced a new approach in their theory of 

conformal solutions. Using a simple perturbation approach, showed that the 

properties of mixtures could be obtained from the knowledge of intermolecular forces, 

thermo physical and thermodynamic properties of the pure components.   

Rowlinson et al. [36-38] reformulated the average rules for Vander Waal’s 
mixtures and their calculated values were in much improved agreement with the 

experimental values even when one fluid theory was applied.  



The more current independent effort is the perturbation theory of Baker and 
Henderson. [39]  

A more successful approach is due to Flory who used certain features of cell theory 

[40, 42] and also developed a statistical theory for predicting the excess properties of 

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

along with a few adjustable parameters. This theory is applicable to mixtures containing 

molecules of dissimilar shapes and sizes.  

 

Patterson and Dilamas[43] combined both Prigogine and Flory theories to a 

joined one for rationalizing various contributions of free volume, internal pressure, etc. 

to the excess thermodynamic properties.  

Heintz[44-46] and coworkers suggested a theoretical model based on a statistical 

mechanical derivation and accounts for self-association, cross association in hydrogen 

bonded solvent mixtures, which is termed as Extended Real Associated 
Solution model (ERAS). It combines the effect of association with non-associative 

intermolecular interaction occurring in various solvent mixtures based on equation of 

state developed originally by Flory. Subsequently ERAS model has been successfully 

applied by many workers [47-49] to describe excess thermodynamic properties of alkanol-

amine mixtures. A new symmetrical reformation on the Extended Real 
Association (ERAS) model has been described in the literature [50] which explained 

the symmetrical-ERAS (S-ERAS) model and made it possible to describe excess 

molar enthalpies and excess molar volumes of binary mixtures containing very similar 

compounds described by extremely small mixing functions. [51]  



Gepert et al. [52] applied symmetrical-ERAS (S-ERAS) [53] model for studying 

some binary systems containing alcohols. 

 

. (3) The Specific techniques used in conducting Experiments 

 Densitometry  

As a consequence, densitometry preceded and accompanied the birth and development of 

the thermodynamic theory. One of the well-recognized approaches to the study of 

molecular interactions in fluids is the use of thermodynamic techniques. 

Thermodynamic properties are commonly suitable parameters for interpreting solute-

solvent and solute-solute interactions in the solution phase. The physicochemical 

properties of liquid mixtures have attracted much attention from both theoretical and 

engineering applications point of view. As the mixed and non-aqueous solvents are 

progressively more used in chromatography, solvent extraction, in the elucidation of 

reaction mechanism, in preparing high density batteries,   etc. a number of molecular 

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

physical model, have been developed for mixed solvents. 

Volumetric and densitometry techniques are complementary, as volume determinations can 

give precise density values and vice versa, but often it is easier to assess accurately only one 

of the properties. The volumetric information including ‘Density’ is used as a function of 

weight, volume and mole fraction and excess volumes of mixing. 

 Thermodynamic properties of pure substances (molar volumes) and substances in solution 

(partial molar volumes) can be deduced from either of these techniques. Fundamental 

properties such as enthalpy, entropy and Gibbs free energy represent the macroscopic 

state of the system as an average of numerous microscopic states at a specified 

temperature and pressure. An interpretation of these macroscopic properties in terms 

of molecular phenomenon is in general difficult to study. Sometimes higher derivatives 

of these properties can be interpreted more specifically in terms of molecular 

interactions. The volumetric information possibly will be of immense importance in this 

regard. Various concepts concerning molecular processes in solutions like 

electrostriction, [53] hydrophobic hydration,[54] micellization[55] and co-sphere overlap all 

through solute-solvent interactions[56, 57] have been derived and interpreted starting 



from the partial molar volume data of many compounds. Other quantities such as 

hydration or hydrodynamic volumes are usually evaluated by non-thermodynamic properties 

and assumptions, or by calculations based on structural observations. For example 

mesoscopic systems (for instance, globular proteins in aqueous solution) some interesting 

observations suggest that the specific volumes are the result of an average among domains 

whose local densities range from  0.6 kgL-1 to 3.0 or 3.5 kgL-1. Further the definition of domain 

volumes, as well as the definition of whole volume of a macromolecule in initiate contact with 

solvent, suffers a certain degree of arbitrariness.  

 Apparent and Partial Molar Volumes 

The molar volume of a pure substance can be derived using density data. In complex 

multi-component systems such as solutions, it is easier to explain a system in terms of 

the intrinsic or molal properties rather than the extensive properties. Any extensive 

property of a system can be calculated by the summation of the respective partial molal 

properties if all components have a known concentration. Although the additive 

definition of partial molal properties is convenient, direct measurement of these 

solution properties are difficult, as interactions with other species contribute to partial 

molal properties. However, the volume contributed to a solvent by the addition of one 

mole of an ion is difficult to decide. This is so because, upon entry into the solvent, the 

ions change the volume of the solution due to a breakage 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 

expected to be significant. The effective volume of an ion in solution system, the partial 

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

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

means of the following relation. [57, 58] 
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Where M is the molar mass of the solute, c is molarity of the solution; ροand ρ are the 

densities of solvent and the solution respectively. Partial molar volumes,
2v can be 

obtained from the equation :[59] 
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The extrapolation of apparent molar volume of electrolyte to infinite dilution and 

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 ,[59] the 

Redlich-Meyer equation ,[60] the Owen-Brinkley equation,[61] and the 

Pitzer equation .[34, 32] Masson found that the apparent molar volume of electrolyte,

V , vary with  square root of the molar concentration by the linear equation:      

 

0 *

V V VS c   (3) 

vo = the limiting apparent molar volume at infinite  dilution, indicates ion-solvent 

interaction 

 Sv*= the experimental slope, signifies the ion-ion interaction  

Where, 
0

V is the apparent molar volume (equal to the partial molar volume) at infinite 

dilution and *

VS
  is the experimental slope. The greater part of V  data in water [62] and 

nearly all V data in non-aqueous solvents [63-67] have been extrapolated to infinite 

dilution through the utilization of equation (3). 

 



A diagrammatic representation for the explanation of molal volume 

The temperature dependence of 
0

V or various investigated electrolytes in various solvents 

can be articulated by the general equations follows: 

 

0 2

0 1 2   V a a T a T (4) 

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

Kelvin.  

The limiting apparent molar expansibilities (
0

E ) can be calculated by the following equation: 

 

 0 0

1 2δ δ 2E V P
T a a T    (5) 

The limiting apparent molar expansibilities (
0

E ) change in magnitude with the change of 

temperature. During the past few years, different workers emphasized that *

VS is not the sole 

criterion for determining structure-making or breaking tendency of any solute. Helper [68] 

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   (6) 

If the sign of  
PE Tδδ 0 is positive or small negative the electrolyte is a structure 

maker and when the sign of  
PE Tδδ 0 is negative, it is a structure breaker. Redlich 

and Meyer [60, 61] have shown that an equation (3) 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    (7) 

Where 
3

2
vS Kw (8) 

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

where  



20.5
j

i i

i

w Y Z  (9) 

  

And 

1
2

2 2

3

8 ln

1000 3
T

K N e
RT p

     
    

     
                             (10) 

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

their usual significance. 

Redlich-Meyer’s extrapolation equation [60, 61] adequately represents 

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

however, studies [60-71] on some 2:1, 3:1 and 4:1 electrolytes show deviations from this 

equation. Thus, for polyvalent electrolytes, the more complete Owen-Brinkley 

equation [61] can be used to aid the extrapolation to infinite dilution and to adequately 

represent the concentration dependency of V . The Owen-Brinkley equation [61] 

which includes the ion-size parameter in (cm), is prearranged as: 

 

   0 0.5 0.5        V V V V VS a c w a c K c (11) 

Where symbols have usual significance. However, this equation is not extensively used 

for non-aqueous solutions. 

Recently, the Pitzer formalism [34] has been used by Pogue and 

Atkinson [71, 73] to fit the apparent molal volume data. The Pitzer equation [34] for 

the apparent molar volume of a single salt [MMMX] is  
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Where symbols have their usual significance.  

    

  Ionic  Limiting Partial Molar Volumes 

The individual partial ionic volumes give information relevant to the general question of the 

structure near the ion, i.e., its solvation. The calculation of ionic limiting partial molar volumes 



in organic solvents is, however, a hard one. At present, however, most of the existing ionic 

limiting partial molar volumes in organic solvents were obtained by the application of 

methods initially developed for aqueous solutions to non-aqueous electrolyte solutions. In 

the last few years, the way suggested by Conway et al. [74] has been used more 

frequently. These authors used the procedure to determine the limiting partial molar 

volumes of anion for a series of homologous tetraalkylammonium 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 general as a function of the formula weight of the cation, 

MR4N
+and obtained straight-lines for every series. Therefore, they proposed the following 

equation: 

4 4

0 0   v R NX vR N X
bM (13) 

The extrapolation to zero cationic formula weight gave limiting partial molar volumes of 

the halide ions 0

V X
  . 

Uosaki et al. [75] used this process for the separation of some literature values and of 

their own 
4

0

V R NX values into ionic contributions in organic electrolyte solutions. 

Krumgalz [76] applied the equivalent technique to a large number of partial molar 

volume data for non-aqueous electrolyte solutions in a wide temperature range. 

  Excess molar volumes 

The excess molar volumes, VE are calculated from molar masses Mi and densities 

of pure liquids and mixtures according to the following equation [77-78] 

1 1

1
( )

i

n
E

i i
i

V x M  


  (14) 

Where i and  are density of the ith component and density of the solution mixture 

respectively. VE is resultant of contributions from several opposing effects. These may be 

further divided arbitrarily into three types, namely, chemical, physical and structural. 

Physical contributions, are nonspecific interactions among real species present in 

mixture, contribute a positive term to VE. The chemical or specific intermolecular 



interactions result in a volume decrease, so contributing negative VE values. The 

structural contributions are usually negative and arise from several effects, particularly 

from interstitial accommodation and changes of free volume. [17] These phenomena are 

therefore results of difference in energies of interaction between molecules being in 

solutions and packing effects. Disruption of the ordered structure of pure component 

during formation of the mixture leads to a positive effect observed on excess volume 

while an order formation in mixture leads to negative contribution in the solution. 

  Viscometric studies 

As fundamental and imperative properties of liquids, viscosity and volume could also 

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

mixtures. Viscosity and volume are diverse 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. 

The relationship among them could also be studied. Viscometric information comprises 

‘Viscosity’ act as a function of composition on basis of weight, volume and mole fraction; 

comparison of experimental viscosities with those designed with several equations and 

excess Gibbs free energy of viscous flow. Viscosity, one of the most assorted transport 

properties is used for the determination of ion-solvent interactions and studied 

extensively.[79-80] Viscosity is not a thermodynamic quantity, but viscosity of an 

electrolytic solution along with the thermodynamic property, 0

,2v , i.e., the partial molar 

volume, gives a bundle of information and insight regarding ion-solvent interactions and 

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, transport of momentum in liquids takes place, in sharp contrast with gases at 

ordinary pressures, not by real movement of molecules but by intense influence of 

intermolecular force fields. It is this aspect of the mechanism of momentum transfer 

which forms the basis of assorted procedures for predicting the variations in the 

viscosity of liquids and liquid mixtures. 



 

 

 Early  Theoretical Considerations  on Liquid Viscosity 

The theoretical development of liquid viscosity in early stages has been reviewed   by 

Andrade [81] and Frenkel. [82] By considering the forces of collision to be the only 

important factor and assuming that at the melting point, the frequency of vibration is 

equal to that in the solid state, one-third of the molecules are vibrating along each of the 

three directions normal to one another. Andrade [81] formulated equations which 

checked well against data on monatomic metals at the melting point. Frenkel [82] 

considered the molecules of a liquid to be spheres moving with an average velocity with 

regard to the surrounding medium by using Stokes’ law and Einstein’s relation 

[83] for self-diffusion-coefficient, arrived at a complicated expression for liquid viscosity 

with only limited applicability. Further assumed the momentum transfer to take place 

by the irregular Brownian movement of the holes which were linked to clusters in a gas 

and thus, in equivalence with the gas theory of viscosity and with assumption of the 

equipartition law of energy, showed that for liquids: 

0.915
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Where η, V and m are viscosity, volume and mass, respectively, T is the temperature, R is 

the universal gas constant, σ is the surface tension and A is the work function at the 

melting point in the solution medium. He compared his theory with experiment as well 

as with the theories of Andrade [82] and Ewell and Eyring [85] Auluck, De 

and Kothari [86] further modified the theory and successfully explained the 

variations of viscosity with pressure. A critical review of these simple theories and their 

abilities to elucidate momentum transport in liquids is given by Eisenschitz. [87] 

 The Cell  Lattice Theory and  Liquid  Viscosity 

A model interrelated to in the literature by various names such as cell, lattice, cage, free 

volume or one particle model was introduced by Lennard-Jones [88] and Devonshire 



[89] and further expanded by Pople. [90] Eisenschitz employing this model developed a 

theory based on viscosity by considering the motion of the representative molecules to be 

Brownian and their distribution according to the Smoluchowski equation. Even by 

means of certain assumptions, the final expression showed shortcomings most of which were 

later overcome in a subsequent publication. [91] 

 

 Statistical and Mechanical approach to Liquid Viscosity 

The distribution functions for the liquid molecules were obtained on the basis of 

statistical mechanical theory mostly by the efforts of Kirkwood, [92, 93] Mayer and 

Montroll, [94] Mayer, [95] Born and Green [96] considerations on the basis of the 

general kinetic theory led Born and Green to build up a viscosity equation which 

provided explanation for several empirical equations [80-83] proposed for liquid viscosity. 

In this connection to the theoretical contributions of Kirkwood and coworker [84, 98-

105] Zwanzig et al., [105] Rice and coworkers, [106-109] Longuet-Higgins and 

Valleau [110] and Davis and Coworkers are noteworthy. [111, 112] 

 Principle of Corresponding States  and  Liquid Viscosity 

The principle of the corresponding states has been useful to liquids in the same 

way as to gases [113] the basic assumption being that the intermolecular potential among 

two molecules is a universal function of the reduced intermolecular separation. This 

assumption is a good approximation for spherically symmetric mono atomic non-polar 

molecules in solution. Intended for complex molecules, the principle becomes 

increasingly crude. In general, more parameters are introduced in the corresponding 

state correlations on somewhat empirical grounds in the expectation that such 

modification in some way would compensates the shortcomings of the above stated 

assumption. In this correlation the studies by Rogers and Brickwedde, Boon 

and Thomaes, Boon, Legros and Thomaes, and Hollman and Hijmans 

are worth mentioning. [114-119] 



 The Reaction Rate Theory for Viscous Flow 

Considering viscous flow as a chemical reaction in which a molecule moving in a 

plane intermittently acquires the activation energy necessary to sleep over the potential 

barrier to the next equilibrium position in the same plane. Eyring showed that the 

viscosity of the liquid in a solution medium is given by: 
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Where λ is the average distance between the equilibrium positions in the direction of 

motion, λ1 is the perpendicular distance between two neighboring layers of molecules in 

relative motion, λ2 is the distance between neighboring molecules in the same direction 

and λ3 is the distance from molecule to molecule in the plane normal to the path of 

motion. The transmission coefficient (ĸ) is the measure of the chance that a molecule 

having once crossed the potential barrier will react and notrecross in the reverse 

direction, Fn is the partition function of normal molecules, *

aF that of the activated 

molecule with a degree of freedom corresponding to flow,  actE is the energy of 

activation for flow process, h is Planck’s constant and k is Boltzmann constant in the 

flow process. Ewell and Eyring argued that for a molecule to flow into a hole, it is 

not indispensable that the latter be of the same size as the molecule. Consequently they 

assume that  actE is a function of  vapE for viscous flow because  vapE is the energy 

necessary to make a hole in the liquid of the size of a molecule. Utilizing the initiative 

and certain additional relations finally gets [82, 120] 
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Where n and b are constants. It was found that the theory could reproduce the trend in 

temperature dependence of η but the computed values are larger than the observed 

values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and Stearn have 

summarized all the working relations. [121, 122] 



 The significant structure theory and Liquid Viscosity 

Eyring and coworkers [123-126] enhanced the “holes in solid” model theory to picture 

the liquid state by identifying three significant structures. In brief, a molecule has solid like 

properties for the little time it vibrates about an equilibrium position and then it assumes 

instantly the gas like behavior on jumping into the neighboring vacancy. The above idea of 

significant structures leads to the following relation for the viscosity of liquid. [128] 

 

s s
S g

V V V

V V
  


  (18) 

Where VS   is the molar volume of the solid at the melting point, V is the molar volume of the 

liquid at the temperature of interest while ηS and ηg are the viscosity contributions from the 

solid-like and gas-like degrees of freedom, correspondingly. The terms for ηS and ηg are given 

by Carlson, Eyring and Ree. Eyring and Ree have discussed in detail the 

evaluation of ηS from the reaction rate theory of Eyring assuming that a solid molecule can 

jump into all neighbouring empty sites. The expression for ηS takes the following form [131] 
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Where AN  is Avogadro’s number, Z is the number of nearest neighbors, θ is the Einstein 

characteristic temperature, ES is the energy of sublimation and a’ is proportionality constant. 

On the other hand, the term ηg is obtained from the kinetic theory of gases by the relation: 

[131] 
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Where d is the molecular diameter and m is the molecular mass. 

 Viscosity of electronic solutions 

The viscosity relationships of electrolytic solutions are highly complicated and difficult 

to clarify 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 structure and 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, something 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 positioned in the liquid, the planes will be 

keyed together in increasing the viscosity. Similarly, increase in average degree of 

hydrogen bonding between the planes will increase 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 raise 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 of the solution. On the other hand, 

ions destroying correlation would decrease the viscosity. In 1905, Grüneisen 

performed the first methodical measurement of viscosities of a number of electrolytic 

solutions over a wide range of concentrations. He elucidated non-linearity and negative 

curvature in viscosity concentration curves irrespective of low or high concentrations. 

In 1929, Jones and Dole recommended an empirical equation quantitatively 

correlating the relative viscosities of the electrolytes with molar concentrations (c): [132, 

133] 
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The above equation can be rearranged as:   

1r A B c
c

 
                                                        (22) 

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

equation is valid equally to aqueous and non-aqueous solvent systems where there is no 

ionic association and has been used comprehensively. The term A√c, formerly ascribed 

to Grüneisen effect, arose from the long-range coulombic forces linking the ions. The 

connotation of the phrase had since then been realized due to the development Debye-

Hückel theory of inter-ionic attractions in 1923. The A -coefficient depends on 

the ion-ion interactions and can be designed from interionic attraction theory 

and is given by Falkenhagen Vernon equation: [134-137] 
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Where symbols contain their usual significance. In accurate work on aqueous solutions, 

A -coefficient has been obtained by fitting ηr to equation and compared with the values 

calculated from the equation, agreement was on average excellent. The accuracy 

achieved with partially aqueous solutions was however of poorer quality. A-coefficient 

should be calculated from conductivity measurements. Crudden et al. suggested that if 

association of the ions occurs to form an ion pair, the viscosity should be analyzed by the 

equation: [138-140] 
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Where A, Bi and BP are characteristic constants, determines degree of dissociation of ion 

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

gave the intercept value of Bi. However, for the majority of the electrolytic solutions both 

aqueous and nonaqueous, the equation is valid up to 0.1 (M) within experimental errors. 

At higher concentrations the extended part of the equation, involving an additional 

coefficient D, originally used by Kaminsky, has been used by several workers and is 

given below: [141-144] 

 

21r

o

A c Bc Dc





                                               (25) 

The coefficient D can’t be evaluated appropriately and the significance of the constant is also 

not always meaningful and therefore, equation is used by the most of the workers. 

The plots of [(η/ηo -1)/√c against √c] for the electrolytes ought to provide the value of 

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

and also show deviation from linearity.[142-147] Thus, as a substitute of determining A- 

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

calculated using Falkenhagen-Vernon equation. [22, 23] A-coefficient must have the 

value zero for non-electrolytes. According to Jones and Dole, the A-coefficient probably 



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

tend to uphold a space-lattice structure. [133] The B-coefficient may be either positive 

or negative and it is in fact the ion-solvent interaction parameter. Therefore it is 

conditioned by ions and solvent which can’t be calculated a priori. The B–coefficients in 

Jones Dole are obtained as slopes of straight lines via least square method and 

intercepts equal to A values.  

The factors influencing B - coefficients are listed below as: [148, 149] 

(1) Effect of ionic solvation along with action of field of ion in producing long-range 

order in solvent molecules, increases η or B -value. 

(2) The demolition of three dimensional structures of solvent molecules (i.e., structure 

breaking effect or depolymeriation effect) decreases with η values. 

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

analogous solvents. 

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

hindered in high molal volume solvents or if either ion of a binary electrolyte can’t be 

specifically solvated. 

 

 Viscosities at higher concentration 
 

For routine work using aqueous solutions it had been found that the viscosity at high 

concentrations (1M to saturation) can be represented by the empirical formula suggested by 

Andrade: 

             𝜂 = 𝐴𝑒𝑥𝑝
𝑏

𝑇                                                                            (26) 

The several alternative formulations have been proposed for representing the results of 

viscosity measurements in the high concentration range. An equation suggested by Angell 

based on an extension of free volume theory of transport phenomena in 

liquids and fused salts to ionic solutions are mainly noteworthy. [150-158] 

The equation is: 
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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 salt composition and No is hypothetical concentration at 

which the arrangement becomes glass. The equation was recast by Majumder et al. 

introducing the limiting condition i.e., N →0, η→ηo; which is viscosity of the pure solvent 

system. Thus, we have: [158-160] 

ln 𝜂/𝜂𝑜 = ln 𝜂𝑅𝑒𝑙 =
𝐾1𝑁

𝑁𝑜(𝑁𝑜 − 𝑁)
                                              (28) 

Equation (28) shows a straight line passing through origin for the plot of Relln vs. N/(No-N) if 

a suitable choice for No is made. Majumder et al. proved the equation (28) by using 

literature data as well as their own experimental data. Best choice for No and K1 was chosen 

by a trial and error methods. Set of K1 and No producing minimum deviations among 
Exp

Rel and 

Theo

Rel was accepted. Therefore in dilute solutions, N <<No and we have: 

𝜂𝑅𝑒𝑙 = exp (
𝐾1𝑁

𝑁𝑜
2

) ≅ 1 +
𝐾1𝑁

𝑁𝑜
2

                                                (29) 

Equation (29) is nothing but the Jones-Dole equation with the ion-solvent 

interaction term represented as B=K1/No2.The arrangement between B-values 

determined in this way and using Jones-Dole equation has been found to be good 

for several electrolytes. 

Further, the equation (28) can also be written in the form: [153] 

𝑁

𝑙𝑛𝜂𝑅𝑒𝑙
=

𝑁0
2

𝐾1
− (

𝑁0

𝐾1
) 𝑁                                                                    (30) 

It directly resembles the Vand’s equation for fluidity (reciprocal for viscosity):  

2.5𝑐

2.3 log 𝜂𝑅𝑒𝑙
=

1

𝑉ℎ
− 𝑄𝑐                                                                 (31) 

Where c is molar concentration of the solute molecule and Vh is effective rigid molar 

volume of the salt and Q is the interaction constant. 



 Division  of B-Coefficient  into ionic values 

The viscosities B –coefficients in solution system have been determined by a 

large number of workers in aqueous, mixed and non-aqueous solvents. [161-191] However, 

the B -coefficients as determined experimentally using the Jones-Dole equation, 

does not provide 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 a few assumptions, the validity of which may be questioned. The 

subsequent methods have been used for division of B – values in ionic components: 

(1) Cox and Wolfenden carried out the division on conjecture that Bion   values of Li+ 

and IO3⁻in LiIO3 are proportional to the ionic volumes which are proportional to third 

power of ionic mobility’s. The method of Gurney and also of Kaminsky [143] is based 

on: [192, 193] 

K Cl
B B  (in water) (32) 

The argument in favor of this assignment is based on the fact that the B -coefficients for 

KCl is extremely minute and that the motilities’ of K+ and Cl− are very comparable over 

temperature range 288.15 – 318.15 K. This assignment is supported from other 

thermodynamic properties. Nightingle,  however chosen RbCl or CsCl to KCl from 

mobility considerations. [194] 

(2) The scheme suggested by Desnoyers and Perron is based [144] on the assumption 

that the Et4N+ ion in water is neither structure breaker nor a structure maker. Thus, they 

suggested it is possible to apply with a high degree of accuracy in Einstein’s equation, [195]  

0.0025B V (33) 

and have an accurate value of the partial molar volume of ion, V ,  it is likely to calculate 

the value of 0.359 for
4Et N

B  in water at 298.15 K. Recently, Sacco et al. proposed 

“reference electrolytic” technique for division of B -values.[196] 

Consequently, for tetra phenyl phosphonium tetra phenyl borate in water, we have:  

𝐵BPh4−= 𝐵PPh4+ +  𝐵BPh4PPh4
/2                                              (34) 



4 4BPh PPhB (Scarcely soluble in water) has been obtained by the aforesaid method: 

  
𝐵BPh4PPh4

= 𝐵NaBPh4+𝐵PPh4Br−𝐵NaBr                                  (35) 

The values are in good agreement with those obtained by other methods. The criterion 

adopted for separation of B-coefficients in nonaqueous solvents differs from those usually 

used in aqueous solution. On the other hand, the methods are based on the equality of 

equivalent conductances of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed 𝐵𝐾+ = 𝐵𝐶𝑙−  in ethanol solution based on equal 

mobilities of ions.  They also adopted 𝐵Me4N+
25 = 0.25 as the initial value for acetonitrile 

solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss proposed the equality, as they 

thought that these ions have similar mobilities. However, Springer et al., 

25 4( ) 61.4Bu N   and 25 4( ) 58.3Ph B  
 
in acetonitrile solutions. [197, 198] 

𝐵Bu4N+ = 𝐵Ph4B−                                                                      (36) 

(c) Gopal and Rastogi resolved B -coefficient in N-methyl propionamide solutions 

assuming that𝐵Et4N+ = 𝐵I−at all temperatures. 

(d) In Dimethyl sulphoxide, division of B -coefficients carried out by Yao and Be union 

assuming: [147] 

𝐵[(i−pe)3BuN+] = 𝐵Ph4B− = 1/2𝐵[(i−pe)3BuNPh4B]                            (37) 

at every temperatures. 

Extensive use of this technique has been made by a variety of authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene carbonate solutions. [199] 

The aforesaid means, though, have been strongly criticized by Krumgalz. According to 

him, any method of resolution based on the equality of equivalent conductances for certain 

ions suffers from disadvantage that it is impossible to choose any two ions for which o o  

in all solvents at all temperatures. Thus, though K Cl   at 298.15 K in methanol, but is not so 

in ethanol or in any further solvents. In addition, if the mobilities of some ions are even equal 



at infinite dilution, but it is not necessarily true at moderate concentrations for which the B-

coefficient values are designed. Further, according to him, equality of dimensions of 

3( )i pe BuN  or 3( )i Am BuN  and 4Ph B  does not necessarily involve the equality of B -

coefficients of these ions and they are likely to be solvent and ion-structure dependent. 

Krumgalz has recently proposed a method for the resolution of B-coefficients. The 

method is based on the fact that large tetra alkyl ammonium cations are not solvated in 

organic solvents (in the normal sense involving significant electrostatic interaction). Thus, 

ionic B -values for large tetra alkyl ammonium ions, R4N+ (where R > Bu) inorganic solvents 

are proportional to their ionic dimensions. So, we have: [200-203] 

𝐵R4NX = 𝑎 + 𝑏𝑟3R4N+                                                             (38) 

a=𝐵X_ B and b is a constant dependent on temperature, solvent nature. 

The extrapolation of the plot of 𝐵R4NX(R > Pr or Bu) against r3 to R4N to zero cation 

dimension gives directly
X

B  in the proper solvent and thus B -ion values can be 

calculated.  

B -ion values can also be calculated from the equations: 

𝐵R4N+−𝐵R4
′N+=𝐵𝑅4NX − 𝐵R4

′NX                                                (39) 

𝐵R4N+ 

𝐵R4
′N+

=  
𝑟3

R4N+

𝑟3
R4

′N+

                                                     (40) 

The radii of   tetra alkyl ammonium ions have been planned from the conductometric 

data. [204] Gill and Sharma used Bu4NBPh4 as reference electrolyte. The method of 

resolution is based on hypothesis, like Krumgalz, that Bu4N+ and Ph4B−ions with 

large R-groups are not solvated in non-aqueous solvents and their dimensions in such 

solvents are constant. The ionic radii of Bu4N+ (5.00Å) and Ph4B (5.35 Å) were found to 

remain constant in different non-aqueous and mixed non-aqueous solvents by Gill and 

co-workers. They proposed the equations: [182] 

𝐵Ph4B−

𝐵Bu4N+
=

𝑟3
Ph4B−

𝑟3
Bu4N+

= (
5.35

5.00
)

3

                                               (41) 

𝐵Bu4NBPh4
= 𝐵Bu4N+ + 𝐵Ph4B−                                                      (42) 

The scheme requires only the B - values of Bu4NBPh4 and is equally applicable to mixed 

non-aqueous solvents. The B - ion values obtained by this technique agree well with 



those reported by Sacco et al. in different organic solvents using the assumption as given 

below: 

𝐵[(i−Am)3Bu4N+] =  𝐵Ph4B−  =  1/2𝐵Bu4NBPh4
                                            (43) 

Recently, Lawrence and Sacco used tetrabutylammonium tetrabutylborate 

(Bu4NBBu4) as reference electrolyte because the cation and anion in every case are 

symmetrical in shape and have almost equal Vander Waal’s volume. Thus, we have: 

𝐵Bu4N+

𝐵Bu4B−
=

𝑉𝑊(Bu4N+)

𝑉𝑊(Bu4B−)
                                                    (44) 

𝐵Bu4N+ =
𝐵Bu4NBPh4

[1 + 𝑉𝑊(Bu4B−)/𝑉𝑊(Bu4N+)]
                                    (45) 

A similar division can be made for Ph4PBPh4 system. 

Recently, Lawrence et al. made viscometric dimensions of tetraalkyl (from propyl to 

heptyl) ammonium bromides in DMSO and HMPT. [182-185] 

B-coefficients 𝐵R
4NBr

=  𝐵Br− +  𝑎[𝑓𝑥𝑅4𝑁+] were plotted as functions of Vander Waal’s 

volumes. The 
Br

B  values thus obtained were compared with accurately determined 

Br
B  value by means of Bu4NBBu4   and Ph4PBPh4 as reference salts. They concluded that 

the ‘reference salt’ manner is the best available method for division into ionic 

contributions. 

Jenkins and Pritcheit [205] suggested a least square analytical technique to 

examine additivity relationship for combined ion thermodynamics data, to effect 

apportioning into single-ion components for alkali metal halide salts by employing 

Fajan’s competition principle and ‘volcano plots’ of Morris . The principle was 

extended to derive absolute single ion B-coefficients for the alkali metals and halides in 

water. They also observed 𝐵Cs+=𝐵I−  suggested by Krumgalz to be more reliable than 

𝐵K+=𝐵Cl− in aqueous solutions. However, we require more data to test the validity of this 

technique. [202-207] 

It is apparent that almost all these procedure are based on certain approximations 

and anomalous results may arise unless proper mathematical theory is developed to calculate 

B -values. 



 

 Temperature  dependence  of  B – ion  values 

Regularity in behaviour of B± and dB±/dT has been observed together in aqueous and 

non-aqueous solvents and valuable generalizations have been made by Kaminsky. He 

observed that (i) within a group of periodic table B -ion values decrease as the crystal 

ionic radii increase, (ii) within a group of periodic system, temperature co-efficient of 

BIon values enlarge as ionic radius. The results can be summarized as follow: 

(a) A and dA /dT >0   (46) 

(b) BIon<0 and / 0IondB dT   (47)  

characteristic of the structure breaking ions. 

(c) BIon>0and / 0IondB dT   (48)  

characteristic of the structure making ions. 

An ion when surrounded by a solvent sheath, properties of the solvent system in 

the solvational layer may be dissimilar from those present in the bulk arrangement. This 

is well reflected in ‘Co-sphere’ model of Gurney, A, B, C Zones of Frank and 

Wen and hydrated radius of Nightingle. [194, 208, 209] 

Stokes and Mills gave an analysis [200] of viscosity records incorporating the 

basic ideas presented before. The viscosity of a dilute electrolyte solution has been 

equated to viscosity of the solvent (ηo) plus the viscosity changes ensuing from the 

competition between various effects occurring in the ionic neighborhood. Thus, the 

Jones-Dole equation: 

* ( )E A D

o o A c Bc                                         (49) 

Where η*, the positive increment in viscosity is caused by coulombic interaction. Thus, 

𝜂𝐸 + 𝜂𝐴 + 𝜂𝐷 = 𝜂𝑜𝐵𝑐                                                  (50) 



B -coefficient can thus be interpreted in terms of competitive viscosity effects. Following 

Stokes, Mills and Krumgalz we can write: 

 𝐵𝐼𝑜𝑛 = 𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡 + 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡 + 𝐵𝐼𝑜𝑛
𝑆𝑡𝑟 + 𝐵𝐼𝑜𝑛

𝑅𝑒𝑖𝑛𝑓
                                        (51) 

whereas according to scientists Lawrence and Sacco : 

Ion W Solv Shape Ord DiscordB B B B B B                                     (52) 

𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡is the positive increment arising from the obstruction to the viscous flow of 

solvent caused by shape and size of ions (the term corresponds to E  or 
ShapeB ). 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡is 

the positive increment arising from the alignment or structure building action of the 

electric field of the ion on the dipoles of solvent molecules (the term corresponds toηAor 

OrdB ). 
Str

IonB  is the negative increment related to destruction of the solvent structure in 

the region of ionic co-sphere arising from the opposing tendencies of ion to orientate the 

molecules round itself centrosymetrically and solvent to maintain its own structure 

(this corresponds to ηDor BDisord).  BIon
Reinf  is the positive increment accustomed by the 

effect of‘reinforcement of the water structure’ by large tetraalkylammonium ions owing 

to hydrophobic hydration. The phenomenon is inherent in intrinsic water structure and 

absent in organic solvents. BW and BSolv   account for viscosity increase and endorsed to 

the Vander Waals volume and volume of the solvation of ions. Thus, small and highly 

charged cations like Li+ and Mg2+ form a firmly attached primary solvation sheath in the 

region of these ions (
Orient

IonB  or ηE positive). At ordinary temperature, alignment of 

solvent molecules around the inner layer also causes increase in 
Orient

IonB  (ηA),
Orient

IonB

(ηD)is minute for these ions. Thus, BIon will be large, positive as
Einst Orient Str

Ion Ion IonB B B 

.
However, 

Einst

IonB and 
Orient

IonB would be small for ions of greatest crystal radii (within a 

group) like Cs+ or I− because of small surface charge densities resulting in weak 

orienting and structure forming effect. 
Str

IonB
 
would be large due to structural disorder in 

the immediate neighbourhood of ion due to competition between the ionic field and the 

bulk configuration. Accordingly, 𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡 + 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡 < 𝐵𝐼𝑜𝑛
𝑆𝑡𝑟 and IonB

 
is negative. Ions of 



intermediate dimension (e.g., K+ and Cl-) have a close balance of viscous forces in their 

vicinity, i.e., 𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡 + 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡 = 𝐵𝐼𝑜𝑛
𝑆𝑡𝑟 so that B is almost close to zero. 

Large molecular ions like tetraalkylammonium ions have large 𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡 on account 

of large size but 𝐵𝐼𝑜𝑛
𝑂𝑟𝑖𝑒𝑛𝑡and𝐵𝐼𝑜𝑛

𝑆𝑡𝑟would be small, i.e.,𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡 + 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡 ≫ 𝐵𝐼𝑜𝑛
𝑆𝑡𝑟 would be 

positive and large values. The value would be further reinforced in water arising 

from 𝐵𝐼𝑜𝑛
𝑅𝑒𝑖𝑛𝑓

as a result of hydrophobic hydrations. 

The increase in temperature will have no consequence on 𝐵𝐼𝑜𝑛
𝐸𝑖𝑛𝑠𝑡. But the 

orientation of solvent molecules in the secondary layer will be decreased owing to 

increase in thermal motion leading to decrease in 𝐵𝐼𝑜𝑛
𝑆𝑡𝑟 . 𝐵𝐼𝑜𝑛

𝑂𝑟𝑖𝑒𝑛𝑡will decrease slowly with 

temperature as there will be less competition between the ionic field and reduced 

solvent arrangement. The positive or negative temperature co-efficient will thus depend 

on the transformation of the relative magnitudes of 
Orient

IonB and
Str

IonB . 

In case of structure-making ions, the ions are firmly surrounded by a primary 

solvation sheath and secondary solvation zone will be considerably be ordered leading 

to an increase in IonB and concomitant decrease in entropy of solvation along with 

mobility of ions. Structure breaking ions, are not solvated to a great extent and the 

secondary solvation zone will be tangled leading to a decrease in IonB values and 

increase in entropy of solvation and mobility of ions. Moreover, the temperature 

induced change in viscosity of ions (or entropy of solvation or mobility of ions) would be 

more marked in case of smaller ions than in case of the larger ions. So, there is a 

connection between viscosity, entropy of solvation and temperature dependent mobility 

of ions. Thus, ionic B-coefficient and entropy of solvation of ions have rightly been used 

as probes of ion-solvent interactions and as a direct signal of structure making and 

structure breaking character of ions. The linear plot of ionic B-coefficients adjacent to 

the ratios of mobility, viscosity products at two temperatures (a more sensitive variable 

than ionic mobility) by Gurney clearly express a close relation between ionic B-

coefficients and ionic mobilities. Gurney demonstrated a clear correlation between 

molar entropy of solution values with B -coefficient of salts. The ionic B-values 

demonstrate a linear relationship with partial molar ionic entropies or partial molar 

entropies of hydration ( )
o

hS  as:[206, 207] 



𝑆ℎ̅
𝑜 = 𝑆�̅�𝑞

𝑜 − 𝑆�̅�
𝑜                                                                    (53) 

Where, 𝑆�̅�𝑞
𝑜 = 𝑆�̅�𝑒𝑓

𝑜 + Δ𝑆𝑜, �̅�𝑔
𝑜, is calculated summation of translational and rotational 

entropies of the gaseous ions. Gurney obtained a single linear plot between ionic 

entropies and ionic B-coefficients for all monoatomic ions by equating entropy of the 

hydrogen ion (𝑆𝐻+
𝑜 ) to –5.5 cal.mol−1deg−1. Asmus used the entropy of hydration to 

correlate ionic B values and Nightingale showed that a single linear relationship 

could be obtained with it for equally monoatomic and polyatomic ions. [208-210] The 

correlation was utilized by Abraham et al. to assign single ion B-coefficients so that 

a design of o

eS the electrostatic entropy of solvation or Δ𝑆𝐼,𝐼𝐼
𝑜the entropic contributions 

of first and second solvation layers of ions against B points (taken from the works of 

Nightingale) for both cations and anions lie on the identical curve. There are 

exceptional linear correlations between Δ𝑆𝑒
𝑜and Δ𝑆𝐼

𝑜and single ion B -coefficients.[211-

213] Together entropy criteria (Δ𝑆𝑒
𝑜 and Δ𝑆𝐼,𝐼𝐼

𝑜) and B -ion values designate that in water 

the ions Li⁺, Na⁺, Ag⁺ and F⁻ are not structure makers, and ions Rb⁺, Cs⁺,  Cl⁻, Br⁻, I⁻ and 

ClO4⁻are structure breakers, K⁺ is a border line case. 

 Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity (η) is represented from 

Eyring’s approaches as: [214] 

𝜂 = 𝐴𝑒
𝐸𝑣𝑖𝑠
𝑅𝑇 = (

ℎ𝑁𝐴

𝑉
) 𝑒

∆𝐺∗

𝑅𝑇 = (
ℎ𝑁𝐴

𝑉
) 𝑒(

∆𝐻∗

𝑅𝑇
−

∆𝑠

𝑅
)                                  (54) 

Where visE = experimental entropy of activation determined from a plot of ln η against 

1/T. *G , *H and *S are free energy, enthalpy and entropy of activation, 

correspondingly. 

Nightingale and Benck dealt in the problem in a dissimilar way and calculated the 

thermodynamics of viscous flow of salts in aqueous solution with the help of Jones-

Dole equation (neglecting the A c term). [215] 

Thus, we have: 



𝑅 [
𝑑𝑙𝑛𝜂

𝑑(1/𝑇)
] = 𝑟 [

𝑑𝑙𝑛𝜂𝑜

𝑑(1/𝑇)
] +

𝑅

(1 + 𝐵𝑐)
.
𝑑(1 + 𝐵𝑐)

𝑑(1/𝑇)
                              (55) 

∆𝐸𝜂(𝑆𝑜𝑙𝑛)
≠ = ∆𝐸𝜂𝑜(𝑆𝑜𝑙𝑣)

≠ + ∆𝐸𝑉
≠                                                                    (56) 

∆𝐸𝑉
≠ can be interpreted as the increase or decrease of the activation energies for viscous 

flow of the pure solvents caused by presence of ions, i.e., effective influence of the ions 

upon the viscous flow of the solvent molecules. Feakins et al. have suggested an 

alternative formulation rooted in the transition state treatment of relative viscosity of 

electrolytic solution. They together suggested the following expression: [216] 
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Where 0

,1v and
0

,2v are partial molar volumes of solvent and solute correspondingly and

2

o  is the contribution per mole of solute to free energy of activation for viscous flow 

of solution. 1

o  is 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( ) (58)v AG RT hN      

Further, if B is known at assorted temperatures, we can calculate entropy and enthalpy 

of activation of viscous flow respectively from the following equations as given below: 

𝑑(∆𝜇2
𝑜≠)

𝑑𝑇
= −∆𝑆2

𝑜≠                                                                       (59) 

∆𝐻2
𝑜≠ = ∆𝜇2

𝑜≠ + 𝑇∆𝑆2
𝑜≠                                                             (60) 

 Effects of Shape and Size 

Stokes and Mills have dealt with the aspect of shape and size widely. Ions in 

solution can be regarded to be rigid spheres suspended in continuum. The 

hydrodynamic treatment accessible by Einstein leads to the equation: [195] 



  
0
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where is volume fraction occupied by the particles. Modifications of the equation have 

been proposed by (i) Sinha on the basis of departures from spherical shape and (ii) 

Vand on the basis of dependence of flow patterns around neighboring particles at 

higher concentrations. However, in view of different aspects of the problem, spherical 

shapes have been assumed for electrolytes having hydrated ions of large effective size 

(particularly polyvalent monatomic cations). Thus, from equation (61): [217] 

 2.5 62A c Bc    

Since A c term can be neglected in comparison with Bc and   = c 0

,1v  

where 0

,1v is partial molar volume of the ion, we obtain:  

 0

,12.5 63v B   

In ideal case, the B -coefficient is a linear function of partial molar volume of solute, 0

,1v

with slope 2.5. Therefore, B± can be equated to:  
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Assuming the ions behave like rigid spheres with an effective radius, R± moving in a 

continuum. R±, calculated by means of equation (64) should be close to crystallographic 

radii or corrected Stoke’s radii if the ions are scarcely solvated and act as spherical 

entities. But, in general, R± values of the ions are elevated than the crystallographic radii 

representing appreciable solvation. 

The number bn of solvent molecules bound to the ion in primary solvation case 

can be simply calculated by comparing the Jones-Dole equation with the 

Einstein’s equation: 
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Where i  
is molar volume of the base ion and s , is molar volume of the solvent.  

Equation (65) has been used by a number of workers to revise the nature of solvation 

and solvation number. 

 Viscosity of  Non-Electrolytic Solutions 

The equations of Vand, Thomas and Moulik proposed mainly to account for the 

viscosity of concentrated solutions of bigger spherical particles have been also found to 

correlate the mixture viscosities of usual non electrolytes. These equations are: [218-222] 

 

Vand equation: 
2.5

ln
1 1

h
r

h

V c

Q QV c


  

 
(66) 

Thomas equation: 21 2.5 10.05r h hV cV c    (67) 

Moulik equation: 2 2I Mc   (68) 

where r is relative viscosity, a is constant depending on axial ratios of particles, Q is 

interaction constant, hV is molar volume of the solute including rigidly held solvent 

molecules due to hydration, c is 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 even extended to 

calculate the viscosity of mixed liquids. The final expression for liquid mixtures takes the 

following form: 
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(69) 

Where n values is 2 for binary and 3 for ternary liquid mixtures. The mixture 

parameters, mr , SmE , mV , SmV and ma were calculated from corresponding pure 

component parameters by using the following relations : [223-229] 



 

                    𝑟𝑚 = ∑ 𝑥𝑖
2𝑟𝑖 + ∑ 2𝑥𝑖𝑥𝑗𝑟𝑖𝑗                                                             (70)

𝑖≠𝑗

𝑛

𝑖

 

                 𝐸𝑆𝑚 = ∑ 𝑥𝑖
2

𝑛

𝑖

𝐸𝑆𝑖 + ∑ 2𝑥𝑖𝑥𝑗𝐸𝑆𝑖𝑗

𝑖≠𝑗

                                                             (71) 

𝑉𝑚 = ∑ 𝑥𝑖𝑉𝑖𝑉𝑆𝑚 = ∑ 𝑥𝑖𝑉𝑆𝑖𝑎𝑚 = ∑ 𝑥𝑖𝑎𝑖

𝑛

𝑖

(72)

𝑛

𝑖

𝑛

𝑖

 

                   𝑟𝑖𝑗 = (𝑟𝑖𝑟𝑗)
1

2and     𝐸𝑆𝑖𝑗 = (𝐸𝑆𝑖𝐸𝑆𝑗)
1

2(73) 

                                     𝜃 =
ℎ

ĸ2𝜋
(

𝑏

𝑚
)

1

2

                                                                             (74) 

𝑏 = 2𝑍𝜀 [22.106 (
𝑁𝐴𝜎2

𝑉𝑆
)

4

− 10.559 (
𝑁𝐴𝜎3

𝑉𝑆
)

2

]
1

√2𝜎2
(

𝑁𝐴𝜎3

𝑉𝑆
)

2

3

(75) 

Here σ and ε are Lennard-Jones potential parameters and other symbols have their 

usual significance.  

For interpolation and limited extrapolation purposes, the viscosities of ternary mixture 

can be correlated to a high degree of accuracy in conditions of binary contribution by 

the following equations. 

 

𝜂𝑚 = ∑ 𝑥𝑖𝜂𝑖 + 𝑥1𝑥2[𝐴12 + 𝐵12(𝑥1 − 𝑥2) + 𝐶12(𝑥1 − 𝑥2)2] + 𝑥2𝑥3

3

𝑖

[𝐴23 + 𝐵23(𝑥2 − 𝑥3)

+ 𝐶23(𝑥2 − 𝑥3)2]

+ 𝑥3𝑥1[𝐴31 + 𝐵31(𝑥1 − 𝑥2)

+ 𝐶31(𝑥1 − 𝑥2)2]                                                                           (76a) 

 

The correlation of ternary solution is modified to the following form: 



𝜂𝑚 = ∑ 𝑥𝑖𝜂𝑖 + 𝑥1𝑥2[𝐴12 + 𝐵12(𝑥1 − 𝑥2) + 𝐶12(𝑥1 − 𝑥2)2] + 𝑥2𝑥3

3

𝑖

[𝐴23 + 𝐵23(𝑥2 − 𝑥3)

+ 𝐶23(𝑥2 − 𝑥3)2] + 𝑥3𝑥1[𝐴31 + 𝐵31(𝑥1 − 𝑥2) + 𝐶31(𝑥1 − 𝑥2)2]

+ 𝐴123
∗ 𝑥1𝑥2𝑥3                                                                                           (76b) 

 

However, an improved result may be obtained using the following relation: 

𝜂𝑚 = ∑ 𝑥𝑖𝜂𝑖 + 𝑥1𝑥2[𝐴12 + 𝐵12(𝑥1 − 𝑥2) + 𝐶12(𝑥1 − 𝑥2)2] + 𝑥2𝑥3

3

𝑖

[𝐴23 + 𝐵23(𝑥2 − 𝑥3)

+ 𝐶23(𝑥2 − 𝑥3)2] + 𝑥3𝑥1[𝐴31 + 𝐵31(𝑥1 − 𝑥2) + 𝐶31(𝑥1 − 𝑥2)2]

+  𝑥1𝑥2𝑥3[𝐴123 + 𝐵123𝑥1
2(𝑥2 − 𝑥3)2

+   𝐶123𝑥1
3(𝑥2 − 𝑥3)3]                                                                           (76c) 

 

Where A12, B12, C12, A23, B23, C23, A31, B31 and C31, are constants for binary mixtures; A123, 

B123 and C123 are constants for ternaries; and other symbols have their standard 

significance. 

 Viscosity  Deviation 

Viscosity of liquid mixtures provide information for elucidation of the fundamental 

behavior of liquid mixtures, aid in correlation of mixture viscosities with those of pure 

components, and may afford a basis for the selection of physicochemical methods of 

analysis. Quantitatively, as per the absolute reaction rates theory, the deviations in 

viscosities , from ideal mixture can be designed as: [230] 

1

( )
j

i i

i

x  


                                                         (77) 

Where η is dynamic viscosities of the mixture, i ix are the mole fractions, 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 ΔGE   can be 

calculated as: 

1

ln ( ln )
j

E

i i i

i

G RT V x V  


 
  

 
                                        (78) 

 

Where   and V are viscosity and molar volume of the mixture; i  and iV are viscosity 

and molar volume of ith pure component, correspondingly. [231] 

 Viscous  Synergy &  Antagonism 

Rheology is the branch of science that deals with material deformation and flow, and is 

increasingly useful to analyze the viscous behavior of scores of pharmaceutical 

products, and to establish their stability and even bioavailability, because it has been 

firmly established that viscosity influences drug absorption rate in the body. The study 

of the viscous behavior of pharmaceutical, foodstuffs, cosmetics or industrial products, 

etc., is crucial for conforming their viscosity is suitable for contemplated use of products. 

[232-244] 

Viscous synergy is the term used to indicate interaction between the components 

of a system that causes total viscosity of the system to be larger than the summation of 

viscosities of each component considered separately. In contraposition to viscous 

synergy, viscous antagonism is defined as the interaction between components of a 

system causing the net viscosity of the later to be reduced than the sum of the viscosities 

of each component considered separately. [246]   If total viscosity of the system is equal to 

sum of the viscosities of every component considered separately, the system is said to 

lack interaction. [245] 

Water is the most used solvent in chemical and pharmaceutical industries, since it is the most 

physiological and best tolerated excipient. However, in several cases water cannot be used as 

a solvent when the active substance or solute is insoluble or slightly soluble in water. Non-

water solvents with the common characteristic of being soluble in water may be preferred in 

such circumstances. Such solvents can be used to increase water solubility or modifying the 

viscosity or absorption of dissolved solute molecules. In this respect, the nature of 



intermolecular forces between solvents brings a marked effect on thermodynamic properties 

such as density, viscosity, refractive index and surface tension etc. 

 Regarding rheological behavior of solvent systems viscous synergy and antagonism is 

of prime importance. 

 

The way most widely used to analyze synergic and antagonic behavior of the 

ternary liquid mixtures used here is that developed by Kaletunc- Gencer and 

Peleg allowing quantification of synergic and antagonic interactions taking place in the 

mixtures involving variable proportions of constituent components. These method 

compares viscosity of the system, determined experimentally, exp , with the viscosity 

expected in absence of interaction, cal , as defined by simple mixing rule as follows: [247, 

248] 

𝜂𝑐𝑎𝑙 = ∑ 𝑤𝑖𝜂𝑖

𝑗

𝑖=1

                                                                      (79) 

Where iw and i are the fraction by weight and viscosity of the ith component, measured 

experimentally, i is an integer. 

Accordingly, when 𝜂𝑒𝑥𝑝 > 𝜂𝑐𝑎𝑙 , viscous synergy dominates, 

 When exp cal  , system is said to exhibit viscous antagonism. 

The procedure is used when Newtonian fluids are involved, since non-

synergy indices are defined in consequence. 

In order to secure more comparable viscous synergic results, the synergic 

interaction index (IS) introduced by Howell is taken into account: [248, 249] 

exp mix

S

mix mix

I
  

 


                                                          (80) 

When values of ( IS  ) are negative, it is concerned as ant agonic interaction index (IA). 



The technique used to analyze volume contraction and expansion is similar to 

that applied to viscosity, i.e., density of the mixture is determined experimentally, exp , 

and a result is made for cal
 
based on the expression: 

1

j

cal i i

i

w 


 (81) 

Here i  is experimentally measured density of ith component. Other symbols have their 

standard significance. R. Belda et al revealed ethanol-water system is characterized 

by viscous synergy which in turn was correlated to volume contraction. 

Accordingly, when exp cal  , volume contraction occurs, however when exp cal  , there 

is volume expansion in the system arises. 

 J. V. Herraez et al also calculated viscous synergy of pure monoalcohol 

mixtures in water in relation to their concentrations.  

 Conductometric  Measurements 

One of the most specific and direct technique available to establish the extent of 

the dissociation constants of electrolytes in aqueous, mixed and non-aqueous solvents is 

the “conductometric process.” Conductance data in conjunction with viscosity 

measurements, gives much information concerning ion-ion and ion-solvent interaction.  

 



 

Dissolved Ions Conduct Electricity 

The measurements can be made in a variety of solvents over wide ranges of 

temperature and pressure in dilute solutions where interionic theories are not 

applicable. Conductance measurements together with transference number 

determinations give an unequivocal method of obtaining single-ion values. The chief 

limitations, however, is colligative-like nature of information obtained. The studies of 

conductance measurements were pursued vigorously during the last five decades, 

together theoretically and experimentally and a number of important theoretical 

equations have been derived. We shall dwell briefly on a few of these aspects in relation 

to the studies in aqueous, non-aqueous, pure and mixed solvents. The successful 

application of Debye-Hückel theory of interionic attraction was made by Onsager 

to derive Kohlrausch’s equation representing the molar conductance of an 

electrolyte. For solutions of a single symmetrical electrolyte equation is known by: [250] 

o S c                                                (82) 

where, 

oS   
                                       (83) 
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The equation took no account for short-range interactions and also of shape or size of 

the ions in solution. Ions were regarded as rigid charged spheres in an electrostatic and 

hydrodynamic continuum, i.e., the solvent. In subsequent years, Pitts (1953) and 

Fuoss and Onsager (1957) independently worked out the solution of the problem of 

electrolytic conductance accounting for mutually long-range and short-range 

interactions. 

However, o values obtained for the conductance at infinite dilution using Fuoss-

Onsager theory differed considerably from that obtained by means of Pitt’s 

theory and the derivation of the Fuoss-Onsager equation was questioned. The 

original Fuoss-Onsager equation was further modified by Fuoss and Hsia who 

recalculated the relaxation field, retaining the terms which had formerly been neglected. 

The results of conductance theories can be expressed in a general form: 
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Where ( )G  is a complicated function of variable. The simplified form: 

                    Λ = Λ𝑜 − 𝑆√𝑐 + 𝐸𝑐 𝑙𝑛𝑐 + 𝐽1𝑐 − 𝐽2 √𝑐
3

                                             (87)  

However, it has been found that these equations have certain limitations, in some cases 

it fails to fit experimental data. Several of these results have been discussed elaborately 

by Fernandez-Prini. Further correction of equation (87) was made by Fuoss and 

Accascin. They took into consideration change in viscosity of the solutions and 

assumed the validity of Walden’s rule. The new equation thus becomes: 

3

1 2lno S c Ec c J c J c F c            (88) 

where,  

                            𝐹𝑐 =
4𝜋𝑅3𝑁𝐴

3
                                                                         (89) 



In most cases, however, 2J is made zero but this leads to a systematic deviation of 

experimental data from theoretical equations. It has been observed that Pitt’s equation gives 

better fit to experimental data in aqueous solutions. [305-312] 

 Limiting  Equivalent  Conductance 

The limiting equivalent conductance of an electrolyte can be simply determined 

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

movement 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 self-evident. Thus: 

0 o o                                                           (90a) 

At the present time, limiting equivalent conductance is the only function which 

can be divided into ionic components by means of experimentally determined transport 

number of ions, i.e., 

0 0ando ot t    

                                               (90b) 

 Thus, from accurate value of 0   of ions it is possible to divide the contributions due to 

cations and anions in solute-solvent interactions. However, accurate transference number 

determinations are restricted hardly to any solvents.           

In the absence of experimentally measured transference numbers it would be 

valuable to develop indirect methods to obtain the ionic limiting equivalent 

conductances in solvents for which experimental transference numbers are not yet 

available. Various attempts were made to develop indirect methods to acquire the 

limiting ionic equivalent conductance, in ionic solvents for which experimental 

transference numbers are not yet accessible. The scheme has been summarized by 

Krumgalz and some important points are mentioned as follows: [313-321] 

(i) Walden equation  

25 25

o water o,water o acetone o,acetone( ) ( )      
               

(91) 

 

(ii) 
4

o,pic o oo,Et N
( ) 0.267, 0.269                              (92) 



based on 
4 pico,Et N 0.563   

Walden measured 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 specific studies and the values of (ii) are considerably different for 

different solvents.  

(iii) 25 25

o 4 o 4(Bu N ) (Ph B )  
                                                   (93) 

The equality holds well in nitrobenzene and in mixture of CCl4 but not realized in methanol, 

acetonitrile and nitromethane. 

(iv) 25 25

o 4 o 4(Bu N ) (Bu B )                                                           (94) 

The technique appears to be sound as negative charge on boron in Bu4B⁻ ion is completely 

shielded by four inert butyl groups as in the Bu4N⁺ ion while this phenomenon wasn’t 

observed in case of Ph4B⁻. 

(v) The equation suggested by Gill  is: 

2
25

4( )
6 [ (0.0103 )]
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Where Z and ir   
are charge and crystallographic radius of proper ion, respectively: o  

and o  are solvent viscosity, 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 correspondingly. 

However, large discrepancies were observed between experimental and calculated 

values. In a paper, Krumgalz examined the Gill’s approach more critically by means 

of conductance data in many solvents and found the method to be reliable in three 

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

(vi)    25 25

43o oi Am BuN Ph B       (96) 

It has been found from transference number measurements that  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                         (97) 

The value is found to be true for a variety of organic solvents. 

Krumgalz suggested a scheme for determining the limiting ion conductance in 

organic solvents. The method is based on the fact that large tetra alkyl (aryl) onium ions 

are not solvated in organic solvents because of the extremely weak electrostatic 

interactions between solvent molecules and large ions with low surface charge density 

and this phenomenon can be utilized as an appropriate model for apportioning o

values into ionic components for non-aqueous electrolytic solutions. 

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

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

2

S

o o

z F
r

A  
                                                                (98) 

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

perfect slipping). Since in Sr values, the real dimension of non-solvated tetraalkyl (aryl) 

onium ions must be constant, we have: 

0 constanto                                                                         (99) 

This relation has been verified by means of o
 values determined with precise 

transference numbers. The product becomes constant and independent of chemical 

nature of the organic solvents for the  i-Am4B⁻, Ph4As⁺, Ph4B⁻ ions and for tetra alkyl 

ammonium cation starting with Et4N⁺. The relationship can be well utilized to verify o


of ions in other organic solvents from the determined o values. 

 Solvation  

Assorted types of interactions exist between the ions in solutions. These 

interactions result in the orientation of solvent molecules towards the ion. The number 

of solvent molecules that are involved in solvation of the ion is called solvation number. 

If the solvent is water, this is known as hydration number. Solvation region can be 

classified as both primary and secondary solvation regions. Here we are concerned with 

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, in a tightly bound manner, as it moves around, or 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, effective radius of the 

solvated ion can be determined from Stokes’ law. The volume of the solvation shell is 

thus given by the equation. 

 3 34

3
S S CV r r

 
  
 

(100) 

Where rc is crystallographic radius of ion. The solvation number ns would then be 

obtained from 

0

S
S

V
n

V
                                                             (110) 

Assuming Stokes’ relation to hold well, ionic solvated volume can be obtained, because 

of the packing effects, from 

34.35o

S SV r                                                                    (111) 

Where o

SV is articulated in mol/lit.  and Sr in angstroms. However, this technique is not 

applicable to ions of medium size though a number of empirical and theoretical corrections 

have been suggested in order to relate it to most of the ions.  

 

 Stokes’ Law & Walden’s Rule 

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

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

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

and thus, under normal conditions, is constant. The limiting conductances 𝜆𝑖
𝑜of spherical 

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

Stokes’ hydrodynamics, as  

 

0.819
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                                                            (112) 



Where o = macroscopic viscosity by solvent in poise, iR  in angstroms. If radius iR  is 

assumed to be 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
                                           (113) 

This is known as the Walden rule. 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, Nightingale and others have suggested a technique 

of correcting the radii. The tetra alkyl ammonium ions were unspecified 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 process is incorrect as the method is based on wrong assumption of the 

invariance of Walden’s product with temperature. The idea of microscopic viscosity was 

invoked without much success but it has been originated as: 

0 constanti

o                                                             (114) 

Where p is generally 0.7 for alkali metal or halide ions and p = 1 for large ions. Gill has 

pointed out the inapplicability of the Zwanzig theory of dielectric friction for some 

ions in non-aqueous and mixed solvents and has proposed an empirical modification of 

Stokes’ Law accounting for dielectric friction effect quantitatively and predicts 

authentic solvated radii of ions in solution. This equation can be written as: 

2

0.0103
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z F
r D r

N  
                                           (115) 

Where ir  
is actual solvated radius of the ion in solution and yr is an empirical constant 

dependent on nature of solvent. 

 The dependence of Walden product on 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 dielectric relaxation in the solvent 

caused by ionic motion, Fuoss proposed the relation: 
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or,                   i

R
R R 


                                  (117) 

where R is hydrodynamic radius of the ion in a hypothetical medium of dielectric 

constant where all electrostatic forces disappear and A is an empirical constant. 

Boyd gave an expression: 
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by considering the effect of dielectric relaxation in ionic motion;  is Debye relaxation 

time for solvent dipoles. Zwanzig treated ion as a rigid sphere of radius ir moving with 

a steady state viscosity, Vi   through a viscous incompressible dielectric continuum. The 

conductance equation suggested by Zwanzig is: 
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                                            (119) 

Where o

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

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

has been found that Born’s and Zwanzig’s equations are very analogous and both 

may be written in the form: 
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                                                                       (120) 

The theory predicts   i

o  passes in the course of a maximum of
1 1

4 427 / 4A B at 

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

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

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



increasing radius. For comparison with results in different solvents, the equation (119) 

can be rearranged as: 
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In order to test Zwanzig’s theory, the equation (122) was useful for Me4N⁺and Et4N⁺ in 

pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and pentanol . Plots of 

*L against solvent function *P were set up to be straight line. But, the radii calculated 

from intercepts and slopes are far apart from equal except in some cases where 

moderate success is noted. It is noted that relaxation effect is not predominant factor 

affecting ionic mobility and these mobility differences could be explained quantitatively 

if microscopic properties of the solvent, dipole moment and free electron pairs were 

considered predominant factors in the deviation from the Stokes’ law. 

It is found that Zwanzig’s theory is successful for large organic cations in 

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

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

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

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

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

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

the ion passes by and this may be the reason why the equation is not valid to the 

hydrogen-bonded solvents. 

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

ions and therefore, cannot give details why certain anions in dipolar aprotic media 

possess considerably higher molar concentrations than fastest cations. 

The Walden product in case of mixed solvents does not confirm any constancy 

but it shows a maximum in case of DMF + water and DMA +water mixtures and other 

aqueous binary mixtures. To derive expressions for the variation of Walden product 



with composition of mixed polar solvents, various attempts have been made with 

different models for ion-solvent interactions but no satisfactory expression has been 

derived taking into account every types of ion-solvent interactions because  

(i)  It is difficult to include all kinds of interactions between ions as well as 

solvents in a single mathematical expression, and  

(ii)  It is not possible to account for a few specific properties of different kinds of 

ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force because of 

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

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

composition but doesn’t account for maxima. According to Hemmes major deviations 

in the Walden products are due to variation in electrochemical equilibrium between 

ions and solvent molecules of mixed polar solvent composition. In cases where in excess 

of one types of solvated complexes are formed, there should be a maximum and/or a 

minimum in the Walden product. This is supported from the experimental observations. 

Hubbard and Onsager have developed kinetic theory of ion-solvent interaction 

within framework of continuum mechanics where concept of kinetic polarization 

deficiency has been introduced. However, quantitative expression is still awaited. 

Further, improvements naturally have to be in terms of (i) sophisticated handling of 

dielectric saturation, (ii) specific structural effects concerning ion-solvent interactions. 

From the discussion, it is apparent that the problem of molecular interactions is 

intriguing plus interesting. It is desirable to explore this problem using diverse 

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

volumetric, viscometric, and conductometric etc. for the physico-chemical studies in 

different solvent media. [251-254] 

 Conductance – Some  Recent  Trends 

Recently Blum, Turq and coworkers have developed a mean spherical 

approximation (MSA) account of conductivity equations. Their theory starts from same 

continuity and hydrodynamic equations used in the more classical treatment; however, 

an important difference exists in the utilize of MSA terms for the equilibrium and 

structural properties of the electrolytic solutions. Although differences in derivation of 



classical and MSA conductivity theories seem to be relatively small, it has been claimed 

that the performance of MSA equation is improved with a much wider concentration 

range than that covered by the classical equations. However, no through learning of the 

performance of the new equation at the experimental uncertainty level of conductivity 

measurement is yet available in the literature, except the study by Bianchi et al. They 

compared the results obtained using old and new equations in order to assess their 

capacity to describe the conductivity of different electrolytic solutions. In 2000, 

Chandra and Bagchi developed an innovative microscopic approach to ionic 

conductance and viscosity based on the mode coupling theory. Their revise provides 

microscopic expressions of conductance, viscosity in terms of static and dynamic 

structural factors of charge and number density of the electrolytic solutions. They claim 

that their new equation is applicable at low plus at high concentrations and it describes 

the cross over from low to high concentration smoothly. Debye-Huckel, Onsager 

and Falkenhagen expressions can be derived from this self-consistent theory at 

extremely low concentrations. In case of conductance, the agreement seems to be 

satisfactory up to 1 (M). [322-344] 

 Thermodynamics of Ion-Pair Formation 

The standard Gibbs energy changes ( oG ) for ion-association technique can be 

considered from the equation 

o

AG RT ln K                                                               (123) 

 

The values of standard enthalpy change, oH and standard entropy change, oS , can be 

accessed from  temperature dependence values as follows, 
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The values can be fitted with assistance of a polynomial of type: 

 

2

0 1 2(298.15 ) (298.15 )oG c c T c T                                         (126) 



And coefficients of fits can be compiled together with σ% values of the fits. Standard 

values at 298.15 K are followed by: 

 

298.15 0

oG c                                                           (127) 

298.15 1

oS c                                                            (128) 

298.15 1298.15o

oH c c                                               (129) 

The mainly important factors which govern standard entropy of ion-association of 

electrolytes are: (i) size and shape of the ions, (ii) charge density on the ions, (iii) 

electrostriction of solvent molecules around ions, and (iv) penetration of solvent 

molecules inside space of ions, and influence of these factors are discussed afterwards. 

The non-columbic part of Gibbs energy oG  can furthermore be calculated by 

means of the following equation: 
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AG N W                                               (130) 
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where symbols have their usual significance.  

The quantity 2q/r is Columbic part of interionic mean force potential, W  is its non-

columbic part. [314-324] 

 Solvation Models―Some  Recent Trends 

The interactions amid particles in chemistry based upon empirical laws- 

principally on Coulomb’s law. This is also basis of attractive part of the potential 

energy used in the SchÖdinger equation. Quantum mechanical approach for ion-

water interactions was begun by Clementi in 1970. A quantum mechanical approach 

to solvation can give information on the energy of the individual ion-water interactions 

provided it is relevant to solution chemistry, because it concerns potential energy rather 

than entropic aspect of salvation. Another problem in quantum approach is the mobility 

of ions in solution affecting solvation number along with coordination number. 

Conversely, Clementi calculations concerned stationary models and cannot have much 

to do with dynamic solvation numbers. Covalent bond formation enters little into 

aqueous calculations; however, with organic solvents the quantum mechanical 



approaches to bonding possibly essential. The trend pointing to future is thus the 

molecular dynamics technique. In molecular dynamic approach, a limited number of 

ions and molecules and Newtonian mechanics of association of all particles in 

solution is concerned. The foundation of such an approach is knowledge of the 

intermolecular energy of interactions between a pair of particles. Computer simulation 

approaches may be constructive in this regard and the last decade (1990-2000) 

witnessed some interesting trends in the development of solvation models and 

computer software. Based on a collection of experimental free energy of solvation data, 

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) to predict and calculate 

free energy of solvation of a chemical compound. These models are appropriate 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 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 be enhanced than 1 KCl/mole. 

These are especially useful when other techniques are not available. One can also 

analyze factors like electrostatics, dispersion, hydrogen bonding, etc. via these tools. 

They are also relatively inexpensive, available, effortless to use computer codes. 

Galindo et al. have developed Statistical Associating Fluid Theory for 

Variable Range (SAFT-VR) to model thermodynamics in addition to phase 

equilibrium of electrolytic aqueous solutions. The water molecules are modeled as hard 

spheres with four short-range attractive sites to report for the hydrogen-bond 

interactions. The electrolyte is modeled as two hard spheres of dissimilar diameter to 

describe the anion and cation. The Debye-Hückel and mean spherical 

approximations are provided to describe interactions. Good agreement with 

experimental data is thus established for a number of the aqueous electrolyte solutions. 

The relative permittivity becomes very close to unity, especially when mean spherical 

approximation is used, indicating a good description of the solvent system. E. Bosch et 

al. of the University of Barcelona, Spain, have compared several “Preferential 



Solvation Models” particularly for describing the polarity of dipolar hydrogen bond 

acceptor-co solvent mixture. [255-265] 

 Refractometry 

Optical data (refractive index, nD) supply interesting information related to molecular 

interactions and structure of the solutions, in addition to complementary data on practical 

procedures, such as concentration measurement or estimation of extent of solvation of 

electrolytes/non-electrolytes in liquid systems. 

