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PREFACE 

The work in the thesis entitled “Diverse Interactions of Some 

Significant Compounds Prevailing in Different Solvent Systems with 

the Manifestation of Solvation Consequence by Physicochemical 

Investigations" was initiated under the guidance and supervision of 

Prof. Mahendra Nath Roy (Principal Supervisor) and Prof. Biswajit 

Sinha (Co- Supervisor), Department of Chemistry, University of North 

Bengal, since  December, 2012. 

The work is an attempt to investigate molecular interaction of 

some vitamins and bioactive molecules in aqueous solutions and also 

probing the inclusion phenomenon of some significant bio active 

molecules inside the cyclodextrin molecules by studying their 

physicochemical properties such as volumetric, viscometric, 

tensiometric,  conductometric,  and spectral contrivances. 

During my research work, I was lucky and delight to 

participate in several seminars, workshop and symposium across the 

country. I was highly motivated by listening and interacting with 

famous experts and scientists in those meets. I was even fortunate 

enough to publish my research works in different National and 

International Journals of repute. 

In reporting my research finding, due acknowledgement and 

credit has been stated whenever the work described was based on the 

finding of others researchers. I am also responsible for any unintended 

oversights and inaccuracies despite sufficient precautions. 

I hope that the knowledge that I have earned during my work 

can be put into practice in the future. 

 









v 

ABSTRACT 

Physicochemical behaviors of solutions are very essential to get idea about the 

intermolecular interactions in solute-solvent systems. Precise understanding of 

physicochemical and thermophysical behavior of solution has great importance in appropriate 

designing of industrial methods. 

The branch of physical chemistry deals with the change in physicochemical and 

thermodynamic properties when two or more components are mixed homogeneously is called 

solution chemistry. The solubility of substances and the effect of solubility on the chemical 

properties of both the solute and the solvent also fall in the perview of solution chemistry. 

The homogeneous mixing of more than one components gives rise to solutions which does 

not behave ideally. The deviation from ideality is defined with many  many physicochemical 

and thermodynamic parameters which are helpfull to investigate the different interactions in 

solution. 

There are mainly three kinds of interactions in solution such as solute-solute, solute-

solvent and solvent-solvent species in case of non-electrolitic solution and ion-ion, ion-

solvent and solvent-solvent species in case of electrolitic solution. The forces prevailing in 

the solution may be either attractive or repulsive which depend on closer approach of like or 

unlike charges. The investigations on solution properties provide some valuable information 

understanding the variation in ionic structure, ionic mobility and thermodynamic properties 

of different electrolytes and non-electrolytes in their aqueous or non- aqueous solutions. 

The thermodynamic parameters such as enthalpy, entropy, changes in free energy etc. 

can be estimated qualitatively which enable us to study the ion-solvent interactions of solute-

solvent system. The information about the ion-solvent interactions can be obtained from 

physicochemical properties like density, viscosity, refractive index, conductance, ultrasonic 

speed refractive index etc. of the electrolyte solution using solvation approaches. 

Bioactive compound are extra nutritional constituents which is present in very small 

amount in foods and has effect on living cells. The effect may be positive or negative. The 

positive effect means beneficial or good effect and negative effect means adverse or toxic 

effect. The beneficial properties of bioactive compounds are defined on the basis of 

pharmacological activities. Various physiological functions are carried out by bioactive 

compounds like phenolic compounds, mannitol, glucose, caffeine, Organosulfur compounds, 
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isothiocyanates, nicotinamide etc. in human body. Other compounds such as the amino acid, 

flavonoids,   fatty acids, anthocyanins, phytosterols, glucosinolates, prebiotics, polyphenols, 

flavonoids, carotenoids, caffeine, carnitine, choline, coenzyme, creatine, dithiolthiones, 

phytoestrogens, polysaccharides, taurine etc. have favourable health effects Similarly 

minerals in very small quantities are present in foods in the form of salts and take key role in 

the formation of body substances like hormones, enzymes etc. 

The intermolecular interactions at microscopic and macroscopic level can be studied 

from physicochemical properties like viscosities, densities, excess molar enthalpies, 

refractive indices, isentropic compressibility etc. which can be measured easily and very 

accurately in laboratory. The excess properties are also important parameters to investigate 

the nature and extend of solute-solvent interactions in the solution. 

From the volumetric study we determined many physicochemical parameters like 

limiting apparent molar volume, (ϕV
0
) and experimental slopes (SV*) using Masson equation 

which provide the information about the solute–solvent and solute–solute interactions 

respectively. We also determined the limiting apparent molar volumes of transfer (∆ϕV
0
) 

which signifies the presence of various hydrophobic–hydrophilic and hydrophobic–

hydrophobic interactions between the solute and co-solute in in electrolytic and non-

electrolytic solutions. The limiting apparent molar expansibilities (ΦE
0
) can be calculated 

from ϕV
0
 values at different temperatures which provide the idea about the structure making 

or breaking properties of the solutes. 

The viscosity study was used to evaluate the viscosity A and B coefficients from 

Jones–Dole equation which signify the solute-solute and solute-solvent interactions, 

respectively. Molar free energy of activation of viscous flow of the solvent, ∆µ1
0
 and solute, 

∆µ2° were estimated using viscosity B and limiting apparent molar volume, (ϕV
0
) values from 

the equations proposed by Feakins et al. These parameters were used to examine the stability 

of ground state over transition state for viscous flow. The study of viscous property of any 

pharmaceuticals, foodstuffs, cosmetics is compulsory for getting the idea whether its 

viscosity is suitable for the long term use or not and also its expiry information. 

The molar refraction, RM was calculated from the Lorentz–Lorenz relation using the 

refractive index, the molar mass and the density of solution. Some thermo-physical 

parameters like critical constants, transport properties and heat capacity may be calculated 
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from refractive index of any solution. The molar refraction, RM values give idea about solute-

solvent interactions in solution. 

Study on of transport and acoustic properties of electrolytes provides significant 

information about molecular interactions in aqueous and non-aqueous solutions. Another 

important property is the ion solvation which has enormous applicability in different fields 

like chemical synthesis, determination of reaction mechanisms, extraction of compounds, 

non-aqueous batteries etc. 

Inclusion complexes play a significant role in the drug formulation and drug delivery 

process in pharmaceutical industries. Some others methods used to improve the solubility of 

drugs molecules are solid dispersion, micronization, solvent deposition etc. All the 

approaches are used for improving dissolution rate, miscibility and bioavailability of 

sparingly soluble drugs. But each method has some boundaries and advantages. Inclusion 

complexation with cyclodextrin is the most efficient method to improve the solubility of 

weakly soluble drugs. Cyclodextrin by the formation of Inclusion complex are capable to 

modify the physicochemical properties of drugs such as solubility, particle size, thermal 

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

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

drugs. The permeation of drugs through various biological membranes can also be improved 

by formation of drug-cyclodextrin inclusion compounds. 

The formation of inclusion complex can be characterize by many and spectroscopical 

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

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

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

and the protons of hydrophobic part of the guest molecule may be regarded as the formation 

of inclusion complexes. The mechanism of formation of inclusion complex may be explained 

using 
1
H NMR and 2D ROESY NMR spectroscopies. The significant shift of different groups 

of ICs from the host and guest molecules are observed in  FT-IR spectra which is also the 

proof of formation inclusion complexes. The surface tension and conductance study are some 

reliable techniques for characterization and evaluation of stoichiometry of inclusion complex. 

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

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

calculated from Benesi-Hildebrand equation. 
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SUMMARY OF THE WORKS DONE 

CHAPTER I 

This chapter covers the object and applications of the research work, brief discussion 

about bioactive compounds, the solvents and solutes used and methods of investigations. 

CHAPTER-II 

This chapter comprises the broad introduction of the. A brief review of earlier works 

in the arena of solute-solvent interaction has been given. The origin of various kinds of 

interactions such as includes solute-solvent, solute-solute and solvent-solvent interactions are 

discussed in the light of different parameters obtained from conductance, density, viscosity, 

ultrasonic speed, and refractive index measurements. The mathematical derivations made by 

renowned scientists are presented briefly for better understanding the origin of these 

intermolecular interactions prevailing in solutions. 

CHAPTER-III 

This chapter covers the experimental section of research works. The structure, source, 

method of purification and application of the solvents and solutes used research purposes are 

discussed briefly. In the methodologies part, the various tools used for conductance, density, 

viscosity, ultrasonic speed, and refractive index measurements are discussed concisely. 

CHAPTER-IV 

The host–guest interaction of p-nitro benzaldehyde(PNB) as guest  and β-

Cyclodextrins  as a host have been investigated which have significant applications in the 

field of medicine such as controlled drug delivery. The 
1
H NMR results confirms the 

formation of inclusion complex while surface tension and conductivity studies support the 

formation inclusion complex with 1:1 stoichiometry. The stoichiometry of the inclusion 

complex was also supported with Job‟s plot method by UV-Visible spectroscopy. FT-IR 

spectral data and SEM analysis also support the inclusion process. Association constants of  

the inclusion complexes(IC) have  been  estimated using  the  Benesi–Hildebrand  equation,  

while  the different important  thermodynamic  parameters  have  been  estimated  with  the 

help  of  van‟t  Hoff  equation. 
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CHAPTER-V 

In the present work, the formation of inclusion complex of a neurotransmitter, 

phenylethanolamine with α-cyclodextrin (α-CD) and β-cyclodextrin (β-CD) was examined 

from volumetric, viscometric and spectroscopic studies. The supramolecular interaction 

between cyclodextrin and phenylethanolamine has been characterized by volumetric and 

viscometric and spectral studies. However, the stoichiometry of host - guest of the inclusion 

complexes was ascertained from Job‟s plot calculation from UV-visible spectroscopy. The 

association/binding constant of formation of inclusion complex was calculated from Benesi-

Hildebrand equation. The infra-red (IR) and 
1
H NMR spectroscopy also support the 

formation of inclusion complexes and the probable manner of inclusion was defined from 
1
H 

NMR and 2D ROESY NMR spectroscopies.  
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CHAPTER-VI 

The densities and viscosities of paracetamol in aqueous -cyclodextrin solutions with 

several molal concentrations m = (0.001 - 0.007) 
-1kgmol 

 of -cyclodextrin were 

determined at T = (298.15- 318.15) K under atmospheric pressure. The inclusion has been 

studied using uv-vis spectroscopy.  Using experimental data apparent molar volume ( V ), 

standard partial molar volume (
0

V ), the slope (
*

VS
), standard isobaric partial molar 

expansibility (
0

E ) and its temperature dependence PE T )( 0  , the viscosity B-coefficient 

and solvation number ( nS
), etc., were determined. Free energies of activation of viscous flow 

per mole of the solvents (
0

1Δμ ) and of the solute (
0

2Δμ ) are also calculated. Various results 

revealed that the solutions are characterized predominantly by solute -solvent interactions and 

paracetamol behaves as a long-range structure maker. 

 

                                                                      

CHAPTER-VII 

Pyridoxal phosphate (PLP), the active form of vitamin B6, is a coenzyme in a variety 

of enzymatic reactions. The High blood concentrations of uric acid  crystals can cause gout . 

Therefore these PLP and uric acid‟s ion-solvent interactions in aqueous system can lead to 

the dissolution of the excess uric acid from the body, which brings about the novelty in this 

paper. In order to proof the interactions and removal of excess uric acid from the body we 

have studied its Density, Viscosity, Refractive index, Conductance, UV-Vis, IR, 1H-NMR at 

three diverse temperatures. It was observed that the ion-solvent interactions dominated rather 

than the ion-ion interactions. Therefore these potential capacities of PLP to act as coenzyme 

https://en.wikipedia.org/wiki/Vitamin_B6
https://en.wikipedia.org/wiki/Coenzyme
https://en.wikipedia.org/wiki/Enzymatic
https://en.wikipedia.org/wiki/Hyperuricemia
https://en.wikipedia.org/wiki/Gout
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in various catabolic pathways will be helpful in various clinical treatments related with 

hyperuricemia, hypouricemia, hyperuricosuria, hypouricosuria, gout within the human body. 

 

 

CHAPTER-VIII 

Ultraviolet B (UV-B) radiation is very harmful to human body. It can cause serious 

health problem mainly skin cancer, sunburn and photo-aging. Padimate O (PMO) is a 

sunscreen agent. The aim of this work is to form inclusion complexes with α- cyd and β- cyd 

(Cyclic Oligosaccharides) in both aqueous environment and solid state that established by 

Uv-vis, FTIR spectroscopy, mass spectra, powder x-ray diffraction pattern. As α- cyd and β- 

cyd are known to us  as good drug vehicles, hence, the experimental results suggest that they 

can be used as good sunscreen agent carrier and photostabilizer additive for increasing the 

photostability and other properties of PMO. In solution phase, Uv-vis spectroscopy 

demonstrated that the entire process of formation of complexes is proceeded with 1:1 

stoichiometry which is further justified by mass spectra. Thermodynamic parameters support 

the whole process in both cases and it is revealed that β- cyd forms more firmly inclusion 

complex than α- cyd with PMO. Successful formation of solid inclusion complexes is 

supported by FTIR spectroscopy and powder-XRD. The enhancement of the thermal stability 

of the α- cyd /PMO and β- cyd /PMO complexes is demonstrated by TGA study.   

https://en.wikipedia.org/wiki/Hyperuricemia
https://en.wikipedia.org/wiki/Hypouricemia
https://en.wikipedia.org/wiki/Hyperuricosuria
https://en.wikipedia.org/w/index.php?title=Hypouricosuria&action=edit&redlink=1
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CHAPTER-IX 

The apparent molar volume (ϕV) and viscosity B-coefficient of N-methyl glycine of 

0.01 m, 0.02 m and 0.03 m aqueous solutions have been calculated in presence of 

paracetamol at three temperatures namely 298.15 K, 303.15 K and 308.15 K from 

physicochemical study such as density (ρ) and viscosity (η) and refractive index 

measurements and 
1
H NMR spectroscopy. The volumetric study was used to evaluate 

limiting apparent molar volumes (ϕV
0
) and experimental slopes (SV*) by using Masson 

equation for explaining solute–solvent and solute–solute interactions, respectively. The 

nature of group interactions between the solute, solvent and co-solute have been examined 

from limiting apparent molar volumes of transfer (∆ϕV
0
) values.   The viscosity data were 

employed to determine viscosity A and B coefficients from Jones–Dole equation and the 

resulting parameters were used to examine the solute–solute and solute–solvent interactions 

in the solutions. Molar refraction values considered from refractive indices by applying 

Lorentz–Lorenz equation were used to describe the intermolecular interactions between N-

methyl glycine and paracetamol in their aqueous solution. However, the 
1
H NMR 

spectroscopy agrees about  the existence of diverse interactions concretely.   

 

CHAPTER-X 

This chapter covers the concluding remarks on the works related to the thesis. 
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CHAPTER I 

NECESSITY OF THE RESEARCH WORK 

 

1.1 OBJECT, SCOPE AND APPLICATION OF THE RESEARCH WORK 

 

Diet supplies sufficient nutrients to meet metabolic requirements and contributes for 

the development of human health. Therefore each compound which has beneficial effect to 

the human health should be identified. The term „bioactive‟ originated from the two Greek 

words “bios” and “activus”. “Bios” means life and “activus” means full of energy or 

involvement to any activity. So the bioactive compounds have some kinds of activity on 

living tissue. A material may be defined bioactive if it interacts with any cell tissue of human 

body. Any non-nutrient ingredient of plants or edible mushrooms which has health promoting 

or harmful properties when ingested is called bioactive plant food compounds. Bioactive 

plant foods are of intense interest among the scientists at present due to their well accepted 

beneficial characteristics especially against cancers, diabetes, cardiovascular diseases etc. 

Bioactive compound are basically extra nutritional constituents which is present in very small 

amount in foods and has effect on living cells. The beneficial properties of bioactive 

compounds are termed on the basis of pharmacological activities of these compounds. The 

diet rich in bioactive compounds are vegetables, variety of fruits, legumes, oils, whole grains 

and nuts. Many physiological functions are controlled by pulsed release of bioactive 

compounds. Rice bran is as an exceptional source of bioactive components, but very small 

quantity is consumed by humans. Different approaches like acid, alkali, thermal and chemical 

treatments have been established to improve the level of bioactive components in food 

materials. The phenolic compounds perform as antioxidant and some studies showed positive 

effects of it on thrombosis and tumorogenesis. Similarly, resveratrol which is found in nuts 

and red wine inhibits carcinogenesis. Lycopene found in tomatoes and some fruits are 

considered to defend against prostate and other cancers and inhibit the growth of tumor cell. 

Mannitol is used medically to reduce highly raised intracranial pressure also for oliguria renal 

failure.  Glucose flows in the blood and provides energy to every cell of the living body. 

Glucose is known as ubiquitous fuel in biology. Caffeine, an alkaloid acts as a stimulant on 

nervous system and occasionally used as natural insecticide. Similarly some anti-

carcinogenic bioactive compounds are Organosulfur compounds found in garlic and onions, 

isothiocyanates found in cruciferous vegetables, monoterpenes found in citrus fruits and 

http://encyclopedia.thefreedictionary.com/Cell+(biology)
http://encyclopedia.thefreedictionary.com/Human+body
http://encyclopedia.thefreedictionary.com/Human+body
http://encyclopedia.thefreedictionary.com/Human+body
http://en.wikipedia.org/wiki/Intracranial_pressure
http://en.wikipedia.org/wiki/Oliguria
http://en.wikipedia.org/wiki/Renal_failure
http://en.wikipedia.org/wiki/Renal_failure
http://en.wikipedia.org/wiki/Renal_failure
http://en.wikipedia.org/wiki/Biology
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cherries etc. Nicotinamide which is also known as niacinamide, is used as medication to 

prevent pellagra and high blood cholesterol levels. Nicotinic acid which is known as niacin in 

combination with nicotinamide is used to prevent pellagra, skin flushing and acne. Similarly 

the amino acid, flavonoids,   fatty acids, anthocyanins, phytosterols, glucosinolates, 

prebiotics, polyphenols, flavonoids, carotenoids, caffeine, carnitine, choline, coenzyme, 

creatine, dithiolthiones, phytoestrogens, polysaccharides, taurine etc. have favourable health 

effects. 

The minerals also perform significant activities in our body.  Minerals in very small 

quantities are essential to do important life functions. They‟re usually present in foods in the 

form of salts and take key role in the formation of body substances like hormones, enzymes 

etc.  Human body needs "trace elements” also in minute quantities. 

Bulk properties of solution like viscosities, densities, excess molar enthalpies, 

refractive indices, isentropic compressibility can be measured easily and very accurately in 

laboratory. These properties give some information understanding the molecular/ ionic 

arrangement of the solution and also help to evaluate some thermodynamic parameters of the 

solution. Acoustic properties are also of immense interest to understand molecular/ ionic 

interactions in solute-solvent systems. The intermolecular interactions at microscopic and 

macroscopic level can be studied from physicochemical properties of mixed components 

system. The excess thermodynamic property is related to the difference between the actual 

property and the property if the system behaves ideally. Excess properties are also significant 

parameters to examine the nature and extend of solute-solvent interactions in the solution. 

These excess thermodynamic properties are helpful for development of new theoretical 

models. 

Light does not propagate at the same velocity in different solutions. The refractive 

index, nD, may be termed as the ratio of velocity of light in the vacuum to the velocity of light 

in the concerned medium and it is always more than one. The refractive index value for gases 

is close to one. The refractive index can be obtained by refractometer  at certain temperature 

using the sodium D line. Many thermo-physical parameters like critical constants, transport 

properties and heat capacity may be calculated from refractive index of any solution. 

Rheology is branch of physics and physical chemistry which deals with the 

deformation and flow of matters and “soft solid”. It has wide range of application in human 

biology, geophysics, creams, science engineering, ointments, pastes, physiology, and 
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pharmaceutics [1-3]. The science of rheology may also be used in case of industrially 

important substances having complex flow characteristics like cement, paint, polymeric 

materials and chocolate to maintain the quality of the products [4-9]. 

The investigation of viscous synergy and antagonism is important for the 

multicomponent industrial products to retain the desired physical properties. The study of 

synergy and antagonism help us to find the mutual enhancement of the physicochemical, 

pharmaceutical biological activity of any product. The study of viscous property of any 

pharmaceuticals, foodstuffs, cosmetics is necessary for getting the idea whether its viscosity 

is suitable for the long term use or not and also its expiry information 10-12]. 

Viscosity may be applied understanding the molecular interactions playing between 

solute and solvent or ion and solvent in a solution. We can measure the partial molar volumes 

and viscosity B -coefficient of various solutes in a solution at different temperatures. Some 

physicochemical and thermodynamical parameters derived from viscosity may be applied 

understanding extend of molecular interactions quantitatively. The extend of ion-solvent or 

solute-solvent interactions helps the chemists for choosing suitable solvents which may 

enhance (i) the rates of reactions, (ii) the solubility of compounds in leaching operations or 

(iii) reverse the direction of any equilibrium reactions. 

The significance uses of the chemistry of electrolytes in mixed solvents are now well 

accepted. A lot of studies of reaction in non-aqueous and mixed solvents have been carried 

out by many scientists [13-22]. In spite of enormous research in this field, the various types 

of interaction of electrolytes and non-electrolytes in diverse solvent or mixed solvents are yet 

to be understood properly. However, studies on solution properties provide some valuable 

information to understand the variation in ionic structure, ionic mobility and thermodynamic 

properties of different electrolytes and non-electrolytes in their aqueous or non- aqueous 

solutions [23]. Now a day, interest in the behavior of electrolytes or solutes in non-aqueous 

and mixed solvents to investigate solute-solute and solute-solvent interactions under various 

conditions is increasing severely. The difference in solvating power and possibilities of 

chemical or electrochemical reactions of non-aqueous solvents or mixed solvents unlikely 

than aqueous solvents have opened views for physical chemists and exploration in this field 

has removed the boundaries among inorganic, physical, organic, analytical and 

electrochemistry 24]. High-energy batteries, double-layer capacitors or super capacitors, and 

electroplating are some field where non-aqueous electrolyte solutions had carried the 

remarkable successes and opened the eyes of scientists to carry out more and more 
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researches. Some others devices or areas where non-aqueous electrolyte solutions are widely 

applicable are electro-chromic displays, photo-electrochemical cells, smart windows, etching, 

electro-machining, polishing, electro-synthesis etc. [25-27] 

Exploration on of transport and acoustic properties of electrolytes along with their 

physicochemical and thermodynamic parameters provides significant information about 

molecular interactions in aqueous and non-aqueous solutions [28, 29]. The ion solvation is an 

another physicochemical property which has wide range of applicability in different fields 

like organic and inorganic synthesis, determination of reaction mechanisms, extraction of any 

compounds from mixtures, non-aqueous batteries etc.[30] 

Thus from the above mentioned reasons, it is apparent that the solutes in aqueous, 

non-aqueous and mixed solvents are considerably influenced by the solvents and the structure 

of the solvents are greatly modified. Information about ion-solvent interactions of non-

aqueous solutions is very essential in numerous real-world problems such as energy, heat, 

mass transport and fluid flow. 

Real understanding about molecular interactions in solute-solvent systems is a huge 

difficult task. The works in this field embraces numerous issues but we confined our 

investigations on volumetric, conductometric, viscometric, refractometric, interferometric 

behaviors in understanding chemical nature and the structure of solutes and solvents and their 

mutual interactions in solution. 
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The explorations on supramolecular chemistry provide a wide range idea regarding 

the formation of „inclusion complex‟ between any host and the guest molecule. The molecule 

fits inside the cavity of a host molecule through non-bonding interaction. Cyclodextrins, 

cucurbitrils, crown ethers, calixarenes, porphyrins are some well-known host molecules. 

Inclusion complex is a compound in which a guest molecule becomes encapsulated inside the 

cavity of certain dimension and polarity of a host molecule. The Ionic liquids having a long 

chain hydrophobic non-polar group may be regarded as a guest molecule for the formation of 

inclusion complexes with cyclodextrins [31].                 

The controlled release of any drug molecule from the inclusion complex of it into the 

biological system depends on physicochemical aspects of both the drug and host compound 

[32, 33]. But direct investigation of various physicochemical properties of any drug molecule 

in biological fluid media is very difficult to achieve. One of the competent methods is to 

study the molecular interactions by physicochemical and thermodynamical parameter of the 

drug molecule in our appropriate laboratory system as a model experiment and correlate it in 

our biological fluid system.  

   

Objectives of the research work 

 The primary object of this research work is to examine the molecular interactions of 

some biologically active molecules in diverse solvent systems and gather the details 

information about the nature and extend of various interactions. 

 To investigate the interactions of bioactive molecules in physiological fluid media by 

physicochemical and spectroscopic techniques. 

 To investigate of the transport property, ion solvation and solubility of some 

electrolytes in aqueous, non- aqueous mixed solvent systems. 

 To investigate the interactions of some industrially important chemicals in diverse 

solvent system. 

 To explore the molecular interactions by physicochemical and thermodynamical 

parameter of the drug molecule in our appropriate laboratory system as a model 

experiment and correlate it in our biological fluid system. 

 To probe the various kinds of hydrophobic- hydrophobic and hydrophilic- hydrophilic 

interactions playing between host and guest molecule in case of inclusion complexes. 
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 Exploration of interaction of bioactive compounds with ionic liquids by 

physicochemical investigations. 

 

1.2. Tools of Investigation 

The various experimental methodologies employed to investigate the different kinds 

of interactions in solvation and inclusion phenomena are viscometric, densitometric, 

refractometric, conductometric and spectroscopic techniques. 

1.3. Methods of Investigation 

To get a better understanding into the phenomena of various interactions in solvation 

and inclusion complexation different experimental methodologies in solution and in solid 

phase have been employed. Therefore, various important methods that have been used are 

densitometric, viscometric, conductometric, tensiometric, refractometric and spectroscopic 

techniques to probe the solvation and inclusion phenomena. The spectroscopic studies can 

explain the different types of interactions specifically. The spectroscopic techniques such as 

UV-Vis, FT-IR, 1HNMR and 2D ROSEY NMR etc. have used to study various molecular 

interactions.  

Physicochemical parameter like limiting apparent molar volume (ϕV
0
) and 

experimental slopes (SV*) obtained from the Masson equation are very helpful to examine the 

solute-solvent and solute-solute or ion-solvent and ion-ion interactions in solution chemistry. 

The limiting apparent molar volume (ϕV
0
) signifies the existence of solute-solvent or ion-

solvent interactions however, the experimental slope (SV*) indicates the existence of solute-

solute or ion-ion interactions. Similarly from the viscosity measurements we can evaluate 

viscosity-A and B-coefficient. The viscosity B-coefficient provides the idea about the nature 

and extend of solute-solvent or ion-solvent interactions while viscosity-A coefficient provide 

the valuable information about the of solute-solute or ion-ion interactions.  

The transport properties of any electrolyte in aqueous, non- aqueous solvent can be 

examined from conductance measurements. Tensiometric study may be used to determine the 

CMC of any ionic liquid having long alkyl part and also to probe the formation and 

stoichiometry of host-guest inclusion complexes.  

The molar refraction, RM of a solution determined from the Lorentz–Lorenz equation 

provides the information about the solute-solvent or ion-solvent interactions as well as 

compactness of the solution.   



7 

FTIR spectroscopy is a well-established method to probe the various non-bonded 

interactions playing between host and guest molecules in case of inclusion complexes. The 

presence of numerous groups in a compound may be preciously detected by FTIR 

spectroscopy. The shifting of characteristic frequency of any group of an inclusion complex 

from its pure host or guest compound provides the important clue about the presence of non-

bonded interactions.     

UV–visible spectroscopy termed as absorption spectroscopy is very helpful to study 

the stoichiometry of inclusion complex and also to evaluate the association constant (Ka) of 

host-guest system. A molecule may undergo electronic transitions (π-electrons or non-

bonding electrons) upon absorption of light in the UV- visible regions. From the UV–visible 

spectra we can easily draw the Jobs plot to confirm the stoichiometry of inclusion complex 

and from the Benesi-Hildebrand equation we can calculate the association constants (Ka) 

precisely. Nuclear Magnetic Resonance spectroscopy is sophisticated tool to investigate the 

inclusion phenomena. Proton NMR and 2D-ROSEY NMR spectroscopy help finding the 

mechanism of inclusion complex formation more specifically.  
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CHAPTER II 

GENERAL INTRODUCTION  

(REVIEW OF THE EARLIER WORKS) 

 

2.1. Solution Chemistry 

Solution chemistry is an important branch of physical chemistry. It deals with the 

physicochemical properties when any component is dissolved into another.  The 

homogeneous mixing of two or more components gives rise to a solution which does not 

behave ideally. The deviation from ideality of a solution may be defined by many 

physicochemical and thermodynamic parameters. These parameters help to study of inter-

molecular interactions and arrangements in solute/solvent system. The interactions acting in 

solution are between solute-solute, solvent-solvent and solute-solvent species in case of non-

electrolyte solute.  Another important property is the ion- solvation which is also dependent 

on interactions between solute and solvent species. The primary object of this research work 

is to examine the molecular interactions of various biologically active molecules in diverse 

solvent systems and gather the details information about the nature and extend of various 

interactions. Bioactive plant foods are of intense interest among the scientists at present due 

to their well accepted beneficial characteristics especially against cancers, diabetes, 

cardiovascular diseases etc. Bioactive compound are basically extra nutritional constituents 

which is present in very small amount in foods and has effect on living cells. The 

advantageous properties of bioactive compounds are termed on the basis of pharmacological 

activities of these compounds. The diet rich in bioactive compounds are vegetables, variety of 

fruits, legumes, oils, whole grains and nuts.  
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Glucosinolate                                   Ellagic acid                                Taurine 

 

 

    Coenzyme Q10                                         Glycine                                              Creatine 

 

Some bulk properties of solution like viscosities, densities, excess molar enthalpies, 

refractive indices, isentropic compressibility etc. provide us for understanding the molecular/ 

ionic arrangement of the solution and also help to evaluate some thermodynamic parameters 

of solute-solvent system. The intermolecular interactions at microscopic and macroscopic 

level can be studied from physicochemical properties of mixed components system. Viscosity 

study provides us valuable detail information about the interactions between solute and 

solvent or ion and solvent prevailing in the solution. The investigation of viscous synergy and 

antagonism is important for the multicomponent industrial products to retain the desired 

quality. Extend of molecular interactions can be interpreted by some physicochemical and 

thermodynamical parameters derived from viscosity measurement. High-energy batteries, 

double-layer capacitors or super capacitors, and electroplating are some field where non-

aqueous electrolyte solutions was used successfully and opened the eyes of scientists to carry 

out more and more researches. The transport and acoustic properties of electrolytes provides 

significant information about molecular interactions in aqueous and non-aqueous solutions 

[1-3]. 

2.2. Various forces of Attraction 

The force acting between acting between nearby molecules is called intermolecular 

force. The atoms in a molecule are held together by chemical bonding and the molecules are 
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held together by intermolecular forces. Properties of a substance are dependent on the 

intermolecular forces playing within it.  

Intermolecular forces can be divided into several categories discussed as follows:   

 

a. Strong ionic attraction:  The strong ionic attraction is generated from the electrostatic 

force of attraction between two or more oppositely charged ions in an ionic compounds. 

The ion which gains one or more electrons is called anion and which loses one or more 

electrons is called cation. The anion is a negatively charged species whereas a cation is a 

positively charged species.  

 

              

 

b. Intermediate dipole-dipole forces:  

The intermolecular electrostatic force between the positive end of a polar molecule and the 

negative end of another polar molecule is called dipole-dipole Force. Dipole-dipole forces 

are active in case of polar molecules having partial negative and partial positive. The 

electrostatic force between an ion and a polar molecule is termed ion–dipole force and force 

between ion and a non-polar molecule is termed ion-induced dipole. Dipole-dipole force is 

weaker than ionic and covalent bond. 
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c. Weak London dispersion forces or van der Waal's force: 

The force arising from instantaneous dipole moments of all matters is termed London 

dispersion force. Polarization of a molecule may be caused either by a polar species or by 

the electron clouds in non-polar molecules. Higher is the atomic number higher is the 

London dispersion force. Unsymmetrical distribution of electron around the atom 

generates temporary dipole which binds the atoms together.  
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d. Hydrogen bond: 

A partially electrostatic force arising when hydrogen atom is bonded with more 

electronegative atom like nitrogen, oxygen, or fluorine is called hydrogen bond. When 

hydrogen bond take place within different parts of a molecule, it is called intra-molecular 

hydrogen bond and hydrogen bond take place between two molecules, it is called 

intermolecular hydrogen bond. The energy of hydrogen bond is greater a van der Waals 

interaction, but smaller than covalent or ionic bonds. 

 

 

 

 

e. Covalent bonding: The molecular bond which is formed by sharing of electron pairs 

between the atoms is called covalent bond and the electron pair involved in the formation 

of covalent bond is called bonding pair or shared pair. There are mainly two types of 

covalent bond namely sigma bond (ζ) and pi (π) bond. A sigma bond (ζ) is formed by to 

head-on overlapping of orbitals of two atoms and a pi (π) bond is formed by lateral or 

side-wise overlapping of two p or d orbitals. The ζ-bonds are stronger than the π bonds. 

Another kind of covalent bond is the three-center two-electron bond where two electrons 

are shared by three atoms.  
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f. Metallic bonding 

The bonds which bind the metallic atoms together are called metallic bonds. It is the 

freely moving valence electrons that hold the metal atoms together. The attractive force 

between the positively charged metallic ion and the moving are responsible to form the 

metallic bonds. Unlike the others chemical bonds, the valence electrons in metallic bonds 

move through the entire metallic lattice.  These valence electrons are called sea of 

electrons. Metallic bonds are responsible for accounting some unique physical properties 

of metals like ductility, opacity, malleability, thermal and electrical conductivity and 

luster. 

 

 

2.2.1. Interactions in Solution Phase 

Three types of interactions are operating in the non-electrolyte solution:  

a. Solvent – solvent interactions: Energy necessary for breaking weak bonds between 

solvent molecules.  

b. Solute – solute interactions: Energy required to break bonds between the solute 

molecules.  

c. Solute – solvent interactions: Energy necessary for breaking between the solute and 

solvent molecules. 
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2.2.2. Investigation on different Kind Of Interactions 

The forces which operate in the solution may be attractive or repulsive depends on 

closer approach of like or unlike charges. The polar solvents orient themselves in such a 

manner so that an attractive interaction generates within the bulk of solution. When a salt is 

added in water, the water molecules surround the crystal surfaces and isolate the constituent 

ions. This phenomenon of separation of the constituting ions of a salt by the solvent 

molecules is termed solvation.  

2.2.3. Ion-Solvent Interaction 

The implication of the chemistry of electrolytes solution in mixed solvents is now 

well accepted. The various types of interaction of electrolytes and non-electrolytes in diverse 

solvent or mixed solvents are yet to be understood properly. But, studies on solution 

properties provide some valuable information to understand the variation in ionic structure, 

ionic mobility and thermodynamic properties of different electrolytes and non-electrolytes in 

their aqueous or non- aqueous solutions. Attention in the behavior of electrolytes or solutes in 

non-aqueous and mixed solvents to investigate solute-solute and solute-solvent interactions 

under various conditions is increasing severely. The use of non-aqueous electrolyte solutions 

in the field of High-energy batteries, double-layer capacitors or super capacitor and 

electroplating with remarkable successes has opened the eyes of scientists to carry out more 

and more researches.  
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Determination of physicochemical and thermodynamic parameters provides significant 

information about molecular interactions in aqueous and non-aqueous solutions. The 

thermodynamic parameters like enthalpy, entropy, changes in free energy etc. can be 

estimated qualitatively which enable us to study the ion-solvent interactions of a solution 

system [4, 5]. Similarly, the information about the ion-solvent interactions can also be 

obtained from physicochemical properties like density, viscosity, refractive index, 

conductance, ultrasonic speed refractive index etc. of the electrolyte solution using solvation 

approaches [6, 7].  

2.2.4. Ion-Ion Interaction 

An ion in electrolyte solution not only sees the surrounding solvent compounds but also 

the counter ions. There is a mutual interaction between the constituting opposite ions of an 

electrolyte in solution which is defined as ion-ion interactions which influence the properties 

of solution. The magnitude of ion-ion interactions is dependent not only on the characteristics 

of both the electrolyte and solvent under investigation but also on the concentration of the 

solution and temperature. . The ion-ion interactions decrease with dilution whereas ion- 

solvent interactions increase with dilution.  

2.2.5. Solvent-Solvent Interaction (Theory of Mixed Solvents) 

 Since non-aqueous mixed solvents are at present used progressively in 

chromatography, in the interpretation of reaction mechanism, solvent extraction, in preparing 

high capacity batteries,   etc. many molecular theories have been established. The theories are 
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formulated on the basis of radial distribution function and applied successfully in case of pure 

and mixed solvents system successfully [27, 28]. The scientists fore-footed in this field were 

L. Jones and Devonshire who developed thermodynamic functions applicable for a single 

fluid system only. They observed that the excess molar volume (V
E
) was negative in case of 

mixtures of same sized molecules but large positive in case of mixtures of different sized 

molecules. Later on Treszczanowicz et al. proposed that V
E
 is contributed by several 

opposing factors which depend on physical, chemical and structural aspects. The Physical 

aspect has positive contribution to V
E
 whereas the chemical aspect is associated with 

decrease in volume and has negative contribution to V
E
 [8, 9]. The third one i.e. structural 

aspect is associated with interstitial accommodation and also change in the free volume 

always has negative contribution.  It was assumed that if V
E
 is negative then the viscosity 

deviation (Δη) is positive or vise-versa. But this hypothesis is not always true [10, 11]. 

Rastogi et al. later proposed that the excess property may be considered a combination of two 

parts namely, interaction and non-interaction parts [12]. Later on Pitzer, L. Huggins proposed 

a new approach which is based on perturbation theory [13, 14].  According to them, the 

properties of a mixture may be achieved from the concept of intermolecular force and 

thermodynamic property of each constituent in pure form. Recently Flory proposed a new 

approach based on cell theory to predict the excess properties in case of binary mixtures. The 

theory is formulated from the concept of equation of state and property of pure constituents 

and also some others related parameters. This theory may be applied to the multi-components 

system of different sizes [15-25]. Recently another model known as Extended Real 

Associated Solution model (ERAS) was proposed by Heintz and co-workers which is 

formulated on the basis of statistical mechanical derivation applicable for solvents mixture 

having hydrogen bond. It considered all the aspect of association and non-associative 

intermolecular forces operating in solvents mixture. Similarly there is another model known 

as ERAS model are also used by many researchers for describing the excess properties of 

alcohol-amine solvents mixture [26-30]. In recent time some revision of Real Associated 

Solution model (ERAS) has been done by Gepert et al. which is termed as Symmetrical 

Extended Real Association (S-ERAS) model [31]. This model can be applied to evaluate 

some thermodynamic properties such as excess molar enthalpies and also excess molar 

volumes of binary mixtures satisfactorily. 
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2.3. Density 

The physicochemical investigation of solute-solvent system is very essential from the 

theoretical and practical purposes because this kind of studies can provide valuable 

information about the nature as well as extend of molecular interactions prevailing in 

electrolytic or non- electrolytic solution of single or mixed solvents. The determination of 

thermodynamic parameters from volumetric properties is well- accepted approaches to 

interpret the solute-solvent and solute-solute interactions acting in the solution phase.  

Interpretation of macroscopic properties like enthalpy, entropy, Gibbs free energy etc. in the 

light of molecular interaction are usually difficult. The volumetric approaches are very 

helpful in these cases. We can interpret many properties like co-sphere overlapping, 

electrostriction, micellization, hydrophobic and solute-solvent or solute- solute interactions 

by an important parameter apparent molar volume (ϕV) [32-35]. 

2.3.1. Apparent and partial Molar Volumes 

Molar volume can be measured from the density of a compound easily. But it is 

problematic to determine the contribution of volume of a solvent in presence of any 

electrolyte because influence of electric field of constituting ions compresses the volume of 

solvent by breaking up the solvent structure. The compression of volume of the solvent by the 

influence of electric field of ions is called electrostriction. The apparent molar volumes, (ϕV), 

of any solute in solution phase can be determined using the equation as follows [36]: 

 0

0 0

1000  
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M

c
                                                                                       

(1) 

Where M is the molar mass of studied solute, c is concentration of the solution in molarity; ρ 

and ρο are the densities of the solution and the solvent respectively. The partial molar volume 

2v    can be calculated from the relation [37-40]: 
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The apparent molar volumes, (ϕV) of any solute at infinite dilution is termed as limiting 

apparent molar volumes, (ϕV
0
) can be obtained by plotting the graph of apparent molar 

volumes (ϕV) against square root of molar concentration.  

0 *

V V VS c                              (3) 



18 

Where, 
*

VS is the experimental slope. The, (ϕV
0
) provides the idea about solute-solvent 

interaction and 
*

VS provide the idea about solute-solute interaction [41-46]. 

0

V  of any electrolyte varies with temperature as follows: 

0 2

0 1 2   V a a T a T                                                                 (4) 

Where, T is temperature (K) and 0a , 1a , 2a  are the coefficients. 

The limiting apparent molar expansibilities, (
0

E ) may be defined as the variation of (ϕV
0
) 

with temperature at constant pressure. The (
0

E ) can be derived from the following relation: 

 0 0

1 2δ δ 2E V P
T a a T               (5) 

*

VS  alone cannot interpret the structure-making and breaking tendency of a solute. According 

to Helper, the sign of the parameter,  
PE Tδδ 0 is very important to interpret the structure-

making and breaking property of any solute.  
PE Tδδ 0 can be expressed from the above 

equation as follows [47]: 

   0 2 0 2

2δ δ δ δ 2E VP P
T T a                (6) 

The sign of  
PE Tδδ 0  is positive for an electrolyte which acts as a structure maker and the 

sign of  
PE Tδδ 0 is negative for an electrolyte which acts as a structure breaker. According 

to Redlich and Meyer, (ϕV) can be expressed as follows: 

0

v v v vS c b c                                    (7) 

Where, 
3

2
vS Kw                                         (8) 

SV is theoretical slope which depends on molar concentration and valences of the electrolyte. 
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Where, K   is the compressibility and the other terms have their usual meaning. 

The Redlich-Meyer‟s equation may be applied in case of 1:1 and 2:1 electrolytes only [48-

50]. For polyvalent electrolytes the well-known Owen-Brinkley equation may be applied 

which used the ion-size parameter. 

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

(11) 

The symbols have their usual meaning. But, this equation is not applicable in case of non-

aqueous solutions. 

Now a days, the Pitzer equation is used for multivalent single salt M M
  
M X   which is as 

follows [50]: 

 
1 1

0 2 22 22 2     
   

       
  

V

V V M X V M X MX M X MXV Z Z A bIn I bI RT mB m C     (12) 

Where, all the terms have their usual meaning. 

2.3.2. Excess Molar Volumes 

The excess molar volumes, V
E 

of a solution
 
may be derived

 
from the following relation [51, 

52]. 

1 1

1
( )

i

n
E

i i
i

V x M  


 
                                                   

(13) 

Where, Mi is the molar masses, i
is the density of the i

th
 component and    is the density 

of the solution. V
E
 is contributed by three opposing effects. Physical contribution originated 

from nonspecific interactions has +ve contribution to V
E
. The chemical contribution 

originated from specific intermolecular interactions decrease the volume and has –ve 

contribution. The 3
rd

 one is the structural contributions originated from deviation of free 

volume from interstitial accommodation has negative contribution. . The structure breaker 

solute has positive contribution on excess volume while structure maker solute has positive 

contribution on excess volume 

2.4. Viscosity 

Viscosity of a fluid is a measure of resistance to flow. It measures the resistance to 

gradual deformation caused by tensile stress or shear stress. Viscosity and volume provide 

much valuable information such as structures and molecular interactions of solution phase. It 

https://en.wikipedia.org/wiki/Drag_(physics)
https://en.wikipedia.org/wiki/Tensile_stress
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also provides information regarding ion-solvent or ion- ion interactions of any electrolytic 

solution [53, 54]. Viscosity together with partial molar volume may also be used to examine 

the structures of the electrolytic solutions. 

