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PREFACE 

 

This dissertation entitled  ‘Investigation of Host-Guest Inclusion Complexations and 

Diverse Interactions of Some    Industrially and Biologically Potent Molecules in Assorted 

Phases by Physicochemical Methodologies’ is being submitted for the degree of Doctor of 

Philosophy at the University of North Bengal. The research illustrated here was conducted 

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

University of North Bengal since  2015. 

The basis for this work originally stemmed from my interest for investigating Host-Guest 

Inclusion complexes and the most probable nature of the interactions between the 

components of a physicochemical system through a study of the relations between the 

system’s physical properties and composition. This work is to the best of my knowledge 

original, except the references are made to previous work. Neither this nor any considerably 

similar dissertation has been or is being submitted for any other degree, diploma or any other 

qualification at the University or other Educational Institution. 

  



 

  



 

ABSTRACT 

Knowledge of the physicochemical properties of potential chemical compounds is a primary 

concern of the alternative assessment process for two reasons. First and foremost, the 

inherent hazards of the chemical taken into consideration, such as its capacity to interfere 

with normal biological phenomena, physical hazards and environmental fate such as 

degradation, persistence can be determined by its intrinsic physicochemical properties and 

the system with which it is interacting. In cases of organic and inorganic chemicals, these 

intrinsic properties are determined by molecular structure. These properties are determined 

on the basis of their sizes, composition and morphology. Secondly, physicochemical 

properties which are a measure of physical hazards could also be used to abolisht specific 

chemicals because of their toxicity and prioritize compounds which are proved beneficial for 

the screening of human and ecotoxicological effects. 

Contrarily, the study of Inclusion Complexes has become a matter of utmost importance 

because of their widespread applications in arenas of bio sensing and bio imaging, drug 

delivery and regenerative medicine. 

The advantages that provide these inclusion complexes in the pharmaceutical industry are: 

� The increase or decrease of the solubility and the dissolution rate of the complex in 

relation to the active substance depending on the nature of the guest and host 

molecules; 

� A better bioavailability of the drug; 

� The change of reactivity of the active substance after the protection of some functional 

groups; 

� Extended the life of the drug (improved physical and chemical stability); 

� The reduction of the contraindications; 

� The correction of odour and flavour. 

Inclusion complexes can be defined as a special group of compounds known as ‘non-classical’ 

complex, which is prepared under the effect of mechanical factors and has molecules of host 

and guest as its components. compounds molecules without formation of any specific 

chemical bond (the weak Van der Waals attractive forces, hydrogen bonding interactions and 

polar interactions) between guest and host; the essential criterion is simply that the enclosed 

molecule or “guest” be of a suitable. size and shape to fit into a cavity within a solid structure 



 

formed by “host” molecules . This principle of formation allows some particular coordinated 

and saturated molecules to form thermodynamically more stable. supramolecular crystalline 

phases without forming any solid chemical bonds , van der Waal’s interaction, hydrogen 

bonding and hydrophobic interaction play pivotal roles during such association phenomenon.  

The host molecules are the compounds having the sufficiently large cavities to incorporate 

the other components (the guest molecules) and the guest molecules are those compounds 

which get encapsulated into those cavities by the means of non covalent interactions. The 

preparation of the inclusion complexes depends on the size and shape of the guest molecules, 

as well as the dimensions of cavities formed from the aggregates of the host molecules. On the 

basis of the nature of the cavity of the host molecule, there can be a cage and canal inclusion 

complexes. 

Choice of solutes and solvents 
Chemicals used in Solution Chemistry 

(i) D(-) Fructose 

(ii) D(+) Galactose 

 (iii)Ionic liquid:1-butyl-1-methylpyrrolidinium chloride 

Guest Molecules 

(ii)Drug molecule 

x Azelaic acid 

x Dopamine hydrochloride 

x Sulphanilamide 

x Aspartic acid 

x Glutamic acid 

Host Molecules 

x α-Cyclodextrin 

x β-Cyclodextrin 

x Dicyclohexano-18-crown-6 (DC18C6) 

x 18-crown-6 (18C6) 

x Dibenzo-18-crown-6 (DB18C6) 



 

Solvents 

Water has been used as the main solvent in most of the cases and non-aqueous solvent like 

absolute ethanol and acetonitrile have also been used. 

Methods of Investigation 

1. Density measurement 

The density (ρ) was evaluated by using vibrating U-tube Anton Paar digital density meter 

(DMA 4500 M) having a precision of ±0.00005g.cm−3 . 

2. Viscosity measurement 

The viscosity measurement was done using a Brookfield DVIII Ultra Programmable 

Rheometer with fitted spindle size of 42. The instrument was calibrated by using distilled 

water and aqueous CaCl2 solutions.  

3. Refractive index 

Refractive index measurement was done by using Mettler Toledo digital refractometer. The 

light emitting diode (LED) having wavelength 589.3 nm was the source of light.  

4. Conductance 

Conductivities of the solutions were measured by Mettler Toledo Seven Multi conductivity 

meter having uncertainty 1.0 µSm-1. The conductivity cell was calibrated using 0.01 M 

aqueous KCl solution. 

5. IR Spectroscopy 

FT-IR spectroscopic study was performed by Perkin Elmer FT-IR Spectrometer 8300 

(SHIMADZU) using KBr pellet method for solid sample with scanning range 400-4000 cm-1. 

6. UV-VIS Spectroscopy 

Agilent 8453 spectrophotometer was used to measure the UV spectral pattern.  

7. Raman Spectroscopy 

The Raman spectroscopic study was done in ENSpectr R532 using 532 nm laser. 



 

8. 1H NMR Spectroscopy 

For 1H and 2D ROESY NMR analysis, spectra were recorded at 600 MHz and 400MHz 

BRUKER AVANCE .  

9. Mass Spectrometry 

The Mass Spectroscopic analysis was performed using Agilent Accurate-MassQ-

TOFLC/MS6520. 

10. Scanning Electron Microscope Study 

Scanning Electron Micrographs were recorded using  JEOL JSM-IT100. 

Summary of the work done 

CHAPTER-I 

Consists of the objective, utility and applications of the research work, chemicals used and 

methods of investigation. 

CHAPTER-II 

This chapter consists of the general INTRODUCTION part of the thesis. A brief review of ‘Host-

Guest Inclusion Phenomena” has been given. Various derived parameters dependent on 

density, viscosity, association constant (derived from UV-Visible spectroscopy and 

Fluorescence spectroscopy), SEM analysis, HRMS Study, conductance study and refractive 

index measurement and their importance in Host-guest inclusion chemistry and solution 

chemistry has been discussed. 

 

  



 

CHAPTER-III 

It is based on the experimental section which predominantly includes structure, source, mass 

purity and utility of the solvent and fundamental properties of the components (ionic liquids 

and drug molecules) used throughout my research work. It also includes instrumentational 

details, procedure, working principle and related equations. 

CHAPTER-IV 

In this chapter, Interactions of Aspartic acid 

and glutamic acid are investigated in aqueous 

Dopamine Hydrochloride with the help of 

density, viscosity, conductance, NMR 

spectroscopy and Raman spectroscopy. The 

experimental observation concluded that Glutamic acid shows more extensive interaction 

than Aspartic acid in aqueous Dopamine Hydrochloride, which is reflected in the values of 

apparent molar volume, A and B coefficient, chemical shift values, conductance pattern and 

changes in the frequency pattern of Raman spectroscopy. 

CHAPTER-V 

In this chapter, an industrially important dye Alizarin 

complexone  has been incorporated inside the cavity of β-

cyclodextrin and the inclusion complex formed was 

characterised by 1H NMR, 2D ROESY, UV-Visible 

Spectroscopy, Fluorescence Spectroscopy, HRMS and SEM 

study. Such inclusion phenomena protects the dye molecule 

from external hazards like enviromental degradation, 

oxidation, photolytic cleavage and can be used to remove the dye present in savage water. 

CHAPTER-VI 

Dictates about the interaction between 1-butyl-1-methylpyrrolidinium chloride [bmp]Cl in 

different concentrations of aqueous solution of D(-)fructose and D(+) galactose at different 

temperatures ranging from 293.15-303.15K. The limiting molal conductivities, association 

constants of the above systems have been calculated. The limiting apparent molal volume, 

experimental slope and the limiting partial molal transfer volumes,   were also derived. The 



 

values of B-coefficient, Gibbs free energy (ΔG0), enthalpy (ΔH0 ) and entropy (ΔS0) of ion-pair 

formation indicates greater extent of interaction for [bmp]Cl in D(+)galactose solution rather 

than in D(-)fructose solution and such process was found to be endothermic in nature. 

CHAPTER-VII 

Explains the phenomena of inclusion complex 

formation between CD and Azelaic acid and it has 

been investigated by UV-Visible, NMR 

spectroscopic method,HRMS study and SEM study 

along with density functional theory. The β-CD inclusion complex got stabilized by the 

intermolecular hydrogen bonding and DFT data reveals that. Data obtained from Enthalpy 

and Gibbs free energy of formation in aqueous solution indicate that the formation of β-CD 

inclusion complex is spontaneous, and hence Azelaic acid forms more stable. inclusion 

complex with β-cyclodextrin in the aqueous medium compared to the α-cyclodextrin, this fact 

has also been supported by the value of association constant and other spectroscopic 

measurements. 

CHAPTER-VIII 

The inclusion complexes of N-Benzoylthiourea with β-

cyclodextrin (β-CD) was prepared, the resultant complex 

was characterised by FTIR, UV-Visible Spectroscopy, proton 

nuclear magnetic resonance spectroscopy (1H NMR), 

fluorescence spectroscopy, 2D ROESY, HRMS, SEM study . 

The stoichiometry was established using a Job plot method of continuous variation and it was 

found to be 1:1. The inclusion procedure was clarified by applying 2D ROESY study. The 

stability of the inclusion complex was confirmed by the means of the values of ΔH0, ΔG0, ΔS0 

and association constants derived from UV-Visible spectroscopy and Fluorescence 

Spectroscopy. The 1:1 stoichiometry was visually demonestrated by HRMS study. Our results 

showed that less polar part of the guest molecule that is aromatic ring was deeply inserted 

into the cavity of  β-CD. By complexation with β-CD, both the water and thermal of NBTU 

were prominently improved and NBTU.β-CD complex showed antifungal activity against 

Aspergillus niger (fungal pathogen). 

 



 

CHAPTER-IX 

In this chapter, we have discussed complexation of 

sulfanilamide with 18-crown-6, Dicyclohexano-18-

crown-6, Dibenzo-18-crown-6 using 1H NMR, IR and 

UV-visible spectra in solution state. The interaction 

phenomena between crown ethers with sulfanilamide 

have been described with the help of by density, viscosity, refractive index measurements, 

which indicate a greater extent of complexation in case of dicyclohexano-18-crown-6. The 

stoichiometry was determined by Job method and the 1:1 stoichiometry was found for all the 

complexes. The Benesi-Hildebrand method was employed to evaluate the association 

constant of the IC. The ΔG0 of the inclusion complex process was found negative, which 

indicates spontaneity of the the process. Hydrogen bonding was considered as one of the  key 

factors for such complexation and π–π interactions also have a minor contribution towards 

complexation of dibenzo-18-crown-6.  

 

Chapter-X 

This chapter contains Concluding Remarks. 
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CHAPTER I 

NECESSITY OF THE RESEARCH WORK 
 

I.1 Object, Scope And Application Of The Research Work 

“Supramolecular chemistry” is often named as “chemistry beyond the molecule’’ and most 

commonly called as “Host Guest Chemistry”. The concept of host-guest chemistry has paved the 

way to the continuous development of supramolecular (inclusion) complexes with 

physicochemical properties superior to those of the guest molecule. The ‘Host’ molecule is 

considered as an organic molecule containing convergent binding sites and large cavities, which 

allow them to incorporate the other compounds (i.e. guest molecules).On the other hand, ‘Guest’ 

molecule can be regarded as synthetic counterpart, which contains divergent binding sites to the 

receptor sites in enzymes, genes, antibodies and ionophores.  

Host-guest chemistry involves the idea of complementary binding between two or more 

molecules through non- covalent interactions, hydrogen bonding, π-π stacking interactions, 

dispersion and inductive forces, and hydrophobic or solvatophobic effects [1] [2] (Fig. I.1). 

Organic host molecules usually bind anions, cations, and neutral molecules such as proteins and 

enzymes, and have a widespread application as optical sensors, electrochemical sensors, 

supramolecular catalysts, and in the pharmaceutical industry as anti-cancer agents [3]. The 

stability of the inclusion complexes depends on the sizes and designs of the guest molecules, 

along with the dimensions of the empty cavities of the host molecules. 

 
Fig. I.1. Host-Guest Chemistry 
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In this thesis, I have studied the inclusion phenomenon of cyclodextrins and crown ethers with 

different biologically and industrially potent molecules in aqueous and non- aqueous medium. 

Native and modified cyclodextrins (CDs) dramatically affect the properties of guest molecules 

solubilized within the relatively hydrophobic interior [4].Cyclodextrins are chemically stable., 

water-soluble oligosaccharide hosts derived partial enzymatic starch degradation. As their 

interiors are relatively lipophilic and their exteriors hydrophilic, cyclodextrins can bind 

hydrophobic guests to form inclusion complexes in aqueous solution [1] [5]. Crown ethers were 

the first artificial host molecules discovered  accidentally by Pedersen in early 1937.This was 

found as a byproduct during the synthesis of  bisphenol [6]. Among the potential advantages of 

using host-guest inclusion complexes in oral drug delivery are enhanced rate and greater extent 

of drug (guest) dissolution, and thus improved bioavailability, of poorly soluble drugs.  The 

future looks likely to bring many more opportunities for host-guest chemistry to play a part in 

our everyday lives.  
 