The light bending property is a result of variation of velocity with which light is 

transmitted. Refractive index (nD) of liquid, changes not only with wavelength of light 

used but also with temperature. Molar refractions are influenced by arrangement of 

atoms in the molecule or by factors like unsaturation, ring closure etc. linear optical 

properties of liquids and liquid mixtures have been extensively studied to obtain 

information on their physical, chemical, and molecular properties. Fialkov et. al. 

stated refractive index is an additive property of pure components when composition is 

expressed in terms of volume fraction. Several researchers have estimated the 

refractivity of liquid systems by means of the well known mixing rules viz. Arago-

Biot, Newton, Heller, Gladstone-Dale, Eyring-John, Eykman, Lorentz-

Lorenz, Weiner and Oster relations. These empirical approaches for scheming 

the excess properties attempt to give details about the non-ideality in terms of specific 

and non-specific intermolecular interactions. Refractive index or refractivity is a 

property of intrinsic interest in fields of pharmaceutical research such as formulation of 

eye preparations, in optoelectronic and photonic applications. [357, 358] 

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

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

 D

Speed of  light in vacuum
Refractive Index n  = 

Speed of  light in solution systems
 

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

its direction of travel also changes, i.e., as it is refracted. Correlation among light's speed 



in two diverse mediums [VA, VB], angle of incidence [SinA] & refraction [SinB], 

refractive indexes of the two mediums [ An , Bn ] is revealed underneath: 
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Thus, it is not necessary to measure the speed of light in a sample in order to 

establish its index of refraction. Instead, by measuring angle of refraction, and knowing 

index of refraction of the layer that is in contact with the sample, it is possible to 

determine refractive index of the sample quite accurately. 

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

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

Lorenz relation   by means of, nD experimental data according to the following 

expression 
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Where M is mean molecular weight of the mixture and ρ is mixture density. Dn  can be 

expressed as the following: 

(2 1)

(1 )
D

A
n

A





                                        (134) 

where A is thus given by: 
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where n1 and n2 are pure component refractive indices, wj weight fraction, ρ the mixture 

density, and ρ1 and ρ2 the pure component densities. 

The molar refractivity deviation is designed by the following expression: 

1 1 2 2  R R R R                                                 (136) 

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

mixture and of the pure components, respectively. 

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

mixtures: 



1 1 2 2  D D D Dn n x n x n                                             (137) 

Where ΔnD is deviation of the refractive index for this binary system , 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 binary mixtures are fitted using 

the following Redlich-Kister expression. [359] 
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where Bp are adjustable parameters obtained by a least squares fitting method, w is 

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

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

the form: 

,

1

 
N

i

Ds sol Dsol i

i

n n Am                                                 (139) 

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

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

parameters, and N is number of terms in the polynomial.[345-356] 

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

expansion has been in use, similar to that obtained for salt + solvent solutions was used 

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

the number of terms in the polynomial. [360] 

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

function. However, molar refractivity is isomorphic to a volume for which ideal behavior 

possibly expressed in terms of mole fraction: in this case smaller deviations occur but 

data are more scattered for the reason that of higher sensitivity of the expression to 

rounding errors in the mole fraction. For the sake of comprehensiveness, both 



calculations of refractivity deviation function, molar refractivity deviation was fitted to a 

Redlich and Kister-type expression and adjustable parameters and relevant 

standard deviation ó are designed for the expression in terms of volume fractions and in 

terms of mole fractions, respectively. [350, 266-343] 

 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 one of the most widespread spectroscopic techniques 

used by organic and inorganic chemists. Simply, it is absorption measurement of different IR 

frequencies by a sample positioned in the path of an IR beam. The major goal of IR 

spectroscopic analysis is to determine the chemical functional groups in the sample. Different 

functional groups absorb characteristic frequencies of the IR radiation. Using diverse sampling 

accessories, IR spectrometers can accept a wide range of sample types such as gases, liquids, 

and solids. Thus, IR spectroscopy is an imperative and popular tool for structural elucidation 

and compound identification. 

Infrared radiation spans a section of 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 red end of the visible region at high frequencies and microwave region at low 

frequencies. 

IR absorption positions are in general presented as either wave numbers (ν) or 

wavelengths (l). Wave number is defined as the number of waves per unit length. Thus, 

wave numbers are directly proportional to frequency, plus the energy of the IR 

absorption. The wave number unit (cm–1, reciprocal centimetre) is added commonly 

used in modern IR instruments that are linear in cm–1 scale. In contrast, wavelengths are 

inversely proportional to frequencies and their associated energy. At the present time, 



the recommended unit of wavelength is μm (micrometers), but μ (micron) is used in 

some older literature. Wave numbers and wavelengths can be interconnected using the 

following equation: 
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IR absorption information in wide-ranging presented in the form of a spectrum with 

wavelength or wave number as x-axis and absorption intensity or percent transmittance 

as the y-axis.  

Transmittance, T, is ratio of radiant power transmitted by the sample (I) to the 

radiant power incident on the sample (I0). Absorbance (A) is logarithm to the base 10 of 

the reciprocal of the transmittance (T). 
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The transmittance spectra provide improved contrast between intensities of strong 

and weak bands because transmittance ranges from 0 to 100% T whereas absorbance ranges 

from infinity to zero. Analyst should be conscious that the same sample will give quite 

different profiles for the IR spectrum, which is linear in wave number, and IR plot, which is 

linear in wavelength. It will appear as if a number of IR bands have been contracted or 

expanded. 

The IR region is usually divided into three smaller areas: near IR, mid IR, and far IR. 

 Near IR Mid IR Far IR 

Wavenumber 13,000–4,000 cm–1 4,000–200 cm–1 200–10 cm–1 

Wavelength 0.78–2.5 μm 2.5–50 μm 50–1,000 μm 

This chapter focuses on the most commonly used mid IR region, between 4000 and 400 

cm–1   (2.5 to 25 μm). [361-384] 

 NMR Spectroscopy 

THE Evolution of NMR Spectrometry in 1946, Felix Bloch and Edward Mills Purcell 

noticed that magnetic nuclei, like 1H and 31P, could absorb energy in the radio-frequency 

band when exposed to a magnetic field of a known strength. They described such absorbing 



nuclei as being on resonance hybrid. Oddly enough at the time, however, they noted that 

different atoms of, say, H, within same molecule “resonated” at different frequencies even at 

same magnetic field strength. Their first tentative postulation that Hs were somehow in 

diverse local microenvironments focused on the very feature of NMR allows structural 

information to be gleaned from a spectrum. Bloch and Purcell were jointly awarded Nobel 

Prize in physics in 1952 for their discovery. From early 1950s until late 1970s, NMR 

spectrometers proliferated in laboratories globally as scientists (chemists, especially) began 

to appreciate and to accept potential value of the novel spectroscopic technique. This initial 

generation of spectrometers employed a methodology known as continuous-wave (CW) 

spectroscopy, where oscillating field was held at a fixed frequency and magnetic field was 

swept; a less regularly employed (somewhat more difficult to engineer) arrangement involved 

a constant magnetic field and a swept oscillating field. CW technique had several boundaries, 

not the least of which was that each frequency was scanned (and monitored) individually, in 

succession, resulting in (a) long run times, and consequently only a small number of runs in a 

given time interval; (b) consequently, poor signal-to-noise ratios (S/N) 

observed. The landscape of practical NMR was transformed with the advent of Fourier 

transform (FT)-NMR. With FT-NMR, (pioneered by Richard R. Ernst, 1991 Chemistry 

laureate) acquisition time for a scan is condensed by orders of magnitude because a full 

range of frequencies (usually the spectral width for given analysis) is probed simultaneously. 

This technique has been made further practical and universal with development of computers 

capable of performing multiple complex mathematical data transformations. Essentially, FT-

NMR engrosses exposing a sample in static, external magnetic field to short square bursts 

(pulses) of polychromatic radiofrequency energy. The pivotal principle here is that the Fourier 

decomposition of a square wave contains contributions from the entire frequencies. The 

polarized magnets of irradiated nuclei spin together, generating an observable RF signal. 

Conversely, they ultimately relax to their parallel ground state by emission of ΔE by radiative 

or non-radiative processes (vide supra). This decay is known as free induction decay (FID). 

Fourier transformation (a mathematical operation) is then subsequently used to change this 

time dependent pattern to a frequency-dependent pattern of nuclear resonances producing 

a spectrum in standard NMR format as well as the knowledge of how to generate an array of 

frequencies at the same time. Today, NMR spectroscopist can propose pulses with specific 



shapes, widths (pulse widths), frequencies (i.e., varying pulse delays), in combinations called 

pulse sequences. Even subtle differences in pulse sequences can allow spectroscopist to 

extract a truly amazing library of information on the molecule or reacting system under 

revise. Another chief advancement in nuclear magnetic resonance spectroscopy is multi-

dimensional NMR spectroscopy. Here, at least two pulses are employed, and as experiment is 

repeated, the pulse sequence is varied. 

In multidimensional Nuclear magnetic resonance, there will be a succession of pulses, at 

slightest one variable time period.  

NMR spectroscopy has emerged as arguably the most imperative spectroscopic or 

spectroscopic-type tool in the (organic) chemists’ considerable arsenal. The pace of invention 

of new NMR techniques particularly pulse sequences has grown tremendously in the last 

decade especially and it is hard for an expert in the field to keep abreast of the changing face 

of NMR. As an illustration, in 1996 Braun, Kalinowski, and Berger published a text 

known as ‘100 and More Basic NMR Experiments’. Publishing structure of a new compound 

requires at the minimum a 1H-NMR and 13C-NMR spectrum on at least a 300-MHz 

spectrometer. Research will probably possess multiple NMR spectrometers, including at least 

one “walk-on” 300- or 400-MHz instrument as well as several higher field instruments. If the 

research involves bioorganic or biophysical chemistry, then it requires 800- or 900-MHz 

instrument is almost mandatory. Versatility, accuracy, and dependability of NMR spectroscopy 

have made it a mainstay of chemical research. Practical issues of field shielding, facile, 

inexpensive solid-state NMR, minimization of cryogen boil-off rates, magnet quenching 

safeguards, etc., still linger, but despite these and other drawbacks technique has given 

chemists far more than it has denied them. It is with satisfaction and confidence that we 

commission innovative experiments based on NMR spectroscopy and with heightened 

anticipation that we await the next major steps forward in this field. 

NMR spectroscopy is one of the prime techniques used to obtain physical, chemical, 

electronic, and structural information about a molecule and/or a system undergoing chemical 

reactions. It is the only technique that can offer detailed information ranging from the exact 

3D structure of biological molecules in solution to the kinetics of chemical reactions and yet is 

versatile enough to be employed in building elementary quantum computers.  Arguably, most 

sensational use of nuclear magnetic resonance is in magnetic resonance imaging (MRI) for 



medical diagnosis. Elucidation of the structure of buckminsterfullerene (the infamous C60 

allotrope of carbon) by Curl and Smalley of Rice University in 1985 using 13C NMR (a 

lone singlet was obtained, indicating that all 60 carbons were equivalent) is a particularly 

intriguing, if not exotic, use of technology. NMR was also integral in the elucidation of the 

structure Gomberg’s dimer from the coupling of triphenylmethyl radicals (in his 

misdirected and unsuccessful attempt to prepare hexaphenylethane). The assumption of 

structure as Ph3C-CPh3 had persisted for almost 70 years before a 1H-NMR spectrum showed  

presence, not only of non-equivalent protons, but also of a single shielded H (attached to an 

sp3-hybridized C); the actual dimer (prepared from Ph3CCl and silver in CCl4) being in fact 1-

(diphenylmethylene)-4-trityl-2,5-cyclohexadiene. Over the course of some 15 years, Liu et 

al. made brilliant use of 19F-NMR spectroscopy to illuminate the role of vitamin A in 

photochemistry of vision. The technique allowed his group to describe a model of a confined, 

tethered chromophore of rhodopsin as compulsory for primary process of vision as well as to 

postulate a mechanism for thermal and photochemical processes of all intermediates in visual 

cycle. This investigation was also origin of hula-twist-n process: a volume-conserving process 

for ground-state conformational changes of retinal in confined medium of the multiple helical 

tertiary structure of rhodopsin. A nuclear magnetic resonance spectrum   is enormously 

useful for analyzing samples non-destructively. Radio waves and static magnetic fields easily 

penetrate numerous types of matter and anything that is not inherently ferromagnetic. 

Particularly, biological samples, which are often difficult to obtain in high yields and with high 

purity (e.g., RNA, DNA, proteins, etc.), can be readily studied using NMR. 

     NMR spectroscopy concerns itself with certain nuclei that marked magnetic dipoles 

because of the juxtaposition of electric charge and mechanical spin. NMR-active nuclei are 

those whose spin quantum number (I). This latter condition is met either when mass number 

(Z) is odd (I = n/2; n is an integer) or when Z is even and atomic number (A) is odd (I = n). I = 0 

whilst both A and Z are even. NMR-active nuclei are exposed to an external magnetic field (B) 

their magnetic dipoles align in (a quantum mechanically limited) S orientations (S = 2I + 1) or 

spin states, relative to the field. Such nuclei precess at a frequency, specified by the 

expression 

= N0/hI                                  (143) 



Where   = magnetic moment of nucleus, h = Planck’s constant, and N = nuclear magneton 

constant. The magnetogyric ratio (g) is specified by 

 = 2n/hI                                 (144) 

Equation. (1) may simplify to 

                                                       = 0/2                                           (145) 

Three points are remarkable here: (a) sensitivity of the NMR experiment depends heavily 

upon   such that as value of  increases so does the experiment’s sensitivity; (b) B0 (B) 

refers to local field experienced by a given nucleus, which in turn depends predominantly 

upon prevailing electronic factors (largely induction and anisotropy) that affect local electron 

density around active nucleus; (c) while inherent spinning frequency of a particular nucleus is 

constant, its precessional  frequency, , is variable and depends upon B0 . 

The various spin states possess different energy levels and ΔEs between those levels are 

bridgeable by photons in radio-frequency (RF) region of the electromagnetic spectrum. [385-

399] 

 

Promotions among spin states (Scheme) are allowed as long as irradiating frequency exactly 

matches  (so-called resonance condition); excited nuclei are, of course, able to relax to 

lower spin states (spin flipping). There are numerous mechanisms by which excited nuclei 

may relax; two most widespread radiations less processes are spin-lattice relaxation and spin-

spin relaxation. In previous, excited nucleus transfers its energy to some appropriate 

electromagnetic vector (e.g., a polar solvent molecule or intramolecular group undergoing 

vibrational-rotational phenomenon); in the latter case, exciton transfers ΔE to a different 

kindred relaxed nucleus. On the other hand, excited nuclei could simply re-emit ΔE. Rates of 



relaxation govern rate at which net excitations occurs. If transfer of ΔE is inefficient (as in non 

viscous media where molecular orientations are unsystematic), then mean half-life of 

Relaxation is long (1 s) and sharp spectral lines arise. Modern NMR spectrometers utilize a 

magnetic field generated by a superconducting magnet whose coils are positioned in an inner 

Dewar bathed in liquid helium (Figure). 

Requirement for NMR spectra: Spin quantum number (I) ≠ 0 meaning…. must be an odd 

number and/ or neutrons. Ex. 1H, 2H, 13C, 19F, etc. 

 

An outer Dewar filled with liquid nitrogen serves to avoid boil-off of much more expensive, 

cooler liquid helium. Shim coils homogenize field and a spinner assembly is responsible for 

both spinning sample tube as well as moving it into and out of probe buoyed on a cushion of 

gas (usually air that has been treated and dried prior to use or zero-grade nitrogen). A probe 

head is connected to RF cables provides (2H) lock 1H frequency and one X-nucleus frequency. 

New instruments possess changeable temperature and sample changer accessories and a 

coordinating workstation by a plethora of energy- and time-saving programs. Interpretation 

of a simple 1D, first-order NMR spectrum generally involves evaluation of five principal 

features: (1) number of signals; (2)  chemical shift, -value; (3) signal multiplicity; (4)coupling 

constant, J; and (5) signal integrals. The number of signals reveals number of dissimilar types 

of the nuclei under study.  



In a first-order spectrum (where the Δ  J), interpretation of the splitting patterns is quite 

straight forward. In general, multiplicities in such spectra are governed by “n+1 rule” where n 

= number of neighboring protons (within 2 or 3 bond distances), equivalent nuclei do not 

interact with each other, and peak ratios are a statistical issue properly illustrated in Pascal’s 

triangle.[399] 

 

Although the earlier four spectral parameters are useful, if not crucial in structure elucidation 

for most nuclei, signal integral is not universally valuable. For nuclei that relax very leisurely 

either inherently (13C, e.g.) or due to constraints in the methodology (low concentrations of 

small molecules in weakly polar solvents, e.g.), differences in relaxation rates arise for same 

nuclei but in diverse environments. Consequently, some nuclei undergo excitation-relaxation 

cycles more often than others, giving rise to more intense signals that are independent of 

relative numbers of nuclei. Except for those cases, however, the integrals point out the 

relative numbers of a given nucleus under consideration. 

Although there are 118 different nuclei for whom I  0 and are therefore, theoretically at 

least, observable in an NMR experiment, it is the nucleus of 1H that dominates the NMR 

landscape even today. While most of the examples discussed later in this work involve 1H 

NMR (and justifiably so), it is worth a moment of pause to discuss briefly a few other nuclei 

whose NMR spectra prove to be of value to a significant number of experimentalists. The 12C 

nucleus is not magnetically active (i.e., I ¼ 0), but the 13C nucleus (I ¼ 1 2) is. C-13 NMR 

spectroscopy is severely limited, however, by the fact that the natural abundance of this 

isotope is only 1.1% that of C-12 and its sensitivity relative to H-1 is only 1.6%. Thus the 

overall sensitivity of C-13 relative to H-1 is _1.75 _ 1024. Application of FT methodology (vide 

supra) to C-13 as well as broad band decoupling of protons have accelerated the 

development of, and enhanced the interest in, C-13 NMR spectroscopy. Techniques like 



distortionless enhancement by polarization transfer (DEPT) and 1H-13C COSY (HETCOR) have 

further endeared 13C NMR spectroscopy to organic chemists. In general, 13C NMR 

spectroscopy allows chemists to directly observe the carbon framework of organic moieties 

and to make (collaborative) inferences about active nuclei attached to the carbon backbone. 

The technique is particularly valuable in natural products, pharmaceutical, and biochemistry 

research where complex cyclic species are common and often difficult to identify with only 

1H NMR.14N and 15N are NMR-active nuclei and both have been used in structure 

elucidation in organic chemistry and its associated fields such as biochemistry, natural 

products, and pharmacology. Quadrupolar relaxation of excitons in N-14 (most abundant 

isotope), however, results in tremendous and crippling broad lines in NMR spectrum, thus 

diminishing make utilize of of this nucleus. On the other hand, low sensitivity in the 15N 

experiment is overcome (as it is for 13C) in modern instruments and 15N NMR spectroscopy 

provides decisive information on character (hybridization state) and connectivities 

(constitution) of nitrogen atoms in molecules. Although 19F (only isotope of F) is found only 

rarely in naturally occurring compounds, this nucleus is of interest for the reason that it 

coincidentally developed with 1H in the dawn of the “NMR age.” The parallel improvement of 

19F NMR spectroscopy is, not surprisingly, linked to the parallel properties of 19F and 1H. 

Thus, sensitivity of 19F is about 0.83 that of 1H and its natural abundance is 100%. Because it 

is monovalent, F is often used in place of H in synthetic analogue molecules to resolve the 

impact of stereochemistry and steric effects that may be operational in molecules (vide infra). 

[399] 

 Proton Nuclear Magnetic Resonance Spectroscopy (H-NMR) 
 
NMR or nuclear magnetic resonance spectroscopy is a technique used to determine a 

compound’s distinctive structure. It identifies carbon-hydrogen frameworks of an organic 

compound. Using this method and other instrumental methods including infrared and mass 

Spectrometry, scientists are able to determine the entire configuration of a molecule. In this 

discussion, focus on H NMR or proton magnetic resonance is taken. Even though there are 

many other spectrometers including C-NMR and N-NMR, hydrogen (H-NMR) was the first and 

is the most widespread atom used in nuclear magnetic resonance spectroscopy. 



The atomic nucleus is a spinning charged constituent part, and it generates a magnetic field. 

Not including an external applied magnetic field, nuclear spins are random and spin in 

random directions. But, when an external magnetic field is present, the nuclei align 

themselves either with or against the field of external magnet. 

Structural Information That the NMR Spectrum tells us 
 
1. Number of Signals 

Each group of chemically equivalent protons gives mount to a signal. Chemically Equivalent 

Protons are those protons that are in identical environment, and they ought to be identical in 

every way. They experience the similar magnetic force, and therefore, will create overlapping 

signals on spectrum. Therefore, we can resolve how numerous sets of equivalent protons 

there are in a molecule by looking at number of signals in its H-NMR spectrum. 

Assorted approaches are present to determine how many sets of equivalent protons in a 

molecule. For illustration, we can perceive if there is a line of symmetry. Protons that are 

aligned on a line of symmetry as a result appear to be equivalent. One more means is to 

substitute proton with deuterium to form two molecules, and if two molecules are same, 

then two protons are equivalent. Third technique to verify how many equivalent protons 

present, one have  to gaze at the atom attached to proton (generally a carbon) and examine 

what that atom is bonded to, and then atom bonded to that, all the technique until a 

difference is observed. If there is no difference, the protons are equivalent. If there is 

dissimilarity, protons are not equivalent. 

Usually, protons on identical carbon are equivalent. But, occasionally, they are not equivalent 

for the reason that they are not in matching environment. One proton could be Trans and 

other proton could be cis. This would generate two different signals. 

 

2. Position of Signals 
 
The positions of signals in an NMR spectrum are based on how far they are from signal of the 

reference compound. This information tells us kind of proton or protons that are responsible 

for the signal. 

Reference compound: Tetramethylsilane (TMS) is generally used as the reference compound 

because it can easily be removed from the sample by evaporation due to its volatile 

properties. TMS is at a lower frequency than mostly other signals for the reason that its 



methyl protons are in a more electron dense environment than most protons are because 

silicon is less electronegative than carbon (which is a significant component of organic 

molecules.)  

Position of signals depends on chemical shift. 

Chemical Shift: It is a measure of how far the signal produced from the proton is from the 

reference compound signal, and it usually measured by means of the (delta) scale. The TMS 

or reference compound is at zero position on the very left of spectrum, and as it moves 

toward the left, the ppm values become larger. Ppm stands for parts per million, and it is the 

unit used to calculate chemical shift. Proton chemical shifts range from 0 ppm to 15 ppm. 

Chemical shift is identical for a specific proton regardless of the spectrometer used. The 

formula for the chemical shift is 

 (delta)= distance downfield from TMS (Hz) / operation frequency of the spectrometer 

(MHz) = parts per million (ppm) 

The nucleus of molecule is found within a cloud of electrons that partly shields it from applied 

magnetic field. This shielding is different for different protons in a molecule, and that is why 

there are lots of signals in the H NMR spectrum, instead of just one. In a magnetic field, 

electrons go around nuclei and induce a local magnetic field that opposes the applied 

magnetic field. 

Effective Magnetic Field:  is the nuclei sense through its electron filled environment. 
 
                                                      B effective= B applied - B local 
 
B applied is magnetic field supplied by the applied external magnetic force (NMR) and the 

magnetic fields supplied by the earth. This number is same of the entire the nuclei in the 

molecule. B local is the magnetic field supplied by the surrounding electrons around nuclei. 

This number varies amid nuclei in the molecule. According to this formula, greater the 

electron density around the nuclei, the larger the B local will be, and more proton is shielded 

from applied magnetic field. This is known as diamagnetic shielding. 

Protons in electron dense (rich) atmosphere sense a fewer significant effective magnetic field 

for the reason that they are more shielded by enormous amount of electrons, and 

consequently, will require a lower frequency to come into resonance as E (which is created 

due to the difference in the spin states) is smaller. The (ppm) will be minor, and lower 

frequencies are located on the right side of the spectrum. 



Upfield: farther to right hand side of the spectrum. 

Protons in electron poor environments sense a larger effective magnetic field for the reason 

that they are less shielded due to fewer electrons, and therefore, they require a higher 

frequency to get nearer into resonance for the reason that E is larger. The (ppm) 

determination is larger, and higher frequencies are located on left side of the spectrum. 

Downfield: further than to left side of the spectrum. 

The electron cloud shields nucleus from applied magnetic field, and electronegativity is 

defined as tendency of an atom to drag electrons toward it. Therefore, electronegative atoms 

eliminate electron density from the proton. This causes proton to have less electron density, 

and this leads to less shielding. If the proton has less shielding, it will feel the applied 

magnetic field more, and this leads to a higher E and an elevated chemical shift. Protons that 

are nearer to electronegative atom are in a less electron dense environment, which means 

they’re chemical shifts will be superior. 

An imperative concept to understand is that similar functional groups have similar chemical 

shifts. Characteristic chemical shifts are averages for normal or typical proton. 

Therefore, this number varies between diverse molecules. We can’t use these shift numbers 

to assign proton types to NMR signals. On characteristic proton NMR chemical shifts table, 

two molecules with same functional group may have different chemical shifts. This could be 

due to numerous factors such as being positioned near an electronegative atom. 300- MHz 

1H N.M.R. spectra of deuterated species of samples were used in the various works of this 

thesis. In case of 1H-NMR though we cannot compare the extent of H-bonding but we can 

conform the positioning of H-bonding, if we tally both system’s NMR according to the 

upfield shift, downfield shift or peaks which came all together in same position. [399-401] 

 Carbon-13 nuclear magnetic resonance 

Raymond Andrew pioneered development of high-resolution through his introduction 

of the so-called magic angle spinning (MAS) technique. This technique resulted in spectra in 

which resolution increases by several orders of magnitude. This area was further refined by 

John Waugh and Alex Pines, who introduced cross-polarization technique to enhance 

signals from nuclei with inherently low sensitivities and/or low natural abundance (e.g., 13C). 

Carbon-13 nuclear magnetic resonance (most usually known as carbon-13 NMR or 13C 

NMR or simply referred to as carbon NMR) is the application of nuclear magnetic resonance 

https://en.wikipedia.org/wiki/NMR_spectroscopy


(NMR) spectroscopy to carbon. It is analogous to proton NMR (1HNMR) allows the 

identification of carbon atoms in an organic molecule just as proton NMR 

identifies hydrogen atoms. As such 13C NMR is an important contrivance in chemical 

structure elucidation in organic chemistry. 13C NMR detects only the 13 

C isotope of carbon, whose natural abundance is merely 1.1%, because the main carbon 

isotope is not detectable by NMR since it has zero net spin. 

13C chemical shifts follow the similar principles as those of 1H, although the typical range of 

chemical shifts is much larger than for 1H (by a factor of about 20). Chemical shift standard 

reference for 13C is carbons in tetramethylsilane (TMS), is deliberated to be 0.0 ppm. 

13C NMR has a quantity of complications that are not encountered in the proton NMR. The 

13C NMR is much a lesser sensitive to carbon rather than 1H NMR is to hydrogen as chief 

isotope of carbon, 12C isotope, has a spin quantum number of zero and so. It is not 

magnetically active and therefore not visible by NMR. Much less common 13C isotope, 

present naturally at 1.1% natural abundance, is magnetically active with spin quantum 

number of 1/2 (like 1H) as a consequence detectable via NMR. Hence, merely few 13C nuclei 

present resonate in magnetic field, even though this can be overcome by isotopic enrichment 

of e.g. protein samples. In addition, the gyro magnetic ratio (6.728284 107 rad T−1 s−1) is only 

1/4 that of 1H, further reducing sensitivity. Overall receptivity of 13C is about 4 orders of 

magnitude lower than 1H. Applications range from the quantification of drug purity to 

determination of composition of high molecular weight synthetic polymers. In a typical run on 

an organic compound, a 13C NMR may require several hours to trace the spectrum of a one-

milligram sample, compared to 15–30 minutes for 1HNMR, and that spectrum would be of 

lower quality. The nuclear dipole is weaker, the differentiation in energy linking alpha and 

beta states is one-quarter that of proton NMR, and Boltzmann population difference is 

correspondingly less. 13C NMR is generated in similar fundamental was as proton NMR 

spectrum. Only 1.1 % of naturally occurring carbon is 13C and actually an improvement is 

noticed because of less coupling. 

The 13C NMR is directly related about the carbon skeleton not just the proton attached to it. 

a.] The number of signals informs us about how many different carbons or set of equivalent 

carbons. 
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b.] Splitting of a signal notify us how numerous hydrogen’s attached to each carbon. (N+1 

rule) 

c.] The chemical shift tells us regarding hybridization (sp3, sp2, and sp) of all carbon. 

d.] Integration: Not cooperative for 13C NMR. The Proton–coupled spectra visualize splitting 

of carbon signal simply by protons attached to that carbon itself. 

13C_H coupling occurs not 13C_ 13C_H or not 13C_13C_ 13C_H or not 12C_13C coupling 

occurs but very low. 

Thus, for each carbon multiplicity of the signal depends upon the fact how many protons are 

attached to it. Due to low natural abundance, 13C NMR spectra do not ordinarily show 

carbon-carbon splitting two 13C being next to other is 1.1 % x 1.1%=0.012 % (because 12C 

doesn’t have a magnetic moment, it can’t split the signal of an adjacent 13C), and are thus 

enormously simplified. Proton-Decoupled Spectrum shows no splitting in any way; it consists 

of a set of single peaks, one for each carbon or each set of equivalent carbons in a molecule. 

Even for extremely complicated molecules, such a spectrum is remarkably simple (since 

overlapping multiplets very complicated to interpret) most usually run spectrum for structural 

analysis; and will list multiplicity of peaks in the upper left-hand corner. Chemical Shift in 13C 

NMR spectrum arises in analogous way as in proton NMR spectrum. Each carbon nucleus has 

its own electronic environment, different from the environment of other, non-equivalent 

nuclei; it feels a different magnetic field, absorbs at different applied fields strength. 

Electronegative atoms and pi bonds cause downfield shifts. 13C chemical shift range 0-250 

ppm. [402-410] 

Splitting Pattern (N+1 rule): for each carbon multiplicity of signal depends upon how many protons 

are attached to it. 

Ex.                                                                                                                                           H 
  _                                _                                                      _                                                _ 
_C_                              H _C_                                 H _C_ H                                         H_C_H 
  _                                 _                                                    _                                                  _ 
No proton           one proton                            two protons                                               three 
protons 
Singlet                 doublet                                triplet                                                      quartet 

 2D ROESY (Rotating-frame Overhauser SpectroscoPY)  

The nuclear Overhauser effect, (NOE) experiments are invaluable in determining distances 

between atoms that are not covalently bonded to each other. Although it was the combined 



efforts of several scientists that led to the development of 2D and multidimensional FT-NMR 

into a powerful technique particularly well suited for studying macromolecules (e.g., nucleic 

acids, proteins, etc.), much of credit is given to Richard Ernst and Kurt Wu¨thrich. 

They were jointly awarded Nobel Prize in chemistry in 2002 for their work in the aforesaid 

field. Correlation spectroscopy is one of several types of 2D-NMR spectroscopy. Other types 

include J-spectroscopy, exchange spectroscopy (EXSY), nuclear overhauser effect 

spectroscopy (NOESY). Two-dimensional NMR spectra provide additional information about a 

molecule than one-dimensional NMR spectra and are especially useful in determining the 

structure of a molecule, particularly for molecules that are too complicated to work with by 

means of only one-dimensional NMR. First two-dimensional experiment, COSY, was described 

in 1976 by Walter P. Aue, Enrico, Bartholdi, and Richard R. Ernst, though 

it was first proposed by Professor Jean Jeener of Universite´ Libre de 

Bruxelles, in 1971. For well over 40 years after the first NMR spectrometer was 

constructed, spectroscopy was limited to samples in the liquid phase. In solid-phase media, 

such as crystals, microcrystalline powders, gels, anisotropic solutions, etc., it is dipolar 

coupling and chemical shift anisotropy that become dominant to behavior of the nuclear spin 

systems. Conventional in solution-state NMR spectra, these additional interactions would 

direct to noteworthy spectral line broadening. Arrays of techniques are established high-

resolution conditions in solid-state NMR that are equivalent to solution-state NMR spectra. 

Yet still today, although NMR is used to study solids, extensive atomic-level bimolecular 

structural detail is especially challenging to discover by this method. The intensity of NMR 

signals (thus the sensitivity of the technique) depends, in part, upon strength of the magnetic 

field. Not surprisingly, therefore, over decades since 1950s, NMR franchise has sought out 

ever more powerful magnets. Thus the 60-MHz instruments that proliferated in 1970s have 

been replaced by 900-MHz giants marketed by Varian, Bruker, and JEOL. Almost invariably, 

though, these devices are engaged in studies of biopolymers where access to enhanced 

sensitivity and resolution is critical. Advances made in audio-visual technology have also 

enhanced the signal generation and processing capabilities of the modern instrument. [411-416] 

 2D ROESY (Rotating-frame Overhauser Spectroscopy) experiment (also called CAMELSPIN 

(Cross-relaxation appropriate for minimolecules emulated by locked spins) experiment) offers a 

simple way to attain NOE information in a molecule by a single experiment and without prior 



knowledgment of spectral assignment or molecular structure. In ROESY experiment, cross-

relaxations are carried out in rotating-frame with spin-locked magnetization and this means 

that NOE in transverse plane (ROE) is always positive (no nulling condition as in NOESY-type 

experiments) and, in addition, chemical exchange can for all time be distinguished. It 

measures homonuclear NOE effects under "spin-lock" conditions. ROESY is especially valuable 

since ROESY cross peaks are always positive and there is no risk of getting cross peaks of zero 

intensity. ROESY peaks are simply positive. The ROESY spectrum must be phased. Phasing of 

2D spectra is complicated and it is carefully done and somewhat intelligent to succeed. When 

correlation time is close to τc = 1 /ω0, then no NOE effects will be noticeable. Conversely, 

there is a modification of NOESY experiment with a different dependence of NOE on ω0τc: In 

ROESY (=Rotating frame NOESY) experiment, NOE (or better, ROE) is always positive, i.e., ROE 

cross-peaks have opposite sign as diagonal peaks. The pulse sequence for ROESY testing is 

relatively simple: it is identical to TOCSY sequence. After first 90° pulse and t1 time, a spin-lock 

sequence follows for the period of which ROE builds up, exactly as NOE during the mixing 

time τm of NOESY. [417-423] 

 

 

 

In ROESY experiment, relaxation does not occur in static B0 field along z axis, but in transverse 

field generated by r.f. irradiation: non-equilibrium transverse component (e.g., I1x) relaxes 

with T1p while "frozen" in spin-lock field, by this means generating a transverse component I2x 

in neighbouring spins by cross-relaxation. With the exception of different dependence on 

correlation time, everything else works like for NOE: again, the initial ROE build-up rate shows 

r -6 dependence, but with longer mixing (=spinlock) times, build-up becomes non-linear, and 

indirect ROEs start to occur. And, like in NOESY, dispersive antiphase peaks can take place 

that are not caused by ROE, but by scalar coupling. However, while NOESY experiment is 



rather straight forward to evaluate, there are several additional problems to be measured 

with the ROESY: [433-439] 

- offset dependence of the ROE and interference stuck between NOE and ROE,  

- TOCSY contributions in ROESY spectrum. 

 

 NMR titrations 

Systematic studies of changes in NMR parameters (most frequently chemical shifts) caused by 

gradual addition of some agent (acid, base, complexing agent, ligand, metal ion, etc.). 

Experimental techniques of (pKa ) determination for small molecules 
HA= A + H+ 

Ka = [A] [H+]/ [HA] 

pH = pKa + log10 ([A]/[HA]) 

                                            pKa = - log10 Ka                           (146) 

pKa determination via NMR : NMR spectra are recorded as a function of pH. Great amounts of 

material, solubility issues can arise, its laborious, separate titration curves for every 

anisochronous nucleus in the molecule obtained. Microscopic (pKa) values/knowledge 

regarding protonation/deprotonation sites can be obtained correspondingly. 13C NMR is 

greatly favored to 1H NMR (larger chemical shift range). 

Important features of ROESY spectra 

only weak dependence on the correlation time, ROE always present 

ROEs for all time positive, i.e., opposite sign compared to diagonal 

peaks from chemical exchange show similar sign as diagonal: easily distinguishable from always positive 

ROEs 

offset effects have to be corrected properly 

interference with NOESY contributions except for ω0τc » 1 (is vanishing NOE) 

TOCSY contributions from scalar coupling can change ROESY peak integrals, ensuing in distance errors 



 

1. The advantage of pKa determination by 13C NMR is simultaneous production of multiple 

 titration curves (= number of atoms). 

2. Non-linear curve fitting to multiple curves simultaneously gives superior data. 

3. NMR is the merely method that provides knowledge about protonation/deprotonation 

sites in the molecule. 

4. Excellent precision of NMR information can be obtained. 

5. Technique is laborious, but at least two compounds can be NMR-titrated in a mixture. 

 Determination of Binding Constants, Enthalpy, Entropy, Free 

energy changes in complexation 

The intermolecular binding between each host and guest shows enantioselectivity is required 

to be shown by means of general parameters for example binding constant (K), enthalpy 

change (ΔH), entropy change (ΔS), free energy (ΔG) of complex formation instead of a brilliant 

color change or an appreciable difference in peak intensities. In general speaking, formation 

of a complex between host and guest is a basic and significant process in supramolecular 

chemistry. The binding constant has to be determined for quantitative analysis of complex 

formation. In spite of the significance of determining binding constant, it is still difficult to find 

documentation, where the practical issues are mentioned. The introduction of many diverse 

types of approximation and regression methods was important at that time from the practical 

point of view, in order to find an appropriate method for a wide range of certain experiments, 

because each approximation has severe limitation in application. Such techniques do not 

meet needs of a chemist nowadays. The circumstances are considerably enhanced by data-



treatment through computer development. Describing basic principle to determine the 

binding constants and stoichiometry is important and for the evaluation of complex 

concentration, precautions to be taken on setting up concentration conditions of titration 

experiment, practical data-treatment methods and estimation of the statistical errors host-

guest chemistry is necessary but are not yet very familiar with this kind of work, mostly 

synthesis-oriented organic chemists. The programs for determination of binding constants of 

host-guest complexation were developed recently. Some of the review works are depicted 

here [440-442, 449] 

 

1H NMR spectra for measuring   relative binding affinities between receptors 3, 23, and 36 toward acetate in DMSO-d6/H2O 
(99.5%:0.5% m/m). The titration   proceed from bottom to top. 
 
 

General view to determine binding constants 

Interpretation of basic equations for host–guest complexation 

The binding constant is used as a criterion for the evaluation of host-guest complexation 

procedure. Thermodynamic parameters (enthalpy, entropy) and Gibbs free energy are more 

suitable criterion. In case where Equations (147), (148) hold good, thermodynamic 

parameters are related to each other as described in Figure, Equation (149), van’t Hoff 



equation. Theoretically, determination of binding constants at diverse temperatures offers 

these thermodynamic parameters from slope and intercept of the line in Figure. [443-448]  

 

The vital point in the quantitative analysis of host-guest complexation is how to determine 

the binding constant with high reliability. 

ΔG = −RT ln K                    (147) 

ΔG = ΔH − TΔS                      (148) 

 lnK = −ΔH / R . 1/ T + ΔS / R                       (149) 

Our investigation to determine binding constant is based on a simple binding equilibrium 

model: Equation (150). The binding constant, equilibrium constant, stability constant are 

synonymous with each other. The activity coefficients are in general unknown and the 

stability constant K, based on the concentrations, is usually employed. Judging from this 

condition, the question of activity coefficients of the solutes is disregarded here in order to 

simplify the discussion. Nevertheless, it should be remembered that this point is not for all 

time insignificant. The basic equations for host–guest complexation are the following four 

Equations (150)–(153). 

a. H + b. G   C                      (150) 

K = [C] / [H]a. [G]b                (151) 

[H]t = [H] + a.[C]                     (152) 

[G]t = [G] + b.[C]                     (153) 

Where H is host; G, guest; C, complex: Ha . Gb; a, b, stoichiometry: shown in Equation (150); 

[H]t , total concentration of host molecule at initial state; [G]t , total concentration of guest 

molecular at initial stage; [H], [G], [C], concentrations of host, guest, and complex respectively 

at final stage, namely, at equilibrium. Equation (154) is derived from Equations (151)–(153). 

K = [C] / ([H]t − a. [C]) a. ([G]t − b. [C]) b        (154) 



 
Parameters are thus classified into three as follows. Constants: K, a, b {a and b are integers 

larger than or equal to 1}. Variables which can be set up in experimental form: [H]t, [G]t. 

Variables dependent on every equilibrium: [H], [G], [C]. 

Experimental guideline from the aforesaid theory 

From Equation (154) and classification of its parameters is elucidated as the guideline of the 

experiment. When [C] is obtained under equilibrium in which a and b are known, K is derived 

directly according to Equation (154) from experimental condition [H]t, and [G]t. 

Consequently, in order to determine binding constants, following four tasks have to be 

carried out. 

_ Determination of the stoichiometry, namely, a and b 

_ Evaluation of the value [C] 

_ Setting up concentration conditions [H]t and [G]t 

_ Data-treatment done  

The following sections deal with the principle and also the practical issues necessary for an 

understanding and completion of the above four tasks in this order. 

There are different methods of determining the stoichiometry, e.g., Continuous 

Variation Methods, Slope Ratio Method, Mole Ratio Method, etc. Because 

the Continuous Variation Method is the most well-liked among these, this method is adopted 

here to determine the stoichiometry. In order to determine the stoichiometry by 

ContinuousVariation Method, the following four points have to be considered and 

carried out. 

_ keeping sum of [H]t and [G]t   as constant () 

_ Changing [H]t from the value of 0 to  

_ measuring the value of [C] 

_ Data treatment (Job’s plot) 



 

The stoichiometry (a / (a +b)) is obtained from the x coordinate at the maximum in Job’s 

curve (Figure above), where the y-axis is [C] and the x-axis is 

[H]t / ([H]t + [G]t) 

For comprehension of theoretical background of the Continuous Variation Method, 

the required Equations are 

(150) – (153) and (155) – (157). 

 = [H]t + [G]t                       (155) 

x = [H]t / ([H]t + [G]t)          (156) 

y = [C]                                      (157) 

[H]t and [G]t will be substituted by function of x and   from Equations (155) and (156). 

[H]t =   .   x                              (158) 

[G]t = −   . x                           (159) 

from Equations (150)–(153) and (157)–(159). 

K =   y / {( − b. y −   . x) b. ( .  x − a .y) a} 

K. {( − b. y −  . x) b. ( .  x − a .y) a}   = y.                                 (160) 

Equation (160) is then differentiated, and the dy=dx is substituted by zero. Then the x-coordinate at the 

maximum in the curve is obtained. 

K . [ ( − b .  y −  . x)b . { . x − a .y)a} + {( - b . y -  . x)b} . ( . x – a.y)a] = dy / dx 

 

K . [( - b. y -  . x) b. a. ( . x – a . y)a-1 . ( - a. dy/dx) + b. ( - b. y -  .x) b-1. (- b. dy/dx - ) . ( . 

x – a.y)a] = dy / dx 

 

The substitution of (dy=dx) by zero is derived as follows. 

K . [ (  - b . y -  . x)b . a . ( . x – a . y)a-1 .  + b. ( - b . y -  . x)b-1 . (-) . ( . x – a.y)a] = 0 

 



Subtraction by K . ( - b .  y -  . x)b-1 . ( . x – a . y )a-1 .    produces 

a . ( - b . y -  . x ) – b . ( . x -  a . y ) = 0 

a .  - a . b . y – a .  . x – b .  . x + b . a . y = 0 

a .  - a .  . x – b .  . x = 0 

 

Subtraction by  

a −  a x – b x =  0 

 x = ( a / a + b )         (161) 

Equation (161) means a / a + b is the x-coordinate at the maximum (dy / dx = 0) in the curve 

of Equation (160). Equation (161) shows the correlation between the stoichiometry and the x-

coordinate at the maximum in Job’s plot. For example, when 1: 1 complexation is 

predominant at equilibrium, the maximum appears x = 0.5 (a = b = 1). In the case of 1: 2 

complexation x = 0.333 gives the maximum. 

The practically significant point here is the following. Even if the concentration of the complex 

([C]) could not be calculated directly, the [C] (y-axis) would be replaced with a property 

proportional to [C]. Then the same x-coordinate can be obtained at maximum as that in Job’s 

plot. This means stoichiometry can be determined still if [C] could not be obtained. The 

important point is how to adjust the y-coordinate. Depending on every experiment, there is a 

property which is suitable for the replacement of [C]. When observed property is the complex 

concentration ([C]) at equilibrium itself, there is no difficulty. But actual complex 

concentration is not observed directly in the majority cases. How to evaluate [C] is thus an 

important point. The practical way depends on property that can be observed in every 

experiment. In this sector, representative examples for evaluation of complex concentration at 

equilibrium are given: concerning to the UV-visible and NMR, examples are mentioned 

below. 

 NMR Spectroscopy 

         In our study concerning NMR spectrometric method, it should be classified into two 

cases by the difference in the exchange rate. In the case where host-guest 

complexation equilibrium has a similar exchange rate compared to NMR time scale, NMR 

peaks broaden and/or disappear, so it is impossible to measure. There are following two 

cases suitable for measurement by NMR spectroscopy. 



 Case 1: The Host-guest complexation equilibrium, which has an extremely slow exchange 

rate compared to NMR time scale. In this case peaks which are assigned to host parts in the 

complex and those to free host are observed individually in the same NMR spectrum. Those 

peaks emerge at individual chemical shifts.  

 

Representation of NMR spectra for slow exchange of complexation equilibrium. 

 

In Figure above, there is a representative NMR spectrum where the peaks, which are assigned 

to a free or complexed host, are observed individually with integration ratio m to n. The 

composition of the complex is HaGb. Then, the integration of host parts in the complex over 

the total integration of the host parts is as follows. 

a. [C] / [H]t     = n / m + n 

                                                                n / m + n   [H]t =  a . [C]                         (162) 

The stoichiometry is determined from the x-coordinate at the maximum in the curve which 

might be called a modified Job’s plot where (n / (m + n)). [H]t is plotted as the y-coordinate 

instead of [C], for the following reasons. Equation (162) means that (n / m + n)). [H]t is 

proportional to [C] since a is constant. 

  [H]t can be set up in the experimental condition. 

 The ratio of n / (m + n) is obtained from NMR spectral data. 

When the stoichiometry (a) is obtained, [C] is determined using the experimental condition 

([H]t) according to Equation (163), since (n / m + n) is obtained from the NMR measurement. 

                                                    

                                    [C] = 1 / a.  (n / (m + n)). [H]t                         (163) 

 

Case 2: The host-guest complexation equilibrium, which has a very fast exchange rate 

compared to the NMR time scale. 

 



 

 

Representative of NMR spectra for fast exchange of complexation indicating correlation of 

complexation ratio x and each spectrum. 

 

In this case the peaks which are assigned to host parts in the complex and those to the free 

host are fused. In Figure above, there is a representative NMR spectrum where peaks, which 

are assigned to the free and complexed host parts, are fused and appear at the weight 

average chemical shift of the free host and complexed host. In this case:, observed chemical 

shift; h, c, chemical shifts of the host part in free and complexed host, respectively; x, ratio 

of complexed host at equilibrium over total host 

 = h. (1 – x) + c. x            where x = a. [C] / [H]t 

[H]t . ( - h) = a. [C]. (c − h).                                    (164) 

The stoichiometry is determined from the x-coordinate at the maximum in the curve which 

might be called a modified Job’s plot where [H]t   . (− h) is plotted as y-coordinate instead of 

[C] for the following reasons. 

 Equation (164) means that [H]t. ( − h) is proportional to [C], since a  . (c − h) is 

constant. 

 [H]t can be set up in the experimental condition. 

 The ( − h) are obtained from NMR spectral records. 

This case is often observed for complexation with crown ether and an amine. Equation (149) 

is derived from Equation (148) just by simple transformation. 

[C] = 1 / a. ( − h) / (c − h). [H]t                 (165) 

If all constants (a, h, g and c) were obtained, [C] would be determined using the 

experimental condition ([H]t). Since c is not obtained directly, a titration experiment and 

regression are necessary for the evaluation of the complex concentration. 



 

 UV-visible Spectroscopy 
In the case of investigation via UV-visible spectroscopy, the concentrations and absorbances 

of each species are related by the following equations (166)–(168). And the observed 

absorbance is expressed as Equation (169) and Figure below.  

 

The length of cell fixed here to 1 cm as a premise. Definitions of abbreviations are given 

below. The definitions of other abbreviations (a, b, [H]t, [G]t, [H], [G], [C]) are similar as 

described before (Aobs, observed absorbance; Ah, Ag, Ac, absorbances of host, guest, and 

complex respectively; h, g, c: molar absorptivities of host, guest, and complex, 

respectively). 

Ah =  h . [H] = h  . ([H]t − a . [C])                            (166) 

Ag = g . [G] = g  .([G]t − b . [C])                               (167) 

Ac = c . [C]                                                                      (168) 

Aobs = Ah + Ag + Ac                                                          (169) 

Equation (169) is transformed to Equation (170) by using Equations (166)–(168). 

Aobs = h .  ([H]t − a . [C]) + g  .([G]t – b[C]) +c .[C] 

 Aobs − h . [H]t − g . [G]t 

= (c − a . h − b .g). [C] .                                                      (170) 

Equation (170) shows Aobs − h .[H]t − g .[G]t is proportional to [C] because (c −a . h −b 

.g) is constant. The molar absorptivities h, g is determined from other measurements 

using pure host and pure guest, respectively. The concentrations [H]t and [G]t , are known as 

they are experimental conditions. Consequently, (Aobs − h . [H]t − g . [G]t ) is determined 

from  experiments. 



 

Case 1: the absorption bands of host, guest and complex are overlapped From Equation (170), 

the following equation (171) is derived. 

[C] = Aobs − h . [H]t − g . [G]t / c – a . h − b . g           (171) 

If all the constants (a; b; h; g and c) were known, [C] would be determined using 

experimental condition ([H]t, [G]t) and the observed property (Aobs). Since molar absorptivity 

of the complex (c) is not measurable directly, a titration experiment and regression are 

necessary for evaluation of the complex concentration. This is most complicated case of host-

guest complexation detecting by means of UV-visible spectroscopy because the absorption 

bands of all components, host, guest and complex, are overlapped. When one component 

(e.g., guest) whose  is zero, is used, following simplification is applied. Even if   is not zero, 

the simplification would be carried out normally in such a way that the detection-wavelength 

is accustomed so that absorption band of one component (e.g., guest) is not overlapped with 

those of other species (e.g., the host and complex). 

 Case 2: the absorption bands of two components are overlapped.  The equation for this case 

is expressed by Equation (172), which is derived just by substitution of g by zero from 

Equation (171). 

[C] = Aobs − h. [H]t / c – a c − a. h                         (172) 

Compared to Equation (171), Equation (172) is simplified. Because three parameters (b, g, 

and [G]t) disappear from Equation (171), data-treatment is much simplified. If all constants (a, 

h and c) were obtained, [C] would be determined using experimental condition ([H]t). Since 



molar absorptivity of complex (c) is not measurable directly, a titration experiment and 

regression are necessary for the evaluation of the complex concentration in this case. 

General observation 

The titration experiment in order to collect data for a reliable K value is known. Some are 

approximation methods which must be employed under some premises, and some are just a 

regression method. Typical examples of the approximation method are Benesi and 

Hildebrand, Ketelaar, Nagakura and Baba, Scott, Scatchard and 

Hammond, where [G]t is used approximately instead of [G]. 

From Equations (151) and (153) and a = b = 1, 

[G]t = [G] + K. [H]. [G] 

 [G]t = [G](1 + K . [H])                                          (173) 

If K . [H]  1, then it would be safely assumed that [G]t = [G]. This condition is frequently 

encountered in weak complexation, where K is small. The condition [G]t  [H]t is employed 

for the practical titration. Actually, an important point for this approximation is the condition 

K . [H]  1; nevertheless, the condition [G]t  [H]t is thought to be essential. All systems 

cannot be investigated under this condition [G]t >> [H]t (K . [H] << 1). 

When assumption [G]t = [G] cannot be applied, other approximation or regression methods 

have to be employed. Here regression method is shown. Typical examples of regression 

techniques are Rose and Drago, Nakano and Creswell and Allred. Because 

of the wide applicability, I decided to explain a practical guide based on Rose–Drago 

method, by means of examples, one for UV-visible spectroscopy and for NMR spectroscopy. 

Originally the Rose–Drago method was used for UV-visible spectroscopy for evaluating 

an acid-base equilibrium, molecular addition compound of iodine. The only assumption for 

this original method is there are at most two observing species which obey Beer’s law in 

the concentration range employed. There is no extra assumption. So it is broadly applicable. 

The results are presented graphically in this technique and by inspection one can 

quantitatively determine the precision. Firstly, a case is described where all components are 

observed and overlapped, which obey Beer’s law in the concentration range employed. 

Secondly, the way to apply this original Rose–Drago method to NMR spectroscopy, 

especially for host-guest system with a fast exchange rate is described. 

Rose–Drago method for UV-visible spectroscopy 



Here equilibrium of 1: 1 host-guest complexation detected by UV-visible spectroscopy is 

discussed. The observed property was thus absorbance. The absorbance data of titration 

experiment were collected. For data-treatment of this general technique, a spreadsheet 

program was formatted. 

a = b = 1 is substituted into Equation (154). Then the reciprocal is 
 

1/ K = [C] – ([H]t + [G]t) + [H]t . [G]t / [C]                   (174) 
 

Combining Equation (171) with Equation (174) gives 

1/ K = Aobs − h . [H]t − g . [G]t    / c − h − g – ([H]t + [G]t) + c − h − g / Aobs − h . [H]t − 

h . [G]t .  [H]t . [G]t.                                                         (175) 

This is most complicated host-guest complexation, detecting by means of UV-visible 

spectroscopy because absorption bands of all components, host, guest and complex are 

overlapped. First of all, the constants h, and g in Equation (175) have to be obtained 

without a titration experiment, because they are molar absorptivities of pure host and guest, 

correspondingly. Then it should be carried out to measure Aobs at different combinations of 

[H]t and [G]t followed by regression of obtained data with Equation (175). Theoretically, Aobs 

values at more than two different combinations of [H]t , [G]t give two unknowns, K and c. 

Measurement of absorbance at diverse combinations of [H]t and [G]t supplies matrix {Aobsn; 

[H]tn; [G]tn} consisting of 3 elements: Aobsn, observed absorbance at nth condition; [H]tn, total 

concentration of host at first stage at nth condition; [G]tn, total concentration of guest 

molecule at initial stage at nth condition.  Combining Equation (175) and definitions (176)–

(180) leads to Equation (181). 

Y = 1 / K                                                                                             (176) 

X = c − h − g                                                                                    (177) 

an = Aobsn − h .[H]tn − g . [G]tn                                                       (178) 

bn = [H]tn + [G]tn                                                                                 (179) 

cn = [H]tn . [G]tn / Aobsn − h . [H]tn − g . [G]tn                               (180) 

Then 

Y = an / X − bn + cn . X.                                                                       (181) 

According to Equation (181), one combination of data (e.g., {Aobs1; [H]t1; [G]t1} , {Aobs2, [H]t2, 

[G]t2} supplies a matrix of answer {X; Y}. Representative solution is as follows. As an example, 



one combination of data where n = 1, n = 2 (e.g., {Aobs1, [H]t1, [G]t1} and {Aobs2, [H]t2, [G]t2} ) is 

used here 

Y = a1 / X − b1 + c1. X                                                                                             (182) 

Y = a2 / X − b2 + c2. X.                                                                                             (183) 

Subtracting both sides, followed multiplying both sides by X results in 

(c1−c2).X2 + (b1 − b2) . X + (a1 − a2) = 0                                                                          (184) 

 X =-(b1−b2)(b1−b2)2−4.(c1 − c2).(a1 − a2) / 2 .(c1 − c2)                                          (185) 

Substituting Equation (182) with Equation (185) derives Y. The obtained {X; Y} is merely an 

answer which satisfies both Equations (182) and (183), but it is not the chemically correct 

answer. For example, chemically Y should have a positive sign. Based on such chemical 

limitation, correct sets of answer should be collected. The maximum number of obtained 

answer pairs {X; Y} is the nC2 pairs for n combinations of concentration conditions. For 

example, 5 pairs of {[H]tn; [G]tn} bestow 10(= 5C2) pairs of {X; Y}. These {X; Y} are obtained 

under the principle of 1: 1 complexation. No approximation is thus introduced into this 

solution. The reciprocal of Y is binding constant K. The number of obtained K in this stage may 

be nC2. 

Rose–Drago method for NMR spectroscopy 
 
Using equilibrium of the 1: 1 host-guest complexation as an example, the way to apply the 

original Rose–Drago method to NMR spectroscopy is known here. As mentioned 

previously, host–guest complexations are classified into two for determination of binding 

constants by means of NMR spectroscopy. When host-guest complexation equilibrium is a 

very slow exchange rate compared to NMR time scale, the concentration of complex is 

expressed as follows (a = 1 in Equation (163)). 

[C] = n / m + n. [H]t    .          (186) 
When the host-guest complexation equilibrium has a very fast exchange rate compared to 

the NMR time scale, the concentration of the complex is expressed as follows (a = 1 in 

Equation (149)). 

[C] =  − h /c − h . [H]t .  (187) 

From Equations (174) and (187), the following equation is derived. 

1/ K = ( − h) .[H]t /(c − h) – ([H]t  + [G]t ) + (c − h) / ( − h) . [G]t .                (188) 

Here we carried out substitution using the following definitions (189)–(62). 



Y = 1 / K                                 (189) 

X   = c − h                            (190) 

an = (n − h) . [H]tn            (191) 

bn = [H]tn  + [G]tn                  (192) 

cn = [G]tn / (n − h)            (193) 

Then Equation (188) is expressed as follows. 

Y = an / X − bn + cn . X.         (194) 

Equation (194) is the same as Equation (181). So from this stage, the same procedures for UV-

visible spectroscopy can be functional for NMR spectroscopy. The determination of a binding 

constant at assorted temperatures would be a useful way to reveal the effective criteria for 

molecular design under consideration of an entropy effect together with an enthalpy effect. 

For an understanding of basic theoretical principle, a practical measurement and also a 

practical data-treatment of an experiment to determine a binding constant, using a basic 

level of mathematics, statistics, and programs of spreadsheet software is used. It is believed 

the programs attached as appendices would function with commonly available spreadsheet 

software on computers. It is hoped the style of this article is one of the better ways at this 

time to provide to chemists, information on how to determine binding constants. 

 UV-Vis Spectrophotometric Determination 

The electromagnetic spectrum consists of Ultraviolet (UV) and visible radiation comprise only 

a small part, which includes such other forms of radiation as radio, infrared (IR), cosmic, and X 

rays. [450-455] 



 

 

The visible and ultraviolet spectra of ions and molecules are associated only with transitions 

between electronic energy levels of certain types or functional groups of molecules and do 

not  characterize the molecule as a whole. The energies involved in these transitions are in 

range of 30 –to several hundred k cal/mole. 

 

 

 

Region 

 

Wavelength 

(nm) 

Region 

 

Wavelength (nm) 

Far ultraviolet 10-200 

 

Middle infrared 3000-30,000 

 

Near ultraviolet 200-380 

 

Far infrared 30,000-300,000 

 

Visible 380-780 Microwave 300,000-1,000,000,000 

 Near infrared 780-3000 

 

The human eye is only sensitive to a tiny proportion of total electromagnetic spectrum 

between approximately 380 and 780 nm and within this area we perceive colors of the 

rainbow from violet through to red. 



To achieve an understanding of origins of practical absorption spectrometry, a short diversion 

into quantum theory is compulsory. For this reason, its best to think of radiation as a stream 

of particles identified as photons instead of waves considered formerly. Atoms and molecules 

exist in a number of defined energy states or levels along with a change of level requires 

absorption or emission of an integral number of a unit of energy known as quantum, or in our 

context, a photon. The energy of a photon absorbed or emitted during a transition from one 

molecular energy level to another is given by equation E= hν 

where h is known as the Planck's constant and ν is the frequency of the photon. We have 

already seen that c= νλ , therefore, E= hc/λ. 

Thus, shorter the wavelength, greater the energy of the photon and vice versa. A molecule of 

any substance has an internal energy which can be considered as summation of the energy of 

its electrons, the energy of vibration between its constituent atoms and energy associated 

with rotation of the molecule. The electronic energy levels of simple molecules are 

extensively separated and usually the absorption of a high energy photon, that is one of very 

short wavelength, can excite a molecule from one level to another.  

In complex molecules energy levels are more closely spaced and photons of near 

ultraviolet and visible light can affect transition. These substances, therefore, will absorb light 

in some areas of near ultraviolet and visible regions. The vibrational energy states of various 

parts of a molecule are much closer together than electronic energy levels and thus protons 

of lower energy (longer wavelength) are sufficient to bring about vibrational changes. Light 

absorption owing to vibrational changes occurs in infrared region. The rotational energy 

states of molecules are so closely spaced that light in far infrared and microwave regions of 

electromagnetic spectrum has enough energy to cause these small changes. 

For ultraviolet and visible wavelengths, one ought to expect from this debate is that 

absorption spectrum of a molecule (i.e., a plot of its degree of absorption alongside 

wavelength of the incident radiation) must display a few sharp lines. Each line should occur at 

a wavelength where energy of an incident photon exactly matches energy required to excite 

an electronic transition. In practice it is found that ultraviolet and visible spectrum of majority 

molecules consists of a few humps slightly than sharp lines. These humps show that molecule 

is absorbing radiation over a band of wavelengths. One more cause for this band, rather than 

line absorption is that an electronic level transition is in general accompanied by a 



simultaneous transform amongst numerous vibrational levels. Thus, a photon with a little too 

much or too little energy to be accepted by molecule for a 'pure' electronic transition can be 

utilized for a transition between one of vibrational levels associated with lower electronic 

state to one of the vibrational levels of a higher electronic state. If difference in electronic 

energy is 'E' and difference in vibrational energy is 'e', then photons with energies of E, E+e, 

E+2e, E-e, E-2e, etc. will be absorbed. Furthermore, each of the several vibrational levels 

associated with the electronic states also has large number of rotational levels associated 

with it. Thus a transition can consist of a large electronic component, a smaller vibrational 

element and even smaller rotational change. The rotational contribution to transition has 

effect of filling in the gaps in vibrational fine configuration. In addition, when molecules are 

closely packed together as they normally are in solution, they exert influences on each other 

which slightly agitate the already numerous, and almost infinite energy levels and blur the 

sharp spectral lines into bands. These effects can be seen in spectra of benzene as a vapor 

and in solution. In vapor, the transitions between the vibration levels are visible as bands 

superimposed on the main electronic transition bands.  In solution they merge together and 

at high temperature or pressure even the electronic bands can blur to produce single wide 

band such as that enclosed by the dotted line. 

Relationship between light absorption and color 

Color absorbed Color observed Absorbed radiation(nm) 

Violet Yellow-green 400-435 

Blue Yellow 435-480 

Green-blue Orange 480-490 

Blue-green Red 490-500 

Green Purple 500-560 

Yellow-green Violet 560-580 

Yellow Blue 580-595 

Orange Green-blue 595-605 

Red Blue-green 605-750 

A close relationship exists between color of a substance and its electronic structure. A 

molecule or ion will exhibit absorption in visible or ultraviolet region when radiation causes 

an electronic transition within its structure. Thus, absorption of light via a sample in 

ultraviolet or visible region is accompanied by a change in electronic state of molecules in the 

sample. The energy supplied by light will promote electrons from their ground state orbitals 



to higher energy, excited state orbitals or antibonding orbitals. Potentially, three types of 

ground state orbitals may be involved: σ (bonding), π (bonding), n (non-bonding). In addition, 

two types of antibonding orbitals may be concerned in the transition: 

i) σ* (sigma star) orbital 

ii) π* (pi star) orbital 

(There is no such thing as an n* antibonding orbital as n electrons do not form bonds). 

A transition in which a bonding s electron is energized to an antibonding σ orbital is referred 

to as σ to σ* transition.In same way π to π* represents the transition of one electron of a lone 

pair (non-bonding electron pair) to an antibonding π orbital. Thus following electronic 

transitions can occur by the absorption of ultraviolet and visible light. 

Both s to σ* and n to σ* transitions need an immense deal of energy and therefore occur in 

far ultraviolet region or weakly in region (180-240) nm. Accordingly, saturated groups don’t 

exhibit strong absorption in ordinary ultraviolet region. Transitions of n to π* and π to π* kind 

occur in molecules by means of unsaturated centers; they require a smaller amount energy 

and arise at longer wavelengths than transitions to σ* antibonding orbitals.  

It will be seen currently that wavelength of maximum absorption and intensity of absorption 

are determined via molecular arrangement. The transitions to π* antibonding orbitals, takes 

place into ultraviolet region for a particular molecule may even take place in the visible region 

if molecular structure is customized. A lot of inorganic compounds in solution also illustrate 

absorption in the visible region. These include salts of elements with incomplete inner 

electron shells (mainly transition metals) whose ions are complexed by hydration e.g. [Cu 

(H20)4]2+. Such absorptions arise from a charge transfer process, where electrons are moved 

from one part of system to another by the energy provided by visible light. 

In our investigation, UV-Visible absorption spectroscopy is a commonly used technique for 

the determination of equilibrium constants, particularly in biochemical applications. For 

example, binding constant of an inhibitor to an enzyme is a routine determination. In my lab I 

studied the binding of a cyclic-polysaccharide to a small molecular guest and various 

imperative compounds. Some of the review works are depicted as follows: Purpose was to 

determine the equilibrium constant for binding of ß-cyclodextrin and ß-naphthol. This 

reaction is a good example of a guest-host complexation. 

 



 

 

In the aqueous solution CH bonds on rings point inward producing a hydrophobic cavity inside 

a cylinder of diameter 15.4 Å. The OH groups extend from top and bottom of the cylinder, 

providing sites for strong hydrogen bond formation. On average about 11 water molecules fit 

inside cylinder. The cavity volume is therefore 0.14 mL/g. Cyclodextrins bind with a broad 

variety of substances. Such complexes are examples of guest-host complexes, where 

cyclodextrin is the host which we have also used in our various investigations in lab. 

ß-Naphthol is representative of a wide variety of guests; many compounds have the same 

bifunctional nature. ß-Naphthol is expected to bind to CD for the reason that it has a 

hydrophobic Guest-Host: cyclodextrin -2- group that fits into cyclodextrin cavity, while OH 

group participates in hydrogen bonds with the sugar OH groups. The reaction stoichiometry is 

1:1 

CD + ß-naphthol [CD...ß-naphthol]                    (195) 

 

Some water molecules originally in the cavity will be excluded in the complexation. This 

change in number of water molecules in the cavity has an imperative effect on the binding 

enthalpy and entropy. 

Theory: Beer-Lambert Law describes the absorption of light in solution. The absorbance 

is defined as A = -log I/Io, where Io is intensity of light falling on the cuvette, and I is light 

intensity leaving the cuvette. Given the path length of the cuvette, b, and the molar 

concentration of the absorbing species, c: 

A = [a b c]                         (196) 

where a is molar absorption coefficient. The molar absorption coefficient is unique to each 

substance and depends on wavelength of the light used. The complexation of ß-naphthol to 



CD causes a little red shift in the absorbance maxiumum and a large increase in molar 

absorption coefficient, Figure below depicts it.  

 

The increase in the molar absorption is presumably caused by naphthalene ring being 

complexed in hydrophobic interior of the cyclodextrin cavity. The change in absorbance with 

concentration of CD will be used to determine the equilibrium constant for binding. The 

equilibrium constant for the reaction in (Eq. 195) is: 

 

K = [CDN] / [CD][N]                                   (197) 

where N is uncomplexed [ß-naphthol] and [CDN] is [ß-naphthol-CD] complex. The solutions in 

this experimentation will be made up with a constant concentration of ß-naphthol and 

varying amounts of CD. Let initial concentration of ß-naphthol be Co and using (Eq. 196) gives 

the absorbance of the solution with no CD, Ao, as: 

 

Ao = aN b C0                                        (198) 

where  aN is molar absorption coefficient of uncomplexed [ß-naphthol] . If a large excess of 

CD 

is added, the entire of the ß-naphthol will be complexed. The absorbance with a large excess 

of CD, A∞, 

is:                                                  A∞ = aCDN b Co                     (199) 



where aCDN is molar absorption coefficent of complexed ß-naphthol . For intermediate 

concentrations of CD, ß-naphthol will thus be in uncomplexed and complexed forms. The 

absorbance of the solution will be sum of the absorbances of the uncomplexed and 

complexed forms. 