2.4.1. The Reaction rate Theory for Viscous Flow 

In case of viscous flows there needs activation energy to overcome the potential 

barrier. According to Eyring viscosity is related to activation energy as follows [55]: 

2 *

2 3

expi n act

a

hF E

F kT

 


  
                                                    (14) 

Where, λ=distance between the equilibrium positions (toward motion), 

λ1 = perpendicular distance between two neighbouring layers in relative motion, 

λ2 = distance between neighbouring molecules (toward motion), 

λ3 = distance between molecules in the plane(toward motion) 

ĸ = transmission coefficient, 

Fn = partition function, 
*

aF = partition function of the activated molecule, 

 actE = energy of activation for the flow process, 

h = Planck‟s constant, 

k = Boltzmann constant. 

Ewell and Eyring proposed that actE  is a function of  vapE  in case of viscous flow. 

Considering this idea they suggested the following relations [56]: 
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                           (15) 

Where, n and b are constants and T is temperature in K. 

Accoding to Eyring and coworkers liquid state has solid like properties foa very short time 

then attains instantly gaseous property and jump into the adjacent vacant sites. Considering 

this idea of significant structures they proposed the following equation: 

s s
S g

V V V

V V
  


                                                           (16) 

Where, Vs = molar volume at the melting point, 

V = molar volume at studied temperature, 
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ηS and ηg are the viscosities for solid-like and gas-like state. 

From the above idea  Carlson, Eyring and Ree [57] proposed the following relation: 

1
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6 1 1
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2 1

S SA
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aE VN h V

Z V V V V V RT
e


 
 



                               (17) 

Where, AN = Avogadro‟s number, 

Z = Number of nearest neighbours, 

θ = Einstein characteristic temperature, 

ES =Energy of sublimation and 

a‟ = Proportionality constant. 

On the other hand, the term ηg is obtained from the kinetic theory of gases by the relation: 

2.4.2. Viscosity of Electrolytic Solutions 

That the structure making ions increase the inter-surface friction of any solution. We also 

know that the ions which increase the extend of hydrogen bonding in the solution will also 

promote viscosity. Grüneisen in1905 measured the viscosities of different electrolytic 

solutions in varying concentrations [58]. He obtained non-linearity and negative curvature of 

viscosity in low as well as high concentrations. The Jones and Dole proposed a relation of 

relative viscosities with molar concentrations of any electrolytic solution as following [59]. 

1r

o

A c Bc
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This equation may be written as: 

1r A B c
c

 
                                                         (19) 

Where, A and B are coefficients signifying ion-ion and ion-solvent interactions. The equation 

may be applied for both the aqueous and non-aqueous solvent systems. The significance of A 

and B coefficients was obtained from Debye-Hückel theory [60].  The A –coefficient 

signifying ion-ion interactions can be derived from the following Falkenhagen Vernon 

equation [61-63] : 

2
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Where, all the symbols have their usual meaning. 

The Jones and Dole equation may not be used for higher concentration in case of aqueous and 

non-aqueous electrolytic solutions [64]. For higher concentration (more than 0.01 M) the 

above equation was reduced to the following equation by Kaminsky [65-69]. 

21r

o

A c Bc Dc





                                                (21) 

The D coefficient of the above cannot be estimated and the physical importance of it was not 

understood.  Thus most of the researchers are using the Jones and Dole equation. The plot of 

(η/ηo -1)/√c against √c gives a straight line with the slope B and a intercept A [70-71]. But it 

is observed that in many cases there is a deviation from the linearity and also gives negative 

A values.  Therefore A coefficient is determined from Falkenhagen-Vernon equation. The 

value of A should be zero for non-electrolyte solution. The B – coefficient is called ion-

solvent interaction parameter value of which may be either positive or negative. 

The factors which effect B - coefficient are discussed below [72, 73]. 

1. The ionic solvation and effect of ion in creating order in solvent increase η or B – 

value. 

2. The loss of three dimensional structures in case of solvents decreases η values. 

3. Higher molal volume and lower dielectric constant gives higher B value. 

4. B-values are lower in case of sterically hindered solvent 

2.4.3. Division of B-Coefficient into Ionic Values 

Many researchers evaluated viscosity B-values of aqueous or non-aqueous electrolytic 

solution from Jones-Dole equation [74-104]. It is very necessary to determine the B values of 

the component ions of any electrolyte to find the any impression about ion-solvent 

interactions in the solution. B-values of the constituent ions of any electrolyte can be 

determined by the following ways. 

(1) According to Cox and Wolfenden, B-values of the of the constituent ions are proportional 

to the ionic volumes and the ionic volumes of the constituent ions are proportional to the 

third power of the ionic mobilities electrolyte are proportional to the third power of the 

ionic mobility [105, 106]. 
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(2) The method proposed by Desnoyers and Perron is based on the fact that B-value of ions 

which is neither structure breaker not a structure maker may be determined with high 

accuracy from the partial molar volume value by the following Einstein‟s equation [107]. 

0.0025B V                                                       (22) 

(3) Sacco et al. proposed another important technique which is known as “reference 

electrolytic” method for the division of B-values. According to them B-value of the 

constituent ions of tetraphenyl phosphonium tetraphenyl borate in water may be 

evaluated as follows: 

4 44 4

/ 2BPh PPhBPh PPh
B B B    (23) 

B value of tetraphenyl phosphonium tetraphenyl hmay beas been obtained by the following 

relation: 

4 4 4 4BPh PPh NaBPh PPh Br NaBrB B B B     (24) 

The B-values determined from the above equation are in good agreement with those 

calculated by other process. 

(4) The division of B-coefficients in dimethyl sulphoxide was calculated by Yao and Beunion 

by the following equation. 

3 43 4 4
[( ) ][( ) ]

1

2
i pe BuNPh Bi pe Bu N Ph B

B B B  
                                 (25) 

(5) Another valuable process was given by Krumgalz based on fact that tetraalkylammonium 

cations which has large alkyl group are not solvated in organic solvents and hence the ionic 

B-values in organic solvents has proportionality relation to their ionic dimensions [108, 109]: 

4

3

4R NXB a br R N                                                   (26) 

Where, a = BX
- 
and b is a constant which depend on temperature and nature of solvent. 

The B-ion values can also be evaluated from the following equations: 
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According to Krumgalz, Bu4N
+
 and Ph4B

-
 ions not solvated in non-aqueous solvents and their 

ionic radii will remain constant. They suggested the equations [110-111]: 

4 4
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4 4 4 4
Bu NBPh Bu N Ph B

B B B                                                (30) 

The B-ion values determined by this method were very similar to those agree well those 

obtained by Sacco et al. in diverse organic solvents according to the following. 

4 43 4 4
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B B B 
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In recent times, tetrabutylammonium tetra-butylborate (Bu4NBBu4) was considered as 

reference electrolyte by Lawrence and Sacco because both the cation and have symmetrical 

shape and almost equal van der Waals volume. Thus, accoding to them 
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All these methods discussed above are proposed on basis of some approximations and may 

not applicable universally and needed a revision. 

2.4.4. Thermodynamics of Viscous Flow 

According to Eyring‟s [112], viscous flow may be considered as rate process and viscosity 

(η) can be written as 

*
*

vis
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hN hN
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Where, visE is the experimental entropy of activation which is determined from a plot of lnη 

vs 1/T and *G , *H and have their own meaning. 
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Nightingale and Benck proposed another equation on the basis of the Jones-Dole equation 

[113]. 

Thus, we have: 
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( ln) ( l )So So v VE E E                               (36) 

VE 
 is the change of activation energies for viscous flow of solvents in absence and presence 

of electrolyte. Feakins et al. proposed another equation of the relative viscosity which is 

formulated based on the transition state theory [114]. 
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Where, 
0

,1v and
0

,2v  represent the partial molar volumes of the solvent and solute respectively 

and 2

o 
 represents the free energy of activation per mole of solute for viscous flow. 1

o 

represents the free energy of activation per mole of the solvent for viscous flow per mole 

which may be written as follows: 

0 0 0

1 1 0 ,1Δ Δ ln( )v AG RT hN                                            (38) 

We can evaluate the entropy and enthalpy of activation of viscous flow at different 

temperatures from the following equations: 
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                                                                     (39) 

2 2 2Δ o o oH T S                                                                (40) 

2.4.5. Effects of Shape and Size 

Stokes and Mills studied extensively about the effect shape and size on viscosity B-

constant of electrolytic or non- electrolytic solution. According to them, the component the in 

a solution may be viewed as rigid spheres suspended in continuum. 
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Stokes and Mills have dealt in the aspect of shape and size extensively. The ions in 

solution can be regarded to be rigid spheres suspended in continuum. Applying the 

hydrodynamic theory proposed by Einstein, we get the following equation: 

0

1 2.5





                                                                (41) 

Where,   is the total volume occupied by the particles. Considering the fact that hydrated 

ions has large effective size, we ge t the following equation. 

2.5 A c Bc                                                            (42) 

The term A c   can be neglected in comparison with Bc and putting    = c
0

,1v  where 
0

,1v

represents partial molar volume of the ion, we get: 

0

,12.5 v B                                                                   (43) 

So B -coefficient varies linearly with partial molar volume of the ion. with a slope of 2.5. 

Thus, the effective radii in a continuum can be determined as follows: 
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It is observed that R± value of the ion is higher than its crystallographic radii which may be 

regarded due to its solvation appreciably. The number of solvent molecules 

The number of solvent molecules around the ion in the primary solvation shell, bn  can be 

evaluated by the following equation: 
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Where, i  represents the molar volume of the cation of electrolyte and s  represents the 

molar volume of the solvent. 

2.4.6. Viscosity of Non-Electrolytic Solutions 

The following equations are given by Vand [115], Thomas
 
[116] and Moulik for the 

viscosity of the concentrated solutions of nonelectrolytes [117-119]. 
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Thomas equation:          
21 2.5 10.05r h hV cV c                       (47) 

Moulik equation:              
2 2I Mc                              (48) 

where r  represents the relative viscosity, a is constant which depends on axial ratios of the 

solute, Q represents the interaction constant, hV  represents the molar volume of the solute 

surround by solvent molecules, c represents the concentration of the solutes in molar; I and M 

represent constants. The following viscosity equation was given by Eyring and coworkers for 

mixed solvents system: 
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Where, n is 2 and 3 for binary and ternary solvents system respectively. The parameters, mr , 

SmE , mV , SmV  and ma were estimated from the following equations : 
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Here, ζ and ε represent Lennard-Jones potential parameters and the other symbols have their 

usual implication. 
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The viscosity of ternary mixture may be estimated with the help of binary contribution 

accurately using the following relations [120-126]. 
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The correlation of ternary can be modified to the following method: 
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But better result may be achieved when the following relation is used: 
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Where, A12, B12, C12, A23, B23, C23, A31, B31 and C31, represent constants for binary solvents 

mixtures; A123, B123 and C123 represent constants for the ternary solvents system and the other 

symbols have their usual implication. 

2.4.7. Gibbs Excess Energy of Activation for Viscous Flow 

The Gibbs excess energy of activation of viscous flow *G  can be estimated by the 

following relation [127]: 
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Where,   is the viscosity and V is molar volume of the solution; i  the viscosity and iV  is 

the molar volume of i
th

 component respectively. 

2.5. Ultrasonic Speed 

The ultrasonic speeds and isentropic compressibility measurements of electrolytic and 

non- electrolytic solutions give us very valuable information about molecular interactions 
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playing in the solutions. We can determine a lot of parameters such as molar isentropic 

compressibility, isentropic compressibility, apparent molal compressibility, etc. from the 

ultrasonic speeds and density values of any solutions. Isentropic compressibility plays a 

remarkable role for binary and ternary liquid mixtures where partial molar volume data alone 

can‟t provide any well accepted interpretation about the interactions. 

2.5.1. Apparent Molal Isentropic Compressibility 

The isentropic compressibility (  ) of any solvent/solution can be elucidated from the 

following Laplace‟s equation [128]: 

2

1

u



                                                   (58) 

Where, ρ represents the density and u represents the ultrasonic speed in the solvent/solution. 

The isentropic compressibility (  ) evaluated from the above equation is adiabatic one, 

because heat is produced during the rapid compressions. 

The apparent molal isentropic compressibility ( K ) of any electrolytic and non- electrolytic 

solutions may be determined using the following equation: 

0 0 0/ 1000( ) /K M m                    (59) 

M denotes the molar mass of the solute, βο denotes the isentropic compressibility of the 

solvent mixture and m denotes the molality of the solution. 

The plot of K against the square root concentration in molal gives a straight line with the 

intercept 
o

K which is known as limiting apparent isentropic compressibility. 

0 *

K K KS m                                                               (60) 

The limiting apparent molal isentropic compressibility (
o

K ) signifies solute-solvent 

interaction and the experimental slope 
*

KS  signifies solute-solute interactions prevailing in 

electrolytic and non- electrolytic solutions respectively [129, 130]. Solvation of an 

electrolyte by electrostriction always leads to reduction in compressibility of the solution. If 

the solute molecules fit poorly in the bulk of solvent than there will be increase in 
o

K  value 

due to the appearance of compressible environment. Similarly formation of poor hydrogen 

bond also leads to increase in 
o

K  value [131-134]. 
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2.6. Conductance 

Conductance study along with viscosity measurements, gives very much valuable 

information regarding ion-ion and ion-solvent interaction of electrolytic aqueous or non- 

aqueous solution. In this regard well-known Kohlrausch‟s equation based on Debye-Hückel 

theory molar conductance of symmetrical electrolytic solution is worth mentioned [268]. 

o S c                                                                              (61) 

where, 

oS                                                                                  (62) 
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                                                            (63b) 

The o  values at infinite dilution obtained from Fuoss-Onsager theory differed significantly 

from that obtained from Pitt‟s theory. Later on Fuoss and Hsia modified Fuoss-Onsager 

equation as follows [136-141]. 

1
( )

(1 ) (1 )2

o o c c
G

   
 

 

  
   

  
                           (64) 

Where, ( )G  is a function of the variable. The simplified form: 

3

1 2lno S c Ec c J c J c                                               (65) 

However, it has been found that these equations have certain limitations, in some cases it fails 

to fit experimental data. Some of these results have been discussed elaborately by Fernandez-

Prini [142, 143]. Further correction of the equation was made by Fuoss and Accascin. They 

took into consideration the change in the viscosity of the solutions and assumed the validity 

of Walden‟s rule. The new equation becomes: 

3

1 2lno S c Ec c J c J c F c                                      (66) 

where,                  
34

3

AR N
Fc


                                                                            (67) 
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In most cases, however, 2J  is made zero but this leads to a systematic deviation of the 

experimental data from the theoretical equations. It has been observed that Pitt‟s equation 

gives better fit to the experimental data in aqueous solutions [144]. 

2.6.1. Ionic Association 

The dissociation or association of an electrolyte may be evaluated from the plots of 

  vs. c following the Onsager equation. Completely dissociation of electrolyte takes 

place when o exp  is greater than o theo theo and association of occurs when o exp  is less than

o theo
.
  The association constant, KA may be determined from conductance study by the 

following ways [145].: 

z zM A MA                                                                  (68) 

2 2

(1 )
AK

c



  


                                                                       (69) 

2 21 AK c                                                                      (70) 

The association constant for strongly associated electrolytes may be determined from Fuoss-

Kraus equation 40 or Shedlovsky‟s equation as follows [146, 147]: 

2

2

( ) 1
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o o

K cT z

T z

 

  
                                                          (71) 

For Fuoss-Kraus method, T (Z) = F (Z) and for Shedlovsky‟s method 1/T(Z) = S(Z). 

1 1

2 2( ) 1 (1 (1 ...) )F z z z
 

                                                  (72a) 

and 

2 31
( ) 1 ......

( ) 2 8

z z
S z z

T z
                                          (73b) 

1/ o  for its intercept and 
2/A oK   

The plot of ( ) /T z    against 
2 / ( )c T z  gives a straight line with a slope of 

2/A oK   and an 

intercept 1/ o . It is seen that there significant uncertainty when the KA Very large. 

The Fuoss-Hsia equation for associated electrolytes is given below: 
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3

22
1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                                  (74) 

The modification of above equation for symmetrical electrolytes in dilute solutions was done 

by Justic which is shown below [148]: 

3

2
1 2( ( ) ln( ) ( ) ( )o S c E c c J R c J R c                                        (75) 
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The related parameter may be determined from a least square treatment after putting q value 

in the above equation: 

2

2

e
R q

kT
   

The distance of closest approach, a0 of two ions for the formation of ion-pair may be 

evaluated from the value of an association constant by two methods [149]. 
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It is observed that in some cases, the extend of KA values are very small to calculation the a0. 

In such cases the following more general equation may be used to find the distance parameter 

[150]. 
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                                                           (79) 

In this equations the short-range interactions was not considered and the solvated ion was 

approximated following the hard sphere model [151]. 

2.6.2. Ion Size Parameter and Ionic Association 

Omitting the  2J  term, the equation (93) can be rewritten as follows: 

3

1 1 2 1ln o oS c Ec c J c J c J c                                  (80) 
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Thus, from the plot of o vs. c, we can determine o  and J1 and also „a‟ values of the above 

equation. 

It is observed that „a‟ values calculated by this method were smaller in some extend than the 

crystallographic radii which may be supposed due to the fact that the ion-solvent interactions 

was not considered in continuum theory [152-154].  Latter Fuoss and co-workers proposed a 

new equation of conductance equation. They devided the ion of electrolytic solutions into 

three categories. a) Any ion is surrounded oppositely charged ions in the first shell of nearest 

neighbors. b) When ions are overlapping Gurney‟s co-spheres, then rij = a+ns, where, n is 1, 

2, 3 etc. and „s‟ is the average diameter per solvent molecule 

(iii) Ions find no other unpaired ion in a surrounding sphere of unpaired ions. 

The following equilibrium exist in the solution due to thermal motions and interionic 

A B (A B ) A B AB                     (81) 

                         Solvent separated ion-pair          Contact ion-pair   Neutral molecule 

If, γ represents the fraction of solute present as unpaired (r>R) ions, α represents the fraction 

of paired ions(r ≤ R), then the concentration of unpaired ion will be  c(1 )(1 )    and that of 

contact pair will be c(1 )  . 

The equilibrium constants KR may be written as: 

2 2

(1 )(1 ) 



 
RK

c f
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                                                    (83) 

KS is the constant which describe ion-solvent and ion-ion interactions and ES represents the 

difference of energy from states (r = R) to state (r = a); 

We may write  

1
(1 )

1 SK
 


                                                            (84) 

The conductometric pairing constant may be written as: 

2 2

(1 )
(1 )
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Here, both contact pairs and ion pairs separated by solvent behave like dipoles to an external 

field X their interaction with unpaired ions were neglected in determining the long-range 

effects. The various patterns can be written in the following form: 

 
1

1o e o X L

X
p p R E

X


   

   
         

  
                          (86) 

This is an equation which depends on three parameters, ( , , , ), /o Sc R E X X    and e  

considering the interionic electrostatic forces. 

The parameter KR (or ES) is a measure of all short range effects: 

1 (1 )p                                                        (87) 

The α is very close to unity for the solvents of low dielectric constant, (-ES/kT) >> 1. In such 

cases the equation becomes: 

1
o e

X
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                                                         (88) 

The equilibrium constant for the reaction, A B AB    , is then 

2 2

(1 )
A R SK K K

c f
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Since, 1SK  . The variables are represented by the following equations: 

2 2
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In this ways the limitations of the previous equations have been resolved and the present 

equation can be universally used for all concentrations [149]. 
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2.6.3. Limiting Equivalent Conductance 

Experimental observations and theoretical equations are applied to determine the 

limiting equivalent conductance of any electrolyte. The motion of an ion is restricted by the 

neighboring solvent molecules at infinite dilutions since the ions are at infinite distance. 

According to Kohlrausch‟s law of independent migration of ions, 

0 o o                                                                             (95a) 

Limiting equivalent conductance of the ionic components will be, 

0 0ando ot t    

                                                       (95b) 

But, transference number except few solvents cannot be determined accurately 

Several efforts were made for developing indirect methods to get the limiting ionic equivalent 

conductance of any ion in such a solvent for which accurate transference numbers are not 

known. 

The method has been summarized by Krumgalz [155] proposed some important opinions for 

determination of limiting ionic equivalent conductance of any ion as follows: 

(i) Walden equation [156] 

25 25

o water o,water o acetone o,acetone( ) ( )                                               (96) 

(ii) 
4

o,pic o oo,Et N
( ) 0.267, 0.269      

[156, 157]                                             
(97) 

based on 
4 pico,Et N 0.563   

According to Walden the products should be independent of temperature and solvent. But it 

is observed that the 
4 pico,Et N values differ significantly from more precise experiments. 

25 25

o 4 o 4(Bu N ) (Ph B )                                                              (98) 

(iii)
25 25

o 4 o 4(Bu N ) (Ph B )                                                              (99)       

The equation may be successively applied in case of some solvents but fails in case of 

methanol, nitro methane and acetonitrile [158]. 

(iv) 
25 25

o 4 o 4(Bu N ) (Bu B )   [159]                                                                             
(100)
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This method was applicable in case of most of the solvents. 

(v) The equation proposed by Gill is as follows [160]: 

2
25

4( )
6 [ (0.0103 )]


  

 
 

o

A o i o y

zF
R N

N r r
                                  (101) 

where Z and ir  are the charge and radius of ion, respectively: o  and  o  are viscosity and 

dielectric constant of the medium respectively; yr = adjustable parameter. 

But, huge inconsistencies were detected between the experimental and calculated values 

[300(a)]. Afterwards, Krumgalz proposed a different approach to eliminate the above 

inconsistencies [161]. 

(vi)    
[305]

25 25

43
     o oi Am BuN Ph B                                       (102) 

It is observed from measurements transference number that the  25

3
   o i Am BuN

 
and

 25

4 

o Ph B  values vary each other by 1% [161]. 

(vii)    
306

25 25

4 4
1.01     o oPh B i Am B                                       (103) 

The values obtained from this equation are correct for most organic solvents. 

Krumgalz proposed a technique for calculating the limiting ion conductance in organic 

solvents considering the fact that large tetraalkyl (aryl) onium ions are not solvated in organic 

solvents due to the presence of weak electrostatic interactions between solvent molecules and 

the large ions. 

The radius of the moving particle from Stokes equation can be evaluated as follows: 

2

S

o o

z F
r

A 
                                                                  (104) 

Where, A is a coefficient which varies from 6 to 4. The ionic radius of the non-solvated 

tetraalkyl (aryl) onium ions is constant. 

0 constanto                                                                (105) 
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The product is constant and not dependent on the nature of the organic solvents like 

i-Am4B⁻,  Ph4As⁺, Ph4B⁻  ions and for tetraalkylammonium cation and the equation may be 

utilized for determination of  o


 values for most of the organic. 

2.6.4. Conductance-Some Recent Trends 

Recently Blum, Turq and coworkers have proposed a conductivity theory considering 

mean spherical approximation (MSA) assuming the continuity and hydrodynamic equations 

used in the more classical treatment [162, 163].  This theory is applicable in wider range of 

concentrations than the classical equations. However, the experimental performance of the 

new equation is yet available in the literature. Chandra and Bagchi [164, 165]
 
proposed a new 

approach for ionic conductance and viscosity calculation which is formulated on the basis of 

mode coupling theory. This equation may be applied both low and high concentration range. 

This theory is seems to be satisfactory for conductance study up to 1 (M) solution. 

2.7. Inclusion Complexes 

A complex in which a compound or part of a compound enters into the cavity or 

tunnel or canal of another compound partially or entirely is termed as inclusion complex. The 

compound which becomes encapsulated into the cavity or tunnel or canal of another 

compound is called guest molecule and the compound into which the other compound 

becomes encapsulated is called host molecule. No any covalent bond formation between the 

guest and the host molecules in inclusion complex take place rather there is non-bonding 

interaction. The host molecules may be considered as vacant capsules with certain cavity 

diameter and the cavity is occupied by another molecule then the so called inclusion complex 

is formed [166-174]. 

 

Guest              Cyclodextrin             Inclusion complex 
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Pictorial representation of inclusion complex formation 

The examples of host molecules for inclusion complexes are cyclodextrin, cucurbiturils, 

crowns, calixarenes, porphyrins, etc. and examples of guest molecules are vitamins, ionic 

liquids, amino acid and its derivatives, surfactant, various drug molecules, etc.[175-180]  

   

                              (i)                                                                     (ii) 

                                             

 

                       (iii) 

 

                         

                        (iv)                            

Pictorial diagram of (i) Inclusion complex cyclodextrin (ii) Cucurbituril[6], (iii) 18-

Crown-6 and (iv) P-tert-butylcalix-4-arene. 

 

Inclusion complexes play a significant role in the formulation progress of drugs molecules. 

Some methods used to improve the solubility of drugs molecules are Solid dispersion, 

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

rate, miscibility and bioavailability of sparingly soluble drugs. But each method has some 

boundaries and advantages. 
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3D structures of three different cyclodextrins 
 

Inclusion complexation with cyclodextrin is the most efficient method to improve the 

solubility of weakly soluble drugs. Cyclodextrin by the formation of Inclusion complexation 

are capable to modify the physicochemical properties of drugs such as solubility, particle 

size, thermal behavior and thus providing a highly water miscible amorphous forms. The CDs 

are not only capable of enhancing the dissolution rate but also bio-availability of the 

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

also be improved by formation of drug-cyclodextrin inclusion compounds [181]. 

2.7.1. Structure and Properties of Cyclodextrins  

The cyclodextrins (CDs) are cyclic oligosaccharides having n glucopyranose units. 

There are three kinds of cyclodextrins namely α -cyclodextrin (α-CD), β -cyclodextrin(-CD) 

and γ-cyclodextrin(γ-CD) which have 6, 7 and 8 numbers of glucopyranose units respectively 

and the glucopyranose units are joined together by α-(1–4) linkages [182-186]. The inner 

cavities of all the three cyclodextrins are hydrophobic in nature and exterior parts are 

hydrophilic in nature. This unique feature make cyclodextrins appropriate for complexion 

with different kind of molecules such as vitamins, amino acids, hormones, ionic liquids, dyes 

polymers, etc. The hydrophobic parts of the guest molecules become encapsulated into the 

hydrophobic cavity of cyclodextrins and thus forming an inclusion complex [187-191]. 
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Structures of α-Cyclodextrin, β-Cyclodextrin and γ-Cyclodextrin 

 

Some physical properties of α-Cyclodextrin, β-Cyclodextrin and γ-Cyclodextrin are 

mentioned below:  

 

Properties of Cyclodextrins 

Property α-Cyclodextrin  β-Cyclodextrin γ-Cyclodextrin 

Number of glucopyranose units 6  7  8 

Molecular weight (g/mol) 972.84 1134.98 1541.33 

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

Outer diameter (Å) 14.6 15.4 17.5 

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

Height of torus (Å)  7.9 7.9 7.9 

Cavity volume (Å
3
)  174 262 427 
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2.7.2. Formation of Inclusion Complex 

When any guest molecule fits into the cavity of  the host molecule both in 

dimentionally and characteristically, the inclusion complex is formed[192]. During the 

process of encapsulation the water molecules are released from the cavity of CDs and the 

hydrophobic part o the guest molecule enters into the cavity of CD due to the presence of 

hydrophobic-hydrophobic interaction between the hrophobic inner cavity of CDs and the 

hydrophobic part of the guest molecule. The host-guest inclusion complex may be prepared 

by different methods such as co-precipitation, slury method, dry mixing etc [193]. The 

hydrophilic part of the guest remains outside the cavity. The presence of hydrophilic- 

hydrophilic interaction between the hydrophilic part of guest molecule and the pheripharal 

primary or senondary –OH of the of CDs also makes the inclusion process 

thermodynomically feasible. 

2.7.3. Stoichiometry 

The stoichiometry of host-guest inclusion complex depends on the size of the guest 

molecule and the available space of the cavity of the host molecule. Various kind of 

stoichiometries of host-guest inclusion complex are possible such as as 1:1, 1:2, 2:1, 2:2 etc. 

 

Different stoichiometric ratios in host-guest inclusion complexes. 

The stoichiometry of inclusion complex may be  evaluated using various techniques 

such as UV-Vis spectroscopic study, conductance and surfacetension studies etc. The number 

of break-points in surface tension vs. [CD] graph or conductance vs. [CD] graph provide the 

clues about the stoichiometry of inclusion complex. If there is only one break-point in these 

graph then the stoichiometry is 1:1. The presence of more break-points indicate 1:2, 2:1, 2:2 
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stoichiometry [194-201. We can also get idea about the stoichiometry from the Job‟s plot of 

UV-VIS spectroscopy. 

2.7.4. Association Constant 

The affinity of formation of inclusion complex can be ascertain from association 

constant values of host-guest system. Asociation constant may be determined using various 

techniques such as UV-Vis, NMR, fluorescence spectroscopy,  conductance and 

surfacetension studies etc. 

The association constant gives idea about how effectively the guest molecule is 

incorporated inside the host molecule. Asociation constant (also termed as binding constant, 

formation constant and equilibrium constant) is determined using various chemical 

approaches such as UV-Vis, NMR, fluorescence spectroscopy and gas and liquid 

chromatography. [202] . The well-known Benesi-Hildebrand method may be applied for 

calculation of association constant of  the inclusion complexes from UV-Vis spectroscopy. 

     
1 1 1 1

a

X
A H K H G 
 

  
                                              (106)

 

2.7.5. Detection of Inclusion Complex 

The formation of inclusion complex can be probed by many and spectroscopical 

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

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

studies. 

1
H NMR and 2D NMR spectroscopies are the sophisticate techniques to probe the 

formation of host-guest inclusion complexes.  The considerable chemical shifts of H3 and H5 

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

regarded as the formation of inclusion complexes [203-208]. 

FT-IR spectroscopy may also be amployed to confirm the formation of inclusion 

complexes. The significant shift of various groups of ICs from the host and guest molecules 

may be regarded due to the encapsulation of the Guest into the cavity of host molecules [209-

213]. 

Another widely used technique for characterization of inclusion complex formation is 

UV-VIS spectroscopy. The stoichiometry of the IC may be determined by from Job‟s plot 
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and however, the association constant of the formation of IC can be calculated by Benesi-

Hildebrand equation [214-219]. 

 

 

 

UV-VIS spectra of guest molecule with varying concentration of host molecule β-CD 

and Job’s plots 

The surface tension study is another reliable technique for characterization of inclusion 

complex. The surface tension of the guest molecules are measured with the succisive addition 

of CD solution. The presence of break-point in the graph of surface tension vs. [CD] indicates 

the formation of Ics. If the there is only one break-point the the inclusion complex is of 1:1 

stoichiometry. The presence of more break-points signify 1:2, 2:1, 2:2 stoichiometries which 

may be determined from the concentrations of host and guest at the break-points. We can also 

calculate the association constant of the formation of IC from the surface tension study also 

[220-222].  

Variation of surface tension of ionic liquid (0.01m solution) corresponding to the added 

concentration of (A) α-cyclodextrin (0.01m solution) and (B) β-cyclodextrin (0.01m 

solution). 
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Variation of surface tension of ionic liquid corresponding to the added concentration of β-

cyclodextrin. 

 

Similarly the conductance study may be applyed to ascertain the formation of inclusion 

complexes. The conductivity of the guest molecule changes with the successive addition of 

CD solution which important clues about the formation of inclusion complexes [223, 224].  

 

Variation of conductance of ionic liquid corresponding to the added concentration of aqueous 

β-cyclodextrin 

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

using Van‟t Hoff equation (II.c) [1] 

0 0

2.303 log
H S

K

RT R
a

 
  

                                                  (107) 

From this equation we can calculate some thermodynomic parameters such as The Gibbs free 

energy change (ΔG), enthalpy change (ΔH°) and entropy change (ΔS°) etc. The negative 

values of ΔG indicate the feasibility of the inclusion process.  
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CHAPTER III 

EXPERIMENTAL SECTION 

 

3.1. Detailsdescription of Different Solvents and Solutes used in the Research Work 

 

i. Water 

  

 

 

Appearance: Liquid 

Molecular Formula: H2O 

Molecular Weight: 18.02 g/mol 

Boiling Point: 100 
0
C 

Melting Point: 0
0
C 

Dielectric Constant: 78.35 at 298.15 K 

 

 

Water is a omnipresent substance that is composed of hydrogen and oxygen and is essential 

for living organism. Water is known as universal solvent as it can dissolve most organic and 

inorganic compounds. 
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Source:  distillation of water. 

Purification: Water was deionised using suitable process and then distilled doubly using 

distilling set along with alkaline KMnO4.Ccontamination from CO2 and other impurities are 

avoided by adopting sufficient precautions.  

Application: Water is polar and amphoteric in nature. In addition to that, presence of H-bond 

made water as universal solvent. Water is essential in living organism because most of the 

biochemical process take place in aqueous medium. Water in our biological systems acts as 

biomolecule carrier especially in blood, cellular membrane and body fluid etc. Water is used 

in organic and inorganic reactions as a green solvent.  

ii.   Alpha Cyclodextrin (α-CD) 

 

 

Appearance: Crystalline Powder 

Molecular Formula: C36H60O30 

Molecular Weight: 972.84 g/mol 

Melting Point: >551 K 

 

Alpha Cyclodextrin (α-CD) is a polysaccharides of six glucose units joined with α-1,4 

linkage. Its inner cavity is of hydrophobic character and outer surface is of hydrophilic 

character. It forms host-guest inclusion complex with suitable molecule which has a 

hydrophobic part. It may form inclusion complex of 1:1, 1:2, 2:1 stoichiometry depending 

upon nature and size of the guest molecule.  

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased.  
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Application: α-Cyclodextrin has wide applicability in formulation of drugs and food in 

pharmaceutical industries. It also used in others industries such as cosmetics, textile, and 

paint industries.  It improves the solubility of medicine, increases the stability of medicine. In 

food industries it is used to remove bad smell of food and to improve the stability of food. It 

is also used as a complexing agent for bioactive compounds such as hormones, vitamins etc. 

used for tissue and cell culture purposes.  

iii. Beta Cyclodextrin (β-CD) 

Beta Cyclodextrin (β-CD) is a polysaccharides of seven glucose units joined with α-1,4 

linkage. Its inner cavity is of hydrophobic character and outer surface is of hydrophilic 

character. It forms host-guest inclusion complex with suitable molecule which has a 

hydrophobic part. It may form inclusion complex of 1:1, 1:2, 2:1 stoichiometry depending 

upon nature and size of the guest molecule.  

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased.  

 

Appearance: Crystalline Powder 

Molecular Formula: C42H70O35 

Molecular Weight: 1134.98 g/mol 

Melting Point: 563.15-573.15 K 

Boiling Point 1814.33 K 

Relative Density 1.44 g.cm3 at 200 C 
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Application: β -Cyclodextrin has wide applicability in formulation of drugs and food in 

pharmaceutical industries. It also used in others industries such as cosmetics, textile, and 

paint industries.  It improves the solubility of medicine, increases the stability of medicine. In 

food industries it is used to remove bad smell of food and to improve the stability of food. It 

is also used as a complexing agent for bioactive compounds such as hormones, vitamins etc. 

used for tissue and cell culture purposes [3-6]. 

 

iv. Paracetamol 

 

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and 

used as purchased.  

 

Application: It is a drug used to take care of pain and fever. It is naturally used for gentle to 

modest pain relief.Evidence for its use to get alleviate fever in children is mixed. It is often 

sold in recipe with other medication such as in many cold medications. In blend                     

with opioid pain medication, paracetamol is also used for ruthless pain such as cancer 

pain and pain after surgery. It is classically used either by mouth or rectally, but is also 

obtainable intravenously. Effects last between 2 and 4 hours.  

Properties 

Chemical formula  C8H9N02 

Molar mass 151.163 g mol
−1

 

Appearance White 

Density 1.263 g cm
−3

 

Melting point  169°C 

Solubility in water  18 g L
−1

 

Refractive index (nD) 1.4936 

Dipole moment 0.1271305813 D 

https://en.wikipedia.org/wiki/Pain
https://en.wikipedia.org/wiki/Fever
https://en.wikipedia.org/wiki/Cold_medication
https://en.wikipedia.org/wiki/Opioid_analgesic
https://en.wikipedia.org/wiki/Cancer_pain
https://en.wikipedia.org/wiki/Cancer_pain
https://en.wikipedia.org/wiki/Cancer_pain
https://en.wikipedia.org/wiki/Rectally
https://en.wikipedia.org/wiki/Intravenously
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Molar_mass
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Aqueous_solution
https://en.wikipedia.org/wiki/Refractive_index
https://en.wikipedia.org/wiki/Dipole#Molecular_dipoles
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Paracetamol is normally safe at suggested doses. The suggested maximum daily dose for an 

mature is 3 or 4 grams. Higher doses may cause toxicity, including liver failure. Solemn skin 

rashes  rarely may occur. It appears to be safe during pregnancy and when breast feeding. In 

those with liver sickness.. It is confidential as a mild analgesic. It does not have major anti-

inflammatory activity and how it works is not completely clear. 

v. Uric Acid 

  

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and 

used as purchased.  

 

 

About Uric Acid:Uric acid is a heterocyclic compound having molecular formula  

₅ ₄ ₄ ₃  It forms ions and salts known as urates such as ammonium acid urate. Uric 

acid is a product of the metabolic collapse of purine nucleotides, and it is a normal 

constituent of urine.  

 Causes of high uric acid: 

 Diet may be an important factor.High consumption of dietary purine,and table 

sugar can increase amount of uric acid. 

Uric acid  from serum can be elevated by reduced excretion via the kidneys. 

 Fasting or rapid weight loss may can temporarily elevate uric acid levels. 

Gout 

Excess blood uric acid can cause gout, a painful condition resulting from needle-like crystals 

of uric acid depositing in joints, capillary, skin, and other tissues.In humans, purines, are 

metabolized into uric acid which is then released in the urine. Use of some types of purine-

rich foods, particularly meat and sea-food, increases gout risk. Gout may arise from regular 

Properties 

Chemical formula  C₅H₄N₄O₃. 

Molar mass 168.1103 g mol
−1

 

Appearance White 

Density 1.87 g cm
−3

 

Melting point  300°C 

Solubility in water  60  mg L
−1

 

https://en.wikipedia.org/wiki/Liver_failure
https://en.wikipedia.org/wiki/Pregnancy
https://en.wikipedia.org/wiki/Breastfeeding
https://en.wikipedia.org/wiki/Analgesic
https://en.wikipedia.org/wiki/Anti-inflammatory
https://en.wikipedia.org/wiki/Anti-inflammatory
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Molar_mass
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Aqueous_solution
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use of meats, such as liver, kidney, and sweet-breads, and certain types of sea-food including 

anchovies,  sardines, mussels,  haddock, mackerel and tuna. 

vi. Pyridoxal Phosphate 

 

   

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and 

used as purchased.  

 

About Pyridoxal 5'-phosphate (PLP):It is one of the most important biologically active 

form of vitamin B6. Vitamin B6 is an necessary nutrient in humans with many precise 

biochemical function that generally involve PLP's use as a cofactor in the metabolism of 

amino acids, glucose and lipids. 

 

vii.N-Methyl Glycine 

 

 

 

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased.  

 

About N-methyl glycine:Sarcosine, also known as N-methylglycine, is an intermediate and 

consequence in glycine synthesis and humiliation Sarcosine is metabolized to glycine by the 

enzyme sarcosine dehydrogenase, while glycine-N-methyl transferase generates arccosine 

Properties 

Chemical formula  C8H10NO6P 

Molar mass 247.142 g mol
−1

 

Appearance Yellowish 

Density 1.638 g cm
−3

 

Melting point  142°C 

Solubility in water  5 g L
−1

 

Properties 

Chemical formula  C3H7NO2 

Molar mass 89.093 g mol
−1

 

Appearance White 

Density 1.093 g cm
−3

 

Melting point  212°C 

Solubility in water  89.09 g L
−1

 

https://en.wikipedia.org/wiki/Glycine
https://en.wikipedia.org/wiki/Sarcosine_dehydrogenase
https://en.wikipedia.org/wiki/Glycine_N-methyltransferase
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https://en.wikipedia.org/wiki/Molar_mass
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Aqueous_solution
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from glycine. Arccosine is an amino acid derivative that is naturally found in muscles and 

other body tissues. 

 

Preparation: In the laboratory, it may be prepared from chloro-acetic acid and methyl amine 

through substitution reaction. Sarcosine is originate naturally as an intermediary in the 

metabolism of choline to glycine. Sarcosine is sugary to the taste and dissolve in water. 

Uses: It is used in built-up biodegradable surfactants and toothpastes as well as in other 

applications. 

 

viii. Phenyl Ethanol Amine (PEA) 

 

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased.  

About PEA: Phenylethanolamine is known as β-hydroxyphenethylamine(PEOH) is a 

neurotransmitter which is  structurally similar to others trace amine like norepinephrine, 

dopamine and epinephrine etc. It is endogenous chemical which transmit signals transversely 

a chemical synapse from one neuron to another neuron. The neurotransmitters produced 

from synaptic vesicles  are received by specific neurotransmitter receptors on the cell 

membrane of the postsynaptic neuron as shown in Scheme-1. This neuron may be connected 

to many more neurons and pass the information to adjacent neuron. 

Application of PEA: The neurotransmitters are clinically used for the treatment of several 

neurological and psychiatric disorders such as schizophrenia, Parkinson‟s disease, bipolar 

disorder, attention deficit, Huntington's disease, hyperactivity disorder.It regulates the blood 

pressure, respiration, and body temperature, the secretion of hormones from the pituitary 

gland, the regulation of α2-adrenoceptors in the hypothalamus etc. Phenylethanolamine is 

Properties 

Chemical formula  C8H11N0 

Molar mass 137.18 g mol
−1

 

Appearance Pale yellow 

Melting point  57°C 

Solubility in water  Soluble 
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https://en.wikipedia.org/wiki/Dopamine
https://en.wikipedia.org/wiki/Epinephrine
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https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Chemical_synapse
https://en.wikipedia.org/wiki/Synaptic_vesicles
https://en.wikipedia.org/wiki/Neurotransmitter_receptor
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Molar_mass
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https://en.wikipedia.org/wiki/Aqueous_solution
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responsible for the production of enzyme phenylethanolamine-N-methyl transferase for the 

conversion of norepinephrine into epinephrine.Phenylethanolamine-N-methyl transferase 

catalyses the biosynthesis of epinephrine from norepinephrine by transferring methyl group 

from S-adenosyl-L-methionine. 

                                              

x. Pademate-O(PMO) 

 

  

 

 

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased.  

Application: Padimate-O (PMO) is a sunscreen agent. 

It can protect us from many problems mainly skin cancer, sunburn and photo-aging. 

 

 

 

Properties 

Chemical formula  C17H27N02 

Molar mass 277.408 g mol
−1

 

Appearance Yellowish 

Density 0.99 g cm
−3

 

Melting point  362°C 

Solubility in water  0.0355 g L
−1

 

Scheme-1 

https://en.wikipedia.org/wiki/Phenylethanolamine_N-methyl_transferase
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ix. Para Nitro Benzaldehyde (PNB) 

 

 

 

Source: Sigma Aldrich, Germany 

Purification: The mass purity is 99.98% and used as purchased. 

Application; It is used as an important drug in medicinal chemistry for the treatment of 

Hepatitis. 

3.2. Experimental Methods  

3.2.1. Mass Measurement 

 Weights of different compounds were taken by digital Mettler Toledo, AG 285, 

Switzerland analytical balance.  