I.2. Importance Of Chemicals Used 

I.2.1 Macrocyclic Host Molecules 

In a typical host-guest inclusion complex, a host molecule offers a cavity to encapsulate a guest 

molecule through noncovalent interactions. Crown ethers, Macrocyclic polyamine, Calixarene, 

Cyclophane, Cucurbiturils and Cyclodextrins (CDs) are the well-accepted host molecules on 

account of their wide applications in the biomedical field [7] 
 

I.2.1.1 Cyclodextrin-Naturally occuring Host molecule 

Among the many host molecules discovered and utilized for building up supramolecular 

systems, CDs are a popular class of macrocyclic rings that have attracted a lot of attention of 

researchers, especially for their biological applications. CDs refer to a series of macrocyclic 

molecules composed of α-1,4 glycosidic bond linked oligosaccharides, which can be produced 

from enzyme triggered starch degradation. They were discovered by Villiers in  1891 [8] and 

ever since CDs have undergone extensive studies in a variety of fields, such as analytical 

chemistry [9] enzyme technology [10], catalytic reactions [11] and pharmaceutics [12] 

[13].Within the CD family, the ones consisting of 6, 7, and 8 glucose units are named as α-, β-, and 

γ-CD (Fig. I.2.), respectively. The CDs have a truncated cone-resembled shape with a hollow 

cavity. The sizes of the primary and secondary sides of the CDs depend on the unit number of 

glucose (Table. 1). The depth of the hollow cavity is 0.78 nm for all three types of CDs. The 

hydroxyl groups of the glucose units are directed toward the outside at the orifice of the two 

ends, while methinic protons are located inside the cavity, the structure of which enables CDs 
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with a hydrophilic external surface and hydrophobic hollow cavity. Thus, a variety of guests can 

easily be encapsulated into the hollow cavities via the host-guest interaction in aqueous 

conditions and even in the solid state. The formation and dissociation of the host-guest 

complexes are closely associated with the kinetic and thermodynamic properties of the 

complexes, the sizes of the host and guest, as well as the environmental conditions (pH and 

temperature), contributing all possibilities for the responsiveness of the host-guest systems [14] 

[15].Because of the natural availability from starch, CDs have good water solubility, good 

biocompatibility, and nontoxicity toward biological systems [16]. By the formation of the host-

guest complexes between drugs and CDs or CD derivatives, the water solubility of hydrophobic 

drugs can be increased to a greater extent, thereby enhancing the drug availability in biological 

systems. This is the direct application of CDs for drug delivery [17]. For better pharmaceutical 

uses, chemical modifications on CDs were carried out in order improve their solubility, ability of 

drug encapsulation, and drug release capability while minimizing the toxicity of the CDs. In this 

aspect, a large variety of functional groups were directly modified onto CDs. Cationic CDs were 

synthesized by introducing amino-containing groups onto the primary side of the CDs [18]. 

Native and modified Cyclodextrin and their crown ethers are selected as host molecules. 

Encapsulation in cyclodextrins provides an intimate effect on the physicochemical properties of 

guest molecules as they are temporarily encapsulated within the host cavity which gives rise to 

beneficial modifications of guest molecules, which are not achievable otherwise. The advantages 

of these characteristics are solubility improvement of highly insoluble guests, stabilization of 

labile guests against the degradative effects of environment (oxidation, light and heat), control 

of volatility and sublimation, physical isolation of incompatible compounds (via 

chromatography), taste modification by masking off flavours, odour elimination and controlling 

of drug and flavour release.  
 

Table.1. Physical properties of Cyclodextrins 

Properties Cyclodextrins 
α-CD β-CD γ-CD 

Number of glucose units  6  7 8 
Molecular weight(g/mol)  972 1135 1297 
Solubility in water at 25oC (%,w/v) 14.5 18.5 23.2 
Outer diameter (Å) 14.6 15.3 17.5 
Cavity diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3 
The height of torus (Å) 7.8 7.8 7.8 
Cavity volume (Å) 174 262 427 
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Fig. I.2. Cyclodextrin molecules 

 

I.2.1.2 Crown Ethers- The First Class of Artificial Host 

Crown ethers are heterocyclic compounds which contains cyclic polyethers. Necessarily, there 

is a repeating ethyleneoxy [–CH2CH2-O-] unit. In case of dioxane two such units are present there, 

whereas in case of 18-crown-6, six ethyleneoxy units are observed. These macrocycles are well 

known as crown because of their specific property of binding with selected cations. In earlier 

1937 Luttringhaus [19]reported synthesis of a twenty member ring compound (Scheme I.1.). 

 
Scheme I.1. Synthesis of a twenty member ring compound Dibenzo18-C-6 
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Stewart [20] noticed that minute quantity of potassium got soluble in a cyclic compound                              

(Fig. I.3.). 

 
Fig. I.3. 12-Crown-4  

In mid 1960s Pedersen [21] started with catechol moiety and the motive of that work was to link 

two catechol molecules through their hydroxyl groups. This system could wrap up the metal 

cation and the other -OH groups will neutralize the cation. During preparation of one of the 

ligand, he found an impurity of white crystalline substance, which was insoluble in methanol as 

such.  

Later he came to know that a small addition of NaOH to the compound increased its solubility in 

methanol. He observed that this change in solubility was due to presence of cations. This 

anomalous behavior of the compound led to the discovery of dibenzo-18-crown-6 (Fig. I.4.).  
 

 

Fig. I.4. Pedersen’s target molecule and Dibenzo-18-crown-6 
 

This accidental discovery of crown ether created path breaking revolutions in the areas of 

supramolecular chemistry, phase transfer catalysis, anionic catalysts, ion transport mechanism 

in biological systems, host-guest chemistry and in most recent applications to the solar cell 

systems. The molecular modeling of dibenzo-18-crown-6 showed that the crown ether is 

enveloping the guest cation as if it is crown of that cation. This observation made Pedersen to 

introduce the term crown ether. The hetero atoms present in the ring provide ability to 

coordinate wide range of cations inside vacant space of the molecule4. The basic crown ethers 

are prepared by using modified Williamson ether synthesis procedure. Some of the recently 

reported crown ethers are depicted in below (Fig. I.5.)- 

 



Chapter I 

6 

 

           
 

 
 

Fig. I.5. Different Crown Ethers 
 

The compounds are named on the basis of the number of repeating ethylene oxy units present 

in certain compounds, for instance 18-crown-6 contains 6 repeating ethylene oxy units. Due to 

high versatility in selectivity binding wide variety of metal ions and neutral and ionic organic 

species [22]. crown ethers are playing key role in the area of host-guest chemistry and in building 

of variety of supramolecular assemblies [23] [24] [25]. 

 

I.2.1.3 Chemistry of Crown Ethers 

The chemical structure of crown ether consists hydrophilic cavity of ether oxygen atoms 

surrounded by hydrophobic ethylenic groups. The number before “crown” implies the total 

number of atoms in the cycle, and the number after “crown” gives the number of oxygen atoms 

in the cyclic structure. For example, 18-crown-6 is a cyclic crown ether having twelve carbon 

atoms and six oxygen atoms. The oxygen atom because of having high electronegativity, can act 

as a binding site for metal ions and ammonium ions through dipole–ion interactions. Thus, stable 

complex formation takes place, which in turn enhances solubility of metals in non-aqueous 

media.   

 Complex formation capacity of crown ether is dependent upon sizes of cavity and sizes of cation. 

For instance, 18-crown-6 coordinates well with potassium while sodium ion fits well in cavity of 

15-crown-5 [26] (Fig. I.6.). For small crown ethers the stability of coordination complexes 
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depends upon penetration of cation into the cavity. The extent of complexation also depends on 

charge density, nucleophilicity of counter ion and nature of solvent. The larger crown ethers 

exhibit high conformational mobility and can accommodate a wide variety of cations into its 

cavity, which leads to the possibility of formation of sandwich compounds. The cation might get 

sandwiched between two crown ether molecules [27]. Such distinct arrangement of these 

binding sites is preferable to ion recognition via cooperative interaction. Therefore, matching 

the sizes of the ion and crowns is prior to efficient binding behavior.  
 

 
Fig. I.6. Sandwich Arrangement of 15-crown-5 

 

Interaction of such crown ethers with cation deals with the proton transfer process. The proton 

transfer is a fundamental process in most of the basic chemical transformations such as acid base 

reaction [28]. 
 

I.2.1.4 Solutes used 

I have chosen α and β-Cyclodextrin  molecules and Crown ethers like 18-Crown-6, Dibenzo-18-

Crown-6, Dicyclohexano-18-Crown-6 as host molecules. Some bioactive guest molecules i.e. 

Azelaic acid, Dopamine hydrochloride, L-Glutamic Acid, L-Aspartic acid, N-Benzoylthiourea and 

industrially important Alizarin complexone (dye) have been used during the work. 

Water has been used as a solvent in most of the cases. In a few cases, Methanol (99.9%) has also 

been used due to solubility issue. 

The detailed descriptions of the compounds used have been given in CHAPTER III. 
 

I.3 Physicochemical Parameters & Methods Of Investigation 

The following physicochemical methods have been applied to study the inclusion phenomenon 

and diverse interactions occuring in the medium-  

x Densitometry 
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x Viscometric study 

x Surface tension study 

x Conductometric study 

x Refractometry 

x FTIR Spectroscopy 

x UV-Visible Spectroscopy 

x NMR Spectroscopic Study (1H NMR and 2D ROESY study) 

x Raman Spectroscopic study  

x HRMS Study 

x Scanning Electron Microscope (SEM) Study 
 

Thermodynamic properties, like partial molar volumes obtained from density measurements, 

are generally convenient parameters for interpreting solute-solvent/ion-solvent ad solute-

solute/ion-ion interactions in solution. The sign and magnitude of partial molar volume ( 0
VI ) 

also provides information about the nature and magnitude of ion-solvent interaction while the 

experimental slope ( *
vS ) provides information about ion-ion interactions. Viscosity B-coefficient 

obtained from the viscosity values indicates the extent of ion-solvent interaction in a solution.  
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CHAPTER-II 

GENERAL INTRODUCTION (REVIEW OF THE EARLIER WORKS) 
 

II.1. Host-Guest Chemistry-An Overview 

Host-guest chemistry involves the idea of complementary binding between two or more 

molecules. An Inclusion complex is a well-defined discrete system in which a host molecule 

having convergent binding sites (i.e. donor atoms, sites for formation of hydrogen bonds and 

sizable cavity) and a guest having divergent binding sites (i.e. hydrogen bond acceptor atoms) 

are bound together by the means of the non-covalent interactions [29]. These binding 

interactions can be specific and directional, such as hydrogen bonding, π-π stacking interactions 

and non-directional such as electrostatics, dispersion and inductive forces, and hydrophobic or 

solvatophobic effects [30] [31].  

Cyclodextrins belong to the family of cyclic oligosaccharides and are composed of α-(1,4) linked 

glucopyranose subunits.  They have a cage-like supramolecular structure, which is quite similar 

to the structures formed from cryptands, calixarenes, cyclophanes, spherands and crown ethers. 

These compounds carry out chemical reactions where non-covalent interactions play a vital role 

between interacting molecules, ions or radicals. These reactions are mostly ‘host-guest’ type. 

Cyclodextrins are considered as the most important among all other supramolecular hosts 

mentioned above because of their inclusion complex forming capability, negligible cytotoxic 

effects and greater bioavailability. As a consequence of molecular complexation phenomena, 

inclusion complexes of CDs are widely used as optical sensors, electrochemical sensors, 

supramolecular catalysts, and in the pharmaceutical industry as anti-cancer agents [3]. 

There are three types of Cyclodextrins: α-cyclodextrin, β-Cyclodextrin and γ-cyclodextrin, 

referred to as first generation or parent cyclodextrins. α-cyclodextrin, β-Cyclodextrin  and γ-

cyclodextrin are composed of six, seven and eight α -(1,4)-linked glycosyl units, respectively 

[32]. β -Cyclodextrin is the most accessible, the lowest-priced and generally the most useful. 

Cyclodextrin molecules possess truncated conical structure having secondary -OH groups 

extending from the wider rim and the primary –OH groups from the narrower rim. This gives 

rise to a hydrophilic outer surface, whereas the lipophilicity of the central cavity is comparable 

to an ethanolic solution. They have limited aqueous solubility because of having strong 

intermolecular hydrogen bonding in the crystal state [2]. Modification of the 2- or 3- hydroxyl 

group disrupts the hydrogen bonding occurring around the ring of the CD molecule. The 
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disruption enables more interactions of these hydroxyl groups with water molecules, which in 

turn results in altered solubility[33]. Cyclodextrins are insoluble in most of the organic solvents; 

they get soluble in some polar and aprotic solvents. Although in certain organic solvents, the 

solubility of cyclodextrins is higher than that of water, but complexation does not occur readily 

in non-aqueous solvents. The fact may be attributed to the increased affinity of the guest for the 

solvent compared to its affinity for water. 

II.1.1 Inclusion Complex formation 

Inclusion Complexation between the guest molecule and host molecules generally (such as 

cyclodextrins and crown ethers) proceeds through a non-covalent interaction between them.  In 

these complexes (Fig.II.1.), a guest molecule is held within the hollow cavity of the host 

molecule.  

The lipophilic cavity of cyclodextrin molecules provides a suitable. microenvironment into 

which properly fitted non-polar moieties easily enter to form inclusion complexes [34]. During 

the formation of the inclusion complex, no bond breaking or bond-making process takes place 

[35].  

The release of enthalpy-rich water molecules from the cavity plays the main driving force during 

complexation. Water molecules get displaced by more hydrophobic guest molecules present in 

the solution in order to attain an apolar–apolar association and minimize the strain caused 

within cyclodextrin ring and finally, it results in a more stable. lower energy state [36]. 

This complex formation procedure is often regarded as ‘encapsulation’ of the guest molecule, or 

at least the labile part of the molecule. Such encapsulation protects the drug molecule against 

environmental degradation and thus the rate of hydrolysis, oxidation, racemization and 

enzymatic decomposition get decreased [37]. In addition, cyclodextrins are capable of 

decreasing the photo degradation of various light-sensitive drugs. 

Such inclusion process is dynamic in nature whereby the guest molecule continuously associates 

and dissociates from the host CD. The Binding strength depends on the extent of proper fitting 

of the ‘host-guest’ complex together and the nature of specific local interactions between surface 

atoms [2]. Complexes are formed either in solution or in the crystalline state and in most of the 

cases, water is the solvent of choice. Inclusion complexation can be achieved in a co-solvent 

system and in the presence of any non-aqueous solvent. Inclusion in cyclodextrins results in 

certain changes in physicochemical properties of guest molecules as they are temporarily 

encapsulated or caged within the host cavity. It  gives rise to beneficial modifications of guest 
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molecules [38] such as solubility enhancement of completely insoluble guest molecules, 

stabilisation of labile guests against the environmental degradation, oxidation, hydrolysis, 

visible or UV light and heat, decrease in volatility and sublimation, physical isolation of 

incompatible compounds, chromatographic separations, taste modification by masking off 

flavours, unpleasant odours and controlled drug delivery and release [2]. Therefore, 

cyclodextrins are used in food [39], pharmaceuticals [40], cosmetics [41], environment 

protection [42], and the textile industry [43].  

 

Scheme. II.1. Schematic representation for host-guest complexation by cyclodextrin. 

II.1.2 The Stoichiometry 

The stoichiometry of the inclusion complex formed is given by the number of G and H molecules 

contained in the supramolecular complex, the general representation being GnHm; the most 

studied and well-known stoichiometry is 1:1 (GH), implying the inclusion of a single guest 

molecule, but other stoichiometries like G1H2, G2H1, G2H2, G1H3, G3H1, etc., are also found in 

literature survey [44] .As the formation of the G1H2 complex can be the result of two successive 

equilibriums, the simultaneous presence of 1:1 and 1:2 complexes is also frequently mentioned 

[45-51] [52] [53]. 