A = aN b [N] + aCDN b [CDN]                                             (200) 

Since complex is formed with 1:1 stoichiometry: 

[N] = Co - [CDN]                                                                  (201) 

or alternatively solving for [CDN] from Eq. 201 gives 

[CDN] = Co - [N]                                                                 (202) 

We now need to solve for [CDN] and [N] in terms of measured absorbances. To find [CDN], 

first substitute Eq. 201 into Eq. 200: 

A = aN b Co - aN b [CDN] + aCDN b [CDN]                                     (203) 

Next find the difference [A-Ao] by subtracting Eq. 198 from Eq. 203: 

A - Ao = - aN b [CDN] + aCDN b [CDN] = (aCDN b - aN b) [CDN]         (204) 

Finally, solving [CDN]: 

[CDN] = A - Ao / (aCDN b - aN b)                      (205) 

To find [N], first substitute Eq. 202 into Eq. 200: 

A = aN b [N] + aCDN b Co - aCDN b [N]                (206) 

and then subtract Eq. 206 from Eq. 199: 

A∞ - A = - aN b [N] + aCDN b [N] = (aCDN b - aN b) [N]                             (207) 

Finally, solving for [N]: 

[N] =A - A/ (aCDN b - aN b)                                               (208) 

Let nominal concentration for CD is Cb. The CD in solutions will be in excess so approximate: 

[CD] = Cb - [CDN]   Cb                                          (209) 



We now substitute Eqs. 205, 208, and 209 into the equilibrium constant formula, Eq. 197, to 

give: 

K = (A - Ao) / (A- A) Cb                                      (210) 

In our experiments also similarly we vary concentration of CD and measure the absorbance of 

resulting solutions, A. To suitably calculate K, we need to rearrange Eq. 210 into straight line 

form, (y=mx+b). First, cross multiply in Eq. 210 to give: 

(A- A) = (A - Ao) / K Cb                       (211) 

Now rearrange to give: 

A = A - 1 / K ((A - Ao) / Cb )            (212) 

Therefore, a plot of A verses (A - Ao) / Cb should give a straight line with slope -1/K. [456] 

 Fluorescence Spectroscopy 
 
Basic Principles: Absorption and Emission of Light 

As fluorophores plays essential role in fluorescence spectroscopy and imaging we started an 

investigation of their manifold interactions with light. A fluorophore is a constituent that 

causes a molecule to absorb energy of specific wavelength and re-remit energy at a different 

but equally specific wavelength. The amount and wavelength of emitted energy depend on 

equally fluorophore and the chemical environment of the fluorophore. Fluorophores are also 

denoted as chromophores, historically talking the part or moiety of a molecule responsible 

for its color. [457] 

 Stokes Law stated a maximum of fluorescence spectrum is red-shifted compared 

to a maximum of corresponding absorption spectrum. (Reasons: Franck-Condon rule). 

 Mirror Image Rule stated a fluorescence spectrum (plotted in energy scale) 

strongly resembles the mirror image of the absorption spectrum. (Reason: the 

vibrational energy level spacing is similar for the ground and excited states). 

 Universal Relationship (betwen Abs-Flu):  Wfl (ν) = C(T)⋅ K(ν)Abs ⋅ exp(- h ν /kT). 

 Kasha-Vavilov Rule: fluorescence spectrum shows very little dependence on 

the wavelength of excitation. (Reasons: the emission occurs exclusively from the 

lowest singlet excited electronic state). 

In addition, the denotation chromophore implies that molecule absorbs light while 

fluorophore means that molecule, likewise, emits light. The umbrella idiom used in light 



emission is luminescence, whereas fluorescence denotes allowed transitions with lifetime in 

nanosecond range from the higher to lower excited singlet states of molecules. 

Below a wavelength of 200nm energy of the single photon is sufficient to ionize molecules. 

For that reason, photochemical decomposition is most probable to occur when unsaturated 

compounds, where all bonds are produced by -electrons, are irradiated with photon 

energies >6.2 eV. Double and triple bonds as well utilize -electrons in adding up to a -bond 

for bonding. In contrast to -electrons, which are characterized by rotational symmetry of 

their wave function with respect to bond direction, -electrons are characterized by a wave 

function having a node at nucleus and rotational symmetry all along a line through the 

nucleus. -bonds are generally weaker than -bonds because their (negatively charged) 

electron density is further from the positive charge of the nucleus, which requires more 

energy. From perspective of quantum mechanics, this bond weakness is explained by 

significantly less overlap between components -orbitals because of their parallel 

orientation. These less strongly bound electrons can be so excited by photons with lower 

energy. If two double bonds are separated via a single bond, double bonds are termed 

conjugated. Conjugation of double bonds additional induces red-shift in absorption (a so-

called bathochromic shift). All fluorophores that have a high absorption in visible part of the 

spectrum possess numerous conjugated double bonds. Above 200nm only two lowest energy 

transitions, i.e., n  and, are achieved as a consequence of energy obtainable 

from photons. [458-463] 



 

Jablonski Diagram 

Explanation of the process  

PART I: The molecule might lose rest of energy also in the form of heat so that the complete 

path is non-radiative. 

PART II: Molecule releases energy in the form of light or UV radiation. This is known as 

Fluorescence. 

PART III: Some energy may be lost in tranfer from S1 to T1 in the form of heat. It is known as 

intersystem crossing (ISC). This path is non- radiative. 

Path IV: After ISC, molecule may lose energy in the form of light in going from excited triplet 

state to the ground state. This is known as phosphorescence. 

When sample molecules are exposed to light having an energy that matches a possible 

electronic transition within molecule, some of light energy will be absorbed as electron will 

be promoted to a higher energy orbital. As a simple regulation, energetically preferential 

electron promotion will be from highest occupied molecular orbital (HOMO), generally singlet 

ground state, (S0), to lowest unoccupied molecular orbital (LUMO),   resulting species is 

known singlet excited state (S1). Absorption bands in visible region of spectrum correspond to 

transitions from ground state of a molecule to an excited state i.e., 40–80 kcal mol-1 over 

aforesaid ground state. As mentioned beforehand, in saturated hydrocarbons in particular, 



lowest electronic states are more than 80 kcal mol-1 greater than ground state, and therefore 

they do not absorb light in visible region of spectrum. Such substances are thus not colored. 

Compounds that absorb in visible region of spectrum (these compounds have color) usually 

and have some weakly bound or delocalized electrons. In these systems, energy difference 

between lowest LUMO and the HOMO corresponds to energies of quanta in the visible 

region. One of the most broadly used applications of absorption spectroscopy is the 

determination of the concentration of substances in solution. Through knowledge of 

extinction coefficient, e, absolute concentrations can be easily designed using the 

Lambert–Beer relationship (c = A/d). However, it has to be pointed out here that 

extinction coefficients of common fluorophores, which are generally in range of 104–105 l 

mol-1 cm-1, do not represent inherently constant parameters. Conjugation of fluorophores to 

or interactions with supplementary molecules can change the extinction coefficient by 

influencing, for example, the planarity of the conjugated -electron system, thereby affecting 

transitions strength. Likewise, the extinction coefficient can show a discrepancy with the 

solvent. Furthermore, dimerization of fluorophores and formation of higher order aggregates 

in solution and solid state can induce dramatic color changes, i.e, changes of extinction 

coefficients. 

Following absorption, a number of vibrational levels of excited state are populated.  

Molecules in these higher vibrational levels then relax to lowest vibrational level of the 

excited state (vibrational relaxation). From lowest vibrational level, several processes can 

cause molecule to relax to its ground state. The most imperative pathway is: Fluorescence: 

which corresponds to relaxation of the molecule from the singlet excited state to singlet 

ground state with emission of light. Fluorescence has short lifetime (~10
-8 

sec) so in numerous 

molecules it can compete favorably with collisional deactivation, intersystem crossing, and 

phosphorescence. The wavelength (and thus energy) of light emitted is dependent on energy 

gap among the ground state and singlet excited state. On the whole energy balance for 

fluorescence process could be written as:  

 

Efluor =   Eabs – Evib- Esolv .  relax               (213) 

 
Fluorescence spectra can yield low detection limits, high sensitivity and high specificity. The 

high specificity is largely because of the fact that fluorophores exhibit specific excitation 



(absorption) and emission (fluorescence) (used in my research) wavelengths. These 

wavelengths can be determined by means of the collection of two spectra, an excitation 

spectrum and an emission spectrum. Although approximate excitation and emission 

wavelengths for numerous molecules are known, these wavelengths should generally be 

optimized for the specific conditions employed. 

 

In review works it was shown that when measuring tryptophan or protein emission it is 

significant to recognize that the emission spectrum of a tryptophan solution that contains a 

minor amount of tyrosine. Upon excitation at 275 nm tyrosine results in a peak near 300 nm. 

The fact that this peak is due to tyrosine is shown by spectrum obtained for 295-nm 

excitation, which shows only tryptophan emission. If emission spectrum of tryptophan alone 

was recorded at lower resolution, it can readily imagine how broadened Raman line would 

turn out to be visually similar to tyrosine emission. 

 

Steady-State Fluorescence Spectroscopy investigates the long-term average Fluorescence of a 

sample when irradiated with UV, Visible or near-IR Light.  “Steady-state fluorescence” means 

fluorescence emitting during steady state. Steady state is statistical concept, which means 

contribution of fluorophor among different energy levels keeps constant. That is to say, the 

number of fluorophors lying in excited state and the ground state nearly keeps invariable. 



Considering decay of diverse fluorophores is with same possibility, the steady-state 

fluorescence intensity keeps constant.  

‘Quenching of Fluorescence’ – Quenching refers to assorted processes which 

decrease fluorescence intensity of a given substance. A variety of processes can outcome 

in quenching, such as excited state reactions, energy transfer, complex-formation, 

collisional quenching. If the excited molecules are deactivated, fluorescence stops, the 

phenomenon is known as ‘Quenching’. 

 

 

 When activated molecules undergo a change from a singlet excited state to triplet 

excited state. This phenomenon is called ‘internal quenching’. 

 When activated molecules collide with the other molecules/quenchers which are the 

externally added species and transfer their energy to those molecules. This 

phenomenon is called ‘external quenching’.  

STERN-VOLMER EQUATION 

The Stern–Volmer relationship, named after the renowedScientists Otto Stern  & Max 

Volmer, allows us to explore kinetics of a photophysical intermolecular deactivation 

process. The trend for instance fluorescence, phosphorescence  are examples 

of intramolecular deactivation(quenching)processes. 

The Intermolecular deactivation region leads to subsistence of one more 

chemical species can accelerate decay rate of a chemical in its excited state. In general, 

this formula can be represented by the simple equation depicted below: 

https://en.wikipedia.org/wiki/Otto_Stern
https://en.wikipedia.org/wiki/Max_Volmer
https://en.wikipedia.org/wiki/Max_Volmer
https://en.wikipedia.org/wiki/Fluorescence
https://en.wikipedia.org/wiki/Phosphorescence


Substituting [1/k2+k2= ѓ, φ0 = is intensity, or rate of fluorescence], without a 

quencher, φQ  is intensity, or rate of fluorescence, by means of a quencher, k3  is quencher 

rate coefficient, ѓ  be lifetime of emissive excited state of A, without a quencher present, 

putting k3 Ѓ = ksv , i.e.,  Stern–Volmer constant also denoted as the binding constant in our 

workings, accordingly (by following previous review works), [Q] is the concentration of the 

quencher. 

φ0/φQ=1+k3 Ѓ[Q] 

Or 

                                        φ0/φQ=1+ksv[Q]                             (222) 

This is known as Stern-Volmer equation. [471-474] 

In the earlier works it was investigated that, fluorescent β-cyclodextrin vesicles (β-CD) that display 

host cavities available for host–guest interactions at the vesicle surface were prepared by 

incorporation of the hydrophobic spirobifluorene-based dye 1 into the membrane of unilamellar 

vesicles. Fluorescence quenching of dye 1 was observed in presence of different quenchers. 

Methyl viologen 2 does not quench dye 1 for the reason that it does not bind to β-CDV. 4-

Nitrophenol 3 and 4-nitrophenol covalently connected to adamantane 4 quench fluorescence of 



dye 1 in neutral solution, by diverse mechanisms according to lifetime measurements. The 

quenching efficiency of 3 is pH dependent due to presence of the phenolate form. Competition 

experiments with excess host and guest showed that 3 is likely to diffuse in and out of membrane, 

while 4 forms an inclusion complex with β-CD leading to close contact and efficient quenching. It 

was confirmed that this dynamic supramolecular system is a versatile model to investigate 

quenching and recognition processes in bilayer membranes. So, in the present thesis work I have 

related with the aforesaid procedures (it is represented in the form of flowchart). [463-470] 

 

 

 Scanning Electron Microscopy(SEM) 

Tiny electron beam scanned across the surface of specimen, backscattered or secondary 

electrons detected, signal output to synchronized display.  
            The Scanning electron microscopy is used for inspecting topographies of specimens 

at steep magnifications using a piece of equipment known as the scanning electron 

microscope. SEM magnifications can set out to above 300,000 X but most semiconductor 

manufacturing applications require magnifications of less than 3,000 X accordingly. SEM 

assessment is habitually used in analysis of package cracks and fracture surfaces, bond 

failures, and physical defects on package surface. At some stage in SEM inspection, a beam of 

electrons is focused on a spot volume of specimen, resulting in transfer of energy to the spot. 

These bombarding electrons, also referred to as primary electrons, dislodge electrons from 

specimen itself. Dislodged electrons, also identified as secondary electrons, are attracted and 

collected by a positively biased grid or detector, then translated into a signal. To generate 

SEM image, electron beam is swept across the area being inspected, producing many such 



signals. These signals are amplified, analyzed, translated into images of topography being 

inspected. Finally, the image is shown on a monitor of the computer that is connected with 

the instrument. [475-479] 

The First scanning electron microscope (SEM) debuted in 1938 (Von Ardenne) with first 

commercial instruments around 1965. Its late development was due to electronics involved in 

“scanning” the beam of electrons across the studied sample. 

  Electron Microscopes are scientific instruments that apply a beam of energetic 

electrons to examine objects on an exceedingly fine scale. 

 The Electron Microscopes were developed owing to limitations of ‘Light Microscopes’ 

which are limited by physics of light. 

 Early on 1930’s this speculative limit had been reached and there was a scientific 

desire to notice fine details of the interior structures of organic cells (nucleus, 

mitochondria…etc.) 

 This required 10,000x plus magnification which was not possible by means of current 

optical microscopes. 

 Distinctive information deals by Topography: the surface features of an object or 

“how it looks”, its texture; direct relation among these features and material properties. 

Morphology: The shape & size of particles production up object; direct relation amid 

composition and material properties. Composition: The elements & compounds that 

object are composed of and relative amounts of them; direct relationship connecting 

composition and material properties. Crystallographic Information: How atoms are 

arranged in object; direct relation connecting these measures and material properties. SEM 

has extra advantages above optical microscopy as has a large depth of field, which allows a 

great quantity of sample to be in focus at one time and produces an image that is a superior 

representation of three-dimensional sample. The grouping of exceedingly developed 

magnification, greater resolution, compositional and crystallographic information makes SEM 

one of the majorities heavily used instruments in academic/ national lab research areas and 

industry. [480] 



 

Our present investigations are also investigated in the similar ways in the thesis. 

 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is powerful tool for imaging supramolecules 

(cyclodextrins as used in our works) on a nanometer scale. TEM equipment shows, specimen 

is illuminated using electron beams in high-vacuum conditions, and transmitted beam makes 

the image magnified from about fifty to over one million times. Principle, contrast of TEM 

image arises for basis of differences in electron density of elements constituting specimen. 

Three types of specimen preparation techniques follows as — negative staining, freeze-

fracture, and cryogenic TEM — are commonly engaged for imaging supramolecules. TEM 

tomography screening shows three-dimensional structure and electron diffraction providing 

information on periodic ordered configuration of the specimen are described. In addition, 

two spectroscopic dimensions performed by means of TEM apparatus, electron energy-loss 

spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDS), are effective for 



structural analysis of specimen. Principles and protocols for these techniques are portrayed; 

potential of TEM for micro-/nano-imaging in supramolecular chemistry is discussed with 

reference to TEM imaging examples that have been reported currently. [481-486] 

 

 

Advantages Real (Image) and reciprocal space (diffraction pattern) information can be 

obtained from similar region of sample. Chemical information by means of EDX and EELS 

possible (with additional attachments). Energy filtered images possible by the use of EELS 

filter. High resolution imaging possible (via HRLFI & HAADF in STEM). Possible to acquire 

amplitude and phase contrast images. Many diverse kinds of phase contrast images can be 

obtained. 

Lower resolution/large area techniques ought to be first performed to get a ‘broad picture’ 

about the sample. This includes XRD and SEM methods. We can even initiate with optical 

microscopy. Phase related information should be obtained via XRD. Chemical information via 

EDX in SEM should be obtained (any chemical in homogeneity should be noted). On ‘usual’ 

samples conventional TEM should be performed before trying out HRTEM. In our sample 

investigations HRTEM was performed. The wavelength of the electrons 

 In 10 kV SEM is 12.3 x 10−12 m (12.3 pm). 

 In a 200 kV TEM wavelength is 2.5 pm. 

 Wavelength of X-rays usually used in XRD is in order of 100 pm (Cu kα: λ=154 pm).  

 X-ray Diffraction (XRD) 



Technique used for decisive atomic and molecular configuration of a crystal, in which 

crystalline atoms cause a beam of incident X-rays to diffract into numerous specific 

directions. [480] 

 The spacing of atoms in crystal lattices is of same order as wavelength of X-radiation 

(0.1 to 100 Angström). Von Laue discovered (1912) that a crystal could be used as 

diffraction grating for X-rays.  

 William Lawrence Bragg discovered (1912) relating the spacing between 

atoms in a crystal to the angle at which X-rays are scattered when they strike the crystal.  

nλ = 2d Sin θ                                            (223) 

 

 

Generation of X-rays  When an atom is bombarded with sufficiently high energy electrons, 

electrons of an atom are knocked out from their shell (excited state, unstable).  This leads to 

transition of electrons to fill up vacancy (ground state, stable). Each electron transition 

generates X-rays of a specific energy (with wave length in range from 0.1Å to 100Å) 

equivalent to that shell.  

Various inorganic, organic, and biological molecules—X-ray crystallography has been 

fundamental in development of scores of scientific fields. The technique also discovered the 

structure and function of many biological molecules, including vitamins, 

drugs, proteins and nucleic acids such as DNA.  

https://en.wikipedia.org/wiki/Crystal
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Applications of X-ray diffraction:  X-ray diffraction has a wide and assorted applications on the 

chemical, biochemical, physical, material and mineralogical sciences. Laue`s said that has 

extended power of on serving minute structure ten thousand times beyond that of the optical 

microscope. X-ray diffraction produced a microscope with atomic resolution which shows 

atoms and their electron distribution. X-ray diffraction, electron diffraction, and neutron 

diffraction give information about structure of matter, crystalline and non-crystalline, at 

atomic and molecular level. In addition, they are attached to properties of all materials, 

inorganic, organic or biological. Due to the diffraction significance and variety of application 

of diffraction by crystals, a large number of Nobel Prizes were presented to studies involving 

X-ray. [487, 488] 

In the past three decades, powdered X-ray diffraction (PXRD) analysis was 

broadly used in the characterization of cyclodextrins (CDs) and their inclusion complexes. It 

was studied in the previous works that the curcumin–β-CD complex from co-precipitation was 

evaluated by means of X-ray diffraction. The diffractograms of curcumin and β-CD exhibited a 

series of thin and intense lines, which are indicative of crystallinity in the inclusion complex. 

Thus, the X-ray diffraction corroborated results that were obtained from FT-IR, FT-Raman and 

photoacoustic spectroscopy techniques for the curcumin–beta-CD complex that was 

prepared by co-precipitation.  

Similar to the aforesaid work I have also worked on the PXRD (powdered X-ray diffraction) 

analysis to determine the crystalline nature of the assorted imperative complexes during the 

course of my investigation. [480] 



 

 Quantum chemical methodology 

Over the past three decades, ‘ab initio’ and ‘DFT’ in quantum chemistry has become an 

essential tool in the study of atoms and molecules and, increasingly, in modeling complex 

systems such as those arising in biology and materials science. ‘ab initio’ and ‘DFT’ quantum 

chemistry has emerged as a viable and powerful approach to address the issues and 

problems related to the chemical systems. Quantum chemical calculations offer the real 

promise of being able to complement experiment as a means to uncover and explore new 

chemistry. It is used for predicting the properties of new materials even those which are not 

synthesized in the laboratory, using computer simulation technique. Various types of 

interactions related with solute-solute, solvent-solvent, solute-solvent (ion- solvent) 

interactions especially those related with hydrogen bonding explaining the bond lengths, 

bond angles was obtained by these techniques. 



 

 

The work reported in the thesis deals with investigation of structural, and vibrational data 

analysis of some small biologically and pharmaceutically imperative molecular systems, in 

solution, using Quantum Chemical methods. Density Functional Theory (DFT) has been used 

to optimize most stable conformer and to explore ground state properties of the molecules 

under investigation. In order to achieve comprehensive portrayal of molecular dynamics, 

vibrational wave-number calculations have also been carried out at DFT level. The vibrational 

analysis also gives detailed information about intramolecular vibrations in characteristic 

region. The molecular properties such as equilibrium ground state energy, dipole moment, 

polarizability have been used to understand activity of molecules. [489-491] 

 

         ‘ab initio’ methods use first principles of quantum mechanics to investigate electronic 

structure directly without using quantities derived from experiment. Quantum chemical 

models stem from Schrödinger equation first brought to light in the late 1920’s. Molecules 

are considered as collections of nuclei and electrons, without reference of any sort to 

chemical bonds. Solution to the Schrödinger equation is in terms of the motions of electrons, 

Prime Quantum 
chemical methods

Density based 
methods

DFT(density based)

Wave function based 
method

HF (simple ab-initio )



is directly related to molecular structure and energy among other observables, as well as 

contains information about bonding. As a matter of fact, Schrödinger equation cannot be 

solved in actuality, for any but a one-electron system (i.e. for hydrogen atom), and 

approximations are necessary to deal with many electron systems. Quantum chemical models 

differ from each other in form and nature of these approximations, and span a wide range, 

both in terms of their ability, uniformity and computational cost. There are two different 

approaches to obtain the solution of the electronic Schrodinger equation – Wave function 

based approach and Density based theory. Density functional theory is conceptually and 

computationally very comparable to Hartree-Fock theory but provides much better 

results and has consequently became a very popular method. Use of Born-

Oppenheimer (BO) approximation makes Schrodinger equation much 

simpler to solve as the motions of electrons and nuclei can be separated due to their 

different masses. Thus, quantum mechanical methods (ab initio, DFT and semi-empirical) are 

based on solving the time-independent Schrodinger equation for electrons of a molecular 

system as a function of the positions of the nuclei. In classical atomistic models, atoms are 

regarded as basic units, and the classical potential energy functions (force fields (FFs)) 

represent interactions between atoms. High-level ‘ab initio’ and ‘DFT’ calculations are 

computationally demanding. In 1998, Nobel Prize in Chemistry awarded to W. 

Kohn and J. Pople, lead to the dramatic development of computational quantum 

chemistry. Density functional theory (DFT), formulated in 1964 by W. Kohn and P. 

Hohenberg, has long been basis of electronic structure calculations of atoms from density of 

electron cloud surrounding them . Density functional theory (DFT) is primarily theory of 

electronic ground state structure. At present, there are two principal classes of functionals 

that have been expansively deployed and tested in large-scale applications as well as small 

molecule benchmarks: gradient-corrected (BLYP), and hybrid (B3LYP) functional. The work 

presented in the thesis for calculations of molecular properties of small imperative molecules 

is based on the density functional theory. In any quantum chemical calculation, the first step 

requires optimization of molecular geometry so is done in the various works. 

Using the optimized structure (minimum energy) molecular properties like polarizability, 

electron affinity, dipole moment and so forth vibrational modes can also be designed by 

computing the second derivative of the energy with respect to the pairs of atomic Cartesian 



coordinates. Simulation of infrared, which also require computation of dipole and 

polarizability derivatives, determination of force constants provides a useful confirmation on 

the geometry optimization. Since an optimized geometry corresponds to zero forces within 

the molecule, all leading force constants must be positive and therefore should not outcome 

in any imaginary vibrational wavenumber. Vibrational spectroscopy is the communal term 

used to describe analytical techniques- infrared spectroscopy that provide information about 

intra and inter molecular forces, molecular structure determination, atomic and molecular 

energy levels, molecular composition, molecular geometries, interaction of molecules, 

identification and characterization of new molecules etc. Experimental techniques for 

instance IR, have already their efficacy in this framework. Infrared spectroscopy is a 

dependable and conventional method for characterization and identification of materials for 

over long time. It deals with analysis of interaction of infrared light with a molecule. It is also 

regarded as an imperative technique for studying conformation plus bonding characteristics 

related with the aforesaid quantum methodologies. Molecular structure, vibrational have 

been calculated using density functional theory and to compare the novelty before and after 

the interactions in my thesis. Theoretically calculated values of mean polarizability of both 

forms are compared for dipole moment, FTIR to calculate the stabilization energies. [492, 493] 

 Cell viability and Cytotoxic activity 

Cell viability and cytotoxicity assays are used for imperative compounds (biologically active) 

screening and cytotoxicity tests of chemicals. Accurate determination of bacterial 

susceptibility to antibiotics is necessary to the successful management of bacterial infections 

and to the comparative analysis of antimicrobial agents. This can be done by a number of 

techniques, which include disc diffusion method, broth dilution assay. The effectiveness of 

antibiotics can be assessed by their ability to suppress bacterial growth, described by 

minimum inhibitory concentration (MIC), or by their ability to kill bacteria, characterized by 

the minimal lethal concentration (MLC). MIC is usually derived by means of tests in solid 

media, whereas both MIC and MLC can be determined in the broth dilution assays. A number 

of reports have been dedicated to comparing effectiveness of these methods. Agar diffusion 

assay is an important technique for assessing microbial susceptibility to antibiotics, which has 

net application worldwide over past 50 years. It has a number of variations, which include cup 

method, paper disc method, standardized single disc method etc.  



 

Determination of MIC by these approaches, as well as using micro dilution technique, has 

been revealed to produce comparable results. A number of factors affect accuracy and 

reproducibility of the agar diffusion method, including thickness and uniformity of gel, the 

choice of cut-off size for the inhibition zones and breakpoints, temperature etc. When these 

factors are controlled or taken into consideration, analysis of data from agar diffusion assays 

relies on theoretical models, which incorporate a number of imperative additional 

assumptions. It is important to understand these assumptions, which justify use of these 

theoretical models and, at the same time, introduce some limitations in the validity of each 

model. Theoretical analysis of antibiotic diffusion data by disc method is built on assumption 

that antibiotics diffuse freely and diffusion-limiting factor is hydrodynamic viscous drag. The 

most commonly used model is based on linear diffusion in a semi-infinite space and is 

exemplified by the propagation of antibiotics in an agar-filled capillary. Linear diffusion is 

described and MIC is determined. The use of this approach allows the accurate determination 

of susceptibility to penicillin’s and other antibiotics studied in the review works. In our 

investigation we have used spread plate method. [494-496] 

 

 

II. (4) Imperative Compounds 

 Vitamins  

Vitamins are imperative organic compounds that are needed in small quantities to sustain 

life. The majority Vitamins required are obtained from food because the human body either 



does not produce enough of them, or it does not produce any at all. Different vitamins have 

different roles, and they are considered necessary in different quantities. There are 13 

acknowledged vitamins. They are listed as Vitamin A, B Vitamins {Thiamine, Riboflavin, Niacin, 

Pantothenicacid, Biotin, Vitamin B-6, Vitamin B-12 and Folate}, Vitamin C, Vitamin D,   Vitamin 

E and Vitamin K. 

 

 Vitamins are either water-soluble or else fat-soluble. 

[Fat-soluble vitamins are easier for body to be accumulated than water-soluble. Fat-soluble 

vitamins are stored in the fatty tissues of body and liver. Vitamins A, D, E, and K are fat-

soluble. These are easier to store up than water-soluble vitamins, and they can stay in the 

body as reserves for days, and occasionally months. Fat-soluble vitamins are absorbed 

through intestinal tract with the help of fats, or lipids.] [Water-soluble Vitamins do not stay in 

the body for extended period. The body cannot store them, and they are almost immediately 

excreted in urine. Because of this, water-soluble vitamins need to be replaced more regularly 

than fat-soluble ones.]  

Vitamin C and all the B vitamins are water soluble. (Most of the thesis 

related works are obtained by these supplements in the form of controlled delivery in our 

body). 
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 Vitamins always contain carbon, so they are described as "organic" components. 

 Food is the best source of vitamins, but several people may be advised by a physician to 

use supplements. 

 

 

People need to get mainly of their Vitamin D (needed for proper absorption of calcium; stored 

in bones) from exposure to sunlight, because it is not obtainable in large adequate quantities 

in food. However, human body can synthesize it whilst exposed to sunlight. The non-skeletal 

disorders, weight increase, including heart disease, mood disorders, multiple sclerosis, and 

metabolic disorders, the whole of which have been linked to lower Vitamin D. None of the 

supplemental Vitamin D showed satisfactory results against these conditions.  

https://www.medicalnewstoday.com/articles/161618.php
https://www.webmd.com/hw-popup/calcium


 

Vitamin B‐3 (Niacinamide & Niacin)  

There exist two types of Vitamin B-3  

 Niacinamide (Nicotinamide), which doesn’t control cholesterol. Nicotinamide is 

more or less always safe to take, although a few cases of liver damage have been reported in 

doses of over 1000 mg/day. [Research work is based on it]. 

 Niacin (Nicotinic Acid) which is highly toxic in large doses. (Doses of only 50‐100 mg 

nicotinic acid can cause dilation of blood vessels and potentially painful tingling (“niacin 

flush”), diarrhea, nausea, vomiting, long term liver damage). 

B‐3 Deficiency causes Pellegra disease (rare in Western societies), gastrointestinal 

disturbance, loss of appetite, headache, insomnia, mental depression, fatigue, aches, and 

pains, nervousness, irritability . 

Most people get plenty of B‐3 from their diet because it is added to white flour. 

Nicotinamide is subsequently generated by conversion of nicotinic acid in liver or through the 

hydrolysis of NAD+. Once nicotinamide is obtained in the body, it functions as precursor for 

coenzyme ß-nicotinamide adenine dinucleotide (NAD+) also is crucial for the synthesis of 

nicotinamide adenine dinucleotide phosphate (NADP+).  



 

B‐6 Pyridoxine  

Important in: Production of Red blood cells (RBC), conversion of Tryptophan to Niacin (B‐3) 

immunity, nervous functions, reducing muscle spasms, cramps, numbness maintaining proper 

balance of sodium and phosphorous in the body.  

       High doses of Vitamin B‐6 may be recommended to treat PMS (Premenstrual Syndrome), 

carpal tunnel syndrome, and sleep disorders, but continued use of high doses may result in 

permanent nerve damage.  

 

Deficiency causes diseases like nervousness, insomnia, loss of muscle control, muscle 

weakness, arm and leg cramps, water retention, skin lesions. 

Discovery of Vitamin B6: The formula of vitamin B6 (referred to as vitB6) was former 

published by Ohdake in 1932. He worked on isolation from rice-polishings of what he called 

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwi24rGGuZrYAhUIro8KHVK7DtcQFggoMAA&url=https%3A%2F%2Fwww.webmd.com%2Fwomen%2Fpms%2Fpremenstrual-syndrome-pms-symptoms&usg=AOvVaw2nh7crCCNQt36ek_tQd7wj


“Oryzanin” (Vitamin B1) and found vitB6 as a by-product. Paul György, a Hungarian scientist, 

first described vitB6 as active “rat pellagra prevention factor” in yeast eluate. Pyridoxine (PN) 

carries a hydroxyl, pyridoxal (PL) an aldehyde, pyridoxamine (PM) an amino group. 

In current years vitamin B6 has become a focus of research describing compound’s critical 

function in cellular metabolism and stress response. For many years sole function of vitamin 

B6 was considered to be an enzymatic cofactor. However, recently it became clear that it is 

also a potent antioxidant that effectively quenches reactive oxygen species and is of high 

significance for cellular well-being.  

Vitamin C  

 

“Vitamin-C” as well termed as Ascorbic acid [extremely toxic to viruses, bacteria and several 

malignant tumor cells]. It acts as antioxidant, water‐soluble in nature. It functions in body by 

providing protection in body against free radicals, helps to form connective tissue which 

support bones, muscles, tissues together [collagen], aid in healing of wounds, assist body in 

absorbing iron from plant sources, help  to keep gums healthy, helps body to scrap infections, 

aids in prevention of heart illness, helps to prevent various forms of cancer.  

Since ‘Vitamin-C’ is soluble in water excess amounts that human body doesn’t require, will be 

excreted, but larger doses grounds various problems. Sources arises from Guava, Broccoli, 

Cantaloupe, Red Bell Pepper, Orange Juice, Strawberries, Tomato Juice, Raw Tomato, 

Tangerine, sweet Potato, spinach, Leafy Greens, Berries, Citrus fruits etc., 

Deficiency of C causes: weight failure, tiredness, scurvy, joint Pains, (staining effortlessly, 

bleeding gums, and bones tendency for to fracture), condensed resistance to cold and 

infections, sluggish healing of wounds along by fractured bones. [496-506] 



 

In earlier works ‘Host–guest complexes’of ‘β-Cyclodextrin’ with Vitamins: ‘(vitamin-B)’ 

verses ‘(vitamin-C)’ in aqueous media, investigated via consistent Physico-chemical, 

Spectrophotometric, calorimetric procedures as preservative, transporter over and above 

regulatory releaser of the considered guest moieties [514]. 

Vitamins  water misible approach of action coupled with the ‘Lock Key 

mechanism’–it performs similar like coenzymes otherwise parts of coenzymes which are 

enforced in favor of the proper bustle of enzymes. Accordingly they work as ‘Bio-

Catalysts’.  

 

Step 1: Without coenzyme, compounds [A] and [B] don’t respond to the enzyme. 

 
 

 



Step 2: With the coenzyme in position, compounds [A] and [B] are attracted to the active site 

on the enzyme, and they react. 

 

Step 3: The reaction is completed with the formation of a new product. In this case, the 
product is [AB]. 

 

Step 4: The product [AB] is released in the controlled fashion in the body. 

 

Lock and Key mechanism proposed in 1890 by the eminent scientist Emil Fischer to 

explain binding between the active site of an enzyme and a substrate molecule. The active 

site was thought to have a permanent structure (the lock), which exactly matched structure 

of a specific substrate (the key). Further he overviewed the whole area in the terms of 

molecular recognition and illustrated it as follows in the form of flowchart below.  



Emil Fischer’s coined for lock-and-key picture for the reaction between enzymes and 

substrates became a leading concept for the understanding of intermolecular interactions 

with proteins, and later for the rational design of drugs. With the beginning of supramolecular 

chemistry the idea gained an enormous momentum, as chemists began to synthetize a large 

variety of host compounds for basically all possible target guest molecules occurring in nature 

or in the environment. Although few concepts have played a comparatively imperative role in 

chemistry, the lock-and-key principle has limitations and extensions, which often are 

overlooked. 

 

By leading us through the diverse processes which result in the molecular recognition, the 

scientist painted a portrait of how essential this whole area is in physical, chemical and 

biological sciences. Beginning with the simple example of pyrophosphate hydrolysis by 

Cyclodextrins and building up to how cell walls in mammalian tissue recognize sugar residues, 

Friedrich Cramer succeeded in completing an overviewed picture which was initiated 

by Emil Fischer. [507, 508] 

 Dependence on Binding Mechanism / Medium, pH and Stereoelectronic Effects 

In solutions, occurrence of a geometrically close-fitting cavity in a receptor is not adequate 

for the binding of a substrate: the price for desolvation of host and guest prior to complex 

formation have to be paid by compensating non-covalent forces among host and guest, 



although complete desolvation might not be necessary, and desolvation alone can also 

contribute to a gain in free energy of the system. Solvent effects can be more decisive for 

complexation strength than the dimension matching. Studied in the former review works, 

complexation with crown ethers 18C6 and 18C5 shows that not only the absolute binding 

energies depend on the medium, essentially as linear function of the cation desolvation free 

energies of the guest metal ions as shown with a assortment of solvents, the differences 

between 18C6 and 18C5, which binds weaker owing to one hydrogen atom protruding into 

the cavity, are much smaller in water than in other solvents. 

 

The Cyclodextrin complexes are prone to vary in both the solid and solution state, as the 

hydrophobic effect as significant driving force is misplaced in crystals and the interior of 

cyclodextrins offers just C–H bonds for non-covalent interaction, in disparity to the outside 

and rim. The hydrophilic compounds believed to generally bind with cyclodextrins 

preferentially outside the cavity; prior publications suggested similar possibilities. The lock-

and-key principle is still a valuable starting point for understanding and designing of natural 

and non-natural supramolecular complexes. Structures and configuration of supramolecular 

complexes within solutions can be evaluated by spectrographic techniques, preferably by 

NMR spectroscopy. However there are up till now not enough conclusive spectroscopic 

studies for interrelated cyclodextrin complexes in the solid and solution state. [509-513] 

Accordingly the thesis related studies are based on Physicochemical 

and the spectrometric determination of solid inclusion complexes with 

,  cyclodextrins and various imperative molecules (Vitamins, 

aminoacids, ionic liquids) in the aqueous solutions maintaining the pH 

(at diverse temperatures) in conjunction with their controlled release. 

 



 Amino Acids  

Peptide plays a crucial role in almost the intact biological processes plus Amino 

Acids are the construction blocks of it. A large percentage of our cells, muscles and tissue are 

made up of Amino Acids, indicate that they carry out a lot of imperative bodily functions, for 

example giving cells their structure.  Amino Acids link together to create long chains. Those 

long chains of Amino Acids are moreover called proteins (peptides). Human body diet consists 

of 22 standard Amino acids either is used to synthesize proteins and further biomolecules or 

is oxidized to urea and carbon dioxide as a source of energy. Essential Amino Acids are listed 

as: Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, 

Threonine, Tryptophan, and Valine. Nonessential Amino Acids are: Alanine, 

Asparagine, Aspartic Acid, Glutamic Acid, Glycine, Arginine*, 

Cysteine*, Glutamine*, Ornithine*, Proline*, Selenocysteine*, Serine*, 

Taurine*, Tyrosine* (* indicates essential only in certain cases). Essential Amino 

Acids ought to be obtained from food. Protein in food is broken down into Amino Acids, 

which are used via body for various purposes, as well as building the category of protein 

needed to build and maintain muscle tissue.  

 

In previous works, the assignment of charges in inclusion complex formation of cyclodextrin 

has been investigated in terms of electrostatic interactions, hydrogen bonding and steric 

effects connecting the host and guest molecules. Preferred guest molecules for investigation 
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L- and D enantiomers of amino acids. The latter is particularly fascinating from point of view 

of the applications in biological systems. In case of amino acids the stability of associates can 

be the result of a mixture of effects: the hydrophobic part can enter the cavity, whilst the 

hydrated amino acid moiety remains outside of the ring and can take part in electrostatic and 

hydrogen bonding interactions, depending on diverse ionization states according to the pH of 

solution. Conversely, enantiomers of these compounds permit of the investigation of chiral 

recognition. Aim was to investigate the construction of some amino acid & –cyclodextrin 

complex, which has higher stability constant. 

Investigation of complexes of alpha-amino acids by assorted techniques like Potentiometric 

scheme and 1H and 13C NMR spectroscopy completed that amino acids can be classified into 

three types. The utmost stability constants have been obtained for 

phenylalanine, tyrosine and tryptophan, in accordance with 

expectations: the presence of aromatic side group is especially 

favourable for complex formation. Complexes of leucine have also a 

significant stability in the middle range. The lowest stabilities are set 

up for the nominal or most hydrophilic compounds as threonine, and 

aspartic acid, glutamic acid and histidine. The complexes are characterized 

through stability constants. A significant raise of the stability constants as compared to the 

native cyclodextrin has been found only in the case of the anionic forms of tyrosine, L-aspartic 

acid and L-glutamic acid with quaternary ammonium cyclodextrin. This can be understood 

considering that in these cases hydrogen bonding is possible with both rims of the 

cyclodextrin, in totaling to the improved electrostatic attraction. This effect can over 

compensate steric hindrance of the substituents, resulting in deeper penetration of guest 

moiety. The results verify deeper insertion of phenolate ring of tyrosine in the cyclodextrin 

cavity and the stronger interaction between the functional groups of the amino acid anion 

and the primary alcoholic group(s) of the cyclodextrin [515].  A probable structure of the 

complex of L-tyrosine with quatenary ammonium -cyclodextrin is drawn in the review 

investigation as  



 

α and β-Cyclodextrin outline inclusion complex with L-Leucine and L-Isoleucine in aqueous 

media have been investigated which comprise diverse applications in modern science such as 

controlled delivery in the field of pharmaceuticals, food processing etc. L-Leucine interacts 

further with the hydrophobic cavity of cyclodextrin than its isomer. With the assist of stability 

constant by NMR titration, hydrophobic effect, H-bonds and structural effects the formations 

of inclusion complexes have been explained and studied previously. Various review works are 

depicted in the outline of graphical representation. [516, 517] 

 

 
Cyclodextrin formed complexes of higher stability than the other hosts explained by Horský 

et.al. The stability of complexes of oligopeptides containing L-phenylalanine was invariably 

superior to that of L-phenylalanine itself. A model for interaction of proteins with 

cyclodextrins is proposed, in which the most stable complexes are formed when the native 

functional form of proteins is unfolded and nonpolar residues that are buried inside the 

structure are exposed to water. [518] 



Taking in consideration of the review workings, the present 

dissertation consists of studies related to essential and non- essential 

AminoAcids in aqueous solutions screening various types of assorted 

interactions in both supramolecular chemistry and solution 

thermodynamics, to spread its novelty mainly in the field of 

pharmaceutical applications. 

 

 

Tryptophan & Tyrosine  

Components of superlative significance of cell membranes are a variety of proteins. The 

transmembrane proteins localize aromatic amino acids (especially tyrosine, tryptophan) at the 

membrane/water interface where they outline functionally noteworthy H-bonds with interfacial 

water. The present hypothesis works deals with them. [519-526] 

 

Tryptophan is a precursor to the neurotransmitter serotonin, hormone 

like melatonin, and is essential in body which have to be taken from 

outside. Thus its molecular interactions with vitamin C and delivery 



in the human body are shown in one of the thesis related works. The 

aforementioned interactions of tryptophan have been compared with 

tyrosine, which is a non-essential aminoacid and is not mandatory to 

be taken externally with regard to solute-solvent interactions. Details of 

the work are specified in chapter IV of the thesis. 

Tertiary-Leucine 

 

As a nonproteinogenic amino acid, Tertiary-leucine (Tle) is an imperative and attractive 

building block. Owing to its bulky, inflexible and hydrophobic tert-butyl side chain, 

enantiopure (Tle) has been comprehensively used in the synthesis of an array of 

pharmaceutically active compounds and chiral auxiliaries. Thus, development of schemes to 

synthesize enantiopure (Tle) is of immense interest. Enantiopure Tle was initially synthesized 

by resolution of racemic N-formyl Tle with brucine in 1934. Subsequently, a large number of 

chemical resolutions of racemic Tle or its derivatives with a array of resolving agents were 

investigated. However, biocatalytic methods usually offer bigger benefits than chemical 

procedures. However, penicillin G acylase (PGA) mediated kinetic resolution of N-phenacetyl-

DL-Tle (N-Phac-DL-Tle) showed significant advantages over other resolution measures owing 

to its excellent enantioselectivity and cheap biocatalyst. [527-536] So, for its vital role as 

studied from various previous datas it is being used as a guest 

molecule in one of the investigation by forming inclusion complex 

with it, by penetrating the hydrophobic part of it in the cavity of the 

host i.e., the cyclodextrin that is being used. Details of the investigation are 

shown in chapter VI of the thesis. 

 



 Ionic Liquids  

Ionic liquids (ILs) are a class of chemicals composed exclusively of ions having melting points 

below T = 373 K. Due to their unique physicochemical properties, ILs are swiftly gaining 

interest as greener replacements for traditional volatile organic solvents (VOCs).  

 

Other benefits are their large liquid temperature ranges driven by low melting temperatures 

and high decomposition temperatures, favourable solvation behaviour, high stability in air, 

high ionic conductivity, modification of selectivity in chemical reactions, which unwrap new 

possibilities in assorted industrial fields as catalysis, separation techniques, and 

electrochemical devices applications. However, some industrial development requires reliable 

reference data on thermodynamic properties of pure ILs and their mixtures with extra 

solvents. In spite of extensive applications minute information on their thermodynamic 

properties are published. [537-598]nearly all ILs are based on heterocyclic compounds, 

particularly the alkylimidazolium, alkyl pyrrolidinium, or alkylpyridinium cations. They can be 

broadly classified into two groups, protic and aprotic ILs. Protic Ionic Liquids (PILs) are 

synthesized by proton transfer from a Brønsted acid to a Brønsted base, which creates proton 

donor and acceptor sites and can escort to the formation of hydrogen bonds. Some examples 

of the ILs are shown as follows: 

 



 

 

The research concerning PILs has in general focused on surfactant self-assembly, and their 

physical properties. Attributable to their excellent catalytic effects and other advantages such 

as easy preparation, cheap cost, and low toxicity, theirs physicochemical properties have also 

attracted researcher’s attention. Graph below depicts the interactions studied in earlier 

works. [537] 



 

 

For example, newly, Nakamoto et al. have reported that PILs are processing candidates 

as electrolyte for electrochemical storage and conversion devices.  Recently revealed that the 

labile proton on PILs structure participates to the pseudo capacitance on the fast redox 

reactions at the electrode/electrolyte interface in the case of activated carbon-based super 

capacitors. However, despite the extraordinary properties of these promising electrolytes, 

very little study concerning the physical properties of pure PILs as well as their mixtures with 

classical solvents for batteries or super capacitors has been reported in the literature. 

Previously, a series of thermodynamic properties (such as specific heat capacities, volumetric 

and, rheological properties) for different PILs in mixtures with molecular solvents, such as 

acetonitrile, water, and alcohols was studied. Nevertheless, classical batteries electrolytes are 

in general composed of salt (e.g. lithium salt or an IL) dissolved in an alkylcarbonate solvents 

mixture. (N-alkyl-N-methylpyrrolidinium bromides + water) binary mixtures were investigated 



previously and studied in terms of density, viscosity, (vapour–liquid) and (solid–liquid) phase 

equilibrium measurements. The gathered data allowed for estimation of pyrrolidinium 

bromide salts with water as a working pair for absorption refrigeration processes. Moreover 

this information provided scientific insight about the mutual affinity between IL and water. 

[538] 

Interaction among ionic liquids and cyclodextrins 

The innovative properties of ILs on the addition of CDs originate from the interaction 

between ILs and CDs, mostly the inclusion complexation between them. Thus, the revise on 

this topic is imperative. Diverse methods have been applied to investigate the interaction 

between ILs and CDs, such as the solubility (Gao et al., 2005), infrared spectroscopy (Li et 

al., 2007), Ultra-violet spectroscopy, XRD (Gao et al., 2006; Gao et al., 2005; Li et al., 

2007), conductivity (Amajjahe & Ritter, 2008; He et al., 2009), TGA (Gao et al., 

2006; Gao et al., 2005; Li et al., 2007c), affinity CE (ACE) (Francois et al., 2007), 

NMR (Amajjahe & Ritter, 2008; Gao et al., 2006; He et al., 2009; Li et al., 

2007), fluorescence competition (He & Shen, 2008; He et al., 2009), microcalorimetry 

(Amajjahe et al., 2008; Amajjahe & Ritter, 2008b; Li et al.), surface tension 

measurements (Gao et al., 2006c) so on. By these techniques, formation constants of ICs, 

the stoichiometry for ILs and CDs can be obtained. Gao et al. (Gao et al., 2005a) 

investigated the system of [C4mim][PF6] and β-CD by means of NMR and suggested that 

whole imidazolium cation (C4mim+) was probably included into the cavity of β-CD, while the 

PF6− ion dissociated near the β-CD. They also calculated ICs formation of β-CD with three 

kinds of IL surfactants, [C12mim][PF6], [C14mim][PF6], and [C16mim][PF6] (Gao et al., 

2006c). There were two kinds of inclusion complexations, i.e., 1:1 and 1:2 (β-CD/IL) 

stoichiometries for β-CD-[C12mim][PF6], β-CD-[C14mim][PF6] ICs, and only 1:1 stoichiometry 

for β-CD-[C16mim][PF6] ICs due to the strong steric inhibition of [C16mim][PF6]. Unlike the 

possible structure suggested for [C4mim][PF6]/β-CD inclusion complex, only the alkyl side 

chain on imidazolium ring of these three ILs entered into the cavity of β-CD. The similar result 

was obtained by Li et al., 2007, which indicated only alkyl side chain of [C12mim][PF6] was 

included into the cavity of β-CD.  Also, size of the CD cavity noticeably impacts the stability of 

1:1 complexes, with stronger complexes being given by β-CD. Typically, the interaction of CDs 



and ILs are studied in aqueous solution. Recently, it was investigated that dissolution of β-CD 

could be enhanced in some hydrophilic ILs and 1:1 inclusion complexes were formed 

between β-CD and imidazolium cations of the ILs, Zheng et al. Differently, numerous 

inclusion complexes of β-CD with anion of ILs were also reported. [545-598] 

Supramolecular assemblies based on ionic liquids 

Generally, amphiphilic molecules self-assemble to outline micelle, microemulsion, lyotropic 

liquid crystal and vesicle. Moreover, long-chain ILs can operate as ionic surfactants and form 

analogous self-assembly in water or oil. Qiu et al. summarized studies of IL based 

microemulsions from the perspective of the role of ILs (Qiu & Texter, 2008). ILs 

participated in the formation of microemulsions, in which ILs replaced oil, water or 

surfactants. Hao et al. reviewed self-assembled structures (such as micelles, 

microemulsions, liquid crystals and vesicle) in ILs, which acted as solvent (Hao & Zemb, 

2007). Summarizing the IL based organized assemblies, in which IL participated in the 

formation of micelles, microemulsions, vesicles and liquid crystals rather than acted as 

solvents. 

Supramolecular configurations based on the host networks in ionic liquids 

Generally, ILs is considered as homogeneous solvents, similar to normal molecular solvents. 

However, it has been found that supramolecular networks exist in pure ILs, especially in 

imidazolium ILs, which have already been extensively reviewed in the literature previously 

(Dupont, 2004; Leclercq & Schmitzer, 2009). Illustration of the organisation of ILs 

and several of organisations observed in pure ILs in order to raise interest in exploring how 

the supramolecular structures of ILs affect formation of supramolecules and supramolecular 

assemblies. 

Effects of ionic liquids on formation of the supramolecular structures in the extraction systems 

based on crown ethers 

No significant close contacts are observed among ILs and crown ethers based on the study 

of co-crystallisation of imidazolium based salts with 18-crown-6 (18C6), though coulomb 

interactions between ionic (liquid) components and hydrogen bonding are important (Gjikaj 

et al., 2008). However, because of the influence of ILs to scheme of crown ethers, they are 

being used in the extraction of metal ions, amino acids and so on. The extraction process can 

be easily tailored by varying substituting groups in imidazolium cation and the counter anions. 



In succession, to a greater extent systems are involved ILs and crown ethers were 

investigated (Chun et al., 2001; Langmaier et al., 2009; Nockemann et al., 

2007; Okamura et al., 2010; Stepinski et al., 2010; Visser et al., 2000; Xu et. 

al., 2009). These consequences discovered as the alkyl group in the ILs was elongated, the 

extraction efficiency decreased, but extraction selectivity increased. The distribution is not 

only connected to the concentration and hydrophobicity of crown ethers, but also to the 

composition of aqueous phase. 

               Concluding that ILs can perform as guests to form supramolecules with several kinds 

of host molecules (i.e., cyclodextrins, cucurbit[n]urils and calixarenes), and can participate in 

constructing of supramolecular assemblies (i.e., micelles, microemulsions, lyotropic LCs, 

vesicles and gels However, the host-guest interaction typically takes place in aqueous 

solution. In case of ILs, how do the host molecules interact with guest molecules, and how do 

ILs affect the interaction? These are two interesting and challenging subjects. In addition, 

when ILs is used as solvents, how will the supramolecular structures of ILs themselves affect 

formation of supramolecular assemblies. In the previous works it was studied that as because 

trivial water is difficult to be removed and could be included in the supramolecular 

framework of imidazolium ILs, ILs are not pure, which makes the system more complicated. 

This supramolecular structure may also have an effect on the formation of supramolecular 

assemblies. Recently, we noticed that water plays key role in the formation of IL based 

microemulsions. Therefore, the effect of supramolecular structures of ILs on the formation of 

supramolecular assemblies is another valuable subject. Now, these fields of ILs are just 

commencement to be noticed. With the development of the exploration in these fields, more 

and more interesting phenomena and imperative results will be obtained. Thus, this assorted 

investigation of ILs will encounter a new chance and challenge. 

Herein, we report a thermodynamic and inclusion study of 

pyrrolidinium bromide- based PIL, [Pyrr] [Br], in mixture with the 

Cyclodextrin, Crown ether, H2O. Their volumetric, thermal and 

transport properties are presented as the function of temperature and 

composition, and then discussed in order to understand the molecular 

interactions between (individual ion–solvent), (cation–anion), and 



(PILs ions pair–ion pair) in solution. Inclusion complexes have been 

also formed between cyclodextrin and pyridinium based IL. 

 

 

II. (5) In Vitro Background: Controlled delivery of the 
Inclusion Complexes in our body 

Animal based experiments lie at the very base of understanding the toxic and biological role 

of several compound or preparation. All such products with medicinal, toxicological or 

regulatory role in living systems are classified accordingly to avoid biohazard or attain 

beneficiary position. In the other hand, inflammation is an incredibly basic mediator of all the 

immunological invasions. Whenever an external pathogen is introduced in a host body, 

inflammation becomes the first barrier to prevent the infection of the invader. However, 

when present for a lengthened time, inflammation can cause a severe tissue damage and 

immune cell infiltration. Some of the previous works are mentioned from which we got the 

idea to explore inclusion in terms of in-Vitro, Firstly, bioavailability studies in rats showed the 

extent of absorption to be same for the free and complexed ibuprofen. Results of this report 

signify that β-cyclodextrin could be a useful additive to solid ibuprofen formulations as it may 

result in a more rapid and uniform release of the drug. Secondly, In vitro permeation and 

retention studies showed a higher penetration rate of vitamin E in free and encapsulated 

forms, from the W/O emulsion. The carriers studied appear to be promising systems for 

topical administration. A variety of yields are assessed for the amelioration of prolonged 

inflammation in the modern pharmao-medicinal systems. [599, 600] Considering the role 

of Vitamins and their derivatives, we have assessed the potential role 

of these compounds against inflammation. 
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III.1. Name, Structure, Physical Properties, 
Purification and Applications of Diverse Solvents 
and Solutes Used in the Research Work 

III. (1.1) Solvents    particulars of the aqueous and non-aqueous solvents used in 

the research work are given below:  

 

# Methanol     

 

Methanol, also known as methyl alcohol, wood alcohol, wood naphtha or wood spirits, is 

simplest alcohol, is a light, volatile, Colorless, flammable, liquid with a distinctive odor 

that is very Similar to but slightly sweeter than ethanol (drinking alcohol).[1,2] 

                                           

Structural form: 

Methanol 

 

Appearance: Liquid 

Molecular Formula: CH3OH 

Molecular Weight: 32.04 g/mol 

Boiling Point: 176 K 

Melting Point: 337.8 K 

Dielectric Constant: 32.70 at 298.15 K 

 

Source: - Merck, India 

Purification: - It was passed through Linde 4Å molecular sieves and then distilled. 

Application: - The major use of methyl alcohol by far is in making other chemicals. 

About 40% of methanol is converted to formaldehyde, and from there into products as 

 

http://en.wikipedia.org/wiki/Formaldehyde


diverse plastics, plywood, paints, explosives, and permanent press textiles. Methanol is 

traditional denaturant for ethanol, thus giving the term methylated spirit. Methanol is as 

well used as a solvent, and as an antifreeze in pipelines. In a few waste water treatment 

plants, a small amount of methanol is added to waste water to provide a food source of 

carbon for denitrifying bacteria, which converts nitrates to nitrogen to decrease the 

denitrification of sensitive aquifers. Methanol is used on a partial basis to fuel internal 

combustion engines. Methanol is also functional as an energy carrier. It is easier to store 

than hydrogen, burns cleaner than fossil fuels, and is ecological. 

 

# Acetonitrile  

 

 

 

 

Acetonitrile is the colorless organic liquid and is the simplest organic 

nitrile. It is produced mainly as a byproduct of acrylonitrile manufacture. 

                 

Structural form: 

Acetonitrile 

 

Appearance: Liquid 

Molecular Formula: CH3CN 

Molecular Weight: 41.05 g/mol 

Boiling Point: 607 K 

Melting Point: 628.3 K 

Dielectric Constant: 35.94 at 298.15 K 

Source: - Merck, India. 

Purification: - It is shaken with silica gel, refluxed with CaH2 and distilled over P2O5. 

Application: - It is extensively used in battery applications for the reason that it’s 

relatively high dielectric constant and ability to dissolve electrolytes. For similar reasons 
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it is a well-liked solvent in cyclic voltammetry. Its low viscosity and low chemical 

reactivity build it a popular choice for liquid chromatography. Acetonitrile plays a 

noteworthy role as the dominant solvent used in the manufacture of DNA 

oligonuleotides from monomers. Industrially, it is used as a solvent in the purification of 

butadiene and in manufacture of pharmaceuticals and photographic film. Acetonitrile is 

a widespread two-carbon building block in organic synthesis as in the production of 

pesticides to perfumes. [3,4] 

 

# Benzonitrile                                                                              

Aromatic organic compound is a colorless non-aqueous liquid with a sweet almond 

odour. It is essentially used as a precursor to the resin benzoguanamine. 

 

 

 

 

 

 

 

 

Source: - Merck, India. 

Purification: - Benzonitrile was dried with CaSO4 and distilled from P2O5 in an all-glass 

apparatus, under the reduced pressure (69 °C/10mm), collecting the middle fraction.  

Applications Laboratory uses of Benzonitrile as a valuable solvent and a versatile 

precursor to many derivatives is well known. It reacts with amines to afford N-

substituted benzamides subsequent to hydrolysis. It is a precursor to Ph2C=NH 

(b.p. 151 °C, 8 mm Hg) by means of reaction with phenyl magnesium bromide followed 

Structural form: Benzonitrile 

 

Molar mass:  103.04 g/mol 

Formula: C7H5N 

Density: 1 g/cm³ 

Boiling point: 191 °C 

Melting point: − 13 °C (9 °F; 260 K) 

Solubility in water: <0.5 g/100 ml (22 

°C) 
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by methanolysis.  Benzonitrile forms coordination complexes with transition metals that 

are equally soluble in organic solvents and conveniently labile. For example is PdCl2 

(PhCN)2. The benzonitrile ligands are voluntarily displaced by stronger ligands, making 

benzonitrile complexes useful synthetic intermediates. [5, 6] 

# Water 

 

Water is a ubiquitous chemical substance that is composed of 

hydrogen and oxygen and is essential for every known forms of life. 

In typical usage, water refers merely to its liquid form or state, but 

the substance also has a solid state, ice, and a gaseous state, water 

vapor or steam. Water is a excellent solvent and is often referred to as the universal 

solvent.  

Structural form: 

Water 

 

Appearance: Liquid 

Molecular Formula: H2O 

Molecular Weight: 18.02 g/mol 

Boiling Point: 100 0C 

Melting Point: 00C 

Dielectric Constant: 78.35 at 298.15 K 

Source: - Distilled water. 

Purification: - Water was first demonstrated 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 by means of an all glass distilling set. 

Precautions were taken to avoid contamination from CO2 and other impurities.  

The triply distilled water had specific conductance less than 1 × 10-6 S.cm-1. 

Application: - Water is a superior solvent due to its polarity. The solvent properties of 

water are vital in biology, because numerous biochemical reactions take place only 

within aqueous solutions (e.g., reactions in the cytoplasm and blood). In totaling, water 

is used to transport biological molecules. The most imperative use of water in 

agriculture is for irrigation. Water healthy for human consumption is called drinking 

water. Water is widely used in chemical reactions as a solvent or reactant and less 

commonly used as a solute or catalyst. In inorganic reactions, water is a common 
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solvent, dissolving scores of ionic compounds. In organic reactions, it is not usually used 

as a reaction solvent, for the reason that it does not dissolve the reactants well and 

is amphoteric (acidic and basic) and nucleophilic. Nevertheless, these properties are 

occasionally desirable. Also, acceleration of Diels-Alder reactions by water has been 

experimental Supercritical water has freshly been a topic of research. [7, 8] 

 III. (1.2) Solutes   which are used in the analysis are listed as follows: 

# Ascorbic acid 

Ascorbic acid (C6H8O6) is a naturally occurring organic 

compound amid antioxidant properties. Its appearance is 

white powder, soluble in water. Ascorbic acid is usually 

known as Vitamin-C. The name is derived from α- 

(meaning “no”) and scorbutus (scurvy), which is the 

disease caused due to deficiency of vitamin-C in the body. 

[9, 10] 

 

 

Structural form: 

Ascorbic Acid 

 

Appearance: White powder 

Molecular Formula: C6H8O6 

Molecular Weight: 176.12 g/mol 

Melting Point: 1900C 

 

Source: - S.D. Fine Chemicals Ltd., Mumbai, India 

Purification: - Used as purchased, no purification was required. 

Application: - Ascorbic acid and its sodium, potassium, and calcium salts are generally 

used as antioxidant food additives. Ascorbic acid is easily oxidized and so is used as a 

reductant in photographic developer solutions (amongst others) and as a preservative. 

In fluorescence microscopy and related fluorescence-based techniques, ascorbic acid 

can be used as an antioxidant to raise fluorescent signal and chemically retard dye photo 

bleaching. 
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# Cyclodextrins                                                                         

Features  (Sometimes called cycloamyloses) are a family of compounds made up of 

sugar molecules bound collectively in a ring (cyclic oligosaccharides). Cyclodextrins 

composed of 5 or more α-D-glucopyranoside units linked 1->4, as in amylose (fragment 

of starch). 5-membered macro cycle is not natural. Cyclodextrins are formed 

from starch by means of enzymatic conversion. [11-14]  

Source: - Sigma Aldrich, India.  

Purification: - The purity of the sample was 0.98%, so no further purification was done. 

 

Two types of cyclodextrins are being studied: 

 α (alpha)-cyclodextrin: 6-membered sugar ring molecule 

 β (beta)-cyclodextrin: 7-membered sugar ring molecule 

 

 

 

 

 

 

Recently, largest and finest well-characterized cyclodextrin contains 1, 4-

anhydroglucopyranoside units, while as a feebly characterized mixture; at least 150-
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membered cyclic oligosaccharides are well-known. Typical cyclodextrins contain a 

number of glucose monomers ranging from six to eight units in a ring, creating a bucket 

shape. 

Applications: - The unique property in Cyclodextrin is having a hydrophilic outer shell 

and having   an inner hydrophobic cavity thus it act as “Host” molecules in “Host –Guest 

complexation” study.   

Formation of inclusion complex is established on Physicochemical and Spectroscopic 

Contrivances with this host molecule in our various studies. They are used in food, 

pharmaceutical, drug delivery, bio- chemical industries, in addition to agriculture, 

environmental engineering, paint industry, Cosmetics and hygiene. 

# Sodium Oxalate 

Formula: Na2C2O4 (Sodium Oxalate) 

Molar mass: 134 g/mol 

Solubility: soluble in formic acid; insoluble in alcohol, ether 

Solubility in water: 2.69 g/100 mL (0 °C); 3.7 g/100 mL (20 °C); 6.25 g/100 mL               

(100 °C) 

Appearance: White crystalline solid 

Melting point: 260 °C (500 °F; 533 K) decomposes above 290 °C 

Source & Purification: It was purchased from SRL (Sisco Research Laboratories 

PVT.LTD. Bombay – 400060, India) with 98% purity. 

Features & Applications: - Sodium oxalate, or disodium oxalate, is the sodium salt 

of oxalic acid with formula Na2C2O4. It is a white, crystalline, odorless solid, which 

decomposes over 290 °C. Disodium oxalate can act as a reducing agent, and it could be 

used as a primary standard for standardizing potassium permanganate (KMnO4) 

solutions. [15, 16] 
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# Lithium Oxalate 

 Formula:  Li2C2O4 (Lithium Oxalate) 

Molar mass:  101.898g/mol 

Appearance: White crystalline solid 

Solubility: 8gm/100g of solvent at 19.50C. Insoluble in diethyl ether and ethanol. 

Boiling point: 365.10C at 760 mmHg. 

Source & Purification: It was purchased from SRL (Sisco Research Laboratories 

PVT.LTD. Bombay–400060, India) with 98% purity. 

Features & Applications: - It is a strong dicarboxylic acid occurring in various plants and 

vegetables. It is produced in the body by metabolism of glyoxylic acid or ascorbic acid. It 

is not metabolized but excreted. It is used as an analytical reagent as well as reducing 

agent. [17-20] 

# Potassium Oxalate 

            Formula: K2C2O4 (Potassium oxalate) 

Density: 2.04 g/cm³ 

Appearance: White crystalline solid 

Solubility: 2.5 g/100 g, slightly soluble in alcohol 

Molar mass: 128.12 g· mol 

Source & Purification: It was purchased from SRL (Sisco Research Laboratories 

PVT.LTD. Bombay–400060, India) with 98% purity. 
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Features & Applications: it is the basic salt of hydrogen oxalate anion, can be obtained 

by reacting KOH with oxalic acid in 1:1 mole ratio. Potassium hydrogen oxalate occurs in 

some plants, particularly sorrel. It is commercial product used in photography, marble 

grinding and to remove ink stains. [21-23] 

# Ammonium Oxalate 

Formula: C2H8N2O4 (Ammonium Oxalate) 

Molar mass: 124.1 g/mol 

Density: 1.48g/ cm³ 

Melting point: 70 C (158 F, 343.15 K) 

Appearance: White solid 

Source & Purification: It was purchased from SRL (Sisco Research Laboratories 

PVT.LTD. Bombay–400060, India) with 98% purity. 

Features & Applications: It is an oxalate salt produced in the body of vertebrates by 

metabolism of glyoxylic acid or ascorbic acid. It is not metabolized but excreted. It is 

used as an analytical reagent and general reducing agent. It is also used as 

anticoagulants, to preserve blood outside the body. It occurs in various plants and 

animals. [24] 

# 18 crown-6 

https://www.google.co.in/search?q=ammoniumoxalat+formula&stick=H4sIAAAAAAAAAOPgE-LSz9U3SE83KTYu0FLPTrbST85Izc0sLimqhLCSE3Pik_NzC_JL81Ks0vKLcktzEgGKICm-NwAAAA&sa=X&ved=0ahUKEwj_-LXwtszXAhXLqI8KHZefBFYQ6BMIwQEoADAd
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`Formula: [C2H40]6 (18 crown-6) 

Source: - Sigma Aldrich, India. 

Purification: - The purity of the sample was 0.98%, so no further purification was done. 

Appearance: It is a white, hygroscopic crystalline solid with a low melting point.  

Features: IUPAC name of 1,4,7,10,13,16-hexaoxacyclooctadecane.Like other crown 

ethers, 18-crown-6 functions as a ligand for some metal cations with a particular affinity 

for potassium cations (binding constant in methanol: 106 M−1). The point group of 18-

crown-6 is S6. The dipole moment of 18-crown-6 varies in different solvent and under 

different temperature. Less than 25 °C, the dipole moment of 18-crown-6 is 2.76 ± 

0.06 D in cyclohexane and 2.73 ± 0.02 in benzene. [25-27] 

Applications: It is also used as a host molecule, i.e., acts as a carrier to bind diverse 

imperative compounds through assorted interactions. 

 

# Lithium Chloride 

 Formula: LiCl (Lithium chloride) 

Molar mass: 42.39g.mol-1 

https://www.google.co.in/search?q=ammoniumoxalat+appearance&stick=H4sIAAAAAAAAAOPgE-LSz9U3SE83KTYu0NLJKLfST87PyUlNLsnMz9NPzkjNzUxOzIlPzs8tyC_NSym2SiwoSE0sSsxLTgUADoHaAzwAAAA&sa=X&ved=0ahUKEwj_-LXwtszXAhXLqI8KHZefBFYQ6BMIzQEoADAh
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Source: purchased from SRL (Sisco Research Laboratories PVT.LTD. Bombay–400060, 

India). 

Purification: - purity of the sample was 0.98%, so no further purification was done. 

Appearance: white solid, hygroscopic in nature. 

Features: The salt is a typical ionic compound, although small size of the Li+ ion gives 

rise to properties not seen for other alkali metal chlorides, such as extraordinary 

solubility in polar solvents (83.05 g/100 mL of water at 20 °C) and 

its hygroscopic properties. 

Application: Lithium chloride is mainly used for the production of lithium metal 

by electrolysis,as a brazing flux for aluminium in automobile parts, as a desiccant for 

drying air streams. In more specialized applications, lithium chloride finds some use 

in organic synthesis. Also, in biochemical applications; it can be used to 

precipitate RNA from cellular extracts. Molten LiCl is used for the preparation of carbon 

nanotubes, graphene etc.  [28, 29] 

 

# Lithium Bromide 

Formula: Lithium bromide (LiBr) 

Features and appearance: white solid, its extreme hygroscopic character makes LiBr 

useful as a desiccant in certain air conditioning systems. 

Molar Mass: 86.845g/mol 

Solubility: 166.7g/ml at 20oc in water, it is also soluble in methanol, ethanol, ether, 

acetone, slightly in pyridine. 
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Source: purchased from SRL (Sisco Research Laboratories PVT.LTD. Bombay: 400060, 

India). 

Purification: - purity of the sample was 0.98%, so no further purification was done. 

Application: Lithium bromide is used in air-conditioning systems as desiccant, as a salt 

in absorption chilling along with water, as a reagent in organic synthesis. In medical 

applications used as a sedative. [30-32] 

 

 

 

# Lithium Iodide 

 Formula: Lithium iodide (LiI). 

Features and appearance: White crystalline solid, when exposed to air, it becomes 

yellow in color, due to the oxidation of iodide to iodine. It can participate in 

various hydrates.  

Molar mass: 133.85g/mol 

Solubility: 1670g/L (25OC), it is also soluble in ethanol, propanol, ethanediol, ammonia. 

Source: purchased from SRL (Sisco Research Laboratories PVT.LTD. Bombay: 400060, 

India). 

Purification: - purity of the sample was 0.98%, so no further purification was done. 