 

 

Properties 

Chemical formula  C7H5NO3 

Molar mass 151.12 g mol
−1

 

Appearance Yellowish 

crystalline solid 

Density 1.546 g cm
−3

 

Melting point  106°C 

Solubility in water  Soluble 

https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Molar_mass
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Aqueous_solution
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It can measure weight to a high degree precision. The weighing pan is surrounded by 

transparent enclosure with doors so that any air currents in the room do not disturb the 

operation of balance. 

 

3.2.2. Density Measurement 

The density of different solutions were taken from Anton Paar density-meter (DMA 

4500M) which has accuracy of 0.0005 g.cm
-3

. 

 

 

 

The mechanic oscillation of the U-tube filled solution is transformed into an alternating 

voltage of the some frequency. The can be measured from the period of oscillation τ as 

follows [11]: 

ρ = A ∙ η
2
 - B                                                                  (1) 

A and B are the instrumental constants for each oscillator. The A and B values will be 

obtained by calibrating with two substances of the precisely known densities. Each 

measurement is carried after proper calibration of the instrument with double-distilled water 

and dry air. 

 

 

 

 

http://en.wikipedia.org/wiki/Oscillation
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3.2.3. Viscosity Measurement 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer having spindle size-42 (precision of 0.3 %) which follows equation;  

η = (100 / RPM) × TK × torque × SMC                                (2) 

Here, RPM, TK and SMC are speed in rpm of spindle, viscometer torque constant and 

spindle multiplier constant respectively. The instrument was calibrated using the  standard 

samples of precisely known viscosity. Brookfield Digital TC-500 thermostat with precision ± 

0.01°C was used to maintain the temperature of solution.  

The temperature was maintained to within ± 0.01°C using Brookfield Digital TC-500 

thermostat bath. The viscosities were measured with an accuracy of ± 1 %. Three successive 

measurements were taken for each sample to get the average viscosity.   

 

 

3.2.4. Temperature Controller 

All the experimental measurements were performed in a thermostatic water bath 

(Science India, Kolkata) having heater and cooler system with an accuracy of  0.01 K.  
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In laboratory water bath the investigated solution is placed over the water container for 

quickly heating or cooling. These laboratory water baths should have greater temperature 

uniformity, heat retention, durability and recovery system 

 

3.2.5. Water Distiller (Borosil Glass Works Limited, India): 

Water Distiller is a set of a heater, round bottom flask, condenser and collecting 

container.   Volatile contaminants are removed through a built-in vent tube. Minerals and 

salts remains in the boiling chamber as hard deposits. The circulation of cool water condenses 

the steam which passes through the condenser. Water droplets are collected in the collecting 

container. 

Rotary Vacuum Flash Evaporator (Superfit, An ISO 9001:2000 Certified Company) 
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Rotary evaporation is used to separate "low boiling" solvents such as n-hexane or alcohol or 

ethyl acetate from their mixtures. However, careful applications at reduced pressure and 

higher temperature also allow removal of a solvent from a sample containing a liquid 

compound if they have considerable difference in boiling points.  

3.2.6. Conductivity Measurement 

Systronics Conductivity TDS meter-308 was used to measure conductivity of 

electrolytic solutions at certain temperature.  

 

The conductance was measured using a dip-type immersion conductivity cell of cell constant 

1.11cm
-1

. The instrument was calibrated using 0.1(M) KCl standard solution before the 

conductance measurements of any sample. The measurements were made in a thermostatic 

water bath maintained at certain temperature with an accuracy of  0.01 K.  by means of 

mercury in glass thermo regulator [12]. 

3.2.7. Refractive Index Measurement 

 Refractive indices were measured with accuracy +/- 0.0005 by Digital Mettler Toledo 

30GS Refractometer. 
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The instrument was calibrated with double-distilled water at certain temperature. Just 2-3 

drops solution is sufficient for getting the refractive index of the sample. The refractive index 

values obtained at certain temperature may be converted to the refractive index any 

temperature. 

3.2.8. FT-IR Measurement 

Infrared spectra of liquid or solid compounds were recorded by Perkin Elmer 8300 

FT-IR spectrometer (Shimadzu, Japan) having resolution of ± 0.25 cm
-1 

at room temperature 

(25 
0
C) with 49-54 % humidity. 

 

The KBr disk of the solid compounds was prepared by mixing 100 mg of the KBr and 1 mg 

of the compound under study thoroughly.  For liquid compounds Nujol mull was used for the 

preparation of the film.  
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The transmittance (T) or the absorbance (A) of a sample is estimated from the intensity of 

light entering (I0) and the intensity of transmitted light (I0) entering from the following 

equation.  

                                          (3) 

3.2.10. Surface Tension 

The surface tension measurements with precision within ±0.1 mN∙m−1 of surface 

active compounds in their aqueous solution were done by platinum ring method using a 

Tensiometer (K9, KRŰSS; Germany). 

 

Temperature of the system was kept constant by circulating auto-thermostated water bath 

(precision within ± 0.01K) through a double-wall glass vessel container holding the solution. 

The calibration of the tensiometer was done with Millipore water. The platinum plate used 

for measurements was thoroughly cleaned with double-distilled water.  

3.2.9. UV-VIS Measurement 

UV-Vis absorption spectra were recorded at 298.15 K by JASCO V-530 UV-VIS 

Spectrophotometer for the compounds which absorb Ultraviolet and/or visible light. Suitable 

probe may be used for the compounds that do not absorb at in the UV and VIS range.  The 

characteristic absorbance graph was recorded as a function of wavelength.  
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In UV-VIS spectrophotometer two light sources, a deuterium (D2) lamp for ultraviolet light 

and a tungsten (W) lamp for visible light were used.  

3.2.10. Nuclear Magnetic Spectra Measurement 

Nuclear Magnetic Spectra (NMR) spectroscopy is used to study the structure of 

molecules, the kinetics of various reaction, intermolecular interactions prevailing in solution 

etc. 
1
H NMR spectra were recorded at 400MHz using Bruker Advance spectrometer in 

suitable solvent.  

 

 



61 

3.2.11. Sem (Scanning Electron Microscope) 

Images of samples are taken by the following machine of JEOL to find out the morphological 

changes during the formation of inclusion complexes. 
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CHAPTER IV  

EXPLORING EXISTENCE OF HOST-GUEST INCLUSION COMPLEX OF Β-

CYCLODEXTRIN OF A BIOLOGICALLY ACTIVE COMPOUND WITH THE 

MANIFESTATION OF DIVERSE INTERACTIONS 

 

4.1 Introduction 

Cyclodextrins (CD) are macro cyclic oligosaccharides composed of repeating α-D-

glucopyranose units. Three types of CDs are α, β and γ-CD with 6, 7 and 8 glucopyranoside 

units, respectively (Scheme 1) [1, 2]. The  cyclic  orientation  of  these  units  gives  conical  

or  truncated  cone  structure  with  a  hydrophobic  interior  and  a hydrophilic  exterior. This 

unique structure permits CD to form host–guest inclusion complexes with different sized 

guest molecules [3]. The  chemical  stability  of  guest molecule  can be explained on the 

basis of  the  van  der  Waals  attraction,  hydrogen  bonding  and  hydrophobic  attractions,  

etc [4].
 
Due  to  its  wide applicability,  CDs  used  in  different  areas,  such  as  the  

cosmetics, food, medicine, hygiene, nano materials  and  agro  industries [5].
 
Inclusion  

complex  of  CDs  have  been used  in  aqueous  solubility  enhancement  of  poorly  soluble  

compounds  to  increase  their  bioavailability. Among  CD  family ,β-cyclodextrin  is  the  

most  widely  used  one  due  to  the  low  cost.  

p-nitro benzaldehyde (PNB) is a very useful compound in organic synthesis. It also 

has applications in medicinal chemistry. (Scheme2). In this present work we attempt to 

ascertain the formation and nature of inclusion complex β-CD with PNB in aqueous 

environment by spectroscopic and physicochemical studies. Our aim is to explore the 

formation, carrying and controlled release of PNB by forming IC with CD without any 

chemical and biological modification of the guest molecule.  

4.2 Experimental Section 

4.2. 1 Source and Purity of Samples 

P-nitro benzaldehyde and β-cyclodextrin of puriss grade were bought from Sigma 

Aldrich, Germany and used as purchased. The mass fraction purity of PNB and β-

cyclodextrin are ≥ 0.99 and ≥ 0.98 respectively.  
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4.2. 2 Apparatus and Procedure 

The guest molecule PNB and the β-CDs are freely soluble in triply distilled, deionized 

and degassed water. The stock solutions of PNB and aqueous CD were prepared by mass at 

298.15 K. Mettler Toledo AG-285(uncertainty 0.0001 g) was used for weighing. 

UV–visible spectra were taken by JASCO V-530 UV/VIS Spectrophotometer, with an 

uncertainty in wavelength as ±2 nm. The temperature during experiment is kept constant 

using a digital thermostat. 

1
H NMR spectra were taken in D2O at 300 MHz with help of Bruker Advance 

instrument at 

298.15 K. Signals are mentioned as δ values in ppm. The internal standard is D2O 

(protonated signal at 4.79ppm). Data are cited as chemical shift. 

The surface tension study was performed with platinum ring detachment technique 

using a Tensiometer (K9, KRSS; Germany). The temperature is maintained at 298.15 K by 

circulation of thermostated water through a double wall glass vessel containing the solution. 

The accuracy of the instrument is about ±0.1mN m
-1

. 

Conductivities of the solutions are measured using a Mettler Toledo Seven Multi 

conductivity meter having uncertainty 1.0 µSm
-1 

having uncertainty ±0.01 K. Thermostated 

water bath kept the temperature constant at 298.15 throughout the experiment. HPLC grade 

water was used with specific conductance 6.0l Sm
-1

. The conductivity cell was calibrated 

using 0.01 M aqueous solution of pure KCl crystals. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer FT-IR 

spectrometer according to the KBr disk technique. Samples were prepared as KBr disks with 

1 mg complex and 100 mg KBr. The FTIR measurements were done in the scanning 

assortment of 4000−400 cm
−1

 at room temperature. 

The solid inclusion complex [β-CD+PNB] has been prepared taking 1:1 molar ratio of 

both the PNB and CD. In this case 1.0 mmol CD was dissolved in 20 mL water and 1.0 mmol 

PNB was dissolved in 20 mL ethanol and stirred separately for 4 hrs. Then the ethanol 

solution of PNB was added drop wise to the aqueous CD solution. The mixture was then 

allowed to stir for 72 hrs at 50–55
o
C. It was filtered at this temperature, then cooled to 5

o
C 

and kept for 12 hrs. The resulting suspension was filtered and the white polycrystalline 

powder was found, which was washed with ethanol and dried in air. 
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4.3 Result and Discussion 

4.3.1. Job plot demonstrates the stoichiometry of the host–guest Inclusion complex 

The stoichiometry of the host guest inclusion complex can be predicted with the help 

of Job‟s method of continuous variation using UV-Visible spectra [6].
 
The difference of 

absorbance of PNB in presence and absence of β-CD was calculated and designated as ∆A.  

Then a plot is constructed taking ∆A×R against R where R = [PNB]/([PNB]+[CD]). (Fig 

1)Job plots are constructed with variation of mole fraction of PNB in the range of 0-1[7, 8]. 

Absorbance values were measured at 293 nm at 298K for a series of solutions. (Table 1) The 

stoichiometry of the inclusion complex can be found with the value of R at the point of 

maximum deviation. (R=0.5 for 1:1 complexes; R=0.33 for 1:2complexes; R=0.66 for 2: 1 

complexes) [9, 10]. In this study the plot show maxima at R=0.5 which means that the 

inclusion complex was formed with 1:1 molar ratio of PNB and β-CD. 

4.3.2 1H-NMR Study 

1H-NMR study gives us valuable information about the formation of inclusion 

complex between PNB and β-CD [11].
  

When the guest PNB molecule inserts into the 

hydrophobic cavity of β-CD molecule the protons of both PNB and β-CD show considerable 

chemical shift. The positions of different protons in the CD molecule are shown in scheme. 

The H3 and H5 protons are placed in the cavity while H1, H2 and H4 are located outside the 

cavity. (Scheme 3) H3 is situated near the wider rim and H5 is close to the narrower rim [12, 

13]. The respective δ values of PNB, β-CD and inclusion complex are mentioned in table 2. 

The protons of PNB and β-CD show considerable upfield shift in the spectra of inclusion 

complex. (Fig 4) From NMR data it can be concluded that the aromatic protons of PNB 

interacts more with the H3 protons of β-CD in comparison to H5 perhaps due to the reason 

that the PNB molecule enters in the hydrophobic cavity from the wider rim. All the protons 

of both host and guest show considerable chemical shift due to change of environment after 

forming inclusion complex. The H6 proton remains unaffected suggesting PNB enters from 

wider end. 

4.3.3 Surface tension study confirms the stoichiometry of the inclusion complex  

Cyclodextrin is freely soluble in water. The aqueous solution of β-CD does not show 

any notable change with increasing concentration [14].  The guest molecule p-nitro 

benzaldehyde shows surfactant like behavior due to its structure. This means that the 

presence of PNB in water reduces the surface tension value (γ) of water. In this experiment 
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the γ values of PNB has been measured with increasing concentration of host β-CD at 298.15 

K. (Table 3) The aqueous solution of PNB shows a regular increase with increasing 

concentration of host β-CD. Perhaps this occurs due to the removal of surface active PNB 

molecules from the solution into the hydrophobic cavity of β-CD after forming the inclusion 

complex. The surface tension plot also contains a sharp break point which is indication of the 

formation of inclusion complex with 1:1 stoichiometry (Fig 2) [15, 16].
 
Appearance of more 

number of break points in the surface tension curves reveal more complex stoichiometry such 

as 1:2, 2:1, 2:2 etc. the value of γ at the break point with corresponding concentration of β-

CD is listed in table. 

4.3.4 Conductivity study again proves the stoichiometry of the inclusion complex 

The formation of inclusion complex is again confirmed with the help of conductivity 

study [17, 18]. The guest molecule PNB exists in ionic form in aqueous solution having a 

measureable value of κ. In this study we have added aqueous CD solution to the aqueous 

solution of PNB; it has been found that κ value shows a regular declining trend. It is again 

probably due to insertion of PNB molecules from the solution to the hydrophobic cavity of 

CD. At certain concentration of both the host and guest molecules a single break point 

appeared in the conductivity plot, this confirms the formation of inclusion complex. (Fig 3) 

The value of κ with corresponding concentration of β-CD is listed in table 3 [19]. The 

appearance of single breakpoint again suggests the stoichiometry of the inclusion                  

complex 1:1. 

4.3.5 Association constants and thermodynamic parameters 

The association constant Ka of the inclusion complex of PNB with β-CD can be 

calculated from UV visible spectra. When the PNB molecule enters into the cavity of β-CD 

the environment of the guest changes, it results in the change of molar extinction coefficient ε 

[20]. 
 
The value of binding constant has been determined from the double reciprocal plots on 

the basis of Benesi-Hildebrand method which can be stated as  

1

∆A
=

1

∆ε PNB Ka


1

[CD]
+

1

∆ε PNB 
 

[21, 22]
 
The equation is valid in case of 1:1 host-guest IC only. We get the value of binding 

constant by dividing the intercept by the slope from double-reciprocal plots. The Ka value is 

calculated at three different temperatures. The thermodynamic parameters ∆G∘, ∆H∘ and ∆S∘ 
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for the formation of IC is measured from the famous Van‟t Hoff equation with the help of 

association constant Ka  [23, 24] 

lnKa = −
∆Ho

RT
+

∆So

R
 

lnKa varies linearly with 1/T. The ∆H∘ 
value depends upon the equilibrium constant at 

different temperatures.( Table 4) The ∆G∘ value for the formation of inclusion complex is 

negative which indicates the process to be thermodynamically favourable. The negative value 

of ∆H∘ 
shows that the process is exothermic. The entropy value ∆S∘ 

is also negative. The 

randomness of the molecules decrease due to insertion in the cavity of CD, as a result the ∆S∘ 

value is negative. The higher negative value of ∆G∘ 
overcomes the effect and the whole 

process is spontaneous. 

4.3.6 FT-IR study 

The encapsulation of PNB by β-CD is confirmed by FT-IR study [25, 26].
 
There are 

many changes in the position of peaks in the solid inclusion complexes. The various 

frequencies of PNB, β-CD and PNB+β-CD are reported in table 5. All the spectra are shown 

in the fig 5. The spectra of PNB is identified by various characteristic peaks of –CHO, -NO2, 

aromatic protons at 1707, 1535, 3424 etc. Broad characteristic peaks of –OH at about 3349 

cm
−1 

is present in the spectrum of β-CD. In the spectra of solid inclusion complexes many 

peaks of the PNB are either absent or shifted due to change of environment after insertion. 

The –O-H frequency of β-CD are shifted to lower region probably due to involvement of the 

–O-H groups of the host molecules in hydrogen bonding with the PNB molecule. No 

additional peaks are recognized in the solid inclusion complex which means no chemical 

reaction occurred between the molecule PNB and CD [27].
 

4.3.7 Scanning Electron Study (SEM) Study 

Scanning electron microscopy is a qualitative method used to visualize the surface 

structure of raw materials or the prepared products [28]. 
 
The SEM images of PNB, β-CD and 

inclusion complex are shown in fig 6. As shown in the SEM pictures β-CD was observed as a 

plate shaped crystal. PNB appeared also as plate shaped. The inclusion complex was 

appeared in irregular shapes with variable size, some looks like needle. The size and shape of 

the new obtained complexes were different from PNB and the host molecule. These changes 

can be taken as proofs of the formation of new inclusion complexes by molecular 

encapsulation. 
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4.4 Conclusion 

This work confirms that p-nitro benzaldehyde forms inclusion complex with β-CD in 

the aqueous medium and in the solid state which can be used as regulatory releaser of this 

compound. 
1
H NMR study and SEM study confirms the inclusion phenomenon and its 

mechanism. Surface tension, conductance and Job plot from UV-visible spectroscopy 

determines the 1:1 stoichiometric ratio of the IC. FT-IR spectra also supported the formation 

of IC. The association constants and thermodynamic parameters have been estimated ICs by 

reliable techniques. There  is  a  drop  in  ΔS⁰ ,  which  is overcome  by  higher  negative  

value  of  ΔH⁰ ,  making  the  overall  inclusion  process thermodynamically favorable. This 

IC has various applications in the field of modern biochemistry and medical science.  

Table 4.1 Data for the Job plot performed by UV-Vis spectroscopy for PNB-β-CD 

system at 298.15K
a
 

PNB(mL) 
β-CD 

(mL) 

PNB 

(µM) 

β-CD 

(µM) 

[PNB]/([PNB]+[β-

CD]) 

Absorbance 

(A) 
ΔA 

ΔA[PNB]/([PNB]+[β-

CD]) 

0.0 1.0 0 100 0.0 0.0000 0.7420 0.0000 

0.1 0.9 10 90 0.1 0.0636225 0.6783 0.0678 

0.2 0.8 20 80 0.2 0.1380672 0.6039 0.1208 

0.3 0.7 30 70 0.3 0.2318311 0.5101 0.1530 

0.4 0.6 40 60 0.4 0.2906623 0.4513 0.1805 

0.5 0.5 50 50 0.5 0.3502874 0.3917 0.1958 

0.6 0.4 60 40 0.6 0.4292407 0.3127 0.1876 

0.7 0.3 70 30 0.7 0.4997888 0.2422 0.1695 

0.8 0.2 80 20 0.8 0.5812507 0.1607 0.1286 

0.9 0.1 90 10 0.9 0.6672149 0.0747 0.0673 

1.0 0.0 100 0 1.0 0.7419558 0.0000 0.0000 
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Table 4.2 
1
H NMR data of PNB, β-CD and inclusion complex 

 

β-Cyclodextrin 

 (500 MHz, Solv: D2O) δ=3.49-3.54 (6H, t,  J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J = 9.6, 3.2 Hz), 3.79-3.84 (18H, m), 3.87-3.92 (6H,t, J = 9.2 Hz), 

5.00-5.01 (6H, d, J = 3.6 Hz)  

PNB (400 MHz, Solv: D2O) δ=7.9-8.0 (2H,m),8.1-8.2 (2H,m ), 8.2-8.3(1H,d) 

PNB+β-CD 

complex 

 (1:1 molar ratio, 300 MHz, Solv: D2O) : δ=3.3-3.5(6H, t), 3.5-3.9(6H, 

dd), 4.5-5.0(18H, m), 7.9-8.1(2H,m), 8.1-8.3(2H,m), 9.8 (1H,d) 

  

Table4.3 Data for surface tension and conductivity study of aqueous PNB-β-CD system 

at 298.15K
a
 

Volm of 

Β-CD 

(mL) 

Total volm 

(mL) 

Conc of 

PNB (mM) 

Conc of β-CD 

(mM) 

Surface tension 

(mN m
-1

) 

Conductuvity 

(mS m
-1

) 

0 10 10.000 0.000 54.4 22.2 

1 11 9.091 0.909 56.1 21.2 

2 12 8.333 1.667 57.6 20.3 

3 13 7.692 2.308 58.8 19.6 

4 14 7.143 2.857 60.1 19.1 

5 15 6.667 3.333 61.1 18.5 

6 16 6.250 3.750 61.9 18 

7 17 5.882 4.118 62.7 17.6 

8 18 5.556 4.444 63.5 17.1 

9 19 5.263 4.737 64.2 16.7 

10 20 5.000 5.000 64.7 16.2 

11 21 4.762 5.238 64.9 16 

12 22 4.545 5.455 65.1 15.9 

13 23 4.348 5.652 65.3 15.8 

14 24 4.167 5.833 65.5 15.7 

15 25 4.000 6.000 65.7 15.6 

16 26 3.846 6.154 65.8 15.5 

17 27 3.704 6.296 65.9 15.4 

18 28 3.571 6.429 66.0 15.3 

19 29 3.448 6.552 66.1 15.2 

20 30 3.333 6.667 66.2 15.1 
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Table4. 4 Association constant (Ka) and thermodynamic parameters ∆H∘, ∆S∘ and ∆G∘ 

of different PNB -Cyclodextrin inclusion complexes. 

Temp (K)
a
 Ka×10

-3
(M

-1
)
b
 ∆H

o
(kjmol

-1
)
b
 ∆S

o
(Jmol

-1
K

-1
)
b
 ∆G

o
(298.15 K)

 

(kJmol
-1

)
b
 

PNB+β-CD 

298.15 

303.15 

308.15 

1.36 

1.18 

1.01 

-20.75 -9.74 -17.85 

  

Table4.5 Frequencies at FTIR spectra of PNB, β-CD and solid inclusion complexes 

 Wave Number / cm
-1

 Group 

 

 

 

PNB 

816.5 -C-H 

897.3 -C-C 

1346.7 -NO2 symmetrical stretching 

1535.6 -NO2 asymmetrical stretching 

1707 -CHO 

3424.3 =C-H 

 

 

 

β-CD  

3349.84 stretching of O-H 

2921.52 stretching of –C-H from –CH2 

1412.36 

 
bending of –C-H from –CH2 and bending of O-H 

1157.57 bending of C-O-C 

1033.51 stretching of C-C-O 

938.53 skeletal vibration  involving α-1,4linkage 

 2944.6 stretching of O-H of β-CD 

 2369.7 stretching of –C-H from –CH2 of β-CD 

PNB+β-CD  1627.8 -CHO of PNB 

 1354.9 - NO2 asymmetrical stretching of PNB 

 1153.6 - NO2  symmetrical stretching of PNB 

Figures 
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 Figure4.1 Job plot of (b) PB-β-CD system at λmax=243nm at 298.15 K .R= [PNB]/([PnB] 

+ [CD]) ,∆A=absorbance difference of PNB without and with β-CD 

 

 

 

Figure 4.2 Variation of surface tension of aqueous PNB solution with increasing 

concentration of β-CD  at 298.15K. 
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Figure 4.3 Variation of conductivity of aqueous PNB solution with increasing 

concentration of β-CD  at 298.15K. 
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(a) 

 

(b) 

 

 

(c) 

Figure4.4 H NMR Spectra of (a) β-CD (b) PNB and (c) 1:1 molar ratio of β-CD + PNB 

in D2O in 298.15 K. 
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Figure4.5 FT-IR spectra of β-CD, PNB, PNB- β-CD inclusion complex. 

 

 

Figure4.6 Scanning electron microphotographs (a) β-CD (b) PNB (c) PNB- β-CD 

inclusion complex. 
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Schemes 

 

                                  
 

Scheme 4.1 Structure of cyclodextrin molecules. 

 

 

                

 

Scheme4.2 Two dimensional and three dimensional structure of PNB 
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Scheme4.3 Truncated conical structure of β-Cyclodextrin. 

 

 

Graphical abstract 

   

 

 

Scheme4.4 Plausible Schematic representation of mechanism for the formation of 1 : 1 

inclusion complex of PNB with  β-Cyclodextrin. 

Avvriviation: PNB-Para Nitro Benzaldehyde 
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CHAPTER V  

INVESTIGATION OF HOST GUEST INCLUSION COMPLEXES OF A 

NEUROTRANSMITTER INSIDE INTO Α-AND Β-CYCLODEXTRINS 

THROUGH HYDROPHOBIC AND HYDROPHILIC INTERACTIONS BY 

PHYSICOCHEMICAL APPROACH 

 

5.1 Introduction 

Phenylethanolamine is known as β-hydroxyphenethylamine(PEOH) is a 

neurotransmitter which is  structurally similar to others trace amine like norepinephrine, 

dopamine and epinephrine etc [1, 2]. 

It is endogenous chemical which transmit signals across a chemical synapse from one 

neuron to another neuron. The neurotransmitters produced from synaptic vesicles  are 

received by specific neurotransmitter receptors on the cell membrane of the postsynaptic 

neuron as shown in Scheme-5.1. This neuron may be connected to many more neurons and 

pass the information to adjacent neuron [3-5]. 

The neurotransmitters are clinically used for the treatment of several neurological and 

psychiatric disorders such as schizophrenia, Parkinson‟s disease, bipolar disorder, attention 

deficit, Huntington's disease, hyperactivity disorder.It regulates the blood pressure, 

respiration, and body temperature, the secretion of hormones from the pituitary gland, the 

regulation of α2-adrenoceptors in the hypothalamus etc. Phenylethanolamine is responsible 

for the production of enzyme phenylethanolamine-N-methyl transferase for the conversion 

of norepinephrine into epinephrine [6-8]. Phenylethanolamine-N-methyl transferase catalyses 

the biosynthesis of epinephrine from norepinephrine by transferring methyl group from S-

adenosyl-L-methionine [9]. 

 

Scheme.5.1. Process of transmission of signals from one neuron to another neuron.  

https://en.wikipedia.org/wiki/Norepinephrine
https://en.wikipedia.org/wiki/Dopamine
https://en.wikipedia.org/wiki/Epinephrine
https://en.wikipedia.org/wiki/Endogenous
https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Chemical_synapse
https://en.wikipedia.org/wiki/Synaptic_vesicles
https://en.wikipedia.org/wiki/Neurotransmitter_receptor
https://en.wikipedia.org/wiki/Phenylethanolamine_N-methyl_transferase
https://en.wikipedia.org/wiki/Norepinephrine
https://en.wikipedia.org/wiki/Epinephrine
https://en.wikipedia.org/wiki/Phenylethanolamine_N-methyl_transferase
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The cyclodextrins (CDs) are the cyclic oligosaccharides of glucopyranose units. There 

are three kinds of cyclodextrins, α -cyclodextrin (α-CD), β –cyclodextrin (β-CD) and γ-

cyclodextrin (γ-CD) containing 6, 7 and 8 glucopyranose units respectively connected with α-

(1–4) linkages [10, 11].The 2D and 3D structures of cyclodextrins are shown in Scheme 5.2 

and 5.3.  The special characteristic of cyclodextrin is that its inner cavity is hydrophobic in 

nature whereas exterior side is hydrophilic in nature. This kind of exceptional property allow 

cyclodextrin for complexation with diverse molecules like vitamins, amino acids, drugs, ionic 

liquids, hormones, polymers, dyes etc [12-16]. The H3 and H5 protons of cyclodextrins are 

located inside the cavity and the H1, H2 and H4 protons are located outside the cavity as 

shown in Scheme-5.3. Another significant feature of CD is that, the H3 proton are situated 

close to the wider rim and H5 proton is situated close to the narrower rim of the CD. The 

hydrophobic or alkyl parts of the compound enters inside the hydrophobic cavity of 

cyclodextrins and thus forming a stable inclusion complex [17] and the hydrophilic or ionic 

part of the compound exposes outside the cavity of cyclodextrins thus forming an inclusion 

complex.  The complexation of any compound inside cyclodextrin increases the solubility, 

stability against heat, light, oxidation and bioavailability and reduces volatility of the 

encapsulated molecules without disturbing its structure.  

                   

Scheme 5.2: Structure of cyclodextrin and phenylethanolamine. 
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Scheme 5.3. Structure of cyclodextrins. 

 

In our present work, we studied the formation of inclusion complex of phenylethanolamine 

inside the cavity of α-and β-cyclodextrins. Various physicochemical parameters from 

volumetric and viscometric studies and spectrometric methods were used to inspect the 

inclusion phenomenon. The inclusion complexes so formed may be used medically for its 

better performance as drugs.  

5.2. Experimental Section 

5.2.1. Materials 

The neurotransmitter, phenylethanolamine was procured from TCI Chemicals (Japan) 

Pvt. Ltd. and α -and β- cyclodextrins were purchased from Sigma-Aldrich, Germany. All 

these chemicals were used as purchased as their mass fraction purity were >0.98.  

5.2.2 Apparatus and procedure 

The solutions were prepared with triply distilled water. The weight was measured 

with Mettler AG-285 electronic balance having precession ±0.0003 x 10-3 kg. 

Anton Paar Density-Meter (DMA 4500M) with a precision of 0.00001 x 10
-3

 (kg·m
−3

) 

was employed to measure the density (ρ) of the solutions at different temperatures. The 

calibration of the densitymeter was done using doubly distilled water and dry air.  

The viscosities of the solutions were taken with Brookfield DV-III Ultra 

Programmable Rheometer with spindle size-42. The viscometer was connected with 

Brookfield Digital Bath TC-500. The machine was calibrated with doubly distilled water and 

purified methanol at 298.15 K before recording the viscosities of our studied solutions.  The 

uncertainty in viscosity is within ±0.003 mPa·s. 
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UV-vis absorption spectra of phenylethanolamine solution with successive addition of 

CDs were taken at 298.15 K by JASCO V-530 UV-VIS Spectrophotometer. In our present 

work a probe methyl orange (MO) was used since the studied neurotransmitter does not 

absorb in the UV-VIS range. 

The FT-IR spectrawere recordedwith Perkin Elmer FT-IR spectrometer after 

preparing the KBr disk of phenylethanolamine, CDs and inclusion complexes of it. The KBr 

disk is prepared by mixing 100 mg of carefully dried pure KBr and 1 mg of the compound to 

be studied.  

1
H NMR, NMR-ROSEY spectra were taken at 298 K in D2O by Bruker Avance 400 

MHz spectrometer. 

5.3. Result and discussion   

5.3.1 Density study 

 We may get valuable information about the interactions between 

phenylethanolamine and cyclodextrin molecules from volumetric study. The values of 

densities (ρ), viscosities (η) of different molar aqueous solutions of phenylethanolamine in α-

and β-cyclodextrins at 298.15 K are shown in Table-5.1 and 5.2 respectively. We calculated 

the apparent molar volume, ϕV from densities of different molarities of 

phenylethanolamine in aqueous solution of α-and β-cyclodextrins of varying molarities from 

the following equation [18]. 

ϕV= M /  – 1000 ( - 0 )/(m0 )                      

  ( 1) 

 The limiting apparent molar volume, ϕV
0 

was evaluated by least-square treatment of the plots 

of ϕV against √m using the renowned Masson equation [19]. 

ϕV= ϕV
0 

+ SV
* 
√m    (2) 
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Table 5.1. Experimental values of density (ρ), viscosity (η) of different molarties of 

phenylethanolamine  in aqueous α and β-cyclodextrins at 298.15 K 

Molarity of 

α-CD in 

Mol.kg
-1

 

ρ×10
-3

 

kg.m
-3

 

ƞ 

mP.s 

Molarity of 

β-CD in 

Mol.kg
-1

 

ρ×10
-3

 

kg.m
-3

 

Ƞ 

mP.s 

Molarity of phenylethanolamine = 0.001 Molarity of phenylethanolamine = 0.001 

0.010 0.99910 0.9065 0.001 0.99923 0.8204 

0.020 0.99956 0.9137 0.002 0.99970 0.8282 

0.030 1.00006 0.9273 0.004 1.00018 0.8431 

Molarity of phenylethanolamine = 0.003 Molarity of phenylethanolamine = 0.003 

0.001 0.99933 0.9207 0.001 0.99997 0.8317 

0.002 0.99978 0.9294 0.002 1.00043 0.8401 

0.004 1.00029 0.9458 0.004 1.00091 0.8566 

Molarity of phenylethanolamine = 0.005 Molarity of phenylethanolamine = 0.005 

0.001 0.99979 0.9282 0.001 0.99931 0.8440 

0.002 1.00024 0.9372 0.002 0.99978 0.8530 

0.004 1.00074 0.9546 0.004 1.00027 0.8702 

 

Table 5.2: Experimental values of density (ρ) and viscosity (η) of phenylethanolamine in 

different molarities of aqueous α and β-cyclodextrin at 298.15 K 

molalty 

mol.kg
-1

 

ϕV x 10
6
 

(m
3
. mol

-1
) 

( / 0 –1) / 

√m 

(mol. kg
-1

)
-1/2

 

molalty 

mol.kg
-1

 

ϕV x 10
6
 

(m
3
. mol

-1
) 

( / 0 –1) / 

√m 

(mol. kg
-1

)
-1/2

 

Molarity of phenylethanolamine = 0.001 Molarity of phenylethanolamine = 0.001 

0.001 196.5612 0.642 0.001 196.5100 0.645 

0.002 195.6088 0.703 0.002 195.3574 0.701 

0.004 194.8903 0.782 0.004 194.5054 0.786 

Molarity of phenylethanolamine = 0.003 Molarity of phenylethanolamine = 0.001 

0.001 196.4372 0.647 0.001 196.4214 0.651 

0.002 195.2849 0.708 0.002 195.1190 0.712 

0.004 194.4333 0.793 0.004 194.0838 0.801 

Molarity of phenylethanolamine = 0.005 Molarity of phenylethanolamine = 0.001 

0.001 196.3978 0.6502 0.001 196.2818 0.655 

0.002 195.1457 0.7133 0.002 194.7801 0.715 

0.004 194.0605 0.8011 0.004 193.6121 0.809 
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Table 5.3: Apparent molar volume (ϕV) and (ηr-1)/√m of the phenylethanolamine in 

different molarities of aqueous α and β-cyclodextrin mixtures at 298.15 K 

Molarity of 

phenylethanolamine  

ϕV
 0
x 10

6
 

(m
3
. mol

-1
) 

SV
*
x 10

6
 

(m
3
. mol

-

3/2
.kg

1/2
) 

B 

(kg
1/2

. mol
-1/2

) 

A 

(kg. mol
-1

) 

α-cyclodextrin 

0.001 102.5 -63.46 0.850 0.023 

0.003 104.4 -72.09 0.949 0.017 

0.005 105.6 78.98 1.01 0.009 

β-cyclodextrin 

0.001 98.19 -41.02 0.653 0.035 

0.003 99.60 -45.56 0.828 0.026 

0.005 101.4 -54.79 0.898 0.017 

 

The ϕV
0 

provides the information about solute-solvent interaction. The variations of 

limiting apparent molar volumes (V
0
) of phenylethanolamine are shown in Table 5.3 and 

Figure 5.1. It is noticed that ϕV
0
 values increase with increase in molarity of 

phenylethanolamine and CDs which specifies that solute and co-solute interactions increase 

with increasing concentration of phenylethanolamine and CDs  and shown in Table 5.3 and 

Fig5.1. The interaction is assumed to be arisen from the H-bonding between -NH2 and -OH 

groups of phenylethanolamine and -OH group of CDs. The higher ϕV
0
 value of 

phenylethanolamine in α-CD than β-CD indicates that the former interacts strongly with 

phenylethanolamine than the later.  This cannot be explained with H-bonding only. If the 

interaction were arisen only from H-bonding then ϕV
0 

values for both α-CD and β-CD should 

be same. The difference in ϕV
0
 values of phenylethanolamine in α-CD and β-CD can be 

explained on the basis of formation of inclusion complex which occurs due to another kind of 

non-bonding interaction known as hydrophobic-hydrophobic interaction. The hydrophobic 

aryl part of phenylethanolamine enters inside the hydrophobic interior of cyclodextrin 

forming inclusion complex and exert hydrophobic-hydrophobic interaction [20]. The higher 

ϕV
0
 values of phenylethanolamine in α-CD than β-CD may be explained from their cavity 

sizes. We know that the cavity size of α-and β-CD are 4.7–5.3 Å and 6.0–6.5 Å respectively. 

The smaller cavity size of α-CD provides a better situation for hydrophobic-hydrophobic 

interaction with phenylethanolamine than β-CD which has comparatively larger cavity size. 

For this reason, ϕV
0
 of phenylethanolamine is higher in α-CD than in β-CD. So, volumetric 

study gives us an idea about the formation of inclusion of phenylethanolamine with CDs.  
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Fig5.1. Variation of limiting apparent molar volumes (V
0
) of phenylethanolamine in 

aqueous α-and β-cyclodextrins solution with molarity (red and blue colour are for α-and 

β-cyclodextrins respectively) 

 

5.3.2 Viscosity Study 

Viscosity study is also helpful for inspecting the inclusion complex of 

phenylethanolamine with CDs [21]. From the viscosities of the phenylethanolamine in 

different molarities of aqueous CDs solution we can calculate the viscosity A and B 

coefficient using famous Jones-Does equation given below.  

(η /η0 –1) / √m = A + B √m                                                (6) 

Where, η0 and η are the viscosities of the solvent (aqueous solution of co-solute) and 

solution, respectively. The viscosity coefficients A and B values are obtained from intercept 

and slope of the straight line obtained from the plot of (η/η0 –1) /against √m and reported in 

Table 5.3 and Fig5.2. The viscosity B coefficient gives the information about the solute-

solvent interaction [22, 23]. The values of viscosity B coefficients of 

phenylethanolamine increase with increasing concentration of phenylethanolamine and CDs. 

This indicates that interaction between phenylethanolamine and the CD increases with 

increasing concentration of CD. The interaction arises from H-hydrogen bonding between -

OH group of cyclodextrin and -OH and -NH2 groups of phenylethanolamine. It is observed 

that B values for phenylethanolamine/α-CD and phenylethanolamine/β-CD systems are 

different which can‟t be explained by H-bonding only. Similar kind of observation was 

obtained in volumetric study also which may be explained by hydrophobic-hydrophobic 

interaction due to the formation of inclusion complex. The hydrophobic aryl part of 
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phenylethanolamine enters into the hydrophobic interior of cyclodextrin and form inclusion 

complex by hydrophobic-hydrophobic interaction. The higher B value for 

phenylethanolamine/α-CD system than phenylethanolamine/β-CD systems indicates that α-

CD is more favourable in forming inclusion complex than β-CD [24]. The smaller cavity size 

of α-CD provides a better situation for encapsulation than β-CD.  

 

 

Fig 5.2. Variation of viscosity B coefficient of phenylethanolamine in aqueous α-and β-

cyclodextrins solution with molarity (red and blue column respectively for α-and β-

cyclodextrins respectively) 

 

Scheme 5.4. Formation of inclusion complexes of phenylethanolamine with α-and β-CDs 

respectively and the order of association constants. 
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Scheme 5.5. Diagrammatic representation showing probable geometrical configurations 

of inclusion complexes of phenylethanolamine with α- and β-cyclodextrins. 

 

5.3.3 FT-IR spectroscopy 

The FT-IR study is a very reliable technique for investigation the inclusion 

phenomena [25-27]. The FT-IR spectra of pure phenylethanolamine, α- and β-CD 

cyclodextrins and their inclusion complexes are given in Fig 5.3. 

Some characteristic frequencies of phenylethanolamine, α- and β-CD cyclodextrins are their 

inclusion complexes are given below The frequencies for –OH group of both the α- and β-CD 

shifted to the lower frequencies which may be considered due to the presence of H-bonding 

between -OH groups of the CDs and –OH and –NH2 groups of phenylethanolamine. The 

peaks positions for aryl part of phenylethanolamine and hydrogen present in the interior of 

CDs changed due to encapsulation of aryl group into the cavity of CD.  
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Fig 5.3. FTIR spectra of of phenylethanolamine and inclusion complexes of it in α-and 

β-CD at 298.15 K 
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The frequencies of different groups are as follows: 

Phenylethanolamine: 3458 cm
-1

(O-H stretch), 2813.55 cm-1 (C-H stretch for -CH2 1597.98 

cm
-1 

(-C=C stretch for aromatic), 1589 cm
-1

(C=C), 1475 cm
-1

(C-C stretch for aromatic), 1423.05 

cm
-1

(Bending-CH2), 

α-Cyclodextrin:3434 cm
-1

(Stretching of O-H), 2930 cm
-1

(Stretching of –CH from –CH2), 

1420 cm
-1

(Bending –CH), 1160 cm
-1

(Bending of C-O-C), 1080 cm
-1

(stretching of C-C-O), 

956 cm
-1

(Vibration α-1,4 linkage) 

β-Cyclodextrin:3327 cm
-1

(Stretching of O-H), 2944 cm
-1

(Stretching of –CH from –CH2), 

1430 cm
-1

(Bending –CH), 1158 cm
-1

(Bending of C-O-C), 1030 cm
-1

(stretching of C-C-O), 

953 cm
-1

(Vibration α-1,4 linkage) 

Phenylethanolamine /α-CD inclusion complex: 3398.52 cm
-1

(stretching of O-H of α-CD), 

2931 cm
-1

(Stretching of –C-H), 1456.02 cm
-1

(Bending of –C-H), 1502.13 cm
-1

(C-C stretch 

for aromatic). 

Phenylethanolamine / β-CD inclusion complex:3402.02 cm
-1

(stretching of O-H of B-CD), 

2922.31 cm
-1

(Stretching of –C-H), 1520 cm
-1

 (C-C stretch for aromatic), 1452.45 cm
-

1
(Bending of –C-H). 

 

Scheme 5.6. Feasible and restricted inclusion complex formation of phenylethanolamine 

with CD 
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5.3.4 UV-VS Spectroscopy Investigation  

A significant indication about the formation inclusion complex may be obtained from 

UV-Vis spectroscopy [28]. Since our studied compounds phenylethanolamine and 

cyclodextrins do not absorb in the UV-Vis range we used methyl orange as probe.  

The absorption spectra of phenylethanolamine in different molarities of cyclodextrins were 

recorded and shown in Fig 5.4. 

The stoichiometry of host and guest of inclusion complex may be obtained from absorbance 

values by plotting the graph of ΔA×R against R which in known as Job‟s plot [29-31]. 

Where, R is concentration ratio 

R = [PEA]/([PEA]+[CD]) and ΔA represents the difference in absorbance of 

phenylethanolamine with and without cyclodextrin at 298.15 K. The R values at the maxima 

of Job‟s plot indicate the stoichiometry of host and guest of inclusion complexes.  

R = 0.5, 0.33 and 0.66 at the maxima indicate the 1:1, 1:2 and 2:1 host-guest stoichiometry of 

the inclusion complexes. 

 

Fig 5.4. UV-VIS spectra of phenylethanolamine in different concentrations of CDs using 

methyl orange (MO) as probe. 
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The R value in case of phenylethanolamine /CD system is 0.5 which indicates the 1:1 

stoichiometry. 

 

Fig 5.5. Job’s plot of different concentration of (A) β-CD in phenylethanolamine  (B) α-

CD in phenylethanolamine  using methyl orange (MO) as probe. 