 
Fig.II.1. Schematic illustrations of stoichiometry of host-guest inclusion complex. 
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For 1:1 stoichiometric ratio, The association of the host CD and guest (G) molecules, and the 

dissociation of the formed CD/guest complex is governed by the following thermodynamic 

equilibrium, 

H + G ⇌ H.G              (1) 

One of the most reliable methods used for determining the stoichiometry of inclusion complexes 

is Job’s method. It is also known as the ‘Continuous Variation Method’ (Job, 1928). The samples 

used in this experiment are prepared by mixing different volumes of the two solutions in such a 

way that the total concentration [H]+[G] remains constant and the molar fraction of the guest, 

XG varies in the range 0–1. The variation of the experimentally measured property i.e. the change 

of the absorbance of the guest during the addition of the host, ΔA, in presence of the host in 

respect with the value for the free guest is plotted vs. XG or XH. The value of XG for which the 

plot presents the maximum deviation gives the If ΔA v/s XH graph is plotted, then stoichiometry 

of the inclusion complex can be determined (R = 0.5 for 1:1 or 2:2 G:H complexes; R = 0.33 for 

1:2 G: H complexes).  

 

Fig. II.2. Job’s plots for 1:1 and 1:2 stoichiometry. 

II.1.2.1 Determination of both the stoichiometry and the association constant 

The value of association constant determines the extent of host-guest interaction and from Job’s 

method of continuous variation, the stoichiometry of the inclusion complex can be determined.  

Several stoichiometries are assumed and the experimental data are fitted to the corresponding 

linear or nonlinear models. The most frequently used equations are the Benesi-Hildebrand 

linear or double reciprocal equations. 
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Benesi-Hildebrand equation for 1:1stoichiometry is stated below 

1
ΔA

= 1
Δε[G]Ka

. 1
[H]

+ 1
Δε[G]

                                                                  (2) 

Where ΔA stands for difference in absorbance, Δε stands for change in molar extinction 

coefficient, Ka is the association constant, [H] and [G] represents concentration of host and guest 

respectively. 

For Fluorescence studies, the equation becomes  

1
ΔF

= 1
Δε[G]Ka

. 1
[H]

+ 1
Δε[G]

                                                                    (3) 

Where, ΔF stands for difference in intensity. 

 

Ii.1.3 Types Of Interactions 

The thermodynamic properties of amino acids in aqueous solutions of drug molecule play a 

crucial role in the biological and industrial processes. The physicochemical properties can 

improve the understanding of the interactions taking place in the medium. The types of 

interactions are described below- 

II.1.3.1 Hydrophobic Interactions 

The term “hydrophobic interaction”, defines the tendency of nonpolar groups to get associated 

in aqueous solution, thereby decreasing the extent of contact with neighbouring water molecules 

present in the solution. The enthalpy of formation of a hydrophobic bond is destabilizing (ΔHo 

>0).  

The water molecules become more ordered around exposed nonpolar solutes, which leads to an 

increase in entropy of the system and such entropy effect favours the formation of the 

hydrophobic interaction. Hydrophobic interactions are considered to be one of the most 

important effects in the stabilization of the conformation of proteins in aqueous solution.  
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Fig. II.3. Hydrophobic-hydrophobic interaction: (A) no interaction between hydrophobic 

moieties (B) hydrophobic interaction takes place 

II.1.3.2 Van der Waals force 

The Van der Waals forces deal with the momentary attraction between molecules and atoms. 

Hydrophobic interactions occur mostly in aqueous solutions of both biological macromolecules 

and materials of low molecular weight. Since they originate from the atomic level, they are 

important in all aspects involving materials. They are not as strong as Coulomb or hydrogen 

bonding forces. The Van der Waals forces are held to be responsible for coagulation of colloids 

and coalescence of drops and bubbles. 

Dipolar nature of Vander Waals force is described below- 

(i). Dipole-dipole interaction 

This type of interaction is observed in polar molecules. Attractions between dipoles are stronger 

than forces involving induced dipoles. The relative strength of the dipole-dipole interaction force 

depends upon the dipole moments. If the dipoles are fixed, the interaction energy decreases as 

a function of the dipoles, which means that the greater the dipole moment of the molecule, 

greater is this force of interaction. The solubility of one polar liquid in another polar liquid arises 

because of dipole-dipole interaction between unlike molecules.  
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Fig. II.4. Dipole-dipole interaction 

(ii). Ion-dipole interaction 

These are the long-range interactions occurring between ions and partial charges in a polar 

molecule or dipole and are usually 50-200 kJ/mol in strength. Na+ binds to six water molecules 

or to six oxygen in crown ether, it is an example of such interaction. 

 

Fig. II.5. Ion-dipole interaction operates when (A) Na+ is surrounded by six molecules of water 

and (B) Na+ binds to the oxygen atoms of 18C6. 

(iii). Dipole-induced dipole interactions 

The electrical field of the dipole is able to induce a dipole moment in an adjacent molecule (polar 

or nonpolar). Then the induced dipoles electrostatically interact with the polarizing dipole. Since 

these forces need both a polar molecule (and ion) and a non-polar molecule, such occurrence 

only happens between induced dipoles and permanent dipoles. 
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Fig. II.6. Dipole-induced dipole interaction 

(iv). Instantaneous Dipole-induced dipole interactions 

The uncharged molecules which contain nonpolar bonds can interact electrostatically. Dipoles 

can appear transiently when electrons in a nonpolar bond get unevenly distributed due to the 

random motion of electrons. These transient dipoles are known as instantaneous dipoles. 

Instantaneous dipoles can be induced if a nonpolar bond comes into closer vicinity with a polar 

bond or charged atom (Fig. II.7.); such dipoles are called induced dipoles. The electrostatic 

attractions between instantaneous dipoles are known to be Instantaneous Dipole-induced 

dipole interactions. 

 

Fig. II.7. Instantaneous Dipole-induced dipole interactions. 

 

II.1.3.3 Hydrogen bonds 

Moore T S and Winmill T F [54] the first proposed the concept of hydrogen bond in molecular 

interaction studies. Hydrogen bonding is considered as a coulombic force of attraction between 
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H atom from a molecular fragment A–H in which A is more electronegative than H, and an atom 

or a group of atoms in the same or a different molecule [55] [37].  

A typical hydrogen bond is represented as A–H•••B–D, where the three dots denote the bond. 

A–H represents the hydrogen bond donor. B is the acceptor and B is bonded to D. In some specific 

cases A and B are the same and A-H and B-H bond distances are the same as well leading to 

symmetric hydrogen bonds. The H•••B bond strength increases with the increase in 

electronegativity of A.  

The length of the A–H bond usually increases on hydrogen bond formation which leads to a red 

shift in the infrared A–H stretching frequency and there occurs an increase in the infrared 

absorption cross-section for the A–H stretching vibration. The greater the lengthening of the A–

H bond in A–H•••B, the stronger is the H•••B bond.  The A–H•••B–D hydrogen bond leads to a 

characteristic shift in NMR signals because of the pronounced proton deshielding for H in A–H, 

through hydrogen bond spin-spin couplings between A and B. [56]. Hydrogen bonding is of two 

types- (a) Intra molecular hydrogen bond and (b)Inter hydrogen bonding interaction [57]. 

(a) Intra molecular hydrogen bonding 

Hydrogen bonding occuring within the same molecules is termed as ‘intramolecular hydrogen 

bonding’. It results in chelating or ring formation. 

 Examples: The Enol form of Ethyl acetoacetate gets stabilised through intramolecular hydrogen 

bonding. 

 

 

Fig. II.8. Intra molecular hydrogen bonding in Ethyl acetoacetate. 

(b) Intermolecular hydrogen bonding 

Hydrogen bonding occuring between two or more similar or different molecules is named as 

‘inter molecular hydrogen bonding’. The molecular association is direct evidence of such kind 

of hydrogen bonding. 

Keto form Enol form 
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Examples: Water, Alcohols, Amines and acids 

     

 

Fig. II.9. Inter molecular hydrogen bonding in (i) water and alcohols (ii) carbonyls and (iii) 

amines 

Inter molecular hydrogen bonds start to break down with the increase in dilution, where as intra 

molecular hydrogen bonds do not get affected [58] [59] [60, 61] [62]. The hydrogen bonding 

exchange interaction does not affect any change in electron density in other parts of molecules 

participating in hydrogen bond formation.  In proton acceptor, molecule charge redistribution 

arises due to the polarization interaction. The electron rearrangement influences charge 

distribution in another part of molecules [62]. 

II.4 METHODS OF DETECTING THE INCLUSION PROCESS 

Structural characterization is of particular significance for supramolecular host-guest 

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

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

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

to NMR in the study of inclusion complexes such as fluorescence, UV-visible spectroscopy studies 
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play a major role in measuring complexation energetics. FTIR, High-Resolution Mass 

Spectroscopy (HRMS) is used in characterizing solid inclusion complexes. 

II.4.1. FTIR Spectra of solid inclusion complexes 

Infrared (IR) radiation refers to extensively to the part of the electromagnetic spectrum between 

visible and microwave region. Infrared (IR) radiation having frequencies less than about 100 cm-

1 is absorbed and converted by a molecule into the energy of molecular rotation. Such absorption 

is quantized, but the vibrational spectra appear as bands rather than as lines as a single 

vibrational energy change is accompanied by a number of rotational energy changes. The 

vibrational rotational bands occur between 4000 cm-1 and 400 cm-1. The frequency or the 

wavelength of absorption is dependent upon the relative masses of the atoms involved, the force 

constants of the bonds and also the geometry of the atoms. The bond positions in IR spectra are 

represented as wavenumbers (ῡ), whose unit is cm-1. 

IR absorption positions are generally presented as either wave numbers (ῡ) or wavelengths (l). 

Wave number defines the number of waves per unit length i.e. wave numbers is directly 

proportional to frequency, as well as the energy of the IR absorption. The unit of the wave 

number is cm–1(reciprocal centimetre). Wavelengths are inversely proportional to frequencies 

and their associated energy. The stretching frequencies can be assigned by applying Hooke’s 

law- 

ῡ = 1
2πc

 √
f

MxMy
Mx+My

⁄
                                                                                 (4) 

ῡ= Vibrational frequency (cm-1) 

c= velocity of light (cm/s) 

f= force constant of the bond (dyne/cm). It is a measure of bond stiffness. 

Mx & My = Mass (g) of atom x and atom y respectively. For single bond, the approximate value of 

f is 5 × 105 dyne cm-1. For double and triple bond the values of ‘f’ will be two and three times 

respectively. In the IR spectrum, wavelength or wavenumber taken as the x-axis and absorption 

intensity or per cent transmittance as the y-axis.  
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II.4.2. NMR Spectroscopy 

Nuclear Magnetic Resonance spectroscopy (NMR) is considered to be one of the most useful 

techniques to study interactions of cyclodextrins and crown ethers with guest compounds. This 

technique provides information about the exact orientation of the guest molecule inside the 

cavity. The other e physicochemical parameters and stoichiometry of the inclusion complexes 

can also be evaluated with the help of NMR spectroscopy.  

By observing the difference in the chemical shifts of protons between the free guest and host 

species and the suggested complex, it can be easily concluded whether the inclusion complex has 

formed or not. The stability of the inclusion complex and the orientation of the drug molecule 

can be investigated NMR studies. Demarco and Thakkar, were the first to notice a change in 

chemical shift of CD protons (specifically H3 and H5) in the presence of guest molecules and from 

this observation they concluded that inclusion had taken place.  

Greatbanks & Pickford [63] also observed that when Δδ H3 > Δδ H5, there occurs partial 

inclusion of the guest inside the hollow cavity of host and when Δδ H3 < Δδ H5, a total inclusion 

takes place. 

II.4.2.1. 2D ROESY 

The implementation of two-dimensional NMR spectroscopy has widely influenced the potential 

power of NMR as a tool for the structure elucidation of larger molecules. 

It's main advantages are: 

• Splitting of signals into two orthogonal dimensions and 

• the orientation of the guest molecule inside the host cavity can be easily understood. 

Rotating Frame Nuclear Over Overhause Effect Spectroscopy is very effective for determining 

which signals arise from protons in close vicinity to each other in space, even in their non-

bonded condition. Nuclear Overhauser Effect (NOE) has well-accepted application in structure 

determination. With high field NMR spectrometer, the detection of NOE by NOESY sometimes 

becomes quite difficult for molecules having molecule weight in the order of 1000 to 2000, as 

the NOE effect changes its sign depending on the time required for molecular correlation. When 

molecules show motional correlation time near the condition Z0Wc= 1, where Z0 denotes Larmor 

frequency and Wc stands for correlation time, no NOE will be observed. When Z0Wc > 1 (in the case 

of macromolecule) the NOE reaches -1 and specificity is lost due to spin diffusion. The ROESY 
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experiment with spin lock in the rotating frame is specifically suitable. for overcoming these 

difficulties since ROESY enhancement is always positive and increases uniformly with Z0Wc. NOE 

peaks appear in a positive phase and diagonal peaks have a negative phase in the ROESY 

spectrum. A ROESY spectrum proceeds through space correlations via spin-spin relaxation. 

ROESY is capable of detecting chemical and conformational exchange. 

 II.4.3. OPTICAL SPECTROSCOPY 

II.4.3.1 UV-Visible spectroscopy 

Absorption of visible and ultraviolet (UV) radiation is directly related to the excitation of 

electrons, in both atomic and molecular level. Since the energy levels of matter are quantized, 

only light having a precise amount of energy, which can cause transitions from lower energy 

levels to the higher ones will be absorbed. The larger the gap between the energy levels, the 

greater the energy needed to promote the electron from lower energy level to the higher one; 

This promotion of electron results in light having a higher frequency, and hence as a result of 

this, the wavelength is shorter and gets absorbed. The possible electronic transitions that light 

might cause are – 

 

 
 

Fig. II.10. Different types of Electronic Transitions in UV-Visible region. 

II.4.3.2. Different types of Electronic Transitions 

Transitions between electronic states are divided into the following categories: 

π         𝝅∗transitions: For molecules consisting  ofπ bonds (such as alkenes, alkynes, aromatics, 

acryl compounds, nitriles) light promote electrons from a π bonding molecular orbital to a π 
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anti-bonding molecular orbital. This is called a π           𝜋∗transition (high extinction coefficient). 

Groups of atoms involved in π bonding are usually called ‘chromophores’.  

n       π* transitions: Lone pair electrons on oxygen and nitrogen atoms get promoted from 

their non-bonding molecular orbital to a π anti-bonding molecular orbital. Such transition is 

known as 

n       π* transition. It requires less energy than π         𝝅∗transitions and the transition 

probability is also low. 

n          б* transition: Saturated compounds which  contain lone-pairs (such as water, ammonia, 

hydrogen disulfide only have n           б* and б             б*  transition in the UV-visible range. 

б        б* transition: Bonding electrons undergo such type of transition. The promotion of 

electrons from б to б* requires a large amount of energy, 2-3 times more than other 

transitions. Conventional UV spectroscopy can not detect such transitions. 

After absorbing light of specific wavelength all molecules undergo electronic transition, but for 

most of the cases, very high energy radiation (in the vacuum ultraviolet, <200 nm) is needed. 