Application: Lithium iodide is used as electrolyte for high temperature batteries. It is 

also used for long life batteries as required, for example, in artificial pacemakers. It is 

also used, in complex with Iodine, in electrolyte of dye-sensitized solar cells. In the 

organic synthesis, LiI is useful for cleaving C-O bonds. It was used as a radio contrast 
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agent for X-ray computed tomography imaging studies. Its use was discontinued due to 

renal toxicity, replaced by organic iodine molecules. [33, 34] 

 

 

 

 

# L-Tertiary-Leucine (Tert-Leucine) 

 

Formula: C6H13NO2. (Tertiary- Leucine) also termed as 2-amino-3, 3-dimethyl butanoic 

acid or tert-butyl glycine.  

Molar Mass: 131.175g/mol 

Source: Sigma-Aldrich, India. 

Purification: It was 0.99% pure, so no purification was done. 

Features and Applications: It is white powder, soluble in water at 125.5g/L at 20oc, 1 

M HCl: 50 mg/mL. L-tert-Leucine is an essential amino acid creating up one third of our 

muscle protein. L-tert-leucine is imperative in developing chiral pharmaceutically 

active chemicals. It can be used as the food additive. It is used in formation of sterols. It 

can also be used as catalyst in the production of cobalt oxazoline palladacycles 

complex. It can also be used for production of Chiral tridentate Schiff base ligands. [35, 

36] 

# Tryptophan 

https://en.wikipedia.org/wiki/X-ray_computed_tomography
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C6H13NO2&sort=mw&sort_dir=asc


Formula: C11H12N2O2 

IUPAC: (2S)-2-amino-3-(1H-indol-3-yl) propanoic acid 

Solubility: 11.4g/L at 25oC, also soluble in hot alcohol, alkali hydroxides. 

Molar mass: 204.23gmol-1 

Source: Sigma-Aldrich, India. 

Purification: It was 0.99% pure, so no purification was done. 

Features & Applications: It contains a α-amino group, an α-carboxylic acid group, and 

a side chain indole, making it a non-polar aromatic amino acid. It is essential in humans, 

meaning the body cannot synthesize it: it must be obtained from the diet. Tryptophan is 

also a precursor to the neurotransmitter serotonin and the hormone melatonin. For 

instance, tryptophan residues play special roles in "anchoring" membrane 

proteins within the cell membrane. In adding up, tryptophan functions as a 

biochemical precursor for the following compounds : 

 Serotonin (which is a neurotransmitter), synthesized by tryptophan hydroxylase.  

 Melatonin (the neurohormone) is in turn synthesized from serotonin, via N-

acetyltransferase and 5-hydroxyindole-O-methyltransferase enzymes.  

 Niacin, also identified as vitamin B3, is synthesized from tryptophan 

via kynurenine and quinolinic acids.  

 Auxins (a class of phytohormones) are synthesized from the tryptophan.  

The disorder fructose malabsorption causes improper absorption of tryptophan in the 

intestine, reduced levels of tryptophan in blood, and depression.  

In bacteria synthesis tryptophan, high cellular levels of this amino acid activate 

a repressor protein, which binds to trp operon. Binding of this repressor to tryptophan 

operon prevents transcription of downstream DNA that codes for the enzymes involved 

in biosynthesis of tryptophan. So high levels of tryptophan prevent tryptophan synthesis 

through a negative feedback loop, when cell's tryptophan levels go down again, 
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transcription from trp operon resumes. This permits tightly regulated and rapid 

responses to changes in cells internal as well as external tryptophan levels. [38-40] 

 

# Tyrosine 

 

Formula: C9H11NO3 

IUPAC: 2-Amino-3-(4-hydroxyphenyl)propanoic acid 

Molar Mass: 181.19g.mol-1 

Source: Sigma-Aldrich, India. 

 

Purification: It was 0.99% pure, so no purification was done. 

Solubility: .0453g/100mL 

Features & Applications: Tyrosine or 4-hydroxyphenylalanine is one of the 20 

standard amino acids studied that are used by cells to synthesize proteins. It is a non-

essential amino acid consisting of a polar side group. For instance, tyrosine residues 

play special roles in "anchoring" membrane proteins within the cell membrane. A 

tyrosine residue also plays an imperative role in photosynthesis. 

In chloroplasts (photosystem II), it acts as an electron donor in reduction of 

oxidized chlorophyll. In this process, it loses hydrogen atom of its phenolic OH-group. 

This radical is consequently reduced in photosystem II by the four core manganese 

clusters. [41-44] 
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# 1-ethyl-1-methylpyrrolidinium bromide 

Formula: 1-ethyl-1-methylpyrrolidinium bromide (C7H16BrN) 

Molar mass: 194.11g 

Source: Sigma Aldrich, India. 

Purification: 99% pure was obtained, so no purification was done; only it was 

refrigerated after and before use. 

Features & Applications: 1-Ethyl-1-methylpyrrolidinium bromide is an ionic liquid 

that can be all set by reacting N-methylpyrrolidine with bromoethane. It is 

conventionally used as a bromine-sequestering agent (BSA) in zinc or bromine redox 

flow batteries. 1-Ethyl-1-methylpyrrolidinium bromide may be used in the preparation 

of 1-ethyl-1-methylpyrrolidinium lactate, a potential solvent for separation of hexan-1-

ene from hexane. It can moreover be used to prepare 1-ethyl-1-methylpyrrolidinium 

tribromide. It can be used as a co-catalyst in the cycloaddition of CO2 with diverse 

epoxides to form cyclic carbonates in the presence of a nona-vacant Keggin-type 

tricarbonyl rhenium derivative catalyst. Thus it has an extensive uses and can be used as 

a green solvent in the supramolecular assembly formation. [45, 46] 

 

# 1-Butyl-4-methylpyridinium iodide 

 

Formula: 1-Butyl-4-methylpyridinium iodide (C10H16IN) 

Molar mass: 277.15g 

Source: Sigma Aldrich, India. 



Purification: 99% pure was obtained, so no purification was done; only it was 

refrigerated after and before use. 

Features & Applications: Ionic liquids containing pyridinium cations exhibit higher 

melting points, lower solubility in water, and higher polarity than those containing 

imidazolium cations. These compounds exhibit many outstanding physical properties 

such as great thermal stability and no measurable vapor pressure. So, for its outstanding 

benefits in physicochemical contrivances it is encapsulated in cyclodextrin in order to 

increase its solubility in aqueous solution and extend its applications. [46-48] 

III. 2. EXPERIMENTAL METHODS 

 

III. (2.1) PREPARATION OF SOLVENT MIXTURES 

For the preparation of solvent mixtures, pure components were taken separately 

in glass stoppered bottles and thermo stated at desired temperature for sufficient time. 

When the thermal equilibrium was ensured, required volumes of each component were 

transferred in a different bottle which was already cleaned and dried thoroughly. 

Conversion of required mass of the respective solvents to volume was accomplished by 

means of experimental densities of the solvents at experimental temperature. It was 

then stoppered and mixed contents were shaken well prior to use.  

 

While preparing different solvent mixtures care was taken to ensure that the same 

procedure was adopted throughout the complete work. The  

physical properties of different pure and mixed solvents have been presented in 

the relevant chapters. [49-55] 

 

III. (2.2) PREPARATION OF SOLUTIONS 

Stock solution for each salt was prepared by mass, and the working solutions 

were obtained by mass dilution. The uncertainty of molarity of different salt solutions 

was evaluated to be (± 0.0003) mol·dm-3. 

 

III. (2.3) MASS MEASUREMENT 

 Mass measurements were prepared on digital electronic analytical balance 

(Mettler Toledo, AG 285, Switzerland).  



 

 

 

It can calculate 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 don’t affect the balance’s operation. 

 

III. (2.4) DENSITY MEASUREMENT 

The density was measured with the help of the instrument named Anton Paar density-

meter (DMA 4500M) with an accuracy (0.0005 g.cm-3). 

 

 

In digital density meter, 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 density ρ 

of the sample in the oscillator [7]: 

ρ = A ∙ τ2 - B                                                              (1) 

A and B is respective instrument constants of each oscillator. Their values are 

determined by calibrating with two substances of precisely known densities ρ1 and ρ2. 

Modern instruments calculate and store constants A and B after the two calibration 

measurements, which are mostly performed with air and water respectively. They 

employ suitable measures to compensate various influences on the measuring result, 

e.g. influence of the sample’s viscosity and non-linearity caused by measuring 
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instrument’s finite mass. The instrument was calibrated by double-distilled water and 

dry air simultaneously. [56-58]   

 

III. (2.5) VISCOSITY MEASUREMENT 

Solvent viscosities were measured with the aid of a suspended Ubbelohde-type 

viscometer, 

 

       The kinematic viscosity () and absolute viscosity () are given by the following 

equations.   

 = k t – l/t                          (2) 

 = .                        (3) 

where, t is time of flow,  is density and k and l are characteristic constants of the 

particular viscometer. The time of efflux of a constant volume of experimental liquid 

through the capillary was measured with aid of a Racer stop watch capable of measuring 

times accurate to  0.1s. The viscometer was always kept in a vertical position in 

thermostatic bath with an accuracy of   0.01K of desired temperature. The uncertainty 

of viscosity measurement was  0.003. In every case, experiments were performed in at 

least three replicates and results were averaged. [59-63] 

Relative viscosities (r) were obtained by means of the equation: 

  r = /0 =  t /0 t0                                 (4) 

where , 0, , 0 and t, t0 are absolute viscosities, densities and flow times for the both 

solution and solvent respectively. 

The viscosity was also calculated with help Brookfield DV-III Ultra 

Programmable Rheometer fitted to a Brookfield Digital Bath TC-500. 



 

 

 

 

 

 

 

 

 

III. (2.6) TEMPERATURE CONTROLLER 

All measurements were carried out in thermostatic water bath (Science India, Kolkata) 

maintained with an accuracy of ( 0.01 K) of the desired temperature. 

    

 

Laboratory water bath is a system arrangement 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 equipments are available in diverse volumes and construction with 

both digital and analogue controls and greater temperature uniformity, durability, heat 

retention and recovery. The chambers of water bath laboratory products are 

manufactured using rugged, leak proof and highly resistant stainless steel and other lab 

supplies. [64] 

 

III. (2.7) Water Distiller (Borosil Glass Works Limited, India):   

 



 

Municipal or well water is manually or automatically fed into distiller unit’s boiling 

chamber. A heating element in the boiling chamber heats water until it boils. The steam 

rises starting the boiling chamber. Volatile contaminants (gases) are discharged 

throughout a built-in vent. Minerals and salts are retained in boiling chamber as hard 

deposits or scale. Steam enters a coiled tube (condenser), which is cooled by cool water. 

Water droplets forms as the condensation occur. The distilled water is collected in the 

storage tank. [65] 

 

III. (2.8) Fractional Distillation Apparatus: 

 

In the distillation flask, vaporization of a liquid and consequent condensation of 

resultant gas back to liquid form. It is used to separate liquids from non-volatile  solids 

or solutes (e.g., water from the salt and other components of sea water) or to separate 

two or more liquids with diverse boiling points (e.g., alcohol from fermented beers and 

wines). Several variations have been devised for industrial applications. An imperative 

one is fractional distillation, in which vapor from a heated liquid mixture is contacted by 
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a series of trays and condensed liquid as it rises through a vertical column. The most 

volatile fraction of mixture emerges from the top of the column, while less volatile 

fractions are withdrawn at lower points. [66] 

 

III. (2.9) Rotary Vacuum Flash Evaporator (Super fit, an ISO 

9001:2000 Certified Company): 

Rotary evaporation is the most often and conveniently applied to separate "low boiling" 

solvents such as n-hexane or ethyl acetate from compounds which are solid at room 

temperature and pressure. However, careful application also allows removal of a solvent 

from a sample containing a liquid compound if there is minimal co-evaporation 

(azeotropic behavior), and the sufficient difference in boiling points at chosen 

temperature and reduced pressure. [67] 

 

 

 

III. (2.10) CONDUCTIVITY MEASUREMENT 

 Systronics Conductivity TDS meter-308 used for measuring specific Conductivity 

of electrolytic solutions. It can supply both automatic and manual temperature 

compensation. 

http://en.wikipedia.org/wiki/Azeotropic


 

The conductance measurements were carried out on this conductivity bridge using 

a dip-type immersion conductivity cell of cell constant 1.11cm-1. The entire conductance 

data were reported at 1 KHz and was found to be ±0.3 % precise.  The instrument was 

standardized using 0.1(M) KCl solution. The cell was calibrated by the process of Lind 

and co-workers [8]. The conductivity cell was sealed to 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 admission of air into the cell when solvent or solution 

was added. The measurements were made in a thermostatic water bath maintained at 

required temperature with an accuracy of ( 0.01 K) via mercury in glass thermo 

regulator. 

Quite a lot of solutions were prepared by weight precise to ± 0.02 %. The weights 

were taken on Mettler electronic analytical balance (AG 285, Switzerland). The molarity 

being transformed to molality as required. Several independent solutions were all set 

and runs were performed to ensure the reproducibility of the results. Due correction 

was made for the specific conductance of solvents at desired temperatures. The 

following figure shows Block diagram of Systronics Conductivity-TDS meter 308. [68, 69] 

 

 

III. (2.11) REFRACTIVE INDEX MEASUREMENT 

 Refractive index was be measure with aid of Digital Refractometer (Mettler Toledo 

30GS). 



 

 Calibration was performed by measuring refractive indices of double-distilled water, 

toluene, cyclohexane, and carbon tetrachloride at defined temperature. The accuracy of 

instrument is +/- 0.0005. 2-3 drops of the sample was put onto the measurement cell 

and reading was taken. Refractive index of a sample depends on temperature. During 

measurement, refractometer determines temperature and then corrects refractive index 

to a temperature as desired by the user. [70, 71]  

 

III. (2.12) FT-IR MEASUREMENT 

Infrared spectra were recorded via 8300 FT-IR spectrometer (Shimadzu, Japan) 

 

 

 

with a resolution of ± 0.25 cm-1 in region of 400-4000 cm-1 at room temperature (25 0C) 

with 49-54 % humidity. This KBr optics based instrument report data in different modes 

(KBr pellets, Nujol mull, and non-aqueous solutions). 

The intensity of light (I0) passing during a blank is measured. The intensity is number of 

photons per second. The blank is a solution that is identical to the sample solution 

except that blank does not contain the solution that absorbs light. The intensity of light 

(I) passing through the sample solution is calculated. (In practice, instrument measures 



power rather than the intensity of the light. The power is the energy per second, which 

is the product of intensity (photons per second) and the energy per photon. The 

experimental data is used to analyze two quantities: the transmittance (T) and the 

absorbance (A).  

                        (5) 

The transmittance is simply fraction of light in the original beam that passes through the 

sample and reaches the detector. [72, 73] 

III. (2.13) Surface Tension Study  

The Surface Tension experiments were done by a platinum ring detachment process via 

a Tensiometer (K9, KRUSS: Germany) at the experimental temperature. The 

temperature of system was preserved by circulating auto thermo stated water (within 

0.01 K) through a double-wall glass vessel holding solutions. The accuracy of the 

measurement was within ±0.1 m N .m -1. Surface tension (ɤ) is an imperative tool, 

providing a valuable clue about the formation of an inclusion complex for an aqueous 

solution. The trend of the curves for surface tensions (ɤ) against concentration 

(molality) curve clearly shows a break point in surface tension at a certain 

concentration, i.e., the (ɤ) values increase or decrease with corresponding 

concentration, reach a certain point (break point), and then become approximately 

steady, which obviously indicates formation of an inclusion complex. [74, 75] 

 

 

 

III. (2.14) Fluorescence Measurements   



 

Steady state Fluorescence measurements were recorded in Quanta Master 40 

Spectrofluorometer. The output range of the machine was almost 2 analog (+/- 10 

volts). The phenomenal sensitivity of this technique makes routine measurements in 

sub-micromolar, even nanomolar (nM) range possible and hence, fluorescence 

spectroscopy is ideal for the determination of incredibly large association constants (Ka 

> 106 M-1). Fluorescence is a particularly helpful technique in the case when only one of 

the species in solution is fluorescently active, i.e. when either free host or guest is 

fluorescent ‘‘silent’’ or inactive and fluorescence of the remaining species is either 

turned ‘‘off’’ (quenched) or ‘‘on’’ upon complexation. If quenching plays a role, it is 

necessary to differentiate among static and dynamic (collisional) quenching, with only 

the former of real significance for supramolecular binding studies.  

Dynamic quenching is usually measured by plotting the ratio of initial (F0) and 

measured (F) fluorescence intensity ratio (F0/F) against concentration of quencher  

[Q] according to Stern–Volmer relation F0/F = 1 + K SV [Q], by means of KSV = Stern–

Volmer constant.  

Unfortunately, pure 1:1 static quenching follows a nearly identical relation: F0/F = 1 + Ka 

[Q], with [Q] = the free concentration of quencher (guest) and Ka is association constant 

of interest in supramolecular binding studies.  

In numerous cases the observed quenching is a mixture of both static and dynamic 

quenching which can lead to some complication in the analysis of titration data. [76] 



 

Schematic diagram of a spectrofluorometer 

 

III. (2.15) NMR Spectroscopy 

Nuclear magnetic resonance spectroscopy: generally referred to as NMR, is a technique 

which exploits the magnetic properties of certain nuclei to revise physical, chemical, and 

biological properties of matter. [77-79] 

 

Components of an NMR Spectrophotometer: Powerful Magnet, Field Sweep Generator, 

Sample Tube, Radio-frequency Transmitter, Radio-frequency Receiver, Amplifier, 

Recorder, Integrator. 



 

 

Instrumentation and sample handling techniques 

 

NMR spectral data were taken in D2O using Bruker AV-300 spectrometer operating for 1H at 

300 MHz and for 13C at 75 MHz. Splitting patterns of protons were described by singlet, 

doublet, triplet, broad and multiplet. Chemical shifts (δ) were reported in parts per million 

(ppm) relative to TMS (Tetra methyl silane) as internal standard (D2O: δ 4.79 ppm).  

 2D-ROESY (Rotating Frame Overhauser Effect Spectroscopy) was taken in Bruker AV-

300 spectrometer in D2O. 400 MHz Nuclear Magnetic Resonance (NMR) Spectrometer 

was used to do the NMR titration experiments. 

III. (2.16) UV-Visible spectroscopy 

Ultraviolet and visible spectrometers have been in general use for the last 35 years and 

over this period have become the most imperative analytical instrument in the modern 

day laboratory. In several applications other techniques could be employed but none 

rival UV-Visible spectrometry for its simplicity, versatility, speed, accuracy and cost-

effectiveness. This description outlines basic principles for those new to UV-Visible 

spectrometry. UV-Visible absorption spectroscopy is a generally used technique for the 

determination of equilibrium constants, particularly in biochemical applications. For example, 

study relates to the binding of a cyclic-polysaccharide to a small molecular guest in lab. [80, 81] 

http://www.iitg.ac.in/cif/internet/400NMR


 

UV-Visible spectrums were noted via JASCO V-530 UV/VIS Spectrophotometer, with an 

uncertainty of wavelength resolution of ±2 nm.  Measuring temperature was detained constant 

by a thermostat. Absorption spectra used to verify the formation of inclusion complex. In 

this study, absorption spectrum of studied compound was taken into considerations. 

III. (2.17) Powder X-ray Diffraction spectroscopy 

 



 

When an atom is bombarded with sufficiently high energy electrons, electrons of atom are 

knocked out from their shell (excited state, unstable). Leads to the transition of electrons to 

fill up the vacancy (ground state, stable). Each electron transition generates X-rays of a 

specific energy (with wave length in range from 0.1Å to 100Å) equivalent to that shell. 

Rigaku, Model:  Micromax-007HF was aided to perform the analysis. [82, 83] 

 

 

III. (2.18) Scanning Electron Microscopy 

 

Structure determination along with tiny electron beam scanned across surface of 

specimen, backscattered or secondary electrons detected, signal output to synchronized 

display. Scanning Electron Microscope (JSM-6360) was aided to perform the analysis 

and obtain the data’s. [84, 85] 



III. (2.19) Transmission Electron Microscopy 

Transmission Electron Microscope (JEM2100) was aided to collect the data’s in the 

investigations. Real (Image) and reciprocal space (diffraction pattern) information can 

be obtained from the same region of sample. Lower resolution/large area techniques 

was initially performed to get a ‘broad picture’ about sample. This includes XRD, SEM. 

We can start with optical microscopy. On ‘usual’ samples conventional TEM was 

performed before trying out HRTEM. Thus we can get spectroscopic information and 

use it for forming images or diffraction patterns [86, 87] 

 

Instrumentation in TEM 

III. (2.20) Computational technique 

Gaussian is a universal purpose computational chemistry software package initially 

released in 1970 by John Pople, and his research group at Carnegie Mellon 

University as Gaussian 70.  The name originates from Pople's use of Gaussian orbitals to 

speed up molecular electronic structure calculations as opposed to using Slater-type 

orbitals, a choice made to advance performance on limited computing capacities of then-

current computer hardware for Hartree–Fock calculations. The current version of the 

Quantum chemical program is Gaussian 16. Gaussian quickly became a popular and 

extensively used electronic structure program. The development of the package was 

pushed including cutting-edge research in quantum chemistry and various other fields. 

Ab-initio calculations are implemented through Gaussian 09W quantum chemical package in 

our analysis. For small molecules in the Solution phase, ab initio quantum chemical 

calculations can provide results approaching benchmark accuracy, are used routinely to 

complement experimental studies. A wide variety of properties, including structures, 

https://en.wikipedia.org/wiki/Computational_chemistry
https://en.wikipedia.org/wiki/John_Pople
https://en.wikipedia.org/wiki/Carnegie_Mellon_University
https://en.wikipedia.org/wiki/Carnegie_Mellon_University
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thermo chemistry, and spectroscopic quantities of various types can be computed 

effectively. [88-97] 

III. (2.20) Agar diffusion method to detect anti-microbial assay in 

Inclusion complexes 

Spread plate technique was applied to inoculate organisms in Muller-Hinton agar and 

the compounds were applied in agar cup at 1mg/ml concentration in separate plates 

and incubated at 37°C for 24 hrs.  Double distilled water was used as the control. 

Antimicrobial activity was determined by the zone of inhibition surroundings Agar cup. 

All those experiment was done in triplicate. [98, 99] 

 In vitro anti-inflammatory activity: TO detect the novelty of the 

Inclusion complexes: Experimental Animals 

Wistar albino rats of both sexes, weighing 140-160 gm, were measured as experimental 

animals for acute and sub-chronic toxicity and pain sensation. Animals were purchased 

from authorized animal vendor Ghosh Enterprise, Kolkata, India and were reserved in 

the Departmental animal house facility, within a temperature range of 24 ± 2º C. 

Animals were maintained in a 12h/12h day-night cycle and were fed by means of 

standard pellet food obtained from Ghosh Enterprise and water ad libitum. All animals 

were acclimatized for a period of 10 days before initiation of the experiments and 4 or 

fewer rats were kept per cage during the total period. The experiments were approved 

for period 2013-16 by the Institutional Animal Ethical Committee (IAEC) of CPCSEA 

(Committee for the Purpose of Control and Supervision of Experiments on Animals) 

with registration number 840/ac/04/CPCSEA, dated 01/01/2004 of University of North 

Bengal, West Bengal, India prior to the commencement of experiments. [100-105] 

III. (2.21) Acute Toxicity Test 

In acute toxicity test, three rat groups consisting of mature rats were chosen, each 

containing 6 rats (3 males and 3 females). The first group was considered as normal (N) 

which wasn’t fed with Aloe vera gel. The extra two were experimental groups, 

designated as TA1 and TA2. TA1 animals were fed with 2 g Aloe crude gel/kg b. w. and 

TA2 were fed with Aloe crude gel at the rate of 5g/kg b. w. The animals were fasted 

overnight prior to feeding with a single dose of gel homogenate. The mortality rate, 

salivation, fur irritation, sleep/dizziness, lethargy, and diarrhea were observed for next 

24 hours. This one-day long observation was further followed by 7-day long screening 



for any long-term toxicological effects. All the experiments of the investigations were 

done according to OECD guideline 423 (Adopted 17th December 2001) for the acute oral 

toxicity study in rodents. 

III. (2.22) Sub-chronic Toxicity 

For the purpose of sub-chronic toxicity, animals were divided into four groups. All the 

groups enclosed 6 rats each (3 male and 3 females). The first group was considered as 

Normal (N), the second, third and fourth groups were treatment groups with a 28 day 

long daily feeding schedule of desired inclusion complex (designated as T1, T2, and T3 

respectively). After completion of 28 day-long schedule, animals were sacrificed through 

anesthesia; blood from each animal was collected separately by puncturing their hearts 

with the aid of sterile needles. Kidney and livers tissues were collected by separating out 

the organ from body and were fixed in 4% formalin for histological processing. Blood 

was collected in EDTA vials to assess the entire blood profile. The clear serum was 

collected by allowing blood samples to clot. Hemoglobin was calculated immediately 

after the blood collection. All the experiments were prepared according to the standard 

guidelines with slight modifications. 
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Highlights  

 Geometry- optimised extended conformation obtained for   amino acids prevailing in 

Aqueous (Vitamin C) Solutions. 

 The solute – solvent interactions is maximum in Tyrosine. 

 C-13 NMR spectra as well as Ab-initio are more reliable and supportive to study the 

Solute - Solvent interactions. 

 Ascorbic acid acts as a co-enzyme which leads to the essential benefits of Tyro in   

presence of Ascorbic acid in various catabolism reactions in human body. 

 The ion-solvent interactions dominate beyond the ion-ion interactions in studied 

solution. 
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Abstract 

Qualitative and quantitative analysis of molecular interaction prevailing in Tyrosine and 

Tryptophan in aqueous solution of Vitamin C have been probed by thermophysical properties. 

CHAPTER-IV 



The apparent molar volume ( V ), viscosity B-coefficient, molal refraction (RM) of tyrosine and 

tryptophan have been studied in aqueous vitamin C solutions at diverse temperatures  via 

Masson equation which deduced solute-solvent and solute-solute interactions, respectively. 

Spectroscopic study along with physicochemical and computational techniques provides lots 

of interesting and highly significant insights of the model biological systems. The overall 

results established strong solute-solvent interactions between studied amino acids and 

vitamin C mixture in the ternary solutions.  

1. Introduction 

Amino acids, basic component of protein molecules particularly important in biochemistry are 

serious for life processes, and have countless functions in metabolism. Components of 

supreme significance of cell membranes are a variety of proteins. These membranes are thin, 

fluidic and highly flexible in nature which permits selective passage of materials from and into 

the cells plus permit lateral flow of membrane components in itself. A Transmembrane protein 

is a vital type of protein that spans total of the biological membrane  to which it is 

permanently attached. Several Transmembrane proteins function as gateways to permit the 

transport of exact substances across the biological membrane. They habitually undergo 

significant conformational changes to shift a substance through the membrane. The 

Transmembrane proteins, viz., helical bundles, barrel proteins, localize aromatic amino acids 

(especially tyrosine, tryptophan) at the membrane/water interface where they form 

functionally noteworthy H-bonds with interfacial water. 

 

A vitamin is an organic compound fundamental by an organism as a vital nutrient in restricted 

amounts. It is essential precursors for various coenzymes. These coenzymes are therefore 

required in almost each metabolic pathway [1]. Importantly ascorbic acid is also able to 

regenerate additional antioxidants as Vitamin E. Vitamin C is essential for the synthesis of 

https://en.wikipedia.org/wiki/Biological_membrane
https://en.wikipedia.org/wiki/Membrane_transport_protein
https://en.wikipedia.org/wiki/Membrane_transport_protein
https://en.wikipedia.org/wiki/Protein_dynamics


collagen, the intercellular “cement” which gives the configuration of muscles, vascular tissues, 

bones, and tendon. Vitamin C with Zn is also significant for healing wounds. It is also crucial for 

the metabolism of bile acids which may have implications for blood cholesterol levels as well 

as gallstones. Ascorbic acid and its sodium, potassium, and calcium salts are used as 

antioxidants food additives. It has an important role for synthesis of several chief peptide 

hormones, neurotransmitters and creatinine. It furthermore enhances the eye’s ability and 

delay the progression of advanced age linked muscular degeneration [2]. The molecular 

structures of the considered amino acids and vitamin C are represented in (scheme 1).In sight 

of the complexity and in extension of our earlier study [3-7]a simple model has been 

investigated in this paper to locate the nature of solute solvent interactions of aromatic π- 

system of tryptophan and tyrosine in 0.01, 0.03, and 0.05 mass fractions of aqueous ascorbic 

acid (AA), binary mixtures at different temperatures in order to understand the mechanisms 

involved in many vital events involving cell membranes. Spectroscopic study along with 

physicochemical and computational techniques provides scores of interesting and highly 

significant insights of the model biological systems.  

2. Experimental Section 

2.1 Source and purity of samples 

The studied amino acids and co-solute vitamin were purchased from Sigma-Aldrich, Germany. 

The mass purity of salts was ≥ 0.99. The salts were preserved into a desiccator prior to use.  

2.2   Apparatus and Procedure Prior to the start of experimental work solubility of amino acids 

and chosen vitamin C have been specifically checked in triply distilled water and observed 

that the selected aqueous Vitamin C were freely soluble in all proportion of amino acids . 

Every stock solutions of Vitamins were set 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. Aqueous Vitamin binary solution used as solvent system. The uncertainty within 

molality of solutions evaluated to ±0.0001 mol kg-3.Solution densities                 (  ) were 

dignified by vibrating-u-tube Anton Paar digital density meter (DMA 4500M) by a precision of 

0.00005 g.cm-3 maintained at ±0.01K.  

Viscosities measurements were done via a Brookfield DV-III Ultra Programmable Rheometer 

with fitted spindle size-42. The viscosities were obtained using following equation  



                       η = (100 / RPM) × TK × torque × SMC                           (1) 

Where RPM, TK (0.09373),SMC (0.327) are speed, viscometer torque constant, spindle 

multiplier constant respectively. The instrument was calibrated against standard viscosity 

samples with the instrument provided, water and aqueous CaCl2 solutions [8]. Temperature 

of the solution was maintained within ± 0.01°C with Brookfield Digital TC-500 thermostat 

bath.  

Digital Refractometer Mettler Toledo was used to measure refractive index. The 

refractometer was rectified twice by distilled water and calibration was tested after each few 

measurements. 

NMR spectra were taken in D2O using Bruker AV-300 spectrometer operating for 1H at 300 

MHz and for 13C at 75 MHz. Splitting patterns of protons were described as singlet, doublet, 

triplet, broad and multiplet. Chemical shifts (δ) were reported in parts per million (ppm) 

relative to TMS as internal standard (D2O: δ 4.79 ppm).  

Fluorescence spectra were noted via JASCO V-530 UV/VIS Spectrophotometer, with an 

uncertainty of wavelength resolution of ±2 nm.  Measuring temperature was detained 

constant by a thermostat. 

Ab-initio calculations are implemented through Gaussian 09W quantum chemical package [9]. 

3. Results and Discussion 

3. 1. Apparent molar volume Physical properties of binary mixtures in different mass fractions 

(w1=0.01, 0.03, 0.05) of aqueous ascorbic acid solutions at diverse temperatures are reported 

in (Table 1).(Table 2) describes experimental values of densities, viscosities, refractive indices, 

of studied amino acids for different mass fractions of aqueous AA mixture at different 

temperatures. For understanding of interactions volumetric properties, such as V ,
0

V , 

observed as reflective tools  in solutions. For this purpose, apparent  molar volumes
V was 

calculated from the solutions densities with the help of the following equation and the values 

are specified in (Table 3). 

      / /V M    m        
    

(2) 

Where M molar mass of the salt, m is the molarity of the solution,  and 0  are density of 

the solution and aq. AA mixture respectively.  



The positive values of V  in (Table 3) illustrates of strong solute-solvent interactions. There 

was a decrease in trend of apparent molar volumes 
V  with increase in molarity (m) of 

amino acid in aqueous AA. It indicates ion–solvent interactions increase with increase in 

concentration (w1) of amino acids. The limiting apparent molar volumes 
0

V were obtained by 

a least-square method by plotting V  versus √m using Masson equation [10-13]. 

0 *       V V VS m   
      (3) 

Where 
0

V  represents apparent molar volume at infinite dilution, 
*

VS  is the experimental 

slope.
0

V   values were obtained by fitting dilute data (m< 0.1 mol·kg-1) to equation  3. At 

infinite dilution, each monomer of solute is bordered only by solvent molecules, and being 

infinitely detached by other ones. It follows therefore,
0
V   is unaffected by solute-solute 

interaction and is a measure of solute-solvent interaction[14].
0
V  

  
data are often bounded 

with important information of solute–solvent interactions [15] happened in aqueous AA 

solution. Values of 
0

V  and 
*

VS  are reported in (Table 4).A review of (Table 4) displays values 

of
0

V , positive for the amino acids for all the studied temperatures, proposing existence of 

strong solute–solvent interaction [16]. Besides, every temperature, values of 
0

V increase with 

increasing interacting centre from Tryptophan to Tyrosine. Banipal et al [17] also reports a 

comparable increase in 
0

V with increasing number of carbon atoms used for amino acids in 

aqueous glycerol, at 298.15 K. The performance of 
0

V for present systems can be described 

by means of co-sphere model, planned by Friedman and Krishnan [18], according to which 

consequence of overlap of hydration co spheres is destructive. Mishra et al. [19] using this 

model observed an overlap of co spheres of two ionic species causes an increase in volume, 

whereas an overlap of hydrophobic–hydrophobic groups,  ion–hydrophobic groups grades in 

a net decrease in volume. Values of 
0
V   and V

*S for amino acids in pure water is implemented 

from the literature [20]. The parameter V
*S is volumetric coefficient, and it describes the pair 

wise interaction of solute species in solution phase [21]. A quantitative assessment in (Table 

4)between 0
V   and V

*S values display the magnitude of 0
V   values is higher than V

*S , 



suggesting that ion-solvent interaction dominate above the ion-ion interactions in studied 

solution[22]. 

3.2 Temperature dependent limiting apparent molar volume: The deviation of 
0

V  with the 

temperature of the amino acids in aqueous vitamin mixture has been confirmed by 

general polynomial equation as follows,  

V a a T a T   0 2

0 1 2      (4) 

Where 0a , 1a , 2a are the empirical coefficients depending on the solute, mass fraction (w1) of 

the co-solute vitamin, and T is temperature in Kelvin. The coefficients values of the above 

equation for amino acids in AA mixtures are described in (Table 5). 

The limiting apparent molar expansibilities,
0

E , are calculated by the following equation 

below, 

 E V P
δ δT a a T   0 0

1 22
   (5) 

The values of 
0

E  for diverse solutions of the investigated amino acids at (298.15, 303.15, 

and 308.15) K are reported in (Table 6). The table divulges that 
0

E  is positive for all the 

vitamins in AA in studied temperatures. This fact can endorsed to the absence of caging or 

packing effect for the amino acids in solutions. 

Throughout the past few years it has been highlighted by different workers that 
*

VS  is not the 

sole reason for determining the structure-making or -breaking nature of any solute. Hepler 

[23, 24] established a procedure of observing the sign of  
PE Tδδ 0 for the solute in terms 

of long-range structure-making and -breaking capacity of the solute in the AA using the 

following general thermodynamic equation, 

   2

E VP P
δ δT δ δT a  0 0 2

22    (6) 

It was found in [25] that if the sign of  
PE Tδδ 0 is positive, the molecule is a structure 

maker; otherwise, it is a structure breaker. From (Table 6) in our experiment, the 

 
PE Tδδ 0 values for both the amino acids are positive under investigation are 

predominantly structure makers in AA solutions. 



3.3. Viscosity The relative viscosity (ηr) has been investigated by the Jones-Dole equation [26]. 

The viscosity records for the calculated systems are listed in (Table 2).  

(/o - 1)/ √m = (ηr - 1)/ √m = A + B √m                              (7) 

Where ηr=/o,  and 0  are relative viscosities, the viscosities of the ternary solutions 

(amino acid + aq. AA) and binary aqueous AA mixture and m is the molarity of the ternary 

solutions. Aand B are empirical constants known as viscosity A- and B-coefficients, which 

identifies to solute-solute, solute-solvent interactions respectively. The values of A and B-

coefficients are reported in (Table 4).  

In this experiment we found that the values of the A-coefficient increases marginally with the 

increase in mass of AA in the solvent mixture indicating the presence of very weak solute-

solute interactions. These results support the agreement obtained from SV
* values. 

The viscosity B-coefficient value [27] gives suitable information concerning the solvation of 

the solvated solutes and their effects on the structure of the solvent in local vicinity of the 

solute molecules in the solutions. It is found that the values of the B-coefficient presented in 

(Table 4) are positive and much higher than A-coefficient, signifying the solute-solvent 

interactions are overriding over the solute-solute interactions. 

(Table 4) in the manuscript displays that the values of the B coefficients of both amino acids 

marginally increase with increasing temperature, i.e., the dB/dT values are positive. Small 

positive dB/dT values in (Table 7) for the present amino acids perform nearly as structure-

makers. 

 

3.4. Refractive index The values of refractive index of the work are reported in (Table 2). The 

molar refraction MR  can be evaluated from Lorentz-Lorenz relation [28] 

 2 2

M D DR  = (n -1)/(n + 2) (M/ )                              (8) 

Where MR , Dn , M and  are molar refraction, refractive index, molar mass and density of 

solution respectively. The ratio co/c represents refractive index of a substance where c is the 

speed of light in the medium and co the speed of light in vacuum. The refractive index of a 

compound describes its ability to refract light as it moves from one medium to another and 

thus,   higher the refractive index of a compound, more the light is diverted [29]. According to 



Deetlefs et al. [30] refractive index of a substance is higher when its molecules are more 

forcefully packed or in general when compound is denser. Hence, a survey of (Table 2 and 3) 

we found that the refractive index ( Dn ) and the molar refraction ( MR ) respectively increases 

linearly with an increasing concentration of solutions. 

3.5. Explanation for 1-H NMR- 300-MHz 1H N.M.R. spectra of the deuterated species of 

aromatic amino acids was analyzed. In case of 1H-NMR though we cannot compare the 

extent of H-bonding but we can conform the positioning of H-bonding, if we tally the both 

system’s NMR then we can see that H4 and H5 protons in Tyro system, showing more upfield 

shift comparing in Tryp system, whereas in Tryp H4, H5, H6 peaks came all together in same 

position. On that account we can say that the OH gr in ascorbic acid adjacing with H4 and H5 

proton for Tyro system is participating in H-bonding whereas in case of Tryp system, the OH-

group which holds H6 in ascorbic acid, is participating in H-bonding. Since all the 1H-NMR 

were taken in D2O system, we were unable to demonstrate the interaction between –OH and 

carboxylic acid   groups; since those groups donot show any peak in NMR spectra[31, 32]. 

3.6. Explanation for 13-C NMR -From 13-C NMR  we can easily say that interaction of ascorbic 

acid with tyrosine, is much more prominent  than that of tryptophan because in Tryp there is 

only two H-bonding is possible that’s why C7 and C5 carbon peaks are coming in NMR 

whereas other C’s are missing in NMR (C4,C6 and C8) which confirms that two position H-

bonding is happening but in case of tyrosine not only C5 and C7 but C8 also coming in NMR  

that means in tyrosine there, three H-bonding is happening[33, 34].The effect can be 

evaluated by constructing a two-dimensional energy diagram with respect to the orientations 

of the three –H bonds (Scheme 2).The evaluation of the above special effects is a significant 

computational challenge and left to a subsequent work [35-37]. 

3.7. Tryp/Tyro- fluorescence study- As reported in former studies for an excitation wavelength 

of 280 nm, both Tryp and Tyro will be excited. To selectively excite Tryp only, 295 nm 

wavelengths must be used. “Tryp + H2O” was seen to be excited in the wavelength of 348 nm 

and  similarly “ Tyro + H2O ” was examined to be excited in the range of 303 nm the reason 

behind the shift is as the polarity of the  solvent increases, the spectrum shifts to longer 

wavelengths and decreases in intensity. Vitamin-C does not fluoresce and so, derivatived 

ascorbic acid was prepared so that the chemical will fluoresce. This is done oxidizing ascorbic 

acid to dehydroascorbic acid in the presence of activated charcoal block which by itself along 



with H2O generate fluorescence within the range of 348 nm. The fluorescence intensity is 

proportional to the concentration of ascorbic acid [38-42].According to the present site, 

aqueous ascorbic acid concentration is kept fixed and the concentrations of amino acids were 

varied to generate fluorescence band. The fluorescent spectrophotometer then is applied to 

determine the fluorescence intensity of the fluorescent substances generated [fig 5, 6]. 

For tyrosine the excitation was affected at 275 nm and the emission spectra was observed at 

305 nm and for the Tryp the excitation was affected at 295 nm and the emission spectra was 

observed at 355 nm, slide widths both set as 5 nm. From fluorescence study we can say that 

the extent of interaction between Tyro and ascorbic acid is much more prominent than that 

of Tryp because as interaction increases fluorescence intensity decreases and in Tyro as we 

increase the concentration, intensity gradually decreases and becoming low and low that 

means it is showing very good interaction which is not the case for tryptophan because FL 

intensity is not changing with gradual decrement. The Tyro emission is not sensitive to the 

polarity of environment as seen in the aforementioned studies[43-45] and thus has more 

probability to interact with ascorbic acid which could be explained even on the basis of dipole 

moment[46-48].[fig 7, 8]. 

3.8. Ab Initio Quantum Chemical Methodologies- This field is of great theoretical interest. Here 

there is no use of sequence alignments and no direct use of known structures. The basic idea is 

to erect empirical function that simulates real physical forces and potentials of chemical 

contacts. In this paper, numerical calculations have been performed using UB3LYP functional. 

Diffused basis functions have often been found to be effective in describing weak interaction 

among atoms. Hence we use 6-31+G(d) basis function for a correct description of weak 

interactions which may prevail in the transition structures. These calculations are implemented 

through Gaussian 09W quantum chemical package. The quantum chemical calculations 

estimate that the N…O-H, H…O-H,C=O…H-O weak H-bond interactions in tyrosine, in the same 

way C-H…O,O-H…C weak H-bond interactions in tryptophan predominantly exists as [Scheme 2] 

and [Scheme 3] clusters in the solvent sphere of aqueous ascorbic acid. Previous review works 

deliberated ─ Firstly, The weak hydrogen bond is an interaction wherein X–H···A wherein a 

hydrogen atom forms a bond between two structural moieties X and A, of which one or even 

both are of moderate to low electronegativity (1999) (Desiraju–Steiner definition). Secondly, 

any cohesive interaction X–H•••A where [H] carries a positive and [A] a negative (partial or full) 



charge and the charge on X is more negative than on H (Steiner–Saenger definition). Thirdly, a 

hydrogen bond is said to exist when (a) there is evidence of a bond, and (b) there is evidence 

that this bond specifically involves a hydrogen atom already bonded to another 

atom(Pimentel–McClellan definition) (1960). Under certain conditions an atom of hydrogen is 

attracted by rather strong forces to two atoms instead of only one, so that it may be considered 

to be acting as a bond between them Pauling definition (1939). So, the aforesaid statements 

were well thought-out in our present work [49-57]. We have portrayed the existence of 

Tyro...AA and Tryp...AA complexes as clusters through quantum chemical calculations and we 

hereby compare calculated spectral values with the experimental spectral values in order to 

explain the shifts. Several estimated properties of assorted systems of Tyro (ascorbic acid)aq and 

Tryp(ascorbic acid)aq clusters are summarized in  (Table 8).The stabilization of Tyro (ascorbic 

acid)aq clusters is revealed by the value of E, the optimization energy, which decreases in 

magnitude with the number of solute-solvent interactions up to three. From the calculation, 

Tyro (ascorbic acid)aq was found to be additional stable than other complexes as it has 

minimum value of E. For the complexation if more than three interactions are shown then 

value of E once more increases. Specifically, the optimum geometry would involve central Tyro 

is surrounded by aq-ascorbic acid molecules by the weaker H-bond interactions which can be 

explained on the basis of solution thermodynamics as solute-solvent interactions [58-63] [fig. 

9(a), 9(b)]. 

Novelty behind the work When Tryp reacts in the presence of 5 moles of ascorbic acid, the 

product formed is serotonin. Obviously it is good quality for health, as it releases energy 

through TCA cycle. The beneficial task of Serotonin is not limited up to here. The significance 

arises when Serotonin is used as neurotransmitter and a vasoconstrictor. On the other hand it 

also has some adverse effects in a way such that if the concentration of Serotonin is increased 

than one have the tendency to get mad. In contrast Tyrosine leads to the catabolism in various 

pathways , in the former  step it is transaminated  to give Para –hydroxyphenylpyruvic acid by 

tyrosine transaminase in the presence of PLP(Pyridoxal phosphate (PLP, pyridoxal 5'-phosphate, 

P5P), the active form of vitamin B6, is a coenzyme in a variety of enzymatic reactions.) It is 

induced by glucocorticoids. In subsequent step of the reaction a shifting of the side chain from 

para position to meta position takes place. Ascorbic acid is helpful in this reaction and thus acts 

as a co-enzyme of hydroxylase enzyme. Important specialized products from Tyro thus 

https://en.wikipedia.org/wiki/Pyridoxal
https://en.wikipedia.org/wiki/Phosphate
https://en.wikipedia.org/wiki/Vitamin_B6
https://en.wikipedia.org/wiki/Coenzyme
https://en.wikipedia.org/wiki/Enzymatic


obtained are Melanin, Catecholamines(epinephrine), Thyroxine .This leads to the essential 

benefits of Tyro in   presence of AA  in human body (Georg A. Sprenger, Aromatic Amino Acids; 

Paul M. Dewick. Medicinal Natural Products: A Biosynthetic Approach; Lehninger A. L., 

Lehninger Principles of Biochemistry). 

 

Conclusion From the NMR data we can say that there is no peak for acid proton, so we can 

say that acid group is participating in H-bonding, the proton adjacent to –NH2 group is also 

missing in the NMR. So, we can say may be some of the –OH group is also participating in H-

bonding. In this work we have shown C-13 NMR spectra which are more reliable and 

supportive to study the Solute- Solvent interactions. We know from literature; Dipole fields of  

water molecules weakens the field amongst the cation and its corresponding anions. The 

weakening of this field and the associated weakening of the bonds of the cation to its 

corresponding anions is naturally stronger, the additional water molecules are attached, and 

the more their dipole moments are increased not only by the electrostatic but also by the 

covalent Solute-Solvent interactions. Imidazole ring is present in Tryp and so it is more polar 

and thus it has much more degrees of hydration, and  more dipole moment (as calculated 

from the Ab-initio technique) i.e. why the shift is not like that of Tyro where only benzene ring 

is present in the co-ordination sphere of the solvation. So, it is confirmed from all the 



experimental and theoretical calculations that the solute – solvent interactions is maximumin 

Tyrosine than that of the Tryptophan system. 

Abbreviation: Tyrosine = Tyro, Tryptophan = Tryp, Fluorescence intensity = Fl intensity, 

Aqueous = aq, Aqueous ascorbic acid = (AA) 

Keywords: Solute-solvent interaction, amino acids, Vitamin C, Fluorescence spectra and 

NMR Spectra. 
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Tables: 

Table 1.Values of density (ρ), viscosity (η), at 298.15, 303.15, 308.15 K and refractive 

index (nD) at 298.15 K in different mass fraction (w1) of aqueous Ascorbic Acid 

Mass fraction of 

aqAA (w1) Temp/K 
ρ·10-3 

/kg m-3 

η 

/mPa s 
nD 

 

w1 = 0.01 

298.15 0.99786 0.82 1.3324 

303.15 0.99623 0.74 - 

308.15 0.99543 0.66 - 

 

w1 = 0.03 

298.15 0.99937 0.83 1.3330 

303.15 0.99692 0.75 - 

308.15 0.99528 0.67 - 

 

w1 = 0.05 

298.15 1.00074 0.84 1.3338 

303.15 0.99776 0.76 - 

308.15 0.99612 0.69 - 

auncertinity of the density u(ρ)=0.00003x10-3 kg.m-3; viscosity u()= 0.01mPa s; refractive  

index u(nD)= 0.0002; temperature u(T)= 0.01K 

 

Table2. Experimental values of density ( ) and viscosity ( ) at 298.15 K, 303.15 K, 

308.15 K and Refractive index (nD) at 298.15 K of amino acidsin different mass fraction 

ofaqueous AA (w1) 

m 

/mol kg-1 

ρ·10-3 

/kgcm-3 

η 

/mPas 
nD 

m 

/ mol kg-1 

ρ·10-3 /kg 

cm-3 

η 

/mPas 
nD 

 w1 = 0.01  

 Tryptophan+ aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99841 0.84 1.3329 0.0555 0.99989 0.86 1.3341 

0.0251 0.99879 0.85 1.3333 0.0707 1.00052 0.86 1.3346 

0.0403 0.99933 0.85 1.3336 0.0860 1.00114 0.87 1.3352 

T = 303.15 K  T = 303.15 K  

0.0101 0.99674 0.75  0.0557 0.99818 0.77  

0.0252 0.99721 0.76  0.0710 0.99877 0.77  

0.0404 0.99779 0.76  0.0863 0.99933 0.78  

T = 308.15 K  T = 308.15 K  

0.0101 0.99591 0.67  0.0559 0.99751 0.69  

0.0253 0.99643 0.68  0.0712 0.99792 0.70  

0.0406 0.99698 0.68  0.0866 0.99848 0.71  



 Tyrosine+ aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99858 0.85 1.3330 0.0555 0.99998 0.87 1.3333 

0.0251 0.99894 0.86 1.3331 0.0707 1.00061 0.87 1.3334 

0.0403 0.99949 0.86 1.3332 0.0860 1.00133 0.88 1.3335 

T = 303.15 K  T = 303.15 K  

0.0101 0.99689 0.77  0.0557 0.99835 0.79  

0.0252 0.99737 0.78  0.0710 0.99893 0.79  

0.0404 0.99794 0.78  0.0863 0.99945 0.80  

T = 308.15 K  T = 308.15 K  

0.0101 0.99614 0.68  0.0559 0.99764 0.70  

0.0253 0.99660 0.69  0.0713 0.99814 0.71  

0.0406 0.99718 0.69  0.0867 0.99862 0.72  

 w1 = 0.03  

 Tryptophan + aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99892 0.87 1.3338 0.0555 1.00054 0.89 1.3354 

0.0251 0.99942 0.88 1.3345 0.0707 1.00097 0.89 1.3360 

0.0403 0.99991 0.88 1.3349 0.0860 1.00151 0.90 1.3367 

T = 303.15 K  T = 303.15 K  

0.0101 0.99751 0.78  0.0557 0.99847 0.80  

0.0252 0.99788 0.79  0.0710 0.99882 0.80  

0.0404 0.99833 0.79  0.0863 0.99931 0.81  

T = 308.15 K  T = 308.15 K  

0.0101 0.99622 0.69  0.0559 0.99791 0.71  

0.0253 0.99667 0.70  0.0712 0.99834 0.72  

0.0406 0.99743 0.70  0.0866 0.99875 0.72  

 Tyrosine+ aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99909 0.88 1.3342 0.0555 1.00065 0.90 1.3358 

0.0251 0.99959 0.89 1.3347 0.0707 1.00107 0.91 1.3363 

0.0403 1.00017 0.89 1.3353 0.0860 1.00157  0.92 1.3369  

T = 303.15 K  T = 303.15 K  

0.0101 0.99775 0.77  0.0557 0.99892 0.79  

0.0252 0.99813 0.78  0.0710 1.00045 0.80  



0.0404 0.99858 0.78  0.0863 1.00089 0.81  

T = 308.15 K  T = 308.15 K  

0.0101 0.99646 0.68  0.0559 0.99791 0.72  

0.0253 0.99691 0.69  0.0713 0.99845 0.72  

0.0406 0.99744 0.70  0.0867 0.99888 0.73  

 w1 = 0.05  

 Tryptophan + aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99938 0.89 1.3344 0.0555 1.00063 0.92 1.3361 

0.0251 0.99978 0.91 1.3349 0.0707 1.00097 0.93 1.3366 

0.0403 1.00022 0.91 1.3356 0.0860 1.00167 0.94 1.3372 

T = 303.15 K  T = 303.15 K  

0.0101 0.99804 0.81  0.0557 0.99997 0.83  

0.0252 0.99839 0.82  0.0709 1.00039 0.84  

0.0404 0.99976 0.82  0.0863 1.00088 0.85  

T = 308.15 K  T = 308.15 K  

0.0101 0.99765 0.73  0.0559 0.99871 0.75  

0.0253 0.99789 0.74  0.0712 0.99912 0.76  

0.0406 0.99833 0.74  0.0866 0.99946 0.77  

 Tyrosine+ aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 0.99962 0.90 1.3349 0.0555 1.00163 0.92 1.3362 

0.0251 1.00095 0.91 1.3353 0.0707 1.00197 0.93 1.3368 

0.0403 1.00136 0.91 1.3357 0.0860 1.00239 0.95 1.3373 

T = 303.15 K  T = 303.15 K  

0.0101 0.99819 0.83  0.0557 1.00020 0.86  

0.0252 0.99858 0.84  0.0710 1.00038 0.87  

0.0404 0.99994 0.84  0.0863 1.00058 0.88  

T = 308.15 K  T = 308.15 K  

0.0101 0.99779 0.74  0.0559 0.99879 0.77  

0.0253 0.99808 0.75  0.0712 0.99919 0.79  

0.0406 0.99819 0.76  0.0866 0.99948 0.80  

auncertinity of the density u(ρ)=0.00003x10-3 kg.m-3; viscosity u()=0.02mPa s; refractive  index u(nD)= 

0.0001; temperature u(T)= 0.02K. 

 

 



Table3. Molality (m), apparent molar volume ( V ) and 1 r( ) / m  at 298.15 K, 303.15 

K, 308.15 K and molar refraction ( R ) at 298.15 K of amino acids in different mass 

fraction ofaqueous AA (w1)  

m 

/mol·kg-1 

V ·106 

m3·mol-1 

1 r( ) / m
 

kg1/2mol-1/2 

R 
m 

/mol·kg-1 

V ·106 

m3·mol-1 

1 r( ) / m
 

kg1/2mol-1/2 

R 

 w1 = 0.01  

 Tyrosine + aq. AA  

T = 298.15 K  T = 298.15 K   

0.0100 132.49(±0.02) 0.082(±0.005) 35.009 0.0555 126.96(±0.02) 0.114(±0.002) 35.096 

0.0251 130.46(±0.04) 0.096(±0.003) 35.055 0.0707 124.38(±0.02) 0.119(±0.005) 34.115 

0.0403 129.25(±0.01) 0.099(±0.001) 35.079 0.0860 123.79(±0.04) 0.123(±0.001) 34.134 

T = 303.15 K  T = 303.15 K   

0.0101 142.89(±0.03) 0.112(±0.005)  0.0101 135.85(±0.01) 0.183(±0.006)  

0.0252 138.05(±0.04) 0.145(±0.001)  0.0252 134.38(±0.02) 0.191(±0.007)  

0.0404 136.08(±0.01) 0.161(±0.003)  0.0404 132.87(±0.06) 0.198(±0.002)  

T = 308.15 K  T = 308.15 K   

0.0101 153.86(±0.01) 0.123(±0.002)  0.0559 144.78(±0.05) 0.165(±0.008)  

0.0253 149.26(±0.02) 0.133(±0.003)  0.0712 141.07(±0.04) 0.182(±0.002)  

0.0406 145.61(±0.01) 0.145(±0.002)  0.0866 140.58(±0.02) 0.198(±0.005)  

 Tryptophan+ aq. AA  

T = 298.15 K  T = 298.15 K   

0.0100 105.50(±0.02) 0.061(±0.005) 33.762 0.0555 97.83(±0.03) 0.086(±0.009) 34.126 

0.0251 103.48(±0.08) 0.069(±0.002) 33.948 0.0707 95.88(±0.02) 0.097(±0.003) 34.159 

0.0403 99.22(±0.06) 0.075(±0.002) 33.988 0.0860 94.68(±0.05) 0.112(±0.002) 34.187 

T = 303.15 K  T = 303.15 K   

0.0101 114.92(±0.02) 0.139(±0.002)  0.0557 106.11(±0.03) 0.167(±0.009)  

0.0252 112.48(±0.05) 0.145(±0.002)  0.0710 105.82(±0.06) 0.176(±0.006)  

0.0404 108.86(±0.08) 0.155(±0.006)  0.0863 103.39(±0.04) 0.189(±0.001)  

T = 308.15 K  T = 308.15 K   

0.0101 121.47(±0.01) 0.154(±0.003)  0.0559 118.24(±0.03) 0.184(±0.005)  

0.0253 120.61(±0.02) 0.167(±0.004)  0.0713 117.81(±0.02) 0.197(±0.002)  

0.0406 119.61(±0.03) 0.171(±0.008)  0.0867 116.61(±0.01) 0.204(±0.009)  

 w1 = 0.03  

 Tyrosine+ aq. AA  

T = 298.15 K  T = 298.15 K   



0.0100 129.35(±0.02) 0.085(±0.005) 36.034 0.0555 118.97(±0.01) 0.132(±0.004) 36.074 

0.0251 123.99(±0.08) 0.108(±0.002) 36.049 0.0707 115.43(±0.04) 0.142(±0.006) 36.088 

0.0403 121.60(±0.02) 0.121(±0.009) 36.065 0.0860 112.89(±0.03) 0.154(±0.002) 37.016 

T = 303.15 K  T = 303.15 K  

0.0101 135.89(±0.02) 0.088(±0.007)  0.0557 129.20(±0.02) 0.159(±0.001)  

0.0252 133.46(±0.02) 0.117(±0.002)  0.0710 128.57(±0.07) 0.169(±0.002)  

0.0404 131.83(±0.09) 0.139(±0.002)  0.0863 125.93(±0.02) 0.177(±0.005)  

T = 308.15 K  T = 308.15 K  

0.0101 138.47(±0.01) 0.098(±0.002)  0.0559 134.76(±0.03) 0.151(±0.002)  

0.0253 137.99(±0.06) 0.118(±0.004)  0.0712 133.95(±0.02) 0.168(±0.009)  

0.0406 135.48(±0.02) 0.141(±0.002)  0.0866 131.25(±0.02) 0.187(±0.007)  

 Tryptophan+ aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 98.49(±0.03) 0.059(±0.005) 34.126 0.0555 89.37(±0.01) 0.095(±0.001) 34.152 

0.0251 95.68(±0.03) 0.069(±0.002) 34.133 0.0707 88.31(±0.04) 0.106(±0.002) 34.166 

0.0403 93.96(±0.02) 0.082(±0.009) 34.145 0.0860 87.86(±0.03) 0.117(±0.004) 34.188 

T = 303.15 K  T = 303.15 K  

0.0101 101.29(±0.09) 0.079(±0.002)  0.0557 94.88(±0.02) 0.123(±0.003)  

0.0252 99.33(±0.07) 0.087(±0.004)  0.0710 92.56(±0.04) 0.143(±0.002)  

0.0404 96.34(±0.02) 0.095(±0.002)  0.0863 91.13(±0.01) 0.156(±0.002)  

T = 308.15 K  T = 308.15 K  

0.0101 106.12(±0.05) 0.086(±0.003)  0.0559 101.56(±0.02) 0.112(±0.002)  

0.0253 105.29(±0.06) 0.094(±0.002)  0.0713 98.33(±0.02) 0.123(±0.003)  

0.0406 103.75(±0.02) 0.102(±0.002)  0.0867 96.45(±0.05) 0.134(±0.002)  

 w1 = 0.05  

 Tyrosine + aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 128.45(±0.08) 0.099(±0.002) 37.087 0.0555 125.88(±0.02) 0.123(±0.004) 37.161 

0.0251 127.24(±0.02) 0.105(±0.002) 37.120 0.0707 124.30(±0.05) 0.133(±0.003) 37.177 

0.0403 126.61(±0.02) 0.119(±0.001) 37.145 0.0860 123.65(±0.02) 0.145(±0.002) 37.193 

T = 303.15 K  T = 303.15 K  

0.0101 137.46(±0.01) 0.119(±0.002)  0.0557 134.16(±0.02) 0.132(±0.002)  

0.0252 136.25(±0.02) 0.127(±0.003)  0.0709 133.56(±0.05) 0.141(±0.007)  

0.0404 135.82(±0.02) 0.130(±0.002)  0.0863 132.82(±0.02) 0.154(±0.007)  

T = 308.15 K  T = 308.15 K  



0.0101 143.47(±0.02) 0.121(±0.002)  0.0559 140.66(±0.06) 0.162(±0.004)  

0.0253 142.19(±0.02) 0.142(±0.001)  0.0712 139.85(±0.02) 0.171(±0.002)  

0.0406 141.43(±0.02) 0.145(±0.007)  0.0866 138.97(±0.06) 0.187(±0.002)  

 Tryptophan + aq. AA  

T = 298.15 K  T = 298.15 K  

0.0100 99.23(±0.02) 0.087(±0.004) 34.975 0.0555 95.82(±0.02) 0.127(±0.002) 35.008 

0.0251 97.26(±0.02) 0.099(±0.002) 34.991 0.0707 92.53(±0.01) 0.139(±0.003) 35.017 

0.0403 96.30(±0.02) 0.119(±0.004) 34.999 0.0860 89.19(±0.02) 0.148(±0.002) 35.027 

T = 303.15 K  T = 303.15 K  

0.0101 105.22(±0.08) 0.077(±0.002)  0.0557 123.64(±0.03) 0.133(±0.002)  

0.0252 113.96(±0.02) 0.109(±0.002)  0.0710 128.51(±0.02) 0.141(±0.009)  

0.0404 119.09(±0.02) 0.129(±0.005)  0.0863 132.04(±0.02) 0.149(±0.002)  

T = 308.15 K  T = 308.15 K  

0.0101 112.53(±0.07) 0.085(±0.002)  0.0559 124.48(±0.02) 0.185(±0.002)  

0.0253 115.94(±0.02) 0.137(±0.004)  0.0712 128.64(±0.02) 0.199(±0.002)  

0.0406 119.27(±0.07) 0.159(±0.002)  0.0866 137.88(±0.07) 0.202(±0.001)  

Standard errors are given in the parenthesis. 

Table4. Partial molar volumes ( 0

V ), experimental slopes ( *

VS ), viscosity A- and B-

coefficients of amino acids in different mass fraction ofaqueous AA (w1) at 298.15 K, 

303.15 K and 308.15 K respectively 

Temp 

/K 

0

V ·106 

/m3·mol-1 

*

VS ·106 

/m3·mol- 3/2 ·kg1/2 

B 

/ kg·mol-1 

A 

/ kg1/2·mol-1/2 

 w1 = 0.01 

 Tyrosine+ aq. AA 

298.15 125.67(±0.03) 15.75(±0.02) 0.321(±0.009) 0.042(±0.009) 

303.15 127.29(±0.06) 13.93(±0.06) 0.486(±0.002) 0.039(±0.001) 

308.15 129.81(±0.02) 12.20(±0.04) 0.554(±0.003) 0.036(±0.002) 

 Tryptophan + aq. AA 

298.15 96.58(±0.06) 24.19(±0.02) 0.233(±0.005) 0.021(±0.002) 

303.15 97.04(±0.02) 21.38(±0.01) 0.343(±0.002) 0.015(±0.004) 

308.15 99.99(±0.09) 19.27(±0.01) 0.467(±0.005) 0.011(±0.002) 

 w1 = 0.03 

 Tyrosine + aq. AA 

298.15 129.33(±0.06) 13.69(±0.02) 0.381(±0.002) 0.035(±0.004) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard errors are given in the parenthesis. 

 

 

 

  

303.15 131.98(±0.02) 11.04(±0.06) 0.482(±0.007) 0.041(±0.001) 

308.15 135.08(±0.03) 9.73(±0.02) 0.577(±0.007) 0.059(±0.002) 

 Tryptophan + aq. AA 

298.15 99.17(±0.02) 12.18(±0.03) 0.391(±0.002) 0.018(±0.004) 

303.15 102.93(±0.07) 11.54(±0.04) 0.469(±0.002) 0.015(±0.002) 

308.15 103.51(±0.07) 10.01(±0.02) 0.587(±0.005) 0.012(±0.002) 

 w1 = 0.05 

 Tyrosine + aq. AA 

298.15 135.19(±0.05) 12.34(±0.02) 0.513(±0.002) 0.029(±0.004) 

303.15 142.26(±0.02) 9.45(±0.03) 0.653(±0.001) 0.021(±0.002) 

308.15 154.09(±0.02) 8.39(±0.02) 0.732(±0.002) 0.017(±0.002) 

 Tryptophan + aq. AA 

298.15 101.65(±0.04) 11.19(±0.02) 0.402(±0.002) 0.017(±0.002) 

303.15 103.76(±0.02) 8.76(±0.02) 0.456(±0.006) 0.015(±0.007) 

308.15 105.01(±0.01) 6.12(±0.01) 0.508(±0.002) 0.011(±0.005) 



Table5. Values of empirical coefficients (a0, a1, and a2) of Equation 4 for amino acids 

in different mass fraction ofaqueous vitamin (w1) at 298.15K to 308.15K respectively 

 

 

 

 

 

 

 

 

 

 

 

Standard errors are given in the parenthesis. 

 

Table6. Limiting apparent molal expansibilities ( 0

E
  ) for amino acids in different mass 

fraction of aqueous vitamin (w1) at 298.15K to 308.15K respectively 

 

 

Standard 

errors are 

given in the 

parenthesis. 

 

Table7. 

Values of 

dB/dT for the 

amino acids 

in different 

mass 

fraction of 

aqueous 

vitamin C 

(w1) at 

298.15 to 

308.15K 

respectively  

solvent mixture 
a0·106 

/m3·mol-1 

a1·106 

/m3·mol-1·K-1 

a2·106 

/m3·mol-1·K-2 

Tyrosine + aq. vitamin C 

w1= 0.01 1213.00(±0.00) -9.499(±0.004) 0.008(±0.002) 

w1= 0.03 1932.77(±0.02) -11.881(±0.002) 0.009(±0.006) 

w1 = 0.05 2342.30(±0.01) -12.752(±0.007) 0.013(±0.002) 

Tryptophan + aq. vitamin C 

w1 = 0.01 691.29(±0.06) -7.600(±0.002) 0.0005(±0.0001) 

w1= 0.03 878.20(±0.02) -8.648(±0.009) 0.0022(±0.0002) 

w1= 0.05 996.90(±0.04) -9.514(±0.002) 0.0077(±0.0002) 

solvent 

mixture 

0

E ·106 /m3·mol-1·K-1 
 0 6

E P
T 10 

 

/m3·mol-1·K-2 

Tyrosine + aq. vitamin C 

T/K 298.15 303.15 308.15   

w1 = 0.01 0.154(±0.005) 0.284(±0.002) 
0.464(±0.00

2) 
 0.046(±0.001) 

w1= 0.03 0.248(±0.001) 0.315(±0.002) 
0.483(±0.00

8) 
 0.058(±0.008) 

w1= 0.05 0.321(±0.002) 0.449(±0.006) 
0.571(±0.00

2) 
 0.067(±0.002) 

Tryptophan + aq. vitamin C 

T/K 298.15 303.15 308.15   

w1= 0.01 0.123(±0.004) 0.241(±0.002) 0.339(±0.002)  0.023(±0.005) 

w1= 0.03 0.157(±0.002) 0.257(±0.001) 0.385(±0.001)  0.042(±0.009) 

w1= 0.05 0.307(±0.001) 0.311(±0.005) 0.463(±0.002)  0.055(±0.002) 

solvent mixture dB/dT   

Tyrosine+ aq. Vitamin C 



 

 

 

 

 

 

 

 

 

 

Standard errors are given in the parenthesis. 

 

Table 8: Properties of Amino acids – Vitamin C Complexes calculated by the  

UB3LYP/6-31+g(d) method 

 

 

 

 

 

 

 

 

 

 

FIGURES 

w1= 0.01 0.0232 (±0.0001)  

w1 = 0.03 0.0246 (±0.0007)  

w1= 0.05 0.0269 (±0.0002)  

Tryptophan+ aq. Vitamin C 

w1= 0.01 0.0129 (±0.0008)  

w1= 0.03 0.0143 (±0.0009)  

w1= 0.05 0.0219 (±0.0002)  

Optimised Amino acids Optimised Amino acids in Vitamin C 

File Name = Tyrosine 

Calculation Method = UB3LYP 

Basis Set = 6-31G(d) 

E(UB3LYP) = -630.00433825 a.u. 

Dipole Moment = 2.5356 Debye 
 

File Name = Ascorbic acid + Tyrosine 

Calculation Method = UB3LYP 

Basis Set = 6-31G(d) 

E(UB3LYP) = -1325.43514700 a.u. 

Dipole Moment = 5.4169 Debye 

 
File Name = Tryptophan 

Calculation Method = UB3LYP 

Basis Set = 6-31G(d) 

E(UB3LYP) = -686.35576918 a.u. 

Dipole Moment = 3.4013 Debye 

File Name = Ascorbic acid + Tryptophan 

Calculation Method = UB3LYP 

Basis Set = 6-31G(d) 

E(UB3LYP) = -1313.54700092 a.u. 

Dipole Moment = 7.1501 Debye 
 



Figure 1.1H NMR spectra of Tyrosine along with Ascorbic acid in D2O at 298.15 K. {1H-NMR (300 

MHz, CDCl3): δ 7.10-7.6 (d, 2H), 6.83-6.77 (d, 2H), 3.99-3.95 (t, 1H), 3.66-3.64 (d, 2H), 3.12-3.07 (d, 

2H)}. 

Figure 2.1H NMR spectra of Tryptophan along with Ascorbic acid in D2O at 298.15 K. {1H-NMR (300 MHz, 

CDCl3): δ 7.63-7.60 (d, 2H), 7.44-7.41 (d, 2H), 7.20-7.06 (m, 2H), 3.99-3.94 (m, 3H), 3.24-3.19 (d, 2H)}. 

 



Figure3. 13-C NMR spectra of Tyrosine along with Ascorbicacid in D2O at 298.15 K.{13C-NMR (75 

MHz, in D2O): 174.50, 156.2, 155.8, 128.9, 127.3, 126.6, 126.4, 123.8, 63.9, 53.4}. 