 

The association constant of inclusion complex formation for phenylethanolamine /CD 

system, Ka may be determined from theabsorptivityvalues of UV-Visible spectra. We used 

the well-known Benesi-Hildebrand equation to estimate the association constants (Ka) of 

inclusion complex formation [32]. 

1

ΔA
=

1

ΔɛK[Guest]
×

1

[Host]
+  

1

Δɛ
 

The spectra of phenylethanolamine at constant molarity were recorded with varying 

concentration of cyclodextrin in presence of the probe (methyl orange).  

Where, ∆A denotes the difference in absorbance of phenylethanolamine in presence and 

absence of CDs, [Guest] and [Host] represent the concentration of phenylethanolamine and 

cyclodextrin respectively and ∆є denotes the molar absorption co-efficient difference in the 

presence and absence of CDs. The plot of 1/ΔA against 1/[CDs] gives a straight line with an 

intercept 1/Δɛ and a slope of 
1

ΔɛK[Guest ]
. The association constant, Ka may be achieved by 

dividing the intercept with the slopeof the plot at a certain concentration of ionic liquid. The 

Ka evaluated from Benesi-Hildebrand equation for phenylethanolamine /α-CD system is 

1.216x10
4
 M

-1 
and for phenylethanolamine /β-CD system is 1.331x10

4
M

-1
. 
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Fig 5.6. (A) Plot of 1/ΔA against 1/[α-CD]for examining stoichiometry of inclusion 

complexes .(B) Plot of 1/ΔA against 1/[β-CD] for examining stoichiometry of inclusion 

complexes. 
 

5.3.5.  
1
H NMR study 

1
H NMR study gives us important information about the formation of host-guest 

inclusion complex [33]. The 
1
H NMR spectra of phenylethanolamine, cyclodextrins and their 

IC were recorded in D2O at 298.15 K and are shown in Fig 5.7. Remarkable chemical shifts 

of various protons of the inclusion complexes from host and guest molecules noted. It is 

known that H3 and H5 protons of cyclodextrins are positioned inside the cavity whereas the 

H1, H2 and H4 protons are positioned outside the cavity [34, 35]. Another important feature 

of CD is that, the H3 proton are situated closer to the wide rim and H5 proton is situated 

closer to the narrow rim of the CD. The alkyl part of phenylethanolamine is assumed to be 

held inside CD cavity through hydrophobic-hydrophobic interaction without forming or 

breaking any bond. Due to the encapsulation of aryl part of the phenylethanolamine inside the 

cavity of CDs, notable up field chemical shift of the H3 and H5 protons of cyclodextrins and 

down field chemical shift of protons of aryl part of the ionic liquid took place [36]. 

Comparatively larger chemical of shift for H3 proton than the H5 proton supports that the 

encapsulation of aryl part of phenylethanolamine inside CD molecules occurs through the 

wider rim of CD as shown in Scheme 5.5. 
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Fig 5.7. 
1
H NMR spectra of phenylethanolamine and inclusion complexes of it with α-

and β-CDs in D2O at 299.15 K. 

1
H NMR data: 

Phenylethanolamine: [ 
1
H NMR (300 MHz, D2O)]: δ 2.694-2.732 (2H,m), 4.527-4.559(1H,t), 

7.210-7.315(5H, m) 

α–Cyclodextrin:[
1
H NMR (300 MHz, D2O)]: δ 3.42-3.43 (1H, j=9.00Hz), 3.51-3.52 (1H, 

j=10Hz), 3.74-3.83 (1H, m), 3.87-3.91(1H, J=9Hz) 4.96-4.97 (1H, J=3Hz), 7.44-7.535( 

6H,d). 

β–Cyclodextrin: [ 
1
H NMR (300 MHz, D2O)]: δ 3.41-3.42 (1H, j=9.00Hz), 3.53-3.56 (1H, 

j=10Hz), 3.75-3.77 (2H, m), 3.82-3.83(1H, J=9Hz) 4.97-4.98 (1H, J=3Hz) 
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Phenylethanolamine / β –CD: [ 
1
H NMR (300 MHz, D2O)]: δ 2.684-2.711 (2H,m),  3.267-

3.275(1H, m), (1H, m), 3.292-3.298 (1H, m), 3.558-3.567(1H,m),  3.732-3.748(1H, m), 4.97-

4.98 ( 1H, d), 7.46-7.543( 6H,d). 

Phenylethanolamine / α-CD: [
1
H NMR (300 MHz, D2O)]: δ 2.688-2.716 (2H,m),  3.265-

3.272(1H, m), (1H, m), 3.288-3.292 (1H, m), 3.552-3.563(1H,m),  3.725-3.774(1H, m), 4.96-

4.97 ( 1H, d), 7.44-7.535( 6H,d). 

 

5.3.6 2D ROESY NMR  

2D ROESY NMR study is another vital technique to investigate the formation of 

inclusion complexes [37, 38]. We are aware that two neighboring protons placed within a 

distance of 0.4 nm can exert a nuclear overhauser effect which may be established by 2D 

ROESY NMR (rotating-frame NOE spectroscopy). The ROESY NMR spectra of inclusion 

complexes of phenylethanolamine inside cyclodextrins are displayed in Fig 5.8. The H3 and 

H5 protons of CDs situated inside the cavity experience nuclear overhauser effect with the 

protons of aryl part of phenylethanolamine showing cross-peaks in the ROESY NMR spectra 

of inclusion complexes. 

 

Fig 5.8. NMR ROSEY spectra of inclusion complexes of (A) phenylethanolamine and α-

CD (B) phenylethanolamine and β-CD. 

5.3.7. Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy (SEM) is an exceptionally familiar method for 

examining the surface texture and particle size of solid materials [39-42]. From the SEM 

images of the Drug molecule, α-CD, β-CD and their complexes, it is clear that the SEM 

images of pure compounds and their ICs are totally different. Significant morphological 

changes and changes of surface structures of pure compounds and their ICs are observed. 

Changes of SEM images of pure hosts and guest molecule indicates about the formation of 

inclusion complexes. 
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Fig 5.9. SEM images of α-CD, β-CD and their inclusion complexes with 

phenylethanolamine. 

 

5.4. Conclusion 

The formation of inclusion complexes of phenylethanolamine inside the cavity of α–and β- 

cyclodextrins have been proved by various physicochemical and spectroscopic studies. The 

volumetric and viscometric studies reveal the existence of considerable interaction between 

phenylethanolamine and cyclodextrin in aqueous medium. The UV-Visible, 
1
H NMR, 2D 

ROESY NMR and IR spectroscopy firmly establish the formation of inclusion complexes of 

phenylethanolamine with both CDs. The Job‟s plot from UV-Visible spectroscopy reveals 

that the inclusion is of 1:1 stoichiometry however, 
1
H NMR spectroscopy reveals that the 

encapsulation of aryl part of phenylethanolamine inside the cavity of CDs occurs through the 

wider rim of CDs.          
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CHAPTER-VI 

SOLUTE-SOLUTE AND SOLUTE-SOLVENT INTERACTIONS OF 

PARACETAMOL IN AQUEOUS SOLUTIONS OF  -CYCLODEXTRIN  

AT DIFFERENT TEMPERATURES: A VOLUMETRIC AND  

VISCOMETRIC APPROACH 

 

6.1. Introduction 

Drug action in human body is known as pharmacodynamics. The effectiveness of a 

drug depends on its bioavailability [1]. The general reason of low oral bioavailability is due 

to low solubility of drug molecules. To get, required pharmacological action it is important to 

have a desired concentration of drug in the solution, for which solubility is the important 

factor. Sometimes low aqueous soluble drugs require high doses for desired action. Low 

water solubility of drugs is a serious problem for generic developments. Drug only in the 

form of aqueous solution get absorbed in the absorption sites. Most of the drugs are having 

poor aqueous solubility. Therefore the enhancement of drug solubility and its oral bio 

availability is a difficult task for drug development process. Sometimes some carrier 

molecules are added to the drugs to increase the solubility [2]. It is therefore interesting to 

observe the physico-chemical interactions between the drug molecule and the carrier 

molecule in aqueous media. Different physico-chemical properties such as density, viscosity 

are used as tools to study the interactions. A number of works related to volumetric and 

viscometric properties of drugs have been carried out by many researchers [3-5]. 

Paracetamol also known as acetaminophen or N-acetyl-p-amino phenol is a mild   

analgesic and antipyretic agent and also a non steroidal drug [6]. It is often used to treat post 

surgical and cancer pains.  Paracetamol has less solubility in aqueous media. According to 

biopharmaceutical classification system is belongs to class IV drug.Cyclodextrin is a 7 

membered sugar ring molecule. It is able to form host-guest complexes with hydrophobic 

molecules given the unique nature imparted by their structure.Cyclodextrin has found a 

large number of applications in a broad range of fields [7]. Cyclodextrins have the ability to 

solubilize hydrophobic drugs which has pharmaceutical applications and crosslink to form 

polymers used for drug delivery. Although few works have been done on different properties 

of paracetamol and Cyclodextrin [7-14], to the best of our knowledge, the properties of this 

ternary solution have not been reported. Hence the purpose of the present work is to study the 
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various interactions interplaying in the aqueous solutions of paracetamol and Cyclodextrin 

in terms of apparent molar volumes, standard partial molar volumes and viscosity B-

coefficients, solvation number etc., at T = (298.15 - 318.15) K and at pressure p=101 kPa. 

6.2. Experimental 

6.2.1. Materials 

Pharmaceutical grade paracetamol (CAS: 103-90-2; Sigma-Aldrich, mass fraction 

purity > 0.990) and A. R grade Cyclodextrin (CAS: 7585-39-9, Sigma-Aldrich, mass 

fraction purity > 0.980) were used for present study. The chemicals were used as such but 

stored in vacuo over anhydrous CaCl2 for several hours before use. Doubly distilled de-

ionized water with a specific conductance < 16
cmS101


  at 298.15 K was used to prepare 

different aqueous solutions of Cyclodextrin. Various mixed solvents were prepared by mass 

and necessary adjustments were done to achieve exact molal concentrations ( m = 0.001, 

0.003, 0.005 and 0.007) of Cyclodextrin in the mixed solvents at 298.15 K. The physical 

properties of these mixed solvents are given in Supplementary Table S1. Stock solutions of 

paracetamol in different solvent mixtures were prepared by mass and all the working 

solutions were prepared afresh before use by mass dilution. The mass measurements were 

made on a digital electronic analytical balance (Mettler, AG 285, Switzerland) with an 

uncertainty of g 101
-4

 .  The conversion of molalities into molarities was accomplished by 

using experimental density data whenever needed [15]. Estimated standard relative 

uncertainty in molality of paracetamol solutions, i.e.; ur (m) was evaluated to 0.01. The 

molecular structures of paracetamol, i.e., N-(4-hydroxyphenyl) acetamide and Cyclodextrin 

are shown in Fig 6.1. 

6.2.2. Apparatus and procedure 

The densities were measured with a vibrating-tube density meter (Anton Paar, DMA 

4500M). The densitimeter was calibrated at the experimental temperatures with doubly 

distilled, degassed water and dry air at atmospheric pressure. The temperature was 

automatically kept constant with an accuracy of K101
2

 using the built–in Peltier 

technique. The stated repeatability and accuracy of the densities were -35
cmg101 

 and

-35
cmg105 

 , respectively. However, standard uncertainty of the density measurements 

for most of the solutions was found to be within   0.1 kg.m
-3

. 
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The viscosity was measured by means of a suspended Canon-type Ubbelohde 

viscometer thoroughly cleaned, dried and calibrated at the experimental temperatures with 

triply distilled, degassed water and purified methanol [16-17]. It was filled with an 

experimental liquid and placed vertically in a glass sided thermostatic bath (Julabo, 

Germany) maintained constant to ± 0.01 K. After attainment of thermal equilibrium, the 

efflux times of flow of the liquid samples were recorded with a digital stopwatch correct to ± 

0.01s.  Adequate precautions were adopted to minimize evaporation loses during the viscosity 

measurements and an average of triplicate measurements was taken into account. The 

uncertainty in viscosity measurements was within 0.001 mPa.s. 

The absorption spectra of paracetamol in aqueous solutions of Cyclodextrin were 

recorded on Jasco V-530 double beam UV-VIS Spectrophotometer. It was coupled with 

thermostatic arrangement and maintained at 298.15 K. A quartz cell of 1 cm path length was 

used and spectroscopic grade water was used as the reference solvent for all the absorption 

measurements. 

Refractive indices were measured with an Abbe-refractometer at 298.15 K. Water 

was circulated through the refractometer from the thermostatic bath (mentioned 

above) maintained to ± 0.01 K of 298.15 K. The refractometer was calibrated with doubly 

distilled, degassed water before each series of measurements. The estimated uncertainty in 

refractive indices was found to be ± 0.0002. 

6.3. Results and discussion 

The experimental molalities (m), densities (), viscosities (), and apparent molar 

volumes ( V ) of paracetamol solutions in various aqueous Cyclodextrin solutions (used as 

solvents) at the experimental temperatures are reported in Table 6.2. 

6.3.1. Standard partial molar volumes 

The apparent molar volume V of a solute is defined as the difference between the 

volume of the solution and the volume of the pure solvent per mole of solute [18-20]. The 

apparent molar volumes V  were obtained from the following relation: 

)1(
)(1000

1

1








m

M
V
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where M is the molar mass of paracetamol, m is the molality of the solution, 1  and 

  are the densities of the solvent and solution, respectively. Uncertainties in V values were 

within -13-6 molm1062.011.0  . Supplementary Table S2 shows that apparent molar 

volumes V  increase with increasing temperature and Cyclodextrin content in the solutions 

under study. Such trends indicate that the interactions between solute and solvent as well as 

those between solute-solute or solute-cosolute change with temperature and solvent 

compositions. However, more clear information regarding solute-solute or solute-solvent 

interactions can be had from limiting apparent molar volumes at infinitesimal concentration 

or standard partial molar volumes
0

V  of the solute. As the plots of V against square root of 

molar concentration m were linear in the studied concentration range of paracetamol at all 

experimental temperatures, standard partial molar volume 
0

V  were obtained from the Masson 

equation [21]: 

)2(*0 mSVVV   

Actually the 
0

V values were determined by fitting the dilute data (m < 0.1) to Eq. (2) using a 

weighted least squares linear regression and the correlation coefficient ( 2R ) values were 

within the range 0.993-0.999. The weighing factors were set inverse to the variance of the V  

values for each data point. The intercept
0

V , i.e., the standard partial molar volume provides a 

measure of ion-solvent interactions and the slope
*

VS  provides information regarding ion-ion 

interactions. The values of 
0

V  and
*

VS  along with standard deviations ( ) for paracetamol in 

different aqueous Cyclodextrin solutions at the experimental temperatures are reported in 

Table 1.  Our results (Table 1) show that 
0

V  values are positive and increase when both the 

experimental temperatures and Cyclodextrin content in the solvents increase. This trend in 

0

V values indicates the presence of strong solute-solvent interactions and such interactions 

further strengthen at elevated temperatures and with higher concentrations of Cyclodextrin 

in the ternary solutions and such a trend in 
0

V values is at par the trends in V  values (as 

listed in Supplementary Table 6.2) for the studied solutions. These facts may be attributed to 

increase in solvation of the ions at higher co-solute concentrations. Dependence of 
0

V  values 

on the solvent composition is depicted in Fig 6.2. 
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The parameter 
*

VS  is a volumetric coefficient that characterizes pair-wise interaction 

between the solvated species or ion-ion interaction in solution phase [22-24]. Its sign is 

determined by the interactions between the solute species.   In the present study, 
*

VS  values 

were found to negative for all the studied solutions. For a weak ionic species like paracetamol 

and a non ionic species like -cyclodextrin, negative 
*

VS  values suggest that the presence of 

weak pair-wise interaction between the solute-solute or the solute-co-solute and such 

interactions probably diminishes with increasing molality of -cyclodextrin due to solvent 

induced cosphere overlap or solute-solute hydrophobic interactions [25]. 

6.3.2. Standard transfer volumes 

Limiting thermodynamic transfer properties provide information about the solute-

cosolute interaction, because at infinite dilution the interactions between individual solute 

molecules are negligible. Hence 
0

t V  is free from solute-solute interactions and provides 

valuable information about solute-cosolute interactions. The standard partial molar volume of 

transfer (
0

t V ) were obtained from the relation [26]: 

)3(] water [

] waterincyclodextr [

0

00

t

V

VV








 

The 
0

t V  values are depicted in Fig. 3 as a function of molality of Cyclodextrin in the 

aqueous solutions. 
0

t V  values are positive at all the experimental temperatures and 

increases monotonically with the increase in Cyclodextrin content in ternary solutions. 
0

V

values are taken from our previously published paper [27 ]. According to the cosphere 

overlap model, as developed by Friedman and Krishnan [28] 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 volume 

decease. The positive 
0

t V  values indicate that ion-hydrophilic and hydrophilic-hydrophilic 

group interactions predominate over ion-hydrophobic, hydrophobic-hydrophobic and 

hydrophilic-hydrophobic interactions and the overall effect of the overlap of the hydration 

cospheres of paracetamol and Cyclodextrin reduces the electrostriction of water by 

paracetamol. Such reduced electrostriction results in a concomitant increase in volume and 
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these effect further increases with increasing molality of Cyclodextrin in the ternary 

solutions increase. 

The partial molar volume of a solute can also be explained by a simple model [29-30] 

as given by the relation: 

)4(0

SVoidVWV    

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 Cyclodextrin solutions for the same solute, 

the increase in 
0

V  values and the concomitant positive 
0

t V  values can be attributed to the 

decrease in the shrinkage volume ( S ) of water by paracetamol in presence of 

Cyclodextrin. This fact suggests that Cyclodextrin has a dehydration effect on the 

hydrated paracetamol. Thus the interactions between paracetamol and Cyclodextrin can 

roughly be summarized as follows: 

1) Interaction of H
 + 

ions from paracetamol and water with the -OH groups 

Cyclodextrin, 2) Interaction of the O: and N: from paracetamol with –OH groups of 

Cyclodextrin. 3) Interaction of ionic part of paracetamol with the hydrophobic part of 

Cyclodextrin. While interactions of 1-2 types impart positive contributions, interaction of 3 

types imparts negative contribution to 
0

V values. Therefore the overall positive 
0

V  values 

indicate that ionic group interactions predominate over ionic–hydrophobic interactions. 

Anyway, standard partial molar volumes of a solute reflects a overall result of several solute-

solute and solute-solvent interactions prevailing in solutions like:  electrostatic interactions 

between 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 as 

well as solvation, and other polar-ionic group (H-bonding) interactions between different 

polar and non-polar groups of Cyclodextrin and paracetamol; all these interactions  can 

characterize the overall state of the solutions studied. 
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6.3.3. Apparent molar expansibilities 

Apparent molar volumes ( V ) and densities (  ) at the experimental temperatures 

were used to calculate the apparent molar expansibilities ( E ) of paracetamol solutions by 

using the relation [19]. 

)5(
)(1000

1

1






m
VE


  

where  and 
1 are the coefficients of isobaric thermal expansion of the solvent and 

solution, respectively and other symbols have their usual significance.   and 
1 are defined 

as: 
PT)( 1

1     and
PT )(1

11    . The uncertainty in the coefficients of 

isobaric thermal expansion was -15 K102   and the uncertainty in E values was within

-1-13-6 Kmolm100.002-0.001  , respectively. The standard partial molar expansibilities               

(
0

E ) were then determined from the relation [31]: 

)6(0 mSEEE   

PE T )( 0   values were obtained from the slope of a linear fit of 
0

E values (a least squares 

linear regression used) against experimental temperature ( T ) with the correlation coefficient 

( 2R ) values within the range 0.886-0.974. The 
0

E  values are an important indicator of solute-

solvent interactions and helps in interpretation of the long-range structure making or breaking 

properties of solutes [32-34]. The 
0

E values along with corresponding errors for different 

experimental solutions at different temperatures are given in Table 2. It reveals that 
0

E values 

are positive and further increase when experiment temperature increases. Such a trend in 

values can be ascribed to the structural perturbation influenced by the gradual appearance of 

„caging effect‟ or „packing effect‟ [35-36] for paracetamol in the studied solutions and it has 

hydrophobic character. According to Hepler [37-38] if the term  
PE T 0 is positive, the 

solute is a structure maker otherwise it is a structure breaker. The  
PE T 0 values for 

different ternary solutions are given in Table 2. It shows that the  
PE T 0  values are 

positive for all the studied solutions. Thus paracetamol seems to act a net structure maker in 

aqueousCyclodextrin solutions and the studied systems are characterized by the 
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predominance of hydrophobic hydration over the electrostriction of water by the solute and 

co solute molecules, i.e., some of the electrostricted water molecules in the hydration spheres 

of the solute, cosolute or their constituents ions get released in favor of the normal bulk 

structure of water upon overlap of the cospheres resulting in volume increase in coexistence 

of the solute and cosolute. 

6.3.4 U.V spectroscopy 

The UV-VIS absorption spectra used to confirm the formation of inclusion complex 

between paracetamol and Cyclodextrin. In the following study we measured the absorption 

spectra of paracetamol in water and several concentrations of aqueous Cyclodextrin 

solutions at 298.15 K. The absorption spectrum of Cyclodextrin (1.10
-4

 mol.L
-1

) solution 

did not have any considerable absorption band in the wave length range 220-300 nm and the 

absorption spectra of paracetamol (1.10
-4

 mol.L
-1

) solution shows a peak at 243 nm (Fig. 4) 

[27, 39]. To determine the apparent formation constant for the inclusion complex of 

paracetamol and Cyclodextrin, the concentration of paracetamol was held constant at 1.10
-4

 

mol.L
-1

, in the same time concentrations of Cyclodextrin has been manipulated as 3.10
-5

 

mol.L
-1

, 5.10
-5

 mol.L
-1

, 9.10
-5

 mol.L
-1

, 12.10
-5

 mol.L
-1

, 14.10
-5

 mol.L
-1

. The absorbances of 

the solutions were measured at 243 nm. The absorption spectra of inclusion complex at 

different concentrations of Cyclodextrin are shown in fig 4. It is found that the absorbance 

value increased with the increment of Cyclodextrin concentrations when paracetamol 

concentration remains fixed. It is an indicative of the increased solubility of the guest 

molecules during the formation of the inclusion complex [40]. Since the phenyl part of the 

paracetamol is more likely to go to the hydrophobic cavity of Cyclodextrin, the theoretical 

stoichiometric ratio for the inclusion complex slould be 1:1. This theory can be verified if we 

get a linear relationship from the reciprocal plot of 1/Abs vs. 1/[ Cyclodextrin] based on 

Hildebrand-Benesi equation [41]. 

)7(
][

1

][][

11

00 GCDKGA 



  

Where A is the absorbance for the paracetamol solution at each Cyclodextrin 

concentrations and [G]0, K, [CD], are the initial concentration of paracetamol, apparent 

formation constant of paracetamol, concentrations of Cyclodextrin and molar absorptivity, 

respectively. Fig 5 shows the reciprocal plots of absorbance and concentration which 

determines the stoichiometric ratio for the inclusion complex formed. A good linear 
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relationship was obtained from the graph. This graph clears that the ratio for the inclusion 

complex between paracetamol and Cyclodextrin is 1:1. The same thing was observed by a 

number of researchers [42-43]. The apparent formation constant based on the fig was 

. 10 0.975 4X  

6.3.5. Viscometric results 

As paracetamol behaves as a weak electrolyte [27], solution viscosities were analyzed 

with the modified Jones-Dole equation [24, 44]. 

)8(1 Bcr   

where 
1ηηηr  ; 

1 ,  and c are the viscosities of solvent, the viscosities of solution and 

molarity of the solute in the solutions, respectively. The viscosity B-coefficients [45-47] were 

estimated by least squares linear regression analysis. Viscosity B-coefficient depends on 

solute-solvent interactions. Table 3 shows that the viscosity B-coefficients are positive and 

increase with the rise in the temperature. These results thus reflect strong solute-solvent 

interactions in the ternary solutions and suggest net structural enhancement at higher 

temperatures. Such interactions are also well reflected by the increase in solution viscosities 

induced by increasing the Cyclodextrin concentration in the ternary solutions. 

6.3.6. Solvation number 

We have also calculated solvation or hydration numbers (
nS ) for paracetamol using 

the relation [48]: 
0/ Vn BS  .  

nS  is indicative of the formation of a primary solvation sphere 

around a solute. The range 5.20nS  indicates unsolvated solutes [48] and higher 
nS  

values indicate solvated solutes with primary solvation sphere. So an inspection of 
nS values 

given in Table 3 indicated that paracetamol remain solvated with primary solvation spheres in 

the aqueous solutions investigated here, as already discussed on the basis of 
0

V  values. 

6.3.7. Thermodynamics of viscous flow 

According to Feakings‟ transition state theory of relative viscosity [49-50], the free 

energy of activation of viscous flow per mole of the solute ( 0

2Δμ ) is related to the viscosity 

B-coefficients by the relation: 

)9(/)1000( 0

1,

0

1,

0

2,

0

1

0

2 VVVBRT   
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where 
0

1,V and 
0

2,V are the partial molar volumes of the solvent and solute, respectively. The 

free energy of activation of viscous flow for the solvent/solvent mixture per mole ( 0

1Δμ ) is 

given by the relation [50]: 

)10()(lnΔΔ 0

1,1

0

1

0

1 AV NhRTG     

where NA is the Avogadro‟s number and the other symbols have their usual significance. The 

entropy of activation for ternary solutions (  0

2S ) were obtained from the negative slope of 

the plots of 0

2Δμ against T  [51], 

)11(/)( 0

2

#0

2 dTμdS #  

and the activation enthalpy ( 0

2ΔH ) has been calculated using the relation: 

)12(0

2

0

2

0

2

  STH   

The parameters )( 0

1,

0

2, VV   , 0

1Δμ , 0

2Δμ , 0

2ΔH and  0

2ST are reported in Table 4. It 

shows that 0

1Δμ is almost invariant of the solvent compositions and temperatures, implying 

that 0

2Δμ is dependent mainly on the viscosity B-coefficients and )( 0

1,

0

2, VV   terms. The 

values 0

2Δμ contain the change in the free energy of activation of solvent molecules in 

presence of solute as well as the contribution from the movement of solute molecules or ions. 

0

2Δμ values were positive and greater than 0

1Δμ values at all the experimental temperatures 

for all the aqueous solvent media suggesting that solute solvent interactions are stronger in 

the ground state than in the transition state and in the transition state the solvation of the 

solute (ions) is less favored energetically. According to Feakins et al. [52] the fact that
 0

2Δμ

> 0

1Δμ  for solutes with positive viscosity B-coefficients indicates stronger solute-solvent 

interactions; thereby suggesting the formation of transition state to be accompanied by the 

rupture and distortion of the intermolecular forces in solvent structure. The greater the value 

of 0

2Δμ , the greater is the structure-promoting tendency of a solute and the positive 0

2Δμ  

values for paracetamol in the studied solutions suggest it to be a net structure 

promoter/maker. However, negative 0

2ΔS and 0

2ΔH  values suggest that the transition state is 

associated with bond formation between solute-solvent components and the procedure is 

exothermic in nature. 
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6.3.8. Refractometric results 

The dimensionless optical property refractive index, Dn , is very sensitive to changes 

in molecular organization of pure liquids, solutions and mixtures. The apparent molar 

refractivity, DR  of a solute can be expressed as [53]: 
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where Dn and 1,Dn are the refractive indices of the solution and solvent, respectively at 

298.15 K and other symbols have their usual meanings. DR values, given in Table 5, 

increases linearly as the concentration of paracetamol in all the solvent/solvent mixtures and 

also increases as the concentration of -cyclodextrin increases in the studied solutions. This 

indicated that refractive indices are directly related to ion-solvent interactions in the 

solutions. As DR is directly proportional to the molecular polarizability, the increasing trend 

in DR values indicates an overall increase in the molecular polarizabilities                                    

(
ANR  4/3 MP  ) [52]. The molar refractivities ( MR ) were estimated by using Lorentz-

Lorenz equation. 

6.4. Conclusion 

In summary, different derived parameters like 
0

V  and viscosity B-coefficients for the 

solutions of paracetamol in the aqueous solvent systems indicated strong host-guest 

interaction between paracetamol and Cyclodextrin and also the studied solutions are 

predominantly characterized by ion-solvent interactions rather than by ion-ion interactions 

and the paracetamol acts as a net structure promoter both in water and aqueous solution of co 

solutes. 
nS values indicated that the paracetamol remain solvated with primary solvation 

spheres in the aqueous solvent systems investigated. 
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Table 6.1 

Standard partial molar volumes (
0

V ), the slopes (
*

VS ) and corresponding standard deviations 

( ) for paracetamol in aqueous solutions of Cyclodextrin at T = (298.15 to 318.15) K and 

at pressure p=101 kaP. 

T/K 
13

60

molm

10


V  
3/22./13

6*

molkgm

10


VS
 

13

6

molm

10



 

0.001
 a
 

298.15 127.68 (±0.42) -17.97 (±0.19) 0.14 

308.15 128.11 (±0.85) -16.52 (±0.21) 0.16 

318.15 128.66 (±0.77) -14.74 (±0.17) 0.11 

0.003
 a
 

298.15 127.91 (±0.62) -18.43 (±0.29) 0.12 

308.15 128.73 (±0.67) -18.72 (±0.32) 0.11 

318.15 129.42 (±0.60) -17.85 (±0.24) 0.11 

0.005
 a
 

298.15 128.63 (±1.11) -18.87 (±0.43) 0.06 

308.15 129.41 (±1.12) -21.09 (±0.42) 0.08 

318.15 130.22 (±0.94) -20.91 (±0.23) 0.16 

0.007
 a
 

298.15 129.64 (±1.07) -22.08 (±0.18) 0.04 

308.15 129.94 (±1.11) -22.49 (±0.26) 0.07 

318.15 130.85 (±1.12) -18.48 (±0.08) 0.06 
a 

Molality of Cyclodextrin in aqueous solutions in mol.kg
-1

. Standard errors are given the 

parenthesis. 

Standard uncertainties are: u(T) = ±0.01 K, u(p) = ±1 kPa, ur(m) =
 

 

Table 6.2.  

Standard partial molar expansibilities (
0

E ) for paracetamol in aqueous solutions 

Cyclodextrin at T = (298.15 to 318.15) K and at pressure p=101 kPa. 

 

Solvent 1-13

50

Kmolm

10








E
 1-12/13

5

Kmolkgm

10








ES
 

213

8
0

Kmolm

10
δ

δ
















p

E

T


 

298.15 K 308.15 K 318.15 K 298.15 K 308.15 K 318.15 K 

0.001 
a
 

4.20 

(±0.09) 

4.24 

(±0.09) 

4.29 

(±0.10) 

-1.63 

(±0.05) 

-1.64 

(±0.05)) 

-1.65 

(±0.05) 
1.87 

0.003 
a
 

3.37 

 (±0.03) 

3.40 

(±0.03) 

3.43 

(±0.03) 

-1.33 

(±0.03) 

-1.33 

(±0.03) 

-1.33 

(±0.03) 
0.43 

0.005 
a
 

3.05 

(±0.04) 

3.08 

(±0.04) 

3.12 

(±0.04) 

-0.96 

(±0.02) 

-0.97 

(±0.02) 

-0.98 

(±0.02) 
0.32 

0.007 
a
 

1.44 

(±0.01) 

1.45 

(±0.01) 

1.47 

(±0.011) 

-0.15 

(±0.01) 

-0.18 

(±0.01) 

-0.21 

(±0.01) 
0.07 

a 
Molality of Cyclodextrin in aqueous solutions. Standard errors are given the parenthesis. 

Standard uncertainties are: u(T) = ±0.01 K, u(p) = ±1 kPa, ur(m) =
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Table 6.3.  

Viscosity B-coefficients of paracetamol with the correlation coefficients 2R , standard 

deviations σ for linear regression of Eq. (8) along with the solvation number nS  in aqueous 

solutions of Cyclodextrin at T = (298.15 to 318.15) K and at pressure p=101 kPa 

Parameters 
298.15 K 308.15 K 318.15 K 

 0.001 
a
  

13

3

molm

10


B
 

0.328 

(±0.026) 

0.423 

(±0.008) 

0.503 

(±0.036) 

2R  0.99974 0.99997 0.99982 

  0.004 0.001 0.005 

nS  
2.57 

(±0.02) 

3.29 

(±0.03) 

3.89 

(±0.01) 

 0.003
 a
 

13

3

molm

10


B
 

0.336 

(±0.030) 

0.440 

(±0.008) 

0.528 

(±0.040) 

2R  0.99999 0.99993 0.99993 

  0.004 0.001 0.005 

nS  
2.61 

(±0.03) 

3.42  

(±0.02) 

4.08 

(±0.02) 

 0.005
 a
 

13

3

molm

10


B
 

341 

(±0.013) 

0.448 

(±0.013) 

0.539 

(±0.036) 

2R  0.99998 0.99993 0.99996 

  0.005 0.003 0.003 

nS  
2.65 

(±0.03) 

3.46 

(±0.01) 

4.14 

(±0.02) 

 0.007
 a
 

13

3

molm

10


B
 

0.349 

(±0.033) 

0.454 

(±0.012) 

0.541 

(±0.045) 

2R  0.99998 0.99999 0.99996 

  0.004 0.002 0.005 

nS  
2.69 

(±0.01) 

3.50 

(±0.01) 

4.15 

(±0.0.1) 
a
Molality of Cyclodextrin in aqueous solutions. Standard errors are given the parenthesis. 

Standard uncertainties are: u(T) = ±0.01 K, u(p) = ±1 kPa, ur(m) =  
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Table 6.4. 
 

Values of
0

1.

0

2. VV
  , 

0

1
 , 




0

2
 , 




0

2
H and 




0

2
ST  for paracetamol in aqueous solutions of 

Cyclodextrin at T = (298.15 to 318.15) K and at pressure p=101 kPa 

 

 

Parameters 

T = 298.15 K T = 308.15 K T= 318.15 K 

0.001 
a
 

13

60

1,

0

2,

molm

10)(




VV


 109.53 109.91 110.29 

1

0

1

molkJ





 
10.11 

(±0.01) 

10.03 

(±0.01) 

9.89 

(±0.01) 

1

0

2

molkJ





 
69.82 

(±0.01) 

85.09 

(±0.01) 

98.17 

(±0.01) 

1

0

2

molkJ



 ST

 
-422.51 

(±0.01) 

-436.68 

(±0.01) 

-450.85 

(±0.01) 

1

0

2

molkJ



H

 
-352.69 

(±0.01) 

-351.59 

(±0.01) 

-352.69 

(±0.01) 

 0.003 
a
 

13

60

1,

0

2,

molm

10)(




VV


 109.68 110.44 110.96 

1

0

1

molkJ





 10.15 10.07 9.90 

1

0

2

molkJ





 70.77 87.22 101.42 

1

0

2

molkJ



 ST

 -456.96 -472.29 -487.61 

1

0

2

molkJ



H

 -386.19 -385.07 -386.19 

 0.005 
a
 

13

60

1,

0

2,

molm

10)(




VV


 110.51 111.13 111.73 

1

0

1

molkJ





 10.15 10.09 9.93 

1

0

2

molkJ





 71.85 88.44 101.89 

1

0

2

molkJ



 ST

 -465.61 -481.22 -486.84 
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1

0

2

molkJ 

H
 -393.75 -392.79 -393.75 

 0.007 
a
 

13

60

1,

0

2,

molm

10)(


 VV 
 111.53 111.68 112.41 

1

0

1

molkJ 


 10.17 10.11 9.95 

1

0

2

molkJ 


 73.22 89.51 103.70 

1

0

2

molkJ 

ST
 -474.39 -489.88 -504.70 

1

0

2

molkJ 

H
 -401.18 -400.12 -401.18 

a 
Molality of Cyclodextrin in aqueous solutions  in 

1kg mol. 
. 

Standard uncertainties are: u(T) = ±0.01 K, u(p) = ±1 kPa, ur(m) =  

 

 

Table 6.5. 

Refractive indices (
Dn ), molar refractivities (

MR ), apparent molar refractivities (
DR ) and 

molar polarizabilities (
P ) as a function of molarities ( m ) of paracetamol in Cyclodextrin 

solutions        
 

 

3dmmol/ 

c
 

Dn  

13

6

M

molm/

10



R
 

13

6

molm/

10



DR
 

13

30

P

molm/

10








 

0.000 
a
 

0.006 
1.3338 3.73 

(±0.01) 

120.13 

 (±0.90) 

1.48 

(±0.01) 

0.0134 
1.3342 3.74 

(±0.01) 

84.64 

 (±0.78) 

1.48 

 (±0.01) 

0.0267 
1.3347 3.75 

(±0.01) 

65.56  

(±0.42) 

1.48 

(±0.01) 

0.0401 
1.3352 3.76 

(±0.01) 

59.10  

(±0.52) 

1.49 

 (±0.01) 

0.0536 
1.3357 3.77 

 (±0.01) 

55.78 

(±0.33) 

1.49  

(±0.01) 

0.0671 
1.3362 3.78 

(±0.01) 

53.74  

(±0.35) 

1.50 

 (±0.01) 

0.001 
a
 

0.006 1.3341 3.73 121.43 1.48 
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(±0.01) (±0.73) (±0.01) 

0.0134 
1.3345 3.74 

(±0.01) 

85.38  

(±0.65) 

1.48 

 (±0.01) 

0.0267 
1.3350 3.75 

(±0.01) 

66.54 

 (±0.31) 

1.49 

(±0.01) 

0.0401 
1.3355 3.76 

(±0.01) 

60.01  

(±0.44) 

1.49 

 (±0.01) 

0.0536 
1.3360 3.77 

 (±0.01) 

55.85 

(±0.51) 

1.50  

(±0.01) 

0.0671 
1.3365 3.78 

(±0.01) 

53.78  

(±0.31) 

1.50 

 (±0.01) 

0.003 
a
 

0.006 
1.3345 3.74 

(±0.01) 

128.75 

 (±0.55) 

1.48 

(±0.01) 

0.0134 
1.3349 3.75 

(±0.01) 

89.10 

 (±0.70) 

1.49 

 (±0.01) 

0.0267 
1.3354 3.76 

(±0.01) 

67.87 

(±0.49) 

1.49 

(±0.01) 

0.0401 
1.3359 3.77 

(±0.01) 

60.54 

 (±0.45) 

1.50 

 (±0.01) 

0.0536 
1.3364 3.78 

 (±0.01) 

56.92 

 (±0.48) 

1.50  

(±0.01) 

0.0671 
1.3369 3.79 

(±0.01) 

54.61 

 (±0.24) 

1.50 

 (±0.01) 

0.005 
a
 

0.006 
1.3349 3.75 

(±0.01) 

138.41 

 (±0.86) 

1.49 

(±0.01) 

0.0134 
1.3353 3.76 

(±0.01) 

93.45  

(±0.56) 

1.49 

 (±0.01) 

0.0267 
1.3358 3.77 

(±0.01) 

69.96 

 (±0.54) 

1.50 

(±0.01) 

0.0401 
1.3363 3.78 

(±0.01) 

62.57  

(±0.46) 

1.50 

 (±0.01) 

0.0536 
1.3368 3.79 

 (±0.01) 

58.11 

 (±0.41) 

1.50  

(±0.01) 

0.0671 
1.3372 3.80 

(±0.01) 

54.79 

 (±0.38) 

1.51 

 (±0.01) 

0.007 
a
 

0.006 
1.3353 3.76 

(±0.01) 

139.39 

(±0.96) 

1.49 

(±0.01) 

0.0134 
1.3357 3.77 

(±0.01) 

94.60 

 (±0.43) 

1.50 

 (±0.01) 

0.0267 1.3362 3.78 70.58 1.50 
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(±0.01)  (±0.57) (±0.01) 

0.0401 
1.3367 3.79 

(±0.01) 

62.97 

(±0.47) 

1.50 

 (±0.01) 

0.0536 
1.3372 3.80 

 (±0.01) 

59.05 

 (±0.34) 

1.51  

(±0.01) 

0.0671 
1.3376 3.81 

(±0.01) 

          55.32 

(±0.12) 

1.51 

 (±0.01) 
a
Molality of Cyclodextrin in aqueous solutions in mol.kg

-1
. Standard errors are given the 

parenthesis. 

Standard uncertainties are: u(T) = ±0.01 K, u(p) = ±1 kPa. 

 

 

Figure  

 
Figure 6.1: Molecular structure of paracetamol. Molecular structure of β-cyclodextrin. 

 
Figure 6.2: Dependence of standard partial molar volumes (ϕV0) for paracetamol on 

the molality of β-cyclodextrin in aqueous solutions at T = 298.15-318.15 K. Symbols: ϒ, 

T = 298.15 K; ⊄, T = 308.15 K; Δ, T = 318.15 K. 
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Figure 6.3: Plots of standard partial molar volume of transfer (tɸv0) for paracetamol 

on the molality of β-cyclodextrin in aqueous solutions at T = 298.15-318.15 K. symbols: 

ϒ, T = 298.15 K; ⊄, T = 308.15 K; Δ, T = 318.15 K. 

 
Figure 6.4: (1) Absorption spectra of aqueous β-cyclodextrin (1.10−4 mol.L−1) solution 

and paracetamol with various in aqueous β-cyclodextrin concentrations (2) 0 mol.L−1, 

(3) 3.10−4 mol.L−1, (4) 5.10−4 mol.L−1, (5) 9.10−4 mol.L−1, (6) 12.10−4 mol.L−1, (7) 

14.10−4 mol.L−1. 
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Figure6.5: Reciprocal plot for 1/A vs. 1/(β-cyclodextrin) of paracetamol β-cyclodextrin 

inclusion complex. 

 

  



 



112 

CHAPTER-VII 

PHYSICOCHEMICAL INVESTIGATION TO PROBE THE RECOVERY AND 

CONTROLLING MANAGEMENT OF GOUT PAIN IN HUMAN BODY 

THROUGH ACCUMULATION OF VITAMIN B6 MOLECULE 

 

7.1. Introduction 

Pyridoxal 5‟-phosphate (PLP) is biochemically considered as the active form of 

vitamin B6. We know enzymes use an array of organic cofactors to catalyze demanding 

chemical reactions under physiological situations. Amongst these all cofactors, pyridoxal-

phosphate (PLP), active form of Vitamin B6, and is one of the most adaptable. It is vital in 

metabolism of carbohydrates, amino acids, fatty acids, neurotransmitters (serotonin, nor 

epinephrine), sphingolipids, and aminolevulinic acid. It plays an important role in living 

organisms, and humans and animals must obtain it from food. 

Gout is a pictorial presentation of uric acid disturbance described by type of arthritis, 

hyperuricemia, acute and chronic allow for an even enhanced understanding of the disease. It 

is a systemic disease which results from deposition of monosodium urate crystals in tissues. 

World-wide rate of gout have increased gradually owing to poor dietary habits such as fast 

foods, increased incidence of obesity, lack of exercises and metabolic syndrome. 

Deficiency of enzymes involved in purine metabolism leads to overproduction of 

UA. Vitamins were found to increase renal excretion of uric acid so it can be used as a 

supplement during management of gout. Therefore Vitamins were interacted with the uric 

acid in this paper to show their stability and utility in the human body at diverse temperatures 

by various physicochemical contrivances [1-7]. 

7.2. Experimental Section 

7.2.1 Materials and Methods 

The compound under investigation namely PLP and Uric acid (UA) 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 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. 

https://en.wikipedia.org/wiki/Vitamin_B6
https://pubchem.ncbi.nlm.nih.gov/compound/serotonin
https://pubchem.ncbi.nlm.nih.gov/compound/norepinephrine
https://pubchem.ncbi.nlm.nih.gov/compound/norepinephrine
https://pubchem.ncbi.nlm.nih.gov/compound/norepinephrine
https://pubchem.ncbi.nlm.nih.gov/compound/aminolevulinic%20acid
https://www.sciencedirect.com/topics/chemistry/uric-acid
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Prior to the start of experimental work solubility of UA and PLP have been 

specifically checked in distilled water and observed that the selected aqueous UA was freely 

soluble in all proportion of PLP. Every stock solution of UA were set by mass (weighed by 

Mettler Toledo AG-285 with uncertainty 0.0003 g), and then working solutions were 

obtained by mass dilution at 298.15 K. Aqueous UA binary solution used as binary solvent 

system. The uncertainty within molality of solutions evaluated to ±0.0001 mol kg
-3

. Solution 

densities (ρ) were dignified by vibrating-u-tube Anton Paar digital density meter (DMA 

4500M) by a precision of 0.00005 g cm
-3

 maintained at ±0.01 K. 