Therefore, the absorption of light in the UV-visible region will only result in the following 

transitions: 

 
 

Fig. II.11.  Electronic Transitions in UV-Visible region 

II.4.3.3. Beer-Lambert Law 

According to the Beer-Lambert Law, the absorbance is directly proportional to the 

concentration of the solute in a solution . 
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The Beer-Lambert Law can be expressed in the form of the following equation: 

A= ε cl                                                                              (5) 

A = absorbance 

l = optical path length (cm) 

c = concentration of solution (mol dm-3) 

ε = molar extinction coefficient, which is constant for a particular substance at a particular 

wavelength (dm3 mol-1 cm-1) 

If the Beer-Lambert Law is obeyed, then the absorbance versus concentration curve should 

be linear. This graph is known as a calibration graph. 

II.4.4. Fluorescence Spectroscopy 

Fluorescence is a spectrochemical method of analysis, in which the molecules of the analyte get 

excited by irradiation of specific wavelength and emit radiation of a different wavelength. The 

emission spectrum gives information for both qualitative and quantitative analysis.  

II.4.4.1. Phenomena of fluorescence 

Luminescence is considered as the emission of light from any substance and happens from 

electronically excited states. According to the convention, luminescence can be splitted into two 

categories depending on the nature of the excited state (i) fluorescence and (ii) 

phosphorescence, 

In excited singlet states, the electron in the excited orbital gets paired to the second electron of 

opposite spin (by opposite spin) in the ground-state orbital. As a result of this, return to the 

ground state is a spin-allowed transition and takes place rapidly by the emission of a photon. 

The emission rates of fluorescence are 108 s-1, so that a typical fluorescence lifetime is near 10 

ns (10 x 10–9 s). The lifetime (τ) of a fluorophore is the average time between its excitation and 

emission. Fluorescence often occurs from aromatic molecules. A significant characteristic of 

fluorescence is high sensitivity detection.  

II.4.4.2. Steady-state Fluorescence: 

Fluorescence measurements can be mainly divided into two types: steady-state and time-

resolved. Steady-state is performed with constant illumination and the sample is illuminated 

with a continuous beam of light, and the intensity (or emission spectrum) is recorded. Because 
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of the ns timescale of fluorescence, most measurements are steady-state measurements. When 

the sample is first exposed to light, a steady state is reached almost instantaneously. 

Fluorescence spectral data are conventionally presented as emission spectra. A fluorescence 

emission spectrum is actually a plot of the fluorescence intensity versus wavelength 

(nanometers) or wavenumber (cm–1). Emission spectra depend on the chemical structure of the 

fluorophore and the solvent in which it is dissolved. The intensity and shape of the spectra 

depends upon the following factors- 

(i) Excitation wavelength 

(ii) The concentration of the solvent used 

(iii) The path length of the cuvette 

(iv) Self-absorption of the sample 

The directly recorded emission spectra represent the rate of photon emission over specific 

wavelength interval regulated by the slit widths and dispersion of the emission monochromator. 

Similarly, the excitation spectrum represents the relative emission of the fluorophore at each 

excitation wavelength.  

II.4.5. Conductance Study 

The conductivity study not only confirms the formation of a host-guest inclusion complex but 

also gives the stoichiometry of the assembly [64]. With the successive addition of cyclodextrin 

in the solution of the guest molecule, the conductivity of the guest molecules decreases on a 

regular basis. This type of observation is in good agreement with the formation of inclusion 

complexes. The insertion of the guest molecule inside the cavity of the CD molecule decreases 

the number of the free guest molecule, resulting in the reduction in conductivity of the solution. 

The curves having a noticeable break suggest the formation of host-guest inclusion with a 

stoichiometry of 1: 1.  

II.4.6. HRMS STUDY 

The molecular mass obtained from mass spectrograph should be almost equal to the calculated 

average mass (average atomic weight of each element present in the molecule or the 

monoisotopic mass calculated). The mass measured by mass spectrometry depends entirely on 

the resolution of the analyzer. But, if the instrument fails to resolve the isotopes, the different 



Chapter II 

25 

peaks in the isotopic cluster merge to form a single peak that spreads over several masses. Thus, 

the mass measured by the instrument corresponds to the average mass.  

The first step in the mass spectrometry involves the production of ions of the compound in the 

gaseous phase by electron ionization: 

M + e− −→ M•+ + 2e− 

This molecular ion undergoes fragmentations as it is a radical cation having an odd number of 

electrons, which can fragment to give either a radical or an ion having an even number of 

electrons, or it can give rise to a molecule and a new radical cation. All these ions are separated 

in the mass spectrometer depending upon their mass-to-charge ratio. The plots are obtained in 

the form of their proportion to their abundance. Thus a mass spectrum of any specific molecule 

is detected. The result is obtained as a plot of ion abundance versus mass-to-charge ratio[65] 

[66] [67]. The x-axis of the mass spectrum represents the mass-to-charge ratio (m/z value), 

where m denotes the relative mass and z is the charge number m/z denotes a dimensionless 

quantity. 

 On the other hand, if the resolution is high enough to distinguish the different peaks in the 

isotopic clusters, the mass obtained directs to the calculated monoisotopic mass. Furthermore, 

high-resolution mass spectrometry (HRMS) gives rise to very narrow peaks with greater 

accuracy. High resolving power allows an increase in the selectivity of detection in both cases of 

compounds found in literature and unknown target compounds. 

II.4.7. Raman Spectroscopy: 

Raman spectroscopy is a scattering method, which is based on Raman Effect, i.e., frequency of 

scattered radiation is different from the frequency of incident radiation (monochromatic). The 

basis of Raman Spectroscopy is the inelastic scattering of incident radiation via its interaction 

with the vibrating molecules present around it. It probes the molecular vibrations [68, 69]. 

In Raman spectroscopy, the sample is illuminated with a monochromatic laser beam. This beam 

interacts with the molecules of sample and scattered light is originated. The scattered light is 

used to construct a Raman spectrum. Raman spectra arise because of the inelastic collision 

between incident monochromatic beam and molecules of the sample. When a monochromatic 

beam strikes at the sample, it gets scattered in all possible directions after its interaction with 

sample molecules. If this scattered radiation has a frequency equal to the frequency of incident 

radiation then it is known as Rayleigh scattering. Only a small fraction of scattered radiation 
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has a different frequency from the frequency of the incident radiation. It gives rise to Raman 

scattering. If the frequency of incident radiation is higher than the frequency of scattered 

radiation, Stokes lines appear in the Raman spectrum. And if the frequency of incident radiation 

is lower than that of the scattered radiation, anti-Stokes lines are observed in the Raman 

spectrum. 

A Raman spectrum is represented as an intensity-versus wavelength shift. Raman spectra are 

recorded over a range of 4000–10 cm-1 [70]. However, Raman active normal vibrational modes 

of organic molecules occur in the range of 4000– 400 cm-1 [69]. For hydrogen bonding studies 

the vibrational spectroscopy such as Raman spectroscopy is one of the most reliable methods. 

Hydrogen bonding shifts show the frequency half band width in the Raman spectra and the 

molecular band intensity along with vibration are also observed. Raman spectroscopy is 

believed to be a reliable and non-destructive technique for both the qualitative and quantitative 

analysis of a variety of drugs in their solid and solution phase. 

II.4.7. Scanning Electron Microscope (SEM) Study  

The Scanning Electron Microscope is used to study the surface morphology of specimens. 

Secondary electrons get emitted from the surface on irradiating the specimen with a fine 

electron beam (electron probe). Two-dimensional scanning of the electron probes over the 

surface gives an idea about the topography of the surface.  
 

II.5. TECHNIQUES USED TO INVESTIGATE THE DIVERSE PHYSICOCHEMICAL PARAMETERS 

IN AQUEOUS SOLUTION  

The study of molecular interactions plays a significant role understand the phenomenon related 

to molecular aggregates. Molecular interactions provide detailed interpretation about the 

fundamental problems concerned with the mechanism of biochemical catalysis and pave the 

paths of chemical reactions. Molecular interactions are of utmost importance in elucidating the 

morphology and properties of compounds as well as energy transfer in phase transitions and 

enzymes etc. So the study of molecular interactions has a wide range of application in the field 

of engineering, chemistry, biology, physics, and the interfaces of these subjects. 

From the fundamental thermodynamic properties such as density, viscosity and conductivity 

study, we can derive a number of parameters like partial molar volume, A and B coefficient, 

viscosity deviation, association constant etc. These derived thermodynamic parameters are 

proved to be informative to understand the extent of molecular interactions, hydrogen bonding 
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phenomenon, which based on polarity and size of molecules in a solution phase in specific 

composition and over a fixed temperature range. Compositional dependence of thermodynamic 

properties helps to determine the nature and magnitude of molecular aggregation resulting from 

interactions. The investigations on Physico-chemical properties of solute and solvent mixture 

provide applicative information of physical nature and strength of molecular interaction. 

II.5.1. Density 

The apparent molar volume is defined as the sum of the geometric volume of the solute molecule 

and changes in volume in the presence of a solvent [71]. The apparent molar volumes of the 

solutes can be calculated by using the following relation [72]. 

                                                 (6) 

or 

                                                      (7) 

Where M denotes the molar mass of the solute, c is the molarity; m is the molality of the solution; 

ρ0 and ρ are the densities of the solvent and the solution respectively. Limiting apparent molar 

volume or partial molar volume  ( 0
VI )the experimental slopes ( *

VS )is obtained by employing the 

least square fitting method to the equation stated below (Masson equation) [73]. 

According to Masson  

       (8) 

         

Where,  *
VS  is the experimental slope. It indicates the nature of the solute-solute interaction. 0

VI  

refers to the extent of solute-solvent interactions The temperature dependence of   in various 

solvents can be expressed by the general equation as follows: 

                                                        (9) 

Where, a0, a1, a2   are the empirical coefficients of a specific electrolyte and T is the temperature 

in Kelvin.  
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The limiting apparent molar expansibilities ( 0
EI  ) can be calculated by the following equation: 

                                                             (10) 

The limiting apparent molar expansibilities ( 0
EI ) change in magnitude with the change of 

temperature. It determines the structure-making or breaking tendency of any solute. Helper [74] 

developed a technique to investigate the sign of 0
EI  in terms of long-range structure-making and 

breaking capacity of the solutes in the mixed solvent systems. The general thermodynamic 

expression is given below: 

    (11) 

If the sign of  � �PE Tδδ 0I is positive or small negative the electrolyte acts as structure maker 

and if the sign becomes negative, it is a structure breaker.  

 

II.5.2. Viscosity 

Jones and Dole [75] suggested an empirical equation quantitatively correlating the relative 

viscosities of the electrolytes with molar concentrations (c): 

                                                            (12) 

The above equation can be rearranged as: 

                                                             (13) 

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

applicable equally to aqueous and non-aqueous solvent systems where there is no ionic 

association and has been used extensively. The term A√c, originally ascribed to Grüneisen effect, 

arose from the long-range coulombic forces between the ions. At higher concentrations the 

extended Jones-Dole equation, involving an additional coefficient D, originally used by Kaminsky 

[76], has been used by several workers [77] and is given below: 

                                                          (14) 
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The coefficient D cannot be evaluated properly and the significance of the constant is also not 

always meaningful. 

The plots of against √c for the electrolytes should give the value of A-coefficient. There are 

certain cases, where the values come out to be negative or considerably scatter and also a 

deviation from linearity occur. A-coefficient should be zero for non-electrolytes. According to 

Jones and Dole, the A-coefficient probably represents the stiffening effect on the solution of the 

electric forces between the ions, which tend to maintain a space-lattice structure [75] [78]. The 

sign of the B-coefficient may be either positive or negative which depends on the ions and the 

solvent. The B–coefficients are obtained as slopes of the straight lines using the least square 

method and intercepts are equal to the A-coefficient. 

II.6.5 Conductance 

One of the most precise and direct techniques available to determine the extent of the 

dissociation  constants of electrolytes in aqueous, mixed and non-aqueous solvents is the 

“conductimetric method.” Conductance data in conjunction with viscosity measurements gives 

much information regarding ion-ion and ion-solvent interaction. 
 

II.6.5.1. Dissolved Ions Conduct Electricity 

The studies of conductance measurements were pursued vigorously during the last five decades, 

both theoretically and experimentally and a number of important theoretical equations have 

been derived. We shall dwell briefly on some of these aspects in relation to the studies in 

aqueous, non-aqueous, pure and mixed solvents. The successful application of the Debye-Hückel 

theory of interionic attraction was made by Onsager [79], to derive the Kohlrausch’s equation 

representing the molar conductance of an electrolyte. For solutions of a single symmetrical 

electrolyte, the equation is given by: 

                                                                            (15) 

Where,  

                                                                              (16) 

                                               (17) 
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                                                                (18) 

Pitts (1953) and Fuoss and Onsager (1957) individually worked out the solution of the problem 

of electrolytic conductance accounting for both long-range and short-range interactions. The 

conductance values at infinite dilution are different for two different theory (Fuoss-Onsager 

theory and Pitt’s theory) and the derivation of the Fuoss-Onsager equation was questioned [80] 

[81]. Fuoss and Hsia [82]further modified the original Fuoss-Onsager equation. 

The results of conductance theories can be expressed in a general form: 

                                        (19) 

Where is a complicated function of the variable. The simplified form: 

                                               (20) 

                                         (21) 

Where,   

                                                                (22) 
 

II.6.5.2. Ionic Association 

The plot of  against (limiting Onsager equation) explains the rate of dissociation or 

association of electrolytes. The electrolyte is considered to be completely dissociated when 

positive deviation happens ( ) but if negative deviation ( ) takes place, the 

electrolyte is supposed to be associated. Conductance measurements help us to determine the 

values of the ion-pair association constant, KA for the process: 

                                                            (23) 

                                                               (24) 

                                                            (25) 

( )G ND

/ c

o exp o theo/ /² o exp o theo/ /¢
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Where denotes the mean activity coefficient of the free ions at concentration. 

For strongly associated electrolytes, the constant KA and  are determined using Fuoss-Kraus 

equation [83]or Shedlovsky’s equation [84] 

                                                       (26) 

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

                                                   (27) 

                                          (28) 

A plot of   against is a straight line, where  is the intercept and  

is the slope. 

The Fuoss-Hsia [82] conductance equation for associated electrolytes is given by: 

                        (29) 

The conductance of symmetrical electrolytes in dilute solutions are stated below 

                                 (30) 

 
                                                           (31) 

                                                       (32) 

The conductance parameters are obtained from the least square treatment after setting 

(Bjerrum’s critical distance)                                         (33) 

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

value of KA to be obtained. Since the equation (30) is a series expansion truncated at the  

term, it would be preferable that the resulting errors be absorbed as must as possible by J2 

rather than by KA, whose theoretical interest is greater as it contains the information concerning 
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short-range cation-anion interaction. From the experimental values of the association constant 

KA, one can use two methods in order to determine the distance of closest approach, ‘a’, of two 

free ions to form an ion-pair. The following equation has been proposed by Fuoss [85] 

                                                    (34) 

In some cases, the magnitude of KA was too small to permit a calculation of a. The distance 

parameter was finally determined from the more general equation due to Bjerrum [86]. 