 

 

 

Figure 4.13-C NMR spectra of Tryptophan along with Ascorbic acid in D2O at 298.15 K. {13C-NMR 

(75 MHz, in D2O): 174.40, 156.3, 155.8, 125.9, 123.3, 119.4, 118.3, 115.8, 114.2, 113.9, 113.2, 68.9, 

and 54.8}. 

 



 

Figure 5.Fluorescence emission spectra of aqueous ascorbic acid   in the presence of 0.1mM─ 

1.0 mM of Tyrosine (ex =275 nm, slit =5/5) 

 

 

Figure 6.Fluorescence emission spectra of aqueous ascorbic acid   in the presence of 0.1mM─ 

1.0 mM ofTryptophan (ex =295 nm, slit =5/5) 

 



 
Figure 7.  Bar diagram of the relative fluorescence intensity bar for the interaction of tyrosine using aqueous ascorbic 

acid.   

 

 

Figure  8.  Bar diagram of the relative fluorescence intensity bar for the interaction of tryptophan using aqueous 
ascorbic acid.   

 



 

Figure 9(a).Optimum geometry for a complex consisting of a tyrosine encircled by ascorbic acid molecules involving three H-
bonding (without Cartesian Co-ordinate). 

 

 

Figure 9(b).Optimum geometry for a complex consisting of a tyrosine encircled by ascorbic acid molecules involving three H-
bonding (with Cartesian Co-ordinate). 

 

Schemes 



   

Scheme 1: The molecular structures of Tyrosine, Tryptophan and Ascorbic acid. 

 

 

Scheme 2. Diagrammatic representation of the Probable Geometrical Configurations 
involving  tyrosine molecules surrounded    by ascorbic acid molecules involving three 
H-bonding. 



 
Scheme3. Diagrammatic representation of the Probable Geometrical Configurations involving 
tryptophan molecules surrounded by ascorbic acid molecules involving two H-bonding 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published in Chemical Physics Letters 687 (2017) 209–221 



 

 

 

Conjoint beneficial impacts of lithium-ion along with 

aqueous vitamin in driven rechargeable batteries and also 

in neurotransmitter drugs 

Abstract  

Lithium ions are “energy capsules”. The electrochemical calculations of the aqueous 

rechargeable lithium-ion battery has been widely investigated in efforts to design a green and 

safe technology that can provide a highly explicit capacity, high efficiency and long life for 

high power applications such as the smart grid and electric vehicle. It is assumed that the 

advantages of this battery will overcome the limitations of the rechargeable lithium-ion 

battery with organic electrolytes that encompass safety and create high production cost 

issues. This assessment focuses on the opportunities of the aqueous rechargeable lithium-ion 

battery compared to the conventional rechargeable lithium-ion battery with organic-based 

electrolytes.  

Graphical Abstract  

 

* Published in J. Adv. Chem. Sci. – Volume 3 Issue 1 (2017) 

1. Introduction  

CHAPTER-V 



Since years the specific biochemical mechanism of lithium deed in stabilizing mood is known. 

Previously reported studies are briefly summarized, together with the presentation of new 

findings based on the conductivity, morphology, electrochemical performance and cycling 

stability consequences. The factors that influence the electrochemical performance, the 

challenges and potential of the aqueous rechargeable lithium-ion battery are highlighted with 

emphasis on maintaining the excellent battery performance. Moreover current studies, tip to 

the possibility that long-term treatment with ascorbic acid based lithium drug might prove 

useful for reducing brain damage and motivating new neural growth in neurodegenerative 

diseases. 

Presently, the majority of Lithium ions utilized in aqueous rechargeable designs of batteries 

can be widely used in various kinds of portable electric devices because of their high 

performance with much more power, high output voltage and also can find applications in 

the development of electrolyte solutions [1, 2] . Moreover the interconnection of Lithium 

salts with vitamin increases diverse impacts in biological systems [3, 4].  

In the present work molecular dynamics calculations from the experimental determination of 

solvation phenomena for the ions of lithium halides in water-ascorbic acid solvents have been 

discussed. The results have been interpreted in terms of ion-solvent interactions and 

structural modifications in the solvent media [5, 6]. The electrical conductivity of electrolytes 

in mixed solvent solutions mainly depends upon the concentration of the electrolyte and also 

upon the viscosity of the solvent. The use of mixed solvents in high energy batteries has also 

extended the area in the field of mixed solvent systems [7, 8]. Hence, in studying the behavior 

of lithium salts in different solvent systems will help in the production of more useful and 

“cost-effective batteries” [9].  

Vitamin is very suitable due to the excellent solubility characteristics. 

Vitamin plays an important role for the synthesis of several important neurotransmitters. So, 

in our recent work due to incorporation of Lithium ion in aqueous ascorbic acid solution, 

enhancement of neurotransmission property occurs. The new battery is similar to many 

commercially-available lithium-ion batteries with one important difference – it has the 

probability to use butenolide (2-Furanone) from vitamin C (ascorbic acid) as the cathode, the 

part that stores the electricity that is released when connected to a device. While bio-derived 

battery parts have been created previously, this is the one that uses bio-derived long-chain 

molecules – for one of the electrodes, essentially allowing battery energy to be stored, 

https://ods.od.nih.gov/factsheets/Riboflavin-HealthProfessional/


instead of expensive, harder to process, and more environmentally-harmful metals such as 

cobalt. Modern batteries contain a positive terminal, a negative terminal, and an electrolyte 

solution. When a battery is connected to any electronic device that requires power, electrons 

flow from the anode– the negatively charged electrode of the device supplying current – to 

the device, then into the cathode. The ions also migrate through the electrolyte solution to 

balance the charge. When the device is connected to a charger, this process happens in 

reverse. The reaction in the anode creates electrons and the reaction in the cathode absorbs 

them when discharging. The result of this is electricity. The battery will continue to produce 

electricity until one or both of the electrodes run out of the substances necessary for these 

reactions to take place. 

It is clear from the above discussion that Electrochemical cells of Lithium can be used to 

provide power, in which case they are called batteries; moreover Lithium ions can use the 

reactants supplied continuously and thus can be called as fuel cells. 

2. Experimental section 

 

2.1. Materials  

All the lithium halides were purchased from Merck Company, Ascorbic acid used for this 

study were of analytical grade supplied by Sisco Research Laboratories (SRL). All these 

chemicals were used as supplied without any further purification. Lithium chloride (LiCl), 

lithium bromide (LiBr), and lithium iodide (LiI) with minimum mass fraction purities of (> 

0.99) were dried in the electrical oven at about 110°C for 24 h prior to use. Double distilled 

water was used for preparation of the solutions. Water has been used as the primary solvent 

obtained from series of distillations till its specific conductance attains the range of (0.1·10−6 

to 1.0·10−6Ω−1·cm−1). The purity of water was further checked by measuring its density. 

Before use the chemicals were kept in a vacuum oven to eliminate any moisture. 

 

2.2  . Preparation of Solutions 

 

All the solutions were prepared by weight and conversions of molality to molarity were done 

by using the standard expression of an analytical balance (precision 1·10−5 g). All these 

solutions were prepared in 0.001 m, 0.003m, 0.005m ascorbic acid in water as solvent in the 



various temperatures of 298.15K, 303.15K, and 308.15K [scheme 1]. Six concentrations 

ranging from 0.005 mol·kg−1 to 0.08 mol·kg−1 of LiCl, LiBr, and LiI were prepared by taking 

different compositions of ascorbic acid in water as solvent for all studies. 

 

2.3. Instrumentation 

Density was measured by vibrating-tube digital Anton Paar Density-Meter (DMA 4500M) with 

a precision of ±0.00005 g cm−3, was calibrated by double-distilled water and dry air .The 

temperature was automatically kept constant within ±0.01 K. It was calibrated by triply-

distilled water and passing dry air. The viscosities 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 

CaCl2solutions.Temperature of the solution was maintained to within ± 0.01 K using 

Brookfield DigitalTC-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 %. 

Refractive index was measured with the help of a digital refractometer Mettler Toledo. The 

light source was light emitting diode (LED), λ=589.3 nm. The refractometer was calibrated 

twice using distilled water and calibration was checked after every few measurements. The 

uncertainty of refractive index measurement was ±0.0002 units. 

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 [10,11] . 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. and cell constant was measured 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 ±0.01K [12]. 

 



3. Results and discussion 

 

3.1. Density calculation 

The measured value of densities (ρ) of lithium halide in solvent mixtures of different mass 

fraction of Ascorbic acid in water, as a function of concentration at 298.15 K, 303.15K, 

308.15K are reported. The measured values of density for binary (ascorbic acid + H2O) system 

and ternary (ascorbic acid + LiCl + H2O), (ascorbic acid +LiBr + H2O), and (ascorbic acid + LiI + 

H2O) mixtures at different concentrations of ascorbic acid and (LiCl, LiBr and LiI), at different 

temperatures are given. Figure 1 shows the comparison of measured densities for (ascorbic 

acid + H2O) binary system in this work and literature at T = 298.15 K, 303.15K, 308.15K. Both 

data show linear dependence to molality of ionic liquid with almost same intercepts but 

different slopes [13]. This discrepancy in slopes may come from differences in purities of used 

ascorbic acid and also little differences in densities due to pressures (Figure 1). 

 

3.2. Apparent Molar volume Studies 

The apparent molar volume of LiCl, LiBr and LiI in (0.001, 0.003, 0.005) m aqueous ascorbic 

acid solution have been calculated from density data (Figure 2(a), (b), (c)) by using Eq.(1) 

                        ϕv = M2 / d− (d−d0) /mdd0                                                                                              

(1) 

Where d0 is the density of solvent, d is the density of solution, m the molality of solution and 

M2 the molecular weight of electrolyte.  

The densities of various solutions of lithium chloride, lithium bromide and lithium iodide in 

(0.001, 0.003, 0.005) m aqueous ascorbic acid obey Root's equation and justify the use of 

Masson's Eq. (2) for the estimation of the limiting apparent molar volume 

      ϕv = ϕv
0 + Sv

*√C                                                                                                                                    

(2) 

Where ϕv
o and SV

* are calculated from the intercept and slope from the extrapolation of the 

plots of ϕv versus √C shown. The values of limiting apparent molar volume and slopes SV
* are 

recorded in Figure 3(a), (b), (c). The slope SV
* in Masson's equation may be attributed to be as 

a measure of ion–ion or solute–solute interactions. Low and positive values of  SV
* for LiCl, 

LiBr and LiI accounts for weak ion–ion interactions [14, 15]. There is a decrease in inter ionic 

interactions with increase in temperature for lithium chloride, lithium bromide, lithium iodide 



in (0.001, 0.003, 0.005) m aqueous ascorbic acid solutions which may be due to more 

solvation of electrolytic ions with rise in temperature [16]. 

The ϕv
o is a measure of ion–solvent interactions [scheme 2] .The positive values of ϕv

o for 

LiCl, LiBr and LiI shows positive ion–solvent interactions [17, 18]. The ϕv
o values for LiCl, LiBr 

and LiI increases with increase in temperature and it may be due to more solvation of 

electrolytic ions as a result of decrease in hydrogen bonding between solvent molecules with 

rise in temperature, thus making more free solvent molecules available for solvation of 

electrolytic ions shown in (Scheme 3), where I1> I2   > I3 [19, 20]. 

 

3.3. Temperature dependent limiting apparent molar volume 

The variation of V
0 with the temperature of the Lithium halides in different solvents with the 

temperature can be expressed by the general polynomial equation as follows, 

 

           V
0 =a0 T + a1T + a2 T 2                                                                                                                                                                            

(3) 

 

Where a0, a1, a2 are the empirical coefficients depending on the solute, mass fraction (w1) of 

the co-solute, and T is the temperature range under study in Kelvin. The values of these 

coefficients of the above equation for the Lithium salts in Vitamin C and water are reported at 

298.15 K, 303.15K and 308.15K are shown in Table 1. 

The temperature dependence of ϕv
o for LiCl, LiBr and LiI can be expressed as: 

                ϕv
o= 265.7+0.648T–0.005T2                                                                                                                                                  (4) 

for: (LiCl in 0.001 m aqueous ascorbic acid system) 

 

                    ϕv
o= 290.6-0.633T–0.002T2                                                                                                                          (5) 

for : ( LiCl in 0.003 m aqueous ascorbic acid system) 

 

                        ϕv
o= 529.6-0.503T–0.001T2                                                                                                                                     (6) 

for : ( LiCl in 0.005 m aqueous ascorbic acid system) 

 

                          ϕv
o= 251.6+0.854 T–0.006T2                                                                                                                                  

(7) 



for : ( LiBr in 0.001 m aqueous ascorbic acid system) 

 

                            ϕv
o= 282.4+0.852 T–0.004T2                                                                                                                               

(8) 

for: ( LiBr in 0.003 m aqueous ascorbic acid system) 

 

                               ϕv
o=319.4+0.755 T–0.002T2                                                                                                                            

(9) 

for: (LiBr in 0.005 m aqueous ascorbic acid system) 

 

 

            ϕv
o=178.0+2.008 T–0.007T2                                                                                                                                                      

(10) 

for: ( LiI in 0.001 m aqueous ascorbic acid system) 

 

ϕv
o=256.2+0.912T–0.004T2                                                                                                                                                                           

(11) 

for: ( LiI in 0.003 m aqueous ascorbic acid system) 

 

ϕvo=397.4+0.380T–0.001T2                                                                                                                                                                          

(12) 

for: ( LiI in 0.005 m aqueous ascorbic acid system) 

 

The limiting apparent molar expansibilities, E
0can be obtained by the following equation, 

 

( E
0) = (δφv

0/δT)p= a1+ 2a2T                                                                                                               

(13) 

 

The limiting apparent molar expansibilities, E
0, change in magnitude with the change of 

temperature. The values of E
0for different solutions of the studied sample at (298.15, 

303.15, and 308.15) K are reported in Table 2. The table reveals that E
0is positive for Lithium 



halides in all the concentrations of studied solvents and studied temperatures [21, 22]. This 

fact can ascribed to the absence of “caging or packing effect” for the Lithium salts in solutions 

and their behavior is just like common electrolytes [23, 24]. 

During the past few years it has been emphasized by different workers that SV
* is not the sole 

criterion for determining the structure-making or -breaking nature of any solute. 

The structure making/ breaking capacity of LiCl, LiBr and LiI may be interpreted with the help 

of Hepler's reasoning shown in Table 2. Hepler developed a technique of examining the sign 

of (δE
0/δT)p for the solute in terms of long-range structure-making and -breaking capacity of 

the solute in the solvent systems using the general thermodynamic expression, 

(δE
0/δT )p  = (δ2v

0/δT2)p= 2a2                                                                                                                                                          (14) 

 

Eq 14 can also be represented as (∂C̅p0/∂P)T = −T(∂2ϕov/∂T2)p                                                             (15) 

Where Cp̅0 is the partial molar heat capacity at infinite dilution. From Eq. (15), it is clear that 

structure making electrolytes should have a positive value of (∂2ϕvo/∂T2)p and structure 

breaking electrolytes should have negative value of (∂2ϕvo/∂T2)p. For LiCl, LiBr and LiI the sign 

of (∂2ϕvo/∂T2)p has been found to be negative which suggests that LiCl, LiBr and LiI acts as 

structure-breaker in 0.001, 0.003, 0.005  m aqueous ascorbic acid solution. 

 

4.  Viscosity Studies 

Another transport property of Solution is viscosity has been studied for comparison and 

conformation of the solvation of the electrolyte in the chosen solvents. The viscosity data has 

been analyzed using Jones-Dole equation. 

 

                                                             (ɳr -1) /√c = A +B√c                                               (16) 

Where (ɳ/ ɳ0) = ɳr, η and η0 are relative viscosities, viscosities of solution and solvent 

respectively, c is the molar concentration and A and B are constants. The values of η, (ɳr -1) 

/√c are shown . The values of A and B have been determined from the intercept and slope of 

linear plots of (ɳr -1) /√c versus √c.  The values of A and B of different solutions are recorded. 

Parameter A of Jones–Dole equation represents the contribution from ion–ion interactions. 

The values of A, shows that ion–ion interactions for LiCl, LiBr and LiI decreases with increase 

in temperature, which may be due to more solvation of ions. 



 The B parameter which measures the structure making/breaking capacity of an electrolyte in 

a solution also contain a contribution from structural effects and is responsible for solute–

solvent interactions in a solvent. It has been emphasized by a number of workers that dB/dT 

is more important criteria for determining solute–solvent interactions .Viscosity study of a 

number of electrolytes has shown that structure-maker will have negative dB/dT and 

structure breaker will have positive dB/dT. The temperature effect on B coefficient for LiCl, 

LiBr and LiI shows a positive sign of dB/dT, showing thereby that LiCl, LiBr and LiI behaves as 

structure-breaker in (0.001, 0.003, 0.005) m aqueous ascorbic acid solution. The effect of 

temperature on the viscosity is given where A and B are viscosity coefficient indicates the 

ion–ion and ion–solvent interaction, respectively. 

As the electrolytes investigated here are found to be somewhat associated from conductivity 

measurements, the viscosity data have been analyzed by the following equation 

                    ɳr = 1 + A (α c) + B α c + B
/
 (1-α)                                                                               (17) 

Where A, B, and B/ are the characteristic constants and α is the degree of dissociation of the 

ion pair. Equation (2) can be rearranged to give 

                              [ɳr - 1 - A (α c)
 1/2]/α c=B +B/ (1-α / α)                                                    (18) 

For the evaluation of B from Eq. (3), a method suggested earlier by us (in equation 1) was 

followed. The viscosity data have also been analyzed on the basis of the transition state 

treatment of the relative viscosity of electrolyte solutions [25, 26]. Relative viscosity (ɳr) (a 

synonym of "viscosity ratio") is the ratio of the viscosity of a solution (ɳ) to the viscosity of the 

solvent used (ɳ0), shown. 

 

 

5. Refractive index calculation 

 

The molar refraction, RM can be evaluated from the Lorentz-Lorenz relation, 

                   RM  = {(nD
2 - 1) / (nD

2 + 2)}(M / ρ)                                                                          (19) 

Where RM, nD, M and ρ are the molar refraction, the refractive index, the molar mass and the 

density of solution respectively. The Limiting molar refraction (R0
M) estimated from the 

following equation, 

                                                    RM =R0
M+ RS√m                                                                         (20) 



The refractive index measurement is also a convenient method for investigating the 

interaction occurring in the electrolytic solution. Stated more briefly, by Deetlefs et al. that 

the refractive index of a compound describes its ability to refract light as it moves from one 

medium to another and thus, the higher the refractive index of a compound, the more the 

light is refracted. The values of refractive index nD, molar refraction RM, limiting molar 

refraction R0
M are reported in Table 3 respectively and figure 4. The refractive index of a 

substance is higher when its molecules are more tightly packed or in general when the 

compound is denser. The refractive index is directly proportional to molecular polarizability, 

scrutiny of Table 3 reveals the nD and RM values increases with an increasing concentration of 

mass fraction LiI into the solution of the used solvents, suggesting that in the ascorbic acid 

and water medium it is more tightly packed and more solvated. This is also in best agreement 

with the results obtained from apparent molar volume and viscosity B-coefficient and 

viscosity parameters discussed above [27, 28]. 

 

6. Challenges of ionic conductivity and Conductance studies 

The concentrations and molar conductance’s (Λ) of Lithium halides in ascorbic acid and water 

at 298.15 K, 303.15K, 308.15K temperatures are given. The molar conductance (Λ) has been 

obtained from the specific conductance (κ) value using the following equation. 

               Λ= (1000 κ) / c                                                                                                    (21) 

Linear conductance curve (Λ versus √c) were obtained for the electrolyte in aqueous ascorbic 

acid solution by extrapolation of √c to zero concentration, evaluated the starting limiting 

molar conductance for the electrolyte. Figure 5(a), (b), (c) concludes at a particular 

concentration as the temperature is raised in the solute-solvent system then the conductance 

also rises steeply. (i.e. the transport of the ions also rises steeply).The limiting molar 

conductance Λ0
m for LiCl, LiBr and LiI in (0.001, 0.003, 0.005) m aqueous ascorbic acid 

solutions were recorded, shows that limiting molar conductance increases with increase in 

temperature, it may be due to increase in ionic mobility with rise in temperature(Figure 6). 

Since in the state of infinite dilution, the motion of an ion is limited solely by its interaction 

with surrounding solvent molecules, there are no other ions within a finite distance [29, 30]. 

Therefore evaluation of Λ0
m should give equally reliable information regarding ion–solvent 

interactions shown in figure 6. Greater value of Λ0
m may therefore be interpreted as a 

measure of greater ion–solvent interactions. The probable interaction is shown in Scheme 4 . 



The order of Solute–Solvent interactions for LiCl, LiBr, LiI in (0.001, 0.003, 0.005) m aqueous 

ascorbic acid solutions follow as: 

 

LiCl < LiBr < LiI 

 

We know that hydration is inversely related with charge to radius ratio. Among all halide ions 

iodide has the largest ionic size than that of the other two concerned ions. That is why 

hydration is lowest in case of iodide ion and highest in case of chloride ion. Again ion – 

solvent interaction is inversely related to the extent of hydration. So, ion – solvent interaction 

is highest in case of iodide ion and is lowest in case of chloride ion (Scheme 5). 

This may be explained on the basis of dissociation order of different metal halides as below: 

 

LiI >LiBr > LiCl 

 

The Walden product data (Λ0
mɳ0) have been recorded. The structure making/breaking nature 

of electrolyte has been determined from temperature coefficient of Walden product i.e. [d 

(Λ0
mη0)/dT]. The negative temperature coefficient of Walden product for LiCl, LiBr, LiI in 

(0.001, 0.003, 0.005) m aqueous ascorbic acid suggests that LiCl, LiBr, LiI behaves as 

structure-breaker in (0.001, 0.003, 0.005) m aqueous ascorbic acid which is depicted in 

(Figure 7). 

 

7.  Novelty and characterization following this paper 

In this review discussion of a wide range of the representative cathode as 2-furanone and 

anode as Lithium materials, starting from commercially available and currently used materials 

to promising novel materials that may be commercialized in the future. Fundamental 

properties, opportunities, challenges, and latest progress of anode and cathode material 

research have been discussed. It should be noted that even though flexible batteries have 

recently been of high interest, we will not cover this topic in this review, and as a substitute 

refer to other literature. An intercalation cathode is a solid host network, which can store 

guest ions. The guest ions can be inserted into and be removed from the host network 

reversibly. In a Li-ion battery, Li+ is the guest ion and the host network compounds are 

aqueous ascorbic acid solution which may dissociate in solution and organize to form 2-



furanone molecules. As new supplies and strategies are found, Li-ion batteries will no doubt 

have an ever greater impact on our lives in the years to come [31-33]. 

 

8. Conclusion 

 

The Li-ion battery has essential advantages and decades of research which have developed it 

into the high energy density, high cycle life, high efficiency battery that it is today. So far 

research continues on new electrode materials to push the boundaries of cost, energy 

density, power density, cycle life, and safety. Various promising anode and cathode materials 

exist, but many suffer from limited electrical conductivity, slow Li transport, dissolution or 

other unfavorable interactions with electrolyte, low thermal stability, high volume expansion, 

mechanical brittleness. But these batteries would prove to be useful. 

Studies of the transportation properties of different electrolytes in solvent media are of 

importance to obtain information on the behavior of ions in solution. Molecular interactions 

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

These properties provide important information about the nature and strength of 

intermolecular forces operating among the components. The ion–ion interactions for LiCl, 

LiBr and LiI decreases with increase in temperature, which may be due to more solvation of 

ions [scheme 3, 4, 5]. The temperature effect on B coefficient for LiCl, LiBr and LiI shows a 

positive sign of dB/dT, showing thereby that LiCl, LiBr and LiI behaves a structure-breaker in 

(0.001, 0.003, 0.005) m aqueous ascorbic acid solution. This allows usage for a green battery 

with high capacity and high voltage. It also paves the way for cheaper consumer electronics. 

 

Keywords: Lithium-ion based battery, Lithium-ion based drugs, Ion–solvent interaction, Ion–

ion interaction, Ascorbic acid  
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TABLES 
TABLE 1: Values of empirical coefficients (a0, a1, and a2) of Equation 8 for Lithium Halides 
in co-solute (ascorbic acid, water) at 298.15 K, 303.15K, 308.15K. 

 
Concentration Electrolyte a0・106 

/m3・mol-1 

 

a1・106 

/m3・mol-1・K-1 

a2・106 

/m3・mol-

1・K-2 

0.001 LiCl 265.7 0.648 -0.005 

0.003 290.6 -0.633 -0.002 

0.005 529.6 -0.503 -0.001 

0.001 LiBr 251.6 0.854 -0.006 

0.003 282.4 0.852 -0.004 

0.005 319.4 0.755 -0.002 

0.001 LiI 178.0 2.008 -0.007 

0.003 256.2 0.912 -0.004 

0.005 397.4 0.380 -0.001 

 
 
TABLE 2. Limiting apparent molal expansibilities ( φE) for Lithium salts  in co-solute 
(ascorbic acid and water) at298.15 K to 308.15 K respectively. 

 
Electr

olyte 

Temperature(T)(K) ϕE o・106 / 2a2 



 (m3mol−1K−1) 

LiCl 

(0.001) 

298.15 K 2.432 -0.014 

303.15K 2.382 

308.15K 2.333 

LiCl 

(0.003) 

298.15 K 1.865 -0.004 

303.15K 1.845 

308.15K 1.825 

LiCl 

(0.005) 

298.15 K 1.119 -0.016 

 303.15K 1.109 

308.15K 1.099 

LiBr(0.

001) 

298.15 K 2.843 -0.028 

303.15K 2.783 

308.15K 2.723 

LiBr(0.

003) 

298.15 K 1.613 -0.036 

303.15K 1.573 

308.15K 1.533 

LiBr(0.

005) 

298.15 K 0.477 -0.04 

303.15K 0.457 

308.15K 0.437 

LiI 

(0.001) 

298.15 K 2.306 -0.054 

303.15K 2.230 

308.15K 2.166 

LiI 

(0.003) 

298.15 K 1.553 -0.036 

303.15K 1.513 

308.15K 1.473 

LiI 

(0.005) 

298.15 K 0.236 -0.016 

303.15K 0.226 

308.15K 0.216 

 
 

  



TABLE 3: Refractive index (nD) , Molar refraction (RM),  Limiting molar refraction 
(R0M)  of LiCl, LiBr, LiI in aqueous solution of ascorbic acid . 

 

 
 

FIGURES 
 

 
 

Fig1. Comparison of measured densities for (ascorbic acid+ H2O) binary system with literature at T = 
298.15 K, this work;  with reference to the introduction of the salt    in the above mixture. 
 

 
 
 
 
 

 
 
 

Solute  Solvent medium nD RM R0M 

LiCl Ascorbic Acid + Water 1.3769 9.705 9.685 

1.3776 9.715 

1.3781 9.723 

1.3787 9.733 

1.3792 9.744 

1.3797 9.754 

LiBr 1.3775 19.824 19.98 

1.3781 19.801 

1.3786 19.728 

1.3791 19.623 

1.3796 19.550 

1.3801 19.502 

LiI 1.3779 30.705 30.65 

1.3785 30.722 

1.3791 30.751 

1.3796 30.774 

1.3802 30.804 

1.3807 30.828 



 
 
 

 
 
 

 
 

 
 

Fig 2. Variation tendency of apparent molar volumes,of Ascorbic acid in aqueous LiCl, LiBr and LiI solutions.  

(a)wsalt = 0.001(m) At T = 298.15 K: green,LiCl; red○, LiBr; purple □,LiI.At T = 318.15 K: green ,LiCl; red●,LiBr; purple■,LiI. 

(b) wsalt = 0.003(m) at T = 298.15 K: green    , LiCl; red○, LiBr; purple □,LiI.At T = 318.15 K: green ,LiCl; red● ,LiBr; purple ■; LiI. 

(c) wsalt =0.005(m) at T = 298.15 K: green LiCl; ○ red, LiBr; purple□, LiI.At T = 318.15 K: green , LiCl; red●,LiBr;  ; purple■,LiI 
 

 

 
 



 
 

 
 

 
 
 

 
 
Fig 3. Variation tendency of apparent molar volumes at infinite dilution for ternary [(LiX + Ascorbic acid + H2O) 
where X = Cl, Br, I]  system at different temperature obtained from the plots: (a)LiCl shows φv0 for  0.001(m)  
concentration as green ; 0.003(m) concentration as brown ; 0.005(m) concentration as blue .(b) LiBr shows φv0 for  
0.001(m)  concentration as green ; 0.003(m) concentration as brown ; 0.005(m) concentration as blue . .(c) LiI shows 
φv0 for  0.001(m)  concentration as green ; 0.003(m) concentration as brown ; 0.005(m) concentration as blue . 

 



 
 

 
Fig 4:Plot of RM versus √c for alkali salt formers in ascorbic acid solutions: for LiCl (blue), LiBr (brown), 
LiI(green) 

 
 
 

 

 
 

  Fig5(a)Plot of molar conductance (Λ) and the square root of concentration (√c) of LiCl in w1 = 0.003(m) shows 

series 1(■) at 308.15K,   series 2(■) at 303.15K, series 3 (■) at 298.15K, similar trends are also shown when w1= 

0.001(m) , w1 =0.005(m) of ascorbic acid in water medium. 

 



 
Fig 5(b) Plot of molar conductance (Λ) and the square root of concentration (√c) of LiBr in w1 = 0.005(m) 

shows series 1(■) at 308.15K, series 2(■) at 303.15K, series 3 (■) at 298.15K, similar trends are also 

shown when w1 = 0.001(m) , w1 =0.003 (m) of ascorbic acid in water medium. 

 

 
 

 
 

Fig 5(C) Plot of molar conductance (Λ) and the square root of concentration (√c) of LiI in w1 = 0.001(m) 

shows series 1(■) at 308.15K, series 2(■) at 303.15K, series 3 (■) at 298.15K, similar trends are also 

shown when w1 = 0.003(m), w1 =0.005 (m) of ascorbic acid in water medium. 

 

 
 

 



 
 

Fig 6. Plot of limiting molar conductance (λo) vs mass fraction (w) forLiCl, LiBr, LiI in definite 0.001(m) , 
0.003(m), 0.005(m) fractions at the variable ranges of temperatures of 298.15K, 303.15K, 

308.15K.Series1( ) denotes LiCl, Series2 ( ) denotes LiBr, Series3 ( ) denotes LiI in increasing 
trends of mass fractions from the left hand side of the graph. 

 

 
 
Fig 7. Plot of ionic Walden product (λoη) vs mass fraction (w) for LiCl, LiBr, LiI in definite 0.001(m) , 
0.003(m), 0.005(m) fractions at the variable ranges of temperatures of 298.15K, 303.15K, 308.15K. 

Series1( ) denotes LiCl , Series2 ( ) denotes LiBr, Series3 ( ) denotes LiI in increasing trends of 
mass fractions from the left hand side of the graph. 

Schemes 

 



 
 

Scheme 1.Three Dimensional Representation of Solvent Cage 

 
 

 
 

Scheme 2. Array of Limiting Apparent Molar Volumes at a definite concentration. 
 
 
 

 
 

 



 
Scheme 3. Array of Molecular Interactions. 

 

 
 
 

 
Scheme 4. Different possible ionic group interactions in aqueous solutions of 

ascorbic acid in presence of LiX [X = Cl, Br, I] 
 
 
 
 

Scheme 5        Ion-solvent interaction 
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Evidences for Inclusion and Encapsulation of an Ionic liquid 

with β-CD and 18 C-6 in Aqueous Environments by 

Physicochemical Investigation 

 Highlights  It may be expected that, as innovative applications like those 

in chromatography, electron microscopy, and biochemistry, become more widely appreciated; by 

the use of the studied Ionic liquid will become properly recognized. The ability to control and 

enhance proton-catalyzed chemical reactions should be another feature of studied protic ionic 

liquid chemistry; it is a very effective solvent media for optimum output in several applications 

with minimum possible environment pollution. 

 Physicochemical investigation of both inclusion and encapsulation complexes for - 

CD and 18-C-6 with Pyrrolidinium based ionic liquid   are overviewed   in the present work. In 

the first case ionic liquid combines with α- and - CD which has interesting variations in 

thermo chromic behavior of the dye molecules and would be desirable in the near future. On 

the other hand 18-C-6 including hydrophobic ionic liquid has a vital role in electrochemistry. 

Such type of inclusion complexes are used in recycling process. This proposed 

electrochemical process for remediation of extraction solvent preserves the ionic liquid. 

Graphical Abstract  

 

*Published in JPCB - DOI: 10.1021/acs.jpcb.7b11274 
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The interface between pyrrolidinium-based ionic liquid i.e. 1-ethyl-1-methylpyrrolidinium 

bromide,  with beta-cyclodextrin and 18-crown-6 solution have been  compared and explored 

by means of density, viscosity, refractive index, electrical conductance and surface tension, 

FTIR, 1H nuclear magnetic resonance, 2D ROESY NMR, high resolution mass spectroscopy 

studies. Limiting apparent molar volumes ( 0   V ), experimental slopes ( *
VS ) interpreted in 

terms of inclusion and interaction (ion- solvent, ion- ion). Establishment of   binding affinity 

were discussed in molecular terms supported this inclusion complexation and encapsulation 

interaction process. The result shows that the stability of the resulting complexes of beta-

cyclodextrin: [EMPyrr]+, 18-Crown-6: [EMPyrr]+ based on the geometrical and spectrometric 

data. Host guest chemistry of the five-membered nitrogen containing cation with two 

different macro cyclic hosts is supported by studying NMR. HRMS has been used to support 

the complexation process with the proper stoichiometry ratio. The solid complex formations 

established by Fourier transform infrared study. 

 

1. Introduction 

  -Cyclodextrin otherwise known as -Cycloamylose is of great significance for complexation 

ability and assorted multiskilled versatile characteristics, continuing to have diverse 

imperative applications in different areas of novel delivery systems. It is believed that -

cyclodextrin will occupy a very imperative task in these recent physicochemical investigations. 

-cyclodextrin, a bottomless bowl shaped (truncated cone) stuffened by hydrogen bonding 

can operate as a host molecule for assorted guest molecules. In an aqueous solution, the 

slightly hydrophobic cavity of - cyclodextrin is occupied by a small quantity of water 

molecules that are energetically unfavored and therefore can be readily substituted by 

selective guest moiety that are not as much of polar as compared to water. 1 

In contrast Crown ethers are macro cyclic polyether. The most significant and extraordinary 

property of the macro cyclic “crown compounds” (used as host, also known as ligand) is their 

affinity to form complexes with the various category of guest species, for example, metal 

ions, amino acids, and ionic liquids (IL). Over the past years, they have gripped broad 

attention due to their unique capacity to form complex with cations.  Such complexes are 

held together in unique structural relationships by electrostatic attraction between cation 

and negative end of C-O dipoles except those of full covalent bond. The firmness of the 



aforesaid crown ether -guest complexes strongly depends on how well the cation moiety fits 

into the ring of the polyether; influenced by the charge density of the cation, the nature and 

the number of the heteroatoms. 2-6 

Among diverse guest molecules, the IL (1-ethyl-1-methylpyrrolidinium bromide (EMPyrr) Br) 

has been preferred because of having a vast area of interest for vital reasons associated with 

their negligible vapor pressure, i.e., they do not evaporate and known as “designer solvents” 

and “green” due to the criterion for replacement for toxic volatile organic solvent, good ionic 

mobility, excellent thermal, and chemical stabilities. There is a wide range of industrial 

applications of ILs due to their unique physicochemical character as ion exchange agents and 

consumer uses as electrical and electronic products.7-9 nowadays the uses of such ILs increase 

the interest in the various fields to the development of new ideas and techniques. 

Eco-effectiveness and Green chemistry are the foremost tools to promote a transformation 

from unsustainable development to sustainable development, alongside with engineering 

natural balance expresses improvement of further invention of resources, products as well as 

processes. Ionic liquids although technically identified as molten salts exist as liquids at 

relatively low temperatures even at STP usually known as room temperature i.e., 250C. These 

ionic designer solvents10-12 have countless attractive properties including melting point, 

viscometric measurements, and solubilisation of starting materials and other solvents, are 

determined by substituent on the organic component and by the counter ion both chemically 

and thermally (i.e., high thermal stability), non flammability and incalculably very low vapor 

pressure are some other properties like large electrochemical window of the studied 

promising solvent has been investigated. An overview of the field of ionic liquids was first 

commenced in 1914 by Walden. The subject focuses on physicochemical research and its 

development in industrial aspects provides a particular scientific potential within the last few 

decades. Moreover there arises the possibility of fine-tuning of ionic liquid by various 

physical, chemical, and biological properties by an appropriate selective combination of 

cationic and anionic chemical structures for the evolution of an innovative scientific era. An 

emerging field of IL applications suggests its use and methodologies as to solve critical 

pharmaceutical problems, in particular, the low solubility and thus bioavailability of 

pharmaceutical compounds, by the development of strategies to use ILs as carriers of 

pharmaceutical active ingredient13 is an extremely promising and wide avenue. The 

https://en.wikipedia.org/wiki/Sustainable_development


physicochemical properties of ILs has been effortlessly be tailored by varying the composition 

and structure of cation and anion ranging from lipophilic to lipophobic, viscous to nonviscous, 

polar to nonpolar, and water miscible to immiscible. Industrial development means, as a new 

paradigm in chemistry, that the solvent can be fine-tuned to optimize the chemistry, in this 

ternary system being studied. On the other hand, thermodynamic and physical properties of 

these conventional solvent showing the Lewis acidity along with host molecules predicts 

various ionic interactions thus reporting various versatile characteristics.  

Herein the work is associated to the study of thermodynamic properties, conductometric 

studies, spectroscopic and surface properties of 1-ethyl-1-methylpyrrolidinium bromide, an 

ionic liquid with three different compositions of aqueous β-cyclodextrin and 18 C-6 solution 

at 298.15K (Scheme 1, 2).  

 

2. Result and Discussion 

 

2.1 Densitometry studies 

Quantitative analysis depict the volumetric properties such as, Apparent molar volumes,                  

(
V ) and Limiting Apparent molar volumes ( 0

V ) are estimated as responsive apparatus 

designed for the understanding of interactions occurring in solutions (Table 1).  

The Apparent molar volume measured as summation of geometric volume of fundamental 

solute molecule and changes in the solvent volume due to its interface with the solute in the 

region of the peripheral/co-ordination sphere. For this Apparent volumetric principle,   ( V ) 

has been determined from densitometry of solutions via suitable equation (1). The Apparent 

molar volumes ( V ) were determined from measured solution densities by means of 

equation (1) and the solved data’s are given in (Table 2, 3). 
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                                                 (1) 

Where (M) = molar mass of ionic liquid, 



(c) = molarity of the solution, 

(m)= molality of the solution, 

( 0 ) = density of aq. β-CD and aq. 18 C-6 respectively 

(   ) = density of the (solution of aq. β-CD + IL mixture) and (solution of aq. 18 C-6 + IL 

mixture). 

           The extrapolation of apparent molar volume of solution mixture to infinite dilution and 

expression of concentration dependence of the apparent molar volume has been constructed 

by a major equation –“Masson equation”, as given in equation (2). Thus Limiting apparent 

molar volumes ( 0

V ) assisted with least-square treatment by   plotting of ( V ) versus (√m) 

using “Masson equation” 16 and shown in (Table 4). 

0 *

V V VS c    

                                   Or                      0 *

V V VS m                    (2) 

 Coverage of (
V )

 
(Table 3) is found to be maximum and have positive values for all 

considered systems, therefore suggesting firm and compact solute-solvent interactions.             

( V ) data’s thus obtained is decreased with the increasing molarity (c) of the studied ionic 

liquid in 18 C-6 solutions rather than the ionic liquid in β-CD solutions. ( V ), varied linearly 

with respect to (c) and may possibly be least-squares fitted to Masson equation 14 from 

where Limiting molar volume ( 0

V ) (infinite dilution partial molar volume) have been 

projected. If the variation of (
V ) with (c) show considerable scatter, ( 0

V ) (Figure 1) has been 

determined either by plotting graphically or has been taken as average of the (
V ) values 

whilst slope tends to zero, within the range of R2=0.9989 to 0.9999 in linear regression 

coefficients. The values of ( 0   V ) and ( *
VS ) are reported in (Table 4).  

On account of a quantitative comparison, the magnitude of ( 0   V ) are much greater than 

(SV*), in every solutions. This implies that ion-solvent interactions take over over ion-ion 

interactions in all the solutions studied.  The trend in variation of 0

V  for particular systems is 

in the order                                               {IL + β –CD} ˂ {IL + 18 C-6} 



The increase of ( 0

V )
 

for ionic liquid with rising mass fraction of aqueous 18-C-6 and 

increasing positive shift volumes suggests that ion-ion and ion-hydrophilic group interactions 

are stronger and unbending  than ion-hydrophobic group interactions (Figure 1).  

In the current ternary system (ionic liquid + aqueous. 18-C-6 mixture), interaction is well-

built (Scheme 5(a), (b)).   It noted that ( 0

V ) of IL owing to greater electrostriction. This is 

because with increasing chain length of IL provides an increasing structure enforcing 

tendency in 18-C-6 solutions, and as a result, water in the overlapping co spheres is better 

structured than in the bulk. When water relaxes to the bulk and the studied IL thereby 

confines the location along with change in volume. In IL, interactions increase with the 

adding up of long chain, and consequently there is a net raise in volume.  

(Table 4), also states that IL is more solvated by 18 C-6 than β-CD. At the initial stage if we 

consider individual 18-C-6 and β-cyclodextrin in aqueous mixture, we discover that all or 

maximum of –OH (primary or secondary) groups interact with water molecules present in the 

solution bulk.  After addition of selected IL (independently), the IL trapped that –OH by 

replacing the water molecules with the proper phase of interaction as a consequence this led 

to the net increase in solvation. With increasing conc. of 18-C-6, 0

V  value increases indicating 

the ion-solvent interaction increases. SV* values showed in  (Table 4) indicates that ion-ion 

interaction decreases for IL in β-cyclodextrin and ion-ion interaction increases with increases 

the conc. of 18 C-6.29 

 

2.2 Viscometric studies 

The viscosity data has been analyzed by the Jones-Dole equation 12 

 0/ 1 /    (3)c A B c      
 

Here        0  = viscosities of the solvent 

                  η = viscosities of the solution 

 Values of A-coefficient, B-coefficient are taken from the straight line by plotting 

 0/ 1 /    c
 
versus  c  which are described in (Table 4).  

The viscosity in aq. 18-C-6 rises with a rise in employed mass fraction w=0.001, 0.003, 0.005 

(shown in Table 1), endorsed to structure-making influence between 18-C-6 and water by 



destroying the hydrogen-bonded structure of water, in its environs. In the case of ternary 

system (ionic liquid+ aqueous 18-C-6), it is observed that at a given concentration of 18-C-6, 

viscosity of the studied solution gets increased with increasing molarities of ionic liquids 

(shown in Table 2). Viscosity B-coefficient depends 13, 14 on dimension and structure of the 

solute molecules thus signifying ion-solvent interactions. 27-29  Scope of solute-solvent 

interaction in the solution systems calculated from viscosity B-coefficient data, thus providing 

valuable information concerning  solvation of solvated solutes along with  their effects on 

arrangement of solvent molecules in local vicinity of  solute molecules in solutions. As of 

(Table 4, Figure. 2), it’s evident that B-coefficient have positive values which are much higher 

than A –coefficient values, this technique therefore suggests that the ion-solvent interactions 

are prevails over ion-ion interactions. Higher B-coefficient values for viscosity are due to the 

solvated ions and molecule associated by the solvent molecules from all sides, which led to 

the formation of associated molecule by ion-solvent interaction, would provide greater 

resistance. With increasing concentration in 18-C-6, viscosity B-coefficient value increases 

indicating the ion-solvent interaction increases and becomes highly solvated. Viscosity A-

coefficient showed in (Table 4) designates that ion-ion interaction increase with increasing 

concentration of 18 C-6 in IL 30 and decreases for β-CD. These results obtained are in good 

agreement with those obtained from ( 0
V    ) values discussed in previous section. 

 

2.3 Refractive index measurements 

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

dependent polynomial equation. Molar refraction, RM in solution thus can be estimated from 

Lorentz-Lorenz relation 14 
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Where RM = molar refraction  

             nD = refractive index 

             M = molar mass  

              ρ = density of solution  



Optical data of refractive index of a compound provide interesting information allied to 

molecular interactions, structure of solutions. It describes its capability to refract light as it 

moves from one medium to another and thus, higher the refractive index of a compound, 

maximum of the light is refracted.  

As investigated by Deetlefs et al. 15 refractive index of a matter is high enough, when its 

molecules are more tightly packed or in general when the compound is denser. Hence a 

glance of (Table 2, Table 3 and Figure3) show that refractive indices (nD) and molar refractions 

(RM) of the electrolyte in aq. Host solutions follows: 

                                                         {18-C-6 + IL} > {β-CD + IL} 

          As RM, is directly proportional to molecular polarizability, it is evident from (Table 2, 

Table 3 and Figure 3) that the overall polarizability of the electrolyte is highest in case of IL in 

18 C-6 in comparison to IL in β-CD.  

 Thus refractive index (nD) and molar refraction (RM) of studied IL is highest in aq.  18-C-6. So, 

according to the aforesaid statement of Deetlefs et al.15 it can be concluded that the 

molecules of IL are most tightly packed in aq. 18 C-6 rather than β-CD. The packing is least in 

case of β-CD. 

       Refractive index, molar refraction operates as an expensive tool for studying the 

molecular interaction in solution. More values of refractive index implies that the velocity of 

light becomes minimum, when it passes through the medium; in other words, more molar 

refraction (RM) in addition to limiting molar refraction (RM
0) point toward the medium being 

denser or more compact 15. Hence, from (Figure. 3) it is obvious to facilitate greater 

interaction among IL and 18 C-6 i.e., more closely packed rather than the β-CD system. With 

increasing the conc. of 18-C-6 molar refraction (RM) of solution (IL) increases   indicating that 

ion-solvent interaction increases.  

 

2.4 Surface Tension 

Commencing the glance of   (Table 5), it has been observed surface tension (γ) of IL in aq.  

CD and 18-C-6 solutions, the values gradually enhance with increasing concentration of IL and 

decrease in case of 18-C-6. This is due to ionic interaction between the charged species which 

accumulates at the surface of the solution. The surface tension values (γ) with subsequent 

concentration of different mass fraction of aq. β-CD (Figure 4(a)) and 18 C-6 (Figure 4(b)) 



have been reported for ionic liquid in all cases, trends the curves of surface tensions (γ) 

against concentration (molarity) to be straight line and decreases with increasing conc. of 18 

C-6 and vice versa in case of cyclodextrin. The fact is due to the interaction of these charged 

species with ─O─  groups at the surface of  18 C-6  is more than –OH groups at the rims of 

cyclodextrin molecules, which probably make association by electrostatic forces, this results 

in the decreases in the electrostatic attraction among the ionic species and the surface 

tension for the solution decreases.  Surface tension of IL in aqueous 18-C-6 solution shows 

that parachor value is highest and for IL in β-CD lowest. This is due to hydration of these 

charged species. Charge density is highest for IL in β-CD, and least for the IL in crown ether, 

this is also the trend of their hydration order. From (Figure.4 (a) and Figure. 4(b)) it is evident 

that, as the hydration increases, the electrostatic forces between them decreases, as a result 

the surface tension for the solution decreases.  Thus it can be concluded that interaction in 

case of crown ether shows association phenomenon whereas inclusion in case of cyclodextrin 

is a bulk phenomenon i.e., incorporation. 17, 20-27 

 

 

2.5 Conductance studies 

The electrolyte was freely soluble in all 18 C-6 and β-CD solutions. Specific conductance (κ, μS 

cm−1) of solutions under analysis with molar concentration appears within the range of 

1.05×10−5 – 1.42×10−2M in diverse 18-C-6 and β-CD solutions being measured. Molar 

conductance (Λm) for both the studied systems were calculated by using following equation 16 

                        Λm = 1000 κ /c                                                                                          (5)      

       Here c is molar concentration; κ is measured specific conductance of the studied 

solutions. The molar conductance’s ( m) of ionic liquid in different concentration of 18 C-6 

and  β-CD solutions were calculated at the corresponding molar concentrations (c) with 

different concentrations of 18 C-6 (Figure 5(b)) and β-CD (Figure 5(a)) solutions given in 

(Table 6 (a)). From the perusal of (Figure. 5 (a), 5 (b)) it is evident that conductance is higher 

in case of IL with β-CD than in case of IL with crown.  

Since the N+ ion of IL is highly hydrated with water molecule present in aq. 18 C-6 solutions. 

The extent of hydration is the order [IL + β-CD] < [IL+ 18 C-6]. So, ionic conductance of [IL+ 18 



C-6] is lowest and that of [IL + β-CD] is highest. The molar conductance’s ( m) of ionic liquid 

are decreased with increasing the conc. of 18 C-6 and β-CD.  

The fact is due to the interaction of these charged species with the ─O─ groups at the surface 

of 18 C-6 and –OH groups at the edges of cyclodextrin molecules, which probably construct 

association by electrostatic forces, this consequences in the shrinks in the electrostatic 

attraction among the ionic species and the molar conductance’s ( m) for the solution 

decreases 18, 19 shown in   (Scheme S5 (a), (b)). 

2.6. Binding constants: non-linear isotherms determined by conductivity technique 

Binding constants (Kb) for inclusion process have been determined for the [IL–CD] IC with the 

help of conductivity study. Here, a non-linear programme has been used based upon the 

modifications in conductivity as a result of incorporation of IL into the apolar cavity of - CD. 

17, 18 

The following equilibrium is thought to exist linking the host and guest molecule for a [1: 1 

IC]: 

IL free +CD free    kb          IC    (6) 

 

The binding   constant (Kb) for the formation of IC may be expressed as: 

Kb =   [IC] / [IL] free [CD] free      (7) 

Here, [IC], [IL] free, [CD] free symbolize equilibrium concentration of IC, free IL molecule and 

free CD, correspondingly. According to binding isotherm, binding constant (Kb) for the 

configuration of IC may be articulated as: 

Kb = [IC] / [IL] free [CD] free   =   (k obs - ko)/ (k -kobs ) [CD] free           (8) 

 

[CD] free   = [CD] ad = [IL] ad (kobs - ko) / (k – ko)                                  (9) 

 

Here, ko, kobs, k are conductivity of IL at preliminary state, during the period of adding CD and 

final state, respectively. [IL] ad, [CD] ad are concentrations of IL and added CD, correspondingly. 

As a result, values of Kb for the IC were evaluated from binding isotherm by applying a non-

linear programme. 17,   18 



To investigate the encapsulation of 18 C-6 with [EMPyrr] Br, the molar conductance (Λm) is 

monitored in solution at a definite temperature. The resulting series of molar conductance 

(Λm) -mole ratio in H2O are presented in (Figure. 5 (b)).  It has been noticed that there is a 

significant change in molar conductance (Λm), that is, molar conductance gradually decreases 

with increase in the fractions of 18 C-6 / [EMPyrr]+ mole ratio (Table 6(a)). This suggests that 

there must be formed cation by ion dipole interactions with crown ether rather than pairing 

or covalent bond. It results the higher mobility of pyrrolidinium cation in the process than the 

mobility of [EMPyrr] Br in H2O in the absence of the selected crown ethers. First, the molar 

conductance decreases sharply during the addition of crown solution, but after a point 

minute changes is observed. This point indicates about the stoichiometric behavior of the 

resulting in encapsulation. As at that point, the mole ratio of 18 C-6 / [EMPyrr] + is close to 

unity (Table 6 (b)), 

 It suggests the formation of stable ~ 1:1 complex of 18 C-6: [EMPyrr]+  at definite 

temperature 17-27. Consequently, a general reaction can be given by the following equilibrium 

                             Crown + [EMPyrr]+                      [EMPyrr]+Crown                    (10) 

The corresponding equilibrium constant (Kb
) of the reaction can be represented as, 

Kb
 =   [EMPyrr]+Crown / [EMPyrr]+ free [Crown] free                         (11) 

Here, [IC], [IL] free and [Crown] free represent the equilibrium concentration of IC, free IL 

molecule and free Crown, respectively. Equation 11 is derived on the basis of Debye- Hückel 

limiting law25. According to binding isotherm, binding constant (Kb
) for the development of 

encapsulation may possibly be expressed as: 

Kb
 = [EMPyrr] +Crown / [EMPyrr] + free [Crown] free  

                                                                                  =   (k obs - ko)/ (k -kobs ) [Crown] free      (12) 

 

[Crown] free   = [Crown] ad = [EMPyrr] +ad (kobs - ko) / (k – ko)                               (13) 

 

Here, ko, kobs, k are conductivity of [EMPyrr] Br at preliminary state, after adding together of 

Crown ether and concluding state, respectively. [EMPyrr]+
ad, [Crown] ad are concentrations of 

[EMPyrr]+  Br, added Crown respectively. In consequence, values of Kb
 for encapsulated 

complexation were evaluated from the binding isotherm by applying a non-linear 

programme, 21-25. 



           Now, using these equation 8, 9 and equation 12, 13 the binding   constant (Kb, Kb
) and 

the molar conductance of the two studied systems have been calculated at 298.15K are 

plotted.  So, the aforesaid calculation one can conclude that the host guest binding constant 

in IC is much more prominent than that of encapsulation of IL into crown ether.   

 

2.7 Explanation for FT-IR  

FT-IR spectra also confirm inclusion phenomena in the solid state. The characteristic IR 

frequencies of [EMPyrr]Br, β-CD, 18 C-6 and [EMPyrr]Br in both β-CD (Figure 6(a)) and 18 C-6 

(Figure 6(b)) are listed in (Table 7). The FT-IR spectrum of [EMPyrr] Br is characterized by 

peaks for –C–N and –C–H   for –CH3 and CH2 groups. 

 Broad distinctive peaks of –OH at about 3349.23 cm-1   is present in the spectra of -CD. 

However, quite a lot of peaks of IL are missing which is due to the change in environment 

after incorporating in cavity of - CD. The –C–H stretching bands for –CH3 and –CH2 of the 

studied IL are not present in inclusion spectrum.  

The –O–H stretch of -CD is shifted to a lower frequency owing to the involvement of –O–H 

groups of host molecules in hydrogen bonding with respect to the guest molecules. Peaks for 

C–N group of the guest molecule are present in the spectrum of IC, which is an indication of 

the fact that hydrophobic side chain of IL is incorporated in the hydrophobic cavity of   -CD. 

In case of interaction of IL with 18-crown-6 one can find from the IR  plot that λ value for C-O-

C stretching is shifted from 1128.53 to 1109.01 cm-1 and the ν(C-H) stretching  frequency for 

methylene  groups of crown is shifted from 2918.23 to 2829.64 cm-1. Those changes in IR 

frequencies verify the interaction of crown oxygen’s   with the positive nitrogen of IL. But in 

this present case the IL retains its C-H frequencies of CH3 and CH2 groups (Figure 6 (a), 6 (b)). 

23-27 

 

2.8(a) Explanation for (1H) Nuclear Magnetic Resonance: The creation of IC can be elucidated 

on the radiance of 1H NMR spectroscopy study24. So, this technique based on changes of 

chemical shifts of protons caused by insertion of guest molecule into the β-CD cavity26. In β-

CD structure of the H3 (near to wider opening side) and H5 (close to narrow rim side) are 

positioned in the interior part of β-CD cavity. H6 and H7 of methylene group (bearing 

primary-OH group) remains on the narrow opening side of β-CD and the rest of the other H-



atoms H1, H2, H4 are positioned on the outer surface of β- CD (Figure 7(a)) as shown in 

(Scheme 3(b)). 18 1H NMR spectrum of β-CD, pure EMPyrr, solid IC of EMPyrr with β-CD (1:1) 

are given in (Figure. 7(a)). It is noticeably observed from (Table 8) for H3 and H5, a large 

upfield shift has been viewed. The considerable changes of chemical shifts (Δδ) suggested 

EMPyrr monomer entered into the hydrophobic fissure of β-CD. The upfield shift of H3 (Δδ = 

0.241ppm) is to a large extent superior than H5 shifting (Δδ = 0.101 ppm), on the other hand, 

minor chemical shifts are noted for H1, H2, H4 and H6 that are not part of the interior 

hydrophobic hole of β-CD molecule. The interacting protons of the considered ILs also show 

upfield chemical shift. As both ethyl and methyl groups are supposed to enter into the 

hydrophobic cavity of β-CD, all the protons at 5, 6 and 7 positions, shows significant 

downfield shifts (Table 8)  illustrate the mechanism of insertion as depicted in (Scheme 3(a)).  

The shifting of protons of IL (pyrrolidinium cation) and crown ethers is used to analyse   the 

formation of the complex. (Figure 7 (b)) shows 1H NMR spectra of free 18 C-6 (Figure 7(b)) 

(Table 9), uncomplexed IL, complexed IL and with 18 C-6 respectively.  

In this encapsulated complex, the H1, H4, H5, H6 and H7 protons of pyrrolidinium ion are 

upfield shifted significantly, whereas the shifting of H2 and H3 protons are marginal. 18 C-6 

prefers D3d conformation where all the six oxygen atoms are pointed towards the cavity 26 

hence, the effectual N+∙∙∙Oδ‒ non-covalent electrostatic ion dipole interactions are developed 

between the pyrrolidinium ion and the oxygen atoms of 18 C-6 .27 

Comparing with the free component, it is observed that peak of − OCH2 group protons of 18 

C-6 are also upfield shielded in complexed form26, 27. Hence, it is concluded that such 

chemical shifts must occur due to host guest complex formation of pyrrolidinium cation with 

18 C-6 shown in (Scheme 4) 

Selected 1H NMR data 

 

[EMPyrr]Br   : 1H NMR (400 MHz, in D2O): δ=3.30-3.26 (2H, m, J=16 Hz), 2.40-2.30 (4H, m, 

J=40 Hz), 2.88 (3H, s), 3.23-3.21 (2H, q, J = 8 Hz), 3.23-3.21 (2H, t, J = 8 Hz), 1.35-1.32 (3H, m, 

J=12 Hz). 

 



β- CD   : 1H NMR (400 MHz, in D2O): δ=5.00-4.98 (6H, d, J =8 Hz), 4.05-3.99 (6H, t, J   =24 Hz), 

3.90-3.85 (18H, m, J =20 Hz), 3.82-3.81 (6H, dd, J =4 Hz), 3.68-3.67 (6H, t, J = 4 Hz). 

18C6: 1H NMR (400 MHz, in D2O): δ=3.60-3.51 (24H, m). 

 

β-CD: [EMPyrr]Br : 1H NMR (400 MHz, in D2O): δ=4.99-4.98 (6H, d, J=4 Hz ), 3.91-3.89 (6H, t, J 

=8 Hz), 3.90-3.85 (12H, m, J=20 Hz), 3.82-3.81 (6H, dd, J =4 Hz), 3.68-3.67 (6H, t, J = 4 Hz), 

3.63-3.61(6H,m, J =8 Hz), 3.10-3.00 (2H, m, J=40 Hz ), 2.40-2.30 (4H, m, J=40 Hz), 2.76 (3H, s), 

3.23-3.21 (2H, q, J = 8 Hz), 3.23-3.21 (2H, t, J = 8 Hz), 1.22-1.19 (3H, m, J=12 Hz). 

 

18C6: [EMPyrr]Br cation (Complex I): 1H NMR  (400 MHz, in D2O): δ=3.21-3.18 (2H, m, J=12 Hz 

), 2.40-2.30 (4H, m, J=40 Hz), 3.12-3.11 (2H, q, J = 4 Hz), 2.76 (3H, s), 3.11-3.09 (2H, t, J = 6 

Hz), 1.29-1.26 (3H, m, J=12 Hz), 3.51-3.47 (24H, m). 

2.8 (b)   2D ROESY NMR elucidates   binding mode 

2D ROESY NMR provides valuable information about the binding mode of the ionic liquid 

[EMPyrr] Br with the host - CD molecule   is also helpful to understanding the geometry of 

the inclusion complex, as any two protons that are closely situated in space within a distance 

of 0.4 nm can generate a nuclear overhauser effect (NOE) cross correlation in NOE 

spectroscopy (NOESY) or rotating-frame NOE spectroscopy (ROESY). 2D ROESY NMR has been 

done using the solid IC of the IL and - CD system. Part of contour plot of the ROESY spectrum 

of [EMPyrr] Br + -CD IC is depicted in (Figure. 7 (c)) whereas the spectra of the IL with -CD 

are provided in (Figure. 7 (c))  in the ESI. † 

 

 As mentioned above, H3, H5 protons of CD are positioned in hydrophobic cavity whereas H1, 

H2, H4 protons are located outside (Scheme 3(a), 3(b)). In (Figure. 7(c)) and  (Figure. 7 (c)), † 

there are appreciable correlations connecting  H3 or H5 protons in CD along with methylene 

and methyl groups of ethyl chains of the IL, therefore confirming that the ethyl chain in the 

guest IL gets inserted into the hydrophobic cavity of host -CD molecule. H6 protons of -CD 

remains unaltered after the inclusion phenomena which over again supports that the guest IL 

molecule inserted into the wider rim of the -CD. Thus, 2D ROESY NMR consequences are in 

good agreement with the results obtained from 1H NMR chemical shift analysis. 27  

 



2.9 Explanation for HRMS 

ESI-mass spectrometric analysis were furthermore used to identify the configuration of IC 

synthesized by the scheme described above in the solid state of Experimental procedure 

section and have been shown in   (Figure. 8(a), Figure. 8(b)). The observed peaks have been 

put into, which confirms that in all cases the desired IC and encapsulated complex  have been 

formed in solid state and stoichiometric ratio of the  host  and guest is 1 : 1.  

Positive electrospray ionization mass spectrometry (ESI-MS) is very valuable method that has 

been used to examine the host guest complexation with crown ethers. 25 The mass spectrum 

of 1:1 stoichiometry of -CD: [EMPyrr] Br and 18 C-6: [EMPyrr] Br system is analyzed by 

ESI-MS in (Figure. 8 (a), Figure. 8 (b)).  

(Table 10) represents all the preferred mass that one can expect. These experimental facts of 

the selected IL/-CD and IL/crown ether complexes suggested that the [EMPyrr]+ cation  

simultaneously inserted in the cyclodextrin cavity and associated in polyether’s cavity with 1:1 

stoichiometry. 

 

2.10 Distinctive features of inclusion and interaction in complexation   process 

Inclusion complexes are energetically favorable, as water molecules from the cavity are 

displaced by hydrophobic guest moiety to acquire an apolar–apolar interaction and this led to 

the decrease in cyclodextrin ring strain, thus leading to a more stable lower energy state. 

Complexation potency depends on factors such as size of guest molecule, Vander waals 

interactions, release of the water molecules, hydrogen bonding, charge transfer interactions, 

hydrophobic interactions, release of conformational strain, etc. 30 Taking into consideration 

the above factors, β-CD is proposed in such a way to facilitate the interaction with IL, 

therefore is considered as the solute–solvent interaction is higher for IL. 

Complex formation connecting Crown and chosen pyrrolidinium ion involves different 

possible modes of interactions. 31 The most important one is hydrogen bonding interaction 

among oxygen atom of 18-C-6 (O-Crown) along with acidic N+ protons in pyrrolidinium ion 

[(N+) pyrrolidinium] for [(N+) pyrrolidinium. . . . . .O-Crown] interaction. 32 Apart from Vander 

waals-bonding, induced dipole–dipole interaction amid pyrrolidinium ion and O-Crown having 

δ charge possibly will also contribute to the overall stability of the complex formation. 33 

Conversely, this induced dipole–dipole interaction is expected to be weaker as compared 

with Vander waals bonding interaction as discussed. 31 The stability constants (log Kb) in favor 



of 1:1 complexation were calculated in aqueous solution by conductivity study and are 

presented in (Table 6(a)).  In these complex Vander waals-bonding to the ether oxygen atoms 

is obviously responsible for complexation. 31 This has been shown by the suitable plausible 

mechanism (Scheme 5(a), (b)).  

There may be possibility of ion–dipole interactions between positive N atom of pyrrolidinium 

cation and ether oxygen atom. 34-36The stability constant for the complex with 18-C-6 is 

slightly lower than that of the complex with -CD (Table 6(b)). The more compact and close 

geometrical structure of the later seems to increase the strength of H-bonding in the complex 

explaining the higher stability constant. 

 

3. Novelty of  the present work 

    In recent years, ionic liquids have been used for a wide variety of applications, it may be 

predictable that, as innovative applications for example those in Chromatographic 

technique, Electron microscopic analysis and Bio-chemistry become more widely appreciated; by 

use of the studied Ionic liquid will become properly recognized. The capacity to control and 

enhance proton-catalyzed chemical reactions should be one more feature of studied Protic Ionic 

liquid chemistry; it is a very effective solvent media for optimum output in several applications 

with minimum possible environment pollution. Physicochemical investigation of both inclusion 

and encapsulation complexes for -CD and 18-C-6 with pyrrolidinium based ionic liquid (1-

ethyl-1-methylpyrrolidinium bromide) are overviewed   in the present work. In the first case 

ionic liquid combines with α- and - CD which has interesting variations in thermo chromic 

behavior of the dye molecules and would be desirable in the near future. On the other hand 

18-C-6 including hydrophobic ionic liquid has a vital role in electrochemistry. Such type of 

inclusion complexes are used in recycling process. This proposed electrochemical process for 

remediation of extraction solvent preserves the ionic liquid. 37- 40 

4. Conclusions  

The versatility of -CD and 18 C-6 structure regarding both inclusion and encapsulation 

complex capability and functionalization of ─OH and ─O─ groups opens wide, and still not 

wholly explored, possibilities of creating supramolecular structures. In  the  present  

investigation,  the  measurement  of  density, viscosity, refractive index   and  other  derived  

parameters  namely limiting apparent molar volume ( 0

V ), viscosity B-coefficient, limiting 
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molar refraction (R0
M) and surface tension ()  conductance (m), IR, 1H NMR have been 

calculated for  IL in  aq. β-cyclodextrin and 18 C-6  solutions  in various concentrations  and it 

is evident that presence  of ion-solvent interactions  leads to strong and firm interactions  at 

higher concentrations as well as weak interactions at lower concentration of IL solution. 

Consequently the above facts promotes  the  structure  breaking  characteristics  of  the  

aqueous  electrolytic  solutions. This case shows ion-solvent predominates over ion-ion 

interaction.  In inference, concentration, nature of the solvent, nature of the solute and its 

interface plays an imperative role in determining the interactions occurring in the solutions. 

These conclusions have given possibility for further studies on the binding properties for 

system. Study of literature showed that these techniques confirmed the formation of 

inclusion and encapsulated complexes in the solid and in the solution state. The structural 

effect of β-CD and 18 C-6 gives constructive support in the molecular inclusion and   

interaction. In particular, this study demands a novelty of IL prevailing in the aqueous 

solutions of β-CD and 18 C-6. 
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 figure Captions 

Figure 1:  Plot of limiting molar volume (ϕV0) vs mass fraction for IL in aq. β-CD (blue), IL in 

aq. 18 C-6 (brown). 

Figure 2:  Plot of viscosity B-coefficient vs mass fraction for IL in aq. β-CD (yellow), IL in aq. 

18 C-6 (brown). 

Figure 3:  Plot of limiting molar refraction (RM0) vs mass fraction for IL in aq. β-CD (pink), 

IL in aq. 18 C-6 (green). 

Figure 4(a):  Plot of surface tension (γ) against concentration for IL in aq. β-CD solutions. 

Figure 4(b):  Plot of surface tension (γ) against concentration for IL in aq. 18 C-6 solutions. 

Figure 5(a):  Plot of Molar conductance ( ) against concentration aqueous β-cyclodextrin in 

mass fraction w1=0.001 (M), 0.003 (M) and 0.005 (M) for IL at 298.15K 

respectively. 

Figure 5(b):  Plot of Molar conductance ( ) against concentration aqueous 18 crown-6 in mass 

fraction w1=0.001 (M), 0.003 (M) and 0.005 (M) for IL at 298.15K respectively. 



Figure 6(a):   FTIR spectra of [EMPyrr] Br (black), -CD (red) and the [EMPyrr] Br–-CD 
inclusion complex (blue). 

Figure 6(b):  FTIR spectra of [EMPyrr] Br (black), 18 C-6 (red) and the [EMPyrr] Br–18 C-6 
encapsulated complex (blue). 

Figure 7(a):  1H NMR spectra of -CD, [EMPyrr] Br   and a 1: 1 molar ratio of -CD + [EMPyrr] 
Br in D2O at 298.15 K. 

Figure 7(b):  1H NMR spectra of 18 C-6, [EMPyrr] Br and a 1: 1 molar ratio of 18 C-6 + 
[EMPyrr] Br in D2O at 298.15 K. 

Figure 7(c):  2D ROESY spectra of the solid inclusion complex of [EMPyrr] Br and -CD in D2O (correlation 

signals are marked by red circles). 

Figure 8(a):  ESI mass spectra of [EMPyrr] Br–-CD inclusion complex.  

Figure 8(b):  ESI mass spectra of [EMPyrr] Br–18 C-6 encapsulated complex. 
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 Scheme captions 

 
Scheme 1 Structure: Cyclodextrin and Crown molecules. 

Scheme 2  Molecular structure of   [EMPyrr] Br. 



Scheme 3 (a) Schematic representation of Inclusion complexation of [EMPyrr] Br with β- Cyclodextrin. 

                     (b) Incorporation of   [EMPyrr] Br into the cavity of truncated conical structure of -

cyclodextrin showing the   stereospecific complexation. 

Scheme 4  Schematic representation of encapsulation interaction of [EMPyrr] Br with 18 C-6. 

Scheme 5   Schematic representation of solvation of ions   screening Solute – Solvent Interactions. 

(a) Incorporation of IL into the hollow space of -CD. 

(b) Encapsulation of   [EMPyrr] Br with 18 C-6. 