In support of viscosity () suspended Ubbelohde viscometer was used and 

temperature of the experimental bath was maintained constant up to ±0.002 K,  by circulating 

coolant liquid three different temperatures, viz., T = (298.15, 303.15 and 308.15) K has been 

measured [8]. 

In Conductance measurements Systronics Conductivity-TDS Meter 308 was used. 

Earlier to the experiment, cell constant and specific conductance of the solvent (H2O) were 

measured and cell constant was found to be 0.10 cm
-1

. 

Digital Refractometer Mettler Toledo was used to determine refractive index. The 

refractometer was fixed by distilled water and calibration was tested after each few 

measurements. 

Infrared spectra record was taken in 8300 FT-IR spectrometer (Shimadzu, Japan) and 

the particulars about this instrument have been illustrated in the literature [9]. 

UV spectra of different solutions, PLP and UA were obtained by Agilent 8453 UV-

Vis spectrophotometer with uncertainty ±2 nm. A conventional 1 cm path (1 cm ×1 cm × 4 

cm) quartz cell has been used. Scanning of the samples was taken within range from 190 to 

1200 nm. 

NMR spectra were taken in D2O using Bruker AV-300 spectrometer operating for 1H 

at 300 MHz. Chemical shifts (δ) were report in parts per million (ppm) relative to TMS as 

internal standard (D2O: δ 4.79 ppm). 

7.3. Results and discussion 

7.3.1. Density Correlation. 

The experimental densities of vitamin B6 in aqueous solutions of UA at T = (298.15, 

303.15 and 308.15) K are listed in Table 1. Comparison between experimental densities and 
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viscosities of vitamin B6 in aqueous solutions of UA shows variation tendencies of 

experimental densities and viscosities with molality show good agreement with literature 

values. It could be seen from Table 1 that densities of all solutions increase with the molality 

but decrease with increasing temperature. For the same solute, the densities increase 

monotonously with the molality of UA. While for the same molality of UA, the densities of 

all solutions increase with the molar weight of PY (see Figure 1). 

Figure 1 intensely presents the relationship of the densities of PY versus temperature 

and solute molar concentration. It is observed that from Figure 1, densities of solutions show 

good linear relationship to the molar concentration of PY [10-14]. 

7.3.2. Volumetric Properties.  

The apparent molar volumes of vitamin B6 in UA solutions were computed by the 

following relation: 

      / /V M    m        
 

(1) 

Where M molar mass of the salt, m is the molarity of the solution,  and 
0  are density of 

the PY-UA solution and aq. UA mixture respectively.  

The calculated apparent molar volumes are also included in Table 1. Figure 2 shows 

the plot of apparent molar volumes of PY in mol fractions of UA aqueous solutions at 298.15 

K, 303.15K, and 308.15K. It is found that the apparent molar volumes vary linearly with 

molar concentration of the solute molecule. 

Apparently, from Table 7.1, t all positive values with increase in temperature, which 

gives an insight that there exists the solute−solvent interaction and higher temperature could 

facilitate this kind of interaction. When the molality of UA aqueous solutions climbs, 

corresponding values of will also escalate under the specified temperature. Additionally, it 

could also be found that of PY under the condition of infinite dilution, the interactions 

between solute and solute is negligible, therefore, the solute− solvent interactions would 

become dominated in the solutions. Thus it could provide much valuable information about 

solute− solvent interactions [15]. 

7.3.3 Viscosity Measurement. 

The experimental viscosities of vitamin B6 (PY) in uric acid (UA) aqueous solutions 

at T = (298.15, 303.15 and 308.15) K are displayed in Table 2a and partly depicted in Figure 
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2a. It could be clearly found from Figure 7.2 that the viscosities are in linear relationship to 

the molar concentration of solute. In this work, Jones-Dole equations were utilized to 

correlate the viscosities of solution. 

The viscosity records for the calculated systems are listed in (Table7.2).  

(/o - 1)/ √m = (ηr - 1)/ √m = A + B √m                              (2) 

Where , 0  are, viscosity of ternary (PY + aq. UA) system and binary aqueous UA mixture 

relative viscosity ηr=/o and m is the molarity of ternary solutions. A, 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 

2b).  

In this experiment we found A-coefficient increases marginally with the increase in 

mass of PY in the solvent mixture represents very weak solute-solute interactions.  

Viscosity B-coefficient gives information concerning solvation of solvated solutes and 

their effects on arrangement of solvent in local vicinity of the solute molecules in solutions. It 

is found that values of the B-coefficient presented in (Table 7.2) are positive and much higher 

rather than A-coefficient, suggesting solute-solvent interactions are superseding over the 

solute-solute interactions. (Table 7.1 and 7.2) shows values of B coefficients of PY decreases 

with increasing temperature (Figure7.2) [16, 17].  

7.3.4. Conductivity measurements 

For conductivity measurements at temperature 298.15 K for determination of break 

point for each solvent composition was carried out by plotting conductivity against the total 

concentration of the solution. The conductivity of a solution depends on solvation of its ions 

in it which involves types of intermolecular interactions: hydrogen bonding, ion-dipole 

interactions, and van der Waals forces. Measured specific conductance of solutions of the 

solute PY in UA- water 298.15K has been subjected for solvent correction and used to 

calculate molar conductance, m using equation 

m = k/C                                            (3) 

 Where C is the molar concentration of PY solution and κ is the measured specific 

conductance. The molar conductance ( ) of PY in different concentration of UA solutions 

were calculated at the corresponding molar concentrations given in Table 7.3. From the 

https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Hydrogen_bonding
https://en.wikipedia.org/wiki/Van_der_Waals_forces
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perusal of Figure3 it is evident that conductance is higher in case of PY when 10mM of it is 

mixed with 2*10^ (-5) m solution. The molar conductance of PY is decreased with increasing 

the conc. of UA. The fact is due to the interaction of these charged species with the molecules 

by hydrogen bonding, which probably construct association by electrostatic forces, these 

consequences in the shrinks in the electrostatic attraction in PY and the molar conductances 

for the solution decreases (Scheme7.2) [18, 19]. 

7.3.5. Refractive Index 

RM, molar refraction can be evaluated from Lorentz-Lorenz relation, 

RM = {(nD
2 

- 1) / (nD
2
 + 2)}(M / ρ)                                                                          (4) 

RM = molar refraction 

nD = refractive index 

M molar mass 

ρ = density of solution 

Moreover limiting molar refraction (R
0

M) estimated from the following equation, 

RM =R
0

M+ RS√m                                                                        (5) 

The refractive index in addition convenient method for investigating interaction 

happening in the electrolytic solution.  Stated more briefly, by Deetlefs et al. that refractive 

index describes its capability to refract light as it moves from one medium to another and 

thus, higher refractive index of a compound, maximum light is refracted. Higher refractive 

index, higher 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 4, 

Figure 4 reveals the nD and RM values increases with an increasing concentration of mass 

fraction PY into the solution of the used solvents, suggesting that in the UA 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 discussed above 

[20]. 

7.3.6 FTIR spectral determination 

In case of pure pyridoxine phosphate all the major band assignments are represented 

at 3416.52 cm
-1

 for stretching in phenolic –OH, 3239.85 cm
-1

 for stretching in alcoholic –OH, 

1646.42 cm
-1

 and 1556.20 cm
-1 

C=C and C=N aromatic ring stretch, 1275.22 cm
-1

 is the C=O 

stretching of aryl alkyl group ether, 1246.04 cm
-1 

is the C-O stretch in the vinyl ether, 
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1042.10 cm
-1

 is the C-O is the stretch of the primary alcoholic group are the following peaks 

overviewed in the study; which relates with the interactions.  

FTIR spectra of UA Shows a broad band around 3432.24 cm
-1 

corresponding to NH 

stretching, shows a red shift as a consequence of hydrogen bonding. A band at 1673.66 cm
-1 

is also observed from the template UA represents C=O stretch. 

When the PY-UA-H2O combined ternary system it is observed the position of the 

vibrations are shifted or changed more in comparable to that of pure PY like 3416.52 cm
-1

 for 

stretching in phenolic –OH is changed to 3419.41 cm
-1 

in PY-UA-H2O system, 1646.42 cm
-1

 

for C=C aromatic ring stretch of pure PY is shifted to 1676.62 cm
-1

, 1556.20 cm
-1 

for C=N 

aromatic ring stretch is changed to 1590.78 cm-
1
 and 1278.73 cm

-1 
is the change noted for the 

ether group (Figure 5), which again proves the fact the interactions with pyridoxine 

phosphate, is best suited with uric acid [21-22].  

7.3.7 UV spectroscopy 

Pyridoxal phosphate is an important co-enzyme, but its precise structure has been 

very uncertain. Judgment of absorption curve of authentic co-enzyme with those of 

substances of established structure should be crucial. From literature recorded an absorption 

peak at 292 mp at pH 2.1 for pyridoxine phosphate and gradually decreases in intensity with 

decreasing hydrogen ion concentration; at pH values of 4 to 5 two new maxima appear at 255 

and 326 mp. Whereas at pH 6.75, 292-mp peak is no longer shown and the 326-mp peak 

becomes very strong. As pH was changed from 6.75 to 10.2 the “alkaline” bands were 

displaced to 246 and 311 mp. Harris and Folkers invoked the ionic forms with the zwitterions 

part. Accordingly, the spectra of pyridoxine phosphate over a wide range of pH values have 

been determined.  

In the present assay we have interpreted the pure form of pyridoxine phosphate with 

UA. We found the difference between Figure 6a and 6b, which judged the fact that around 

pH values of 4 in the acidic medium the interaction of PY is possible with UA in the aqueous 

phase when the concentrations of PY and UA are taken in the range of 10MM and 100MM. 

The investigation illustrates spectrophotometric analysis of solute-solvent interaction 

systems and, in addition, confirms the established structure of codecarboxylase (pyridoxal 

phosphate) [23]. 
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7.3.8 1H-NMR  

In case of 1H-NMR though we cannot compare the extent of H-bonding (Scheme 1) 

but we can conform the positioning of H-bonding, if we have tally both system‟s i.e., pure PY 

and mixture of PY-UA. We have recorded 1H NMR spectra in D2O for exchangeable protons 

of four pyridoxal phosphate. A number of well resolved peaks, in Figure 7.1, show that the 

singlets and quartet around 2.5 ppm due to the protons of C-CH3, CH3 has shifted in Figure 

7.3. C-OH peak around 3.315 ppm has also shifted in the lower region in the mixture. C-

COH, HCO singlets and doublet of the pure PY is shifted in Figure 7c from 5.070-5.077ppm. 

The peak at 5.293 ppm for C-CH2 in Figure 7.1 is present, whereas these peak is absent in 

Figure 7.3 which indicate that the proton in these region might have participated in hydrogen 

bonding. O-PO3H2 in Figure 7a shows triplets around 6.659 ppm, which is again absent in 

Figure 7.3. CH doublets are clearly observed in Figure 7.3 around 8.118 ppm which indicates 

that it is not involved in the interaction. Moreover the peak at 3.258 ppm in UA (Figure 7.2) 

for C=O is merged in the mixture. The proposed interaction has now been investigated and 

proved with high resolution 1H nuclear magnetic resonance spectroscopy [24]. 

7.4 Conclusion 

Our studies have demonstrated a novel interaction between PY and UA, which would 

trigger the vitamin. It is seen whether individuals suffering with Gout, which is a kind of 

arthritis could be treated with vitamin B6 which would act as a co-enzyme, along with 

vitamin C studied earlier in the literature to firmly attract the uric acid crystals, and remove it 

from the body. As it is proved in these portray that in the acidic medium there is effective 

binding between PY and UA. It would also be important biologically to conjugate in their 

blood and urine. 

Abbreviations 

Vitamin B6: (PY)  

Uric acid: (UA) 
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Tables 

Table 7.1. Density (), apparent molar volume (
V ) of an aqueous solutions of UA in 

pyridoxine at different temperatures T = (298.15, 303.15 and 308.15) K at 10
5
 N. m

-2
. 

 

SOLUTION 10
-3

 /kg. m
-3

 v * 10
6
 m

3
·mol

-1
 

 298.15K 303.15K 308K 298.15K 303.15K 308K 

PURE 1*10˄(-5) 0.9972 0.9958 0.9942 0.011282 0.011297 0.011316 

1ST  0.9973 0.9959 0.9943 0.022563 0.022595 0.022631 

2
ND

 0.9975 0.9961 0.9945 0.033849 0.033897 0.033951 

3
RD

 0.9976 0.9962 0.9946 0.045126 0.045189 0.045262 

4
TH

 0.9978 0.9964 0.9948 0.0677 0.067787 0.067896 

5
TH

 0.9978 0.9965 0.9949 0.082475 0.082581 0.082732 

6
TH

 0.9979 0.9966 0.9949 0.0845678 0.0871234 0.0888897 

    

PURE 2*10˄(-5) 0.9972 0.9958 0.9942 0.013558 0.013539 0.013571 

1ST  0.9973 0.9959 0.9944 0.027115 0.027077 0.027158 

2
ND

 0.9975 0.9961 0.9945 0.040685 0.040628 0.04075 

3
RD

 0.9976 0.9962 0.9946 0.054234 0.054165 0.054321 

4
TH

 0.9977 0.9964 0.9948 0.070075 0.069977 0.070188 

5
TH

 0.9979 0.9965 0.9949 0.081327 0.081223 0.081467 

6
TH

 0.998 0.9967 0.995 0.0834557 0.0823487 0.0832176 

    

PURE 3*10˄(-5) 0.9972 0.9958 0.9942 0.011282 0.011287 0.011316 

1ST  0.9973 0.996 0.9943 0.022563 0.022595 0.022631 

2
ND

 0.9975 0.9961 0.9945 0.033849 0.033897 0.033951 

3
RD

 0.9976 0.9962 0.9946 0.045126 0.045189 0.045262 

4
TH

 0.9978 0.9964 0.9948 0.067692 0.067779 0.067896 

5
TH

 0.9979 0.9966 0.9949 0.072465 0.072567 0.076949 

6
TH

 0.9981 0.9967  0.9950 0.0814532 0.867882 0.081125 

 

Table 7.2 Viscosities (η) of Vitamin B6 in aqueous Solution of Uric acid at T = (298.15, 

303.15, 308.15) K and Pressure p = 101.3 kPa 

For 1*10
˄(-5)

m solutions 

Solution C (mol. L-1) η(m Pa.s) 

at 298.15K 

ηr 

at 298.15K 

η(m Pa.s) 

at 303.15K 

ηr 

at 

303.15K 

η(m Pa.s) 

at 

308.15K 

ηr 

at 

308.15K 

Pure 0.00425 4.46  4.44  4.42  

1st 0.01126 4.47 1.00224 4.45 1.00225 4.43 1.00226 

2nd 0.02252 4.48 1.00223 4.46 1.00224 4.44 1.00225 

3rd 0.03378 4.49 1.00223 4.47 1.00224 4.45 1.00225 

4th 0.04504 4.5 1.00222 4.48 1.00223 4.46 1.00224 

5th 0.06756 4.51 1.00222 4.49 1.00223 4.47 1.00224 

6th 0.08231 4.52 1.00221 4.5 1.00222 4.48 1.00223 

For 2*10
˄(-5)

m solutions 

Pure 0.0054 4.48  4.46  4.44  

1st 0.01351 4.49 1.00223 4.47 1.00224 4.45 1.00225 

2nd 0.02702 4.5 1.00222 4.48 1.00223 4.46 1.00224 
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3rd 0.04054 4.51 1.00222 4.49 1.00223 4.47 1.00224 

4th 0.05405 4.52 1.00221 4.5 1.00222 4.48 1.00223 

5th 0.06984 4.53 1.00221 4.51 1.00222 4.49 1.00223 

6th 0.08107 4.54 1.00220 4.52 1.00221 4.5 1.00222 

 

For 3*10
^(-5)

m solutions 

Pure 0.045 4.53  4.48  4.46  

1st 0.01126 4.54 1.00220 4.49 1.00223 4.47 1.00224 

2nd 0.02252 4.55 1.00220 4.5 1.00222 4.48 1.00223 

3rd 0.03378 4.56 1.00219 4.51 1.00222 4.49 1.00223 

4th 0.04504 4.57 1.00219 4.52 1.00221 4.5 1.00226 

5th 0.06756 4.58 1.00218 4.53 1.00221 4.51 1.00222 

6th 0.07234 4.59 1.00218 4.54 1.00220 4.52 1.00221 

m stands for the molality of vitamin B6 in (UA + water) mixture solvents. Standard 

uncertainty: in molality u(m) = ± 1·10−4 mol·kg−1 ; u(T) = ± 0.02 K; in viscosities u(η) = ± 

1%, u(T) = ± 0.02 K. 

 

Table 7.3 1 r( ) / m , Viscosity A- and B-coefficients of vitamin B6 in different mass 

fraction of aqueous UA (w1) at 298.15 K, 303.15 K and 308.15 K respectively 

Solution 1 r( ) / m
 

298.15K
 

m 

A 

/ kg
1/2

·mol
-1/2 

At 298.15K 

B 

/ kg·mol
-1 

At 298.15K 

For 1*10
˄(-5)

m solutions 

Pure  0.002125 0.006 0.007 

1st 1.26E-05 0.00563 

2nd 2.52E-05 0.01126 

3rd 3.77E-05 0.01689 

4th 5.02E-05 0.02252 

5th 7.51E-05 0.03378 

6th 9.13E-05 0.041155 

For 2*10
˄(-5)

m solutions 

Pure  0.0027 0.006 0.005 

1st 1.51E-05 0.006755 

2nd 3.01E-05 0.01351 

3rd 4.5E-05 0.02027 

4th 5.99E-05 0.027025 

5th 7.73E-05 0.03492 

6th 8.95E-05 0.040535 

For 3*10
˄(-5)

m solutions 

Pure  0.0225 0.003 0.005 

1st 1.24E-05 0.00563 

2nd 2.48E-05 0.01126 

3rd 3.71E-05 0.01689 

4th 4.94E-05 0.02252 

5th 7.39E-05 0.03378 

6th 7.9E-05 0.03617 

For 1*10
˄(-5)

m solutions 

Pure  0.002125 0.006 0.007 

1st 1.26802E-05 0.00563 
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Solution 1 r( ) / m
 

298.15K
 

m 

A 

/ kg
1/2

·mol
-1/2 

At 298.15K 

B 

/ kg·mol
-1 

At 298.15K 

2nd 2.53034E-05 0.01126 

3rd 3.787E-05 0.01689 

4th 5.03803E-05 0.02252 

5th 7.54018E-05 0.03378 

6th 9.16592E-05 0.041155 

For 2*10
˄(-5)

m solutions 

Pure  0.0027 0.006 0.005 

1st 1.51457E-05 0.006755 

2nd 3.02237E-05 0.01351 

3rd 4.52455E-05 0.02027   

4th 6.01893E-05 0.027025 

5th 7.76E-05 0.03492 

6th 8.9878E-05 0.040535 

For 3*10
˄(-5)

m solutions 

Pure  0.0225 0.003 0.007 

1st 1.2567E-05 0.00563 

2nd 2.5078E-05 0.01126 

3rd 3.75333E-05 0.01689 

4th 4.99335E-05 0.02252 

5th 7.47345E-05 0.03378 

6th 7.98455E-05 0.03617 

Solution 1 r( ) / m
 

308.15K
 

m 

A 

/ kg
1/2

·mol
-1/2 

At 308.15K 

B 

/ kg·mol
-1  

At 308.15K 

For 1*10
˄(-5)

m solutions 

Pure  0.002125 0.006 0.007 

1st 1.27E-05 0.00563 

2nd 2.54E-05 0.01126 

3rd 3.8E-05 0.01689 

4th 5.06E-05 0.02252 

5th 7.57E-05 0.03378 

6th 9.21E-05 0.041155 

For 2*10
˄(-5)

m solutions 

Pure  0.0027 0.006 0.005 

1st 1.52E-05 0.006755 

2nd 3.04E-05 0.01351 

3rd 4.54E-05 0.02027 

4th 6.05E-05 0.027025 

5th 7.79E-05 0.03492 

6th 9.03E-05 0.040535 

For 3*10
˄(-5)

m solutions 

Pure  0.0225 0.003 0.005 

1st 1.26E-05 0.00563 

2nd 2.52E-05 0.01126 

3rd 3.77E-05 0.01689 

4th 5.02E-05 0.02252 

5th 7.51E-05 0.03378 

6th 8.02E-05 0.03617 
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Table 7.4. Conductance data of PY in UA solution (i.e., 10m (M) VITAMIN B6 

SOLN+2*10
˄ (-5)

 URIC ACID SOLUTIONS) 

NO VOL OF VITAMIN SOLN VOL OF UA TOTAL VOL CONDUCTANCE 

1 
 

10 
 

0 
 

10 
 

134 
 

2 
 

10 
 

1 
 

11 
 

123 
 

3 
 

10 
 

2 
 

12 
 

117 
 

4 
 

10 
 

3 
 

13 
 

112 
 

5 
 

10 
 

4 
 

14 
 

109 
 

6 
 

10 
 

5 
 

15 
 

105 
 

7 
 

10 
 

6 
 

16 
 

102 
 

8 
 

10 
 

7 
 

17 
 

99 
 

9 
 

10 
 

8 
 

18 
 

96 
 

10 
 

10 
 

9 
 

19 
 

94 
 

11 
 

10 
 

10 
 

20 
 

91 
 

12 
 

10 
 

11 
 

21 
 

89.2 
 

13  10  12  22  87.2  

14  10  13  23  85  

15  10  14  24  83.7  

16  10  15  25  81.1  

17  10  16  26  79.7  

18  10  17  27  78.6  

19  10  18  28  76.7  

20  10  19  29  75.2  

 

Table 7.5. Experimental values of refractive index (ηD), molar refraction (R) of PY in 

the different mass fractions of aqueous uric acid solutions at 298.15K 

M/mol kg−1 ηD RM 

PURE URIC ACID SOLUTION 1*10⁻5(M) 1.3486 0.000914 

1st 1.3466 0.002408 

2nd 1.3462 0.00481 

3rd 1.3451 0.007194 

4th 1.3439 0.00956 

5th 1.3435 0.014325 

6th 1.3416 0.017363 

PURE URIC ACID SOLUTION 2*10⁻5(M) 1.3440 0.001147 

1st 1.3442 0.002871 

2nd 1.3441 0.00574 

3rd 1.3434 0.008595 

4th 1.3433 0.011455 

5th 1.3431 0.014791 

6th 1.3431 0.017168 

PURE URIC ACID SOLUTION 3*10⁻5(M) 1.3439 0.009557 

1st 1.3439 0.002391 

2nd 1.3437 0.004779 

3rd 1.3435 0.007164 

4th 1.3434 0.009547 

5th 1.3429 0.014301 

6th 1.3413  

0.015621 
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Figures 

 

Figure7 1. Plot of the variation of density () of solutions as a function of molality (m) 

for UA-H2O solutions of pyridoxine at T = 298.15 K, 303.15K, 308.15K. 
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Figure 7.2. Plot of the variation V of solutions as a function of molality (m) for UA-H2O 

solutions of pyridoxine at T = 298.15 K, 303.15K, 308.15K. 
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Figure 7.3. Viscosities, η of PY in various mole fractions of UA aqueous solutions at T = 

298.15 K, 303.15K, 308.15K 



126 

 

Figure 7.4. Plots of viscosity B-coefficients for pyridoxine in different mole fractions in 

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

 

Figure7.5: Plot of Molar conductance ( m) against concentration in aqueous PY in 

mass fraction of 2*10^
 (-5) 

m of the solution 

 

  
Figure 7.6. Plot of limiting molar refraction (RM

0
) vs. mass fraction for 1*10^ 

(-5)
 m (sky 

blue), 2*10^ (-5) m (brown), 3*10^ (-5) m (purple) of PY in aqueous UA. 
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Figure 7.7.  FTIR Spectra of pure pyridoxine phosphate (PY), uric acid (UA) and 

mixture of PY-UA aqueous solution 
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Figure7.8. UV spectra for pure pyridoxal phosphate 

 

Figure 7.9. UV spectra for pyridoxal phosphate in the presence of aqueous uric acid at 

room temperature 
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Figure 7.10. NMR spectra for PY in D2O 

 

Figure 7.11. NMR spectra for UA in D2O 
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Figure 7.12. NMR spectra for the mixture of PY + UA in D2O 

 

Scheme 

 

Scheme 7.1. Representation of the exchange of hydrogen atom in PY 
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Scheme7.2. Possible scheme for solute solvent interaction for PY-UA 

Graphical Abstract 
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CHAPTER VIII 

PHYSICOCHEMICAL INVESTIGATIONS OF DIVERSE INTERACTIONS 

BETWEEN A SIGNIFICANT BIO-ACTIVE MOLECULE AND CYCLIC 

OLIGOSACCHARIDES IN VARIOUS PHASES 
 

8.1. Introduction 

Padimate O [2- ethylhexyl 4-(dimethylamino) benzoate] (PMO) is a UV- absorbing 

agent (drug) and is water insoluble oily-liquid and currently used as an ingredient in 

cosmetics and sunscreen formulations. It absorbs some of the sun‟s UV radiation and thereby, 

preventing direct DNA damage by UV-B and  protect skin against sunburn [1]. UV radiation 

in the range of 290-320nm are known as UV-B. UV-B is responsible for most important 

biological effects on human body, as for skin, it causes short and long term harmful effects 

[2]. So, careful use of PMO can slow or momentarily prevent the skin problems such as 

wrinkles, sunburn, sagging skin etc. Sunscreen based on PMO also reduces the number of 

and delays the appearance of UV-induced skin tumors [3-5]. In this purpose cyclodextrin can 

play an important role as it acts as an efficient good and safe drug carrier in human                

body [6-9]. 

Cyclodextrins (cyds) are well known non-toxic truncated macrocyclic host molecules, 

consisting of (α-1, 4) linked by glucopyranose units [10]. Cyds are commercially accessible 

in the form of α, β and γ with varying number of glucose units namely six, seven and eight 

respectively. Cyds are proficient enough to form water soluble inclusion complexes with 

many lipophilic water insoluble drugs (guest) and also improve the physicochemical 

properties of guest molecules [11-13]. The cyds are also able to form complex with some 

cosmetic ingredients and their solubility, thermal-stability, bioavalibility, bad odour, skin 

delivery are deeply improved [14-16]. Cyds do not absorb UV-Vis light, so they are able to 

protect a UV active guest molecule from oxidation and photo-degradation [17]. Hence, 

encapsulation of sunscreen-agents in the core of Cyds has developed into an interested field 

of study [18]. The solubility and photo-stability of sun-screen agents have been increased 

through complexation with cyds [19]. No covalent bonds are formed or broken during 

complex formation and in aqueous solution in aqueous solution, the complexes are readily 

dissociated and free guest molecules are in equilibrium with the molecules bound within the 

cyd cavity. This is a dynamic process whereby the guest molecule continuously associated 

and dissociated from the host cyd. 
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The aim of this present work is to form inclusion complexes of PMO with α-cyd and 

β-cyd respectively in aqueous as well as in solid phase (scheme S1) and  controlling the 

release of the sunscreen agent without any chemical and biological modification. These 

complex formation have been investigated  by the study of UV-Vis, FTIR, Mass 

spectroscopy and XRD methods.The results revealed that the  complexes are formed 

sucessfully with 1:1 stoichiometry. So, the resultant inclusion complexes of PMO with cyds 

cane be potentially introduced  in cosmetic delivery systems as new prospect. 

8.2. Experimental Section 

8.2.1. Chemicals 

Padimate O, α-cyclodextrin and β-cyclodextrin of puriss grade are bought from 

SigmaAldrich, Germany and used as such. The mass fraction purity of  Padimate O, α-

cyclodextrin and β-cyclodextrin are ≥ 0.99, ≥ 0.99 and ≥ 0.98, respectively. 

8.2.2. Apparatus 

As Padimate O is insoluble in water, PMO solutions were prepared in aqueous 

ethanol. Solubilities of α and β- cyd have been tested in triply distilled and degassed water 

and found fair solubility of the cyclodextrins. All the stock solutions are prepared by mass 

(weighed by Mettler Toledo AG-285 with uncertainty ±0.0003g), the solutions are prepared 

by mass dilution at 298.15K. Solutions are prepared taking care to avoid weight loss due to 

evaporation. 

UV–visible spectra were taken by JASCO V-530 UV/VIS Spectrophotometer, with 

uncertainty in wavelength as ±2 nm. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer FT-IR 

spectrometer according to the KBr disk technique. A manual press was used to form the 

pellets. The FTIR measurements were performed in the scanning range of 4000−400 cm
−1

 at 

room temperature. 

HRMS analyses were executed with Q-TOF high resolution instrument by positive 

mode electro-spray ionization. 

The powder XRD patterns of the compounds were recorded by using Cu-Kα radiation 

(Bruker D8 Discover; 40kV, 30 mA). 

Thermogravimetric analysis (TGA) was carried out (Metler Toledo) in nitrogen 

atmosphere (flow rate = 50 mL min−1) in the temperature range of 20−900 °C. 
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8.2.3. Preparation of solid inclusion complex 

The two solid inclusion complexes [PMO/α- cyd and PMO/β- cyd] have been 

prepared taking 1:1 molar ratio of both the drug and cyds. In each case 1.0 mmol cyd is 

dissolved in 20 mL water and 1.0 mmol of PMO in 20 mL ethanol separately. Then the 

ethanol solution of PMO is added to the aqueous cyd solution and shielded from light. The 

mixture is then allowed to stir for 72 hrs at room temperature. The solvent is evaporated 

under vacuum at 50
o
C with a rotary evaporator. The resulting residue is filtered and a solid 

white powder is found, which is dried in vacuum desiccators for 4 days in presence of P2O5 

as drying agent [20]. 

8.3. Result and Discussion 

8.3.1. Job plot: demonstrates the stoichiometry of the host–guest inclusion complex 

One of the important technique that  was used to investigate the stoichiometry of ICs 

is Job‟s method [21], with the help of UV-Vis spectra by plotting ∆A×R versus R (where, 

∆A= difference of absorbance of PMO in presence and absence of cyd and R= 

[PMO]/[PMO]+[ cyd]). Absorbance values are monitored at 308nm at 298 K for a series of 

solution (Table 1and 2). The plots (Fig. 1) depict a maximum at ~0.5 of the „R‟ fraction 

demonstrating one cyd molecule binds with one PMO monomer unit, i.e. 1:1 stoichiometry 

[22-25] and further support its determination by ESI-mass technique. 

Figure 8.1. Job plot of (a) PMO/α- CD and (b) PMO/β-CD systems at 298.15K. 

8.3.2. Association constant of complexes and thermodynamic parameters 

The absorption spectra of the ICs of PMO/α- cyd and PMO/β- cyd systems at three 

different temperatures have been performed, where the concentration of guest PMO is kept 

constant (50 µM) while CDs concentrations are varied.  In both cases, the association 
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constant (Ka) for the formation of PMO/CDs complexes have been estimated by considering 

the changes of intensity of absorption maxima at 308nm with the CD concentrations. It is 

observed that with increasing CDs concentrations the intensity of PMO increased gradually 

(Table 8.3-8.4). These facts confirm the encapsulation of PMO molecule into the 

hydrophobic core of Cyds molecule as a consequence of presence of non-covalent 

interactions [25-26]. From the changes of absorbance the association constant (1:1 

stoichiometry ratio) can be calculated by using double reciprocal plots of Benesi-Hildebrand 

equation 1 [27-28](Table8.1) 

1 1 1 1

[ ] [ ] [ ]Ka PMO Cyd PMO 
  

  
                                                            (1) 

The above mentioned equation is a linear equation and Kɑ value is measured dividing 

the intercept by the slope from double-reciprocal plots (Fig. 8.1-8.2)[29]. 

Table 8.1: Association constant (Kɑ) and thermodynamic parameters of different 

PMO/cyclodextrin complex systems.   

 

 
Temp. (Ka) Kɑ (M-1)b ΔH  (KJ/mol) 

ΔS ( Jmol-1K-

1) 

ΔG (kJmol-1) 

(298.15 K) 

PMO+α-cyd 

298.15 152.00 

-36.73 -81.51 -12.45 303.15 115.76 

308.15 94.00 

PMO+β- cyd 

298.15 225.83 

-24.68 -37.79 -13.43 303.15 185.69 

308.15 163.56 

a Standard uncertainties in temperature (T)=0.01 K. 

Again, with the help of the van‟t Hoff equation 2, various thermodynamic parameters (ΔH°, 

ΔS°, ΔG°) in the case of both ICs phenomena can be calculated (Table 1) using the value of 

Kɑ [30] 

0

ln
S

Ka
RT R

 
                                    (2) 

Plots of lnKɑ Vs.1/T are linear for both PMO/ɑ-CD and PMO/β-CD complexes (Fig. 8.3). 

The enthalpy (ΔH°) and entropy (ΔS°) of the complexation process have been determined 
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from the plots. Negative value of ΔH° confirms that the processes are exothermic and there 

are some stabilization interactions in the systems, negative ΔS° indicates the presence of 

ordered arrangements i.e. occurrence of complex formation between the PMO molecules and 

the cyds. ΔG= -RTlnKɑ is useful equation to calculate the values of free energy change 

(ΔG°), negative ΔG° value suggests that the complexation phenomena are spontaneous and 

thermodynamically stabilized.  

8.3.3. FT-IR study 

The resulting bands in ICs of the included part of the guest molecules are altered or 

somewhere disappeared or their intensities altered [23, 28, 31]. The alternations of the 

vibrational frequencies of bonds are due to molecular interactions such as hydrogen bonds, 

hydrophobic, van der Waals interactions [32].  The infrared spectrum of α-CD, β-CD and 

their corresponding complexes (PMO/α-CD and PMO/β-CD) with pure PMO are shown in 

figure 2and 3. FTIR spectroscopy is a useful method to confirm the inclusion complex in 

solid state because 

 

Figure 8.2. FTIR spectra of (a) PMO, (b) α-cyd and (c) PMO/α-cyd (1:1 molar ratio) 

solid inclusion complex in KBr. 
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Figure 8.3. FTIR spectra of (a) PMO, (b) β-CD and (c) PMO/β-CD (1:1 molar ratio)  

solid inclusion complex in KBr.  

The FTIR spectra of α-CD and β-CD are assigned by broad band at 3337.85 cm
-1

 and 

3371.89 cm
-1

 due to primary and secondary ―OH groups that are linked by H-bonds and the 

C-H stretching frequency of Cyds appeared at 2929.47 cm
-1

 and 2922 cm
-1

 respectively. The 

broad bands are shifted to higher frequency (α-CD: 3453.88 cm
-1

, β-CD: 3365.81 cm
-1

) and is 

broadened after formation of ICs and the C-H stretching frequency shifted to new frequency 

[33].  The characteristic peaks at 3385.04 cm
-1

 (aromatic C-H), 1721.62 cm
-1

 (>C=O group), 

1107.14 cm
-1

 (C–O‒), 1605.51 cm
-1

 (-C=C- benzene), 2956.85 cm
-1

 (sp
3
 C-H) have been 

assigned for PMO in Figures 2(a) and 3(a) and the presence of these peaks in complexes Fig. 

2 and 3(c) with significant reducing intensities and with new shifting values indicating the 

encapsulation of PMO molecule into the nano core of cyclodextrin. At the peaks around 

772.78―830.84 cm
-1

 are appeared for di-substituted benzene. The characteristic peaks of -

C―N- stretching vibration at 1330.31 cm
-1

 and for the -N―CH3 stretching appears at 

2984.75 cm
-1

 which were shifted to lower frequency at 1322.43/1321.67: α-CD/ β-CD cm
-1

 

and 2968.52/2965.12: α-CD/β-CD cm
-1

 respectively and from this result we may conclude 

about the formation of inclusion complexes. These variations in the infrared spectrum of the 

ICs can be endorsed to intermolecular interactions of PMO with α-CD and β-CD respectively 
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and form these results we can predict the probable mechanism of interactions between the 

selected host and guest (1:1) molecule which is shown in scheme 8.1. 

 

Scheme 8.1. The probable mechanism of the association phenomena of the complexation 

process for PMO with cyclodextrin with 1:1 stoichiometry.  

8.3.4. Mass spectra 

Electrospray ionization mass-spectrometry (ESI-MS) is very useful method to detect the 

stoichiometry in non-covalent complexes. Mass spectra method gives m/z ratios and thus 

provides direct information about the stoichiometry [34-36]. The positive ESI-mass spectrum 

of this work has been reported in Fig. 4 and the assigned peaks values have been listed in 

Table 2.  Four intense peaks of singly charged ions at m/z ratios 1250.517, 1272.519, 

1412.571 and 1434.575 representing the protonated and sodiated adduct of [PMO +α-

CD+H]
+
, [PMO +α-CD+Na]

+
, [PMO +β-CD+H]

+
 and [PMO + β -CD+Na]

+
 respectively. 

These experimental results of the PMO/α-CD and PMO/β-CD complexes suggest the 

formation of ICs with 1:1 stoichiometry. 
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Figure  8.4. ESI mass spectra of (a) PMO/α-CD inclusion complex and (b) PMO/β-CD 

inclusion complex. 

 

Table 8.2: The observed peaks at different m/z with corresponding ions for the solid 

inclusion complexes 

PMO-α- cyd inclusion complex PMO -β- cyd inclusion complex 

Ion m/z Ion m/z 

[PMO+H]+ 278.211 [PMO +H]+ 278.217 

[PMO +Na]+ 300.212 [PMO +Na]+ 300.216 

[α- cyd +H]+ 973.318 [β- cyd +H]+ 1135.356 

[α- cyd +Na]+ 995.318 [β - cyd +Na]+ 1157.358 

[PMO +α- cyd +H]+ 1250.517 [PMO +β- cyd +H]+ 1412.571 

[PMO +α- cyd +Na]+ 1272.519 
[PMO + β - cyd 

+Na]+ 
1434.575 
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8.3.5. Powder X-ray diffraction (PXRD) pattern 

Fig. 8.5 shows the X-ray diffraction pattern of α-CD, β-CD and their corresponding 

complexes with PMO. The intensive peaks of α-CD at 9.64, 12.05, 13.33, 14.31, 15.11, 

15.79, 19.29, 19.92, 21.74 and of β-CD that is reported in our previous work [22] 

representing the crystalline nature of both Cyds that become reduced, disappeared and shifted 

in the solid complexes where the peaks indicate the amorphous nature of guest as well as 

cyclodextrins [37-38]. This suggests the assimilation of PMO molecule into the CDs cavity 

due to having channel-type packing structure of cyclodextrin [25, 39-43] and causing to 

enhance the solubility of PMO [44-45]. 

 

Figure 8.5.  Powder X-ray diffraction pattern of (a) α-CD, (b) PMO/α-CD (1:1 molar 

ratio), (c) β-CD and (d) PMO/ β-CD (1:1 molar ratio) inclusion complex. 

8.3.6. Thermo gravimetric Analysis (TGA) 

Thermal degradation properties of PMO/α-CD and PMO/β-CD complexes have been studied 

by TGA method [11] where the weight loss of the samples measured as a function of 

temperature under nitrogen atmosphere at a heating rate of 3°C/min. The TGA profiles have 

been represented in Figure 6 where α-cyd and β-cyd exhibit two regions of major weight 

(wt.) loss. The first region at the temperature range at 32°C-120°C (α-cyd) and 33°C-125°C 

(β- cyd) demonstrated the loss of absorbed water from the samples and the second region 
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attributed to the decomposition of the samples at 236°C-298°C and 281°C-306°C 

respectively. On the other hand encapsulation forms of PMO/α-CD (32°C-143°C, wt. Loss: 

5.47%; 143°C-238°C, wt. Loss: 24.14%; 238°C-350°C, 64.84%) and PMO/β-CD (33°C-

150°C, wt. Loss: 7.14%; 150°C-245°C, wt. Loss: 14.87%; 245°C-375°C, wt. Loss: 71.71% )   

complexes show three steps of weight loss with increasing temperatures (Fig. 6(a)-6(b)) [46-

47]. These changes in thermal analysis can be attributed to interactions of PMO with α-cyd 

and β- cyd and demonstrated to form stable inclusion complexes [45, 48].  

 

Figure 8.6.  TGA profiles of (a) α-cyd ; PMO/α-cyd and (b) β-cyd; PMO/β-cyd inclusion 

complex systems.  

8.4 Conclusion 

From the results of our experiments, it has been concluded that the UV-B protector sunscreen 

agent padimate O can form an inclusion complex with α-CD and β-CD which can be used as 

regulatory releaser of this agent. The encapsulation of PMO molecule inside the hydrophobic 

core of cyclodextrins has been proved in aqueous medium by UV-Vis spectroscopy and in 

solid state by FTIR, Mass, XRD and TGA analysis.  The stoichiometric behaviour with 1:1 

ratio of the complexes has been confirmed through continuous variation job‟s method and 

ESI-MS experiments. The association constant values demonstrated PMO is somewhat in 

good agreement with β-cyd than α-cyd and the thermodynamic parameters making the overall 

process thermodynamically favourable. FTIR spectroscopy, PXRD and TGA support the 

complexation phenomena and according to the results of PXRD and TGA techniques, it can 

be said that newly obtained PMO/ α-cyd and PMO/ β-cyd complexes have different 

physicochemical properties compared to their free forms. Thus it can be concluded that our 

work may be regarded as an alternation way to protect our skin from sun damage and 

beneficial to medicinal science.   
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CHAPTERV-IX 

DIVERSE INTERACTIONS OF N-METHYL GLYCINE IN AQUEOUS 

PARACETAMOL SOLUTION WITH THE MANIFESTATION OF SOLVATION 

CONSEQUENCE AT DIFFERENT TEMPERATURES INVESTIGATED BY 

PHYSICOCHEMICAL CONTRIVANCE 
 

 

Fig-9.1 Variation of limiting apparent molar volumes (ϕV
0
) of N-methyl glycine in 

aqueous solution of paracetamol with molarity and temperature 

Keywords: N-methyl glycine, solute-solvent interactions, paracetamol, density, viscosity, 

limiting apparent molar volume of transfer, refractive index. 

9.1  Introduction 

The native confirmations of proteins depend on to several non-covalent interactions 

such as hydrogen bonding, electrostatic and hydrophobic interactions which may originate 

from surrounding solute and solvent molecules [1, 2]. So physicochemical properties of the 

proteins are influenced greatly by the presence of surrounding solute and solvent molecules. 

Physiochemical study of proteins provides many valuable information like hydration, 

solubility, stabilization and enzyme activity which are taking place in biochemical and 

physiological processes of living organism [3–5]. The nature of interaction of drug molecules 

with protein may also be understood from Physiochemical measurements.  

World‟s most popular and most commonly used analgesic and antipyretic medicines 

from cradle to grave is paracetamol which is readily available and inexpensive also [6-8]. 
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Chemical name of paracetamol is N-para-methyl aminophenol. It was introduced into the 

market by as an analgesic and antipyretic medicine by McNeil Laboratories mainly for 

children. After 1961 it became the most frequently sold analgesic medications. Its use as an 

analgesic is most tolerable than the other non-steroidal drugs (NSAIDs) which should not be 

used by the people with bronchial asthma, hemophilia, salicylate-sensitized people, peptic 

ulcer disease, pregnant or breastfeeding women and children under 12 years of age [9, 10]. 