                                             (35) 

II.6.5.3. Extension of Fuoss Conductance Equation 

Fuoss introduced a slight modification to his model to minimise a boundary condition error [87, 

88] He proposed that the ion pairs (ion approaching with their Gurney co-sphere) are divided 

into two categories- contact pairs (having no contribution to conductance) and the solvent 

separated ion pairs (which can only contribute to the net transfer of charge). In 1978 Lee-

Wheaton [89] introduced a new conductance equation, which effectively diminished such 

boundary errors based on the Gurney co-sphere model. The conductance data were evaluated 

with the help of the Lee-Wheaton conductance equation [90] 

                                             (36) 

The mass action law association [91]is 

                                                           (37) 

and the equation for the mean ionic activity coefficient: 

                                                          (38) 
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                                                   (39) 

Where n is the number of experimental points and m is the number of fitting parameters. The 

conductance data were analyzed by fixing the distance of closest approach R with two parameter 

fit (m=2). For the electrolytes with no significant minima observed in the versus R curves, the R 

values were arbitrarily preset at the centre to centre distance of solvent-separated pair: 

R = a + d                                                                  (40) 

Where, i.e., the sum of the crystallographic radii of the cation and anion and d is the average 

distance corresponding to the side of a cell occupied by a solvent molecule. The definitions of d 

and related terms are described in the literature [92]. R was generally varied by a step 0.1 Å.  

II.6.5.4. Limiting Ionic Conductance 

The limiting ionic conductance of an electrolyte can be easily determined from the theoretical 

equations and experimental observations. At infinite dilutions, the motion of an ion is limited 

solely by the interactions with the surroundings solvent molecules as the ions are infinitely 

apart. Under these conditions, the validity of Kohlrausch’s law of independent migration of ions 

is undeniable. Thus: 

                                                                 (41) 

At present, limiting ionic conductance is the only function which can be divided into ionic 

components using experimentally determined transport number of ions, i.e. 

                                                     (42) 

II.6.5.5. Stokes’ Law and Walden’s Rule 

According to Stokes’ law, for a spherical ion of the radius  with movements in a solvent of 

dielectric field, the limiting conductance can be represented as 

                                                               (43) 

                                                            (44) 

 This is known as the Walden rule [93] 
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II.6.5.6. Thermodynamics of Ion-Pair Formation 

The standard Gibbs energy changes ( ) for the ion- association process can be calculated 

from the equation 

                                                                  (45) 

The standard enthalpy change  and standard entropy change  can be evaluated from 

the following set of equations 

                                                           (46) 

                                                              (47) 

The values are fitted with the help of the following Polynomial equation  

                                         (48) 

c0, c1 and c2 are the empirical coefficients. The standard values of the coefficients at 298.15 K can 

be calculated using the equations stated below 

                                                              (49) 

                                                             (50) 

                                                  (51) 

The standard entropy of ion-association of electrolytes is dependent upon the following factors   

x the size and shape of the ions,  

x charge density on the ions,  

x electrostatic interaction of the solvent molecules around the ions 

can also be calculated from the following equation 

                                                               (52) 
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2q/r denotes Columbic part of the interionic mean force potential and  is its non-columbic 

part [92]. 

II.6.6 Refractive Index 

Molar refractivity was obtained from the Lorentz-Lorenz relation [94] [95] by using the 

following equation 

                                                 (54) 

Where MR , Dn  , M and ρ indicate the molar refraction, the refractive index, the molar mass and 

the density of solution respectively. 
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CHAPTER III 

EXPERIMENTAL SECTION 
 

STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, PURIFICATION AND APPLICATIONS 

OF THE CHEMICALS USED IN THE RESEARCH WORK 

 

III.1.1. SOLVENTS 

The detailed information of the aqueous and non-aqueous solvents used in the research work 

are given below:  

III.1.1.1. Water (H2O):                 
Source: Distilled water, distilled by fractional distillation method in Lab. 

Purification: Water was first deionised and then distilled using alkaline KMnO4 solution to 

remove any organic components present there.  

 

 

 

 

 

 

 

 

Application:  

Water is the universal solvent. A greater number of substances dissolve in it than in any other 

liquid. Chemical operations are frequently carried on in solution, that is to say, the substances 

which are to act chemically upon each other are first dissolved in water. The object of this is to 

get the substances into as close contact as possible. If we rub two solids together, the particles 

remain slightly separated, no matter how finely the mixture may be powdered. If, however, the 

substances are dissolved and the solutions poured together, the particles of the liquid move so 

freely among each other that the come in dired contact, thus aiding chemical action. In some 

cases substances which do not act on each other at all when brought together in dry condition, 

act readily when brought together in solution . 

  

 

Water 

Physical state Liquid 

Molecular Formula H20 

Molecular Weight 18.02 g∙mol-1 

Density 0.99713  g∙cm3 

Viscosity 0.891  mP∙s 
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III.1.1.2. Ethanol (C2H5OH):                 

Source: Purchased from Sigma Aldrich 

Purification: Used as purchased.  

 

Ethanol 

Physical state Liquid 

Molecular Formula C2H5OH 

Molecular Weight 46.07 g∙mol-1 

Density 0.8029 g∙cm3 

Viscosity 1.040  mP∙s 

CAS No 64-17-5 
 

Application:  

Ethanol is used as a solvent, and as an antifreeze in pipelines. In some waste water treatment plants, 

a small amount of ethanol is added to waste water to provide a food source of carbon for the 

denitrifying bacteria, which converts nitrates to nitrogen to reduce the denitrification of sensitive 

aquifers. Ethanol is used on a limited basis to fuel internal combustion engines.  
 

III.1.1.3. Methanol (CH3OH) 

Source: Purchased from Sigma Aldrich 

Purification: Used as purchased.  

Methanol 

Physical state Liquid 

Molecular Formula CH3OH 

Molecular Weight 32.04 g∙mol-1 

Density 0.792 g/cm3 

Viscosity 0.545 mPa·s 

CAS No 67-56-1 

 

Applications 

Methanol is a traditional denaturant for ethanol and it is quite well known as "denatured alcohol" 

or "methylated spirit". Methanol is used by municipal and private treatment facilities to clean 

savage water, by eliminating harmful nitrates. It is used to produce dimethyl ether (DME), a 

http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Antifreeze_(coolant)
http://en.wikipedia.org/wiki/Pipeline_transport
http://en.wikipedia.org/wiki/Wastewater_treatment_plant
http://en.wikipedia.org/wiki/Wastewater
http://en.wikipedia.org/wiki/Denitrifying_bacteria
http://en.wikipedia.org/wiki/Nitrate
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Internal_combustion_engine
https://www.sigmaaldrich.com/catalog/search?term=67-56-1&interface=CAS%20No.&lang=en&region=US&focus=product
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clean-burning fuel, which is blended with liquefied petroleum gas (LPG) to act as an alternative 

home heating fuel. It can also be used directly as a diesel fuel replacement. 

III.1.1.4. Acetonitrile (CH3CN) 

Source: Purchased from Sigma Aldrich 

Purification: Used as purchased.  

Acetonitrile 

Physical state Liquid 

Molecular Formula CH3CN 

Molecular Weight 41.05 g∙mol-1 

Density 0.786 g/cm3 

CAS No 75-05-8 

Applications 

Acetonitrile is mainly used in purification of butadiene in refineries. It is also used in battery 

industries because of having relatively high dielectric constant. Its ability to dissolve other 

electrolytes, low viscosity, low chemical reactivity makes it a good choice for both cyclic 

voltametry and high-performance liquid chromatography (HPLC). 

Iii.1.2 Electrolytes And Non-Electrolytes 

The electrolytes ionic liquids, and non-electrolytes amino acids, respectively, and other 

chemicals than these two categories that are used in the research work have been describing 

follow: 

III.1.2.1. Ionic Liquids 

1-butyl-1-methylpyrrolidinium chloride ([bmp]Cl)                                 

Source: Purchased from Sigma Aldrich  

Purification: Used as purchased.                                                   .  

 
Structure 

 
 

 
1-butyl-1-methylpyrrolidinium chloride 

([bmp]Cl)                                 
 

Physical state Liquid 
Molecular Formula C9H20ClN 
Molecular Weight 177.71 g∙mol-1 

https://www.sigmaaldrich.com/catalog/search?term=67-56-1&interface=CAS%20No.&lang=en&region=US&focus=product
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CAS No 479500-35-1 

 

Application 

Ionic liquids have wide range applications such as the recovery of [96]as potential lubricants, in 

solar cells [97], for heat storage [98], in nuclear fuel processing, as sol-gel templates [98], and in 

the dissolution of cellulose [99]. Ionic liquids are also being used in tissue preservation. 
 

III.1.2.2 Drug molecules 

 

1. Dopamine Hydrochloride          

Source: Purchased from Sigma Aldrich                                                   .  

Purification: Used as purchased 
 

 

Structure 

 

 

 

Dopamine Hydrochloride 

 

 

 

Physical state Solid 

Molecular Formula (HO)2C6H3CH2CH2NH2·HCl 

Molecular Weight 189.64 g∙mol-1 

CAS No 62-31-7 

 

Application 

Dopamine is considered as a significant  neurotransmitter (NT) in the mammalian central 

nervous system from the catecholamine family [100]. This is also believed to have influences on 

the pathogenesis of some neurodegenerative disorders such as Alzheimer and Parkinson 

diseases [101] [102]. 

https://www.sigmaaldrich.com/catalog/search?term=62-31-7&interface=CAS%20No.&lang=en&region=US&focus=product
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2. Azelaic Acid    

Source: Purchased from Sigma Aldrich       

Purification: Used as purchased    

Structure Azelaic Acid         

 

 

Physical state Solid 

Molecular Formula HO2C(CH2)7CO2H 

Molecular Weight 188.22 g∙mol-1 

CAS No 123-99-9 

 

Application 

Azelaic acid has anti-inflammatory, antibacterial, and keratolytic effects. Azelaic acid is widely 

used to treat a number of dermatoses and is universally accepted as an acne treatment [103, 

104]. The compound has broad-spectrum bactericidal activity in vitro [105], which can be 

greatly enhanced by reducing the pH of the medium. 

3. N-Benzoylthiourea 

Source: Purchased from TCI, India                                                   .  

Purification: Used as purchased    

Structure N-Benzoylthiourea 
 

 

Physical state Solid 
Molecular Formula C8H8N2OS 
Molecular Weight 180.23g∙mol-1 

CAS No 614-23-3 

 

Application 

NBTU can be used to control of animal pathogenic bacteria but also they have been shown to 

possess antitubercular, antifungal, antithyroid, insecticidal, anthelmintic and rodenticidal 

properties [106]. 
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4. Sulphanilamide 

Source: Purchased from Sigma Aldrich                                                   .  

Purification: Used as purchased    

Structure Sulphanilamide 

 

 

Physical state Solid 

Molecular Formula H2NC6H4SO2NH2 

Molecular Weight 172.20 g∙mol-1 

CAS No 63-74-1 

 

 

Application 

This compound has both antibacterial and antimicrobial properties and is  used in the treatment 

of topical and internal infections. It can be found in medications for vaginal and urinary tract 

infections, pneumonia and bowel related issues. It inhibits the growth of yeast (fungus) and 

thereby decreases chances of infections [107] [108]. 

III.1.2.3 Dye molecule 

1. Alizarin-3-methyliminodiacetic acid 

Source: Purchased from Sigma Aldrich                                                   .  

Purification: Used as purchased    
 

Structure Alizarin-3-methyliminodiacetic acid 

 

 

Physical state Solid 

Molecular Formula HO2C(CH2)7CO2H 

Molecular Weight 188.22 g∙mol-1 

CAS No 123-99-9 
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Application 

It is extensively used in textile industries, printing and paper industries. Alizarin complexone 

(AC)  is a very well known reagent for the spectrophotometric determination of metals and it 

can form deeply coloured metal complexes [109]. 
 

III.1.2.3. Host Molecules 

1. α-Cyclodextrin  

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99.98%) 

Structure α-Cyclodextrin 

 

 

Physical state Solid 

Molecular Formula C36H60O30 

Molecular Weight  972.84 g∙mol-1 

CAS No 10016-20-3 

 

 

Application: 

 α-Cyclodextrin has widespread application in the area of medicine, food and cosmetics. During 

medicine manufacture, it can modify the persistence of medicine without being oxidized. In food 

industry, a-cyclodextrin is being used as a carrier and stabilizer for bulky guests for proper 

encapsulation. For example, cinnamic acid (CA)is  a naturally occurring organic acid and is often 

found in fruits and spices having antimicrobial activity against pathogenic bacteria. This acid is 

sparingly soluble in water that limits its use. α-Cyclodextrin-Cinnamic acid inclusion complex is 

capable of reducing E. coli populations significantly due to its enhanced solubility in water [110]. 

It has been discovered that α-Cyclodextrin is very effective to solubilize free fatty acids . It can 

also be used as browning inhibitors in various fruit juices [111].Because of having smallest 
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internal cavity among all cyclodextrins, the application of α-cyclodextrin-assisted molecular 

encapsulation in food industry and medicine is significantly limited.  

The α-Cyclodextrin -fat complex was found to be resistant to normal lipolytic hydrolysis by 

lipases. Hence, α -cyclodextrin decreases the rate of absorption and bioavailability of dietary fat, 

which makes it usage as a weight loss supplement [112].  

 

2. β-Cyclodextrin  (β-CD):  

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99.98%). 

Structure β-Cyclodextrin 

 

 

Physical state Solid 

Molecular Formula C42H70O35 

Molecular Weight 1134.98 g∙mol-1 

CAS No 7585-39-9 

 

 

Application:  

There is a no of research articles which describe the influence of β-CDs on dyeing. It has been 

described in literature that β-CDs can absorb dyes[113]and hence it can be used to eliminate 

loss of dye in waste water. It is also capable of improving dye uniformity and preventing the 

running of dyes during washing. β-CDs can form inclusion complex with aroma molecules by 

reducing their vapour pressure and it reflects in delay the breakdown of the molecules because 

of photo degradation. From literature survey we can find that, on using certain grafting agents 

with cyclodextrins (variables are the extent of grafting, nature of native and modified 

cyclodextrins and shapes and sizes of the substrate and guest molecule) makes the fabrics to 

retain fragrances for longer time [114]. β-CD cavities can trap bad odours and these cavities can 
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be emptied during the washing process. Wang et al. [115]incorporated an antimicrobial agent 

miconazole nitrate into β-CD and applied it to fabric, which resulted in modification of 

antimicrobial properties. 
 

3. 18-crown-6 (18C6):  

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99.0%). 
 

Structure 18-crown-6 

 

Physical state Solid 

Molecular Formula C12H24O6 

Molecular Weight 264.32 g∙mol-1 

CAS No 17455-13-9 

 
 

4. Dicyclohexano 18-crown-6 (DC18C6):  
 

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99.0%). 
 