 

 
 

 
 

 

 

 

 

 

Tables: 
 
Table 1:  Experimental data of density (ρ), viscosity (η), refractive index (nD), surface 
tension (γ) in different mass fraction of aqueous  18 C-6 and β-cyclodextrin mixtures at 
298.15 Ka 

 

Aqueous. 18-C-6 

solvent mixture 

ρ*10-3 

/kg∙m-3 

η/mP∙s nD
 γ 

/mN∙m-1 

w2 = 0.001 .94381 1.309 1.3330 71.56 

w2 = 0.003 .94444 1.507 1.3331 71.42 

w2 = 0.005 .94403 1.664 1.3333 71.33 

Aqueous. β-CD 

solvent mixture 

ρ*10-3 

/kg∙m-3 

η/mP∙s nD γ 

/mN∙m-1 

w2 = 0.001 .99747 1.304 1.3329 71.71 

w2 = 0.003 .99815 1.313 1.3332 71.61 

w2 = 0.005 .99890 1.323 1.3336 71.57 
a Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(γ) =0.03 mN∙m-1,  and u(T) =0.01K  
 
  

Table  2: Experimental values of density (ρ), viscosity (η), refractive index (nD), of ionic liquid in 

different mass fraction of aqueous 18 C-6 and β-CD mixtures at 298.15 Ka 
 

molarity 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD molarity 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD 

Ionic Liquid + β-CD Ionic Liquid + 18 C-6 

w1 = 0.001b w1 = 0.001b 

0.010 0.99756 1.32 1.3333 0.010 0.94398 1.32 1.3331 

0.025 0.99835 1.33 1.3339 0.025 0.94591 1.34 1.3336 

0.040 0.99953 1.35 1.3343 0.040 0.94723 1.36 1.3339 

0.055 1.00081 1.37 1.3349 0.055 1.00050 1.38 1.3343 

0.070 1.00185 1.38 1.3352 0.070 1.00101 1.39 1.3346 

0.085 1.00276 1.40 1.3355 0.085 1.00270 1.42 1.3349 

w1 = 0.003b w1 = 0.003b 



0.010 0.99870 1.33 1.3334 0.010 0.94460 1.32 1.3334 

0.025 0.99963 1.35 1.3338 0.025 0.94464 1.35 1.3337 

0.040 1.00064 1.37 1.3342 0.040 0.94962 1.38 1.3341 

0.055 1.00173 1.39 1.3347 0.055 1.00029 1.41 1.3345 

0.070 1.00286 1.42 1.3350 0.070 1.00101 1.44 1.3349 

0.085 1.00407 1.45 1.3353 0.085 1.00171 1.47 1.3353 

w1 = 0.005b w1 = 0.005b 

0.010 0.99918 1.70 1.3332 0.010 0.94559 2.28 1.3326 

0.025 0.99969 1.74 1.3336 0.025 0.94681 2.30 1.3330 

0.040 1.00028 1.89 1.3339 0.040 1.00020 2.31 1.3333 

0.055 1.00093 2.06 1.3343 0.055 1.00083 2.32 1.3335 

0.070 1.00163 2.16 1.3347 0.070 1.00149 2.33 1.3338 

0.085 1.00238 2.22 1.3356 0.085 1.00222 2.34 1.3341 
a Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(T) =0.01K 
b w1 is mass fractions of β- CD and 18 C-6  in aqueous mixture  

 
Table 3: Apparent molar volume (ϕV), (ηr-1)/ √c, and molar refraction (RM) of selected ionic liquid in 

different mass fraction of aqueous 18 C-6 and β-CD mixtures at 298.15 Ka 

 
Aq. 

solvent 

mixture 

ϕV ×10-6 

/m3 mol-1 

(ηr-1)/√c 

/kg1/2mol -

1/2 

RM 

/m3 

mol-1 

Aq. solvent 

mixture 

ϕV ×10-6 

/ m3 mol-1 

(ηr-1)/√c 

/kg1/2mol -

1/2 

RM 

/m3 mol-1 

Ionic Liquid + β-CD Ionic Liquid + 18 C-6 

w1 = 0.001b w1 = 0.001b 

0.010 140.32 2.38 38.4 0.010 67.90 1.60 24.5 

0.025 137.73 2.63 40.0 0.025 66.05 1.91 27.3 

0.040 135.93 2.82 41.1 0.040 64.72 2.07 28.3 

0.055 134.36 2.97 41.9 0.055 63.65 2.20 29.7 

0.070 133.12 3.10 42.5 0.070 62.73 2.27 30.6 

0.085 132.06 3.18 42.7 0.085 61.89 2.40 31.3 

w1 = 0.003b w1 = 0.003b 

0.010 139.37 2.57 41.0 0.010 85.15 1.82 25.3 

0.025 135.16 2.88 41.9 0.025 82.35 2.18 28.3 

0.040 132.10 3.10 42.4 0.040 80.65 2.40 29.7 

0.055 129.26 3.30 42.9 0.055 78.96 2.58 30.9 

0.070 127.05 3.40 43.8 0.070 77.57 2.70 32.0 

0.085 124.69 3.57 44.6 0.085 76.43 2.84 33.4 

w1 = 0.005b w1 = 0.005b 

0.010 166.29 2.76 43.1 0.010 93.10 1.93 26.7 

0.025 162.68 3.10 44.5 0.025 89.10 2.30 29.3 

0.040 159.78 3.30 45.1 0.040 86.30 2.60 30.7 

0.055 157.37 3.54 46.0 0.055 84.00 2.80 31.8 

0.070 155.28 3.69 47.0 0.070 82.09 2.94 33.2 

0.085 153.33 3.85 47.8 0.085 80.74 3.17 34.3 
a Standard uncertainties u is: u(T) =0.01K 
b w1 is mass fractions of 18 C-6 and β-CD in aqueous mixture 

 

Table 4: Limiting Apparent molar volume (
0

V ), (
*
VS ), Viscosity B- and A- co-efficients and 

Limiting Molar Refraction (
0

MR ) of selected ionic liquid in different mass fractions of aqueous 18 C-

6 and β-cyclodextrin mixtures at 298.15 Ka 
 

Conc. 0

V ·106/ m3·mol-1

 
*
VS ·106/ 

 m3 · mol- 3/2 ·dm3/2 

B
3 1/dm mol  A

3/2 1/2/dm mol  
0

MR  

IL + β-CD 



0.001 144.50 -42.93 4.198 1.197 36.35 

0.003 147.10 -40.11 5.098 2.069 39.24 

0.005 173.10 -39.01 5.606 2.199 40.60 

IL + 18 C-6
 

0.001 71.00 -45.12 4.030 1.122 21.55 

0.003 89.63 -42.15 4.974 1.139 22.00 

0.005 99.43 -40.02 5.089 1.591 22.96 
                                                      a Standard uncertainties u is: u(T) =0.01K 

 

 

 
 
Table 5: Surface tension (γ) and the corresponding concentration (c) of ionic liquid in 0.005(m) mass 

fraction of aqueous 18 C-6 and β- cyclodextrin mixtures at 298.15 Ka 

 

IL+β CD IL+18 C-6 

c×104 

(mol dm−3) 

γ c×104 

(mol dm−3) 

γ 

w1 = 0.005b 

0.010037 40.1 0.010039 77 

0.025129 43.7 0.025141 76.8 

0.040266 46.9 0.040297 76.6 

0.055448 50.4 0.055506 76.3 

0.070674 54.0 0.070769 76 

0.085945 57.2 0.086087 75.8 

0.010031 59.6 0.010033 75.6 

0.025119 61.9 0.025131 75.4 

0.040254 64.9 0.040283 75.2 

0.055433 67.1 0.055484 75 

0.070650 69.2 0.070730 74.8 

0.085905 70.0 0.086023 74.6 

0.010024 70.5 0.010026 74.3 

0.025105 70.6 0.025114 74 

0.040232 70.8 0.040255 73.8 

0.055400 70.9 0.055444 73.6 

0.070606 70.9 0.070677 73.4 

0.085848 71.0 0.085950 73.2 
a Standard uncertainties u is: u(T) =0.01K 

                                                                           b w1 is mass fractions of 18 C-6 and β-CD in aqueous mixture. 

 

 

Table 6(a): Molar conductance ( m) and the corresponding concentration (c) of ionic liquid in 

different mass fractions of aqueous 18 C-6 and β- cyclodextrin mixtures at 298.15 Ka 
 

c×104 

(mol dm−3) 

Λm×104 

(S m2 mol−1) 

           c×104 

        (mol dm−3) 

      Λm×104 

    (S m2 mol−1) 

0.001 (M) 

IL+β-CD            IL+18 C-6 

         

0.0323 213.1 0.0032 149.2 

0.0492 208.3 0.0080 146.5 

0.0665 201.2 0.0161 143.2 

0.0832 195.1 0.0269 141.4 

0.0995 188.2 0.0384 139.9 

0.1147 183.3 0.0480 137.5 

0.1340 178.2 0.0600 136.2 



 

a Standard uncertainties u is: u(T) =0.01K 

 
 
 

Table 6(b). Binding constants [(Kb) and (Kb)] x 10 -3 M-1 of   IL: -CD and IL: 18 C-6   

complexes 

 
Temperature 

 

298.15k 

Complex Binding constants R2 

IL : -CD 1.68    (Kb) 0.995 

IL : 18 C-6                          0.85 (Kb ) 0.858 

Std. uncertainties in temperature (T) = 0.01Ka. Mean errors in Kb =  0.01 x 10-3 M-1 

 

 
 
 
 
 

 

0.1445 172.1 0.0751 133.1 

0.1624 170.5 0.0938 127.4 

0.1764 163.1 0.1173 123.2 

0.1958 159.2 0.1466 120.9 

0.003 (M) 

IL+β-CD IL+18 C-6 

0.0324 199.2 0.0032 137.2 

0.0492 193.1 0.0080 136.5 

0.0595 188.4 0.0161 133.2 

0.0840 182.1 0.0269 130.4 

0.0995 178.3 0.0384 127.9 

0.1147 172.2 0.0480 124.5 

0.1341 163.4 0.0600 120.2 

0.1445 161.2 0.0751 115.1 

0.1619 156.5 0.0938 113.4 

0.1764 152.2 0.1173 112.2 

0.1958 146.4 0.1466 110.3 

0.2084 139.2 0.1833 110.2 

0.005 (M) 

IL+ β-CD IL+18 C-6 

0.0323 188.2 0.0032 130.21 

0.0503 182.1 0.0080 127.5 

0.0670 175.3 0.0161 125.2 

0.0832 169.9 0.0269 121.4 

0.0995 165.3 0.0384 118.9 

0.1037 160.2 0.0480 115.5 

0.1343 155.3 0.0600 110.2 

0.1395 150.7 0.0751 107.1 

0.1514 146.1 0.0938 105.4 

0.1784 142.5 0.1173 103.2 

0.1961 136.5 0.1466 102.3 

0.2079 133.3 0.1833 99.2 



 
 
 
Table 7: Estimated vibrational frequencies for [β – CD ׃ IL] and [18 C-6 ׃ IL] Complex formation 

 
[EMPyrr]Br 

wave number 

/ cm-1 

Group 

3410.32 –C-H from ring 

2964.39 –C-H from –CH3 

1468.03 bending of –C-H from –CH2 

1170.54 -C-N 

β-CD 

wave number 

/ cm-1 

Group 

3349.23 stretch of O-H 

2919.12 stretch of –C-H from –CH2 

1409.18 bend of –C-H from –CH2 and bending of O-H 

1153.17 bend of C-O-C 

1033.02 stretch of C-C-O 

938.64 skeletal vibration involving α-1,4linkage 

18-Crown 6 

wave number 

/ cm-1 

Group 

1128.53 Stretchinhg of C-O-C  

2918.23 stretching of –C-H from –CH2 

18-Crown 6 + [EMPyrr]Br 

wave number 

/ cm-1 

Group 

3412.89 –C-H from ring of [EMPyrr]Br 

 

2965.34 

–C-H from –CH3 of [EMPyrr]Br 

2829.64 stretching of –C-H from –CH2 in Crown 

1470.17 bending of –C-H from –CH2 of [EMPyrr]Br 

1175.36 -C-N in [EMPyrr]Br 

1109.01 Stretching of C-O-C 

β-CD +[EMPyrr]Br 

wave number 

/ cm-1 

Group 

3362.18 Stretch of O-H of β-CD 

2937.13 Stretch  of –C-H from –CH2 Of β-CD 

1400.41 Bend of –C-H from –CH2 and bending of O-H Of β-

CD 

1150.05 bend of C-O-C Of β-CD 

1030.56 stretch of C-C-O Of β-CD 

931.19 Skeletal vibration linking α-1,4linkage of β-CD 

 
 
Table 8:  Analysis of 1H NMR data of [β-CD + EMPyrr] in D2O environment 

 
β-CD 

protons 

Free β-CD δ (ppm) β-CD:EMPyrr δ (ppm) Δδ (ppm) 

H1 4.981 4.978 0.003 

H5 4.002 3.901 0.101 

H2 3.887 3.887 0.000 

H3 3.887 3.646 0.241 

H7 3.887 3.887 0.000 



H4 3.819 3.816 0.003 

H6 3.676 3.673 0.005 

    

EMPyrr 

Protons 

Free EMPyrrδ (ppm) β-Cyd : EMPyrr δ 

(ppm) 

Δδ (ppm) 

H1 3.289 3.284 0.005 

H2 2.336 2.336 0.000 

H3 2.336 2.336 0.000 

H4 3.225 3.220 0.005 

H5 2.883 2.762 0.121 

H6 3.252 3.089 0.163 

H7 1.336 1.216 0.120 

 
 
 

Table 9:  Analysis of 1H NMR data of [18 C-6 + EMPyrr] in D2O environment 

 
Crown 

protons 

Free Crown δ (ppm) Crown: EMPyrr δ (ppm) Δδ (ppm) 

CH2 3.552 3.492 0.060 

EMPyrr 

Protons 

Free EMPyrr (ppm) Crown: EMPyrr δ (ppm) Δδ (ppm) 

H1 3.289 3.192 0.097 

H2 2.326 2.324 0.002 

H3 2.326 2.324 0.002 

H4 3.225 3.114 0.111 

H5 2.883 2.762 0.121 

H6 3.222 3.103 0.129 

H7 1.336 1.277 0.059 

 
 
Table 10:  The observed experimental   peaks at different   m/ z with corresponding ions   for the 

solid Inclusion and encapsulated   complexes 

 
IL-β-CD inclusion complex IL-18 C-6 encapsulated complex 

m/z Ion m/z Ion 

195.82 [EMPyrrBr + H]+ 195.82 [EMPyrrBr + H]+ 

217.11 [EMPyrrBr + Na]+ 217.11 [EMPyrrBr + Na]+ 

1135.38 [-CD + H]+ 265.32 [18 C-6 + H]+ 

1157.36 [-CD + Na]+ 287.47 [18 C-6 + Na]+ 

1329.31 [EMPyrrBr +-CD+ H]+ 459.43 [EMPyrrBr +18 C-6+ H]+ 

1352.09 [EMPyrrBr +-CD+ Na]+ 481.43 [EMPyrrBr +18 C-6+ Na]+ 

 
 

Table S1: Experimental values of  the  density (ρ), viscosity (η), refractive index (nD), 
surface tension (γ) in different mass fraction of aqueous  18 C-6 and β-cyclodextrin 
mixtures at 298.15 Ka 

 



Aq. 18 C-6 solvent 
mixture 

ρ×10-3 

/kg∙m-3 

Η 

/mP∙s 

nD
 γ 

/mN∙m-1 

w2 = 0.001 0.94381 1.309 1.3330 71.56 

w2 = 0.003 0.94444 1.507 1.3331 71.42 

w2 = 0.005 0..94403 1.664 1.3333 71.33 

Aq. β-CD solvent 
mixture 

ρ×10-3 

/kg∙m-3 

Η 

/mP∙s 
nD γ 

/mN∙m-1 

w2 = 0.001 0.99747 1.304 1.3329 71.71 

w2 = 0.003 0.99815 1.313 1.3332 71.61 

w2 = 0.005 0.99890 1.323 1.3336 71.57 

{ a Standard uncertainties u are  u(ρ) = 2×10-6 kg ∙ m-3,  u (η) =0.003 mP∙s, u (nD) =0.0002,  u  (γ) =0.03 mN∙m-

1,  and u(T) =0.01K } 
 

5. Experimental methods 

 

5.1. Materials 

 

The IL 1-ethyl-1-methylpyrrolidinium bromide [EMPyrr] Br of puriss p.a. was procure and 

used as purchased from Sigma-Aldrich, Germany. The mass fraction purity of the studied IL 

was ≥ 99%. β-cyclodextrin, 18-C-6 of puriss grade was procured from Sigma-Aldrich, 

Germany. The purities of these compounds were ≥99% respectively. 

 

5.2. Apparatus in addition to Procedure 

Stock solution for β-cyclodextrin, 18-C-6 were prepared by means of mass measurements 

(Mettler Toledo AG285 with uncertainty 0.0003 g), and working solutions were obtained by 

the method of mass dilution at 298.15K. Uncertainty of molarity of different solutions studied 

was evaluated to ±0.0001 mol dm−3. Thus it was observed that the two solutions viz., [IL+ 

beta CD] and [IL + 18-C-6] were completely miscible in aqueous solutions.  

      Density was calculated via vibrating-tube Anton Paar density- meter (DMA 4500M) with 

the precision of 0.00005 g⋅ cm-3. Densitometer was calibrated by double-distilled water and 

dry air Table 1.    

       Viscosity   was also measured by using Brookfield DV-III Ultra Programmable Rheometer 

with spindle size-42 fitted to a Brookfield Digital Bath TC-500. 

      Refractive index was also measured via Digital Refractometer Mettler Toledo instrument. 

The light source thus used was LED, (k= 589.3 nm). Refractometer was calibrated twice by 



means of distilled water, and thus the calibration was checked after every few 

measurements. Uncertainty of refractive index measurement was about ±0.0002 units.  

         Surface tension experiments were done by platinum ring detachment method by 

Tensiometer (K9, KRŰSS; Germany) at studied experimental temperature. The accuracy of 

measurement was within ±0.1 mN∙m−1. Temperature of the systems has been maintained by 

circulating auto-thermo stated water through the double-wall glass vessel containing 

solution.  

       Conductance measurements were carried via a Systronic-308 conductivity meter 

(accuracy ± 0.01 %) using a dip-type immersion conductivity cell, CD-10, with a cell constant 

of approximately (0.1 ± 0.001) cm-1. Measurements were made in water bath maintained 

within T = (298.15 ± 0.01) K and then the cell were then calibrated. Conductance data were 

reported at a frequency of 1 kHz, accuracy was maintained at   ±0.3%. 

          1H NMR spectrum were verified in D2O with Bruker Advance 300 MHz instrument at 

about 298.15 K. The Signals are therefore given as δ values with ppm by means of residual 

protonated solvent signals as internal standard (HDO δ = 4.79 ppm). Data reported as 

chemical shift values. 

 Fourier transform infrared (FT-IR) spectrum was recorded by the use of Perkin Elmer FT-IR 

spectrometer according to KBr disk technique. Samples were prepared in KBr disks by 1 mg of 

complex along with 100 mg of KBr. The FTIR measurements were observed in scanning range 

of 4000–400 cm-1 at 298.15k. 

 Each of the two solid inclusion complexes ([EMPyrr] Br + 18 C-6, and [EMPyrr] Br + β-CD) has 

been prepared in a 1: 1 molar ratio. In each case 1.0 mmol of cyclodextrin and 18C-6 was 

dissolved in 20 mL of water and 1.0 m mol of ionic liquid was suspended in 20 mL of H2O and 

stirred separately for about 3 hours. Then aqueous solution of the studied ionic liquid was 

added drop by drop to aqueous CD and 18-C-6 solutions. The mixture was allowed to stir for 

48 hours at 50–550C, then it was filtered at this temperature, further cooled to 50C and kept 

for 12 hours. The resulting suspension was slowly filtered and the filtrate appeared as white 

polycrystalline powder, which was purified and dried in air. 

HRMS analyses were performed with a Q-TOF high resolution instrument by positive mode 

electro-spray ionization by dissolving solid ICs in methanol. 
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Abstract   

The Solubility of solids in vitamin - C has much impact in cell metabolism on dissolution in 

water. Densities (ρ), viscosities (η), apparent molar volume, refractive index (nD),  of  Oxalate 

CHAPTER-VII 



salts [ Li2C2O4 , Na2C2O4, K2C2O4 , (NH4)2C2O4 ] have been studied  in (0.005, 0.02, 0.035, 0.05, 

0.065, 0.08) mass fraction  of  Ascorbic Acid  in Water(H2O) at  298.15 K respectively.  Masson 

equation has been employed to find the extent of interaction (solute–solvent interaction) in 

terms of the limiting apparent molar volume (φ0
v) by extrapolating to zero concentration and 

experimental slopes (S *
V) which interpreted the solute-solvent and solute-solute interactions, 

respectively in the solutions. Using the Jones-Dole equation, the viscosity data were analyzed 

to determine the viscosity A and B- coefficient, which have also been interpreted the solute-

solute and solute-solvent interaction respectively in the solutions. Molar refractions (RM) have 

been calculated with the help of the Lorentz–Lorenz equation. The role of the solvent and the 

contribution of solute–solute and solute–solvent interactions to the solution complexes have 

also been analyzed through the derived properties. The Gibbs energies of mixing for K2C2O4-

Vitamin-C binary solids and liquids and solid-saturated K2C2O4-Vitamin-C-H20 ternary liquids 

were modeled using asymmetric Margules treatments. 

1. INTRODUCTION 

During the first third of the twentieth century, a major focus of research in physiological 

chemistry was the identification of Vitamins, compounds that are essential to the health of 

humans and other vertebrates but cannot be synthesized by these animals and must 

therefore be obtained in the diet. Early nutritional studies identified two general classes of 

such compounds: those soluble in nonpolar organic solvents (fat soluble vitamins) and those 

that could be extracted from foods with aqueous solvents (water-soluble vitamins). 

Eventually the fat-soluble group was resolved into the four vitamin groups A, D, E, and K, all 

of which are isoprenoid compounds synthesized by the condensation of multiple isoprene 

units.  Vitamins are necessary precursors for various coenzymes [1, 2, 3]. We considered the 

fact that many enzymes re- quire cofactors to be catalytically active. One class of these 

cofactors, termed coenzymes, consists of small organic molecules, many of which are 

derived from vitamins. Vitamins themselves are organic molecules that are needed in small 

amounts in the diets of some higher animals. These molecules serve the same roles in nearly 

all forms of life, but higher animals lost the capacity to synthesize them in the course of 

evolution. For instance, whereas E. coli can thrive on glucose and organic salts, human 

beings require at least 12 vitamins in the diet. The biosynthetic pathways for vitamins can be 

complex; thus, it is biologically more efficient to ingest vitamins than to synthesize the 



enzymes required to construct them from simple molecules. This efficiency comes at the 

cost of dependence on other organisms for chemicals essential for life. Indeed, vitamin 

deficiency can generate diseases in all organisms requiring these molecules [2, 3]. The body 

needs Vitamin C, also known as ascorbic acid or ascorbate, to remain in proper working 

condition. Vitamin C benefits the body by holding cells together through collagen synthesis; 

collagen is a connective tissue that holds muscles, bones, and other tissues together. 

Vitamin C also aids in wound healing, bone and tooth formation, strengthening blood vessel 

walls, improving immune system function, increasing absorption and utilization of iron, and 

acting as an antioxidant. Vitamin C works with Vitamin E as an antioxidant, and plays a 

crucial role in neutralizing free radicals throughout the body. An antioxidant can be a 

vitamin, mineral, or a carotenoid, present in foods, that slows the oxidation process and acts 

to repair damage to cells of the body. Studies suggest that Vitamin C may reduce the risk of 

certain cancers, heart disease, and cataracts. Research continues to document the degree of 

these effects.  

 The molecular structure of ascorbic acid is depicted in Scheme 1. 

Oxalates are a common food chemical. They are indigestible to humans and for the most part 

should stay in the GI track and pass through unabsorbed. A healthy gut will resist absorbing 

them and will contain bacteria that break down oxalates to further protect the body. No 

benefit has been found to oxalates in the body.  In fact they disrupt normal body functions on 

the cellular level. Once absorbed, the body needs to protect itself from them, either by putting 

them somewhere in storage or by excreting them. Oxalate (IUPAC: ethanedioate) is the 

dianion with the formula C₂O₄2−, also written (COO)₂2−. Either name is often used for 

derivatives, such as salts of oxalic acid, for example Na₂C₂O₄, K2C2O4, Li2C2O4 , (NH4)2C2O4 

are used in the work. The molecular structure of Oxalates is depicted in Scheme 2. 

The strong understanding of solubility in aqueous solutions affords the opportunity to 

compare empirical mixture models with traditional thermodynamic models to determine if 

there is any physical meaning behind the coefficients and to determine the most efficient 

way to use mixture models. The soluble concentration of constituents in solution can change 

significantly when crossing phase boundaries. This principal can be demonstrated with the 

Na2C2O4-C6H8O6-H2O, K2C2O4-C6H8O6-H2O, Li2C2O4-C6H8O6-H2O, (NH4)2C2O4-C6H8O6-H2O 

system, referred here in (Scheme 3, 4, 5). In extension of our earlier study [4-8], we have 

attempted to ascertain the nature of solute-solvent/co-solute interactions of vitamins 



(ascorbic acid) in w1= 0.005,0.02,0.035,0.05,0.065,0.08 mass fraction of aqueous solution at 

298.15K, respectively, as literature survey reveals that no work has been carried out in such 

simple ternary systems. We have attempted to report the limiting apparent molar volume 

(φV
0), experimental slopes (SV*), viscosity B-coefficients, molar refraction (RM) according to 

the variation in equilibrium of three-component systems. Vitamin-C which should be 

inserted, on the other hand oxalates are already present in the body. Excess of oxalates 

cause negative effects in the body by causing health hazards.  Importance lies behind the 

fact that if the co-solute ascorbic acid along with water is made to interact with oxalates, the 

water along with oxalates is removed from the body. While Vitamin C in other way is used 

by the body for the growth and repair of tissues. It helps the body make collagen, 

an important protein used to make skin, cartilage, tendons, ligaments, and blood 

vessels. Vitamin C is needed for healing wounds, and for repairing and maintaining bones 

and teeth. 

2. EXPERIMENTAL  

2.1. Source 

Li2C2O4, Na2C2O4, K2C2O4, (NH4)2C2O4, was purchased from SRL (Sisco Research 

Laboratories PVT.LTD. Bombay –400060, India) while L -Ascorbic acid (C6H8O6) was 

purchased from SRL (s.d.fine – CHEM LTD, Mumbai, India). The mass purity of salts was 

≥0.99.The salts were dried from moisture at 353 K for 48 h, and then they were cooled and 

store in a desiccators prior to use.  

 
Scheme 1: Molecular structure of ascorbic acid. 

 

 
Scheme 2: Pictorial representation of Oxalate ion . 

 



 
 

 

Sodium Oxalate 

 

 
Potassium  Oxalate 

 

 

 
Ammonium Oxalate 

 

 
 

Lithium Oxalate 

 

Scheme 3:  Pictorial representation of the four oxalate salts. 
 

2.2. Apparatus and Procedure 

Initially, we attempted to measure the solubility of the salts by dissolving them in aqueous 

binary solution of vitamins .Binary solvent mixtures were prepared by mixing a required 

volume of ascorbic acid and H2O with earlier conversion of required mass into volume at 

298.15K, 303.15K, and 308.15K using experimental densities. A stock solution for each salt 

was prepared by mass, and the working solutions were obtained by mass dilution. The 

conversion of molarities into molality was accomplished using experimental density values. 

All solutions were prepared afresh before use. The uncertainty in molality of the solutions is 

evaluated to ±0.0001 mol kg-3. The Mettler Toledo AG-285 was used to measure the masses 

of the respective oxalates and ascorbic acid. The densities of the solutions (  ) were 

measured by means of vibrating-u-tube Anton Paar digital density meter (DMA 4500M) with 

a precision of 0.00005g.cm-3 at the desired temperature. It was calibrated by measuring the 

density of double-distilled water and dry air and then comparing the density values with the 

standard reference value given by the certificate of 

density standard liquids.  

 



The viscosity was also measured with a Brookfield DV-III Ultra Programmable Rheometer 

with 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                           (1) 

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. 

Temperature of the solution was maintained within ± 0.01°C 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 %. 

 Refractive index was measured with the help of a Digital Refractometer Mettler Toledo. The 

light source was LED, λ=589.3nm. The refractometer was calibrated twice using distilled 

water and calibration was checked after every few measurements. The uncertainty of 

refractive index measurement was ±0.002 units. 

 

 Volumetric properties are useful tools in studying the solution behavior of solutes and reveal 

valuable information about solute–solvent–co solute interactions. They include apparent 

molar volume, apparent molar expansion which is the derivative of volume with respect to 

temperature.  

3. RESULTS AND DISCUSSION  

The physical properties such as densities, viscosities, refractive index of simple oxalates in 

different mass fractions (w1= 0.005, 0.02, 0.035, 0.05, 0.065, 0.08) of aqueous vitamin c 

mixture at 298.15, 303.15, 308.15K as a function of concentration (molality) are listed in 

Table 1. 

TABLE:1 

Mass-fraction of 
Solvent mixture 

       (W1) 

 
 
Temperature 

 
(ρ. 10−3)/ (kgm−3) 

 
(η)/(mPa · s) 

        

nD 

 

  Exptl Lit. exptl Lit. Exptl Lit. 

W1 = 0.1 298.15K 1.004491 - 105.84 - 1.3359 - 

 303.15K 1.002766 - 106.34 - - - 

 308.15K 1.001083 - 107.07 - - - 

        



Uncertainty of density measurement: ± 0.00005g cm−3, Uncertainty of viscosity 

measurement:  

± 0.02 mPa s , Uncertainty of refractive index measurement: ± 0.002 units. 

3.1 Density                      

 The density ( ρ) which is a measure of solute-solvent interactions,  can be attributed as 

increase of density with concentration indicates the increase in solute-solvent interactions, 

whereas the decrease in density indicates the lesser magnitude of solute-solvent interactions. 

Increase in density with concentration is due to the shrinkage in the volume which in turn is 

due to the presence of solute molecules. As observed in (Table-2, 3) an increasing trend of 

density values may be interpreted to the structure-making behavior of the solvent due to the 

added solute. 

3.2 Apparent molar volume  

Apparent molar volumes, ϕV, were determined from the measured densities of solvent ρ0 and 

of solution, ρ, using the following equation:  

ϕV = M2 / ρ - [1000 ( ρ - ρ0) / (m ρ ρ0 ) ] = M2 / ρ  - [1000 (ρ - ρ0) /  (c ρ0 )],                (1) 

Where ρ0 and ρ are densities of solvent and solution, respectively, m is the molality, c is the 

molarity of the solution and M2 is the molecular weight of the solute, oxalates. Solvent was 

taken as 0.1 M ascorbic acid solution for oxalate salts. For the determination of ϕV of 

vitamins in the presence of oxalates, the solvent was taken as the solution containing H2O, at 

0. 1 M and oxalates at various molalities.  

Apparent molar volumes at infinite dilution, ϕ0
V, were determined by extrapolating the plot of 

ϕV vs concentration to zero concentration. For ascorbic acid, being a non electrolyte, in water, 

this extrapolation was made on the basis of the following empirical equation           

ϕV = ϕ0
V + Sv

* m1/2 ;                                                                                     (2) 

Where Sv* is an experimentally determined parameter. Linear regression analysis of the plot 

of ϕV vs. square root of m provided both ϕ0
V and Sv* parameters. Extrapolation according to 

equation (2) assumes ascorbic acid to be a non-electrolyte. In other words, the effect of the 

small extent of hydrolysis of ascorbic acid on ϕV values was assumed to be negligible. Table 

6 shows that the values of ϕV are large and positive for the systems, suggesting strong solute - 

solvent interactions. The apparent molar volumes ϕV, were calculated from the measured 

densities through equation (1). They were plotted against the square root of the molar 

concentrations (m½) of ascorbic acid and then the data were regressed linearly according to 



equations. To determine apparent molar volumes at infinite dilution, (ϕ0
V), and the 

experimental slopes (Sv*) were determined by using least squares fitting of the ϕV values to 

the Masson equation. Ascorbic acid behaves as a vinylogous carboxylic acid wherein the 

double bond transmits electron pairs between the hydroxyl group and the carbonyl .There are 

two resonating structures for the deprotonated form, differing in the position of double bond. 

The deprotonated form is an enolate which is usually strongly basic. Ascorbic acid also 

converts into two unstable diketone tautomers by proton transfer, although it is the most 

stable in the enol form. The proton of the enol is lost, and re-acquired by electrons from the 

double bond to produce a diketone. There are two possible forms: 1, 2-diketone and 1, 3-

diketone(IIa and IIb) [4]. The molecule exists in equilibrium with two ketone tautomers, 

which are less stable than the enol form. In solutions, these forms of ascorbic acid rapidly 

interconvert (Scheme 6, 7, 8).  

The understanding of molecular interaction between a solute and solvent (water) and the 

packing efficiency of solute within the structure of water has been studied in aqueous and 

mixed aqueous solutions. The packing efficiency of a solute which is governed by solute- 

solvent interactions can be measured by employing apparent molar volume. Apparent molar 

volume is smaller for heavily hydrated molecules as compared to those which are weakly 

hydrated, and this may be due to greater interaction of solute molecules with water. The 

solvation behavior of a solute has been studied by most important parameters i.e. apparent 

molar volume ϕV,. In this study, the apparent molar volume, ϕV of vitamin – C in water at 

different temperatures were determined from density measurements [5, 6, 7].  

 
Scheme 4. Keto-enol tautomerism of  ascorbic acid. 



It is known that the salts of oxalates remains dissociated in solutions as shown in 

(Scheme 2, 3, 4). On dissociation of any of this, Proton Ascorbate ion will be formed [6, 

7]. The stability of the conjugate base (respective ascorbate ion) will determine the 

acidity of the respective proton,( Scheme 5). 

 

                    Scheme 5. The stability of the conjugate base of ascorbate ion. 
 

Ascorbic acid (stable ene-diol form) on dissociation of Hα proton gives its conjugate base 

structure‘C’.  On the other hand enol form of ascorbic acid (I) on dissociation of Hβ proton 

gives its conjugate base ‘B’ which on resonance can reconvert to ‘A’. As structure ‘B’ has 

one more equally contributing resonating structure ‘A’, where as structure ‘C’ does not have 

any resonating structure. Therefore, the stability of conjugate base generated on removal of 

Hβ proton is more than that of conjugate base generated on removal of Hα proton. Thus β 

proton of ascorbic acid is more acidic than the  α proton as each dissociation is more facile. 

Therefore, the negatively charged oxygen atoms in  Oxalate ion of the salts probably interacts 

with the most acidic  hydrogen (β hydrogen) of enol form of ascorbic acid rendering higher 

solute – solute interaction as evident from (ϕ0
V) values. Solubility of ionic compounds (salts) 

depends on the solute-solute vs. solute-solvent interactions [5, 6, 7, 8]. If the solute-solvent 

interactions are stronger than the solute-solute interactions, the salt will be soluble in that 

solvent. Solubility Chart of the Oxalate salts is listed below: 



TABLE:2 Solubility tested 

Samples taken In water In 

methanol 

Solution used (vitamin C + 

H2O) 

Li – Oxalate Soluble insoluble Soluble 

Na – Oxalate Sparingly insoluble Soluble 

K – Oxalate Completely insoluble Soluble 

NH4 – Oxalate Completely insoluble Soluble 
 

The order of solute-solvent interaction mentioned in (Table 2-6) .The more stronger 

evidence can be given on the basis of the (ϕ0
V) values, that it is large and positive in 

magnitude, for Sodium – Oxalate, in the entire composition range of Water + Ascorbic acid at 

298.15 K, thereby showing the presence of Strong ion – Solvent interactions, due to the 

favorable Hard – Hard interaction but not combination. Evidence can be given by noting that 

sodium have the capacity to get bonded with the oxalate both in the monobasic and dibasic 

state within the range of pK̴ 4.26. The pH scale of the Ascorbic acid in water is shown below: 

 
 
Scheme 6: pH ranges of interactions of aqueous ascorbic acid solutions. 
 
 
So together Sodium oxalate along with ascorbic acid forms ascorbate at pK̴ -0.86 probably 

leads to the firm interactions, shown in (Scheme 7,8). 

 
Scheme 7: Probable interaction pattern of 
the studied system. 
 
 
 
 
 
 
 
 



 
 

 
Scheme 8 : Probable mechanism of the studied system. 

Table below also shows the value of ϕ0
V decreases for the individual solute of Lithium and 

Ammonium thereby showing that the ion – solvent interactions decreases due to the 

hindrances during polarization. A quantitative comparison of ϕ0
V values shows that these are 

much larger in magnitude than those of (Sv*) values for all the solutes. This suggests that ion 

– solvent interactions dominate over the ion-ion interactions in Water + Ascorbic acid 

mixtures in 298.15 K. The decrease in the (Sv*) values suggest that the pair wise interaction is 

restricted by the interaction of the interacting group of one molecule to side chain of the other 

vitamins molecules. The (Sv*)  values of the vitamin solution given in table below  decreases 

with increase in the interactive centers solvent medium due to the size factors  interpreting the 

minimum solute-solute interaction which also suggest the presence of cation – anion 

penetration which occurs due to competition between ions to occupy the void space of the 

large solvent molecules [9-15]. Therefore an appreciable interionic penetration occurs and 

these gives rise to a negative slope (i.e. weak ion – ion interaction and strong ion – solvation) 

in the ϕV versus (m1/2) for these solutes. The increase in ϕ0
V may be attributed to the increase in 

solvation [14, 15]. A plausible mechanism of interaction between aqueous ascorbic acid, 

different oxalates is mentioned in (scheme 9) shows the trend as IB > IC> ID> IA. 

Table 3.Experimental values of densities (ρ), refractive Index (nD) of Oxalates in different 

mass fraction of aqueous ascorbic acid at temperatures, T = (298.15K) and at ambient 

pressure. 

 



T/K            Systems M/mol kg−1 

 

ρ.10−3/kg m−3  
 

nD 

 I 

H2O +Ascorbic acid +Li-Ox 

 

     W1 = 0.1 

  

 0.005 1.00522 1.337 

298.15K 0.020 1.00603 1.331 

 0.035 1.00721 1.336 

 0.050 1.00827 1.334 

 0.065 1.00892 1.334 

 0.080 1.00976 1.335 

 

298.15K 

II 

H2O +Ascorbic acid +Na -Ox 

  

       W1 = 0.1 

  

 0.005 1.00494 1.333 

 0.020 1.00652 1.333 

 0.035 1.00796 1.333 

 0.050 1.00949 1.334 

 0.065 1.01176 1.335 

 0.080 1.01237 1.335 

 III 

H2O +Ascorbic acid +K -Ox 

 

        
       W1 = 0.1 

  

 0.005 1.00403 1.333 

298.15K 0.020 1.00503 1.333 

 0.035 1.00597 1.333 

 0.050 1.00729 1.333 

 0.065 1.00744 1.334 

 0.080 1.00884 1.334 

 IV 

H2O+Ascorbic acid+NH4_-Ox 

        

W1 = 0.1 

  

 0.005 1.00428 1.333 

298.15K 0.020 1.00515 1.334 

 0.035 1.00616 1.333 

 0.050 1.00737 1.335 

 0.065 1.00786 1.335 

 0.080 1.00116 1.337 
  

auncertainty of the molality u(m)=0.002 molkg−1, density u(ρ)=0.00005×10−3 kg m−3, 

viscosity u(ƞ)=0.01 mPa s, refractive index u(nD)= 0.002 . 

Scheme 9. The schematic representation of solute–solvent interaction, for the studied 

OXALATES in aqueous vitamins binary mixtures. 

+                                         

Vitamin – C                          Water                                                Solvent Cage 

+                             IA       



Solvent Cage                                Lithium - Oxalate 

+                      IB      

Solvent Cage                            Sodium – Oxalate 

 

+                              IC       

Solvent Cage                            Potassium – Oxalate 

+                         ID                                       

Solvent Cage                       Ammonium – Oxalate 

Table 4: Measurement of viscosity (ƞ) in centipoises at 298.15 K, 303.15K ,308.15 K 

respectively. 

Composition 298.15 K 303.15K 308.15 K 

I 
0.005 0.76 0.88  0.99 
0.02 0.98 1.1 1.12 
0.035 1.14 1.24 1.22 
0.05 1.30 1.4 1.36 
0.065 1.38 1.16 1.42 
0.08 1.28 1.24 1.62 

II 
0.005 0.83 0.80 0.72 
0.02 0.92 1.14 1.03 
0.035 1.02 1.44 1.09 
0.05 1.09 1.78 1.35 
0.065 1.12 1.05 1.12 
0.08 1.17 1.07 1.03 

III 
0.005 0.86 0.83 0.8 
0.02 0.99 0.91 0.86 



0.035 1.08 0.96 0.96 
0.05 1.15 1 1.10 
0.065 1.00 1.1 1.12 
0.08 1.10 1.13 1.13 

    

IV 
0.005 0.89 0.93 0.94 
0.02 1.25 1.14 1.01 
0.035 1.36 1.30 1.30 
0.05 1.39 1.42 1.39 
0.065 1.41 1.38 1.36 
0.08 1.43 1.44 1.42 

    

    

 
 
Table 5: Examining viscosity A, B coefficients of Lithium, Sodium, Potassium, 

Ammonium Oxalates at 298.15 K to 308.15 K respectively. 

SYSTEMS A –Coefficient B –Coefficient 

 250c 300c 350c 250c 300c 350c 
I 3.844 1.620 0.53 7.387 9.726 10.14 

II 0.955 0.682 0.061 4.396 18.59 8.229 

III 1.685 0.780 0.033 2.896 2.339 7.942 

IV 1.5 0.835 0.115 15.14 4.876 12.22 

Table 6: Data of (η /η 0-1)/m1/2   obtained from the Viscosity calculations of Oxalates at different 

temperatures: 

 
 

 

 

 I 

Molality 250c 300c 350c  

 

 

III 

Molality 250c 300c 350c 

0.005 4.388 2.232 0.144 0.005 1.860 0.906 0.744 

0.02 4.876 3.163 1.010 0.02 2.139 1.178 0.930 

0.035 5.160 3.375 1.309 0.035 2.250 1.233 1.406 

0.05 5.552 3.766 1.734 0.05 2.294 1.261 2 

0.065 5.410 2.064 1.761 0.065 1.238 1.609 1.857 

0.08 4.267 2.232 2.308 0.08 1.581 1.586 1.721 

 

 

 

 

II 

Molality 250c 300c 350c  

 

 

IV 

Molality 250c 300c 350c 
0.005 1.302 8.485 5.439 0.005 0.172 3.163 0.964 

0.02 1.488 9.050 6.935 0.02 0.086 3.535 1.044 

0.035 1.828 10.049 5.859 0.035 0.065 3.797 2.551 

0.05 1.941 11.449 7.138 0.05 3.108 3.883 2.591 

0.065 1.857 4.314 4.525 0.065 2.822 3.199 2.139 

0.08 1.907 4.030 3.467 0.08 2.630 3.163 2.169 

Table 7: Molality (m), apparent molar volume (ϕv), molar refraction ( R ) of Lithium Oxalate, 

Sodium Oxalate, Potassium Oxalate, Ammonium Oxalate in aqueous vitamin –C Solution  in 

different mass fraction at room temperature  . 

 
m/mol.kg−1 Systems ϕv x 106 

( m3 mol-1) 
R 

(cm3 mol-1) 



W1 = 0.1 I 
H2O +Ascorbic acid +Li-Ox 

  

0.005  63.5965 20.8182 
0.02  55.0596 20.8345 
0.035  52.0636 20.8404 
0.05  46.8147 20.8444 
0.065  43.9422 20.8451 
0.08  35.0847 20.8486 

W1 = 0.1 II 
H2O+Ascorbic acid +Na-Ox 

  

0.005  156.992 27.4277 

0.02  148.532 27.3846 

0.035  125.752 502.106 

0.05  118.627 501.699 

0.065  125.752 500.927 

0.08  109.908 500.625 

W1 = 0.1 III 
H2O+Ascorbic acid +K-Ox 

  

0.005  112.99 34.0514 

0.02  99.40156 34.0175 

0.035  83.21324 7227.86 

0.05  83.09953 7208.93 

0.065  76.1566 7201.7 

0.08  72.18996 7181.73 

  
 W1 = 0.1 

IV 
H2O+Ascorbic acid+NH4-

Ox 

 

  

0.005  104 25.418 

0.02  84.45691 25.4652 

0.035  77.21768 25.3705 

0.05  75.9117 25.4781 

0.065  67.56527 25.4657 

0.08  64.21171 25.7749 

    

 
Table 8. Limiting apparent molar volumes (ϕv

0), experimental slopes (Sv*) of Lithium Oxalate, 

Sodium Oxalate, Potassium Oxalate, Ammonium Oxalate in aqueous Ascorbic acid at 298.15 K. 

 
          Salt ϕv

0 x 106 

(m3 mol-1) 

Sv *x 106 

(m3 mol- 3/2kg1/2) 

Lithium Oxalate 73.23 -123.5 

   

Sodium Oxalate 173.2 -219.7 

   

Potassium Oxalate 125.4 -195.4 

   

Ammonium Oxalate 113.5 -180.2 



   

 

 

3.3 Viscosity calculation 

 The viscosity data has been analyzed using Jones-Dole equation [1-15]. 

(η / η0 -1) /m1 /2   =   A + Bm 1/ 2 

Where η0 and η are the viscosities of the solvent and solution respectively. A and B are the 

experimental constants known as viscosity A and B co-efficient projected by a least-squares 

method and are reported in table below , which are specific to solute-solute and solute-solvent 

interactions, respectively. The values of A and B coefficients are estimated   by plotting              

(η /η0  -1) /m1 /2  against √ m reported in (Table 6, 7, 8).   The values of the A co-efficient are 

found to decrease in all the samples, but exceptionally increase steadily with the increase in 

temperature in the Sodium Oxalate, these results indicate the presence of very weak solute-

solute interactions in all the samples and much stronger solute - solvent interactions in 

Sodium individual. These results are in excellent agreement with those obtained from (Sv*) 

values discuss earlier [1-15]. The effects of solute-solvent interactions on the solution 

viscosity can be inferred from the B-coefficient. The viscosity B-coefficient is a valuable tool 

to provide information concerning the solvation of the solutes and their effects on the 

structure of the solvent.  It is evident that the values of the B-coefficient are positive, 

thereby suggesting the presence of strong solute-solvent interactions, and strengthened 

with an increase the temperature as shown in the lithium, potassium and ammonium 

salts in (Table 5-8) .The higher B-coefficient values for higher viscosity values is due to the 

solvated solutes molecule associated by the solvent molecules all round to the formation of 

associated molecule by solute-solvent interaction, would present greater resistance, and this 

type of interactions are strengthened with a rise in temperature. While in the case of Sodium 

Oxalate, the B–coefficient irrespective of the other oxalates been sampled is found to 

decrease significantly with the variance in temperature and the A-coefficient showed a 

sudden increase in values, thereby showing the reverse characteristics. 

 

3.4 Refractive index calculation 

The molar refraction, R can be evaluated from the Lorentz-Lorenz relation: 

R = {(nD
2 – 1) / (nD

2+2)} (M/ρ) 

Where R, nD, M and ρ are the molar refraction, the refractive index, the molar mass and 

the density of solution respectively. The refractive index of a substance is defined as the 



ratio c0/c, where c is the speed of light in the medium and c0 the speed of light in 

vacuum. Stated more simply, the refractive index of a compound describes its ability to 

refract light as it moves from one medium to another and thus, the higher the refractive 

index of a compound, the more the light is refracted. As stated by Deetlefs et al. The 

refractive index of a substance is higher when its molecules are more tightly packed or 

in general when the compound is denser and with the increase of mass fraction of 

ascorbic acid in solvent mixture refractive index value also increases [3-14]. Hence a 

perusal of (Tables 3 and 7) we found that the refractive index and the molar refraction values 

respectively are higher for potassium and sodium compared to other two oxalates, 

indicating the fact that the molecules are more tightly packed in the mixture. The slope 

increase along with the uniformity.  The interaction in the solution is basically solute-

solvent interaction and a small amount of solute-solute interaction [16-25]. This is also good 

agreement with the results obtained from density and Viscosity parameters discussed above. 

The trend in the package of the studied Oxalates in the aqueous mixture of Ascorbic acid is:  

K2C204 [III]>NA2C2O4 [II]> (NH4)2C2O4 [IV]>Li2C2O4 [I]. 

3.5 The K2C2O4-Ascorbic acid-Water Ternary System 

The phase rule is the relationship between the number of phases, P, the number of 

components, C and the number of degrees of freedom, F of a system at equilibrium at a given 

P and T. The rule is P+F = C+2, where 2 stands for the intensive variables pressure, P and 

temperature, T. This is a general rule applicable to all types of reactive and nonreactive 

systems.  The solubility and density of the equilibrium liquid phase for the ternary K2C2O4 + 

Ascorbic acid + H2O system were determined experimentally at (At 298.15) K, two solid 

phases were formed in the ternary K2C2O4 + ascorbic acid + H2O system that correspond to 

K2C2O4-H2O and K2C2O4-C6H8O6 (at 298.15) K. The phase diagrams of the system could be 

constructed based on the measured solubility [26, 27, 28]. The binary system K2C2O4-

ascorbic acid has a bigger crystallization field than either K2C2O4-H2O or the mixture. The 

solubilities of K2C2O4-H2O and K2C2O4- ascorbic acid   increase slightly with increasing 

temperature, while the crystalline region of the compound K2C2O4-ascorbic acid decreases as 

the temperature increases. 

4. Conclusion 

A portray of the thermo physical and thermodynamic impression of the aqueous ascorbic acid 

solution in accordance with the inorganic oxalate salts were studied. It is specified from the 

values of the density, limiting apparent molar volume (φV0), viscosity B-coefficients, molar 

Refraction (RM) and presence of phases. The refractive index and the molar refraction values 



imply that ascorbic acid molecules are more tightly packed in the solution leading to higher 

solute-solvent interaction than the other vitamins. In summary, viscosity B-coefficient values 

for oxalates indicate the presence of strong solute-solvent interactions, and these interactions 

are further strengthened at higher temperatures and higher concentrations of ascorbic acid in 

binary solutions. The conclusions from experimental and derived parameters also provides 

important working function of the ascorbic acid with oxalates in biological systems; which 

demands the uniqueness of the work. 

Keywords: Solution chemistry. Thermodynamics. Apparent molar volume · molecular 

interaction · Solute solute interaction · Oxalate salts · Ascorbic Acid.  Physico – chemical 

properties. 
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Studies of Solvation behaviour of LiI prevailing in diverse 
solvent systems conductometrically and spectrometrically 

supported by ab-initio technique 

 

Highlights  

 Consequences of vibrational spectroscopic data were compared with experimental 

values. 

  The observed blue shift in the spectrum indicates the interaction of anion with    

PhcN. 

 Lithium-ion battery performance shows enhancements in presence of benzonitrile. 
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Abstract 

Solvation nature of Lithium iodide (LiI) for both polar and nonpolar organic solvents 

viz., acetonitrile and benzonitrile have been explored by effect of geometry, 

spectroscopic, conductometric,  ab initio methods . Results of vibrational spectroscopic 

CHAPTER-VIII 



data were compared with experimental values. Centre of attraction is iodide anion on 

significant vibrational bands of benzonitrile. Fluorescence spectra provide a supporting 

to the mentioned facts. Ab initio calculations used for shaping the optimum location of 

Li+ and I- ions in ion-solvent interactions containing varying nitriles as solvent sphere. 

Emission band positions, intensity, shape of solvent-sensitive molecules in organic 

solvents of varying polarities are studied.   

1. Introduction 
 
The origin of exceptionally elevated solubility of anhydrous lithium iodide in organic 

solvent system has been a matter of some conjecture. This univalent salt of a small 

cation and a large anion must possess a favorable balance of lattice and solvation 

energies conducive to extensive solubility in a broad range of solvents. The solubility 

and stability of lithium iodide have encouraged its use in studies of salt effects in organic 

reactions. So it can be said that behaviour in which cations are solvated in solution 

retains interest for immeasurable applications. Acetonitrile has numerous uses, 

including as a solvent, for spinning fibers, and in lithium batteries. Benzonitrile is a 

useful solvent and a versatile precursor to several derivatives. The benzonitrile ligands 

are readily displaced by hard centre, making benzonitrile complexes useful synthetic 

intermediates [1-2]. 

Vibrational spectroscopy is a consequence of elasticity that explains the truth; atoms in 

a molecule do not remain in fixed relative positions but vibrate about some mean 

position. It is a helpful practical tool in order to study ion-solvent interactions in 

electrolyte solutions.  In our current study, FTIR spectroscopic method was used for 

studying interactions of LiI with a variety of aprotic solvents, acetonitrile and 

benzonitrile. When a spectroscopic records for acetonitrile solution of LiI were 

examined, it was portrayed that both Li+ and I- affected the CN stretching frequency; on 

the other hand, in benzonitrile solution of LiI, only the effect of Li+ was observed [ 3, 4]. 

Extensive studies on electrical conductivity investigations have demonstrated the 

electrolytic properties of solutions of lithium iodide in such diverse materials as 

acetonitrile and benzonitrile. Renewed interest in the character of electrolyte solutions 

from the chemical or solvation point of view, it was felt that determination of the 

solubility trends of lithium iodide would yield some insight into its solution processes 

https://pubchem.ncbi.nlm.nih.gov/compound/lithium


when polar aprotic solvent compared with respect to non-volatile organic solvents in 

recent years to examine the nature and magnitude of ion–ion and ion–solvent 

interactions [5, 6]. In the present analysis, the role of the Li+ in determining spectral 

features in acetonitrile could be more carefully assessed by comparison with spectra 

obtained in the presence of the benzonitrile solvent. Ab initio quantum mechanical 

calculations were carried out to describe the significant features of the infrared 

spectrum. Minimal atoms forms ion-solvent cluster in the occurrence of an electrolyte. 

The initial results of these calculations are also presented in this paper and 

differentiated with the experimental spectroscopic facts. The electronic emission 

spectra of organic molecules are generally modified in solvation processes. 

 Fluorescence spectroscopy and imaging have a very broad spectrum of applications for 

detection and characterization of bimolecular dynamics and interactions in diverse 

environments.  

 
2. Experimental 
 
2.1. Materials 

Lithium iodide (LiI) of puriss grade was procured from Aldrich, Germany with purity 

assay of salt being ≥98%. Acetonitrile (AcN) procured from Thomas Baker, India and 

Benzonitrile (PhcN) procured from Merck, Germany was purified using standard 

methods. The purity of the (CH3CN) was 99.5% and (PhCN) was 99%. 

 

2.2. Apparatus and procedure 

 Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, Japan) and the 

particulars about this instrument have been illustrated previously [7-10]. 

 The Conductance measurements were taken in a Systronic-308 conductivity metre 

(accuracy ± 0.01) using a dip-type immersion conductivity cell, CD-10, having a cell 

constant of approximately (0.1± 0.001) cm−1. Measurements were made in a water bath 

maintained within T = (298.15 ± 0.01) K and the cell was calibrated by the technique 

proposed by Lind et al. The conductance data were obtained at a frequency of 1 kHz [11, 

12].  



The Flourescence measurements were done with QuantaMaster 40 spectrofluorometer . 

The output range of the machine was nearly 2 analog (+/- 10 volts) [13, 14]. 

 

3. Results and discussion 

3.1. Infrared Spectra.     FTIR spectra were obtained for pure acetonitrile (AcN), pure 

benzonitrile and for 0.45(M) LiI solution in AcN and PhcN. The spectrum of pure AcN as 

well as the special effects of Li+ ion and I- ion are well-known. Our focus of interest here 

is to observe whether a monatomic anion, namely iodide, has effect on the spectral 

properties of PhcN as in case of AcN [15-18]. 

 The spectra of two LiI solutions in AcN and PhcN are compared with that of pure AcN 

and pure PhcN respectively for the 2220-2320 cm-1 region in Figure 1(a, b) and Figure 

2(a, b). The C≡N stretching frequency for pure AcN is observed at 2253 cm-1 and for 

pure PhcN (ν1) at 2228 cm-1. In the presence of LiI, one new band appears at 2272 cm-1 

for LiI solution in AcN and for LiI─PhcN solution no such new band is observed to a 

certain extent a single band appear at 2256 cm-1. These bands are ascribed to the 

Li+……AcN and Li+…..PhcN complexes which corresponds to the C≡N stretch. It is also 

apparent that the band at 2253 cm-1 for pure AcN is shifted to lower frequency (i.e., 

slightly red shifted) at 2251 cm-1 for LiI solution in AcN, which is attributed to the fact 

that the I- anion interacts with the positive end (methyl group) of the AcN molecular 

dipole; this effect is transmitted through the C─C bond and therefore is feeble in 

comparison to the cation interaction. On the other hand, from inspection of the spectral 

data of pure PhcN and LiI─PhcN solution no such red shifted band is observed towards 

the low frequency side of 2228 cm-1 Figure 2(a, b). This may be owing to the fact that the 

phenyl ring in PhcN having high π-electron density does not act as a positive end in a 

significant way like in the case of methyl group in AcN. As such the I- ion containing a 

large number of core electrons may not be able to experience an attractive interaction 

with the phenyl ring in PhcN effectively rather there may be a repulsive interaction. 

         For pure AcN and LiI─AcN solutions, the spectral statistics are shown in Figure 3(a, 

b) in the region from 2800-3100 cm-1. In the spectrum of pure AcN two peaks are 

observed at 2940 and 3000 cm-1 analogous to the symmetrical stretch and asymmetrical 

stretch of the CH3 group respectively. In the occurrence of LiI two new bands appear at 

2922 and 2978 cm-1, which are endorsed to the effects of interaction of the I- anion by 



means of the symmetrical and asymmetrical stretching modes of the CH3 group 

respectively. Somewhat red shifted bands at 2938 and 2998 cm-1   as shown in Figure 

3(b) are attributed to interaction of the Li+ cation at the negative end of the AcN 

molecular dipole with the CH3 vibrational modes; this effect is transmitted through both 

the C≡N and C─C bonds to the CH3 group and therefore is feeble in comparison to the 

anion interaction. On the other hand, spectral analysis for pure AcN and LiI─AcN 

solutions are given in Figure 4(a, b) in same 2800-3100 cm-1 range. Two bands at 3066 

and 3088 cm-1 are observed for pure PhcN corresponding to the symmetrical (ν2) and 

asymmetrical stretch (ν3) of the five C─H bonds in phenyl ring. Two such bands 

observed for pure PhcN shifts towards lower frequency region  in the presence of LiI 

giving corresponding bands at 3034 (symmetrical stretch) and 3070 cm-1 (asymmetrical 

stretch), which are attributed to the effects of interaction of the I- anion with the 

vibrational modes as in the case of LiI─AcN solution. It is also seen from the spectral 

data of LiI─PhcN solution, no such slightly red shifted bands are observed around the 

bands at 3066 and 3088 cm-1. This may be attributed to the fact that the effect of 

interaction of Li+ cation transmitted through both the C≡N and C─C bonds to the C─H 

groups of the phenyl ring is significantly very weak in comparison to that in LiI─AcN 

solution. 

                   Spectral data for pure AcN and LiI─AcN solutions in the 890─950 cm-1 are 

shown in Figure 5(a, b). Pure AcN shows a band at 918 cm-1 and LiI─AcN solution shows 

two bands at 916 and 930 cm-1. This band corresponds to Cipso─Cnitrile stretch. New 

bands at higher frequency 930 cm-1 and a slightly red shifted band at 916 cm-1  for 

LiI─AcN solution are attributed to result of Li+…..AcN complex and a little effect of  I-

…..AcN complex, respectively. On the other hand, spectral data in same region from  

890─950 cm-1  for each of pure PhcN (ν4) and Li─PhcN solution shows a individual 

single band at 926 and 939 cm-1 in Figure 6(a, b) corresponding to Cipso─Cnitrile stretch. 

The higher frequency band at 939 cm-1 is ascribed to Li+…..PhcN complex. For Li─PhcN 

solution no such red shifted band is observed as in case of Li─AcN solution, which 

predicts no interaction of I- with the ipso-Carbon of PhcN solvent molecule. 

                  For pure AcN and LiI─AcN solutions, spectral data in the 700─820 cm-1   range 

are given in Figure 7(a, b). Pure AcN shows an individual band at 749 cm-1 and LiI─AcN 

solution shows two bands at 750 and 765 cm-1. These bands correspond to C─C≡N 

bending mode. New band at higher frequency, 765 cm-1, and a slightly blue shifted band 



at 750 cm-1  for LiI─AcN solution are recognized to effect of Li+…..AcN complex and a 

small effect of  I-…..AcN complex, respectively. On the other hand, spectral data in the 

same region from  700─820 cm-1   for each of pure PhcN (ν5) and Li─PhcN solution 

shows a single band at 758 and 774 cm-1 shown in Figure 8(a, b) respectively 

corresponding to the C─C≡N bending modes. The higher frequency band at 774 cm-1 is 

attributed to Li+…..PhcN complexation. As in case of LiI─AcN solution, a blue shifted band 

is not observed for Li─PhcN solution leads to the prediction that there is no involvement 

of the formation of I-…..PhcN complex [19-22]. 

 

3.2. Ab Initio Quantum Chemical Calculations.   
 
In this work, numerical calculations have been performed using UB3LYP functional. 

Diffused basis functions have often been found to be effective in describing weak 

interaction among atoms. Hence we use 6-31+G(d) basis function for a correct 

description of weak interactions which may prevail in the transition structures. These 

calculations are implemented through Gaussian 09W quantum chemical package. 

The quantum chemical calculations estimates that the Li+……AcN and I-……AcN complexes 

would predominantly exists as Li(AcN)4+ [Scheme 1] and I(AcN)2- [Scheme 2] clusters in 

the solvent sphere.   Similarly we focus on the existence of Li+…..PhcN and I-…..PhcN 

complexes as clusters through quantum chemical calculations and we hereby compare 

calculated spectral values with the experimental spectral values in order to explain the 

shifts [23, 24]. 

 Several of the estimated properties of Li (PhcN)n  clusters for cases n=1─4  are 

summarized in Table 1. The stabilization of Li (PhcN)n  clusters is revealed by the value 

of E, the optimization energy, which decreases in magnitude with the number of PhcN 

molecules up to four. From the calculation, 

Li (PhcN)4+ was found to be additional stable than other complexes as it has minimum 

value of E. For the clusters with n>4 the value of E once more increases. The optimum 

solvation number used for Li+ in PhcN is, accordingly four. Specifically, the optimum 

geometry would involve a central Li+ ion tetrahedrally surrounded by four benzonitrile 

molecules [Scheme 1]. Li+─N distance in the complex increases from 1.88 Å in Li(PhcN)+ 

to 2.89 Å in Li(PhcN)4+. From Table 1 it is clear that when PhcN solvent fragment act as a 



ligand, the C≡N and Cipso─Cnitrile bond lengths decreases respectively by 0.01─0.02 Å and 

0.003 Å in the Li(PhcN)n cluster with n=1─4 like in the case of Li(AcN)n cluster [25, 26]. 

Calculated frequencies for C≡N (ν1), Cipso─Cnitrile (ν2) stretching modes and C─C≡N (ν3) 

bending modes in pure PhcN and Li+……PhcN complexes are compared by way of the 

experimental results in Table 2. The ν1, ν2 and ν3 bands are all shifted in blue direction in 

agreement with experimental results in    Table 2. The blue shift is attributed to charge 

transfer from a lone pair on the N-atom of PhcN to the Li+ ion which promote results to 

increase in C≡N bond strength and also increases its frequency. This effect is 

transmitted throughout the molecule and as such blue shifts are moreover observed for 

ν2 and ν3 bands. Such frequency shift values are observed to decrease with increase in 

the number of PhcN ligands in the region of Li+ ion.  These shifts as summarized in Table 

2 are too great in comparison with experiment. Estimation of these quantities could be 

made better by carrying out quantum chemical calculations with a more enhanced basis 

sets. 

               Estimated properties of I(PhcN)n  clusters for n=1─2  are given in Table 3. From 

the quantum chemical calculations, I(PhcN)2 – was found to be more stable as it has least 

E value than I(PhcN)- . For the clusters with n>2 value of E again increases. That is, the 

optimum geometry would predominantly involve a central I- ion linearly surrounded by 

two benzonitrile molecules in such a fashion that I- interacts with H atom resulting in the 

minimum repulsion between two benzonitrile molecules than other geometry [Scheme 

2]. The I- ─H distance in I(PhcN)- is about 0.03 Å longer than in I(PhcN)- complex. The 

C─H bond distances slightly decreases by 0.005 Å and the C─C and C≡N distances 

almost remains equivalent from I(PhcN)- to I(PhcN)2- . Finally it should be noted that 

calculations were limited up to n=1─2 PhcN molecules since the number of electrons in 

the system becomes very large with more solvent molecules [27]. 

                In support of C≡N (ν1) and Cipso─Cnitrile (ν4) stretching modes and the 

symmetrical (ν2) and asymmetrical (ν3) stretching modes of five C─H bonds in phenyl 

group of pure PhcN and I-…...PhcN complexes, the calculated frequencies are summarized 

in Table 4. The red shifted bands ν1 and ν4 are in agreement with experimental study. On 

the other hand, the stretching modes (ν2 and ν3) are shifted in blue direction, while the 

experimentally observed bands are red shifted. This is due to the fact that the C─H 

bonds in phenyl ring turn out to be significantly stronger. The calculated blue shifted 

results can be attributed to charge transfer from a lone pair on the I- ion to the H atom 



resulting in an increase in the C─H bond strength with an enhanced frequency. There 

would be no change in Cipso─Cnitrile and C≡N bond strength which is evidently revealed 

by the calculated and experimental values [28]. 

                Estimation of the frequencies of IR bands for PhcN from quantum chemical 

calculation are compared with the experimental data. Theory properly explains the 

direction of the shifts due to the interaction of PhcN with the ions for ν1, ν4 and ν5 bands. 

Estimated frequency shift values are, however, too large in comparison with 

experiment. Better quantitative agreement between theory and experiment may result 

by carrying out quantum chemical calculations with a more superior basis sets. In case 

of stretching frequencies of five C─H bonds of phenyl group, the estimated shift caused 

by I- is in the opposite direction to the red shift observed experimentally. This may be 

attributed to the piece of information that the predicted results are based on PhcN 

dimer. In fact, a more realistic complex may behave differently from theoretical results. 

The differences between the theoretical and experimental shifts for these bands due to 

Li+ are considered to be insignificant [29]. 

 

3.3. Challenges of ionic conductivity and Conductance studies 

The conductance of an electrolyte solution increases with rise in temperature due to the 

enhancement in extent of ionization. The strong electrolyte LiI, undergo complete 

ionization and hence illustrate higher conductivities since they furnish more number of 

ions.  As the concentration of the solution increases the molar conductivity decreases as 

a result of the ion association between Li + and PhcN molecules as well as I- with PhcN 

molecules [Figure 9(a), (b), (c)]. But since the temperatures increases the molar 

conductivity as well as limiting molar conductivity increases, due to weakening of ion 

pair association Table (5, 6). LiI taken in the polar and non-polar nitriles, which itself is 

a strong electrolyte retains its identity in both solvents. But due to the higher number of 

canonical structures in acetonitrile the ion – pair formation which was done in our 

previous works [30, 31] was unstable. While in the case of benzonitrile, much extra 

stability is attained in the ion-pair formation as PhcN is a weak electron donor. The 

limiting equivalent conductance of LiI leads to the conclusion that with the increase in 

temperature the ionic size becomes much more effective to be entirely associated in the 

ion-pair formation [32, 33]. Two opposing factors control the state of affairs in solution 

of electrolytes: (1) the coulombic interaction which tends to arrange the  ions in an 



ordered and organised structure and (2) the thermal collision between the ions and 

solvent molecules which tends to prevent the existence of an organised structure in 

solution. At higher temperature, the structure is still less organised because of increased 

thermal collision. As a result of the above two opposing factors, a situation arises when 

the negative ion end up as the nearest neighbours of a given central positive ion and vice 

versa. Thus, a cation is surrounded by more cations than anions. This gives rise to the 

ionic atmosphere where the central ion is surrounded by a group of iona at opposite 

charges. Thus as the temperature increases the electrophoretic effect as well as 

asymmetry effect decreases making ion pair formation predominant over ion-solvent 

one [34-36]. 

 

 

3.4. Fluorescence study  

The improvement of fluorescent Lithium ion sensors is a vigorous research area. 

Lithium ion sensors are currently in demand for biomedical applications and for 

monitoring ion transport in lithium ion batteries.  Li+ sensors have been reported in the 

present study, in the presence of acetonitrile and benzonitrile in the solution phase. In 

the first case of   Li+ ion – acetonitrile there was no notable change. The present work 

involves a similar investigation of the benzonitrile-Lithium iodide systems. Next on 

proceeding towards pure PhcN. Benzonitrile is of particular interest because of its large 

dipole moment and of the presence of two active sites of molecular interaction i.e. the 

benzene ring and the C----N π electron containing substituent. A fluorescence study of 

benzonitrile had been reported previously in [37, 38] depicted that excitation of 95cm-1 

showed the most intense dimersed form of PhcN and even at 113cm-1 and 49cm-1 

distinct bare bands had been predicted. Upon adding of LiI a new spectrum arises. The 

stock of LiI and benzonitrile was prepared in the range of 10-3(M) concentration and the 

various fragments were made from it. It was noticed that on increasing the 

concentration of the ions complexation leading towards ion-solvent interaction also 

increases that means more benzonitrile molecules are engaged to form complex either 

with Li+ ion or with I- ion ; which will reduce the flourescence intensity of benzonitrile 

to some lower energy region. Indeed it was proven previously I- interaction has more 

significance than Li+. LiI─benzonitrile system excitation was set at 113 nm and emission 

was observed at 420 nm, as shown in Figure 10. Though from the above mentioned FTIR 



spectral data of pure PhcN and LiI─PhcN solution no red shifted band is observed 

towards the low frequency; the same termination is followed as supporting information 

of the above mentioned facts through the steady state emission spectrum of the studied 

metal ion in benzonitrile solvent system. This system thus reveals the fact that a 

characterized blue shifted spectra would be visible, which explains the fact that upon 

ionic bonding contradicts the solute ─ solvent interaction to be most probably ion-

dipole interaction or the ion-solvent interaction based upon ab initio quantum 

mechanical calculations. It is interesting to note that the solubility, stability in structure 

of LiI-benzonitrile is more than that in acetonitrile. Thus it is an important proof 

towards the ion-solvation of PhcN with I-. 