Currently the use of aspirin as antipyretic and analgesic has been declined due some adverse 

effects and parallelly the use of paracetamol has been increased. Paracetamol has now been 

an appropriate analgesic for all age groups.  

In continuance of our earlier works [11-15], we attempted to examine the nature of 

solute-solvent/co-solute interactions of N-methyl glycine in aqueous solutions of paracetamol 

at 298.15 K, 303.15 K and 308.15 K. The densities, viscosities and refractive indices of 0.01, 

0.02 and 0.03 m aqueous N-methyl glycine solutions at 298.15 K, 303.15 K and 308.15 K are 

reported in Table-9.1 and densities, viscosities and refractive indices of aqueous N-methyl 

glycine solutions in presence of paracetamol at 298.15 K, 303.15 K and 308.15 K are 

reported in Table-9.2. From the volumetric measurements we calculated limiting apparent 

molar volume (ϕV
0
), experimental slopes (SV*), transfer volume (∆ϕV

0
) and from the 

vicometric measurements we calculated viscosity A and B coefficients to analyse the nature 

of solute-solvent/ co-solute interactions. The refractive index data helps to find the molar 

refraction (RM) which also helps to elucidate the interaction between solute and co-solute in 

aqueous medium.  

Table-9.1: Experimental values of density (ρ), viscosity (η) and refractive index (nD) of 

different molality of aqueous N- methyl glycine solution at 298.15 K, 303.15 K and 

308.15 K. 

Aqueous 

solvent 

molality 

ρ×10
-3

/kg.m
-3

 ƞ/mP.s nD 

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K 298.15 K 

0.01 m 0.99756 0.99621 0.99460 0.8956 0.80910 0.6804 1.3319 

0.02 m 0.99782 0.99649 0.99486 0.8984 0.8116 0.6831 1.3325 

0.03 m 0.99817 0.99679 0.99515 0.9016 0.8140 0.6859 1.3327 
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Table-9.2: Density (ρ) and viscosity (η) and refractive index (nD) of different molality of 

aqueous N- methyl glycine in aqueous paracetamol solution at 298.15 K, 303.15 K and 

308.15 K. 

Molality 

Mol.kg-1 

ρ×10
-3

 

kg.m
-3

 

Ƞ 

mP.s 

nD 

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K 298.15 K 

0.01m N- methyl glycine solution  

0.013 0.998 0.99664 0.99503 0.9053 0.8179 0.6882 1.3321 

0.023 0.99836 0.99700 0.99538 0.9122 0.8242 0.6947 1.3323 

0.045 0.999065 0.997725 0.99611 0.9264 0.8373 0.7076 1.3327 

0.057 0.99944 0.99811 0.9965 0.9434 0.8537 0.7231 1.3329 

0.072 0.99990 0.99859 0.99699 0.9594 0.8703 0.7386 1.3331 

0.02m N- methyl glycine solution  

0.013 0.99824 0.996904 0.99527 0.9079 0.8204 0.6909 1.33272 

0.023 0.99859 0.99725 0.99562 0.9148 0.8267 0.6974 1.33286 

0.045 0.999295 0.99798 0.99635 0.9292 0.8408 0.7110 1.33313 

0.057 0.99967 0.998382 0.99676 0.9464 0.8572 0.7262 1.33327 

0.072 1.00014 0.99889 0.99726 0.9632 0.8738 0.7423 1.33345 

0.03m N- methyl glycine solution  

0.013 0.99858 0.99719 0.99554 0.9111 0.8228 0.6939 1.33319 

0.023 0.99892 0.99754 0.99588 0.9181 0.8297 0.7005 1.33332 

0.045 0.99962 0.99828 0.99662 0.9334 0.8442 0.7152 1.33358 

0.057 0.99999 0.99869 0.99703 0.9506 0.8608 0.7309 1.33372 

0.072 1.00046 0.99921 0.99755 0.9674 0.8782 0.7468 1.3339 

 

 

Scheme-9.1: Molecular structures of N- methyl glycine and paracetamol 

 



145 

9.2. Experimental methods 

9.2.1. Source and purity of samples 

The studied N- methyl glycine and co-solute paracetamol of puriss grade was 

purchased from Sigma-Aldrich, Germany and was used as purchased. The mass purity of 

salts was ≥0.99. The salts were dried from moisture at 353.15 K for 48 h, and then they were 

cooled and store in a desiccator prior to use. 

9.2.2. Apparatus and procedure 

The density (ρ) measurements were done by vibrating-tube Anton Paar Density-Meter 

(DMA 4500M) with an accuracy of 0.00001 x 10
-3

 (kg·m
−3

). The density meter was 

calibrated by using double-distilled water and dry air before taking the densities of our 

studied solutions [16]
.
 The instrument has temperature monitoring system with the precision 

±0.01 K. 

The viscosity was determined using of Brookfield DV-III Ultra Programmable 

Rheometer having spindle size-42 fitted. The Rheometer was fitted with Digital Bath TC-500 

which has a precision of ±0.001 K. The viscosity was measured after calibrating the 

Rheometer with doubly distilled water and purified methanol [17]. The uncertainty in 

viscosity measurements is within ±0.003 mPa·s. 

Mass measurements for preparation of stock solutions were done by Mettler AG-285 

electronic balance with a precision of ±0.0003 x 10
-3 

kg. The uncertainty in molality of 

solution is approximately ±0.0001 mol. kg
-1

. Acceptable precautions were followed to 

minimize evaporation losses during the measurements. 

9.3. Results and discussions 

9.3.1. Density 

Apparent molar volumes (ϕV) of N- methyl glycine in aqueous paracetamol solution 

were determined from the densities of the solution using the following equation [18]: 

ϕV = M /  – 1000 ( - 0) / (m0)                        ( 1) 

Where M is the molar mass of N-methyl glycine,  and  is the densities of solvent and 

solution respectively and m is the molality of the solution. The ϕV values of N-methyl glycine 

in aqueous paracetamol solution at 298.15 K, 303.15 K and 308.15 K are shown in Table-9.3 

and 9.5 respectively. 
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Table-9.3: Apparent molar volume, (V) and (η /η0 –1) / √m of 0.01 m, 0.02 m and 0.03 m 

N- methyl glycine in aqueous paracetamol solution at 298.15 K, 303.15 K and 308.15 K 

Molality ϕV x 10
6
 

(m
3
. mol

-1
) 

( / 0 –1) / √m 

(mol. kg
-1

)
-1/2

 

ϕV x 10
6
 

(m
3
. mol

-1
) 

( / 0 –1) / √m 

(mol. kg
-1

)
-1/2

 

ϕV x 10
6
 

(m
3
. mol

-1
) 

( / 0 –1) / 

√m 

(mol. kg
-1

)
-1/2

 

RM 

298.15K 303.15K 308.15 K  

0.01 m N- methyl glycine  

0.013 81.9779 0.097 82.8475 0.097 82.9254 0.1025 24.0760 

0.023 82.5861 0.122 82.8701 0.123 83.3881 0.1386 24.0806 

0.045 83.6520 0.162 83.4952 0.164 83.6878 0.1885 24.0898 

0.057 84.0840 0.176 83.7982 0.183 83.8793 0.2124 24.0939 

0.072 84.5290 0.193 84.0372 0.208 83.9781 0.2355 24.0959 

0.02 m N- methyl glycine  

0.013 83.5737 0.095 84.1238 0.097 84.5304 0.1021 24.1110 

0.023 83.8852 0.120 84.1716 0.123 84.4747 0.1380 24.1119 

0.045 84.3100 0.162 84.0420 0.170 84.1249 0.1925 24.1125 

0.057 84.6009 0.178 83.9259 0.188 83.8662 0.2140 24.1126 

0.072 84.7955 0.197 83.7422 0.212 83.8241 0.2399 24.1131 

0.03 m N- methyl glycine  

0.013 84.6007 0.094 85.2365 0.097 86.1321 0.1043 24.1338 

0.023 84.7413 0.121 84.5944 0.127 85.5587 0.1404 24.1340 

0.045 84.9404 0.166 84.0268 0.175 84.5599 0.2014 24.1343 

0.057 85.1125 0.182 83.7691 0.193 84.2069 0.2233 24.1344 

0.072 85.1969 0.200 83.4466 0.218 83.8095 0.2463 24.1348 

 

According to Masson (1929), the apparent molar volumes, ϕV, vary with the square root of 

the molal concentration, √m as per following linear equation: 

ϕV = ϕV
0 

+ SV
* 
√m                       (2) 

Where ϕV
0 

is the limiting apparent molar volume of N- methyl glycine and SV*
 
is the 

experimental slope. The plots of ϕV against √m of aqueous N-methyl glycine solutions at 

298.15 K, 303.15 K and 308.15 K in presence of paracetamol gives a linear line with a slope 

of SV* and an intercept of ϕV
0
.  

The values of ϕV
0
 and SV* of N-methyl glycine in aqueous paracetamol solutions at 298.15 K, 

303.15 K and 308.15 K are mentioned in Table-9.4 and Figure-9.1. 
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Table-9.4: Limiting apparent molar volumes (V), experimental slopes (SV*), viscosity A, 

B-coefficients of aqueous N- methyl glycine solution in paracetamol at different 

temperatures. 

Temperature(K) 
ϕV

 0
 x 10

6
 

(m
3
. mol

-1
) 

∆ ϕV
 0 

(m
3
. mol

-1
) 

SV
*
 x 10

6
 

(m
3
. mol

-3/2
.kg

1/2
) 

B 

(kg
1/2

. mol
-1/2

) 

A 

(kg. mol
-1

) 

0.01 m N-methyl glycine 

298.15K 80.114 1.001 16.544 0.6182 0.0286 

303.15K 81.794 1.571 7.854 0.7029 0.0127 

308.15K 82.288 1.253 6.534 0.8494 0.0086 

0.02 m N-methyl glycine 

298.15K 82.69 3.568 7.854 0.6572 0.0211 

303.15K 84.471 4.238 -2.39 0.7389 0.0127 

308.15K 85.155 4.12 -5.045 0.8804 0.0043 

0.03 m N-methyl glycine 

298.15K 84.157 5.044 3.873 0.6856 0.0178 

303.15K 86.381 6.158 -11.03 0.7716 0.0104 

308.15K 87.816 6.761 -15.074 0.9232 0.0017 

 

The ϕV
0
 value indicates the extent of solute-solvent interaction [19]. It is observed that 

ϕV
0
 values for N- methyl glycine solutions in paracetamol are positive and increase with the 

increasing molarities N-methyl glycine and also with temperature which is shown in Table-

9.4 and Fig-9.1. 

The tendency indicates the presence of strong solute-solvent interactions which 

increase with molarity of N-methyl glycine and temperatures. The interaction arises from the 

hydrophilic-hydrophilic group interaction between solute and co-solute molecules. The 

interaction of N- methyl glycine with paracetamol in aq. medium is displayed in Scheme-9.2. 

With increasing temperature the secondary solvation layer is released into the bulk solvent 

leading to the expansion of solution. As a result, the ϕV
0
 values of N-methyl glycine in 

aqueous paracetamol solutions increase with increase in temperature. 
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Scheme-9.2: Molecular interactions between N- methyl glycine with paracetamol in 

aqueous medium 

 

The parameter SV* defines the pair-wise interaction of solvated species in solution [20]. The 

SV* values of N-methyl glycine in aqueous paracetamol solution at different temperatures are 

reported in Table-9.4. The SV* value in our present study is least in 0.03 m N- methyl 

glycine at 308 K and highest in 0.01 m N- methyl glycine at 298.15 K. So, SV* values 

decrease with increasing temperature and molality. This trend is exactly reverse than the ϕV
0
 

values explained earlier where ϕV
0
 values increase with increasing concentrations of N- 

methyl glycine and temperatures. This weakening of SV* values signify the presence of poor 

solute-solute interactions. The smaller SV* values than the corresponding ϕV
0
 signifies that 

the solute-solvent interaction is stronger than the solute-solute interaction.  

 

Fig-9.1: Variation of limiting apparent molar volumes (V
0
) of N- methyl glycine 

solution in paracetamol solution at different temperatures. 
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The variation of V
0
 with temperature of N- methyl glycine in paracetamol solution follows 

the polynomial [21]; 

                         ϕV
0 

= a0 + a1T +a2T
2
                                                                                       (3) 

Where T is the temperature in K and a0, a1 and a2 are the coefficients. Values of the 

coefficients of the above equation for N- methyl glycine in paracetamol solution are reported 

in Table-9.5.  

The limiting apparent molar expansibilities (ΦE
0
) can be determined by the following 

equation [22]: 

                       ΦE
0
 = (δV

0
/δT)P = a1 + 2a2T                                                                           (4) 

The values of ΦE
0
 of N-methyl glycine in paracetamol solution at 298.15 K, 303.15 K and 

308.15 K are evaluated and reported in Table-9.5. 

 

Table-9.5: Values of empirical coefficients (a0, a1, and a2) of 0.01 m, 0.02 m and 0.03 m 

N-methyl glycine in paracetamol solution at 298.15 K, 303.15 K and 308.15 K 

Molality of 

N- methyl glycine 

a0 x 10
6
 

(m
3
. mol

−1
) 

a1 x 10
6
 

(m
3
. mol

−1
. K

−1
) 

a2 x 10
6
 

(m
3
. mol

−1
. K

−2
) 

(δΦE
0
/δT)P 

0.01m -2161.8 14.59 -0.0237 -0.0474 

0.02m -1951 13.19 -0.0214 -0.0428 

0.03m -1473.2 9.926 -0.0158 -0.0316 

 

The SV* is not the only parameter for estimating the structure-making or breaking 

nature of any solute [30]. Hepler proposed a different technique to inspect the structure-

making and breaking ability of the solute in aqueous solution from the following 

thermodynamic expression [23];  

               (δΦE
0
/δT)P = (δ

2V
0
/δT

2
)P = 2a2                         (5)  

According to Hepler the structure making solutes should have positive (δΦE
0
/δT)P 

values, whereas structure-breaking solutes should have negative values[24, 25]. The 

(δΦE
0
/δT)P  values of N-methyl glycine in paracetamol solution have been provided in Table-

9.5. It is apparent that (δ
2V

0
/δT

2
)P values are negative for N-methyl glycine in paracetamol 

solution which signifies that paracetamol perform as structure breaker in aq. nicotinic acid 

solution.  



150 

The limiting apparent molar volume of transfer, ∆V
0
 for N- methyl glycine in 

paracetamol solution may be expressed as follows: 

∆V
0
 (N- methyl glycine) =V

0
 (N- methyl glycine in paracetamol) −V

0
 (in water)                          

(6) 

The ∆V
0 

value provide the idea about the nature solute–solvent interactions. The 

limiting apparent molar volume of transfer may be analyzed in the light of co-sphere overlap 

model given by Friedman and Krishnan [26]. According to the model positive ∆V
0 

value 

specifies the existence of hydrophilic–hydrophilic, ion- hydrophilic and ion–ion interactions, 

whereas the negative ∆V
0
 value specifies the hydrophobic–hydrophobic interactions [27, 

28]. The interactions between N-methyl glycine and paracetamol in aqueous medium may be 

of following categories. 

i)  Ionic-ionic interaction of the H
+
 ion of water and N- methyl glycine with the -COO

-
 

ion of N- methyl glycine   

ii)  H-bond between -COOH (N- methyl glycine) and -OH (paracetamol) and also with 

water. 

iii)  Ionic-hydrophilic interaction of polar end of water with -COO
-
 ion of N- methyl 

glycine and -OH group of paracetamol.  

iv) Ionic– hydrophilic interactions of -COOH (N-methyl glycine) and -OH (paracetamol) 

with the H
+
 and OH

-
 ion of water. 

(v)  Hydrophobic-hydrophobic interaction of non-polar part of N- methyl glycine and 

paracetamol. 

The interactions of categories (i), (ii), (iii) and (iv) have positive contributions to V
0
 

values while interaction of types (v) has negative contribution to V
0
 values [29-31].  The 

positive ∆V
0 

value indicates that
 
the hydrophilic–hydrophilic and ion–ion interactions are in 

domination over hydrophobic-hydrophobic and ionic–hydrophobic interactions. It is also seen 

that ∆V
0
 values are increasing with increasing molality of N- methyl glycine. The 

intermolecular distance between N-methyl glycine and paracetamol decreases with increasing 

concentration of N-methyl glycine as a result the hydrophobic-hydrophobic and ionic–

hydrophobic interactions increase with molality. Similar result can also be obtained from the 

following expression given by Franks et al [32]:  
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V
0
= W + V – S                     (7) 

Where W is corelated with van der Waals volume, V is the volume corelated with voids or 

empty space and S is corelated with shrinkage volume due to electrostriction. The value W 

and V will remain same for the same class of solutes in aqueous solutions and only the 

volume due to electrostriction will vary. The hydrophilic–hydrophilic, ion–ion and ion- 

hydrophilic interactions will increase with increasing molality of N- methyl glycine and as a 

result S value will decrease
 
[33]. For this reason, V

0
 values increase with increasing 

molality of N- methyl glycine. 

The volumetric pair wise and triple ion interactions may be estimated from the 

following equation given by McMillan–Mayer [34]; 

∆V
0
 = 2YXYm + 3YXYYm

2
                                                                                     (8) 

Where YAB, YABB and ∆V
0
 are pair and triple ion interaction coefficients, limiting 

apparent molar volume of transfer respectively and X and Y represent N-methyl glycine and 

paracetamol respectively. The coefficients YAB and YABB are estimated by putting the ∆V
0
 

values at diverse molarities of N- methyl glycine in presence of paracetamol in the above 

expression and mentioned in Table-9.6. It is observed that YXY values are positive whereas 

YXYY values are negative for N- methyl glycine in presence of paracetamol in aqueous 

medium at different temperatures. The positive values of YXY suggest that existing 

interactions in our studied solutions are mostly pair wise which arises from hydrophilic–

hydrophilic and ion–ion interactions between solute and co-solute in aqueous medium [35]. 

Table-9.6: Pair, VAB, and Triple, VABB, interaction coefficients of N- methyl glycine in 

aqueous solution of paracetamol at 298.15 K, 303.15 K and 308.15 K temperatures.  

VAB 

m
3
·mol

-2 
· kg 

VABB 

m
3
·mol

-2 
·kg

2
 

VAB 

m
3
·mol

-2 
· kg 

VABB 

m
3
·mol

-2 
·kg

2
 

VAB 

m
3
·mol

-2 
· kg 

VABB 

m
3
·mol

-2 
·kg

2
 

298.15 K 303.15 K 308.15 K 

78.0000 -372.23 99.3100 221.1200 102.3700 -187.77 

 

9.3.2. Viscosity calculation  

The viscosity data were fit into Jones–Dole equation [36]: 

  (η /η0 –1) / √m = A + B √m                                                 (9) 
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Where, η0 and η are the viscosities of the solvent and solution respectively. A plot of (η /η0 –

1) / √m against √m gives a straight line with an intercept “A” and a slope of “B”. The (η /η0 –

1) / √m values of N- methyl glycine of different molarities in aqueous paracetamol solution 

are reported in Table-9.3. The viscosity coefficients A and B values are reported in Table-

9.4 and the variation of B with temperature of N- methyl glycine is shown in Fig-9.2. The 

viscosity B-coefficient signifies solute-solvent interaction and provides valuable information 

concerning the solvation of the solute in solution [37, 38]. A close inspection reveals that B-

value is higher for 0.03 m N-methyl glycine solution at 308.15K and lowest at 0.01 m 

solution at 298.15 K. So, solute–solvent interactions increase with increasing molarity and 

temperature. Viscosity A coefficient denotes solute-solute interaction.  It is reflected from the 

Table-9.4 that the values of A coefficient decrease with the increase in molarity and 

temperature of N-methyl glycine in aqueous solution of paracetamol. Hence solute-solute 

interaction diminishes with molarity of N-methyl glycine and also with temperature in K. 

 

                          
 

Variation of viscosity B coefficient with temperature in K of aqueous N-methyl glycine 

in paracetamol solution.  

 

9.3.3 Refractive index calculation  

The molar refraction, RM for any compound in its aqueous solution may be 

determined from the Lorentz–Lorenz relation [39]: 

RM = {(nD
2
-1) / (nD

2
+2)} (M/ρ)                              (4) 
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where, RM, ρ, M and nD are the molar refraction, density of solution, molar mass and 

refractive index, respectively. The refractive index of a material is defined as c0/c, where c is 

the speed of light in any medium and c0 the speed of light in vacuum. The light is refracted 

more for the substance of higher refractive index [40]. According to Deetlefs et al. [41] the 

molar refraction of a substance will be higher when the molecules in any solution are more 

tightly packed. The values of RM are shown in Table-3.  The increase in molar refraction 

values with increase in molarity of N-methyl glycine in aqueous paracetamol solution 

indicates close packing of molecules in the mixture resulting in maximum solute–solvent 

interactions.  

9.3.4 
1
H NMR Spectroscopy 

Various spectroscopy may be employed to examine the diverse interaction playing in 

solution of any compound [42-46]. 
1
H NMR Spectroscopy of pure N-methyl glycine, 

paracetamol and their solution are recorded in D2O at 298.15 K and shown in Fig-9.3. Up 

field chemical shift of protons of methyl group and methylene group of glycine in aqueous 

solution of paracetamol from its pure form may be regarded due to the involvement of 

adjacent -NH- and -COOH groups in H-bonding with the -OH group of paracetamol. 

However higher ∆δ for methylene group than the methyl group indicates that -COOH form 

stronger H-bond with -OH group of paracetamol than the -NH- group. Similar up field 

chemical shift of protons adjacent to -OH group of paracetamol takes place which may also 

be considered due to its involvement in H-bonding with favorable groups of N-methyl 

glycine. The extend of ∆δ for protons at o-position of -OH group is larger than the protons at 

p-position which indicates that -OH is more favorable in forming H-bond than the -NH- 

group of paracetamol. 

 

https://www.sciencedirect.com/science/article/pii/S1878535214002007#t0040
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Fig-9.3: 
1
H NMR spectra of N-methyl glycine, paracetamol and their solution in D2O. 

1
H NMR data: 

N-methyl glycine: [1H NMR (300 MHz, D2O)]: δ 1.827 (3H, s), 3.754(2H, s) 

paracetamol: [1H NMR (300 MHz, D2O)]: δ 1.887 (3H, s), 6.656 (2H, d), 6.988 (2H, d) 

solution of N-methyl glycine and paracetamol [1H NMR (300 MHz, D2O)]: δ 1.817 (3H, s), 

1.874 (3H, s), 3.729(2H, s) 6.634 (2H, d), 6.981 (2H, d).  

9.4. Conclusion 

The limiting apparent molar volume (ϕV
0
) and viscosity B-coefficient and molar 

refraction (RM) values indicate the existence of strong solute–solvent interactions between N-

methyl glycine and paracetamol in aqueous medium. The solute–solvent interactions 

enhances with increasing molality of N-methyl glycine and temperature. On the other hand, 

the solute-solute interactions diminish with increasing molality of N-methyl glycine and 

temperature. The nature of solute–solvent interactions was evaluated from the limiting 

apparent molar volume of transfer (ϕV
0
) values. It was also observed that the interaction 

between our studied solute and co-solute in aqueous medium was mostly pair wise. 
1
H NMR 

Spectroscopy concretely support our findings obtained from volumetric, viscometric and 

refractive index study.  
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CHAPTER- X 

CONCLUDING REMARKS 

 

Physicochemical investigations of some biologically-active compounds and some 

ionic liquids in aqueous and non-aqueous or mixed solvents are carried out to explore various 

interactions such as solute-solute/ion-ion, solute-solvent/ion-solvent and solvent-solvent 

species in this thesis. 

The mutual interactions in solution at microscopic and macroscopic level were 

studied from physicochemical properties like viscosities, densities, excess molar enthalpies, 

refractive indices, isentropic compressibility etc. which can be measured easily and very 

accurately in laboratory. From the density measurements, we determined many 

physicochemical parameters like limiting apparent molar volume, (ϕV
0
) and experimental 

slopes (SV*) using Masson equation which gave the idea about the solute–solvent and solute–

solute interactions respectively. We also evaluated the limiting apparent molar volumes of 

transfer (∆ϕV
0
) which signifies the presence of various hydrophobic–hydrophilic and 

hydrophobic–hydrophobic interactions between the solute and co-solute in in electrolytic and 

non-electrolytic solutions. The limiting apparent molar expansibilities (ΦE
0
) provided the idea 

about the structure making or breaking properties of the solutes. The viscosity A and B 

coefficients were calculated from viscosity studies of solution to examine the solute-solute 

and solute-solvent interactions, respectively. The molar refraction, RM and transport and 

acoustic properties also provided significant information about molecular interactions in 

aqueous and non-aqueous solutions. 

The formation of inclusion complexes were characterized by some spectroscopical 

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

such as surface tension, conductance, refractive index, density and viscosity studies. The 

considerable chemical shifts of various protons of cyclodextrins and the protons of 

hydrophobic part of the guest molecule may be regarded as the formation of inclusion 

complexes.The mechanism of complexatio was explained using 
1
H NMR and 2D ROESY 

NMR spectroscopies. The FT-IR and of UV-visible spectroscopy were also employed to 

confirm the formation inclusion complexes. The stoichiometry of the inclusion complexes 

were also estimated from the Job‟s plot, surface tension and conductance studies. 
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CHAPTER-IV 

From this work  we may conclude  that p-nitro benzaldehyde forms inclusion complex 

with β-CD in the aqueous medium and in the solid state which can be used as regulatory 

releaser of this compound. 
1
H NMR study and SEM study confirms the inclusion 

phenomenon and its mechanism. Surface tension, conductance and Job plot from UV-visible 

spectroscopy determines the 1:1 stoichiometric ratio of the IC. FT-IR spectra also supported 

the formation of IC. The association constants and thermodynamic parameters have been 

estimated ICs by reliable techniques. There  is  a  drop  in  ΔS⁰ ,  which  is overcome  by  

higher  negative  value  of  ΔH⁰ ,  making  the  overall  inclusion  process thermodynamically 

favorable. This IC has various applications in the field of modern biochemistry and medical 

science. 

CHAPTER-V 

 This works indicate about the formation of inclusion complexes of 

phenylethanolamine inside the cavity of α–and β- cyclodextrins have been proved by various 

physicochemical and spectroscopic studies. The volumetric and viscometric studies reveal the 

existence of considerable interaction between phenylethanolamine and cyclodextrin in 

aqueous medium. The UV-Visible, 
1
H NMR, 2D ROESY NMR and IR spectroscopy firmly 

establish the formation of inclusion complexes of phenylethanolamine with both CDs. The 

Job‟s plot from UV-Visible spectroscopy reveals that the inclusion is of 1:1 stoichiometry 

however, 
1
H NMR spectroscopy reveals that the encapsulation of aryl part of 

phenylethanolamine inside the cavity of CDs occurs through the wider rim of CDs. 

CHAPTER-VI 

In summary, different derived parameters like 
0

V  and viscosity B-coefficients for the 

solutions of paracetamol in the aqueous solvent systems indicated strong host-guest 

interaction between paracetamol and Cyclodextrin and also the studied solutions are 

predominantly characterized by ion-solvent interactions rather than by ion-ion interactions 

and the paracetamol acts as a net structure promoter both in water and aqueous solution of co 

solutes. 
nS values indicated that the paracetamol remain solvated with primary solvation 

spheres in the aqueous solvent systems investigated. 
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CHAPTER-VII 

 In this Chapter our studies have demonstrated a novel interaction between PY and 

UA, which would trigger the vitamin. It is seen whether individuals suffering with Gout, 

which is a kind of arthritis could be treated with vitamin B6 which would act as a co-enzyme, 

along with vitamin C studied earlier in the literature to firmly attract the uric acid crystals, 

and remove it from the body. As it is proved in these portray that in the acidic medium there 

is effective binding between PY and UA. It would also be important biologically to conjugate 

in their blood and urine. 

CHAPTER-VIII 

It has been concluded that the UV-B protector sunscreen agent padimate O can form 

an inclusion complex with α-CD and β-CD which can be used as regulatory releaser of this 

agent. The encapsulation of PMO molecule inside the hydrophobic core of cyclodextrins has 

been proved in aqueous medium by UV-Vis spectroscopy and in solid state by FTIR, Mass, 

XRD and TGA analysis.  The stoichiometric behaviour with 1:1 ratio of the complexes has 

been confirmed through continuous variation job‟s method and ESI-MS experiments. The 

association constant values demonstrated PMO is somewhat in good agreement with β-cyd 

than α-cyd and the thermodynamic parameters making the overall process 

thermodynamically favourable. FTIR spectroscopy, PXRD and TGA support the 

complexation phenomena and according to the results of PXRD and TGA techniques, it can 

be said that newly obtained PMO/ α-cyd and PMO/ β-cyd complexes have different 

physicochemical properties compared to their free forms. Thus it can be concluded that our 

work may be regarded as an alternation way to protect our skin from sun damage and 

beneficial to medicinal science. 

CHAPTER-IX 

The limiting apparent molar volume (ϕV
0
) and viscosity B-coefficient and molar 

refraction (RM) values indicate the existence of strong solute–solvent interactions between N-

methyl glycine and paracetamol in aqueous medium. The solute–solvent interactions 

enhances with increasing molality of N-methyl glycine and temperature. On the other hand, 

the solute-solute interactions diminish with increasing molality of N-methyl glycine and 

temperature. The nature of solute–solvent interactions was evaluated from the limiting 

apparent molar volume of transfer (ϕV
0
) values. It was also observed that the interaction 

between our studied solute and co-solute in aqueous medium was mostly pair wise. 
1
H NMR 

Spectroscopy concretely support our findings obtained from volumetric, viscometric and 

refractive index study. 
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Abstract 

The host–guest interaction of p-nitro benzaldehyde as guest β-Cyclodextrins have been investigated 

which have significant applications in the field of medicine such as controlled drug delivery. The 1H 

NMR study confirms the formation of inclusion complex while surface tension and conductivity 

studies support the formation inclusion complex with 1:1 stoichiometry. The stoichiometry of the 

inclusion complex was also supported with Job’s plot method by UV-Visible spectroscopy. FT-IR 

spectra and SEM study also support the inclusion process. Association constants of  the inclusion 

complexes have  been  calculated using  the  Benesi–Hildebrand  method,  while  the  thermodynamic  

parameters  have  been  estimated  with  the help  of  van’t  Hoff  equation. 
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1- Introduction 

Cyclodextrins (CD) are macro cyclic oligosaccharides composed of repeating α-D-glucopyranose units. Three types 

of CDs are α, β and γ-CD with 6, 7 and 8 glucopyranoside units, respectively (Figure 1) [1, 2]. The  cyclic  orientation  

of  these  units  gives  conical  or  truncated  cone  structure  with  a  hydrophobic  interior  and  a hydrophilic  exterior. 

This unique structure permits CD to form host–guest inclusion complexes with different sized guest molecules [3]. The  

chemical  stability  of  guest molecule  can be explained on the basis of  the  van  der  Waals  attraction,  hydrogen  

bonding  and  hydrophobic  attractions,  etc. [4]. Due  to  its  wide applicability,  CDs  used  in  different  areas,  such  as  
the  cosmetics, food, medicine, hygiene, nano materials  and  agro  industries [5]. Inclusion  complex  of  CDs  have  

been used  in  aqueous  solubility  enhancement  of  poorly  soluble  compounds  to  increase  their  bioavailability. 

Among  CD  family ,β-cyclodextrin  is  the  most  widely  used  one  due  to  the  low  cost.  

p-nitro benzaldehyde (PNB) is a very useful compound in organic synthesis. It also has applications in medicinal 

chemistry. (Scheme2). In this present work we attempt to ascertain the formation and nature of inclusion complex β-CD 

with PNB in aqueous environment by spectroscopic and physicochemical studies. Our aim is to explore the formation, 

carrying and controlled release of PNB by forming IC with CD without any chemical and biological modification of the 

guest molecule.    

2- Experimental Section 

2-1- Source and Purity of Samples 

P-nitro benzaldehyde and β-cyclodextrin of puriss grade were bought from Sigma Aldrich, Germany and used as 

purchased. The mass fraction purity of PNB and β-cyclodextrin are ≥ 0.99 and ≥ 0.98 respectively.  
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Figure 1. Structure of cyclodextrin molecules. 

                 

Figure 2. Two dimensional and three dimensional structure of PNB 

2-2- Apparatus and Procedure 

The guest molecule PNB and the β-CDs are freely soluble in triply distilled, deionized and degassed water. The stock 

solutions of PNB and aqueous CD were prepared by mass at 298.15 K. Mettler Toledo AG-285(uncertainty 0.0001 g) 

was used for weighing. 

UV–visible spectra were taken by JASCO V-530 UV/VIS Spectrophotometer, with an uncertainty in wavelength as 

±2 nm. The temperature during experiment is kept constant using a digital thermostat. 

1H NMR spectra were taken in D2O at 300 MHz with help of Bruker Advance instrument at 298.15 K. Signals are 

mentioned as δ values in ppm. The internal standard is D2O (protonated signal at 4.79 ppm). Data are cited as chemical 

shift. 

The surface tension study was performed with platinum ring detachment technique using a Tensiometer (K9, KRSS; 

Germany). The temperature is maintained at 298.15 K by circulation of thermostated water through a double wall glass 

vessel containing the solution. The accuracy of the instrument is about ±0.1mN m-1. 

Conductivities of the solutions are measured using a Mettler Toledo Seven Multi conductivity meter having 

uncertainty 1.0 µSm-1 having uncertainty ±0.01 K. Thermostated water bath kept the temperature constant at 298.15 

throughout the experiment. HPLC grade water was used with specific conductance 6.0l Sm-1. The conductivity cell was 
calibrated using 0.01 M aqueous KCl solution. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer FT-IR spectrometer according to the 

KBr disk technique. Samples were prepared as KBr disks with 1 mg complex and 100 mg KBr. The FTIR measurements 

were performed in the scanning range of 4000−400 cm−1 at room temperature. 

The solid inclusion complex [β-CD+PNB] has been prepared taking 1:1 molar ratio of both the PNB and CD. In this 

case 1.0 mmol CD was dissolved in 20 mL water and 1.0 mmol PNB was dissolved in 20 mL ethanol and stirred 

separately for 4 hrs. Then the ethanol solution of PNB was added drop wise to the aqueous CD solution. The mixture 

was then allowed to stir for 72 hrs at 50–55oC. It was filtered at this temperature, then cooled to 5oC and kept for 12 hrs. 

The resulting suspension was filtered and the white polycrystalline powder was found, which was washed with ethanol 

and dried in air. 
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3- Result and Discussion 

3-1- Job Plot Demonstrates the Stoichiometry of the Host–Guest Inclusion Complex 

The stoichiometry of the host guest inclusion complex can be predicted with the help of Job’s method of continuous 

variation using UV-Visible spectra [6]. The difference of absorbance of PNB in presence and absence of β-CD was 

calculated and designated as ∆A.  Then a plot is constructed taking ∆A × R against R where R = [PNB]/([PNB]+[CD]). 

(Figure 3)Job plots are constructed with variation of mole fraction of PNB in the range of 0-1[7, 8]. Absorbance values 

were measured at 293 nm at 298K for a series of solutions. (Table 1) The stoichiometry of the inclusion complex can 

be found with the value of R at the point of maximum deviation. (R=0.5 for 1:1 complexes; R=0.33 for 1:2complexes; 

R=0.66 for 2: 1 complexes) [9, 10]. In this study the plot show maxima at R=0.5 which means that the inclusion complex 

was formed with 1:1 molar ratio of PNB and β-CD. 

Table 1. Data for the Job plot performed by UV-Vis spectroscopy for PNB-β-CD system at 298.15Ka 

PNB(mL) β-CD (mL) PNB (µM) β-CD (µM) [PNB]/([PNB]+[β-CD]) Absorbance (A) ΔA ΔA[PNB]/([PNB]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.7420 0.0000 

0.1 0.9 10 90 0.1 0.0636225 0.6783 0.0678 

0.2 0.8 20 80 0.2 0.1380672 0.6039 0.1208 

0.3 0.7 30 70 0.3 0.2318311 0.5101 0.1530 

0.4 0.6 40 60 0.4 0.2906623 0.4513 0.1805 

0.5 0.5 50 50 0.5 0.3502874 0.3917 0.1958 

0.6 0.4 60 40 0.6 0.4292407 0.3127 0.1876 

0.7 0.3 70 30 0.7 0.4997888 0.2422 0.1695 

0.8 0.2 80 20 0.8 0.5812507 0.1607 0.1286 

0.9 0.1 90 10 0.9 0.6672149 0.0747 0.0673 

1.0 0.0 100 0 1.0 0.7419558 0.0000 0.0000 

 

Figure 3. Job plot of (b) PB-β-CD system at λmax=243 nm at 298.15 K .R= [PNB]/([PnB] + [CD]) ,∆A=absorbance difference 

of PNB without and with β-CD 

 3-2- 1H-NMR Study 

1H-NMR study gives us valuable information about the formation of inclusion complex between PNB and β-CD 

[11].  When the guest PNB molecule inserts into the hydrophobic cavity of β-CD molecule the protons of both PNB and 

β-CD show considerable chemical shift. The positions of different protons in the CD molecule are shown in scheme. 
The H3 and H5 protons are placed in the cavity while H1, H2 and H4 are located outside the cavity. (Figure 4) H3 is 

situated near the wider rim and H5 is close to the narrower rim [12, 13]. The respective δ values of PNB, β-CD and 

inclusion complex are mentioned in Table 2. The protons of PNB and β-CD show considerable upfield shift in the 

spectra of inclusion complex. (Figure 5) From NMR data it can be concluded that the aromatic protons of PNB interacts 

more with the H3 protons of β-CD in comparison to H5 perhaps due to the reason that the PNB molecule enters in the 

hydrophobic cavity from the wider rim. All the protons of both host and guest show considerable chemical shift due to 
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change of environment after forming inclusion complex. The H6 proton remains unaffected suggesting PNB enters from 

wider end. 

 

Figure 4. Truncated conical structure of β-Cyclodextrin. 

Table 2. 1H NMR data of PNB, β-CD and inclusion complex 

β-Cyclodextrin 
(500 MHz, Solv: D2O) δ=3.49-3.54 (6H, t,  J = 9.2 Hz), 3.57-3.60 (6H, dd, J = 9.6, 3.2 Hz), 3.79-3.84 (18H, m), 

3.87-3.92 (6H,t, J = 9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz) 

PNB (400 MHz, Solv: D2O) δ=7.9-8.0 (2H,m),8.1-8.2 (2H,m ), 8.2-8.3(1H,d) 

PNB+β-CD complex 
(1:1 molar ratio, 300 MHz, Solv: D2O) : δ=3.3-3.5(6H, t), 3.5-3.9(6H, dd), 4.5-5.0(18H, m), 7.9-8.1(2H,m), 8.1-

8.3(2H,m), 9.8 (1H,d) 

 

 

 

Figure 5. H NMR Spectra of (a) β-CD (b) PNB and (c) 1:1 molar ratio of β-CD + PNB in D2O in 298.15 K. 

(a) 

(b) 

(c) 
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3-3- Surface Tension Study Confirms the Stoichiometry of the Inclusion Complex 

Cyclodextrin is freely soluble in water. The aqueous solution of β-CD does not show any notable change with 

increasing concentration [14]. The guest molecule p-nitro benzaldehyde shows surfactant like behavior due to its 

structure. This means that the presence of PNB in water reduces the surface tension value (γ) of water. In this experiment 

the γ values of PNB has been measured with increasing concentration of host β-CD at 298.15 K. (Table 3) The aqueous 

solution of PNB shows a regular increase with increasing concentration of host β-CD. Perhaps this occurs due to the 

removal of surface active PNB molecules from the solution into the hydrophobic cavity of β-CD after forming the 
inclusion complex. The surface tension plot also contains a sharp break point which is indication of the formation of 

inclusion complex with 1:1 stoichiometry (Figure 6) [15, 16]. Appearance of more number of break points in the surface 

tension curves reveal more complex stoichiometry such as 1:2, 2:1, 2:2 etc. the value of γ at the break point with 

corresponding concentration of β-CD is listed in table. 

Table 3. Data for surface tension and conductivity study of aqueous PNB-β-CD system at 298.15Ka 

Volm of Β-CD 

(mL) 

Total volm 

(mL) 

Conc of 

PNB (mM) 

Conc of β-CD 

(mM) 

Surface tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 54.4 22.2 

1 11 9.091 0.909 56.1 21.2 

2 12 8.333 1.667 57.6 20.3 

3 13 7.692 2.308 58.8 19.6 

4 14 7.143 2.857 60.1 19.1 

5 15 6.667 3.333 61.1 18.5 

6 16 6.250 3.750 61.9 18 

7 17 5.882 4.118 62.7 17.6 

8 18 5.556 4.444 63.5 17.1 

9 19 5.263 4.737 64.2 16.7 

10 20 5.000 5.000 64.7 16.2 

11 21 4.762 5.238 64.9 16 

12 22 4.545 5.455 65.1 15.9 

13 23 4.348 5.652 65.3 15.8 

14 24 4.167 5.833 65.5 15.7 

15 25 4.000 6.000 65.7 15.6 

16 26 3.846 6.154 65.8 15.5 

17 27 3.704 6.296 65.9 15.4 

18 28 3.571 6.429 66.0 15.3 

19 29 3.448 6.552 66.1 15.2 

20 30 3.333 6.667 66.2 15.1 

 

Figure 6. Variation of surface tension of aqueous PNB solution with increasing concentration of β-CD  at 298.15K. 

3-4- Conductivity Study Again Proves the Stoichiometry of the Inclusion Complex 

The formation of inclusion complex is again confirmed with the help of conductivity study [17, 18]. The guest 
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molecule PNB exists in ionic form in aqueous solution having a measureable value of κ. In this study we have added 

aqueous CD solution to the aqueous solution of PNB; it has been found that κ value shows a regular declining trend. It 

is again probably due to insertion of PNB molecules from the solution to the hydrophobic cavity of CD. At certain 

concentration of both the host and guest molecules a single break point appeared in the conductivity plot, this confirms 

the formation of inclusion complex. (Figure 7) The value of κ with corresponding concentration of β-CD is listed in 

Table 3 [19]. The appearance of single breakpoint again suggests the stoichiometry of the inclusion complex 1:1. 

 

Figure 7. Variation of conductivity of aqueous PNB solution with increasing concentration β-CD  at 298.15K. 

3-5- Association Constants and Thermodynamic Parameters 

The association constant Ka of the inclusion complex of PNB with β-CD can be calculated from UV visible spectra. 

When the PNB molecule enters into the cavity of β-CD the environment of the guest changes, it results in the change of 

molar extinction coefficient ε [20].  The value of binding constant has been determined from the double reciprocal plots 

on the basis of Benesi-Hildebrand method which can be stated as: 

1

∆A
=

1

∆ε[PNB]Ka


1

[CD]
+

1

∆ε[PNB]
 (1) 

 

Figure 8. Plausible Schematic representation of mechanism for the formation of 1:1 inclusion complex of PNB with β 

Cyclodextrin. 

The equation is valid in case of 1:1 host-guest IC only [21, 22]. We get the value of binding constant by dividing the 

intercept by the slope from double-reciprocal plots. The Ka value is calculated at three different temperatures. The 

thermodynamic parameters ∆G∘, ∆H∘ and ∆S∘ for the formation of IC is measured from the famous Van’t Hoff equation 
with the help of association constant Ka  [23, 24]. 

lnKa = −
∆Ho

RT
+
∆So

R
 (2) 

lnKa varies linearly with 1/T. The ∆H∘ value depends upon the equilibrium constant at different temperatures. (Table 

4) The ∆G∘ value for the formation of inclusion complex is negative which indicates the process to be thermodynamically 

favourable. The negative value of ∆H∘ shows that the process is exothermic. The entropy value ∆S∘ is also negative. The 

randomness of the molecules decrease due to insertion in the cavity of CD, as a result the ∆S∘ value is negative. The 

higher negative value of ∆G∘ overcomes the effect and the whole process is spontaneous. 
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Table 4. Association constant (Ka) and thermodynamic parameters ∆H∘, ∆S∘ and ∆G∘ of different PNB -Cyclodextrin 

inclusion complexes. 