Structure Dicyclohexano 18-crown-6 

 

 

Physical state Solid 

Molecular Formula C20H36O6 

Molecular Weight 372.50 g∙mol-1 

CAS No 16069-36-6 

5. Dibenzo 18-crown-6 (DB18C6):  
 

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99.0%). 

Structure Dibenzo 18-crown-6 

 

 

Physical state Solid 

Molecular Formula C20H24O6 

Molecular Weight 360.40 g∙mol-1 

CAS No 14187-32-7 
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Applications 

In the field of inclusion compounds, crown ethers  (where the crown acts as ‘host’) is a key factor 

to track the movement of essential elements in the body such as enzyme’s functions, which can 

be applied to develop new compounds for pharmaceutical usage. Crown ethers are well accepted 

as drug carriers. They also have medical applications as diagnostic or therapeutic agents [116]. 

 

III.1.2.4. Compounds used in Solution Chemistry 

1. D(-) Fructose 

Source:  Thomas Baker, India. 

Purification: Used as purchased (w≥99%). 

 

Structure D(-) Fructose  

 

 

Physical state Solid 

Molecular Formula C6H12O6 

Molecular Weight  180.16  g∙mol-1 

CAS No 57-48-7 

 

Application 

Fructose is used in the formulation of sweet and beverages because of its sweetness. It is well 

known for enhancing taste of food in food industries. It is used in preperation of soft drinks, 

energy drinks, low-calorie products, etc [117].  

2. D(+) Galactose 

Source:  Thomas Baker, India.  

Purification: Used as purchased (w≥99%). 

Structure D(+) Galactose  

 

 

Physical state Solid 

Molecular Formula C6H12O6 

Molecular Weight 180.16 g∙mol-1 

CAS No 3646-73-9 
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Applications 

Galactose is considered a key source of energy and a essential structural element in complex 

molecules – is specifically important for early human development. In recent times, galactose 

has been reported as beneficial for a number of chronic neurological diseases. Galactose is much 

needed for human metabolism, it also plays significant role in energy delivery and 

galactosylation of complex molecules [118]. 

 

3. L-Aspartic acid 

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥98%). 

 

 

 

 

 

 

 

Applications 

This amino acid plays an important role in the urea cycle and DNA metabolism and acts as a 

major excitatory neurotransmitter, which is sometimes found to be increased in epileptic and 

stroke patients 

It has a special property to get racemized from L- to D-form, which makes it able for determining 

age of living and non-living systems [119]. 

3. L-Glutamic acid 

Source:  Sigma Aldrich, Germany  

Purification: Used as purchased (w≥99%). 

 

 

Structure L-Aspartic acid 

 

 

Physical state Solid 

Molecular Formula HO2CCH2CH(NH2)CO2H 

Molecular Weight 133.10 g∙mol-1 

CAS No 56-84-8 

 

Structure L-Glutamic acid 

 

 

Physical state Solid 

Molecular Formula HO2CCH2CH2CH(NH2)CO2H 

Molecular Weight 147.13 g∙mol-1 

CAS No 56-86-0 
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Applications 

It acts as an excitatory neurotransmitter in the central nervous system of mammals [120]. It can 

also be served as a precursor molecule for the synthesis of various metabolites including N-

acetyl-L-glutamate, δ-1-Pyrroline-5-carboxylate, β-citryl glutamate, L-γ-glutamyl-

Lcysteine[121]. 

 

III. 2 EXPERIMENTAL METHODS 

III.2.1 Preparation Of Solutions 

A stock solution for each sample was prepared by mass (digital electronic analytical balance, 

Mettler Toledo, AG 285, Switzerland), and the required solutions were prepared by mass 

dilution of the stock solution. The uncertainty of concentration (molarity or molality) of the 

solutions prepared was found to be ±0.0002. 
 

Iii.2.3. Measurements Of Experimental Properties 

III.2.3.1. Mass Measurement 

Using digital electronic analytical balance Mettler Toledo, AG 285, Switzerland mass in different 

cases were measured. The weighing pan of a high precision (0.0001g) is inside a transparent 

enclosure . Solutions were prepared by weight precise to ± 0.02 %. The weights were taken on a 

Mettler electronic analytical balance (AG 285, Switzerland).  
 

 

Instrument Specification: 

Readability  : 0.1 mg/ 0.01mg 

Maximum capacity : 210 g/81g/41g 

Repeatability  : 0.1 mg/ 0.05 mg 

Stabilization time : 3 s/ 15 s 

Adjustment with external weights :200 g 

Sensitivity  : ±0.003% 

Display  : LCD 

Interface : Local CAN universal interface  

Weighing  : Ф 85 mm, stainless steel  

Effective height above pan  : 240 mm 

Dimensions(w/d/h) : 205×330×310 mm 

Net weight /with packaging : 4.9 kg/7.25 kg 
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III.2.3.2. Conductivity Measurement 

Conductivity measurement was performed in Systronics Conductivity TDS meter-308. It can 

provide both automatic and manual temperature compensation. The conductance 

measurements were carried out on this conductivity bridge of accuracy ±0.01%, a dip-type 

immersion conductivity cell was used. Measurements were made in a thermostate water bath 

maintained at T = (298.15 ± 0.01) K.  The cell constant was measured based on 0.01 M aqueous 

KCl solution.  During the conductance measurements, cell constant was maintained within the 

range 1.10–1.12 cm−1The measurements were made in a thermostatic water bath maintained at 

the required temperature with an accuracy of r 0.01 K . 

Instrument Specifications: 

Frequency 100 Hz or 1 KHz Automatic 

Range 0.1 µS to 100 mS. (6 decadic range) 

Accuracy  ±1% of F.S. ±1 digit 

Resolution  0.001 µs 

Range 0.1 ppm to 100 ppt. (6 decadic range) 

Cell Constant Acceptable. from 0.1 to 5.0 

Power 230V AC, ±10%, 50 Hz 

Dimensions 250(W)× 205(D)× 75(H) 

Weight 1.25 Kg (Approx.) 

Accessories  (i) Conductivity cell, cell constant 0.1 

 (ii) Conductivity cell, cell constant 1.0 

 (iii) Temp. Probe (PT-100 sensor) 

 (iv) Stand & Clamp 

III.2.4.3. Density Measurement 

The density measurement was performed with the help of Anton Paar DMA 4500M digital 

density-meter with a precision of ±0.0005 g⋅cm-3. 

In the digital density meter, the mechanic oscillation of the U-tube is e.g. electromagnetically 

transformed into an alternating voltage of the same frequency. The period τ can be calculated 

using the following equation 

ρ = A ∙ τ2 - B      (III.1) 

A and B are instrument constants of each oscillator and ρ is the density of the sample.  

http://en.wikipedia.org/wiki/Oscillation
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Frequency
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Instrument Specification:  

Density  0  to 1.5 g.cm-3 

Temperature 15oC to 25oC 

Pressure  0 to 6 bar 

Density 0.00001 g.cm-3 

Temperature  0.01 oC 

Minimum sample volume approx. 2 ml 

Dimensions (L×W×H) 400×225×231 mm 

Weight  approx. 15 kg 

 

III.2.4.4. Viscosity Measurement 

Brookfield DV-III Ultra Programmable Rheometer:  

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable Rheometer 

with fitted spindle size-42. The viscosities were obtained using the following equation 

η = (100 / RPM) × TK × torque × SMC 

Where, RPM, TK (0.09373) and SMC (0.327) stands for the speed, viscometer torque constant 

and spindle multiplier constant, respectively. The calibration of the instrument was done using 

the standard sample solutions such as distilled water and aqueous CaCl2 solutions. Brookfield 

Digital TC-500 thermostat bath was used to maintain the temperature.  

 

Instrument Specifications:  

Speed Range 0-250 RPM, 0.1 RPM increments 

Viscosity Accuracy ±1.0% of full scale range for a specific spindle running 
at a specific speed. 

Temperature 
sensing range 

-100°C to 300°C (-148°F to 572°F) 

Temperature 
accuracy 

 ±1.0°C from -100°C to 150°C 
±2.0°C from +150°C to 300°C 

Analog Torque 
Output 

0 - 1 Volt DC (0 - 100% torque) 

Analog Temperature 
Output 

 0 - 4 Volts DC (10mv / °C) 
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III.2.4.5. Refractive Index Measurement 

Refractive index was be measure with the help of Digital Refractometer (Mettler Toledo 30GS) 

having accuracy of the instrument is ±0.0005.  

 

Instrument Specifications: 

Model  Refracto 30GS 

Measurement range 1.32 -1.65 

Resolution  0.0001 

Accuracy  +/- 0.0005 

Measurement range BRIX  0 - 85 Brix% 

Resolution 0.1 Brix% 

Accuracy  +/- 0.2 Brix% 

Temperature range 10 - 40° 

Resolution of temperature  0.1° 

display  °C or °F 

Trade Name 51324660 

 

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

as the index of refraction (aka refractive index or nD) for the substance. 

Refractive index of substance (nD) =
Speed of light in vacuum

Speed of light in substance
 

𝑉𝐴

𝑉𝐵
=

𝑠𝑖𝑛𝜃𝐴

𝑐𝑜𝑠𝜃𝐵
=

𝑛𝐴

𝑛𝐵
 

III.2.4.7. FTIR Measurement 

Infrared spectra were recorded in 8300 FTIR spectrometer (Shimadzu, Japan).  

 

III.2.4.8. UV-VIS  Spectra Measurement 

 We used Agilent 8453 model to record the absorption pattern of UV-visible spectra. 

Instrumental Specifications 
 

OPTICAL PERFORMANCE 
Wavelength range 190-1100nm 
Slit width 1nm 
EP Resolution Test > 1.6 
Stray Light < 0.03% 
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Wavelength Accuracy < ± 
Wavelength Reproducibility < ± 0.5nm 
Photometric Accuracy < ± 0.005A 
Photometric Noise <0.0002A 
Photometric Stability <0.001A/h 
Baseline Flatness <0.001A 
Typical Scan Time 1.5 second 
Shortest Scan Time 0.1 second 
Time Until Next Scan 0.1 second 

PHYSICAL DIMENSIONS 
Height×Width×Depth×Weight 185×344×560nm 

POWER REQUIREMENTS 
Line Voltage 90-264V AC 
Line Frequency 47-63 Hz 
Power Consumption 70 VA  

ENVIROMENTAL CONDITIONS 
Operating Temperature 0-500 C 
Non-Operating Temperature 400-700 C 
Humidity < 95% at 25-400 C  

 

III.2.4.9. QuantaMaster 40 spectrofluorometer 

Fluorescence is the emission of light from a molecule resulting from a transition from one 

electronic state to a lower electronic state of the same multiplicity. The most commonly observed 

fluorescence from organic molecules is caused by a transition from an excited singlet state to the 

ground singlet state. 

Detection Limit 460 attomolar fluorescein in 0.1 M NaOH 

Signal to Noise Ratio 10,000:1 or better (350 nm excitation, 5 nm spectral bandpass, 1 
s integration time) 

Data Acquisition Rate 50,000 points/sec. to 1 point/100 sec 
Inputs 4 analog (+/- 10 volts)  

2 photon counting (TTL) 
1 analog reference channel (+/- 10 volts) 
2 TTL 

Outputs 2 analog (+/- 10 volts)  
2 TTL 

Emission Range  185 nm to 680 nm (optional to 900 nm) 
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Light Source High efficiency continuous Xenon arc lamp 
Monochromators Czerny-Turner design 
Focal Length 200 mm 
Excitation Grating 1200 line/mm 300 nm blaze 
Emission Grating 1200 line/mm 400 nm blaze 
Optional Grating 75 to 2400 line/mm and holographic models available 
Bandpass 0 to 24 nm, continuously adjustable. (computer control 

available) 
Wavelength Accuracy +/- 0.5 nm 
Wavelength Resolution 0.06 nm 

Detection Photon counting/analog 
System Control Computer interface with spectroscopy software 
Dimensions 38 x 30 inches 

 

The wavelengths of fluorescent light emitted by a sample are measured using a monochromator, 

holding the excitation light at a constant wavelength. This is called an emission spectrum. An 

emission map is measured by recording the emission spectra resulting from a range of 

excitation wavelengths and combining them all together. This is a three dimensional surface data 

set: emission intensity as a function of excitation and emission wavelengths, and is typically 

depicted as a contour map. 

III.2.4.9. NMR Spectroscopy 

Most of  the NMR spectra were recorded in D2O(δ 4.79 ppm). We also used d6-DMSO (internal 

standard TMS, δ 2.50 ppm ) as NMR solvent. 1H NMR spectra were recorded using 400 MHz and 

600 MHz BRUKER AVANCE.  

III.2.4.10. HRMS Measurement 

HRMS was done using Agilent Accurate-Mass Q-TOFLC/MS6520. 

 

III.2.4.11 Scanning Electron Microscope 

Scanning Electron Micrographs were recorded using JEOL JSM-1100 instrument. 
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CHAPTER-IV 

Investigation of Diverse Interactions of Amino Acids (Asp and Glu) in Aqueous 

Dopamine Hydrochloride with the Manifestation of the Catecholamine Molecule 

Recognition Tool in Solution Phase 

 

ABSTRACT 

The density (ρ), viscosity (η) and molar conductivities (Ʌ) of Aspartic Acid and Glutamic Acid 

were measured in aqueous solution of Dopamine Hydrochloride at three different temperature 

having an interval of 10K under atmospheric pressure. Spectroscopic methods like UV–Visible, 

Nuclear Magnetic Resonance spectroscopy and Raman spectroscopy were also applied to ensure 

the nature of drug–amino acid interaction in solution phase. was used to We have also calculated 

the binding constants for both amino acids in the ternary system by the Benesi-Hildebrand 

method. The Gibbs free energy change of the system was calculated indicating spontaneity of the 

systems. From viscosity study, structure making behaviours of both amino acids were detected 

in aqueous Dopamine Hydrochloride. All the spectroscopic measurements and calculated 

thermophysical parameters indicate towards the greater extent of interaction in the Glutamic 

Acid- Dopamine Hydrochloride system than the Aspartic Acid one. 

Keywords: Aspartic Acid (Asp); Dopamine Hydrochloride (DH); Glutamic Acid (Glu); Gibbs free 

energy(ΔG0); Association constant (Ka) 

1.  INTRODUCTION 

2-(3,4-Dihydroxyphenyl) ethylamine hydrochloride commonly known as Dopamine 

Hydrochloride(DH) is one of the most significant catecholamine neurotransmitters in the 

mammalian central nervous system (CNS) [122] [123] [124] [125] [100] [126]. It undergoes 
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oxidation easily and ubiquitously in the human body [124] [127] [125] [128] [129] [130] [131] 

e.g., DH-related oxidative stress and neuromelanin synthesis in CNS. DH shows influences on the 

pathogenesis of some neurodegenerative disorders such as Alzheimer and Parkinson diseases 

[132] [133] [134] [135]. An understanding of the interaction of DH with amino acids is thus of 

great importance in elucidating it's in vivo oxidation [136] [137, 138]. 

l-glutamic acid (Glu) is an important non-essential amino acid that acts as an excitatory 

neurotransmitter in the central nervous system of mammals [139]. It can also be served as a 

precursor molecule for the synthesis of various metabolites including N-acetyl-L-glutamate, δ-

1-Pyrroline-5-carboxylate, β-citryl glutamate, l-γ-glutamyl-l-cysteine  [121, 140-143] [144]. 