 

4. Novelity of the studied dissertation  

Aromatic nitriles have extensive applications in the manufacture of dyes, pesticides and 

pharmaceuticals. They are used as intermediates in synthesis of a variety of 

pharmacologically active compounds which are used as sedatives, muscle relaxants, 

neuroleptics, etc. Benzonitriles are of vast interest in the ground of organic chemistry 

for the synthesis of pharmaceuticals, natural products, herbicides, and agrochemicals. In 

the current work substituted benzonitriles are being studied inorder to find its novelity 

in many reactions in industries at high temperatures. Moreover benzonitrile aquire high 

stability; it is more resistant to breaking down or decomposition. The thermal stability is 

also measured in the processing, long-term storage. The higher stability as well helps to 

avoid runaway reactions. Thus, it is vital to search for an alternate strategy that can 

improve the stability of chemical compounds by altering their physical, thermal or 

structural and bonding properties. Lithium-ion battery performance is strongly 

influenced by the ionic conductivity of the electrolyte, which depends on the speed at 

which Li ions drift across the cell and relates to their solvation structure. The choice of 

solvent can greatly impact both solvation and diffusivity of Li+ ions. Schematically the 

action of these batteries occurs together with an exchange of ions between the solution 

and the electrodes. The FTIR spectroscopic analysis of benzonitrile and acetonitrile was 

carried out to evaluate the impact of at atomic and molecular level like bond strength, 

stability, rigidity of structure, etc. As latest supplies and strategies are found, Li-ion 

batteries will no doubt have an ever superior impact on our lives in the years to come 

[39-49]. 



 

5. Conclusion       

The effect of cations on the infrared spectrum of AcN is well known. Similarly, we have 

focused on the effect of anion on infrared spectrum of PhcN. Here the effect of anion on 

the spectral properties of PhcN based on quantum chemical calculations is in agreement 

with the experimental observations. The effect of the anion is clearly seen in the spectra 

only for five C─H bonds in phenyl group. Interaction of the anion with PhcN occurs at 

the phenyl hydrogen atoms in such a way that the blue shift is observed for symmetrical 

and asymmetrical vibrations. The most important prediction is that the anion has no any 

change on spectral properties of C≡N, Cipso─Cnitrile and C─C≡N bands which confirms 

that there is no any interaction with ipso-Carbon; this may be attributed to the presence 

of bulky phenyl group. All these theoretical and experimental observations are 

especially helpful in understanding the changes in the spectral features that are 

observed when the electrolyte, LiI, is added to PhcN. Rechargeable Li-based batteries 

have been broadly investigated due to their excellent energy and power density.  

 

Keywords: Acetonitrile, Benzonitrile, Ion-solvation, Lithium Iodide, Vibrational wave 

numbers.  
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TABLES 

Table 1: Properties of Li+…PhcN Complexes calculated by the UB3LYP/6-31+g(d) 

method 

Bond length in Å 

Complex E in a.u Li─N C≡N C─C 

PhcN   1.26 1.42 

Li(PhcN)+ -7286 1.88 1.24 1.42 

Li(PhcN)2
+ -7213 1.92 1.24 1.42 

Li(PhcN)3
+ -7154 2.17 1.24 1.42 

Li(PhcN)4
+ -7022 2.89 1.23 1.42 

 

          Table 2: Estimated vibrational frequencies for Li+…PhcN complexes 

Frequency of band in cm-1 

Complex ν1 ν4 ν5 

PhcN 2037 901 402 

Li(PhcN)+ 2143 933 443 

Li(PhcN)2
+ 2123 924 448 

Li(PhcN)3
+ 2132 918 451 

Li(PhcN)4
+ 2111 915 454 

Table 3: Properties of I-…PhcN Complexes calculated by the UB3LYP/midix method 

Bond Length in Å 

Complex E in a.u I─H C─H Cipso─ 

Cnitrile 

C─N 

I(PhcN)- -980 3.14 1.16 1.47 1.26 

I(PhcN)2
- -1305 3.17 1.16 1.47 1.26 

 

    Table  4.  Estimated vibrational frequencies for I-…PhcN Complexes 

Frequency of Band in cm-1 

Complex ν1 ν4 ν2 ν3 

PhcN 2039 899 3175 3244 

I(PhcN)- 2028 899 3193 3269 

I(PhcN)2
- 2032 899 3189 3265 

 

     Table  5. Molar conductance (Λ) and molar concentration of lithium iodide salts in  

       benzonitrile solution at various temperatures 

C  (mol dm-3) T(K) Λ (Scm2mol-1) 



0.05 293.15 6.92 

0.15 293.15 5.92 

0.25 293.15 5.42 

0.35 293.15 5.01 

0.45 293.15 4.69 
   
   
   
0.05 303.15 7.54 

0.15 303.15 6.87 

0.25 303.15 6.36 

0.35 303.15 6.13 

0.45 303.15 5.36 

   
   
   
   
0.05 313.15 8.78 

0.15 313.15 7.23 

0.25 313.15 6.36 

0.35 313.15 5.33 

0.45 313.15 4.32 

 

Table 6. Equivalent conductance at infinite dilution at various temperatures of Lithium 

iodide in benzonitrile solution 

T(K) Λ (Scm2mol-1) 

293.15 7.2 

303.15 7.98 

313.15 9.65 
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Figure 1(a).  Infrared spectra for pure AcN in the C≡N stretch region (2220 – 2320 cm-1) 
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Figure 1(b). Infrared spectra LiI─ AcN solution in the C≡N stretch region (2220 – 2320 cm-1) 
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                    Figure 2(a). Infrared spectra for pure PhcN solution in the C≡N stretch region (2220 

– 2320 cm-1) 
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 Figure 2(b). Infrared spectra for LiI─PhcN solution in the C≡N stretch region (2220 – 2320 

cm-1) 
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                     Figure 3(a). Infrared spectra for Pure AcN solution in the C─H stretch region (2800 – 

3100 cm-1) 
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Figure 3(b). Infrared spectra for LiI─AcN solution in the C─H stretch region (2800 – 3100 

cm-1) 
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Figure 4(a). Infrared spectra for pure PhcN solution in the C─H stretch region (2800 – 3100 

cm-1) 
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 Figure 4(b). Infrared spectra for LiI─PhcN solution in the C─H stretch region (2800 – 3100 

cm-1) 
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        Figure 5(a). Infrared spectra for pure AcN solution in the C─C stretch region (890 – 950 cm-

1) 
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      Figure 5(b). Infrared spectra for LiI─AcN solution in the C─C stretch region (890 – 950 cm-1) 
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          Figure 6(a). Infrared spectra for pure PhcN solution in the C─C stretch region (890 – 950 

cm-1) 
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         Figure 6(b). Infrared spectra for LiI─PhcN solution in the C─C stretch region (890 – 

950 cm-1) 
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             Figure 7(a). Infrared spectra for pure AcN solution in the C─C≡N stretch region (700 – 

820 cm-1) 
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             Figure 7(b). Infrared spectra for LiI─ AcN solution in the C─C≡N stretch region (700 – 

820 cm-1) 

 



700 720 740 760 780 800 820

1

2

3

4

5

6

7

%
 (T

ra
ns

m
itt

an
ce

)

wave number(in cm-1)

 

                       Figure 8(a). Infrared spectra for pure PhcN solution in the C─C≡N stretch region 

(700 – 820 cm-1) 
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                 Figure 8(b). Infrared spectra for LiI─PhcN solution in the C─C≡N stretch region (700 – 

820 cm-1) 

 



 

                     Figure 9(a). The plot of Λ vs √C of lithium iodide in benzonitrile solution at 

293.15 K 

 

 

Figure 9(b). The plot of Λ vs √C of lithium iodide in benzonitrile solution at 303.15 K 

 



 

Figure 9(c).  The plot of Λ vs √C of lithium iodide in benzonitrile solution at 313.15 K 

 

Figure 10. Fluorescence emission spectra of Benzonitrile in the presence of 0.1mM─ 1.0 mM 

of Lithium iodide. (ex =113nm, slit =5/5) 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Schemes 

Scheme 1.Optimised geometry would involve a central Li+ ion tetrahedrally surrounded by four 

benzonitrile molecules 

 

 

 

 

 



 

 

 

 

 

 

 

Scheme2.  Diagrammatic representation of the Probable Geometrical Configurations of the 

complex I(PhcN)2- 
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 Study to Explore Inclusion Complexes of Some 

Imperative Compounds for Advanced Applications 
 

Highlights  The present work adds a dimension in the field of contemporary science of 

controlled delivery of Tertiary-Leucine by using suitable host molecule like α- and -CD. 

 

GRAPHICAL ABSTRACT 

 

Abstract 

Qualitative and quantitative analysis of molecular interaction prevailing in L-Tert-leucine and 

aqueous solution of α- and - cyclodextrin have been probed by thermophysical properties. 

Surface tension and conductivity studies establish the formation of inclusion complexes with 

1:1 stoichiometry. The interactions of cyclodextrins with L-Tert-leucine have been supported 

by density, viscosity, refractive index, hydration and solvation number measurements 

indicating higher degree of inclusion in case of -cyclodextrin. The extent of interaction 

(solute–solvent interaction) is articulated in terms of limiting apparent molar volume (0
V), 

viscosity B-coefficient. With the help of stability constant by NMR titration, Flourescence, 

CHAPTER-IX 



HRMS, SEM, HRTEM, Cell viability and Cytotoxicity, hydrophobic effect, H-bonds and 

structural effects the formations of inclusion complexes have been explained. 

 

1. Introduction 

The amino acid residues in protein molecules are entirely L stereoisomers. Cells are capable 

to specifically synthesize L isomers of amino acids because the active sites of   enzymes are 

asymmetric; causing the reactions they catalyze to be stereospecific.  

 L-Tert-leucine (2-Amino-3,3-dimethylbutanoic acid) is an important not naturally occurring, 

so-called non-proteinogenic amino acids have till now not been prepared by enzymatic 

biotransformation. L-Tert-leucine (Tle) is an important intermediate for an array of 

pharmaceutical classes. L-Tert-Leucine is an attractive building block essential amino acid and 

makes up one third of our muscle protein.  Owing to its bulky, inflexible and hydrophobic tert-

butyl side chain, enantiopure (Tle) has been extensively used in the synthesis of a variety of 

pharmaceutically active compounds and chiral auxiliaries.  

Aim of this work is to explore the formation, carrying and controlled release of the essential 

enantiopure (Tle) amino acids by forming IC with host CDs without chemical & biological 

modification of the guests is of great interest. 

Supramolecular chemistry is a discipline of chemistry which has been attracting much 

attention recently, particularly the host-guest type interaction. Among all the potential hosts, 

Cyclodextrin (CD) is the most significant one. Cyclodextrins (CDs) are indigenous water-

soluble macro cyclic molecules that contain six (α-CD), seven (β-CDs) glucopyranose units1. 

The primary hydroxyl groups of cyclodextrins form hydrophobic core and secondary hydroxyl 

groups originate on the hydrophilic rims2. Due to their inbuilt structure, CDs can operate as 

molecular host for various biological, pharmaceutical, organic and inorganic guest molecules 

by forming host-guest inclusion complexes3. Their truncated form and hydrophobic cavity 

impart them the ability to form inclusion complexes (ICs) through non-covalent interaction 

with a broad variety of guest molecules that can fit either partially of fully inside their cavity, 

including amino acid, ILs, surfactants, drugs and polymers4. Cyclodextrins (α- and β-CDs), in 

particular, are widely used as solubilizing agents in diverse fields, such as, bio-sensing, drug 

and gene delivery, energy protection and cosmetics5. 

Inclusion complex formation between amino acid and cyclodextrins is a topic of immense 

importance due to the wide-spread application potential associated with these species6. 



Understanding the interaction between non-proteinogenic amino acid and CDs is important 

to analytical chemistry and material synthesis7. It was found that (Tle)   could solubilize a 

number of complex organic molecules such as CDs which is very useful in separation 

community. Therefore study of inclusion complex between CDs and (Tle) is very important to 

investigate the actual nature of the interaction. There are several reports on CDs with 

essential amino acids32. The interaction of N-dansyl-L-leucine-modified and N-dansyl-D-

leucine   with β-, and γ- cyclodextrins were studied by Hiroshi Ikeda et al.33 using fluorescence 

intensity   and 1D and 2D NMR spectroscopy.   Jin HL et al.34 studied the Interaction of dansyl- 

leucine, dansyl-isoleucine, dansyl- norleucine, dansyl- phenylalanine with  and  

cyclodextrins in aqueous solution with optical enrichment.  Yu.  A. Borisov et al.35 have 

synthesized the solid inclusion complex between β- and γ- cyclodextrin with amino acid 

enantiomers (Ala, Leu, His, Phe) and characterized them by DFT study. Previous works have 

determined the Inclusion Complexation of Modified â-Cyclodextrins with Amino Acids: 

Enhanced Enantio selectivity for L/D-Leucine. The inclusion behavior of guest molecules, i.e., 

ILs, amino acids, drugs and RNA nucleoside into the host cavity of cyclodextrins in aqueous 

solution has been studied1 using surface tension, conductivity, UV-Visible and 1H-NMR, 2D-

NMR, XRD,  Flourescence measurements. It was shown that 1:1 host guest inclusion 

complexes was formed. 

To the best of our knowledge, studies on the inclusion complexation of non-proteinogenic 

essential amino acid with α-CD and β-CD in the scientific literature are scarce. Hence in this 

study, the binding nature of the chiral amino acid (Tle) with α-CD and β-CD is analysed and 

compared with other isomers of it36, 37. 

2. Experimental 

2.1. Source and purity of samples 

The above mentioned amino acid (Tle) and CDs of puriss grade were purchased from Sigma-

Aldrich, Germany and used as it was. The mass fraction purity of (Tle),   α-CD and -CD were 

≥0.98, 0.98 and 0.98 respectively. 

 

2.2. Apparatus and procedure 

Solubilities of the two CDs and that of the amino acid (Tle) in aqueous CDs have been verified 

in triply distilled, deionized and degassed water. It was detected these were quite soluble in 

aqueous CDs. All the stock solutions of (Tle) were prepared by mass Mettler Toledo AG-285 

http://pubs.acs.org/author/Ikeda%2C+Hiroshi


with uncertainty 0.0001 g) and the functioning solutions were got by mass dilution at 298.15 

K, 303.15 K, 308.15 K. Changes of molarity to molality were done by means of the densities of 

the solutions 24. Sufficient precautions were made to reduce the evaporation during mixing.  

            pH values were calculated by Mettler Toledo Seven Multi pH meter having uncertainty 

±0.001. It was studied in a water bath with thermostat maintaining the temperature at 

298.15 K, having uncertainty in temperature ±0.01 K9. 

          Surface tensions of the solutions were determined via platinum ring detachment 

technique using a Tensiometer (K9, KR˝USS; Germany) at 298.15 K, 303.15 K, 308.15 K. 

Accuracy of study was ±0.1 mNm−1. Temperature of the scheme was maintained by 

circulating thermostated water through a double-wall glass vessel holding the solution9. 

        Conductivities of the solutions were studied by means of Mettler Toledo Seven Multi 

conductivity meter having uncertainty 1.0 Sm−1. The study was carried out in a thermostated 

water bath at 298.15 K, 303.15 K, and 308.15 K with uncertainty ±0.01 K.  

HPLC grade water was used with specific conductance 6.0 S m−1. The conductivity cell was 

calibrated by 0.01 M aqueous KCl solution8. 

           The Densities () of the solutions were calculated by vibrating U-tube Anton Paar digital 

density meter (DMA 4500 M) having precision ±0.00005 g cm−3 and uncertainty in 

temperature was ±0.01 K. The density meter was calibrated using standard method 23. 

         Solution viscosity () was measured through suspended Ubbelohde type viscometer, 

calibrated with triply distilled water, purified methanol, and dry air with dryer. A thoroughly 

cleaned and perfectly dried viscometer filled with experimental solution was positioned 

vertically in a glass walled thermostat (Bose Panda Instruments Pvt. Ltd.) maintained to ±0.01 

K of the desired temperature. After attaining thermal equilibrium, efflux times of flow were 

recorded with the help of stop watch.  Flow times were accurate to ±0.1 s. In every case three 

repetitions of each data reproducible to ±0.1 s were taken to average the flow times23. 

       Refractive Indexes were studied using Digital Refractometer from Mettler Toledo having 

uncertainty ±0.0002 units. The detail about the experiment has already been described 

before 13, 24.  

         NMR spectra were taken in D2O using Bruker AV-300 spectrometer operating for 1H at 

300 MHz. Splitting patterns of protons were described as singlet, doublet, triplet, broad and 



multiplet peaks. The chemical shifts (δ) were reported in parts per million (ppm) relative to 

TMS as internal standard (D2O: δ 4.79 ppm) 14.  

In each titration initially 0.5 mL 1.0 mM amino acid solution was taken and then 10µL 10 mM 

CD solution was added into it at five several times. 

           Fluorescence spectra were noted via JASCO V-530 UV/VIS Spectrophotometer, at 25°C 

in a Hellma quartz cuvette (230-650 nm spectral range, 3.5 Ml volume, 10 mm pathlength) 

equipped with a magnetic stir bar. To a solution of [Tle] (2 Mm, 1.5 Ml) in deionised water 

(Millipore, 18.2 MΏ. Cm) was prepared with α-CD and -CD. (100 Mm) in the stock 

fluorescence spectra were recorded after 1 hr of mixing time. The output range of the 

machine was nearly about 2 analog (+/- 10 volts) 23. 

        Infrared spectra were studied in Perkin-Elmer FT-IR spectrometer according to the KBr 

disk method. KBr disks were made in 1:100 ratios of sample and KBr. FT-IR studies were 

carried out in the scanning range of 4000-400 cm-1 at room temperature25. 

 Each of the two solid inclusion complexes ([Tle] + α), and ([Tle] + β-CD) has been prepared in 

a 1: 1 molar ratio. In each case 1.0 mmol of α and  cyclodextrin was dissolved in 20 mL of 

water and 1.0 m mol of [Tle] was dissolved in 20 mL of H2O and stirred separately for 3 h. 

Then the aqueous solution of the [Tle] was added drop by drop to the aqueous CD solution. 

The mixture was allowed to stir for 48 h at 50–550C. It was filtered at this temperature, 

cooled to 50C and kept for 12 h. The resulting suspension was filtered, white polycrystalline 

powder was obtained. It was then purified and dried in air. 

                HRMS analyses were executed with a Q-TOF high resolution instrument by positive 

mode electro spray ionization dissolving the solid ICs in methanol26.   

               Antimicrobial activity assay: In this experiment gram negative E.coli and gram positive 

B.subtilis were taken as the model organism. This experiment was done according to the Agar 

cup method30, 31. In short, spread plate technique was applied to inoculate the organisms in 

Muller-Hinton agar and the compounds were applied in agar cup at 1mg/ml concentration in 

separate plates and incubated at 37°C for 24 hrs.  Double distilled water was taken as the 

control. Antimicrobial activity was determined by the zone of inhibition surroundings agar 

cup. All the experiment was done in triplicate. 

        Cell viability assay: In this experiment {α + (Tle)} and { + (Tle)} were added in the 

nutrient agar broth and E. coli and B. subtilis were inoculated. After 24hrs of incubation at 



37°C cells were plated and colony count was done. Growth in nutrient broth without the ICs 

was taken as the control. All the experiment was done in triplicate. Level of significance (p) 

for all experiment was set to 0.0531. 

 

 

3. Result and discussion 

3.1. pH measurement predicts ionic states of the studied amino acid 

Existence of zwitterionic forms of amino acid in aqueous solution can be stated with the help 

of pH measurement1, 2. The values of pH for (Tle) in aqueous   α -CD ranges from [8.49 to 

7.64] respectively at 298.15 K, 303.15K, 308.15K while for (Tle) in aqueous -CD it ranges 

from [9.95 to 6.96] respectively at the room temperature Tables S1, S2, S3, S4. The pH value 

decreases with the increasing concentration of the respective amino acid and also with the 

increase of concentration of α-CD and -CD for the amino acid. These values clearly show the 

variation in their zwitterionic forms, i.e., the amine and carboxylic acid groups exist in ionic 

forms NH3
+ and COO− respectively. 

 

3.2. Surface tension study exemplify the inclusion and stoichiometric ratio of the inclusion 

complexes 

Surface tension () measurement can be used to obtain valuable information concerning the 

formation of inclusion complex in CDs3, 4. It is known that () for aqueous solutions of pure α- 

and –CD doesn’t show remarkable change with increasing concentrations1, 2. The pH data of 

this amino acid show the existence of NH3
+ and COO− in zwitterionic forms. Thus side groups 

being apolar, the amino acid show surfactant like activities, i.e., there is substantial decrease 

in surface tension of their aqueous solutions. Therefore while amino acid makes ICs with CDs 

remarkable change in surface tension should be observed 1, 2.  

Here  () of aqueous amino acid   has been measured with increasing concentration of α- and 

-CD at 298.15 K Tables S5, S6. (Tle) showed increasing trend of  () with increasing 

concentration of α- and  -CD (Figure. 2) may be owing to removal of the amino acid 

molecules (surface active) from surface of the solution into the hydrophobic cavity of  α- and  

-CD forming  inclusion complexes (Figure. S1)5. Each plot indicates there is single break point 

at definite concentrations. Finding of break point in surface tension curve not only indicates 



formation of IC but also provides sequence about its stoichiometry, i.e., appearance of single, 

double and so on break point in the plot indicates 1:1, 1:2 and so on stoichiometry of host : 

guest ICs (Figure. S2) 6. 

The values of () with corresponding concentrations of α- and -CD and the concentration of 

amino acid at each break have been listed in (Table 1) and overall variation of  () value is 

shown in (Tables S5, S6), which clearly reveal that the breaks have been found at certain 

concentrations of amino acid and CD where their concentration ratio in the solution medium 

was almost 1:1, consequently this study proves formation of 1:1 ICs of the studied amino acid 

(Tle) with both α- and -CD. 

 

3.3. Challenges of ionic conductivity and Conductance studies to explain the inclusion 

progression and their stoichiometric ratio 

With assistance to the conductivity () study of inclusion phenomenon can be confirmed 7, 8. 

It also suggests stoichiometry of the inclusion complex formed9. As found from pH data the 

studied amino acid exist in ionic form in aqueous solution, as a result shows considerable 

value of (). As aqueous CD solution was added to the aqueous solution of an amino acid 

(Tables S5, S6), () was observed to demonstrate decreasing trend probably due to insertion 

of the amino acid molecules inside the cavity of CD (Figure. S1).  At certain concentrations of 

α- and -CD and amino acid single break was initiated in each of the conductivity curve 

(Figure. 3), which indicates the formation of ICs. The values of () and corresponding 

concentrations of both α- and   -CD with the concentration of the studied amino acid at each 

break point have been listed in (Table 1), which reveal that the ratio of concentrations of 

amino acid and CD at the break point was found to be approximately 1:1, suggesting the host-

guest ratio to be 1:11.  In this study of all the two cases of (Tle) with  α- and  -CD similar 

results are found, but the conductivity near the break is found to be a little lower for  -CD 

than  α-CD, which is might be due to the former is better host for the studied guests than the 

later. 

 

3.4. Densitometry: group contributions and interactions between amino acid and cyclodextrins.  

The interactions among amino acid and cyclodextrins can be studied from apparent molar 

volume (v) and limiting apparent molar volume (v
o). The apparent molar volume is the 



measure of sum of geometric volume of the central solute molecule and changes in the 

solvent volume owing to the interactions with solute around the co-sphere10, 11.  (v) can be 

calculated from density of the solutions at diverse temperatures (Table S1, S2, S3, S4) using 

the provided equation. The magnitude of v is found to be positive for the amino acid in both 

aqueous α- and -CD moreover this suggests strong solute–solvent interactions. v varies 

linearly with the square root of molal concentration (√m) and is fitted to Masson equation, 

from which v
o has been determined (Table S10, S11, S12 Figure. 4a, 4b, 4c)12. The values of 

v
o increase with the increase of mass fractions of α- and -CD for (Tle) indicating that the 

ion-hydrophilic group interactions are stronger than ion-hydrophobic group interactions. In 

the present ternary system (amino acid + aq. CD) the interactions of the charged groups 

(COO−and NH3
+) of the amino acid is localized with –OH groups of cyclodextrins. Due to this 

interaction the electrostriction of water results an increase in volume. In this study the v
o are 

measured for (Tle) at 298.15 K, 303.15K, 308.15K for different mass fractions (0.001, 0.003, 

0.005 M) of α- and -CD. From (Figure. 4a, 4b, 4c) it can be observed that v
o for (Tle) is 

greater with -CD. This can be explained on the basis of their structures. The side group of 

(Tle) is relatively less spherical, creating more surface area. Thus, because of more surface 

area of the side hydrophobic group of (Tle), it interacts better with the hydrophobic cavity of 

CD, which is reflected in the v
o values in (Figure 4a, 4b, 4c). The structures of (Tle) can be 

obtained by replacing of the H atom of glycine by   guests that the 

interaction of the zwitterionic groups of the amino acid is more with -CD than α-CD, 

probably because of more number of OH groups in -CD than α-CD. The contribution of the 

hydrophobic side group I of (Tle) is found greater for   -CD than that for α-CD, which 

suggests that the inclusion phenomenon is better in -CD than that in α-CD. This may be 

explained on the basis of more compact structure of the IC in case of   α-CD than that of -CD 

due to smaller cavity size of the former than the later9. 

 

3.5. Viscosity measurement: group contributions 

The viscosity of aqueous cyclodextrin solution increases with increasing mass fraction of α- or 

-CD (Table S1) attributable to structure making contribution of cyclodextrins with water 

molecules. For the ternary system (amino acid + aq. CD) the viscosity of the solution increases 



with the increasing molarity of amino acid (Table S2, S3, and S4). The viscosity B-coefficient 

indicates solute-solvent interactions, which are found to be positive and increases with the 

increasing concentrations of   α- and   -CD (Table S10, 11, 12, Figure. 5a, 5b). This is 

considered to arise because of the increasing amino acid–CD interaction3. Thus the viscosity 

B-coefficients for (Tle) is higher with -CD because in this case the solute solvent interaction 

is more than α-CD. In the present study the contributions of the zwitterionic groups and the 

side groups towards the viscosity B-coefficient for the amino acid (Tle) of different mass 

fractions of   α- and   -CD have been determined (Table 2)11. The contributions of the 

zwitterionic  group (NH3
+, COO = ) increase with increasing mass fractions of  α- and  -CD, 

signifying the greater solvation of the ionic groups with the OH groups of cyclodextrin 

molecules, while that of the hydrophobic  

 groups are found as increasing demonstrating the increased 

solvation of the hydrophobic part of the amino acids inside the hydrophobic cavity of   α-   

and  -CD. The contribution of viscosity B-coefficient for the side group (R) is found to be 

greater for (Tle) with -CD, than that for (Tle) with α-CD, which may be explained on the basis 

of more surface area, thereby making greater hydrophobic interactions with the hydrophobic 

inner surface of CD.  

 

3.6. Hydration number and solvation number: solvation via cyclodextrin molecule 

 In the present ternary system, effect of the solvent plays a crucial feature. Here, water 

operates as the only medium for the amino acid and CDs to interact between them. Thus, CDs 

have vital role and it is termed as the co-solvent. The consequence of this co-solvent is 

calculated in terms of solvation number (Sn), which is the measure of the solvation taking 

place between primary or secondary hydroxyl groups of cyclodextrins and zwitterionic groups 

of amino acid; and order of the encapsulation of the side group by CD molecule3, 1. Hydration 

number (nH) is the order of hydration by water molecules surrounding the amino acid in the 

free state. It can be observed from (Table 3) that the values of hydration number decreases 

whereas the solvation number increases with increasing mass fraction of α- and -CD for 

(Tle). The trend in (Sn) and (nH) value suggests that in ternary solution system the 

electrostriction of water diminishes with increasing mass fraction of CD11. In this study the 



solvation number is maximum for the amino acid due to more hydrophobic part, i.e., the 

encapsulation of hydrophobic part inside the cavity of CD is greater. Lower hydration 

numbers as well as higher the solvation numbers in -CD than α-CD for the studied amino 

acid further suggests that -CD is more fascinated for solvation than α-CD. 

3.7. Refractive index illustrate the compactness of the inclusion complexes 

 The molecular interactions taking place in solution systems can be calculated with the help of 

refractive index (nD) and molar refraction (RM) 3. The higher value of (RM) and limiting molar 

refraction (Ro
M) specify that medium is more compact and dense (Table S1-S4, S7-S12)9. In 

this study the (Ro
M) value increases with increasing concentration of   α- and -CD. It is 

evident from (Figure 6) that the ICs of (Tle) with -CD are denser or closely packed than those 

of α-CD, may be due to greater hydrophobic interaction between (Tle) and the -cyclodextrin. 

Moreover from the experimental facts we find that the value of the refractive index 

decreases with the rise in temperature. Since the density of the solutions usually decreases 

with temperature, it is not surprising that the speed of the light in a solution will normally 

increase temperature increases. Thus, the index of refraction normally decreases as the 

temperature increases for the solutions13. These data obtained from refractive index study 

are in good agreement which have been found from density and viscosity measurements. 

 

3.8.1H NMR titration: determination of binding constant.  

The most informative technique in most situations is 1H NMR spectroscopy. Apart from the 

quantitative information that an NMR titration can yield, the relative shifts and changes in 

symmetry can often give valuable information about how the host(s) and guest are 

interacting and also about the stoichiometry of interaction. This information can be of 

significant benefit even in situations where complete quantitative facts cannot be obtained 

from the NMR titration as shown in our work on the binding of oligosaccharide host to amino 

acid where symmetry changes were indicative of 1: 1 complex formation. 

Classical approaches for data analysis of NMR titrations assume that the resonance (Δδ) of 

interest is the weighted average of free host and the bound host in the complex in the 

experiment according to equation (1) in the case of a simple 1: 1 system. 

 Inclusion of a guest molecule in the interior the cavity of CD results in the chemical shift of 

the guest and CD in the 1H NMR spectra due to the interaction of the CD with the guest 14. In 



the structure of  α- and -CD the H3,  H5 hydrogens are situated inside the conical cavity, 

particularly, the H3 are placed near the wider rim while H5 are sited near the narrower rim, 

the other H1, H2 and H4  hydrogens  are located at the exterior of both the CD molecule 17, 18. 

Here, we have titrated the studied amino acid molecules by adding CD and observed that the 

chemical shift changes (Δδ) for the concerned protons19.   To find binding constant with the 

help of reliable Benesi–Hildebrand method for 1:1 host-guest ICs equation (1),15, 14  we used 

the Δδ of the groups which are situated at the terminal of the 

hydrophobic moiety of the derivatized amino acid (Figure. 1).  

                                   1/Δδ = 1/k’ [AA] Kb· 1/ [CD] +1/k’ [AA]                                                (1) 

(Figure 7(a), 7(b)) shows the titration spectra of [Tle] with α-CD and - CD respectively 

(Figure. S3 (a), S3 (b), S4(a), S4(b) for α-CD, -CD). Each titration spectra clearly shows the 

shift of signals arising from H3 of CD and that of the amino 

acid. Details of the titration and finding out of binding constant (Kb) are shown in (Table S13, 

S14).  Values of Kb for each of the ICs were evaluated by dividing intercept by the slope of the 

straight line of the double reciprocal plot16. The binding constants indicate that (Tle) forms 

stronger IC with -CD than α-CD. 

 

3.9. Steady state fluorescence measurements 

Fluorescence has been extensively studied for static and dynamic properties of the 

aggregated system such as the derivatives of amino acids23. In the amphiphile molecules, -

CD (quencher) is preferentially solubilized in their interior hydrophobic regions. The change in 

the microenvironment of solution is experienced by the probe (Tle), hence is used to asses 

aggregated properties in the form of inclusion. Vibronic band spectra undergo significant 

perturbation on transferring from a non-polar to a polar environment. Fluorescence 

measurements can be used to calculate the binding constants, of the complex and also in 

understanding the interaction between the host-guest inclusion processes (ICs) 20. Steady-

state fluorescence measurements were performed at 298.15K. The concentration of solutions 

used in all the system was approximately up to 10-6 mol dm-3.  



 

3.10 Determination of solution binding constants by Stern-Volmer Constant 

The data was analyzed with a 1:1 binding model taken from22 utilizing the Origin 8.0 software 

package. For high pressure fluorescence experiments, samples were loaded into a square-

bottom quartz cuvette (custom-designed for high pressure studies) ensuring no air bubbles. 

This was then installed into a high-pressure fluorescence cell. The high-pressure cell was 

installed into the Fluorometer. The fluorometer uses a Xenon arc lamp, and double excitation 

and emission monochromators.  

For both the samples the excitation was affected at 230 nm and the emission spectra were 

observed at 415 nm for the [Tle + α-CD] and 400 nm for   the [Tle + -CD] slide widths of   

both set as 5 nm. The measurements were performed in order to determine the binding 

constant of the samples. 

The Stern-Volmer constants20, 21 were the equilibrium constants determine for the interaction 

between the (-CD) quencher and (Tle). The strength of the hydrophobic environment of IL 

can be evaluated by the Stern-Volmer quenching constant (Ksv) known as the first-order 

quenching rate constant), specified by; 

                                                                F0/F = 1+ Ksv [Q]                                                 (2)                                                                 

The Stern-Volmer quenching constant (Ksv) were evaluated from the obtained slope values of 

the plots   F0/F versus [Q] and the Ksv values are given in (Table S15, S16). (Tle) and their 

mixture with CDs are different which compressive that the hydrophobicity of complexation 

environment and efficiency of (Tle) to quench the fluorophore vary with interacting species 

(Figure 8(a), 8(b)) 20. The value of Ksv for the pure (Tle) is found to be lesser than their 

respective mixture which suggests that the environment becomes more suitable for an 

effective quencher in the high concentration of CDs. Further, Ksv value for [Tle] and [Tle] +β-

CD are found to be higher than [Tle] +α-CD, respectively, which suggest more hydrophobic 

environment for [Tle] +β-CD(Figure S5(a), S5(b), S6(a), S6(b))21, 22. 

 

 

3.11. Fourier Transform Infrared (FT-IR) Spectroscopy 

The formation of inclusion complex of (Tle) with α and β-CD in solid state is supported   by FT-

IR study. There are many changes in the FT-IR spectra of solid inclusion complexes due to the 



loss of bending and vibrating peaks of the guest molecule after complexation. The various 

frequencies of (Tle), α-CD, β-CD, [(Tle) +α-CD] and [(Tle) +β-CD] are reported in (Table S17, 

S18). We can identify the spectra of (Tle) from the characteristic peaks of –C (CH3)3, -NH3
+, -

COO- groups at 2970.12, 1520.16, 1620.23 cm-1 respectively (Figure 9). Broad characteristic 

peaks of –OH at about 3412.10 cm−1 and 3349.84 cm−1 are detected in the spectrum for α 

and β-CD. But if we examine the spectra of the two ICs, we can see that many peaks of the 

amino acid are either absent or shifted. The reason may be that after inclusion in the cavity of 

CD the environment of the guest (amino acid) is changed. Frequencies of aforesaid groups in 

both inclusion complex spectra are shifted. The –O-H frequency of both α and β-CD are 

shifted to lower region possibly due to involvement of the –O-H groups of the host molecules 

in hydrogen bonding with the guest molecule. Moreover spectra of the two inclusion 

complexes are similar to CD. No additional peaks are recognized in the solid inclusion 

complexes which mean no chemical reaction occurred between the guest and CD. Only the 

guest was inserted in the hydrophobic core of the host molecules. 

 
3.12. Explanation for HRMS 
 
ESI-mass spectrometric analysis were also used to identify the formation of IC synthesized by 

the technique described above in the solid state of Experimental procedure section26 and 

have been shown in (Figure. 10(a), Figure. 10(b)). The observed peaks have been put into 

(Table S17), which confirms that in all cases the desired IC have been formed in solid state 

and stoichiometric ratio of the host and guest is 1 : 1. Positive electrospray ionization mass 

spectrometry (ESI-MS) is very valuable method that has been used to examine the host guest 

complexation with cyclodextrins2. The mass spectrum of 1:1 stoichiometry of α-CD: [Tertiary 

Leucine] and   : [Tertiary Leucine] system is analyzed by ESI-MS in (Figure. 10(a), Figure. 

10(b)) (Table S17) represents all the preferred mass that one can expect. These experimental 

facts of the selected [Tle]/α-CD and [Tle]/-CD complexes suggested that the [Tle] + cation 

simultaneously inserted in the cyclodextrin cavity with 1:1 stoichiometry. 

 

 

3.13. Scanning Electron Microscopy (SEM) 
 



Electron microscopy (SEM) is a very well-known technique for analyzing the surface texture 

and particle size of solid materials 27, 28. The surface morphological structures of α-CD and β-

CD and the solid IC (Tle: α-CD, Tle: β-CD) are shown in (Figure. 11) respectively. From (Figure. 

11) it is clear that the morphological structures of (Figure 11(a) relating to Figure 11(b)) and 

(Figure 11(c) relating to Figure 11(d)) are totally different from each other. Moreover as the 

complexation by -CD can be viewed distinctly. This gives clear evidence that [Tle] fits enough 

into the hydrophobic cavity of β-CD to form of solid IC. 

 

3.14. High resolution transmission electron microscopy (HRTEM) 

TEM is a reliable method for studying aggregation was employed to investigate the 

complexation of the oligosaccharides and the amino acid formed in aqueous solution29. The 

morphology of the obtained supramolecular assembly is reflected in TEM images (Figure. 12).  

 

3.15. Cytotoxic activity of the Inclusion complexes 

No zone of inhibition was seen in case of both the gram positive and gram negative 

organisms. There was no growth inhibition compare to control. These results suggest that ICs 

doesn’t have any antimicrobial activity. So it is nontoxic for the cells. After that cell viability 

assay was done. Here we have found that the cell viability of E. coli was 4.6% and 9% 

increased in the presence of {α + [Tle]} and { + [Tle]} respectively whereas the cell viability of 

B. subtilis was 3.2% and 8% increased in the presence of {α + [Tle]} and { + [Tle]} 

respectively(Figure 13(a), 13(b))30. These results indicated that cell viability was positively 

regulated in the presence of these ICs (Figure 14(a), 14(b), 14(c), 14(d))31. But there was only 

significant increase in growth when the samples were treated with { + [Tle]}. So this { + 

[Tle]} is more suitable for the pharmaceutically active compounds. The results showed that 

both inclusion complexes increased the Tertiary Leucine capability of inhibiting cell growth. In 

particular, Tertiary Leucine complexed with beta-cyclodextrin had the highest cytotoxic 

activity on E. coli and B. subtilis; with alpha-cyclodextrin the cytotoxic activity was rather low. 

Conclusion 

The non-proteogenic amino acid viz., (Tle) form host-guest inclusion complexes with both α- 

and -CD with 1:1 stoichiometry which is confirmed by NMR, surface tension, conductivity 

measurement, Steady state Flourescence, SEM, HRTEM suggest that the selected guest 



molecule (Tle) monomer, formed IC with nano hydrophobic core of β-CD effectively. Different 

pH environment shows that IC has great influence on association constant. The amino acid-

CD interactions in the solution have been interpreted by density, viscosity, refractive index 

and solvation number measurements. Cytotoxicity and Cell viability also accounts for the non-

toxic behaviour of the ICs. Thus the present work adds a dimension in the field of 

contemporary science of controlled delivery of Tertiary-Leucine by using suitable host 

molecule like α- and -CD. 

  
Abbreviation: Tertiary Leucine = Tle, Fluorescence intensity = Fl intensity, Inclusion complex = 

IC, Cyclodextrin = CD, Aminoacid = AA. 
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TABLES 

Table S1. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of different mass 

fractions of aqueous α, β-cyclodextrin mixtures in tertiary leucine at 298.15 Ka 

 

Aqueous solvent 
mixture 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

aq. α-CD 

w1 = 0.001 0.99734 1.26 1.3308 8.49 

w1 = 0.003 0.99801 1.28 1.3310 8.06 

w1 = 0.005 0.99867 1.29 1.3312 7.64 

aq. β-CD 

w2 = 0.001 0.99756 1.21 1.3312 9.95 

w2 = 0.003 0.99820 1.25 1.3317 8.55 

w2 = 0.005 0.99896 1.27 1.3319 6.96 
a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003 mP∙s, 

u(nD) =0.0002, u(pH) =0.01, and u(T) = ±0.01K. 

 

Table S2. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

298.15 Ka. 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99777 1.328 1.3306 8.49 0.010035 0.99776 1.282 1.3312 9.95 

0.025122 0.99808 1.335 1.3307 8.33 0.025131 0.99857 1.291 1.3314 9.83 

0.040242 0.99845 1.355 1.3308 8.21 0.040273 0.99937 1.305 1.3316 9.72 

0.055385 0.99878 1.368 1.3309 8.11 0.055466 1.00039 1.309 1.3316 8.61 

https://link.springer.com/journal/11504


aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

Table S3. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

303.15 Ka. 

0.070560 0.99917 1.384 1.3311 8.02 0.070710 1.00239 1.312 1.3317 8.51 

0.085741 0.99953 1.406 1.3312 7.91 0.086001 1.00351 1.319 1.3319 7.41 

w1 = 0.003b w2 = 0.003b 

0.010031 0.99837 1.339 1.3309 8.19 0.010031 0.99931 1.318 1.3316 7.96 

0.025106 0.99867 1.363 1.3311 8.15 0.025117 0.99951 1.326 1.3318 7.61 

0.040202 0.99901 1.388 1.3312 8.03 0.040252 1.00051 1.348 1.3319 7.56 

0.055335 0.99938 1.389 1.3313 7.96 0.055435 1.00219 1.359 1.3319 7.41 

0.070483 0.99975 1.405 1.3314 7.83 0.070668 1.00336 1.366 1.3321 6.67 

0.085661 1.00012 1.437 1.3316 7.78 0.085949 1.00446 1.378 1.3322 6.32 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99918 1.359 1.3315 8.08 0.010022 0.99995 1.303 1.3320 6.68 

0.025090 0.99965 1.372 1.3316 7.97 0.025092 0.99998 1.318 1.3321 6.72 

0.040183 1.00021 1.391 1.3317 7.85 0.040204 1.00086 1.326 1.3324 6.83 

0.055314 1.00103 1.414 1.3318 7.78 0.055345 1.00257 1.338 1.3326 6.90 

0.070454 1.00183 1.440 1.3319 7.70 0.070520 1.00377 1.345 1.3327 6.94 

0.085617 1.00271 1.456 1.3321 7.64 0.085725 1.00498 1.357 1.3329 6.96 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99727 1.326 1.3304 8.42 0.010035 0.99766 1.276 1.3310 9.90 

0.025122 0.99708 1.334 1.3306 8.28 0.025131 0.99827 1.283 1.3313 9.77 

0.040242 0.99545 1.353 1.3307 8.16 0.040273 0.99917 1.292 1.3315 9.68 

0.055385 0.99778 1.365 1.3306 8.03 0.055466 1.00019 1.301 1.3314 8.56 

0.070560 0.99817 1.382 1.3309 7.96 0.070710 1.00139 1.308 1.3315 8.47 

0.085741 0.99853 1.401 1.3311 7.84 0.086001 1.00251 1.311 1.3317 7.36 

w1 = 0.003b w2 = 0.003b 



aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S4. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

308.15 Ka. 

0.010031 0.99817 1.335 1.3306 8.13 0.010031 0.99929 1.315 1.3314 7.91 

0.025106 0.99827 1.361 1.3310 8.10 0.025117 0.99941 1.320 1.3315 7.54 

0.040202 0.99890 1.384 1.3311 8.00 0.040252 1.00021 1.345 1.3317 7.50 

0.055335 0.99920 1.386 1.3312 7.92 0.055435 1.00217 1.353 1.3318 7.36 

0.070483 0.99955 1.403 1.3313 7.81 0.070668 1.00330 1.361 1.3319 6.61 

0.085661 1.00001 1.434 1.3314 7.73 0.085949 1.00440 1.373 1.3321 6.22 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99916 1.355 1.3314 8.01 0.010022 0.99985 1.302 1.3319 6.62 

0.025090 0.99960 1.370 1.3313 7.93 0.025092 0.99988 1.316 1.3317 6.71 

0.040183 1.00020 1.386 1.3315 7.81 0.040204 1.00056 1.322 1.3322 6.74 

0.055314 1.00100 1.412 1.3316 7.72 0.055345 1.00227 1.335 1.3324 6.83 

0.070454 1.00173 1.426 1.3317 7.63 0.070520 1.00357 1.335 1.3325 6.90 

0.085617 1.00261 1.459 1.3318 7.60 0.085725 1.00448 1.352 1.3327 6.92 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99698 1.322 1.3303 8.40 0.010035 0.99760 1.274 1.3309 9.83 

0.025122 0.99701 1.331 1.3305 8.25 0.025131 0.99823 1.281 1.3311 9.72 

0.040242 0.99540 1.348 1.3304 8.12 0.040273 0.99911 1.287 1.3314 9.64 

0.055385 0.99770 1.362 1.3305 8.00 0.055466 1.00013 1.297 1.3312 8.52 

0.070560 0.99811 1.376 1.3307 7.91 0.070710 1.00138 1.302 1.3314 8.42 

0.085741 0.99848 1.397 1.3310 7.80 0.086001 1.00243 1.308 1.3315 7.34 

w1 = 0.003b w2 = 0.003b 

0.010031 0.99813 1.331 1.3304 8.10 0.010031 0.99925 1.312 1.3312 7.85 

0.025106 0.99825 1.354 1.3309 8.03 0.025117 0.99936 1.322 1.3313 7.51 



aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S5. Data for surface tension and conductivity study of aqueous Tert-Leucine ─ α-CD system at 

298.15Ka 

Volm of 

α-CD 

(mL) 

Total volm 

(mL) 

Conc of 

Tert-Leucine 

(mM) 

Conc of α-CD 

(mM) 

Surface tension 

(mN m-1) 

Conductivity 

(µS m-1) 

0 10 10.000 0.000 58.4 170.1 

1 11 9.091 0.909 58.7 169.5 

2 12 8.333 1.667 63.6 167.7 

3 13 7.692 2.308 66.7 165.6 

4 14 7.143 2.857 67.9 163.1 

5 15 6.667 3.333           70.2 161.3 

6 16 6.250 3.750 70.3 158.7 

7 17 5.882 4.118 70.3 156.8 

8 18 5.556 4.444 70.4 154.5 

9 19 5.263 4.737 70.7 151.8 

10 20 5.000 5.000 70.7 150.9 

11 21 4.762 5.238 71.0 150.7 

12 22 4.545 5.455 71.7 149.8 

13 23 4.348 5.652 71.8 148.7 

0.040202 0.99887 1.381 1.3310 7.95 0.040252 1.00014 1.341 1.3315 7.46 

0.055335 0.99917 1.382 1.3311 7.91 0.055435 1.00213 1.352 1.3317 7.33 

0.070483 0.99945 1.400 1.3312 7.75 0.070668 1.00328 1.357 1.3319 6.58 

0.085661 1.00000 1.431 1.3313 7.67 0.085949 1.00438 1.371 1.3320 6.20 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99912 1.351 1.3311 8.00 0.010022 0.99976 1.296 1.3315 6.57 

0.025090 0.99955 1.365 1.3312 7.91 0.025092 0.99981 1.306 1.3316 6.67 

0.040183 1.00014 1.382 1.3314 7.80 0.040204 1.00048 1.312 1.3321 6.71 

0.055314 1.00091 1.410 1.3315 7.70 0.055345 1.00221 1.323 1.3322 6.80 

0.070454 1.00153 1.424 1.3315 7.61 0.070520 1.00347 1.331 1.3323 6.83 

0.085617 1.00231 1.452 1.3317 7.54 0.085725 1.00437 1.348 1.3325 6.88 



14 24 4.167 5.833 71.8 147.2 

15 25 4.000 6.000 71.9 146.5 

16 26 3.846 6.154 72.2 145.3 

17 27 3.704 6.296 72.3 144.9 

18 28 3.571 6.429 72.4 143.4 

19 29 3.448 6.552 72.4 142.5 

20 30 3.333 6.667 72.4 141.6 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

   

  



Table S6. Data for surface tension and conductivity study of aqueous Tert-Leucine ─ -CD system at 

298.15Ka 

Volm of 

-CD 

(mL) 

Total volm 

(mL) 

Conc of 

Tert-Leucine 

(mM) 

Conc of -CD 

(mM) 

Surface tension 

(mN m-1) 

Conductivity 

(µS m-1) 

0 10 10.000 0.000 58.4 170.0 

1 11 9.091 0.909 58.8 168.7 

2 12 8.333 1.667 56.9 167.9 

3 13 7.692 2.308 60.2 165.2 

4 14 7.143 2.857 60.4 163.6 

5 15 6.667 3.333 60.7 161.8 

6 16 6.250 3.750 60.8 158.7 

7 17 5.882 4.118 63.2 153.2 

8 18 5.556 4.444 64.0 147.9 

9 19 5.263 4.737           65.3 145.7 

10 20 5.000 5.000 66.4 145.6 

11 21 4.762 5.238 67.0 145.5 

12 22 4.545 5.455           67.3 142.1 

13 23 4.348 5.652 67.3 140.6 

14 24 4.167 5.833 67.3 139.3 

15 25 4.000 6.000 67.4 138.5 

16 26 3.846 6.154 68.0 137.2 

17 27 3.704 6.296 68.1 136.9 

18 28 3.571 6.429 68.2 135.4 

19 29 3.448 6.552 68.2 134.7 

20 30 3.333 6.667 68.2 132.2 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table S7. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid   in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 116.98 0.159 26.8654 0.015816 117.23 0.072 27.0278 

0.021212 115.38 0.148 26.8646 0.021213 116.18 0.091 27.0207 



0.023451 114.48 0.196 26.8644 0.023456 115.51 0.111 27.0139 

0.025538 113.76 0.199 26.8623 0.025506 115.17 0.160 26.9863 

0.027550 112.86 0.237 26.8618 0.027390 114.59 0.170 26.9399 

0.029152 112.08 0.265 26.8603 0.029150 114.22 0.182 26.9245 

w1 = 0.003b w2 = 0.003b 

0.015816 120.93 0.160 26.8780 0.015832 121.13 0.152 27.0575 

0.021213 118.65 0.251 26.8762 0.021271 119.08 0.141 27.0503 

0.023462 117.71 0.268 26.8759 0.023542 118.25 0.183 27.0361 

0.025501 116.60 0.237 26.8737 0.025622 117.37 0.192 26.9546 

0.027397 115.63 0.259 26.8713 0.027754 116.59 0.255 26.9694 

0.029154 114.52 0.322 26.8711 0.029341 115.82 0.259 26.9466 

w1 = 0.005b w2 = 0.005b 

0.015800 123.64 0.233 26.8938 0.015800 125.53 0.145 27.0344 

0.021232 120.22 0.245 26.8885 0.021253 123.88 0.165 27.0328 

0.023502 118.33 0.269 26.8808 0.023501 122.85 0.170 27.0278 

0.025573 117.05 0.296 26.8661 0.025572 122.07 0.187 
27.0014 

0.027493 115.19 0.346 26.8576 0.027494 121.29 0.209 26.9765 

0.029290 113.59 0.338 26.8520 0.029290 120.42 0.221 26.9587 

 

 

Table S8. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 303.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 118.94 0.163 26.9873 0.015816 119.28 0.076 27.0214 

0.021212 117.09 0.156 26.8840 0.021213 118.01 0.095 27.0157 

0.023451 116.27 0.198 26.8818 0.023456 117.49 0.113 27.0119 

0.025538 115.22 0.200 26.8767 0.025506 116.89 0.165 26.977 

0.027550 114.31 0.239 26.8651 0.027390 116.28 0.172 26.952 

0.029152 113.49 0.269 26.8641 0.029150 115.81 0.186 26.9366 

w1 = 0.003b w2 = 0.003b 

0.015816 122.97 0.165 26.9993 0.015832 123.28 0.154 27.0054 

0.021213 120.66 0.255 26.9896 0.021271 121.16 0.148 27.0012 

0.023462 119.55 0.269 26.9889 0.023542 120.01 0.187 26.9986 



0.025501 118.52 0.239 26.9869 0.025622 119.19 0.196 26.9532 

0.027397 117.36 0.263 26.9819 0.027754 118.25 0.259 26.9302 

0.029154 116.36 0.326 26.9723 0.029341 117.57 0.263 26.9154 

w1 = 0.005b w2 = 0.005b 

0.015800 127.74 0.238 27.0048 0.015800 128.14 0.147 27.0261 

0.021232 124.43 0.249 26.9974 0.021253 125.86 0.169 
27.0231 

0.023502 123.40 0.273 26.9841 0.023501 124.89 0.177 
27.0075 

0.025573 122.53 0.298 26.9699 0.025572 124.09 0.189 26.9947 

0.027493 121.56 0.348 26.9577 0.027494 123.05 0.219 26.9671 

0.029290 120.43 0.348 26.9414 0.029290 122.17 0.228 26.9574 

 

 

Table S9. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 308.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 121.63 0.167 27.0325 0.015816 122.03 0.079 27.0099 

0.021212 119.88 0.158 26.9963 0.021213 120.13 0.097 27.0077 

0.023451 119.05 0.204 26.9936 0.023456 119.24 0.116 27.0061 

0.025538 118.15 0.208 26.9822 0.025506 118.63 0.169 26.9638 

0.027550 117.29 0.249 26.9813 0.027390 117.77 0.178 26.9449 

0.029152 116.28 0.259 26.9776 0.029150 117.15 0.189 26.9240 

w1 = 0.003b w2 = 0.003b 

0.015816 124.98 0.169 26.9924 0.015832 125.26 0.158 26.992 

0.021213 122.28 0.259 26.9830 0.021271 123.13 0.149 26.9875 

0.023462 121.18 0.273 26.9823 0.023542 121.84 0.189 26.9857 

0.025501 119.80 0.245 26.9822 0.025622 121.03 0.199 26.9469 

0.027397 118.74 0.269 26.9747 0.027754 119.87 0.264 26.9307 

0.029154 117.80 0.329 26.9586 0.029341 119.25 0.269 26.9086 

w1 = 0.005b w2 = 0.005b 

0.015800 128.97 0.244 26.9421 0.015800 129.26 0.154 27.0209 

0.021232 125.85 0.256 26.9483 0.021253 126.63 0.173 27.002 

0.023502 124.46 0.279 26.9650 0.023501 125.24 0.179 26.9959 

0.025573 123.53 0.308 26.9837 0.025572 124.23 0.192 26.9816 



0.027493 122.43 0.368 26.9795 0.027494 123.07 0.229 26.9551 

0.029290 120.85 0.388 26.9783 0.029290 122.05 0.234 26.9456 

 

Table S10. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 298.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 120.9 -22.83 0.571 0.0759 26.85 

w1 = 0.003b 123.4 -25.80 0.619 0.1116 26.86 

w1 = 0.005b 127.7 -36.21 0.628 0.1483 26.92 

Tertiary-Leucine 

w2 = 0.001b 122.9 -36.72 0.633 0.0065 27.08 

w2 = 0.003b 125.5 -40.57 0.661 0.0651 27.10 

w2 = 0.005b 128 -39.15 0.688 0.0633 27.13 

aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

 

Table S11. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 303.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 127.4 -39.70 0.577 0.0761 26.87 

w1 = 0.003b 130.1 -42.83 0.622 0.1119 26.98 

w1 = 0.005b 132.5 -45.57 0.636 0.1488 27.04 

Tertiary-Leucine 

w2 = 0.001b 128.6 -47.54 0.639 0.0069 27.06 

w2 = 0.003b 130.9 -48.90 0.667 0.0656 27.07 

w2 = 0.005b 133.6 -53.74 0.695 0.0638 27.08 



aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S12. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 308.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 131.7 -38.29 0.582 0.0766 26.96 

w1 = 0.003b 135.1 -43.82 0.628 0.1122 26.99 

w1 = 0.005b 137.8 -53.60 0.639 0.1492 27.01 

Tertiary-Leucine 

w2 = 0.001b 135.8 -74.95 0.645 0.0071 27.04 

w2 = 0.003b 135.9 -52.64 0.672 0.0658 27.05 

w2 = 0.005b 138.2 -58.34 0.707 0.0644 27.07 

aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S13:  Data for the Benesi-Hildebrand double reciprocal plot performed by 1H NMR 

spectroscopy for aqueous Tert –Leucine-α-CD system at 298 K (concentration of Tert-Leucine = 

500 µM) 

 

 

E Mean error in Kb = ±0.01 M-1 

 

[α-CD] 

/Mm 
δo Δ Δδ 

1/[α-CD] 

/M-1 

1/Δδ Intercept Slope 

KbE 

/M-1 

0.1 

0.9472 

0.9595 0.0123 5000 81.34 

5.963 0.015 397.53 

0.4 0.9698 0.0226 2500 44.23 

0.5 0.9755 0.0283       2000 35.30 

0.8 0.9871 0.0399 1250 25.02 

1.0 0.9948 0.0476 1000 21.00 



 

 

Table S14:  Data for the Benesi-Hildebrand double reciprocal plot performed by 1H NMR  

spectroscopy  for aqueous Tert –Leucine--CD system at 298 K (concentration of Tert-Leucine 

= 500 µM) 

 

[β-CD] 

/Mm 
δo Δ Δδ 

1/[β-CD] 

/M-1 

1/Δδ Intercept Slope 

KbE 

/M-1 

0.1 

0.9472 

0.9548 0.0076 5000 130.6 

14.10 0.023 613.04 

0.4 0.9606 0.0134 2500 74.72 

0.5 0.9636 0.0164 2000 60.8 

0.8 0.9707 0.0235 1250 42.45 

1.0 0.9740 0.0268 1000 37.28 

E Mean error in Kb = ±0.01 M-1 

 
 
 
Table S15:  Stern-Volmer constants (Ksv) of various concentrations of α-CD in [Tle]  

 
Conc.(Mm) F0 (A.U) F (A.U) F0/F Slope KSV

E 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1911608 1877621 

1806285 

1736812 

1646968 

1598998 

1552425 

1507209 

1463309 

1434617 

1424091 

1.020 

1.060 

1.102 

1.162 

1.198 

1.234 

1.270 

1.308 

1.334 

1.344 

0.378 0.378 

EMean error in KSV = ±0.01 M-1 

 
 
 
 
 
 
 
Table S16:  Stern-Volmer constants (Ksv) of various concentrations of -CD in [Tle]  

Conc.(Mm) F0 (A.U) F (A.U) F0/F Slope KSV
E 



0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1911608 1885162 

1812656 

1643058 

1528426 

1413806 

1297070 

1204447 

1087046 

1006524 

956558 

1.014 

1.054 

1.163 

1.250 

1.352 

1.473 

1.587 

1.758 

1.899 

1.998 

1.144 1.144 

E Mean error in KSV = ±0.01 M-1 

 
 
 
 
 
Table S17:  Estimated vibrational frequencies for [β – CD ׃ Tertiary Leucine] Complex 
formation 

Tertiary Leucine 
wave number 

/ cm-1 
Group 

3000-2800 –C-H from various –CH3 and methylene groups 
1700 Streching for C=O 
1560 Symmetrical Stretching of –COO- 

β-CD 
wave number 

/ cm-1 
Group 

3349.23 stretching of O-H 
2919.12 stretching of –C-H from –CH2 
1409.18 bending of –C-H from –CH2 and bending of O-H 
1153.17 bending of C-O-C 
1033.02 stretching of C-C-O 
938.64 skeletal vibration involving α-1,4linkage 

β-CD +[Tertiary Leucine] 
wave number 

/ cm-1 
                                                    Group 

3326.18 stretching of O-H of β-CD 
2998.89 Symmetrical stretching of–C-H from –C(CH3)3 and –CH2 of Tert Leucine 

1610.36 Stretching of –COO- in the zwitterionic form of Tert Leucine 

1518.32 Stretching of –NH3+ ion of Tert-Leucine 

1158.05 bending of C-O-C Of β-CD 
1072.56 stretching of C-C-O Of β-CD 

Table S18:  Estimated vibrational frequencies for [α─CD: Tertiary Leucine] Complex formation 
Tertiary Leucine 

wave number 
/ cm-1 

Group 

2970.12 Streching  vibrations for –C(CH3)3  

1620.23 Anti-symmetrical stretching  of –COO-  

1520.16 Symmetrical Stretching of –NH3
+ ion 



α-CD 

wave number 
/ cm-1 

Group 

3412.10 stretching of -O-H 

2930.79 stretching of –C-H from –CH2 

1406.76 bending of –C-H from –CH2 and bending of O-H 

1154.39 bending of -C-O-C 

1030.39 stretching of -C-C-O 

952.36 skeletal vibration involving α-1,4linkage 

α-CD +[Tertiary Leucine] 

wave number 
/ cm-1 

Group 

3366.45 stretching of -O-H of α-CD 

2978.35 Symmetrical stretching of –C-H from –C(CH3)3  and –CH2 of Tert Leucine 

1615.47 Stretching of –COO- in the zwitterionic form of Tert Leucine 

1519.23 Stretching of –NH3+ ion of Tert-Leucine 

1046.03 Bending  of C-C-O Of α-CD 

984.46 stretching of C-C-O of α-CD 

Table 1: Values of surface tension () at the break point with corresponding 

concentrations of cyclodextrins and amino acid and values of conductivity (k) at the 

break point with corresponding concentrations of cyclodextrins and amino acids at 

298.15 Ka. 

 

Tert-Leucine Conc of  α-CD/mM Conc of amino acid/mM a/mN m−1 

5.09 4.89 71.7 

Conc of  -CD/mM  a/mN m−1 

5.03 4.97 71.5 

Conc of  α-CD/mM  ka/ µS m−1 

4.86 5.25 150 

Conc of  -CD/mM  ka/ µS m−1 

4.92 5.15 146 

 

Table 2: Contributions of zwitter ionic group (NH3
+), (COO = ); (CH) and side group (R) to the limiting 

apparent molar volume (o
V ) and viscosity B-coefficient for the amino acid  in different mass fraction of 

aqueous  α and  -cyclodextrin respectively at 298.15Ka, 303.15Ka, 308.15Ka. 

 

 

Temperature 

Variation 

Groups 
o

V × 106/m3 mol−1 Groups 
o

V × 106/m3 mol−1 

 

α-CD 

 

w1 = 

0.001b  

 

w1 = 

0.003b 

 

w1 = 

0.005b 

 

β-CD 

 

w2 = 

0.001b 

 

w2 = 

0.003b 

 

w2 = 

0.005b 



 

 

      298.15Ka 

(NH3+), 

(COO = ) 

25.92 

 
26.22 26.64 (NH3+), 

(COO = ) 

26.32 26.64 26.92 

CH 
 

8.16 

 
7.85 

 
7.64 

 
CH 

 
8.05 7.83 7.64 

R 

 
86.42 92.91 97.13 R 

 
88.93 94.55 99.42 

 

 

303.15Ka 

(NH3+), 

(COO = ) 

27.76 28.56 28.68 (NH3+), 

(COO = ) 

28.19 28.96 29.08 

CH 
 

7.85 7.69 7.54 CH 
 

7.94 7.71 7.58 

R 

 
87.27 93.43 98.44 R 

 
89.99 94.55 99.78 

 

 

308.15Ka 

 (NH3+), 

(COO = ) 

29.01 29.84 30.33   (NH3+), 

(COO = ) 

29.86 30.84 31.33 

CH 
 

7.62 7.41 7.22 CH 
 

7.62 7.41 7.22 

R 

 
91.07 95.25 100.25 R 

 
91.57 96.45 100.75 

 

Temperature 

Variation 

Groups  B/kg mol−1 Groups  B/kg mol−1 

 

α-CD 

 

w1 = 

0.001b 

 

w1 = 

0.003b 

 

w1 = 

0.005b 

 

β-CD 

 

w2 = 

0.001b 

 

w2 = 

0.003b 

 

w2 = 

0.005b 

 

298.15Ka 

(NH3+), 

(COO = ) 

0.104 0.109 0.113 (NH3+), 

(COO = ) 

0.102 0.106 0.110 

CH 
 

0.032 0.035 0.038 CH 
 

0.029 0.032 0.035 

R 

 
0.482 0.510 0.539 R 

 
0.508 0.531 0.549 

 

303.15Ka 

(NH3+), 

(COO = ) 

0.111 0.116 0.120 (NH3+), 

(COO = ) 

0.108 0.112 0.116 

CH 
 

0.036 0.040 0.043 CH 
 

0.034 0.037 0.040 

R 

 
0.492 0.521 0.553 R 

 
0.531 0.552 0.569 

 

308.15Ka 

(NH3+), 

(COO = ) 

0.115 0.119 0.124 (NH3+), 

(COO = ) 

0.113 0.116 0.120 

CH 
 

0.039 0.042 0.046 CH 
 

0.038 0.041 0.044 

R 
 

0.512 0.540 0.564 R 
 

0.554 0.573 0.584 

 



 

a   Standard uncertainties u are: u (T) = 0.01 K.  

b   w1   and w2   are mass fractions of   α-   and   β-cyclodextrin in aqueous mixture respectively. 

 

Table 3   Hydration number (nH), solvation number (Sn) of the amino acid   at different 

mass fraction of aqueous α- and -cyclodextrin respectively and binding constant (Kb) of 

amino acid-cyclodextrin inclusion complexes at 298.15 Ka, 303.15Ka, 308.15Ka. 

 

hydration no. (nH) solvation no. (Sn) KbE×10−3/M−1 

 
0.001 0.003 0.005 

 
0.001 0.003 0.005 

 

298.15K 298.15K  

α-CD+ Tle 5.53 5.44 5.26 α-CD+ Tle 5.07 5.12 5.19 
0.47 

-CD+Tle 5.41 5.24 5.02 -CD+Tle 5.3 5.33 5.37 
0.52 

303.15K 303.15K  

α-CD+ Tle 5.21 5.11 4.96 α-CD+ Tle 5.23 5.27 5.32 
0.45 

-CD+Tle 5.11 4.93 4.79 -CD+Tle 5.46 5.49 5.52 
0.49 

308.15K 
308.15K  

α-CD+ Tle 4.97 4.81 4.66 α-CD+ Tle 5.64 5.66 5.35 
0.44 

-CD+Tle 4.86 4.64 4.82 -CD+Tle 5.38 5.42 5.68 
0.48 

a Standard uncertainties u are: u(T) = 0.01 K.  
b w1 and w2 are mass fractions of  α- and  -cyclodextrin in aqueous mixture respectively. 
 E Mean error in Kb = ±0.01×10−3M−1. 

 

FIGURES 

 



Figure 1. Molecular structure of [Tle] in aqueous solution and cyclodextrin molecule with interior and 

exterior protons. 

 

Figure.2. Variation of surface tension of aqueous Tert -Leucine- α-CD, Tert -Leucine- β-CD systems 

respectively at 298.15 K. 

 

 

Figure.3. Plot for variation of Conductivity aqueous [Tle - α-CD], [Tle- β-CD] systems respectively at 298.15 

K. 

 



 

Figure. 4(a). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.001 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : yellow, (α-CD + Tle) : blue.] 

 

 

Figure. 4(b). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.003 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : pink, (α-CD + Tle) : green.] 

 

 



 

Figure. 4(c). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.005 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : red, (α-CD + Tle) : blue.] 

 

 

Figure. 5(a). Viscosity B-coefficient (B) of Tertiary Leucine in 0.001, 0.003, 0.005 mass fraction of α- CD at 

298.15K, 303.15K, 308.15K respectively. 

 



 

Figure. 5(b). Viscosity B-coefficient (B) of Tertiary Leucine in 0.001, 0.003, 0.005 mass fraction of  -CD 

at 298.15K, 303.15K, 308.15K respectively. 

 

 

Figure. 6. Plot of limiting molar refraction (RoM) for Tert-Leucine in different mass fractions (w1) of 

aqueous  α-CD (green, red, olive) and (w2) of aqueous  -CD (yellow, pink, blue)  respectively at 298.15K, 

303.15K, 308.15K. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article). 



 
Figure.7 (a).1H NMR titration spectra of Tert - Leucine with α-CD in D2O at 300 MHz at 298 K. 

 

 

Figure.7 (b). 1H NMR titration spectra of Tert -Leucine with -CD in D2O at 300 MHz at 298 K. 

 



 

Figure. 8(a). Fluorescence emission spectra of aqueous α-CD in the presence of 0.1mM─1.0 mM of Tert-

Leucine (ex =230 nm, slit =5/5) 

 

 

Figure.  8(b). Fluorescence emission spectra of aqueous -CD in the presence of 0.1mM─1.0 mM of Tert-

Leucine (ex =230 nm, slit =5/5). 

 



 

Figure 9 FTIR spectra of [Tertiary leucine] (olive green), [α-CD + Tertiary Leucine] (red) and the 

[Tertiary leucine]–-CD inclusion complex (blue). 

 

 

Figure 10.(a)   ESI mass spectra of [Tertiary Leucine]–α-CD inclusion complex. 
 
 



 

Figure10. (b)   ESI mass spectra of [Tertiary Leucine]–-CD inclusion complex. 
 

.  