 Temp (K)a Ka×10-3(M-1)b ∆Ho(kjmol-1)b ∆So(Jmol-1K-1)b ∆Go(298.15 K) (kJmol-1)b 

PNB+β-CD 

298.15 1.36 

-20.75 -9.74 -17.85 303.15 1.18 

308.15 1.01 

3-6- FT-IR Study 

The encapsulation of PNB by β-CD is confirmed by FT-IR study [25, 26]. There are many changes in the position 

of peaks in the solid inclusion complexes. The various frequencies of PNB, β-CD and PNB+β-CD are reported in Table 

5. All the spectra are shown in the Figure 9. The spectra of PNB is identified by various characteristic peaks of –CHO, 

-NO2, aromatic protons at 1707, 1535, 3424 etc. Broad characteristic peaks of –OH at about 3349 cm−1 is present in the 

spectrum of β-CD. In the spectra of solid inclusion complexes many peaks of the PNB are either absent or shifted due 

to change of environment after insertion. The –O-H frequency of β-CD are shifted to lower region probably due to 

involvement of the –O-H groups of the host molecules in hydrogen bonding with the PNB molecule. No additional 

peaks are recognized in the solid inclusion complex which means no chemical reaction occurred between the molecule 

PNB and CD [27]. 

 

Figure 9. FT-IR spectra of β-CD, PNB, PNB- β-CD inclusion complex. 

Table 5. Frequencies at FTIR spectra of PNB, β-CD and solid inclusion complexes 

 Wave Number / cm-1 Group 

PNB 

816.5 -C-H 

897.3 -C-C 

1346.7 -NO2 symmetrical stretching 

1535.6 -NO2 asymmetrical stretching 

1707 -CHO 

3424.3 =C-H 

β-CD 

3349.84 stretching of O-H 

2921.52 stretching of –C-H from –CH2 

1412.36 bending of –C-H from –CH2 and bending of O-H 

1157.57 bending of C-O-C 

1033.51 stretching of C-C-O 

938.53 skeletal vibration  involving α-1,4linkage 

 2944.6 stretching of O-H of β-CD 

 2369.7 stretching of –C-H from –CH2 of β-CD 

PNB+β-CD 1627.8 -CHO of PNB 

 1354.9 - NO2 asymmetrical stretching of PNB 

 1153.6 - NO2  symmetrical stretching of PNB 
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3-7- Scanning Electron Study (SEM) Study 

Scanning electron microscopy is a qualitative method used to visualize the surface structure of raw materials or the 

prepared products [28].  The SEM images of PNB, β-CD and inclusion complex are shown in Figure 10. As shown in 

the SEM pictures β-CD was observed as a plate shaped crystal. PNB appeared also as plate shaped. The inclusion 

complex was appeared in irregular shapes with variable size, some looks like needle. The size and shape of the new 

obtained complexes were different from PNB and the host molecule. These changes can be taken as proofs of the 

formation of new inclusion complexes by molecular encapsulation. 

 

Figure 10. Scanning electron microphotographs (a) β-CD (b) PNB (c) PNB- β-CD inclusion complex. 

4- Conclusion 

This work confirms that p-nitro benzaldehyde forms inclusion complex with β-CD in the aqueous medium and in 

the solid state which can be used as regulatory releaser of this compound. 1H NMR study and SEM study confirms the 

inclusion phenomenon and its mechanism. Surface tension, conductance and Job plot from UV-visible spectroscopy 

determines the 1:1 stoichiometric ratio of the IC. FT-IR spectra also supported the formation of IC. The association 

constants and thermodynamic parameters have been estimated ICs by reliable techniques. There  is  a  drop  in  ΔS⁰ ,  

which  is overcome  by  higher  negative  value  of  ΔH⁰ ,  making  the  overall  inclusion  process thermodynamically 

favourable. This IC has various applications in the field of modern biochemistry and medical science.  
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Solute-solute and Solute-solvent Interactions of Paracetamol in Aqueous 
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ABSTRACT
The densities and viscosities of paracetamol in aqueous b-cyclodextrin solutions with several molal concentrations 
m = (0.001-0.007) mol kg−1 of b-cyclodextrin were determined at T = 298.15-318.15 K under atmospheric 
pressure. The inclusion has been studied using ultraviolet-visible spectroscopy. Using experimental data 
apparent molar volume (φV), standard partial molar volume ( 0

Vϕ ), the slope (S
V

* ), standard isobaric partial 
molar expansibility (ϕ

E

0 ) and its temperature dependence (∂ϕ ∂
E

0

P
T ) , the viscosity B-coefficient, and solvation 

number (Sn) were determined. Free energies of activation of viscous flow per mole of the solvents ( ∆µ ≠
1

0 ) and the 
solute ( ∆µ ≠

2

0 ) are also calculated. Various results revealed that the solutions are characterized predominantly by 
solute-solvent interactions and paracetamol behaves as a long-range structure maker.

Key words: Apparent molar volumes, Viscosity B-coefficients, Paracetamol, Aqueous b-cyclodextrin solutions, 
Solvation number, Ultraviolet-visible spectroscopy.

1. INTRODUCTION
Drug action in human body is known as 
pharmacodynamics. The effectiveness of a drug 
depends on its bioavailability [1]. The general reason of 
low oral bioavailability is due to low solubility of drug 
molecules. To get required pharmacological action, it is 
important to have a desired concentration of drug in the 
solution, for which solubility is the important factor. 
Sometimes, low aqueous soluble drugs require high 
doses for the desired action. Low water solubility of 
drugs is a serious problem for generic developments. 
Drug only in the form of aqueous solution gets absorbed 
in the absorption sites. Most of the drugs are having 
poor aqueous solubility. Therefore, the enhancement of 
drug solubility and its oral bioavailability is a difficult 
task for drug development process. Sometimes, 
some carrier molecules are added to the drugs to 
increase the solubility [2]. It is, therefore, interesting 
to observe the physicochemical interactions between 
the drug molecule and the carrier molecule in aqueous 
media. Different physicochemical properties such as 
density and viscosity are used as tools to study the 
interactions. A number of works related to volumetric 
and viscometric properties of drugs have been carried 
out by many researchers [3-5].

Paracetamol also known as acetaminophen or 
N-acetyl-p-amino phenol is a mild analgesic and 
antipyretic agent and also a nonsteroidal drug [6]. 
It is often used to treat post-surgical and cancer 
pains. Paracetamol has less solubility in aqueous 
media. β-cyclodextrin is a 7-membered sugar ring 
molecule. It is able to form host-guest complexes 
with hydrophobic molecules given the unique 
nature imparted by their structure. β-cyclodextrin 
has found a large number of applications in a 
broad range of fields [7]. Cyclodextrins have the 
ability to solubilize hydrophobic drugs which 
has pharmaceutical applications and crosslink to 
form polymers used for drug delivery. Although 
few works have been done on different properties 
of paracetamol and β-cyclodextrin [7-14], to 
the best of our knowledge, the properties of this 
ternary solution have not been reported. Hence, the 
purpose of the present work is to study the various 
interactions interplaying in the aqueous solutions 
of paracetamol and β-cyclodextrin in terms of 
apparent molar volumes, standard partial molar 
volumes and viscosity B-coefficients, and solvation 
number at T = 298.15-318.15 K and at pressure 
p=101 kPa.
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2. EXPERIMENTAL
2.1. Materials
Pharmaceutical grade paracetamol (CAS: 103-90-2; 
Sigma-Aldrich, mass fraction purity >0.990) and A. 
R grade β-cyclodextrin (CAS: 7585-39-9, Sigma-
Aldrich, mass fraction purity >0.980) were used for 
the present study. The chemicals were used as such 
but stored in vacuo over anhydrous CaCl2 for several 
hours before use. Doubly distilled deionized water 
with a specific conductance <1.10−6 Scm−1 at 298.15 
K was used to prepare different aqueous solutions 
of β-cyclodextrin. Various mixed solvents were 
prepared by mass, and necessary adjustments were 
done to achieve exact molal concentrations (m = 
0.001, 0.003, 0.005, and 0.007) of β-cyclodextrin 
in the mixed solvents at 298.15 K. The physical 
properties of these mixed solvents are given 
in Supplementary Table S1. Stock solutions of 
paracetamol in different solvent mixtures were 
prepared by mass, and all the working solutions 
were prepared afresh before the use by mass 
dilution. The mass measurements were made on a 
digital electronic analytical balance (Mettler, AG 
285, Switzerland) with an uncertainty of ±1.10−4 g. 
The conversion of molalities into molarities was 
accomplished using experimental density data 
whenever needed [15]. Estimated standard relative 
uncertainty in molality of paracetamol solutions, 
i.e., ur (m) was evaluated to 0.01. The molecular 
structures of paracetamol, i.e., N-(4-hydroxyphenyl) 
acetamide and β-cyclodextrin are shown in Figure 1.

2.2. Apparatus and Procedure
The densities were measured with a vibrating tube 
density meter (Anton Paar, DMA 4500M). The 
densitimeter was calibrated at the experimental 
temperatures with doubly distilled, degassed water 
and dry air at atmospheric pressure. The temperature 
was automatically kept constant with an accuracy of 
±1.10−2 K using the built-in Peltier technique. The 
stated repeatability and accuracy of the densities 
were ±1.10−5 g cm−3 and ±5.10−5 g cm−3, respectively. 
However, standard uncertainty of the density 
measurements for most of the solutions was found to 
be within ±0.1 kg m−3.

The viscosity was measured by means of a suspended 
Canon-type Ubbelohde viscometer thoroughly 
cleaned, dried, and calibrated at the experimental 
temperatures with triply distilled, degassed water 
and purified methanol [16,17]. It was filled with 
an experimental liquid and placed vertically in a 
glass-sided thermostatic bath (Julabo, Germany) 
maintained constant to ±0.01 K. After attainment of 
thermal equilibrium, the efflux times of flow of the 
liquid samples were recorded with a digital stopwatch 
correct to ±0.01s. Adequate precautions were 
adopted to minimize evaporation loses during the 
viscosity measurements, and an average of triplicate 
measurements was taken into account. The uncertainty 
in viscosity measurements was within 0.001 mPa.s.

The absorption spectra of paracetamol in aqueous 
solutions of β-cyclodextrin were recorded on 
Jasco V-530 double beam ultraviolet (UV)-
visible spectrophotometer. It was coupled with the 
thermostatic arrangement and maintained at 298.15 K. 
A quartz cell of 1 cm path length was used, and 
spectroscopic grade water was used as the reference 
solvent for all the absorption measurements.

Refractive indices were measured with an Abbe-
refractometer at 298.15 K. Water was circulated 
through the refractometer from the thermostatic bath 
(mentioned above) maintained to ±0.01 K of 298.15 K. 
The refractometer was calibrated with doubly distilled, 
degassed water before each series of measurements. 
The estimated uncertainty in refractive indices was 
found to be ±0.0002.

3. RESULTS AND DISCUSSION
The experimental molalities (m), densities (ρ), 
viscosities (η), and apparent molar volumes (φV) 
of paracetamol solutions in various aqueous 
β-cyclodextrin solutions (used as solvents) at the 
experimental temperatures are reported in Table S2.

3.1. Standard Partial Molar Volumes
The apparent molar volume φV of a solute is defined 
as the difference between the volume of the solution 
and the volume of the pure solvent per mole of 
solute [18-20]. The apparent molar volumes φV were 
obtained from the following relation:

1
V

1

1000( )M=
m
ρ −ρ

ϕ −
ρ ρρ  (1)

Where M is the molar mass of paracetamol, m is the 
molality of the solution, ρ1 and ρ are the densities of 
the solvent and solution, respectively. Uncertainties in 
φV values were within ±0.11-0.62×10−6 m3 mol−1. 
Supplementary Table S2 shows that apparent molar 
volumes φV increase with increasing temperature and 
β-cyclodextrin content in the solutions under the study. 

Figure 1: Molecular structure of paracetamol. 
Molecular structure of β-cyclodextrin.
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Such trends indicate that the interactions between 
solute and solvent as well as those between solute-
solute or solute-cosolute change with temperature and 
solvent compositions. However, more clear 
information regarding solute-solute or solute-solvent 
interactions can be had from limiting apparent molar 

0
Vϕ volumes at an infinitesimal concentration or 

standard partial molar volumes 0
Vϕ of the solute. As 

the plots of φV against the square root of molar 
concentration m  were linear in the studied 
concentration range of paracetamol at all experimental 
temperatures, standard partial molar volume ϕ

V

0  was 
obtained from the Masson equation [21]:

ϕ ϕ
V V

0

V

*
= +S m  (2)

Actually, the ϕ
V

0  values were determined by fitting the 
dilute data (m < 0.1) to Equation (2) using a weighted 
least squares linear regression, and the correlation 
coefficient (R2) values were within the range 
0.993-0.999. The weighting factors were set inverse to 
the variance of the φV values for each data point. The 
intercept ϕ

V

0 , i.e., the standard partial molar volume 
provides a measure of ion-solvent interactions, and the 
slope S

V

*  provides information regarding ion-ion 
interactions. The values of ϕ

V

0  and *
VS along with 

standard deviations (σ) for paracetamol in different 
aqueous β-cyclodextrin solutions at the experimental 
temperatures are reported in Table 1. Our results 
(Table 1) show that values are positive and increase 
when both the experimental temperatures and 
β-cyclodextrin content in the solvents increase. This 
trend in ϕ

V

0  values indicates the presence of strong 
solute-solvent interactions and such interactions 
further strengthen at elevated temperatures and with 
higher concentrations of β-cyclodextrin in the ternary 
solutions and such a trend in ϕ

V

0  values is at par the 
trends in φV values (as listed in Supplementary 
Table S2) for the studied solutions. These facts may be 
attributed to increase in solvation of the ions at higher 
cosolute concentrations. Dependence of ϕ

V

0  values on 
the solvent composition is depicted in Figure 2.

The parameter S
V

*  is a volumetric coefficient that 
characterizes pair-wise interaction between the 
solvated species or ion-ion interaction in solution 
phase [22-24]. Its sign is determined by the interactions 
between the solute species. In the present study, S

V

*  
values were found to negative for all the studied 
solutions. For a weak ionic species such as paracetamol 
and a non-ionic species such as β-cyclodextrin, 
negative S

V

*  values suggest that the presence of weak 
pair-wise interaction between the solute-solute or the 
solute-co-solute and such interactions probably 
diminishes with increasing molality of β-cyclodextrin 
due to solvent-induced cosphere overlap or solute-
solute hydrophobic interactions [25].

3.2. Standard Transfer Volumes
Limiting thermodynamic transfer properties provide 
information about the solute-cosolute interaction, 

Table 1: Standard partial molar volumes 
(ϕV

0 ), the slopes (S
V

* ), and corresponding standard 
deviations (σ) for paracetamol in aqueous solutions of 
β-cyclodextrin at T=298.15-318.15 K and at pressure 
P=101 kPa.

T/K ϕV
0

3 1m mol
×

−
106 * 6

V
3 1/.2 3/2

S ×10
m kg mol−

6

3 1
×10

m mol
σ

−

0.001a

298.15 127.68±0.42 −17.97±0.19 0.14
308.15 128.11±0.85 −16.52±0.21 0.16
318.15 128.66±0.77 −14.74±0.17 0.11

0.003a

298.15 127.91±0.62 −18.43±0.29 0.12
308.15 128.73±0.67 −18.72±0.32 0.11
318.15 129.42±0.60 −17.85±0.24 0.11

0.005a

298.15 128.63±1.11 −18.87±0.43 0.06
308.15 129.41±1.12 −21.09±0.42 0.08
318.15 130.22±0.94 −20.91±0.23 0.16

0.007a

298.15 129.64±1.07 −22.08±0.18 0.04
308.15 129.94±1.11 −22.49±0.26 0.07
318.15 130.85±1.12 −18.48±0.08 0.06
aMolality of β-cyclodextrin in aqueous solutions in 
mol.kg−1. Standard errors are given the parenthesis. 
Standard uncertainties are: u(T)=±0.01 K, u(p) =±1 kPa, 
ur(m) = 0.01

Figure 2: Dependence of standard partial molar 
volumes (ϕ

V

0 ) for paracetamol on the molality of 
β-cyclodextrin in aqueous solutions at T = 298.15-
318.15 K. Symbols: ϒ, T = 298.15 K; ⊄, T = 308.15 K; 
Δ, T = 318.15 K.
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because at infinite dilution, the interactions between 
individual solute molecules are negligible. Hence, 
∆ ϕ
t V

0  is free from solute-solute interactions and 
provides valuable information about solute-cosolute 
interactions. The standard partial molar volume of 
transfer ( 0

t V∆ ϕ ) was obtained from the following 
relation [26]:

∆ ϕ ϕ β ϕt V
0

V
0

V
0= [  cyclodextrin+ water ]  water − [ ]  (3)

The ∆ ϕ
t V

0  values are depicted in Figure 3 as a function 
of molality of β-cyclodextrin in the aqueous solutions. 
∆ ϕ
t V

0  values are positive at all the experimental 
temperatures and increase monotonically with the 
increase in β-cyclodextrin content in ternary solutions. 
ϕ
V

0 values are taken from our previously published 
paper [27]. According to the cosphere overlap model, 
as developed by Friedman and Krishnan [28], 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 a decrease in volume. 
The positive ∆ ϕ

t V

0  values indicate that ion-hydrophilic 
and hydrophilic-hydrophilic group interactions 
predominate over ion-hydrophobic, hydrophobic-
hydrophobic, and hydrophilic-hydrophobic 
interactions, and the overall effect of the overlap of the 
hydration cospheres of paracetamol and β-cyclodextrin 
reduces the electrostriction of water by paracetamol. 
Such reduced electrostriction results in a concomitant 
increase in volume, and this effect further increases 
with increasing molality of β-cyclodextrin in the 
ternary solutions increase.

The partial molar volume of a solute can also be 
explained by a simple model [29,30] as given by the 
following relation:

ϕ ϕ ϕ ϕ
V

0

VW Void S
= + −

Where φVW is the van der Waals volume, φVoid is the 
volume associated with voids or empty space, and φS 
is the shrinkage volume due to electrostriction. 
Assuming the φVW and φVoid to have same magnitudes 
in water and in aqueous β-cyclodextrin solutions for 
the same solute, the increase in ϕ

V

0  values and the 
concomitant positive ∆ ϕ

t V

0  values can be attributed 
to the decrease in the shrinkage volume (φS) of water 
by paracetamol in the presence of β-cyclodextrin. 
This fact suggests that β-cyclodextrin has a 
dehydration effect on the hydrated paracetamol. 
Thus, the interactions between paracetamol and 
β-cyclodextrin can roughly be summarized as 
follows:
1. Interaction of H+ ions from paracetamol and water 

with the -OH groups β-cyclodextrin.
2. Interaction of the O: and N: from paracetamol 

with –OH groups of β-cyclodextrin.
3. Interaction of ionic part of paracetamol with the 

hydrophobic part of β-cyclodextrin.

While interactions of 1-2 types impart positive 
contributions, interaction of 3 types imparts 
negative contribution to 0

Vϕ values. Therefore, the 
overall positive 0

Vϕ values indicate that ionic group 
interactions predominate over ionic-hydrophobic 
interactions. Anyway, 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 between 
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 as well as solvation, and other 
polar-ionic group (H-bonding) interactions between 
different polar and non-polar groups of β-cyclodextrin 
and paracetamol; all these interactions can characterize 
the overall state of the solutions studied.

3.3. Apparent Molar Expansibilities
Apparent molar volumes (φV) and densities (ρ) at the 
experimental temperatures were used to calculate the 
apparent molar expansibilities (φE) of paracetamol 
solutions using the following relation [19].

ϕ αϕ
α α
ρE V

1

1

=
m

+
−1000( )  (5)

Where α and α1 are the coefficients of isobaric thermal 
expansion of the solvent and solution, respectively, 
and other symbols have their usual significance. α and 

Figure 3: Plots of standard partial molar volume of 
transfer ( ∆ ϕ

t V

0 ) for paracetamol on the molality of 
β-cyclodextrin in aqueous solutions at 
T = 298.15-318.15 K. symbols: ϒ, T = 298.15 K; ⊄, 
T = 308.15 K; Δ, T = 318.15 K.
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α1 are defined as: α = −ρ−1 (∂ρ1/∂T)P and 
α ρ ∂ρ ∂
1 1

T= − −1
( )P . The uncertainty in the coefficients 

of isobaric thermal expansion was ±2.10−5 K−1, and 
the uncertainty in φE values was within ±0.001-
0.002×10−6 m−3 mol−1 K−1, respectively. The standard 
partial molar expansibilities (ϕ

E

0 ) were then 
determined from the following relation [31]:

ϕ ϕ
E E

0

E
= +S m

( )∂ϕ ∂
E

0
T P  values were obtained from the slope of a 

linear fit of ϕ
E

0 values (a least squares linear regression 
used) against experimental temperature (T) with the 
correlation coefficient (R2) values within the range of 
0.886-0.974. The ϕ

E

0  values are an important indicator 
of solute-solvent interactions and help in the 
interpretation of the long-range structure making or 
breaking properties of solutes [32-34]. The ϕ

E

0  values 
along with corresponding errors for different 
experimental solutions at different temperatures are 
given in Table 2. It reveals that ϕ

E

0 values are positive 
and further increase when experiment temperature 
increases. Such a trend in values can be ascribed to the 
structural perturbation influenced by the gradual 
appearance of “caging effect” or “packing 
effect” [35,36] for paracetamol in the studied solutions, 
and it has hydrophobic character. According to 
Hepler [37,38], if the term ∂ϕ ∂

E

0

P

T( ) is positive, the 
solute is a structure maker, and otherwise, it is a 
structure breaker. The ∂ϕ ∂

E

0

P

T( ) values for different 

ternary solutions are given in Table 2. It shows that the 
∂ϕ ∂

E

0

P

T( )  values are positive for all the studied 

solutions. Thus, paracetamol seems to act a net 
structure maker in aqueous β-cyclodextrin solutions, 
and the studied systems are characterized by the 
predominance of hydrophobic hydration over the 
electrostriction of water by the solute and cosolute 
molecules, i.e., some of the electrostricted water 
molecules in the hydration spheres of the solute, 

cosolute, or their constituents ions get released in 
favor of the normal bulk structure of water on overlap 
of the cospheres, resulting in volume increase in 
coexistence of the solute and cosolute.

3.4. UV Spectroscopy
The UV-visible absorption spectra used to confirm 
the formation of the inclusion complex between 
paracetamol and β-cyclodextrin. In the following 
study, we measured the absorption spectra of 
paracetamol in water and several concentrations 
of aqueous β-cyclodextrin solutions at 298.15 K. 
The absorption spectrum of β-cyclodextrin 
(1.10−4 mol.L−1) solution did not have any 
considerable absorption band in the wavelength 
range 220-300 nm, and the absorption spectra of 
paracetamol (1.10−4 mol.L−1) solution shows a peak at 
243 nm (Figure 4) [27,39]. To determine the apparent 
formation constant for the inclusion complex of 
paracetamol and β-cyclodextrin, the concentration of 

Table 2: Standard partial molar expansibilities (ϕE
0 ) for paracetamol in aqueous solutions β-cyclodextrin at 

T=298.15-318.15 K and at pressure P=101 kPa.

Solvent
ϕE
0

3 1 -1m mol K
⋅⋅

⋅⋅ ⋅⋅

−−

−−
10 5 S

m kg mol K
E

3 1 -1
⋅

⋅ ⋅ ⋅

−

−
10 5

1 2/
δϕ
δ
E
0

3 1 2

T

m mol K









 ⋅

⋅ ⋅

−

− −
p

10 8

298.15 K 308.15 K 318.15 K 298.15 K 308.15 K 318.15 K

0.001a 4.20±0.09 4.24±0.09 4.29±0.10 −1.63±0.05 −1.64±0.05 −1.65±0.05 1.87
0.003a 3.37±0.03 3.40±0.03 3.43±0.03 −1.33±0.03 −1.33±0.03 −1.33±0.03 0.43
0.005a 3.05±0.04 3.08±0.04 3.12±0.04 −0.96±0.02 −0.97±0.02 −0.98±0.02 0.32
0.007a 1.44±0.01 1.45±0.01 1.47±0.011 −0.15±0.01 −0.18±0.01 −0.21±0.01 0.07
aMolality of β-cyclodextrin in aqueous solutions. Standard errors are given the parenthesis. Standard uncertainties 
are: u(T) =±0.01 K, u(p) =±1 kPa, ur(m) = 0.01

Figure 4: (1) Absorption spectra of aqueous 
β-cyclodextrin (1.10−4 mol.L−1) solution and 
paracetamol with various in aqueous β-cyclodextrin 
concentrations (2) 0 mol.L−1, (3) 3.10−4 mol.L−1, (4) 
5.10−4 mol.L−1, (5) 9.10−4 mol.L−1, (6) 12.10−4 mol.
L−1, (7) 14.10−4 mol.L−1.
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paracetamol was held constant at 1.10−4 mol.L−1, and 
at the same time, concentrations of β-cyclodextrin 
have been manipulated as 3.10−5 mol.L−1, 
5.10−5 mol.L−1, 9.10−5 mol.L−1, 12.10−5 mol.L−1, and 
14.10−5 mol.L−1. The absorbances of the solutions 
were measured at 243 nm. The absorption spectra 
of inclusion complex at different concentrations of 
β-cyclodextrin are shown in Figure 4. It is found that 
the absorbance value increased with the increment 
of β-cyclodextrin concentrations when paracetamol 
concentration remains fixed. It is an indicative of the 
increased solubility of the guest molecules during 
the formation of the inclusion complex [40]. Since 
the phenyl part of the paracetamol is more likely 
to go to the hydrophobic cavity of β-cyclodextrin, 
the theoretical stoichiometric ratio for the inclusion 
complex should be 1:1. This theory can be verified 
if we get a linear relationship from the reciprocal 
plot of 1/Abs versus 1/(β-cyclodextrin) based on 
Hildebrand-Benesi equation [41].

1

A G] K CD

1

[G]
0 0

=
−

+
1

ε β ε[ [ ]
 (7)

Where A is the absorbance for the paracetamol 
solution at each β-cyclodextrin concentrations, and 
[G]0, K, and [β−CD] ε are the initial concentration 
of paracetamol, apparent formation constant of 
paracetamol, concentrations of β-cyclodextrin and 
molar absorptivity, respectively. Figure 5 shows the 
reciprocal plots of absorbance and concentration 
which determines the stoichiometric ratio for the 
inclusion complex formed. A good linear relationship 
was obtained from the graph. This graph clears that the 
ratio for the inclusion complex between paracetamol 
and β-cyclodextrin is 1:1. The same thing was 
observed by a number of researchers [42,43]. The 
apparent formation constant based on the figure was 
0.975×104.

3.5. Viscometric Results
As paracetamol behaves as a weak electrolyte [27], 
solution viscosities were analyzed with the modified 
Jones-Dole equation [24,44].

ηr = 1+Bc (8)

Where ηr = η/η1; η1, η, and c are the viscosities of 
solvent, the viscosities of solution, and molarity 
of the solute in the solutions, respectively. The 
viscosity B-coefficients [38,45,46] were estimated 
by least squares linear regression analysis. Viscosity 
B-coefficient depends on solute-solvent interactions. 
Table 3 shows that the viscosity B-coefficients are 
positive and increase with the rise in the temperature. 
These results thus reflect strong solute-solvent 
interactions in the ternary solutions and suggest net 
structural enhancement at higher temperatures. Such 
interactions are also well reflected by the increase 
in solution viscosities induced by increasing the 
β-cyclodextrin concentration in the ternary solutions.

3.6. Solvation Number
We have also calculated solvation or hydration 
numbers (Sn) for paracetamol using the relation [47]: 
S =B/
n V

0ϕ . Sn is indicative of the formation of a 
primary solvation sphere around a solute. The range 
Sn≈0-2.5 indicates unsolvated solutes [47], and higher 
Sn values indicate solvated solutes with primary 
solvation sphere. Hence, an inspection of Sn values 
given in Table 3 indicated that paracetamol remains 
solvated with primary solvation spheres in the aqueous 
solutions investigated here, as already discussed on 
the basis of ϕ

V

0  values.

3.7. Thermodynamics of Viscous Flow
According to Feakings’ transition state theory of 
relative viscosity [48,49], the free energy of activation 
of viscous flow per mole of the solute ( ∆µ ≠

2

0 ) is 
related to the viscosity B-coefficients by the following 
relation:

∆ ∆µ µ ϕ ϕ ϕ
2

0

1

0≠ ≠= + + −RT(1000B )
V,2

0

V,1

0

V,1

0
/  (9)

Where ϕ
V,1

0  and ϕ
V,2

0  are the partial molar volumes of 
the solvent and solute, respectively. The free energy of 
activation of viscous flow for the solvent/solvent 
mixture per mole ( ∆µ ≠

1

0 ) is given by the following 
relation [49]:

∆µ ∆ η ϕ1
0

1
0≠ ≠= =G RT ln( hN )1 V,1

0

A
 (10)

Where NA is the Avogadro’s number, and the other 
symbols have their usual significance. The entropy of 
activation for ternary solutions ( ∆S

2

0≠ ) were obtained 
from the negative slope of the plots of ∆µ ≠

2

0  
against T [50],

Figure 5: Reciprocal plot for 1/A vs. 1/(β-cyclodextrin) 
of paracetamol β-cyclodextrin inclusion complex.
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∆S d /dT
2

0

2

0#
( )= − ∆µ #  (11)

Moreover, the activation enthalpy ( ∆ ≠
H
2

0 ) has been 
calculated using the following relation:

∆ ∆µ ∆H T S
2

0

2

0

2

0≠ ≠ ≠= +  (12)

The parameters ( )ϕ ϕ
V,2

0

V,1

0− , ∆µ ≠
1

0 , ∆µ ≠
2

0 , ∆ ≠
H
2

0 , 
and T S∆ ≠

2

0  are reported in Table 4. It shows that 
∆µ ≠

1

0  is almost invariant of the solvent compositions 
and temperatures, implying that ∆µ ≠

2

0 is dependent 

mainly on the viscosity B-coefficients and 
(ϕ ϕ
V, V,1

0
)

2

0 −  terms. The values ∆µ ≠
2

0 contain the 
change in the free energy of activation of solvent 
molecules in the presence of solute as well as the 
contribution from the movement of solute molecules 
or ions. ∆µ ≠

2

0  values were positive and greater than 
∆µ ≠

1

0  values at all the experimental temperatures for 
all the aqueous solvent media, suggesting that solute-
solvent interactions are stronger in the ground state 
than in the transition state, and in the transition state, 
the solvation of the solute (ions) is less favored 
energetically. According to Feakins et al. [51], the fact 
that ∆µ ∆µ≠ ≠

2

0

1

0> > for solutes with positive viscosity 
B-coefficients indicates stronger solute-solvent 
interactions, thereby suggesting the formation of 
transition state to be accompanied by the rupture and 
distortion of the intermolecular forces in solvent 
structure. The greater the value of ∆µ ≠

2

0 , the greater is 
the structure-promoting tendency of a solute, and the 
positive ∆µ ≠

2

0  values for paracetamol in the studied 
solutions suggest it to be a net structure promoter/
maker. However, negative ∆ ≠

S
2

0  and ∆ ≠
H
2

0  values 
suggest that the transition state is associated with bond 
formation between solute-solvent components, and 
the procedure is exothermic in nature.

3.8. Refractometric Results
The dimensionless optical property refractive 
index, nD, is very sensitive to changes in molecular 
organization of pure liquids, solutions, and mixtures. 
The apparent molar refractivity, RD, of a solute can be 
expressed as follows [52]:

22
D,1D

D 2 2
1D D,1

n 1n 11000 1 cMR =
c 1000n +2 n 2

 −−  − −    +  
ρ

ρ

 (13)

Where nD and nD,1 are the refractive indices of 
the solution and solvent, respectively, at 298.15 K 
and other symbols have their usual meanings. RD 
values, given in Table 5, increases linearly as the 
concentration of paracetamol in all the solvent/solvent 
mixtures and also increases as the concentration of 
β-cyclodextrin increases in the studied solutions. This 
indicated that refractive indices are directly related 
to ion-solvent interactions in the solutions. As RD is 
directly proportional to the molecular polarizability, 
the increasing trend in RD values indicates an 
overall increase in the molecular polarizabilities 
(αP = 3RM/4πNA) [51]. The molar refractivities (RM) 
were estimated using Lorentz-Lorenz equation.

4. CONCLUSION
In summary, different derived parameters such as ϕ

V

0  
and viscosity B-coefficients for the solutions of 

Table 3: Viscosity B-coefficients of paracetamol with 
the correlation coefficients R2, standard deviations 
σ for linear regression of Equation (8) along with 
the solvation number Sn in aqueous solutions of 
β-cyclodextrin at T=298.15-318.15 K and at pressure 
P=101 kPa.

Parameters 298.15 K 308.15 K 318.15 K
0.001a

B×10

m mol

3

3 1−

0.328±0.026 0.423±0.008 0.503±0.036

R2 0.99974 0.99997 0.99982
σ 0.004 0.001 0.005
Sn 2.57±0.02 3.29±0.03 3.89±0.01

0.003a

B×10

m mol

3

3 1−

0.336±0.030 0.440±0.008 0.528±0.040

R2 0.99999 0.99993 0.99993
σ 0.004 0.001 0.005
Sn 2.61±0.03 3.42(±0.02 4.08±0.02

0.005a

B×10

m mol

3

3 1−

341±0.013 0.448±0.013 0.539±0.036

R2 0.99998 0.99993 0.99996
σ 0.005 0.003 0.003
Sn 2.65±0.03 3.46±0.01 4.14±0.02

0.007a

B×10

m mol

3

3 1−

0.349±0.033 0.454±0.012 0.541±0.045

R2 0.99998 0.99999 0.99996
σ 0.004 0.002 0.005
Sn 2.69±0.01 3.50±0.01 4.15±0.0.1
aMolality of β-cyclodextrin in aqueous solutions. Standard 
errors are given the parenthesis. Standard uncertainties 
are: u(T) =±0.01 K, u(p) =±1 kPa, ur(m) =0.01
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Table 4: Values of ϕ ϕ
V.2

0

V.1

0− , ∆µ ≠
1

0  , ∆µ ≠
2

0  , ∆H
2

0≠ , and T S∆ ≠
2

0 for paracetamol in aqueous solutions of 
β-cyclodextrin at T=298.15-318.15 K and at pressure P=101 kPa.

Parameters T=298.15 K T=308.15 K T=318.15 K
0.001a

( )ϕ ϕV,2
0

V,1
0

3 1m mol

− ×
−

106 109.53 109.91 110.29

∆µ1
0¹

1kJ mol−

10.11±0.01 10.03±0.01 9.89±0.01

∆µ ≠
2
0

kJ mol 1−

69.82±0.01 85.09±0.01 98.17±0.01

T S

kJ mol 1

∆ ≠
2
0

−

−422.51±0.01 −436.68±0.01 −450.85±0.01

∆H2
0≠

−kJ mol 1

−352.69±0.01 −351.59±0.01 −352.69±0.01

0.003a

( )ϕ ϕV,2
0

V,1
0

3 1m mol

− ×
−

106 109.68 110.44 110.96

∆µ ≠
1
0

kJ mol 1−

10.15 10.07 9.90

∆µ ≠
2
0

kJ mol 1−

70.77 87.22 101.42

T S

kJ mol 1

∆ ≠
2
0

−

−456.96 −472.29 −487.61

∆H

kJ mol 1
2
0≠

−

−386.19 −385.07 −386.19

0.005a

( )ϕ ϕV,2
0

V,1
0

3 1m mol

− ×
−

106 110.51 111.13 111.73

∆µ ≠
1
0

kJ mol 1−

10.15 10.09 9.93

∆µ ≠
2
0

kJ mol 1−

71.85 88.44 101.89

T S

kJ mol 1

∆ ≠
2
0

−

−465.61 −481.22 −486.84

(Contd...)
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Parameters T=298.15 K T=308.15 K T=318.15 K

∆H

kJ mol 1
2
0≠

−

−393.75 −392.79 −393.75

0.007a

0 0 6
V,2 V,1

3 1

( ) 10
m mol−

ϕ − ϕ × 111.53 111.68 112.41

0
1

1kJ mol

≠

−

∆µ 10.17 10.11 9.95

0
2

1kJ mol

≠

−

∆µ 73.22 89.51 103.70

0
2

1
T S

kJ mol

≠

−

∆ −474.39 −489.88 −504.70

0
2

1
H

kJ mol

≠

−

∆ −401.18 −400.12 −401.18

aMolality of β-cyclodextrin in aqueous solutions in mol.kg−1. Standard uncertainties are: u(T) =±0.01 K, u(p) =±1 kPa, 
ur(m) =0.01

Table 4: (Continued)

c/mol.dm−3 nD RM.106/m3.mol−1 RD.106/m3.mol−1 αP. 10−30/m3.mol−1

0.000a

0.006 1.3338 3.73±0.01 120.13±0.90 1.48±0.01
0.0134 1.3342 3.74±0.01 84.64±0.78 1.48±0.01
0.0267 1.3347 3.75±0.01 65.56±0.42 1.48±0.01
0.0401 1.3352 3.76±0.01 59.10±0.52 1.49±0.01
0.0536 1.3357 3.77±0.01 55.78±0.33 1.49±0.01
0.0671 1.3362 3.78±0.01 53.74±0.35 1.50±0.01

0.001a

0.006 1.3341 3.73±0.01 121.43±0.73 1.48±0.01
0.0134 1.3345 3.74±0.01 85.38±0.65 1.48±0.01
0.0267 1.3350 3.75±0.01 66.54±0.31 1.49±0.01
0.0401 1.3355 3.76±0.01 60.01±0.44 1.49±0.01
0.0536 1.3360 3.77±0.01 55.85±0.51 1.50±0.01
0.0671 1.3365 3.78±0.01 53.78±0.31 1.50±0.01

0.003a

0.006 1.3345 3.74±0.01 128.75±0.55 1.48±0.01
0.0134 1.3349 3.75±0.01 89.10±0.70 1.49±0.01
0.0267 1.3354 3.76±0.01 67.87±0.49 1.49±0.01
0.0401 1.3359 3.77±0.01 60.54±0.45 1.50±0.01
0.0536 1.3364 3.78±0.01 56.92±0.48 1.50±0.01

Table 5: Refractive indices (nD), molar refractivities (RM), apparent molar refractivities (RD), and molar 
polarizabilities (αP) as a function of molarities (m) of paracetamol in β-cyclodextrin solutions.

(Contd...)
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paracetamol in the aqueous solvent systems indicated 
strong host-guest interaction between paracetamol and 
β-cyclodextrin, and also, the studied solutions are 
predominantly characterized by ion-solvent 
interactions rather than by ion-ion interactions, and the 
paracetamol acts as a net structure promoter both in 
water and aqueous solution of cosolutes. Sn values 
indicated that the paracetamol remains solvated with 
primary solvation spheres in the aqueous solvent 
systems investigated.
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SUPPLEMENTARY TABLES

Table S1: Densities (ρ) and viscosities (η) of different aqueous solutions of β-cyclodextrin at 
T=298.15-318.15 K and at pressure P=101 kPa.

ma T/K
ρ× −

−
10

3

(kgm
3
)

η
(mPa s)

Expt. Lit. Expt. Lit.
0.001 298.15 

308.15 
318.15

0.99752 
0.99439 
0.99058

0.99747a 
0.99440b

1.3034 
1.1031 
0.9026

1.304a 
1.10b

0.003 298.15 
308.15 
318.15

0.99818 
0.99510 
0.99126

0.99815a 
0.99510b

1.3132 
1.1128 
0.9122

1.313a 
1.11b

0.005 298.15 
308.15 
318.15

0.99892 
0.99573 
0.99193

0.99890a 
0.99575b

1.3230 
1.1224

0.9218

1.323a 
1.12b

0.007 298.15 
308.15 
318.15

0.99962 
0.99643 
0.99259

1.3328 
1.1310 
0.9314

Standard uncertainties are: u(T) =±0.01 K, u(p) =±1 kPa, u(m) =±1.10−2 mol.kg−1, u(ρ) = ±0.1 kg.m−3, u(η) =0.001 mPa.s, 
a[28], b[29]

Table S2: Molalities (m), densities (ρ), viscosities (η), and apparent molar volumes (φV) of paracetamol in 
different aqueous β-cyclodextrin solutions at T=298.15-318.15 K and at pressure P=101 kPa.

m (mol.kg−1) ρ 10−3 (kg.m−3) η (mPa. s) φV.106 (m3.mol−1)
0.001a

T=298.15 K
0.0060 0.99767 1.307 126.392
0.0134 0.997867 1.3094 125.468
0.0267 0.99823 1.3144 124.723
0.0401 0.99861 1.3204 124.083
0.0536 0.999 1.3265 123.603
0.0671 0.99941 1.3326 122.996
T=308.15 K
0.0060 0.99454 1.1066 126.711
0.0134 0.99473 1.1112 126.309
0.0267 0.99509 1.1139 125.411
0.0401 0.99546 1.1221 124.893
0.0536 0.99585 1.1281 124.283
0.0671 0.99625 1.1352 123.748
T=318.15 K
0.0060 0.990727 0.9061 127.61
0.0134 0.99092 0.9097 126.696
0.0267 0.99126 0.9156 126.556
0.0401 0.99164 0.9215 125.524
0.0536 0.99201 0.9275 125.228

(Contd...)
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Table S2: (Continued)

m (mol.kg−1) ρ 10−3 (kg.m−3) η (mPa. s) φV.106 (m3.mol−1)
0.0671 0.99239 0.9335 124.879
0.003a

T=298.15 K
0.0060 0.998329 1.3145 126.493
0.0133 0.99852 1.3181 125.736
0.0266 0.99888 1.3219 124.936
0.0401 0.99926 1.329 124.27
0.0536 0.99965 1.3351 123.677
0.0671 1.00006 1.3412 123.084
T=308.15 K
0.0060 0.995247 1.1152 127.144
0.0133 0.995431 1.1198 126.729
0.0266 0.99579 1.1247 125.621
0.0401 0.99616 1.1318 125.076
0.0536 0.99655 1.1389 124.353
0.0671 0.99695 1.1449 123.831
T=318.15 K
0.0060 0.991403 0.9146 128.2188
0.0133 0.991589 0.9181 127.2756
0.0266 0.99194 0.9229 126.3894
0.0401 0.99231 0.9311 125.7113
0.0536 0.99268 0.9371 125.3011
0.0671 0.99306 0.9431 124.9651
0.005a

T=298.15 K
0.0060 0.999064 1.3254 127.253
0.0133 0.99925 1.3279 126.416
0.0266 0.999606 1.3328 125.392
0.0401 0.99997 1.34 124.885
0.0535 1.00035 1.346 124.359
0.0670 1.00075 1.3521 123.724
T=308.15 K
0.0060 0.995872 1.1248 127.92
0.0133 0.996059 1.1294 126.817
0.0266 0.99641 1.1343 125.939
0.0401 0.99678 1.1425 125.201
0.0535 0.99717 1.1496 124.481
0.0670 0.99756 1.1546 124.032
T=318.15 K
0.0060 0.992069 0.9242 128.827
0.0133 0.992252 0.9288 127.742
0.0266 0.992604 0.9325 126.552
0.0401 0.99297 0.9419 125.833
0.0535 0.99334 0.9478 125.426

(Contd...)
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m (mol.kg−1) ρ 10−3 (kg.m−3) η (mPa. s) φV.106 (m3.mol−1)
0.0670 0.99372 0.9538 125.011
0.007a

T=298.15 K
0.0060 0.99976 1.3353 127.8485
0.0133 0.99994 1.3377 127.0983
0.0266 1.00028 1.3404 126.3032
0.0401 1.00066 1.3509 125.0676
0.0535 1.00104 1.357 124.4784
0.0670 1.00143 1.3619 123.9575
T=308.15 K
0.0060 0.99657 1.1334 128.183
0.0133 0.99675 1.138 127.428
0.0266 0.9971 1.1429 126.248
0.0401 0.99747 1.1511 125.384
0.0535 0.99786 1.1582 124.602
0.0670 0.99824 1.1643 124.267
T=318.15 K
0.0060 0.992726 0.9338 129.264
0.0133 0.992896 0.9373 128.896
0.0266 0.99323 0.941 127.785
0.0401 0.99357 0.9503 127.296
0.0535 0.99394 0.9574 126.505
0.0670 0.99431 0.9633 126.014
aMolality of β-cyclodextrin in aqueous solutions in mol.kg−1. Standard uncertainties are: u(T) =±0.01 K, u(p) =±1 kPa, 
ur(m) = 0.01, u(ρ) =±0.1 kg.m−3, and u(η) =0.001 mPa.s

Table S2: (Continued)
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Study to Explore Complexation of Crown Ether with Antidepressant Drug 
Prevalent in Aqueous System by Physicochemical Contrivance

Ashutosh Dutta, Biraj Kumar Barman, Beauty Mahato, Habibur Rahaman, Mahendra Nath Roy*

Department of Chemistry, University of North Bengal, Darjeeling, West Bengal, India

1. INTRODUCTION

The drug molecule nortriptyline [3-(10, 11-dihydro-5H-dibenzo[a,d]
cyclohepten-5-ylidene)-N-methyl-1-propanamine] hydrochloride (NTPH) 
(Scheme 1) belongs to the class of medicines known as tricyclic 
antidepressant (TCAs). Depression is fetching one of the most 
imperilling diseases disturbing human health and quality of 
living [1-5]. Compared to the other TACs drug molecules, NTPH shows 
various advantages. The antidepressant effects of TCA are thought to 
be due to an overall increase in serotonergic neurotransmission and 
depressed individuals, NTPH exerts a positive effect on mood. TCAs 
can block histamine-H1 receptors, α1-adrenergic receptors which 
account for their sedative, and hypotensive effects, respectively. 
NTPH exerts less sedative side effects compared to the tertiary amine 
TCAs. NTHCL has also neuroprotective effects and it is used as key 
models of chronic neurodegeneration. It expanded as strong inhibitor 
of mitochondrial permeability transition (MPT) in both isolated [6] and 
brain. MPT results due to openings of protein pores that are formed 
in the inner membrane of mitochondria and allow free diffusion of 
molecules having molecular weight <1500 Da, resulting mitochondrial 
swelling and cell death [7]. NTPH can also inhibit the release of 
cytochrome C and capsize activation in tissue. As 15-C-5s are secure 
and friendly for human health and considered as safe drug carrier in 
human body [8], so formulating inclusion complex of NTPH with 
15-C-5s could potentially introduce a new prospect and hope in drug 
delivery systems and also in research field [9].