Aspartic acid(Asp) is one of the 20 natural proteinogenic amino acids which are the building 

blocks of proteins [145, 146].This amino acid has an important role in the urea cycle and DNA 

metabolism. This is a major excitatory neurotransmitter, which is sometimes found to be 

increased in epileptic and stroke patients. It is decreased in depressed patients and in patients 

suffering from brain atrophy. In this article, we have reported the nature of the interaction 

between two amino acids and aqueous Dopamine Hydrochloride (DH) on the basis of 

spectroscopic studies and physicochemical approach. Moreover, a wide temperature range 

(293.15−313.15 K), which also covers our body temperature, that is, 310.15 K, has been chosen 

for the present study to acquire more relevant information regarding the hydration behaviour 

of these biologically important molecules in presence of Dopamine Hydrochloride. 

The structure of both amino acids and Dopamine Hydrochloride are shown in Scheme1. 

 

Scheme1. Chemical structure of (a) Aspartic Acid (b) Glutamic acid, (c) Dopamine 

Hydrochloride and (d) Dopamine-o-Quinone. 
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2. EXPERIMENTAL SECTION 

2.1. Materials used 

Source and Purity of Samples 

Dopamine hydrochloride of puriss grade ≥98.5% was collected from Sigma-Aldrich, Germany 

and was used without further purification. l- Aspartic acid and l-Glutamic acid of puriss grade 

were purchased from Sigma-Aldrich, Germany and used as it was. The mass fraction purity of 

the amino acids was ≥0.99.  

Table 1: Sample Description 
 
Name of chemicals Source CAS no Purification 

method 
Mass purity 

L-Aspartic Acid Sigma-Aldrich, 
Germany 

56-84-8 Used as 
purchased 

≥0.99% 

L-Glutamic Acid Sigma-Aldrich, 
Germany 

56-86-0 Used as 
purchased 

≥0.99% 

Dopamine Hydrochloride Sigma-Aldrich, 
Germany 

62-31-7 Used as 
purchased 

≥98.5% 

Deuterium oxide Sigma-Aldrich, 
Germany 

7789-20-0   Used as 
purchased 

99.9% 

 

 

3. RESULTS AND DISCUSSION 

3.1. Apparent molar volume 

The physical properties of binary mixtures in different mass fractions (w1 = 0.0001, 0.0003, 

0.0005) of aqueous dopamine hydrochloride solutions at 293.15 K, 303.15 K and 313.15 K are 

reported in Table. 2.  

The apparent molar volume can be determined (Table. 3) using the equation stated below  

                                            � �   / /V M    mR RU U U U UI  � �                                                            (1) 

Where M denotes the molar mass of the amino acids (kg·mol−1), ρ0 and ρ are the densities of the 

solvent and solution (kg·m−3) respectively and m stands for the molality (mol·kg−1) of the 

experimental solution. The large and positive VI values suggest strong solute-solvent 

interactions (Table. S1). From Table. S1. It is observed that the apparent molar volume increases 

with a rise in temperature during the experiment.  
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This indicates few water molecules in the vicinity of the amino acids might get released to the 

bulk water in presence of DH. The interactions taking place between the amino acids and drug 

molecule can be classified as- (a) ionic-hydrophilic interactions between –NH3+ and –COO- 

groups of Asp and Glu and –OH group of DH (b) hydrophilic-hydrophilic interactions between –

CH2COOH group of Asp and –OH group of DH and CH2CH2COOH of Glu and –OH of DH, (c) ionic-

hydrophobic interactions between –NH3+ and –COO- groups of Asp and Glu and alkyl group of 

DH, (d) hydrophilic-hydrophobic interactions between –OH group of DH and alkyl group of 

Aspartic acid, Glutamic acid  and (e) hydrophobic-hydrophobic interactions between alkyl group 

of Asp and the alkyl group of DH. 

 The increase in apparent molar volume takes place to a greater extent in case of glutamic acid 

as shown in Table. S1. On comparing the structural context, it is observed that due to the 

presence of an extra –CH2-(–CH2CH2COOH), such a tendency becomes higher in glutamic acid. 

With increasing concentration of DH, the probability of formation of hydrogen bond increases, 

leading to the better ionic-hydrophilic interaction between -NH3+ of DH and -COO- of glutamic 

acid. 

Limiting apparent molar volume (
0
VI ) and the experimental slopes (

*
VS ) can be obtained by 

employing the least square fitting of apparent molar volume values to the linear Eq. (2) (Masson 

equation) [73]. 

                          
0 *    V V VS mI I � ��  (2)                                                               

Where  
*
VS  is the experimental slope and it indicates the nature of the solute-solute interaction. 

0
VI  refers to the extent of solute-solvent interactions. Table. 5 shows that on increasing 

concentration of DH and temperature, 
0
VI  values follow an increasing pattern (Fig. 1). From the 

quantitative comparison of values between 
*
VS  and 

0
VI , it is revealed that the magnitudes of 

0
VI

values are higher than those of
*
VS and it indicates predominant solute-solvent interactions over 

the solute-solute interactions at all temperatures[71]. The values of 
*
VS  are negative and their 

decreasing trend with increasing temperature diminishes the possibility of solute-solute 

interactions. From this, we can easily conclude that stronger drug-amino acid interaction takes 

place at a higher concentration of DH and their interaction increases with increase in 

temperature [147, 148] 
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Table. 2. Values of density (ρ) and viscosity (K ) of aqueous Dopamine Hydrochloride with 

Standard Deviation (SD) and Average Absolute Deviation (AAD) in different mass fraction (w1) 

at T= (293.15-313.15) Ka and (p = 0.1MPa) respectively. 

Mass fraction 

of aq. DH (w1) 

Temp. 

(Ka) 

ρ·10-3 

/kg∙m-3 

SD AAD η/ mPa∙s SD AAD 

 

0.001 

293.15 0.99823 0.00001 0.000005 0.962 0.001 0.0005 

303.15 0.99561 0.00001 0.000005 0.946 0.002 0.0010 

313.15 0.99220 0.00001 0.000005 0.922 0.001 0.0005 

 

0.003 

293.15 0.99901 0.00002 0.000010 0.942 0.001 0.0005 

303.15 0.99622 0.00001 0.000005 0.924 0.002 0.0010 

313.15 0.99343 0.00003 0.000010 0.899 0.002 0.0010 

 

0.005 

293.15 1.00204 0.00002 0.000010 0.921 0.001 0.0005 

303.15 0.99892 0.00001 0.000005 0.905 0.001 0.0005 

313.15 0.99481 0.00001 0.000005 0.883 0.003 0.0010 

 

aStandard uncertainties in temperature (T) = ±0.01 K.  

bw1 is the mass fraction of aqueous dopamine hydrochloride. 

 

Table. 3. Experimental values of density (ρ) of amino acids in different mass fraction of aqueous 

Dopamine Hydrochloride with Standard Deviation (SD) and Average Absolute Deviation (AAD) 

at T= (293.15 to 313.15) Ka and (p = 0.1MPa) respectively. 

 293.15 Ka 303.15 Ka 313.15 Ka 

cm 

/mol 

kg-1 

dρ·10-3 

/kg∙m-3 
SD AAD 

dρ·10-3 

/kg∙m-3 
SD AAD 

dρ·10-3 

/kg∙m-3 
SD AAD 

   w1=0.001b(Asp+DH)    
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0.001 0.99826 0.00003 0.000010 0.99565 0.00003 0.000010 0.99225 0.00003 0.000010 

0.003 0.99840 0.00002 0.000010 0.99578 0.00002 0.000010 0.99236 0.00003 0.000010 

0.005 0.99855 0.00003 0.000010 0.99592 0.00002 0.000010 0.99249 0.00002 0.000010 

0.007 0.99872 0.00002 0.000010 0.99608 0.00003 0.000010 0.99265 0.00001 0.000005 

0.009 0.99890 0.00003 0.000010 0.99626 0.00003 0.000010 0.99281 0.00001 0.000005 

   w1=0.003b(Asp+DH)    

0.001 0.99907 0.00002 0.000010 0.99624 0.00003 0.000010 0.99344 0.00001 0.000005 

0.003 0.99919 0.00001 0.000005 0.99635 0.00001 0.000005 0.99354 0.00003 0.000010 

0.005 0.99933 0.00003 0.000010 0.99648 0.00001 0.000005 0.99366 0.00001 0.000005 

0.007 0.99949 0.00002 0.000010 0.99663 0.00001 0.000005 0.99380 0.00001 0.000005 

0.009 0.99967 0.00001 0.000005 0.99680 0.00003 0.000010 0.99396 0.00003 0.000010 

   w1=0.005b(Asp+DH)    

0.001 1.00208 0.00002 0.000010 0.99895 0.00001 0.000005 0.99483 0.00003 0.000010 

0.003 1.00218 0.00001 0.000005 0.99904 0.00003 0.000010 0.99491 0.00002 0.000010 

0.005 1.00230 0.00001 0.000005 0.99915 0.00003 0.000010 0.99501 0.00002 0.000010 

0.007 1.00244 0.00002 0.000010 0.99928 0.00001 0.000005 0.99512 0.00001 0.000005 

0.009 1.00260 0.00002 0.000010 0.99943 0.00001 0.000005 0.99526 0.00003 0.000005 

   w1=0.001b(Glu+DH)    

0.001 0.99827 0.00001 0.000005 0.99567 0.00001 0.000005 0.99226 0.00002 0.000010 

0.003 0.99844 0.00002 0.000010 0.99581 0.00003 0.000010 0.99239 0.00001 0.000005 

0.005 0.99862 0.00002 0.000010 0.99599 0.00001 0.000005 0.99255 0.00003 0.000010 

0.007 0.99881 0.00002 0.000010 0.99616 0.00001 0.000005 0.99272 0.00003 0.000010 

0.009 0.99902 0.00003 0.000010 0.99636 0.00003 0.000010 0.99290 0.00003 0.000010 

   w1=0.003b(Glu+DH)    

0.001 0.99907 0.00002 0.000010 0.99624 0.00001 0.000005 0.99344 0.00001 0.000005 

0.003 0.99921 0.00002 0.000010 0.99635 0.00001 0.000005 0.99354 0.00002 0.000009 

0.005 0.99937 0.00001 0.000005 0.99649 0.00001 0.000005 0.99367 0.00001 0.000005 

0.007 0.99953 0.00001 0.000005 0.99664 0.00002 0.000009 0.99382 0.00001 0.000005 

0.009 0.99972 0.00003 0.000010 0.99682 0.00001 0.000005 0.993980 0.00001 0.000005 

   w1=0.005b(Glu+DH)    

0.001 1.00208 0.00003 0.000010 0.99895 0.00003 0.000010 0.99483 0.00001 0.000005 

0.003 1.00217 0.00002 0.000010 0.99903 0.00002 0.000010 0.99490 0.00001 0.000005 

0.005 1.00229 0.00003 0.000010 0.99914 0.00002 0.000010 0.99501 0.00002 0.000010 

0.007 1.00243 0.00001 0.000005 0.99925 0.00002 0.000010 0.99513 0.00002 0.000010 

0.009 1.00259 0.00001 0.000005 0.99682 0.00003 0.000010 0.99528 0.00003 0.000010 
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aStandard uncertainties in temperature (T) = ±0.01 K. 
bw1 is the mass fraction of aqueous dopamine hydrochloride. 
cm is the molarity of amino acid in water and water + dopamine hydrochloride solvent systems.  

Standard uncertainties, u, in molarity is u (cm) = 0.0002 mol·kg−1, in density values u (dρ)= 

±0.00001 kg m−3 
 

3.2 Temperature dependent limiting the apparent molar volume 

The temperature dependence of values can be expressed by the general polynomial equation 

given below, 

V a a T a TI  � �0 2
0 1 2                                                                (3) 

Where, 0a , 1a and 2a  are the empirical coefficients and the values of these coefficients are 

evaluated by the least-squares fitting of apparent molar volume at different temperatures 

(Table. S2). The limiting apparent molar expansibilities,
0
EI , can be obtained by the following 

equation, 

� �E V P
δ δT a a TI I  �0 0

1 22                                     (4)     

Differentiation of Eq. 4 with respect to temperature gives the values of the limiting apparent 

molar expansibilities (
0
EI ) (Table. 6).  

These values are also employed in the interpretation of the structure-making or breaking 

properties of numerous solutes [71, 73, 149] [147, 150] [151, 152] [153]The value of � �PE Tδδ 0I

is evaluated with the help of the following thermodynamic expression by Hepler [154]  

                                                   
� � � �2

E VP P
δ δT δ δT aI I  0 0 2

22                (5) 

If the sign of the second derivatives of the limiting apparent molar volume with respect to the 

temperature � �PE Tδδ 0I is positive or a small negative, the molecule is said to be a structure 

maker; otherwise, it is a structure breaker.   

. As is evident from Table.6., the � �PE Tδδ 0I values for all the complexes are positive i.e. amino 

acids are predominantly structure makers in all of the cases and this tendency gets enhanced 

with increasing DH concentration. 
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Figures: 

 

Fig.1. Plot of limiting apparent molar volume (
0

VI ) of Asp and Glu in mass fractions (a) 0.001, 

(b) 0.003, (c) 0.005 (w1) of aqueous DH at T= (293.15 to 313.15) K and (p = 0.1MPa) respectively. 

3.3 Viscometric Measurements 

The experimental viscosity (η) values for L-Glutamic acid and L-Aspartic acid in aqueous 

solutions of Dopamine Hydrochloride at three different temperatures are listed in Table. 4. The 

viscosity data are analyzed on the basis of A- and B- coefficients of viscosity using the Jones-Dole 

equation [75]. 

                                          (K/Ko - 1)/ √m = (ηr - 1)/ √m = A + B √m                                                (6) 

Where, ηr= η/η0 is the relative viscosity of the solution, η and η0 denotes the viscosities of the 

solution and the solvent, respectively, and m defines molality of amino acids. The Falkenhagen 

coefficient, A, accounts for the solute-solute interactions, while the Jones-Dole coefficient, B, is a 

measure of structural modifications induced by the solute-solvent interaction [75][78]. The 

intercepts and slopes of the linear regression of (ηr-1)/√m vs. √m plots give the values of A- and 

B-coefficients, respectively. From Table.5., it is observed that the values of B-coefficients of the 

studied homologous series of α-amino acids vary linearly with the number of carbon atoms on 

their alkyl chains at given temperatures [155]. 
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[156]. A same increasing trend is observed for the A-coefficients also and the fact may be 

attributed to the increasing concentration of solute in DH solution which leads to higher charge 

accumulation and hence solute-solute interaction increases.  