Figure 11. Scanning electron microscope (SEM) morphology of (a) α-CD, (b) [Tle]: α-CD, (c) β-CD, (d) [Tle]: β-CD 

(1:1 M ratio) inclusion complex 

 



 

Figure 12. High resolution transmission electron microscopy (HRTEM) images formed by (a) α-CD, (b) [Tle]: α-CD, (c) β-CD, (d) [Tle]: β-CD (1:1 

M ratio) inclusion complex 

 

Figure 13. (a) Cell viability analysis of Gram negative E.coli by Pour plate method. Cells grown in medium without the ICs taken as the control. 

Experiments were done in triplicates with 0.05 level of significance. (b) Cell viability analysis of Gram positive B. subtilis by Pour plate 

method. Cells grown in medium without the ICs taken as the control. Experiments were done in triplicates with 0.05 level of significance. 



 

Figure14. (a) Antimicrobial activity analysis α-CD on Gram-positive B. subtilis by AgarCup method. No zone of inhibition was observed. 

Double distilled water was taken as the control. (b) Antimicrobial activity analysis α-CD on Gram-negative E. coli by Agar Cup method. No 

zone of inhibition was observed. Double distilled water was taken as the control. (c) Antimicrobial activity analysis -CD on Gram-positive B. 

subtilis by Agar Cup method. No zone of inhibition was observed. Double distilled water was taken as the control. (d) Antimicrobial activity 

analysis -CD on Gram-negative E. coli by Agar Cup method. No zone of inhibition was observed. Double distilled water was taken as the 

control. 

 



 

Fig.15(a). Benesi-Hildebrand double reciprocal plot for effect of α-CD on the chemical shift of Tert-    

Leucine. 

 

 

Fig. 15 (b). Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the chemical shift of   Tert-

Leucine 



 

Figure. 16(a.)  Plots of   lnF0/F vs. [α-CD] at different concentrations (0.05mM). 

 

 

Figure. 16(b.) Plots of lnF0/F vs. [-CD] at different concentrations (0.05mM). 

 

 



 

Fig. 17. Schematic representation of method for the formation of 1 : 1 inclusion complex of Tertiary-

Leucine with both α and β-cyclodextrin. 

 

Fig. 18. (a) Proposed schemes of different possibilities of host-guest ratio for inclusion complex. (b) 

Proposed schemes of feasible and restricted inclusion of guest molecule   into the host molecule. 
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A b s t r a c t 

In the present study, Host–guest inclusion complexes of β-cyclodextrin with two active forms 

of vitamins viz., Nicotinamide(vitamin B3) and Pyridoxine(vitamin B6) in aqueous medium 

have been explored by reliable spectroscopic, physicochemical and in Vivo toxicity and in 

CHAPTER-X 



Vitro anti inflammatory experiments as stabilizer, carrier and regulatory releaser of the guest 

molecules. Job’s plots obtained by UV-visible spectroscopy to confirm the 1:1 stoichiometry 

of the host-guest assembly. Stereochemical nature of the inclusion complexes has been 

elucidated by NMR spectroscopy. Surface tension and conductivity studies further shore up 

the inclusion process. Association constants for the vitamin-β-CD inclusion complexes have 

been calculated by UV-visible spectroscopy using Benesi–Hildebrand methods, non-linear 

programme, and Stern-Volmer approximation technique while the thermodynamic 

parameters have been estimated with the help of van’t Hoff equation. The outcomes reveal 

that there is a drop in ΔSo, which is overcome by higher negative value of ΔHo, making the 

overall inclusion process thermodynamically favorable. The association constant is found to 

be higher for Pyridoxine than that for nicotinamide, which has been explained on the basis of 

their molecular structures. 

We also reported experimental densities and viscosities of aqueous solutions of Nicotinamide 

and Pyridoxine within the concentration range (0 to 0.1) mol. kg1 at diverse temperatures. 

These parameters are thus used to provide thermodynamic and transport functions such as 

apparent molar volume of solute, limiting apparent molar volume of solute, limiting apparent 

molar expansivity of solute, coefficient of thermal expansion, Jones–Dole equation viscosity 

A, B and D coefficients, temperature derivative of B coefficient i.e. (dB/dT) and hydration 

number, etc. Activation parameters of viscous flow for the binary mixtures have been 

determined and discussed in terms of Eyring’s transition state theory. These significant 

parameters are supportive to study the structure making or destroying tendency of solute 

and assorted interactions present in (Nicotinamide + -CD ─ water) and (Pyridoxine +-CD─ 

water) ternary mixtures. Various results revealed that the solutions are characterized 

predominantly by solute-solvent interactions and vitamins behave as a long-range structure 

maker. 

Introduction 

Cyclodextrins are toroidally fashioned polysaccharides comprised usually of six to eight 

glucose units. Cyclodextrin cavities comprises internal diameters ranging from 4.7 to 8.3 A, 

permitting them to form inclusion complexes with a variety of guest molecule. They have 

been used extensively to model hydrogen bonds, π−π stacking, hydrophobic interactions, and 

metal−coordination bonds interactions. The most important property of CD’s is their ability to 



admit a variety of selective and specific sized guest molecules into the cavity with formation 

of inclusion complexes. The recognized potential of CD-guest interaction as a replica for 

enzyme active sites has engrossed the attention of many investigators. Studies relating 

inclusion of active pharmaceutical substances into CDs are important due to the resulting 

improvement of aqueous solubility, stability of guest molecule and to the possibility of 

controlled drug release, which present lots of potential applications in drug formulations. 

Vitamins are indispensable for average growth and development of multicellular organisms. 

This investigation comprises of two Vitamins, which are being used as the guest moiety in the 

inclusion complex formation. 

Pyridine-3-carboxamide (nicotinamide), also known as Vitamin PP (pellagra protective), 

Vitamin B3 etc., plays a fundamental role in biological oxidative chemistry. Nicotinamide is 

active form of amide of nicotinic acid. Nicotinamide belongs to the category of water-soluble 

vitamin. In cells, niacin is incorporated into nicotinamide adenine dinucleotide (NAD) and 

nicotinamide adenine dinucleotide phosphate (NADP), although the pathways for 

nicotinamide and nicotinic acid are analogous. Within the cells, NADP/NADPH performs 

comparable chemical functions.  NAD+ and NADP+ are coenzymes in a broad variety of 

enzymatic oxidation–reduction reactions. Nicotinamide possibly toxic to liver at doses 

exceeding 3 g/day for adult persons. Nicotinamide has verified anti-inflammatory actions 

which may be of benefited in patients having inflammatory skin conditions like Pellagra and 

various skin problems like acne vulgaris, rosacea, autoimmune bullous and the compound can 

suppress antigen induced-lymphocytic transformation and inhibit of 3-5 cyclic AMP 

phosphodiesterase. Nicotinamide has demonstrated its capacity to block the inflammatory 

actions of iodides known to precipitate or exacerbate inflammatory acne. Animal studies 

demonstrate nicotinamide has anti-anxiety (anxiolytic) property. It may well work in a way 

similar to benzodiazepines. Nicotinamide, or Vitamin B3, prevents immuno suppression 

caused by UVA and UVB radiation, and may possibly be added to sunscreen. Nicotinamide 

erstwhile reported to be an effective skin whitener in topical application. Therefore, the 

structure of nicotinamide has been the subject matter of various assorted experimental and 

theoretical studies. The amide group in nicotinamide can adopt a variety of tautomeric and 

rotameric structures in addition to form fascinating molecular associations via hydrogen 

bonding in the host-guest complexation. 



Vitamin B6 consists of three interrelated pyrimidine vitamer derivates: pyridoxine, pyridoxal, 

and pyridoxamine, and their phosphate esters. Pyridoxine was first isolated in the year 1934 

and named by Albert Szent-Gyorgy. The standard B6 vitamin supplement is pyridoxine 

hydrochloride (HCl), is least expensive to manufacture commercially. All B vitamins assist the 

body to convert food (carbohydrates) into fuel (glucose), which is used to produce energy. 

These B vitamins, often referred to as B-complex vitamins, also facilitate the body metabolize 

fats and protein. B-complex vitamins are needed for healthy skin, hair, eyes, liver and the 

nervous system function properly. All B vitamins are water soluble, and stable in heat and 

acid mediums, while it is unstable in alkaline solutions and light which implicates that the 

body does not store them. Vitamin B6 aids the body make several neurotransmitters, 

chemicals that carry signals from one nerve cell to another in a controlled way with the help 

of cyclodextrins. It is needed for normal brain development and function, to build the 

hormones serotonin and nor epinephrine, which influence mood, and melatonin, which helps 

regulate the sleep and wakefulness. It is rare to have a significant deficiency of B6, even 

though studies indicate many people may be mildly deficient, especially children and elderly. 

Symptoms of serious deficiency include: Muscle weakness, Nervousness, Irritability, 

Depression, Difficulty concentrating, Short-term memory loss, Heart disease, Nausea and 

vomiting during pregnancy, Age-related macular degeneration, Depression, Premenstrual 

syndrome, Carpal tunnel syndrome, Rheumatoid arthritis, Tardive dyskinesia.  

The physiological and biochemical aspects of the aforesaid vitamins have been studied in 

detail. Conversely, it has been found that physicochemical data on vitamins is minimal. At low 

temperatures Cyclodextrin-water jointly is in a highly ordered state, especially at T/K = 

298.15. Maximum density is exhibited as a function of temperature, which may be due to a 

change in equilibrium ratio of the polymeric low density structured form to the monomeric 

high density unstructured form; in the neighborhood of temperature of maximum density, 

nature and size of guest molecules plays a very important role in affecting the structure of 

(water + cyclodextrins) rather than that observed at higher temperatures. Systematic work 

has been done on Partial molar volumes, compressibility, volumetric properties have been 

reported at different temperatures. A considerable amount of work has been done on 

thermodynamic and transport properties of aqueous solutions of nicotinamide and 

pyridoxine. But all these measurements have been stated at higher temperatures. So the 

objective of this investigation is to discuss (solute + solute) and (solute + solvent) interactions 



amongst (nicotinamide + cyclodextrin + water) and (pyridoxine + cyclodextrin + water) 

ternary systems. Hence it would be interesting to study how these biologically imperative 

vitamins affect the highly structured (cyclodextrin + water) co-solvent at various 

temperatures. 

 

2. Experimental details (Materials and methods) 

The compound under investigation namely nicotinamide, pyridoxine and -cyclodextrin are 

purchased from Sigma–Aldrich chemicals, USA which are of spectroscopic grade and hence 

used for recording the spectra as such without any further purification. The solutes were 

dried in a vacuum oven and were kept in vacuum desiccators over anhydrous fused calcium 

chloride for more than two days and used without further purification. All the solutions were 

all set in doubly distilled water on a molality basis using Mettler Toledo AG-285 with having 

accuracy of ±0.1 mg and uncertainty 0.0001 g.  

Densities () of the solutions were calculated with an Ostwald-Sprengel type pycnometer 

having a bulb volume of 25 cm3, internal diameter of the capillary of 0.1 cm. The instrument 

was calibrated at 298.15, 308.15, and 318.15 K with doubly distilled water. The pycnometer 

with test solution was equilibrated in a water bath maintained at (0.01 K of the desired 

temperature by means of mercury in glass thermo regulator, and absolute temperature was 

determined by   platinum resistance thermometer and Muller Bridge. The pycnometer was 

then removed from thermostatic bath, properly dried, and weighed.  Evaporation losses 

remained insignificant during actual measurements. Average of triplicate measurements was 

taken into account. Density values are reproducible to ( 3  10-5 g. cm-3). 

Solution viscosity () and relative viscosities was measured through suspended 

Ubbelohde type viscometer, calibrated by means of triply distilled water, purified methanol, 

and dry air with dryer. A thoroughly cleaned and perfectly dried viscometer filled with 

experimental solutions was positioned vertically in a glass walled thermostat (Bose Panda 

Instruments Pvt. Ltd.) maintained to ±0.01 K. After attaining thermal equilibrium, efflux times 

of flow were recorded with the aid of stop watch.  Flow times were adjusted to ±0.1 s. In all 

case three repetitions of each data reproducible to ±0.1 s were taken to average the flow 

times relative viscosities of vitamins in the concentration range (0 to 0.1) mol.kg_1 at three 

different temperatures, viz., T = (298.15, 308.15 and 318.15) K has been measured. The 



temperature of the experimental bath was maintained constant up to ±0.002 K by circulating 

coolant liquid.  

Relative viscosity (r) values agreed well with the literature with an uncertainty ±1%. 

 

3. Data processing 

3.1 Densitometry: group contribution between guest-host in conjunction with Viscometric 

measurement: order of contributions. 

In our current study several expensive information about the inclusion phenomenon between 

the vitamins and CD molecules has been obtained applying density measurement. Apparent 

molar volume (ϕv) and limiting apparent molar volume (ϕv
o) are the two major parameters 

used for this goal. Apparent molar volume (ϕv) mainly describes the summation of the 

geometric volume of   central solute (i.e. guest molecule and changes in the solvent volume 

(i.e., CD along with water) as a result of interface with the solute around the co-sphere (here, 

solute = nicotinamide, pyridoxine and co-solvent = CD along with water). For this system 

(ternary phase of vitamin + aqueous CD system) solute-solvent interaction is conveyed by 

limiting apparent molar volume. For this study (ϕv) have been calculated from the density of 

solution systems by means of equation  

 = W/ Vp - r2dh                                                                               (1) 

where, W is weight of solution, Vp is volume of pycnometer at the aforesaid temperature, r is 

radius of capillary of pycnometer used and dh is the total height. 

The apparent molar volume of solute (V) at diverse temperatures is calculated by using the 

following relation, 

V = [1000(0 - ) / m. . 0] + M2 /           (2) 

where (0) is the density of (water+CD), M2 is the molar mass of solute and m is the molality 

of solution. The limiting apparent molar volume of nicotinamide (1:1 electrolyte) at infinite 

dilution (V
0) was obtained by smooth extrapolation of (V - AV (m) 1/2) against m to zero 

concentration by using Redlich–Meyer equation 1. 

V = V
0 + AV. m1/2 + SV m                                                               (3) 

where AV is the Debye–Huckel limiting slope which depends upon valency and temperature 

and it is calculated by the relation, 

AV = kw
3/2                                                                              (4) 



where k is the coefficient which is given by the Redlich–Meyer polynomial equation in terms 

of temperature t/0C  2. 

k = 1.4447 + 1.6799 * 10-2 (t/0C) – 8.4055 * 10-6 (t/0C) 2 + 5.5153 * 10-7 (t/0C) 3         (5) 

and w is the valency factor which is determined by the relation 

w = 0.5 vizi
2                                                    (6) 

where vi is the number and zi is the charge on each ion of the electrolyte. Using equations 

(4)–(6) Debye–Huckel limiting slopes AV for aqueous binary system of nicotinamide at T = 

(298.15, 303.15 and 308.15) K, are calculated as (1.800, 1.882, 1.970) cm3. mol3/2 . dm3/2 

respectively. SV is the experimental slope of {(V/ - AV (m) 1/2) – m} curve. 

When Kd is the dissociation constant, then, it serves as an indicator of the electrolyte 

strength, strong electrolyte have higher Kd value as in pyridoxine due to two basic centres  

–O-, -N- and conversely, nicotinamide is a weak electrolyte with dissociation constant Kd = 

2.24 * 10-11, 3, 4 hence it is treated as non-electrolyte and its limiting apparent molar volume 

was obtained by smooth extrapolation of (V) against m to zero concentration. 

V= V
0 + SV m                                 (7) 

Limiting apparent molar expansivity of solute (E0) has been obtained at T = (298.15 to 

308.15) K by using following expression, 

E
0 = (dV

0/dT)                                        (8) 

The temperature derivative of (E0) has been calculated at T/ K = 303.15 which is given by the 

following relation, 

(E0/T) = (2 V
0/ T2)                                    (9) 

The coefficient of thermal expansion of solute (*) is given by the following relation, 

* = (1/ V
0).  (V

0/T).                                (10) 

The relative viscosity (r) of aqueous binary solutions of both the vitamins at all three studied 

temperatures has been determined by using the following expression, 

r = /0 = t / t 0 0                                                   (11) 

where () and (0) are viscosities of solution and (water+CD) respectively, (t) and (t 0) are 

the flow times for solution and (water+CD) respectively and () and (0) are densities of 

solution and (water+ CD) respectively. 

Viscosity data have been analysed by using the Jones–Dole viscosity equation, 5 

r = 1 + A(C) 1/2 + BC + DC2                (12) 



where A, B and D are Jones–Dole viscosity coefficients and C is molarity of solution. For 

pyridoxine  as an electrolyte, A, B and D coefficients have been determined by plotting ((r -

1)/ (C) ½) verses (C) ½. 

Since nicotinamide is a non-electrolyte, A = 0 and equation (12) is reduced to 

r = 1+ BC                           (13) 

The viscosity B coefficient has been obtained by plotting (r – 1) against molarity (C). 

The hydration numbers (H) at T/K = (298.15, 303.15 and 308.15) have been determined as, 

H = (V0
e - V

0) / V ( CD +H2O)                               (14) 

where V0e is the limiting value of the effective volume of the flowing solution, V(H2O+CD) is the 

molar volume of (water+CD) and V
0  is the limiting apparent molar volume of solute. V0e is 

determined by smooth extrapolation of effective volume of flowing solution, Ve to zero 

concentration C and Ve   is obtained by using the Breslau–Miller equation 6, which is derived 

from the Thomas equation 7. 

Ve = [- 2.5C + {(2.5C) 2 – 4(10.05C2)(1 - r)}0.5] /2(10.05C2)                    (15) 

The values of the standard deviation () and average absolute deviation (AAD) for apparent 

molar volume of both solutes have been obtained by using the following expression. 

 = {(F(x)exp – F(x)calc)2 / (k – n)}1/2                            (16) 

AAD = { [F(x) exp – F(x) calc] / F(x) exp} /k                          (17) 

where k is the number of experimental points excluding the end points and n is the order of 

the polynomial equation. 

The Gibbs free energy of activation per mole of solvent (1
0#) is calculated by using the 

following expression suggested by Feakins et al. 8, 

l
0# = RT. ln (0 Ṽ1

0 / h NA)                          (18) 

where h is Planck’s constant, NA is Avogadro’s number, 0 is the viscosity of (water+ CD) 

initially and Ṽ1
0 is the molar volume of solvent at that temperature. 

Similarly the Gibbs free energy for activation per mole of solute (2
0#) is calculated by using 

the value of B coefficient 8, 

2
0#

 = (1
0#) + RT/ Ṽ1

0 [B – (Ṽ1
0 - Ṽ2

0)                       (19) 

where Ṽ0
2 is the limiting partial molar volume of solute. The entropy of activation per mole of 

viscous flow of solution (S2
0#) at a particular temperature is determined by using the 

following relation, 



S2
0# = -d (2

0# / dT)                               (20) 

Thus S2
0# has been deduced from the slope of the plot of enthalpy of activation per mole of 

solute (2
0#) against temperature. The enthalpy of activation, H2

0# is evaluated from the 

following equation, 25 

H2
0# = 2

0# + T. S2
0#                                   (21) 

(Figure 1) represents the plot of variation of density () of aqueous solutions of pyridoxine 

and nicotinamide against molality (m) at T = 303.15 K. It is observed from the figure that 

density  of aqueous binary solutions of both systems increases linearly with concentration of 

solute. The same trend is observed at T/K = (298.15 and 308.15) for both vitamins. From the 

scrutiny of (tables 2 and 3), it is observed that the density of the CD-aqueous binary mixture 

of both systems studied decreases slightly with rise in temperature from T/K = (298.15 to 

308.15) at a particular concentration. 

The variation of apparent molar volume of pyridoxine and nicotinamide (V) in aqueous 

solution with concentration (m) at T/K = 298.15K - 303.15 is depicted in (figure 2). It is 

observed that V
0 varies linearly with molality. The same type of behaviour is observed at all 

temperatures studied. From (Table 2), it is observed that V increases with increase in 

temperature. (Figure 4) shows the variation of (V - AV   . (C) ½) against mass fractions of the 

solvent mixture at T/K = 298.15. A linear graph is obtained. Similar behaviour is observed at 

T/K = (298.15 and 308.15). From (table 2, 3), it is observed that V
0 values for both vitamins 

increase with temperature. This may be due to the fact that at higher temperature, co-

solvent (i.e., water + CD) molecules are loosely held around the solute molecule. The same 

type of behavior is observed for nicotinamide by Banipal et al. 9 and Apelblat et al. 10 at higher 

temperatures. Kishore et al. 11 have also observed similar behavior for nicotinamide at T/K = 

(298.15 to 323.15). The values of V
0 are found to be higher for pyridoxine than nicotinamide, 

which indicates that pyridoxine is more hydrated than nicotinamide when they are dissolved 

in water and has stronger solute-solvent interaction. The value of SV, obtained from equation 

(3) and (7) generally represents volumetric and energetic effects of solute molecules 12, 13. It 

can be observed from (table 2, 3) that the values of SV are positive for both binary systems at 

all temperatures studied. The value of SV suggests the presence of ion-ion interactions for 

electrolytes which is more in nicotinamide rather than pyridoxine 14, 15, 22. It is seen that the 

value of SV is more for nicotinamide than pyridoxine which indicates that (solute + solute) 



interactions are stronger in nicotinamide as compared to pyridoxine when they are dissolved 

in (water+CD) solution. 23 It is seen from (table 4) that the value of (2V
0/ T2) for 

nicotinamide and pyridoxine at, (T = 298.15 K) is very small and positive. According to Hepler, 

the sign of (2V0/ T2) can be used for deciding the structure making and breaking tendencies 

of solutes when they are added in water 16. For structure making solutes, the value of 

(2V0/T2) is positive whereas it is negative for structure breaking solutes. Seen in this 

context, nicotinamide acts as a weak structure making and pyridoxine acts as strong structure 

maker when dissolved in co-solvent (water +CD) at the temperature which has the 

maximum density. Pyridine has been reported as a structure breaker in aqueous solution 11. 

This structure making ability of nicotinamide may be due to the –CONH2 group present, 

conversely trend in values can be ascribed to the structural perturbation influenced by the 

gradual appearance of ‘caging effect’ or ‘packing effect’ 17, 18 in the studied solutions and it 

does not behave like common electrolytes and has hydrophobic character at higher 

temperatures. A more positive value of (2V
0/ T2) suggests the predominance of 

hydrophobic hydration phenomenon over the electrostriction of (water+CD) molecules 

around solute molecules. Thus, a higher value of (2V
0/ T2) for the (hydroxyl+ primary 

alcoholic + methyl + (water+CD)) indicates the presence of more hydrophobic hydration as 

compared to the (amide + water+CD) system. 

Cabani et al. 19 have shown that the coefficient of thermal expansion (*) can be used for 

understanding (solute + solvent) interactions. From (table 4), it is observed that the value of 

* at the elevated condition for aqueous solutions of pyridoxine is greater than those of 

nicotinamide. This is consistent with the results of the temperature derivative of V
0 i.e. E

0. 

 

3.2. Transport properties 

The variation of (r – 1) as a function of molarity (C) of solution for aqueous+CD solutions of 

nicotininamide and pyridoxine at T/K = 298.15 is shown in (figure 5). It is observed that (r – 

1) varies linearly with molarity for the above binary system. (Figure 5) shows a representative 

plot of ((r -1) / (C) 1/2) against square root of molarity ((C) 1/2) for the aqueous+CD solution 

of nicotinamide and pyridoxine at T/K = 303.15. It is observed from the above figure that ((r 

– 1)/(C) 1/2) varies linearly with (C) 1/2. A similar trend is observed for both aqueous binary 

systems of vitamins. From (tables 2 and 3), it is also seen that the viscosity (r) of aqueous 



binary systems of pyridoxine and nicotinamide decreases with increase in temperature from 

T/K = (298.15 to 308.15) at a particular concentration. 

The A-coefficient results from the electrostatic interactions between the ions. From (table 5), 

it is observed that the value of the A-coefficient is small and positive at all temperatures 

studied for (nicotinamide + water + CD) & (pyridoxine + water + CD), which means that 

there exist weak ion-ion interactions. The value of the A-coefficient is maximum at T/K = 

298.15 and decreases on either side of temperature, which suggests that ion-ion interactions 

become weaker. Conversely in (pyridoxine + water +CD), it is observed the values of A- 

coefficient is much small values which appears to be the weaker ion-ion interactions than 

nicotinamide system. 

The second term in the Jones–Dole equation i.e. B coefficient is attributed to the influence on 

the hydrogen bond structure by the ion 19. This provides information about the solvation of 

solutes, which reflects the (solute + solvent) interactions. It can be seen from (table 5) that 

viscosity B coefficient is positive for both binary systems at T = (298.15, 303.15 and 308.15) K 

suggesting the presence of strong (solute + solvent) interactions.  The viscosity B coefficient 

for both systems, first decreases with increase in temperature and then increases with 

further rise in temperature. It is also observed that the B coefficient for the (pyridoxine + 

water) system is higher than (nicotinamide + water) indicating the presence of strong (solute 

+ solvent) interactions.  

The sign of the temperature derivative of B-coefficient (dB/dT) gives more important 

information regarding the structure making and structure breaking roles of solute in solvent 

media than the B coefficient. It is known that for structure making solutes, the dB/dT is 

negative and it is positive for structure breaking solute 20, 21. Seen in this context, from (table 

5) it is observed that value of dB/dT is minimum for T/K = 298.15 but it is maximum for T/K = 

308.15 for both the systems studied. This suggests that in dilute (aqueous+ beta cyclodextrin) 

solutions, these solutes act as ‘‘structure makers’’ at lower temperature and ‘‘structure 

breakers’’ at relatively higher temperature. 

The viscosity D coefficient explains (solute + solute) interactions for higher terms of 

coulombic forces. From (table 5), it can be seen that its value is positive for aqueous solutions 

of nicotinamide and pyridoxine at T/K = (298.15, 303.15 and 308.15), suggesting that (solute 

+ solute) interactions are present at all temperatures. The number of water molecules 

surrounding a solute molecule is expressed in terms of the hydration number (H). From the 



perusal of (table 5), it is seen that hydration number for nicotinamide decreases with increase 

in temperature, which means that extent of co-sphere (water+CD) molecules decreases 

around each nicotinamide molecule with rise in temperature and vice versa in case of 

pyridoxine. The hydration number (H) for nicotinamide is found to be higher than that for 

pyridoxine at a particular temperature, which suggests that nicotinamide is more hydrated as 

compared to pyridoxine. 

Eyring transition state theory has been used for interpreting viscous behavior of aqueous 

binary systems of studied vitamins. From (table 5), it is seen that the Gibbs free energy of 

activation per mole of solvent (l
0#) values were found to be almost invariant of the solvent 

compositions at an experimental temperature but decrease slightly with a rise in 

temperature. However, (2
0#) values are positive and much greater than for (l

0#), all 

studied solutions at all the experimental temperatures suggesting the solute (ion)-solvent 

interactions in the ground state are stronger than in the transition state in case of vitamins.  

Hence in the transition state solvation of pyridoxine or nicotinamide is less favored in free 

energy terms. 

According to Feakins et al. 19, the greater the value of 2
0#, greater is the structure-making 

tendency of a solute and the positive (2
0#) values for pyridoxine in the studied solutions 

suggest it to be a net strong structure promoter/maker rather than nicotinamide. 

It is known that entropy of activation per mole of viscous flow of solution (S2
0#) provides 

information about (solute + solvent) interactions. It is observed from (table 5) that for 

nicotinic acid, its value is large and positive at all temperatures studied which suggests that 

during viscous flow, the entropy of solution increases in going from the ground state to the 

transition state i.e. the activated state is less ordered as compared to the ground state. The 

value is found to be more negative for nicotinamide than pyridoxine, which implies that 

entropy of solution decreases (more in nicotinamide than pyridoxine) when the activated 

state is formed suggesting formation of a more ordered transition state. The enthalpy of 

activation per mole of solute, (H2
0#) which gives structural information of the solute species, 

has been evaluated by using equation (21), and its values are collected in (table 5). The values 

of (H2
0#) are found to be positive for vitamin B3 at temperatures studied suggesting that the 

transition state is strongly associated with H-bonding. The values of (H2
0#) along with (S2

0#) 



are found to be negative for vitamin B6 at temperatures studied suggesting that the viscous 

flow to be exothermic and enthalpy driven. 

Inspection illustrates that the values of (ϕv
o) increases with increasing mass fractions of β-CD 

and also found better for pyridoxine than nicotinamide, signifying the earlier interacts more. 

This may be explained as in case of pyridoxine, one extra hydrophobic  group is encapsulated 

into the cavity of CD and the ─OH groups of pyridoxine show higher ion-hydrophilic 

interaction with the –OH groups of CD. The larger diameter of β-CD helps in making more 

compact inclusion complex with the bioactive moiety, i.e., vitamin B6 than vitamin B3 

relatively. Since the viscosity B values are again larger for β-CD–pyridoxine than β-CD–

nicotinamide it suggests that inclusion is more constructive in case of former than the later. 

The structural feature of the vitamin B6 and CDs as explained earlier for which these trends of 

interactions have been acquired due to relative consequence of viscosity B-coefficient of the 

pyridoxine and CDs has been found analogous as for the case of densitometric studies.  

 

3.3. Standard transfer volumes  

Limiting thermodynamic transfer properties provide information about the solute-co-solute 

interaction, because at infinite dilution the interactions between individual solute molecules 

are negligible. Hence tv
0 is free from solute-solute interactions and provides valuable 

information about solute-co-solute interactions. The standard partial molar volume of 

transfer (tv
0) was obtained from the relation: 

 

t v
0 = v

0 [Vit B6 + aqueousCD] - V
0 [water]                  (22) 

t v
0 = v

0 [ Vit B3 + aqueousCD] - V
0 [water]                  (23) 

The (tV
0) values are depicted in (Figure. 6) as a function of molality of Vit B3 and Vit B6 in 

two different comparable aqueous CD solutions. According to the cosphere overlap model, 

as developed by Friedman and Krishnan 26, the overlap of hydration cospheres of two ionic 

species results in an increase in volume but that of hydration cospheres of hydrophobic-

hydrophobic and ion-hydrophobic groups’ results in net volume decrease. The positive (tv
0) 

values indicate that ion-hydrophilic and hydrophilic-hydrophilic group interactions 

predominate over ion-hydrophobic, hydrophobic-hydrophobic and hydrophilic-hydrophobic 

interactions and viceversa for negative values. 



The results are illustrated in (Table 6) and (Figure 6) as a function of molarity of aqueous -CD 

solutions.  Since the studied vitamins exist predominantly as in Vit B3 there is the existence of 

(only hydrophilic amide group) and in Vit B6 there is the presence of (methyl, two primary 

alcoholic groups which are hydrophobic in nature along with the hydrophilic hydroxyl group); 

therefore predominates in pure water and these leads to the overall decrease in volume of 

water due to electrostriction, the observed increasing positive volumes of transfer indicate 

that in the mixed solutions (Vit B6 + aqueous. -CD), have the ion–hydrophobic and 

hydrophilic–hydrophilic group interactions predominate over the ion–hydrophobic and 

hydrophobic–hydrophobic groups interactions, and the contribution increases with the 

molality of -CD in solutions. But in case of mixed solutions of (Vit B3 + aqueous CD ) though 

it behaves in a similar manner like the aforesaid system but here the hydrophilic–hydrophilic 

group interactions outweigh the ion-hydrophobic interactions due to the absence of 

hydrophobic side chains. 

(tv
0) values are positive at all the experimental temperatures and increases monotonically 

with the increase in vitamins content in the mixed solutions. 

The partial molar volume of a solute can also be explained by a simple model 27, 28 as given by 

the relation: 

V
0 = VW + Void - S                                 (24) 

Where (VW) is the Van der Waals volume, (Void) is the volume associated with voids or 

empty space, and S the shrinkage volume due to electrostriction. Assuming the (VW) and 

(Void) to have same magnitudes in water and in aqueous -CD solutions for the same solutes 

(i.e., Vit B3 and Vit B6), the increase in V
0 values and the concomitant positive (tV

0) values 

can be attributed to the decrease in the shrinkage volume (S) of water by pyridoxine and 

nicotinamide in presence of -cyclodextrin. This fact suggests that -CD has almost certainly a 

dehydration effect (i.e., due to the presence of inner hydrophobic core in its structure) on the 

hydrated Vit B6 and Vit B3. Thus the interactions between pyridoxine and -CD can roughly be 

summarized as follows: (i) interaction of the pyridineN-group of pyridoxine with H+, OH- ions 

of water in a minimal amount. 

(ii) (a) Interaction of the HOH  at the wider rim of -cyclodextrin, between OH group of 

pyridoxine with the OH group present in the wider cavity of the CD. (b) Interaction 

between the CH2OH group of pyridoxine with OH group of cyclodextrin again in the wider 



rim of the truncated bucket of cyclodextrin are firm enough (i.e., the hydrophilic – hydrophilic 

interaction) which are the driving forces to thrust the hydrophobic moiety inside the cavity of 

the CD and (iii) ionic–hydrophobic interaction between the H ion of the cyclodextrin i.e., 

(H3 and H5 hydrogen’s as detected from the NMR Spectroscopy, discussed later in these 

work)  with the (CH3 group of the pyridoxine  and pyridine ring of the pyridoxine), i.e., the 

non-polar part of pyridoxine molecules which is an assorted interaction. 

Interactions between nicotinamide and -CD can roughly be summarized as follows: (i) 

interaction of the pyridine N-groups of with H+, OH- ions of water in a minimal amount. (ii) 

(a) Interaction of the COH  at the wider rim of -cyclodextrin, between CO group of 

Vit B3 with the OH group present in the wider cavity of the CD. (b) Interaction between the 

NH2 group of Vit B3 with OH group of cyclodextrin again in the wider rim of the truncated 

bucket of cyclodextrin are firm enough (i.e., the hydrophilic – hydrophilic interaction) are 

much predominant here and (iii) moreover the hydrophobic interaction in the inner part of 

the cavity between the cyclic pyridine ring of the nicotinamide with the (H3 proton detected 

from NMR spectra) is another assorted interaction.  

While interactions of (i)-(ii): (a), (b) types impart positive contributions, interaction of (iii) 

types imparts negative contribution to Φv
0 values in both the studied system thereby 

suggesting that the irregular trend in (tV
0) values indicating the presence of complex 

interactions between solute and co-solute in aqueous CD solutions (containing background 

0.005 M of the solvent mixture). Therefore, the overall positive Φv
0 values indicate that ionic 

group interactions outweigh over ionic-hydrophobic interactions. Nonetheless, standard 

partial molar volumes of a solute reflect a overall result of several solute-solute and solute-

solvent interactions prevailing in solutions such as: Electrostatic interactions connecting the 

local charge on the solute or ions and the dipole moment of H2O, interlocking packing 

interactions of the solute or ions with H2O leading to interstitial packing or caging over and 

above solvation, and other polar-ionic group (H-bonding) interactions between different polar 

and non-polar groups of β-cyclodextrin and vitamins studied; all these interactions can 

characterize the overall state of the solutions studied. 

 

3.4  UV-Vis Spectroscopic study 



The absorption spectrum of aqueous -cyclodextrin (1  10-4 mol. L-1) solution did not have 

any considerable absorption band in the wave length range (200–400) nm, hence neglected. 

The absorption spectra of IC of (Vit B3 + CD) and (Vit B6 + CD) in aqueous solutions at 

(110-4 mol. L-1) concentration content at 298.15 K are shown in (Figure. 8, 9) accordingly.  

For IC of Vit B6, it is observed that as we increase the concentration of Vit B6 the intensity of 

UV absorption decreases in a continuous fashion but in case of IC of Vit B3 the decrement of 

absorbance was not well observed. So, we can say IC happening better in case of Vit B6, 

rather than Vit B3. This shift in absorption stands in support of the diverse possible 

interactions Vit B6 with aqueous -CD solutions i.e. solute-solvent interactions as already 

discussed.29-31 

 

3.5  Fluorescence Study  

In case of fluorescence data for Vit B6 in IC at various concentrations, the fluorescence 

emission was observed at 380 nm with a noticeable intensity decrement whereas in case of 

Vit B3 the fluorescence intensity decrement was not profound; fluorescence emission in was 

observed at 405 nm. So, we can conclude that Vit B6 serves a better job forming a prominent 

IC over Vit B3.31-33 

 

3.6  Infrared  study  

In the case of nicotinamide, the In plane and Out plane vibrations  shows that the substitution 

CO and NH2 do not affect much of aromatic C–H modes of vibration as they attached to 

only one carbon of the benzene ring at  position.  The deviation of CC stretching mode may 

be due to the presence of very strong (N–H) in-plane bending modes which also lie closer to 

that range of frequencies.  Because of the title molecule not purely benzene (hetero 

aromatic), the position of C–C stretching band is slightly dislocated. The strong intensity of 

the band may be due to the mixing of C= N with C=C, both occurring at the same frequency. 

The C–N stretching vibrations are always mixed with other bands and normally occur in the 

region 1266–1382cm−1. Another band observed at 1154 cm−1 which may be due to the C–N 

present in amide group. This shows a considerable difference between vibrations of C–N 

bonds, when they are present within the ring and outside the ring. The title molecule is a type 

of amino pyridine which is comprises of carbonyl and amino groups. N-H bands show a slight 

deviation from the expected range which may be due to the interaction of C=C stretching 



vibrations. Frequencies slightly differ with the literature values in C-NH2. C=O vibration not 

influenced by the other substitution in the chain. But when the inclusion complex is formed 

then it is found that the stretching and bending vibrations of the C=O, -NH2, C-O-C, C=O, C=N 

are shifted and in some cases merged which proves the fact that the pyridine ring is inserted 

in the cavity of the cyclodextrin.37 

On the other hand in case of pyridoxine all the major band assignments are represented in 

(Table 7) are overviewed in the study. When the pyridoxine is complexes with -CD then the 

position of the vibrations are shifted or changed more in comparable to that of nicotinamide, 

which again proves the fact the inclusion with pyridoxine, is best suited.34-36 

 

 

3.7  NMR Spectroscopy 
 
Insertion of a guest molecule into the hydrophobic cavity of cyclodextrin results in the 

chemical shift of the guest as well as of the cyclodextrin molecule in NMR spectra, which is 

due to the interaction of the host with the guest molecule. In the case of aromatic Bio-active 

compounds, the spectral changes that can be observed upon inclusion are the diamagnetic 

shielding of the aromatic guests with the interacting atoms of the host molecule. In the 

structure of cyclodextrin, the H3 and H5 hydrogen’s are situated inside the conical cavity; in 

particular, the H3 are placed near the wider rim, whereas H5 are placed near the narrower 

rim of the cyclodextrin molecule. 

 
The other, H1, H2 and H4, hydrogens are located at the exterior of the cyclodextrin molecule 

(Scheme). The molecular interactions have been studied by 1H NMR spectra. Upon inclusion 

the signals of H3 and H5 of cyclodextrin as well as the interacting aromatic protons show 

considerable upfield shift. In this study, the guest vitamin B6 also contains the two hydrophilic 

–CH2 (OH) – and -OH groups and signals of which merge with that of the H3 and H5 of 

cyclodextrin. Therefore, it is better to investigate the chemical shifts of the aromatic protons 

here rather than that of the H3 and H5 of cyclodextrin (though upfield chemical shift is 

observable for H3 and H5, the values are not clear), (Figure 13, 14). The shifts of vitamin B3 

on the other hand when they interact with -CD are negligible.  



Therefore, it is clear that vitamin B3 do not form better inclusion complexes with -CD, 

whereas vitamin B6 form inclusion complexes with -CD. In the case of -CD, considerable 

chemical shifts are observed for the two vitamins, confirming the formation of inclusion 

complexes between the two different vitamins with -CD (Figure13, 14).38, 39 

 

3.8 SEM Technique 

Electron microscopy (SEM) is a very renowned technique for analyzing the surface texture 

and particle size of solid materials. The surface morphological structures of β-CD and the solid 

IC (vit B3: -CD, vit B6: β-CD) are shown in (Figure. 15, 16) respectively. From (Figure 15, 16) it 

is clear that the morphological structures that they are totally different from each other.  

Moreover as the complexation by -CD can be viewed distinctly. This gives clear evidence 

that [vit B6] fits enough into the hydrophobic cavity of β-CD to form of solid IC. 

 

3.9 HRTEM Technique 

TEM is a consistent method for studying aggregation was employed to investigate the 

complexation of the oligosaccharides and the vitamins formed in aqueous solution. The 

morphology of the obtained supramolecular assembly is reflected in TEM images (Figure. 17, 

18).  

 

3.10. Powder X-ray Diffraction Pattern 
 
The direct evidence for the complexation between host and guest molecule can be obtained 

from the analysis of powder X-ray diffraction spectrum. [Figure. 19, 20] shows that the 

diffraction pattern and the characteristic peak intensity of the resultant IC are quite different 

from the diffractogram of Vit B3 monomer which suggests the formation of a new phase of 

solid inclusion complex. The characteristic peaks of Vit B3 are assigned at 2θ (degree) values 

of 1.08, 11.87, 15.40, 19.68, 20.12, 20.49, 22.81, 23.32, 23.95, 25.29, 26.42, 27.92, 29.01, 

30.72 (Figure. 19a) and these peaks were not overlay with the peaks of the solid inclusion 

complex (Figure. 19b). In β-CD: Vit B3 solid, the new peaks appeared at 2θ (degree) values of 

3.27, 15.45, 20.19, 21.51, 23.98, 26.57, 28.18, 33.47, 37.90, 42.02, 53.14.  

           In the next case the characteristic peaks of Vit B6 are assigned at 2θ (degree) values of 

10.07, 14.91, 16.24, 19.42, 19.70, 20.64, 21.89, 23.07, 24.49, 25.28, 25.66, 26.96, 27.67, 



28.40, 30.12 (Figure 20a) and these peaks were not overlay with the peaks of the solid 

inclusion complex (Figure 20b). In β-CD: Vit B6 solid, the new peaks appeared at 2θ (degree) 

values of 1.13, 10.07, 11.33, 12.38, 13.18, 15.03, 16.13, 17.90, 20.15, 20.84, 23.54, 24.62, 

25.48, 27.01, 27.74. This study clearly established that Vit B6 forms IC successfully with β-CD 

rather than the IC of Vit B3. 

 

3.11 Acute Toxicity Test 

In the acute toxicity test, three rat groupsconsisting of mature rats were selected, each 

containing 6 rats (3 males and 3 females). The first group was considered as normal (N) which 

was not fed with Aloe vera gel. The other two were experimental groups, designated as TA1 

and TA2. TA1 animals were fed with 2 g Aloe crude gel/kg b. w. and TA2 were fed with Aloe 

crude gel at the rate of 5g/kg b. w. The animals were fasted overnight prior to feeding with a 

single dose of the gel homogenate. The mortality rate, salivation, fur irritation, 

sleep/dizziness, lethargy, and diarrhea were observed for the next 24 hours. This one-day 

long observation was further followed by a 7-day long screening for any long-term 

toxicological effects. All the experiments were done according to the OECD guideline 423 

(Adopted 17th December 2001) for the acute oral toxicity study in rodents. 

3.12 Sub-chronic Toxicity 

For the determination of sub-chronic toxicity, animals were divided into four groups. All the 

groups contained 6 rats each (3 male and 3 females). The first group was considered as 

Normal (N), the second, third and fourth groups were treatment groups with a 28 day long 

daily feeding schedule of the two inclusion complexes (designated as T1, T2, and T3 

respectively). After the completion of 28 day-long schedule, animals were sacrificed through 

anesthesia; blood from each animal was collected separately by puncturing their hearts with 

sterile needles. Kidney and livers tissues were collected by separating out the organ from the 

body and were fixed in 4% formalin for histological processing. Blood was collected in EDTA 

vials to assess the complete blood profile. The clear serum was collected by allowing the 

blood samples to clot. Hemoglobin was measured immediately after the blood collection. All 

the experiments were done according to the standard guidelines with slight modifications11. 



 

 

 

In vitro anti-inflammatory activity: 

Membrane stabilizing activity 

Hypotonic solution-induced hemolysis  

The effect of the AUME on hRBC hemolysis induced by hypotonic solution was assessed by a 

modified method of Shinde et al., (1999). For the test, AUME was dissolved at a 

concentration of 100, 200 and 400 μg/ml in 5 ml of hypotonic solution (distilled water) in one 

set of centrifuge tubes. In another set of centrifuge tubes, isotonic buffer solution (5 ml) 

containing similar graded doses of the AUME (100, 200 and 400 μg/ml) were taken. In 

standard group, Indomethacin (200 μg/ml) was used as a standard drug. Control tubes 

contained only 5 ml of the distilled water as hypotonic solution and no AUME or standard 

drug was added. The experiments were carried out in triplicate pairs (per dose) of the 

centrifuge tubes.100μl of stock erythrocyte suspension was then added to each of the 

centrifuge tubes and after gentle mixing, the mixtures were incubated for 1 hour at 37°C 

temperature. After incubation, the mixture was centrifuged for 3 min at 1300 g in room 

temperature and the absorbance (OD) of the supernatant was measured at 540 nm using 

double beam UV- VIS spectrophotometer (Ray-Leigh UV-2601, Beijing, China). The 

percentage hemolysis was calculated by assuming the hemolysis produced in the presence of 

distilled water (hypotonic solution) to be 100%. Thus the percent inhibition of haemolysis 

was calculated using the following equation. 

% Inhibition of haemolysis = [1(OD2OD1)(OD3OD1)]  100 

Where,  

OD1 = Absorbance of test sample in isotonic solution 

OD2 = Absorbance of test sample in hypotonic solution 

OD3 = Absorbance of control sample in hypotonic solution 

 

Heat induced hemolysis 

This test was carried out with the standard protocol describes by Shinde et al., (1999) with 

minor modifications. For this test, one untreated group, three experimental AUME treated 

groups and one standard drug group were considered. Centrifuged tubes were arranged in 



triplicate sets (3 sets per dose). First set, designated as control tubes contained only 5 ml of 

the distilled water (vehicle). In the experimental groups, AUME were dissolved in 5ml of 

isotonic phosphate buffer solution (pH 7.4) at a concentration of100, 200 and 400μg/ml. The 

standard drug dose group contained 5ml isotonic buffer solution containing indomethacin at 

a concentration of 200 μg/ml. An amount of 100μl of erythrocyte suspension was added to 

each tube and mixed gently. The tubes were incubated at 54°C for 20 min in a regulated 

water bath. After incubation period, the reaction mixture was centrifuged at 1300 g for 3 min 

in room temperature and the absorbance (OD) of the supernatant was measured at 540 nm. 

The percent inhibition of hemolysis by the AUME was calculated using the following equation 

(Tatiya and Saluja, 2011): 

% Inhibition of haemolysis = (OD2 OD1)OD2 100 

Where,  

OD1 = Absorbance of heated test sample  

OD2 = Absorbance of heated control sample 

Protein denaturation test 

The test was performed as described by the published protocols (Mizushima and Kobayashi, 

1968; Gupta et al., 2015) with minor modifications. Egg albumin was used as protein source 

and the protein concentration was measured by commercial Folin-Lowry method-based 

biochemical kit following the manufacturers’ protocol. The experiment was carried out in 

triplicate pairs (per dose). The reaction mixture (5 ml) consisted of 0.2 ml of egg albumin 

(from fresh hen’s egg), 2.8 ml of phosphate buffered saline (PBS, pH 6.4) and 2 ml of varying 

concentrations of AUME resulting in the final reaction concentrations of 100, 200, 400μg/ml. 

2ml of distilled water served as the control group instead of AUME. Diclofenac sodium 

(100μg/ml) was used as a standard drug. The reaction mixture was incubated at 37°C for 15 

minutes in incubator and then the mixture was heated at 70° C for 15 minutes in a regulated 

water bath. The resulting solution was cooled down to room temperature and the turbidity 

of the solution was measured spectrophotometrically at 660 nm. The percentage inhibition 

of protein denaturation was calculated using the following formula: 

% Inhibition of protein denaturation = (OD2 OD1)OD2 100 

Where,  

OD1 = Absorbance of heated test sample  

OD2 = Absorbance of heated control sample 



 

Statistical analysis 

All statistical analyses were done using GraphPad prism version 6.01. Data were reported as 

mean ± S.E.M. (Standard Error Mean) and were analyzed with one-way ANOVA followed by 

Dunnett’s multiple comparisons test. The results were considered statistically significant at 

P≤0.05compared to the control group (distilled water). The **** denotes significance value 

at P<0.0001. 

 

Conclusion  

The present study explains that nicotinamide and pyridoxine form ICs with β-CD in aqueous 

medium, which can be used as regulatory releaser of the above two vitamins. NMR study 

confirms the inclusion phenomenon and its mechanism. The thermodynamic parameters 

have been estimated for both the ICs by reliable spectroscopic techniques with high accuracy, 

which inform that pyridoxine-β-CD has higher order of complexation than that of 

nicotinamide-β-CD. Thus, this work communicates both qualitative and quantitative idea 

about the formation of ICs of β-CD with above two vitamins suggesting their potential 

applications in pharmaceutical industries in controlled manner and medical sciences, proved 

by acute and sub –chronic toxicity along with In-Vitro analysis. 
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Provenance and mass fraction purity of chemical samples 

Chemical name Source Analysis 

method 

% Water 

content (w/w) 

Mass fraction 

purity (w/w) 

Nicotinamide Sigma Aldrich LC–MSa 0.05b 0.999 

Pyridoxine Sigma Aldrich LC–MSa 0.04b 0.999 
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Density (), a Limiting apparent molar volume of solute (V
0), experimental slopes (SV), absolute viscosity 

() and relative viscosity(r) of an aqueous solutions of pyridoxine at different temperatures T = 
(298.15, 303.15 and 308.15) K at 105 N. m-2. 

 
T/K Co-solvent 

mixture in mass 
fractions(w) 

10-3 /kg. m-

3 
106 V

0/m3. mol-1 SV.106/(m3.mol-
2.kg) 

103 /Pa. s r 

298.15  

 

0.001a 

0.99751 145.31 (±1.03) 27.86 (±0.09) 0.99689 0.76683 

0.99786 145.25 (±1.03) 27.66 (0.09) 0.99756 0.76735 

303.15 0.99628 146.49 (±1.04) 26.67(0.08) 0.88673 0.73894 

0.99672 146.56 (±1.04) 26.42(0.08) 0.89324 0.74436 

308.15 0.99507 145.70 ( 1.03) 25.68 (±0.12) 0.77651 0.70591 

0.99558  145.93 ( 1.04) 25.41(0.12) 0.78892 0.71720 

298.15  
 

0.003a 

0.99777 146.19 (1.03) 24.95 (0.11) 0.99703 0.76694 

0.99792     146.36(1.03) 24.63 (0.11) 0.99768 0.76744 

303.15 0.99674 145.69 ( 1.04) 23.98 (0.09) 0.89653 0.74710 

0.99699 145.70 (1.04) 23.77(0.09) 0.80342 0.75285 

308.15 0.99552 146.95(1.02) 23.65(0.10) 0.78441 0.71310 

0.99576 146.75 (1.02) 22.89(0.10) 0.79008 0.71825 

298.15  
 

0.005a 

0.99801 146.19 (±1.05) 22.65 (±0.12) 0.99843 0.76802 

0.99809 146.15 (1.05) 22.62 (0.12) 0.99788 0.76760 

303.15 0.99674 147.42 (±0.98) 22.60(0.10) 0.90661 0.75550 

0.99609 147.22 (0.98) 22.59(0.10) 0.91246 0.76038 

308.15 0.99574 146.80 (0.99) 22.59 (±0.14) 0.79006 0.71823 

0.99663 146.68 (0.99) 22.56(0.14) 0.80886 0.73532 
a Standard uncertainties u are u (T) = 0.002 K; u(m) = 0.0001 mol . kg -1, u(p) = 7.0 . 102 N . m-2 and combined 
expanded uncertainty Up(p) = 0.1 kg . m -3 with 0.95 level of confidence (k = 2). 
 

 
 
 
 
 
 
TABLE 3 
Density (), a Limiting apparent molar volume of solute (V

0), experimental slopes (SV), absolute viscosity 

() and relative viscosity(r) of an aqueous solutions of nicotinamide at different temperatures T = 
(298.15, 303.15 and 308.15) K at 105 N. m-2. 

 
T/K Co-solvent 

mixture in mass 
fractions 

10-3 /kg. m-3 106 V
0/m3. mol-1 SV.106/(m3.mol-

2.kg) 
103 /Pa. s r 

298.15  

 

0.001a 

1.00195 93.08 124.28 1.47200 1.03011 
1.00278 93.18 124.25 1.48053 1.03363 

303.15 1.00244 94.06 121.62 1.32981 1.02599 
1.00278 93.85 121.51 1.32887 1.02794 

308.15 1.00257 94.26 119.78 1.23411 1.01543 
1.00293 94.59 119.87 1.26412 1.01931 

298.15  
 

0.003a 

1.00208 94.17 124.22 1.48229 1.03038 

1.00296             93.27 124.32 1.48496 1.03294 

303.15 1.00256 94.17 121.11 1.32776 1.02188 

1.00289 93.93 121.38 1.32756 1.02195 



308.15 1.00268 94.42 119.68 1.24865 1.01025 

1.00308 94.67 119.82 1.25561 1.01493 

298.15  
 

0.005a 

1.00211 94.25 124.12 1.48498 1.03000 

1.00315 94.38 123.87 1.48708 1.03269 

303.15 1.00267 94.31 121.42 1.32678 1.02272 

1.00297 93.97 121.20 1.32632 1.02432 

308.15 1.00277 94.61 119.52 1.26788 1.01964 

1.00319 94.83 119.32 1.24221 1.01802 
a Standard uncertainties u are u(T) = 0.002 K; u(m) = 0.0001 mol . kg -1, u(p) = 7.0 . 102 N . m -2 and combined 
expanded uncertainty Up(p) = 0.1 kg . m -3 with 0.95 level of confidence (k = 2). 
 

TABLE 4 
Standard deviation (u) in (V

0), absolute average deviation (AAD), in (V
0), limiting apparent molal 

expansivity of solute (E0
) at T/K = (298.15 to 308.15), 2V

0/T2 and coefficient of thermal expansion 

(*) at T = 298.15 K of both aqueous -CD binary systems with mass fraction (w=0.005).  
 

T/K 103 AAD 106 E0/m3  . mol-1 . 
K-1 

2V
0/T2 103*/K-1 tv

0 

Nicotinamide + water + CD  
298.15 0.2041 0.0967 23.029 0.0225 1.65 0.72 

303.15 0.2397        1.1627 21.987   0.77 

308.15 0.2685     0.69 

Pyridoxine + water + CD  

298.15 0.1321 1.0086 32.107 0.4682 2.84 0.79 

303.15 0.1O02 1.0094 29.762   0.82 

308.15 0.1631 1.0132    0.66 

  
 
  
TABLE 5 
Experimental values of Falkenhagen coefficient A, Jones-Dole coefficient B and D viscosity coefficients, 

temperature coefficient of B, i.e. (dB/dT), Gibbs free energies of activation per mole of solvent (l
0#) 

and per mole of solute (2
0#), entropy of activation per mole of solute (S2

0#), enthalpy of activation 

per mole of solute (H2
0#) at and hydration number (nH), for both aqueous binary systems at T/K = 

(298.15, 303.15 and 308.15), (w = 0.005). 

 
T/K A 

(dm3 
. mol-1) 
1/2 

B 
(dm3 
. mol-1) 

D 
(dm3.mol
-1)2 

dB/dT (l
0#)kJ 

.mol-1) 
2

0#(kJ 
.mol-1) 

 

H2
0# 

(kJ . mol-
1) 

T.S2
0# 

(kJ . mol-
1) 

nH 

Nicotinamide + water +CD 
298.15 0.2275 

(±0.001) 
0.2713 

(±0.011) 
0.7820 -0.0329 9.79 

(0.01) 

46.42 

(0.10) 

42.75 -3.98 4.93 

303.15 0.0056 

(±0.001) 
0.2841 

(±0.014) 
 0.6789 9.45 

(0.01) 

55.58 

(0.10) 

54.03 -3.99 3.97 

308.15 0.0015 

(±0.001) 
0.2586 

(±0.016) 
 0.8521 9.32 

(0.01) 

56.11 

(0.10) 

54.08 -4.00 3.87 

Pyridoxine + water + CD 
298.15 0.011 

(±0.001) 
0.381 

(±0.016) 
 -0.0598 9.89 

(0.01) 

82.05 
(±0.10) 

-321.56 -290.86 2.78 



303.15 -0.08 
(±0.001) 

0.425 
(±0.017) 

 0.1345 8.81 

(0.01) 

92.73 
(±0.10) 

-237.81 -291.78 2.65 

308.15 -0.012 
(±0.001) 

0.462 
(±0.009) 

 0.4382 8.73 

(0.01) 

103.56 
(±0.10) 

-189.00 -291.91 2.32 

 
Table 6 

 Estimated vibrational frequencies for [β – CD:   nicotinamide] Complex formation 

 
Nicotinamide 

wave number 
/ cm-1 

Group 

3100–3000cm−1 
 
 

3060 cm-1 (assigned to C-H stretching vibration) 

Hetero aromatic organic compounds and its 
derivatives are structurally very close to benzene and 
commonly exhibit multiple weak bands in the region. 
Due to C–H stretching vibrations. 

1300–1000cm−1 

The bands for C–H in-plane bending vibrations of the 
title compound are identified at 1126, 1093 and 
1030cm−1. 

C–H in-plane ring bending vibrations normally occur as 
a number of strong to weak intensity sharp bands in 
this region. 

900–667cm−1 

In the present case, the bands are identified at 963 
and 829 cm−1 in for C–H out-of-plane bending. 

The C–H out-of-plane bending vibrations are strongly 
coupled vibrations and occur in the region  

1400 and 1650cm−1 

CC stretching vibrations have been found at 1404, 
1486 cm−1. 

The (CC) stretching modes are normally observed 
between in benzene derivatives. 
 

1423 cm-1 The C–C stretching peaks are also found 

In the present work, two strong bands present at 626 
and 605 cm−1 assigned to CCC in-plane bending. 

The CCC bending bands always occur below 600cm−1 

The present work shows the presence of C=N 
stretching vibration at 1593 cm−1 for with strong 
intensity. 

The pyrimidine and its related compounds show a 
strong absorption band in the region 1600 -1500cm−1 

due to C N ring stretching vibration. 

1154 cm−1 Band observed may be due to the C–N present in 
amide group. 

The band is assigned at 3367cm-1  In pyridine molecule, the N–H stretching vibration 
usually observed in the region 3000–3500cm−1. 

1621–1593cm−1 The N–H in-plane bending vibrations usually occur in 
the region. 

Assigned at 779 and 703cm−1 N–H out-of-plane, bending vibrations  

1126 cm-1 C–NH2 stretching vibration is observed 

1699 cm-1 C= O stretching vibration 

513cm-1 C= O out-of-plane, bending vibration 

-CD 

wave number 
/ cm-1 

Group 

3349.23cm-1 stretching of O-H 

2919.12cm-1 stretching of –C-H from –CH2 

1409.18cm-1 bending of –C-H from –CH2 and bending of O-H 

1153.17cm-1 bending of C-O-C 

1033.02cm-1 stretching of C-C-O 

938.64cm-1 skeletal vibration involving α-1,4linkage 

β-CD +[Nicotinamide] 

wave number 
/ cm-1 

Group 

 Streching  of O-H is absent 



 Stretching of –C-H from –CH2 absent. 

1524cm-1 Stretching of –NH2 ion of nicotinamide 

1406cm-1 bending of –C-H from –CH2 and bending of O-H 

1162cm-1 bending of C-O-C of  β-CD 

1046cm-1 stretching of C-C-O of -CD 

610cm-1 C=O out of plane stretching in nicotinamide shows 
deviation. 

568cm-1 C=O out of plane bending vibration is also shifted. 

 
Table 7 

 Estimated vibrational frequencies for [β – CD:   pyridoxine] Complex formation 
 

Pyridoxine 

wave number 
/ cm-1 

Group 

3340cm-1 Stretching of phenolic –OH 

3250cm-1 Stretching of alcoholic -OH 

1630 cm-1 and 1550 cm-1 C=C and  C=N aromatic ring 

1278cm-1 C=O stretching of the aryl alkyl group ether 

1225-1200cm-1 C-O stretch in vinyl ether 

1070 cm-1 C-O  stretch of primary alcohol 

1570cm-1 N-H bending in amine 

-CD 

wave number 
/ cm-1 

Group 

3349.23cm-1 stretching of O-H 

2919.12cm-1 stretching of –C-H from –CH2 

1409.18cm-1 bending of –C-H from –CH2 and bending of O-H 

1153.17cm-1 bending of C-O-C 

1033.02cm-1 stretching of C-C-O 

938.64cm-1 skeletal vibration involving α-1,4linkage 

β-CD +[Pyridoxine] 

wave number 
/ cm-1 

Group 

3324.68cm-1 Stretching of O-H has shifted. 

2840.56cm-1 Symmetrical stretching of–C-H from –(CH3) and –CH2 
of pyridoxine 

1463.23cm-1 C=N stretching of the aromatic ring is shifted. 

1020.78cm-1 C-O stretching of the primary alcohol is shifted. 

997cm-1 C-H bending at 1, 3-disubstituted region at the 
opening of the wider cavity of the cyclodextrin by 
pyridoxine. 

760cm-1 C-H bending at 1,2 disubstituted and  mono 
substituted benzene derivative of pyridoxine. 

 
 

 

FIGURES 



 

Figure1. Plot of the variation of density () of solution as a function of molality (m) for aqueous 

solutions of pyridoxine at T = 298.15 K: -, nicotinamide at T = 298.15 K: -. 
 
 

 
 

Figure 2. Dependence of apparent molar volumes (0
V) in 0.005 mass fraction of pyridoxine 

(blue bars) & nicotinamide (brown bars) in aqueous  CD solutions at (T =298.15–308.15) K. 
 
 



 
 

Figure3. Plots of viscosity B-coefficients for pyridoxine (brown bars) and nicotinamide (blue 

bars) in mole fraction (0.005) in aqueous solutions at T = (298.15–308.15) K. 

 

Figure4. Plot of the variation of (V - AV (m) 1/2) as a function of various intermediate mass 

fractions of  (0.005) in terms of molality/mol. Kg-1 for aqueous CD solutions of nicotinamide 

(blue colored linear graph) & pyridoxine (brown colored linear graph) at T = 298.15 K to 

308.15K. 

 



 
Figure5. Plot of the variation of ((r-1) / m1/2) as a function of (C1/2) for aqueous CD solutions 

of nicotinamide (denoted with brown line) & pyridoxine (denoted with blue line) at the 

elevated temperature of T = 298.15 K. 

 

 

Figure6. Plots of standard partial molar volume of transfer (t0
V) for pyridoxine on the molality 

of beta-cyclodextrin (m CD) in aqueous solutions at T = (298.15–308.15) K. 
 
 



 
Figure7. Plots of standard partial molar volume of transfer (t0

V) for nicotinamide on the 

molality of beta-cyclodextrin (m CD) in aqueous solutions at T = (298.15–308.15) K. 
 

 
Figure8. Curve of absorbance versus wavelength of nicotinamide (Vit B3) vs. -CD solution 
 
 
 



 
Figure9. Curve of absorbance versus wavelength of pyridoxine (vit B6) vs. -CD solution 

 
 

 
Figure10. Fluorescence emission spectra of aqueous -CD in the presence of 0.1mM─ 1.0 mM of 

Vit B3 (ex =405 nm, slit =5/5). 

 



 
Figure 11. Fluorescence emission spectra of aqueous -CD in the presence of 0.1mM─ 1.0 mM of 

Vit B6 (ex =258 nm, slit =5/5). 

 

 



Figure12. FTIR Spectra of (a) nicotinamide, (b) [nicotinamide +  - CD]IC, (c) pyridoxine, (d) 

[pyridoxine +  - CD] IC. 
 

 
Figure13. 1H – NMR Spectra of [-CD: Nicotinamide] inclusion complex in D2O   

 

 

Figure14. 1H –NMR Spectra of [-CD: Pyridoxine] inclusion complex in D2O. 



 

Figure15. SEM images of Vit B3 structures: (a) rod-shaped crystals in the absence of -CD. With 

the influence of -CD (b) uneven micro-clusters formed at pH 7.0. 
 

 

Figure16. SEM images of Vit B6 structures: (a) Mesh is formed in the absence of -CD. With the 

influence of -CD (b) distinct cylindrical rods formed at pH 7.0. 
 



   Figure17. TEM images (a) only Vit B3 (b) Vit B3 in presence of -CD morphological study. 

 

Figure18. TEM images (a) only Vit B6 (b) Vit B6 in presence of -CD morphological study. 



        
      Figure19. Powder X-ray diffraction pattern of (a) Vit B3 and (b) Vit B3: β-CD    (1:1M ratio) 

inclusion complex. 

 

        Figure20. Powder X-ray diffraction pattern of (a) Vit B6 and (b) Vit B6: β-CD (1:1 M ratio) 
inclusion complex. 

 

 

 

 

 

 

 

 

Communicated in Angewandte Chemie 
(Wiley) 



 

 

Inference / Conclusion 

 Potential biological implications of various studies with apparently unique effect are 

discussed in this thesis. Systematic investigations provided valuable structural guidelines to 

design assembling supramolecular hosts with optimal composition for the effective 

encapsulation/ inclusion of imperative guests can lead to ideal delivery vehicles for the 

controlled delivery in the biological samples. Applications of sensitive new technologies, in 

particular, the spectroscopic techniques like 1H NMR, 13C NMR, 2D ROESY, UV, IR, 

Fluorescence, XRD, SEM, TEM have allowed detection of interaction in aqueous solution and 

also in some organic solvents. 

Chapter I – III of the thesis comprises of the objective, novelty and applications of 

the research work, the imperative compounds i.e., electrolytes/solutes and solvents used and 

techniques of investigation. Moreover this also occupies the review of the works done allied 

with the dissertation. 

A brief review of noteworthy means in the field of molecular as well as ionic interaction 

has been specified. The discussion includes ion-solvent/solute-solvent, ion-ion/solute-solute 

and solvent-solvent interactions in binary, ternary mixed solvent systems and of electrolytes 

in pure and non-aqueous solvent systems at diverse temperatures in terms of various derived 

parameters, estimated from the experimentally observed properties. Crucial assessment of 

diverse methods on relative merits and demerits on the basis of a range of assumption have 

been employed from time to time acquiring the single ion values (viscosity B-coefficient and 

limiting equivalent conductance) and their implications have been discussed. Molecular 

interactions are interpreted based on various derived parameters in the systems.  Moreover 

the approximate quantum mechanical calculation and cell viability is also prepared in the 

present study. The experimental section is also discussed in details. 

Chapter IV I have investigated geometry- optimized extended conformation obtained for   

amino acids (Tyrosine, Tryptophan) prevailing in Aqueous Vitamin C Solutions is studied in 

this part. Solute – solvent interactions are maximum in Tyrosine is observed. C-13 NMR 

spectroscopic data’s along with Ab-initio are further reliable and supportive to learn the 

CHAPTER- XI 



Solute - Solvent interactions. Ascorbic acid (also known as Vitamin C) acts resembling a co-

enzyme. This directs to the indispensable benefits of Tyrosine in attendance of Ascorbic acid 

in assorted catabolism reactions in human body. Ion-solvent interaction dominates above the 

ion-ion interactions in studied solution. 

Chapter V Studies of transportation properties of diverse electrolytes in solvent media are 

of significance to obtain information on the behavior of ions in solution. Molecular 

interactions can be studied in solution phase by studying it’s thermodynamic, transport 

properties. These properties provide vital information about nature and strength of 

intermolecular forces operating among the components. The ion–ion interactions for LiCl, 

LiBr and LiI decreases with increase in temperature, which may be due to more solvation of 

ions. The temperature effect on B coefficient for LiCl, LiBr and LiI explains a positive sign of 

dB/dT, viewing thereby that LiCl, LiBr and LiI behaves a structure-breaker in (0.001, 0.003, 

0.005) m aqueous ascorbic acid solution. This allows usage for a green battery with high 

capacity and high voltage in daily life. It also paves the approach for cheaper consumer 

electronics. 
 

Chapter VI Physicochemical investigation of both inclusion and encapsulation complexes 

for - CD and 18-Crown-6 with pyrrolidinium based ionic liquid   are overviewed by me in the 

present work. In the first case ionic liquid combines with α- and - CD which has motivating 

variations in thermo chromic behavior of the dye molecules and would be desirable in the 

near future. On the other hand it was observed, 18-Crown-6 including hydrophobic ionic 

liquid has a vital role in electrochemistry. Such sort of inclusion complexes are used in 

recycling process.  

Chapter VII Importance of this work lies behind the fact that if the co-solute ascorbic 

acid along with water is made to interact with oxalates the water along with Oxalates is 

removed from the body. 

Chapter VIII this chapter deals precise measurements on geometry, spectroscopic, 

conductometric, ab initio methods. Aromatic nitriles have widespread applications in the 

production of dyes, pesticides and pharmaceuticals. They are used as intermediates in the 

synthesis of a assortment of pharmacologically active compounds which are used as 

sedatives, muscle relaxants, neuroleptics, etc. Benzonitriles are of immense interest in the 

ground of organic chemistry for the synthesis of pharmaceuticals, natural products, 



herbicides, and agrochemicals. In the contemporary work substituted benzonitriles are being 

studied in order to find its novelty in many reactions in industries at high temperatures.  

Chapter IX The present study adds a dimension in the field of contemporary science of 

controlled delivery of Tertiary-Leucine which is a derivatized amino acid by means of suitable 

host molecule as selected here as α- and -Cyclodextrin. Biological activity relates to non- 

toxic nature of the inclusion complexations. 

Chapter X formation of supramolecular assemblies with Vitamins which would add to the 

controlled delivery in accordance with the pharmaceutical applications is studied here. 

  

So, the whole thesis comprises of various assorted interactions with diverse imperative bio-

active compounds in cooperation with the solution phase as well as in the inclusion 

phenomena. 

 

Further sketch of works would comprise of bio active molecules like 

Vitamins, Amino Acids along with their Derivatives etc which would 

regrow the importance of Supramolecular Chemistry along with 

Solution Chemistry in our day to day life to the hike. 
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