Beside many other host molecules, crown ethers (CEs) are used as 
significant hosts in host-guest chemistry (Scheme 2). Here, the host-
guest interaction imitates natural systems as well as builds various 
materials [10-15]. CEs are macromolecular heterocyclic compounds 
with essential repeating unit -CH2CH2O-[16]. A number of 
investigators are working on fabrication of crown ether-based stimuli-
responsive materials that have exclusive characters of ion recognize 
ability [17-19]. A variety of current supramolecular ingredients, for 
instance, rotaxanes are made on these unique recognition properties 
of CEs [20,21]. Binding of cations with CEs having high selectivity 
and affinity has found marked importance in chemistry [22,23]. 

Formation of molecular assemblies has vast implication for the 
building of molecular machines having plausible use as analogous to 
sophisticated machines of natural systems [24,25]. Hence, fundamental 
investigations of the interactions between CEs and cationic species are 
important for their advanced applications [26,27].

In this study, the formation of the complex of the CE and NTPH has 
been studied in aqueous medium for the probable applications in 
supramolecular host-guest chemistry.

2. EXPERIMENTAL

2.1. Source and Purity of Samples
The above-mentioned drug and CE were purchased from Sigma-
Aldrich, Germany. The mass fraction purity of drug and ether were 
≥0.98.

2.2. Apparatus and Procedure
Mass of the solid guest and hosts were taken using Mettler Toledo 
AG-285 with uncertainty of ±0.0001 g and the solutions were prepared 
by mass dilution at 298.15 K. Precautions were taken to reduce the 
evaporation during mixing.

Surface tensions of the prepared solutions were measured by platinum 
ring detachment technique using a Tensiometer (K9, KRUSS; 
Germany) at 298.15 K and accuracy was ±0.1 mN m−1. Temperature 
was maintained using circulating thermostated water through a double-
walled glass vessel containing the solution.
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ABSTRACT
The inclusion complex of antidepressant drug molecule with crown ether (CE) 15-C-5 was prepared and characterized successfully. 
The inclusion complexes with CE in the aqueous medium and solid state were studied by different physicochemical methodologies. 
Formation of inclusion complex was confirmed by 1-H nuclear magnetic resonance and Fourier transform-infrared studies. Surface 
tension and conductance were studied in the aqueous system; the 1:1 stoichiometric ratio of inclusion complex was obtained. The 
UV-visible study supported the formation as well as stoichiometry of inclusion. Binding constant and thermodynamic parameters 
were calculated which supported the high stability and feasibility of the formation of the inclusion complex.
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Conductivities of the prepared solutions were studied using Mettler 
Toledo SevenMulti conductivity meter with uncertainty of ±1.0 µSm−1. 
Measurement was performed in a thermostated water bath at 298.15 K 
with uncertainty ±0.01 K. The conductivity cell was calibrated by freshly 
prepared 0.01 M aqueous KCl solution.
1H nuclear magnetic resonance (NMR) spectra of the solid inclusion 
complex prepared were recorded in D2O using Bruker ADVANCE 
400 MHz instrument. Signals are presented as values in ppm using 
residual protonated solvent signal at 4.79 ppm in D2O as internal 
standard and all the data are reported as chemical shift.

UV-visible spectroscopic study was carried out using JASCO V-530 
UV/visible spectrophotometer with wavelength accuracy of ±0.5 nm. 
Spectra were recorded at 297.15±1 K.

2.3. Preparation of Solid Inclusion Complex
The drug molecule and the CE were taken in 1:1 molar ratio, and 
they were dissolved in triply distilled water separately. The mixtures 
were stirred over magnetic stirrer to make homogeneous. After both 
the homogeneous mixtures were prepared, the NTPH solution was 
then added into CE solution slowly with continuous stirring, and 
after completion of the addition the NTPH solution, the mixture was 
stirred for 48 h continuously. After that, the mixture was allowed to 
cool at lower temperature and a solid was observed. The precipitate 
was filtered and washed for several times. Finally, the dry powder was 
obtained after drying in oven at 40°C for 24 h. The solid inclusion 
complex with CE was prepared following the same procedure. These 
solids were further analyzed and characterized by means of Fourier 
transform-infrared and NMR spectroscopic methods.

3. RESULTS AND DISCUSSION

3.1. JOB Plot
Using the Job’s continuous variation method, the stoichiometry of the 
inclusion complexes was determined [28-30]. By the measurement of 
absorbance of a set of solutions prepared of the NTPHs and host in 
water in the mole fraction range of 0−1 (Table 1). Calculating ΔA × R 
values, we plotted it against R, where ΔA signifies the difference in 
absorbance of the NTPH in the pure form and complexed form and R is 
[NTPH]/([NTPH] + [host]). λmax was found at 252 nm at 298.15 K. The 
ratio of guest and host, i.e., stoichiometry is obtained from the value of 
R at the maxima on the Job’ plot such as R≈0.33, for 1:2 IC, R≈0.5 for 
1:1 IC, and R≈0.66 for 2:1 IC. In this experiment of the drug and the 
host, the maxima in the Job’s plots were obtained at R≈0.5 which is the 
clear indication of the formation of IC of 1:1 stoichiometry (Figure 1).

3.2. Association Constant
(Mitali Spectrochimica) The UV absorption spectra of NTPH in 
aqueous 15-C-5 medium were carried out in at 298.15 K. The spectral 
data of NTPH in various concentrations of 15-C-5 in different pH have 
been listed in Table S3. Both Figures 2a and b depict the absorption 
spectra of NTPH (2×10−4 M) in the absence and presence of 15-C-5 
solutions. The strong absorption peaks of NTPH (2×10−4 M) appear at 
208 nm and with addition of 15-C-5 blue shift was found. In each case, 
the absorbance intensities of NTPH gradually increase with increasing 
the concentration of β-15-C-5. This confirms the inclusion of the guest 
molecule into the cavity of 15-C-5 [31,32].

Various non-covalent interactions act as main driving forces throughout 
the complexation process by stimulating the dissolution of the guest 
molecule (NTPH). From Job’s plot a clear indication is obtained that 
NTPH molecule forms 1:1 IC with 15-C-5. Hence, the IC formed 
between NTPH and 15-C-5 can be expressed as,

15-C-5 + NTPH ⇄ β‐15-C-5 NTPH

For 1:1 complexation processes, the association constant (K) can been 
obtained from the double reciprocal plot using Benesi-Hildebrand 
equation [29]. The absorption values were used in the following 
Benesi-HNTPHdebrand equation (1) [33].

0 0 0

1 1 1 1
( '' ) [ ] ( '' )A A K A A Host A A

= +
− − −

 (1)

Figure 3 depicts the plot of 1/(A-A0) against 1/[15-C-5] for NTPH. 
A good linear correlation was obtained. The values of K are evaluated 
using the equation 2 (2) from the slop values of straight lines. The 
resultant association constant of NTPH in neutral medium has been 
found 5.58×103, which is a significant value for describing the 
association of the two molecules.

( '' )Slope A A
 (2)

3.3. Spontaneity of Inclusion Complex Formation
Free energy change (ΔG), the thermodynamic parameter, defines the 
spontaneity of a process. This can be estimated from the values of 
association constant (K) using the following 3 [34,35].

ΔG=–RTlnKa (3)

The ΔG values for the binding partners (NTPH and 15-C-5) are negative 
(−ΔG), which indicates that the host-guest IC proceeded spontaneously 
at 298.15 K and the complexation is an exergonic process. The value 
of ΔG was found -21.38 kJ mol-1, which is negative and indicates the 
spontaneity of the process.

Scheme 2: Schematic representation of the plausible interactions 
taking place in the complex.

Scheme 1: Ball and stick representation of (a) 15-C-5 and (b) 
NTPH; gray for carbon and red for oxygen, white for hydrogen, 
blue for nitrogen.

a b
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3.4. Surface Tension Study Reveals the Inclusion and also the 
Stoichiometric Ratio of the Inclusion Complexes (RNA Nucleoside SS)
Surface tension (γ) was measured at 298.15 K for aqueous 15-C-5 
molecule, which was found to be almost constant with increasing 
molarity [36]. Surface tensions (γ) were observed with corresponding 
concentrations of the drug in different molarities of 15-C-5 (Table 2). 
The plausibility of formation of an inclusion complex can be predicted 
from the surface tension study, where in the formation of an inclusion 
complex has been confirmed from the break point in the curve of 
surface tension versus concentration.

The 1:1 and 1:2 stoichiometry of the host:guest inclusion complexes have 
been confirmed from the appearance of single and double by the break 
point in the γ versus conc. curve. The value of γ and the corresponding 
concentration of drug at the break point has been determined from the 
two intersecting straight lines indicating the feasibility of inclusion 
with increasing amount of 15-C-5 in solution [37]. However, the plots 
for NTPH with 15-C-5 clearly indicate single break point (Figure 3 and 

Table 1) at a specific concentration, i.e., after a certain point surface 
tension becomes relatively steady with increasing concentration of 
the nucleosides. This is the indication of the formation of an inclusion 
complex, which occurs by the insertion of NTPH into the cavity of 15-C-
5. The NTPH enters the cavity of 15-C-5, which is geometrically allowed.

3.5. Conductivity
Conductivity study is a convincing method for exploring complexation 
in solution not only because it affords information for minute alteration 
of concentrations of the charged particles, but also it offers data for the 
various interactions among the particles taking place in the solution 
system [38]. Conductivity of a solution with NTPH and added CE 
provides valuable information for the complexation process between 
the CE and NTPH in solution [39]. In our work, complexation has 
been explored between NTPH and CE 15-C-5 in aqueous medium. 
Thus, to acquire data about complexation, conductivity of the NTPH 
solution with initial concentration of 10.0 mM has been measured 
with increasing concentration of the CEs at 293.15 K and presented 
in Tables 3 with increasing CE concentration. The plot of conductance 
has been depicted in Figure 4, in which CE concentration is shown in 
abscissa and conductance is shown in ordinate. A gradual decrease in 
conductance is observed with increasing concentration of CE with a 

Table 1: Values of surface tension (γ) and conductance (k) at 
the break point with corresponding concentration of 15-C-5 
for NTPH at 298.15Ka.

Concentration of 
15‑C‑5/mM

γ/mN m‑1 Concentration 
of 15‑C‑5/mM

κ/mS.cm−1

5.16 68.52 5.17 0.45
aStandard uncertainties in temperature u are: u (T)=0.01 K

Figure 1: Job plot of NTPH-15-C-5 system at λmax = 239 nm at 
298.15 K. R=[NTPH]/([NTPH] + [CE]), ∆A= absorbance difference 
of NTPH without and with CE.

Figure 2: (a and b) Benesi-Hildebrand double reciprocal plot for the 
effect of 15-C-5 and NTPH at 298.15 K.

Table 2: Data for the surface tension study of aqueous 
15-C5+NTPH (concentration of stock solution of 
NTPH=10mM, concentration of stock solution of CD=10mM) 
at 293.15 Ka.

Volume 
of drug

Volume 
of 15‑C‑5

Concentration 
of drug

Concentration 
of a 15‑C‑5

ST/mN.m‑1

10 0 10 0 65.2
10 1 9.091 0.909 65.9
10 1 8.333 1.667 66.2
10 1 7.692 2.307 66.6
10 1 7.143 2.857 66.9
10 1 6.667 3.333 67.3
10 1 6.25 3.75 67.5
10 1 5.882 4.117 67.7
10 1 5.556 4.444 67.9
10 1 5.263 4.736 68.2
10 1 5 5 68.4
10 1 4.762 5.238 68.5
10 1 4.545 5.454 68.5
10 1 4.348 5.652 68.6
10 1 4.167 5.833 68.6
10 1 4 6 68.6
10 1 3.846 6.153 68.6
10 1 3.704 6.296 68.6
10 1 3.571 6.428 68.6
10 1 3.448 6.551 68.6
aStandard uncertainties in temperature u are: u (T)=0.01 K
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break point near 5 mM concentration (Tables 1 and 3, Figure 4), which 
signifies the capture of the NTPH cation by the CE because NTPH 
being strong electrolyte cannot form ion pair in the studied solution 
system [40]. Hence, the complexation processes of NTPH ion with 
the CE have been illustrated by decrease in conductance in Figure 4, 
become approximately plateau as the CE/NTPH mole ratio exceed 1.0, 
evidently suggesting the development of adequately stable 1:1 NTPH-
CE complex in aqueous solution [41].

3.6. 1H NMR
The complexation of NTPH with the CE, namely 15-C-5, has been 
explored by 1H NMR spectroscopic study in aqueous solution at 
298.15 K. Figure 5 represents 1H NMR spectra of the complex of NTPH 
with 15-C-5, which describes slight downfield shift of the aliphatic 
protons of CE (C-H proton of free CE appears at δ3.35 and it is found in 
complex at δ3.39). The signal due to aryl protons is nearly unshifted and 
little broadening. On the other hand, the protons of guest molecules of the 
aliphatic chain show a slight change of the in their signals while present in 
the complex (α, β, and γ protons of free NTPH appears at δ 5.745–5.794, 
δ 2.765–2.866, and δ 2.38–2.444, respectively, which are found for the 
complex at δ5.73–5.77, δ2.68–2.74, and δ2.35–2.42, respectively). This 
result clearly reveals the existence of some sort of association between 
the electron-rich oxygen atoms of the 15-C-5 and the ammonium ion 
(Scheme 2) [42,43]. The aromatic part of the NTPH shows no change of 
their signals indicating their free state in the solvent medium.

3.7. NTPH
1H NMR (400 MHz, D2O): δ=2.528 (3H, s); 2.960–3.025 (4H, m); 
5.745–5.794 (1H, t, J=7.5); 2.38–2.444 (2H, m); 2.765–2.866 (2H, m); 
7.051–7.303 (8H, m).

3.8. 15-C-5
1H NMR (400 MHz, D2O): δ=3.35 (20H, s).

3.9. NTPH and 15-C-5 Complex
1H NMR (400 MHz, D2O): δ=2.504 (3H, s); 2.953–3.025 (4H, m); 
3.39 (20H, s) 5.73–5.77 (1H, t, J=7.5); 2.35–2.42 (2H, m); 2.68–
2.74 (2H, m); 7.040–7.303 (8H, m),
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5. CONCLUSION

The experimental findings suggest that the drug molecule binds 
with the CE (15-C-5) to form a complex. The oxygen atoms of the 
host molecule bind the positive center of the guest NTPH to form 

Table 3: Data for the conductivity study of aqueous 
15-C-5+NTPH (concentration of stock solution of 
NTPH=10mM, concentration of stock solution of CD=10 mM) 
at 293.15 Ka.

15‑C‑5 
added (mL)

Concentration of 
NTPHCL (mM)

Concentration 
of 15‑C‑5 (mM)

Conductance 
(mS m‑1)

0 10.000 0.000 0.81
1 9.091 0.909 0.74
2 8.333 1.667 0.69
3 7.692 2.308 0.65
4 7.143 2.857 0.62
5 6.667 3.333 0.59
6 6.250 3.750 0.55
7 5.882 4.118 0.53
8 5.556 4.444 0.50
9 5.263 4.737 0.48
10 5.000 5.000 0.46
11 4.762 5.238 0.45
12 4.545 5.455 0.44
13 4.348 5.652 0.44
14 4.167 5.833 0.44
15 4.000 6.000 0.43
16 3.846 6.154 0.43
17 3.704 6.296 0.43
18 3.571 6.429 0.43
19 3.448 6.552 0.42
20 3.333 6.667 0.42
aStandard uncertainties in temperature u are: u (T) = 0.01 K

Figure 4: Variation of conductance of NTPH with 15-C-5 at 298.15 K.

Figure 3: Plot of surface tension with increasing concentration of 15-
C-5 with NTPH at 298.15 K.
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a complex, which is confirmed by the 1H NMR study. One guest 
molecule binds with one host molecule to form complex of 1:1 
stoichiometry, which was indicated by the surface tension and 
conductance study, and further, it was confirmed by the Job’s plot 
from UV-vis study. The formation and the feasibility of the complex 
were found to be positive. The calculated ∆G0 value was again found 
to be negative which revealed that the process of formation of the 
complex is thermodynamically feasible.
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The apparent molar volume (ϕV) and viscosity B-coefficient of N-methyl glycine of 0.01 M, 0.02 M and 
0.03 M aqueous solutions have been estimated in presence of paracetamol at three temperatures namely 
298.15 K, 303.15 K and 308.15 K from physicochemical study such as density (ρ) and viscosity (η) and 
refractive index measurements and 1H NMR spectroscopy. The volumetric study was employed to 
evaluate limiting apparent molar volumes (ϕV

0) and experimental slopes (SV*) by using Masson equation 
for explaining solute–solvent and solute–solute interactions, respectively. The nature of group 
interactions between the solute, solvent and co-solute have been examined from limiting apparent 
molar volumes of transfer (∆ϕV0) values. The viscosity data were employed to determine viscosity A and 
B coefficients from Jones–Dole equation and the resulting parameters were used to examine the solute–
solute and solute–solvent interactions in the solutions. Molar refraction values calculated from 
refractive indices by applying Lorentz–Lorenz equation were used to depict the intermolecular 
interactions between N-methyl glycine and paracetamol in their aqueous solution. However, the 1H NMR 
spectroscopy supports the existence of diverse interactions concretely. 
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1. Introduction 

The native confirmations of proteins depend on to several non-covalent 
interactions such as hydrogen bonding, electrostatic and hydrophobic 
interactions which may originate from surrounding solute and solvent 
molecules [1, 2]. So physicochemical properties of the proteins are 
influenced greatly by the presence of surrounding solute and solvent 
molecules. Physiochemical study of proteins provides many valuable 
information like hydration, solubility, stabilization and enzyme activity 
which are taking place in biochemical and physiological processes of living 
organism [3-5]. The nature of interaction of drug molecules with protein 
may also be understood from Physiochemical measurements.  

World’s most popular and most commonly used analgesic and 
antipyretic medicines from cradle to grave is paracetamol which is readily 
available and inexpensive also [6-8]. Chemical name of paracetamol is N-
para-methyl aminophenol. It was introduced into the market by as an 
analgesic and antipyretic medicine by McNeil Laboratories mainly for 
children. After 1961 it became the most frequently sold analgesic 
medications. Its use as an analgesic is most tolerable than the other non-
steroidal drugs (NSAIDs) which should not be used by the people with 
bronchial asthma, hemophilia, salicylate-sensitized people, peptic ulcer 
disease, pregnant or breastfeeding women and children under 12 years of 
age [9, 10]. Currently the use of aspirin as antipyretic and analgesic has 
been declined due some adverse effects and parallelly the use of 
paracetamol has been increased. Paracetamol has now been an 
appropriate analgesic for all age groups.  

In continuance of our earlier works [11-15], we attempted to examine 
the nature of solute-solvent/co-solute interactions of N-methyl glycine in 
aqueous solutions of paracetamol at 298.15 K, 303.15 K and 308.15 K. The 
densities, viscosities and refractive indices of 0.01, 0.02 and 0.03 M 
aqueous N-methyl glycine solutions at 298.15 K, 303.15 K and 308.15 K 
are reported in Table 1 and densities, viscosities and refractive indices of 
aqueous N-methyl glycine solutions in presence of paracetamol at 298.15 
K, 303.15 K and 308.15 K are reported in Table 2. From the volumetric 
measurements we calculated limiting apparent molar volume (ϕV0), 

experimental slopes (SV*), transfer volume (∆ϕV
0) and from the 

viscometric measurements we calculated viscosity A and B coefficients to 
analyse the nature of solute-solvent/ co-solute interactions. The refractive 
index data helps to find the molar refraction (RM) which also helps to 
elucidate the interaction between solute and co-solute in aqueous 
medium. 
 

 

Fig. 1 Molecular structures of N-methyl glycine and paracetamol 

 

2. Experimental Methods 

2.1 Source and Purity Samples 

The studied N-methyl glycine and co-solute paracetamol of purist grade 
was purchased from Sigma-Aldrich, Germany and was used as purchased. 
The mass purity of salts was ≥0.99. The salts were dried from moisture at 
353.15 K for 48 h, and then they were cooled and store in a desiccator prior 
to use. 

 
2.2 Apparatus and Procedure 

The density (ρ) measurements were done by vibrating-tube Anton Paar 
Density-Meter (DMA 4500M) with an accuracy of 0.00001 x 10-3 (kgm−3). 
The density meter was calibrated by using double-distilled water and dry 
air before taking the densities of our studied solutions [16]. The 
instrument has temperature monitoring system with the precision ±0.01 
K.  
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The viscosity was determined using of Brookfield DV-III Ultra 
Programmable Rheometer having spindle size-42 fitted. The Rheometer 
was fitted with Digital Bath TC-500 which has a precision of ±0.001 K. The 
viscosity was measured after calibrating the Rheometer with doubly 
distilled water and purified methanol [17]. The uncertainty in viscosity 
measurements is within ±0.003 mPas. 

Mass measurements for preparation of stock solutions were done by 
Mettler AG-285 electronic balance with a precision of ±0.0003 x 10-3 kg. 
The uncertainty in molality of solution is approximately ±0.0001 molkg-1. 
Acceptable precautions were followed to minimize evaporation losses 
during the measurements. 
 
Table 1 Experimental values of density (ρ), viscosity (η) and refractive index (nD) of 
different molality of aqueous N-methyl glycine solution at 298.15 K, 303.15 K and 
308.15 K 
 

Conc.  ρ×10-3/kg.m-3 ƞ/mP.s nD 

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K 298.15 K 

0.01 M 0.99756 0.99621 0.99460 0.8956 0.80910 0.6804 1.3319 

0.02 M 0.99782 0.99649 0.99486 0.8984 0.8116 0.6831 1.3325 

0.03 M 0.99817 0.99679 0.99515 0.9016 0.8140 0.6859 1.3327 

 
Table 2 Density (ρ) and viscosity (η) and refractive index (nD) of different molality 
of aqueous N-methyl glycine in aqueous paracetamol solution at 298.15 K, 303.15 K 
and 308.15 K 
 

Molality 

Molkg-1 

ρ×10-3 

kgm-3 

Ƞ 

mPs 

nD 

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K 298.15 K 

0.01 M N-methyl glycine solution  

0.013 0.998 0.99664 0.99503 0.9053 0.8179 0.6882 1.3321 

0.023 0.99836 0.99700 0.99538 0.9122 0.8242 0.6947 1.3323 

0.045 0.999065 0.997725 0.99611 0.9264 0.8373 0.7076 1.3327 

0.057 0.99944 0.99811 0.9965 0.9434 0.8537 0.7231 1.3329 

0.072 0.99990 0.99859 0.99699 0.9594 0.8703 0.7386 1.3331 

0.02 M N-methyl glycine solution   

0.013 0.99824 0.996904 0.99527 0.9079 0.8204 0.6909 1.33272 

0.023 0.99859 0.99725 0.99562 0.9148 0.8267 0.6974 1.33286 

0.045 0.999295 0.99798 0.99635 0.9292 0.8408 0.7110 1.33313 

0.057 0.99967 0.998382 0.99676 0.9464 0.8572 0.7262 1.33327 

0.072 1.00014 0.99889 0.99726 0.9632 0.8738 0.7423 1.33345 

0.03 M N-methyl glycine solution   

0.013 0.99858 0.99719 0.99554 0.9111 0.8228 0.6939 1.33319 

0.023 0.99892 0.99754 0.99588 0.9181 0.8297 0.7005 1.33332 

0.045 0.99962 0.99828 0.99662 0.9334 0.8442 0.7152 1.33358 

0.057 0.99999 0.99869 0.99703 0.9506 0.8608 0.7309 1.33372 

0.072 1.00046 0.99921 0.99755 0.9674 0.8782 0.7468 1.3339 

 

3. Results and Discussion 

3.1 Density  

Apparent molar volumes (ϕV) of N-methyl glycine in aqueous 
paracetamol solution were determined from the densities of the solution 
using the following equation [18], 

 
ϕV = M /  – 1000 ( - 0) / (m0)                         (1) 

 
where M is the molar mass of N-methyl glycine,  and  is the densities of 
solvent and solution respectively and M is the molality of the solution. The 
ϕV values of N-methyl glycine in aqueous paracetamol solution at 298.15 
K, 303.15 K and 308.15 K are shown in Tables 3-5 respectively. 

 
Table 3 Apparent molar volume, (V) and (η /η0 –1) / √m of 0.01 m, 0.02 M and 0.03 
M N-methyl glycine in aqueous paracetamol solution at 298.15 K, 303.15 K and 
308.15 K 
 

Molality  ϕV x 106 

(m3mol-

1) 

( / 0 –1) 

/ √m 

(molkg-1)-

1/2 

ϕV x 106 

(m3mol-

1) 

( / 0 –1) 

/ √m 

(molkg-1)-

1/2 

ϕV x 106 

(m3mol-

1) 

( / 0 –

1) / √m 

(molkg-

1)-1/2 

RM 

298.15 K 303.15 K 308.15 K  

0.01 M N-methyl glycine  

0.013 81.9779 0.097 82.8475 0.097 82.9254 0.1025 24.0760 

0.023 82.5861 0.122 82.8701 0.123 83.3881 0.1386 24.0806 

0.045 83.6520 0.162 83.4952 0.164 83.6878 0.1885 24.0898 

0.057 84.0840 0.176 83.7982 0.183 83.8793 0.2124 24.0939 

0.072 84.5290 0.193 84.0372 0.208 83.9781 0.2355 24.0959 

0.02 M N-methyl glycine  

0.013 83.5737 0.095 84.1238 0.097 84.5304 0.1021 24.1110 

0.023 83.8852 0.120 84.1716 0.123 84.4747 0.1380 24.1119 

0.045 84.3100 0.162 84.0420 0.170 84.1249 0.1925 24.1125 

0.057 84.6009 0.178 83.9259 0.188 83.8662 0.2140 24.1126 

0.072 84.7955 0.197 83.7422 0.212 83.8241 0.2399 24.1131 

0.03 M N-methyl glycine  

0.013 84.6007 0.094 85.2365 0.097 86.1321 0.1043 24.1338 

0.023 84.7413 0.121 84.5944 0.127 85.5587 0.1404 24.1340 

0.045 84.9404 0.166 84.0268 0.175 84.5599 0.2014 24.1343 

0.057 85.1125 0.182 83.7691 0.193 84.2069 0.2233 24.1344 

0.072 85.1969 0.200 83.4466 0.218 83.8095 0.2463 24.1348 

 
According to Masson, the apparent molar volumes, ϕV, vary with the 

square root of the molal concentration, √m as per following linear 
equation, 

 
ϕV = ϕV0 + SV* √m                          (2) 

 
where ϕV

0 is the limiting apparent molar volume of N-methyl glycine and 
SV* is the experimental slope. The plots of ϕV against √m of aqueous N-
methyl glycine solutions at 298.15 K, 303.15 K and 308.15 K in presence 
of paracetamol gives a linear line with a slope of SV* and an intercept of 
ϕV0.  

The values of ϕV
0 and SV* of N-methyl glycine in aqueous paracetamol 

solutions at 298.15 K, 303.15 K and 308.15 K are mentioned in Table 4 and 
Fig. 2. 

The ϕV
0 value indicates the extent of solute-solvent interaction [19]. It 

is observed that ϕV
0 values for N-methyl glycine solutions in paracetamol 

are positive and increase with the increasing molarities N-methyl glycine 
and also with temperature which is shown in Table 4 and Fig. 2. 
 

 
Fig. 2 Variation of limiting apparent molar volumes (V0) of N-methyl glycine solution 
in paracetamol solution at different temperatures 

 

 
Fig. 3 Molecular interactions between N-methyl glycine with paracetamol in aqueous 
medium 

 
The tendency indicates the presence of strong solute-solvent 

interactions which increase with molarity of N-methyl glycine and 
temperatures. The interaction arises from the hydrophilic-hydrophilic 
group interaction between solute and co-solute molecules. The interaction 
of N-methyl glycine with paracetamol in aq. medium is displayed in Fig. 3. 
With increasing temperature the secondary solvation layer is released into 
the bulk solvent leading to the expansion of solution. As a result, the ϕV0 
values of N-methyl glycine in aqueous paracetamol solutions increase with 
increase in temperature. 

The parameter SV* defines the pair-wise interaction of solvated species 
in solution [20]. The SV* values of N-methyl glycine in aqueous 
paracetamol solution at different temperatures are reported in Table 4. 
The SV* value in our present study is least in 0.03 M N-methyl glycine at 
308 K and highest in 0.01 M N-methyl glycine at 298.15 K. So, SV* values 
decrease with increasing temperature and molality. This trend is exactly 
reverse than the ϕV0 values explained earlier where ϕV0 values increased 
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with increasing concentrations of N-methyl glycine and temperatures. 
This weakening of SV* values signify the presence of poor solute-solute 
interactions. The smaller SV* values than the corresponding ϕV

0 signifies 
that the solute-solvent interaction is stronger than the solute-solute 
interaction. 
 
Table 4 Limiting apparent molar volumes (V), experimental slopes (SV*), viscosity 
A, B-coefficients of aqueous N-methyl glycine solution in paracetamol at different 
temperatures 
 

Temp. (K) ϕV 0 x 106  

(m3mol-1) 

∆ ϕV 0 

(m3mol-1) 

SV* x 106  

(m3mol3/2kg1/2) 

B   

(kg1/2mol-1/2) 

A  

(kgmol-1) 

0.01 M N-methyl glycine 

298.15 K 80.114 1.001 16.544 0.6182 0.0286 

303.15 K 81.794 1.571 7.854 0.7029 0.0127 

308.15 K 82.288 1.253 6.534 0.8494 0.0086 

0.02 M N-methyl glycine 

298.15 K 82.69 3.568 7.854 0.6572 0.0211 

303.15 K 84.471 4.238 -2.39 0.7389 0.0127 

308.15 K 85.155 4.12 -5.045 0.8804 0.0043 

0.03 M N-methyl glycine 

298.15 K 84.157 5.044 3.873 0.6856 0.0178 

303.15 K 86.381 6.158 -11.03 0.7716 0.0104 

308.15 K 87.816 6.761 -15.074 0.9232 0.0017 

 
The variation of V

0 with temperature of N-methyl glycine in 
paracetamol solution follows the polynomial [21], 

 
ϕV

0 = a0 + a1T +a2T2                                                      (3) 
 

where T is the temperature in K and a0, a1 and a2 are the coefficients. Values 
of the coefficients of the above equation for N-methyl glycine in 
paracetamol solution are reported in Table 5.  

The limiting apparent molar expansibilities (ΦE0) can be determined by 
the following equation [22], 

 
ΦE0 = (δV0/δT)P = a1 + 2a2T                                      (4) 
 
The values of ΦE0 of N-methyl glycine in paracetamol solution at 298.15 

K, 303.15 K and 308.15 K are evaluated and reported in Table 5. 
The SV* is not the only parameter for estimating the structure-making 

or breaking nature of any solute [30]. Hepler proposed a different 
technique to inspect the structure-making and breaking ability of the 
solute in aqueous solution from the following thermodynamic expression 
[23], 

 
(δΦE0/δT)P = (δ2V0/δT2)P = 2a2                          (5)  
 
According to Hepler the structure making solutes should have positive 

(δΦE0/δT)P values, whereas structure-breaking solutes should have 
negative values[24, 25]. The (δΦE0/δT)P  values of N-methyl glycine in 
paracetamol solution have been provided in Table 5. It is apparent that 
(δ2V0/δT2)P values are negative for N-methyl glycine in paracetamol 
solution which signifies that paracetamol perform as structure breaker in 
aq. nicotinic acid solution. 
 

Table 5 Values of empirical coefficients (a0, a1, and a2) of 0.01 M, 0.02 M and 0.03 M 

N-methyl glycine in paracetamol solution at 298.15 K, 303.15 K and 308.15 K 
 

Molality of  
N-methyl glycine 

 a0 x 106 
(m3mol−1) 

a1 x 106 
(m3mol−1K−1) 

  a2 x 106 
 (m3mol−1K−2) 

(δΦE0/δT)P 

0.01 M -2161.8 14.59 -0.0237 -0.0474 

0.02 M -1951 13.19 -0.0214 -0.0428 

0.03 M -1473.2 9.926 -0.0158 -0.0316 

 
The limiting apparent molar volume of transfer, ∆V0 for N-methyl 

glycine in paracetamol solution may be expressed as follows: 
∆V0 (N-methyl glycine) =V0 (N-methyl glycine in paracetamol) −V0 (in 

water)                               (6) 
The ∆V0 value provide the idea about the nature solute–solvent 

interactions. The limiting apparent molar volume of transfer may be 
analyzed in the light of co-sphere overlap model given by Friedman and 
Krishnan [26]. According to the model positive ∆V0 value specifies the 
existence of hydrophilic–hydrophilic, ion-hydrophilic and ion–ion 
interactions, whereas the negative ∆V0 value specifies the hydrophobic–
hydrophobic interactions [27, 28]. The interactions between N-methyl 
glycine and paracetamol in aqueous medium may be of following 
categories. 

i. Ionic-ionic interaction of the H+ ion of water and N-methyl glycine 
with the -COO- ion of N-methyl glycine   

ii. H-bond between -COOH (N-methyl glycine) and -OH (paracetamol) 
and also with water. 

iii. Ionic-hydrophilic interaction of polar end of water with -COO- ion of 
N-methyl glycine and -OH group of paracetamol.  

iv. Ionic– hydrophilic interactions of -COOH (N-methyl glycine) and -OH 
(paracetamol) with the H+ and OH- ion of water. 

v. Hydrophobic-hydrophobic interaction of non-polar part of N-methyl 
glycine and paracetamol. 

 
The interactions of categories (i), (ii), (iii) and (iv) have positive 

contributions to V
0 values while interaction of types (v) has negative 

contribution to V
0 values [29-31].  The positive ∆V

0 value indicates that 

the hydrophilic–hydrophilic and ion–ion interactions are in domination 
over hydrophobic-hydrophobic and ionic–hydrophobic interactions. It is 
also seen that ∆V

0 values are increasing with increase in molality of N-
methyl glycine. The intermolecular distance between N-methyl glycine 
and paracetamol decreases with increasing concentration of N-methyl 
glycine as a result the hydrophobic-hydrophobic and ionic–hydrophobic 
interactions increase with molality. Similar result can also be obtained 
from the following expression given by Franks et al [32], 

 
V

0= W + V – S                                                                                                        (7) 
 
where W is correlated with Van Der Waals volume, V is the volume 
correlated with voids or empty space and S is correlated with shrinkage 
volume due to electrostriction. The value W and V will remain same for 
the same class of solutes in aqueous solutions and only the volume due to 
electrostriction will vary. The hydrophilic–hydrophilic, ion–ion and ion-
hydrophilic interactions will increase with increasing molality of N-methyl 
glycine and as a result S value will decrease [33]. For this reason, V

0 
values increase with increasing molality of N-methyl glycine. 

The volumetric pair wise and triple ion interactions may be estimated 
from the following equation given by McMillan–Mayer [34], 

 
∆V0 = 2YXYm + 3YXYYm2                                                                                     (8) 

 
where YAB, YABB and ∆V0 are pair and triple ion interaction coefficients, 
limiting apparent molar volume of transfer respectively and X and Y 
represent N-methyl glycine and paracetamol respectively. The coefficients 
YAB and YABB are estimated by putting the ∆V0 values at diverse molarities 
of N-methyl glycine in presence of paracetamol in the above expression 
and mentioned in Table 6. It is observed that YXY values are positive 
whereas YXYY values are negative for N-methyl glycine in presence of 
paracetamol in aqueous medium at different temperatures. The positive 
values of YXY suggest that existing interactions in our studied solutions are 
mostly pair wise which arises from hydrophilic–hydrophilic and ion–ion 
interactions between solute and co-solute in aqueous medium [35]. 
 
Table 6 Pair, VAB, and Triple, VABB, interaction coefficients of N-methyl glycine in 
aqueous solution of paracetamol at 298.15 K, 303.15 K and 308.15 K temperatures 
 

VAB 

m3mol-2kg 

VABB 

m3mol-2 kg2 

VAB 

m3mol-2 kg 

VABB 

m3mol-2kg2 

VAB 

m3mol-2kg 

VABB 

m3mol-2kg2 

298.15 K 303.15 K 308.15 K 

78.0000 -372.23 99.3100 221.1200 102.3700 -187.77 

 
3.2 Viscosity Calculation  

The viscosity data were fit into Jones–Dole equation [36], 
 
 (η /η0 –1) / √m = A + B √m                                                  (9) 
 

where, η0 and η are the viscosities of the solvent and solution respectively. 
A plot of (η /η0 –1) / √m against √m gives a straight line with an intercept 
“A” and a slope of “B”. The (η /η0 –1) / √m values of N-methyl glycine of 
different molarities in aqueous paracetamol solution are reported in Table 
3. The viscosity coefficients A and B values are reported in Table 4 and the 
variation of B with temperature of N-methyl glycine is shown in Fig. 4. The 
viscosity B-coefficient signifies solute-solvent interaction and provides 
valuable information concerning the solvation of the solute in solution [37, 
38]. A close inspection reveals that B-value is higher for 0.03 M N-methyl 
glycine solution at 308.15 K and lowest at 0.01 M solution at 298.15 K. So, 
solute–solvent interactions increase with increasing molarity and 
temperature. Viscosity A coefficient denotes solute-solute interaction.  It 
is reflected from the Table 4 that the values of A coefficient decrease with 
the increase in molarity and temperature of N-methyl glycine in aqueous 
solution of paracetamol. Hence solute-solute interaction diminishes with 
molarity of N-methyl glycine and also with temperature in K. 
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Fig. 4 Variation of viscosity B coefficient with temperature in K of aqueous N-methyl 
glycine in paracetamol solution 
 

3.3 Refractive Index Calculation  

The molar refraction, RM for any compound in its aqueous solution may 
be determined from the Lorentz–Lorenz relation [39]: 

RM = {(nD2-1) / (nD2+2)} (M/ρ)                             (10) 
 

where, RM, ρ, M and nD are the molar refraction, density of solution, molar 
mass and refractive index, respectively. The refractive index of a material 
is defined as c0/c, where c is the speed of light in any medium and c0 the 
speed of light in vacuum. The light is refracted more for the substance of 
higher refractive index [40]. According to Deetlefs et al. [41] the molar 
refraction of a substance will be higher when the molecules in any solution 
are more tightly packed. The values of RM are shown in Table 3.  The 
increase in molar refraction values with increase in molarity of N-methyl 
glycine in aqueous paracetamol solution indicates close packing of 
molecules in the mixture resulting in maximum solute–solvent 
interactions.  

 
3.4 1H NMR Spectroscopy 

Various spectroscopy may be employed to examine the diverse 
interaction playing in solution of any compound [42-46]. 1H NMR 
Spectroscopy of pure N-methyl glycine, paracetamol and their solution are 
recorded in D2O at 298.15 K and shown in Fig. 5.  

 

 

 
Fig. 5 1H NMR spectra of N-methyl glycine, paracetamol and their solution in D2O 

 
Up field chemical shift of protons of methyl group and methylene group 

of glycine in aqueous solution of paracetamol from its pure form may be 
regarded due to the involvement of adjacent -NH- and -COOH groups in H-
bonding with the -OH group of paracetamol. However higher ∆δ for 
methylene group than the methyl group indicates that -COOH form 
stronger H-bond with -OH group of paracetamol than the -NH- group. 
Similar up field chemical shift of protons adjacent to -OH group of 
paracetamol takes place which may also be considered due to its 
involvement in H-bonding with favorable groups of N-methyl glycine. The 

extend of ∆δ for protons at o-position of -OH group is larger than the 
protons at p-position which indicates that -OH is more favorable in 
forming H-bond than the -NH- group of paracetamol. 

1H NMR data: N-methyl glycine: [1H NMR (300 MHz, D2O)]: δ 1.827 (3H, 
s), 3.754(2H, s) paracetamol: [1H NMR (300 MHz, D2O)]: δ 1.887 (3H, s), 
6.656 (2H, d), 6.988 (2H, d) solution of N-methyl glycine and paracetamol 
[1H NMR (300 MHz, D2O)]: δ 1.817 (3H, s), 1.874 (3H, s), 3.729(2H, s) 6.634 
(2H, d), 6.981 (2H, d). 
 

4. Conclusion  

The limiting apparent molar volume (ϕV0) and viscosity B-coefficient 
and molar refraction (RM) values indicate the existence of strong solute–
solvent interactions between N-methyl glycine and paracetamol in 
aqueous medium. The solute–solvent interactions enhances with 
increasing molality of N-methyl glycine and temperature. On the other 
hand, the solute-solute interactions diminish with increasing molality of 
N-methyl glycine and temperature. The nature of solute–solvent 
interactions was evaluated from the limiting apparent molar volume of 
transfer (ϕV0) values. It was also observed that the interaction between our 
studied solute and co-solute in aqueous medium was mostly pair wise. 1H 
NMR Spectroscopy concretely support our findings obtained from 
volumetric, viscometric and refractive index study. 
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