The values of B-coefficients increase (i) when the water is replaced by DH and (ii) with increasing 

concentration of DH. The strong interaction immobilizes the solvent molecules, preventing the 

viscous flow of solution, thereby, increasing the viscosity. Thus, the B-coefficients values given 

in Table.5. are suggesting strong solute-solvent interactions. The solute-solvent interaction 

becomes more effective when it comes to the matter of interaction between L-glutamic acid and 

dopamine hydrochloride, as reflected from B coefficients compared to that of L-aspartic acid. 

 (dB/dT) is a measure of the structure making or structure breaking ability of solute in the 

solvent. In general, the temperature derivative of B-coefficient (dB/dT) offers negative and 

positive value for structure-maker and structure-breaker solutes in solution respectively [157] 

[76]. The (dB/dT) values reported in Table.7. are positive, which indicates that both of the 

amino acids act as structure maker in aqueous-DH and such tendency seems to be higher in case 

of Glutamic acid.  

 

Fig.2. Plot of viscosity B-coefficient of Asp and Glu in mass fractions (w1) (a) 0.001, (b) 0.003, 

(c) 0.005 of aqueous DH at T= (293.15 to 313.15)K and (p = 0.1MPa) respectively. 
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Table. 4. Experimental values of viscosity (K ) of amino acids in different mass fraction of 

aqueous Dopamine Hydrochloride with Standard Deviation (SD) and Average Absolute 

Deviation (AAD) at T= (293.15 to 313.15) Ka and (p = 0.1MPa) respectively. 

 293.15 Ka 303.15 Ka 313.5 Ka 

cm 

/mol 

kg-1 

eη 

/mPa∙s 
SD AAD 

eη 

/mPa∙s 
SD AAD 

eη 

/mPa∙s 
SD AAD 

   w1=0.001b(Asp+DH) 

 

   

0.001 0.966 0.001 0.0005 0.952 0.003 0.0010 0.928 0.001 0.0005 

0.003 0.971 0.002 0.0010 0.959 0.001 0.0005 0.934 0.001 0.0005 

0.005 0.976 0.001 0.0005 0.964 0.002 0.0010 0.941 0.001 0.0005 

0.007 0.980 0.002 0.0010 0.971 0.001 0.0005 0.947 0.002 0.0010 

0.009 0.984 0.003 0.0010 0.976 0.001 0.0005 0.954 0.001 0.0005 

   w1=0.003b(Asp+DH) 

 

   

0.001 0.948 0.002 0.0010 0.930 0.001 0.0005 0.906 0.002 0.0010 

0.003 0.954 0.001 0.0005 0.938 0.002 0.0010 0.915 0.001 0.0005 

0.005 0.960 0.003 0.0010 0.944 0.002 0.0010 0.922 0.001 0.0005 

0.007 0.966 0.002 0.0010 0.951 0.001 0.0005 0.928 0.003 0.0010 

0.009 0.972 0.001 0.0005 0.957 0.001 0.0005 0.936 0.001 0.0005 

   w1=0.005b(Asp+DH) 

 

   

0.001 0.927 0.002 0.0010 0.912 0.002 0.0010 0.890 0.001 0.0005 

0.003 0.935 0.001 0.0005 0.919 0.001 0.0005 0.898 0.002 0.0010 

0.005 0.941 0.001 0.0005 0.926 0.001 0.0005 0.907 0.001 0.0005 

0.007 0.948 0.002 0.0010 0.933 0.001 0.0005 0.913 0.003 0.0010 

0.009 0.954 0.002 0.0010 0.941 0.002 0.0010 0.921 0.001 0.0005 

   w1=0.001b(Glu+DH) 

 

   

0.001 0.968 0.001 0.0005 0.948 0.001 0.0005 0.929 0.002 0.0010 

0.003 0.974 0.001 0.0005 0.955 0.001 0.0005 0.936 0.001 0.0005 

0.005 0.980 0.002 0.0010 0.962 0.001 0.0005 0.943 0.002 0.0010 

0.007 0.986 0.001 0.0005 0.968 0.002 0.0010 0.950 0.003 0.0010 
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0.009 0.992 0.002 0.0010 0.975 0.002 0.0010 0.958 0.002 0.0010 

   w1=0.003b(Glu+DH) 

 

   

0.001 0.949 0.002 0.0010 0.931 0.001 0.0005 0.891 0.001 0.0005 

0.003 0.956 0.002 0.0010 0.939 0.003 0.0010 0.898 0.002 0.0010 

0.005 0.963 0.001 0.0005 0.947 0.002 0.0010 0.907 0.003 0.0010 

0.007 0.969 0.001 0.0005 0.953 0.001 0.0005 0.913 0.001 0.0005 

0.009 0.976 0.002 0.0010 0.960 0.002 0.0010 0.921 0.002 0.0010 

   w1=0.005b(Glu+DH) 

 

   

0.001 0.928 0.001 0.0005 0.912 0.003 0.0010 0.892 0.001 0.0005 

0.003 0.936 0.002 0.0010 0.920 0.002 0.0010 0.899 0.001 0.0005 

0.005 0.942 0.001 0.0005 0.928 0.002 0.0010 0.908 0.002 0.0010 

0.007 0.950 0.001 0.0005 0.935 0.002 0.0010 0.916 0.002 0.0010 

0.009 0.957 0.002 0.0010 0.942 0.001 0.0005 0.924 0.001 0.0005 
aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1 is the mass fraction of aqueous dopamine hydrochloride. 
cm is the molarity of amino acid in water and water + dopamine hydrochloride solvent systems.  

Standard uncertainties, u, in molarity is u (cm) = 0.0002 mol·kg−1, in viscosity values u (eη) 

=±0.003 mPa.s 

 

Table. 5. Limiting apparent molar volume (
0
VI ), experimental slopes (Sv*) and viscosity A and B-

coefficient of amino acids in different mass fraction of aqueous Dopamine Hydrochloride at T= 

(293.15 to 313.15) Ka and (p = 0.1MPa) respectively. 

 

Temp/Ka 

0
VI ·106 

/m3·mol-1 

*
VS ·106 

/m3·mol- 3/2 

·kg1/2 

B 

/kg1/2·mol-1/2 

A 

/kg1/2·mol-1/2 

(Asp+DH)  w1 = 0.001b   

293.15 81.66 -274.83 1.9240 0.0565 

303.15 88.24 -289.43 2.3534 0.1054 
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313.15 93.34 -295.83 2.7853 0.1116 

(Asp+DH)  w1 = 0.003b   

293.15 94.97 -348.57 2.4937 0.0855 

303.15 101.05 -350.96 2.7636 0.1105 

313.15 105.41 -353.75 2.9558 0.1187 

(Asp+DH)  w1 = 0.005b   

293.15 106.01 -364.05 2.7582 0.0944 

303.15 111.36 -359.37 3.1294 0.1217 

313.15 116.96 -353.25 3.3094 0.1283 

(Glu+DH)  w1 = 0.001b   

293.15 86.33 -317.24 2.3323 0.1011 

303.15 93.06 -310.92 2.8024 0.1114 

313.15 96.73 -297.24 2.8989 0.1284 

(Glu+DH)  w1 = 0.003b   

293.15 106.72 -394.11 2.6824 0.1063 

303.15 115.57 -385.47 3.0513 0.1207 

313.15 121.30 -401.50 3.0998 0.1221 

(Glu+DH)  w1 = 0.005b   

293.15 124.02 -391.75 2,9813 0.1113 

303.15 131.57 -419.77 3.3037 0.1250 

313.15 142.22 -488.50 3.6705 0.1344 

aStandard uncertainties in temperature (T) = ±0.01 K. 
bw1 is the mass fraction of the aqueous dopamine hydrochloride 
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Table. 6. Limiting apparent molar expansibilities (
0
EI ) of amino acids in different mass fraction 

of aqueous Dopamine Hydrochloride at T= (293.15 to 313.15) Ka and (p = 0.1MPa) respectively. 

.Mass fraction 0
EI ·106 

/m3·mol-1·K-1 

� �0 6
E P

T 10�w wI

/m3·mol-1·K-2 

(Asp + DH) 

T/Ka 293.15 303.15 313.15  

w1 = 0.001b 0.738 0.590 0.442 -0.015 

w1 = 0.003b 0.666 0.494 0.322 -0.017 

w1 = 0.005b 0.552 0.578 0.604 0.003 

(Glu + DH) 

T/Ka 293.15 303.15 313.15  

w1 = 0.001b 0.828 0.523 0.218 -0.031 

w1 = 0.003b 1.041 0.729 0.417 -0.031 

w1 = 0.005b 0.600 0.910 1.220 0.031 
 

aStandard uncertainties in temperature (T) = ±0.01 K. 
bw1 is the mass fraction of aqueous dopamine hydrochloride. 
 

Table.7. Values of dB/dT for Aspartic Acid and Glutamic Acid in different mass fraction of 

aqueous Dopamine Hydrochloride (w1) at T= (293.15 to 313.15) Ka and (p = 0.1MPa) 

respectively.  

Mass 

fraction 
dB
dT /kg1/2∙mol1/2∙K-1 

 (Asp + DH) (Glu + DH) 

w1 = 0.001b 0.042 0.065 

w1 = 0.003b 0.039 0.050 

w1 = 0.005b 0.026 0.077 
bw1 is the mass fraction of the aqueous dopamine hydrochloride. 
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3.4 Refractive Index calculation 

The molar refraction MR  was evaluated using the Lorentz-Lorenz relation [158], as the  value is 

directly proportional to molecular polarizability [159], this quantity is a measure of the ability 

of the molecular orbitals to be impaired under an electrical field applied 

                   ^ `2 2
M D DR  = (n -1)/(n + 2) (M/ )U

                                                     (7) 

Where MR , Dn , M and U are the molar refraction, the refractive index, the molar mass and the 

density of the solution respectively. The values of measured Dn  are tabulated in Table. S3. From 

the values of  MR ,it might be concluded that in aqueous medium Dopamine reacts with Glutamic 

acid more profoundly than Aspartic acid, which is further supported by other experimental 

evidence. 

 

Fig.3. Plot of limiting molar refraction (RMo) of Asp and Glu in mass fractions(w1)  (a) 0.001, (b) 

0.003, (c) 0.005 of aqueous DH at T= (293.15 to 313.15)K and (p = 0.1MPa) respectively. 
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Table. 8. Limiting molar refractions (RM0) values of amino acids in different mass fraction of 

aqueous Dopamine Hydrochloride at T= (293.15 to 313.15) Ka and (p = 0.1MPa) respectively. 

Mass fraction  RM0 /m3.mol-1  

(Asp+DH) 293.15 Ka 303.15 Ka 313.15 Ka 

w1 = 0.001b 27.25 27.29 27.36 

w1 = 0.003b 27.26 27.31 27.37 

w1 = 0.005b 27.28 27.33 27.40 

(Glu+DH) 293.15 Ka 303.15 Ka 313.15 Ka 

w1 = 0.001b 30.21 30.26 30.31 

w1 = 0.003b 30.22 30.28 30.33 

w1 = 0.005b 30.25 30.29 30.34 

 

aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1 is the mass fraction of aqueous Dopamine Hydrochloride. 

3.5 Conductance 

The molar conductance (Λ, Sm cm-1) for all studied systems was evaluated using the following 

equation, Λ =1000ҡ/C, where C is the molar concentration and ҡ is the measured specific 

conductance of the studied systems (DH+Asp) and (DH+Glu) [160]. The conductance curves (Λ 

versus c) for the above systems were found to be gradually decreasing and depicted in Fig.4               

and 5.  

The molar conductance (Ʌ) was measured at three different temperature i.e. 293.15K – 313.15K 

with an interval of 10K and the variation was performed with respect to the concentration of 

dopamine hydrochloride, following usual conductance technique (Table.9.). The dependence of 

Ʌ on DH concentration at different temperatures is shown in Fig.4. and Fig.5. 

On increasing the concentration of DH in amino acid solution, the decrease of Ʌ was observed 

[161] Such observation can be attributed to the following factors- (i) The interaction due to the 
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hydrophobic effect operating along all hydrocarbon chains of amino acids and alkyl chain of the 

drug molecule itself,(ii) the structural change of dopamine on increasing temperature. Dopamine 

experiences aerial oxidation, which leads the molecule to achieve the Quinone structure from 

the Benzenoid form and (iii) Dopamine-o-Quinone (DQ) being less reactive than the Benzenoid 

one, facilitates the intermolecular hydrogen bonding interaction (-NH3+…..-COO-) between 

Dopamine (-NH2.HCl) and amino acids (-COOH). 
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Fig.4. Molar conductivity of Aspartic Acid in aqueous solution with Dopamine Hydrochloride  

at T=293.15K (♦), 303.15K (●), 313.15K (▲) and (p = 0.1MPa) respectively. 

 

Fig.5. Molar conductivity of Glutamic Acid in aqueous solution with Dopamine Hydrochloride at 

T= 293.15K (♦), 303.15K (●), 313.15K (▲) and (p = 0.1MPa) respectively. 
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3.6 UV–Visible spectroscopy 

The absorption maxima of the amino acids were recorded by varying concentration of drug 

molecule (DH) in aqueous solution are shown in Fig.6a.and Fig.7a. The strong absorption peaks 

for both cases were observed at ~264 nm (λmax), which move towards longer wavelength on 

increasing concentration of DH. This, in turn, indicates the possibility of Red Shift in the medium 

[66] [65].From Fig.6a-7a, a CONCLUSION might be drawn that at a fixed composition of l-

aspartic acid and l-glutamic acid, the absorption maximum increases with increase in the 

concentration of Dopamine hydrochloride 

3.6.1 Association constant and Thermodynamic parameters 

The association constants (Ka) for both the system (Asp+DH) and (Glu+DH) were calculated 

using the modified Benesi-Hildebrand equation, Eq. (8) [162], (Fig. 6b-7b) based on UV-visible 

spectroscopy and the values are presented in Table. 12.  

                                0

1 1 1 1.
[ ] [ ] [ ]aA A AA K DH AAH H

 �
� ' '                                                   (8) 

Where [DH] and [AA] refers to the total concentration of the drug (DH) and amino acids 

respectively, ∆ϵ is the change in molar extinction coefficient between the free and amino acids 

bound with DH. ∆A stands for the absorption changes of amino acids on the addition of DH. The 

values of Ka for each of the system were evaluated by dividing the intercept by the slope of the 

straight line of the double reciprocal plot (Table.10. and 11). 

The free energy change (∆G), was calculated from association constant by using the following 

equation  

                                                  ∆G= -RT ln Ka                                                                     (9) 

The ∆G values (Table.12.) for both the amino acid-dopamine system are negative which 

indicates the feasibility of the adduct formation by means of interactions. 

The association constant for (Glu+DH) system was found to be higher than that of the (Asp+DH) 

system (Table.12.) which indicates higher interaction in (Glu+DH) system. 
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Table.10. Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for DH-Aspartic Acid system. 

Temp 

/Ka 

[Asp] 

/µM 

[DH] 

/µM 

A0 A ∆A 1/[DH] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

 50 10  0.57107 0.0702 50000.00 14.24501  

 

 

 

 

0.0931 

 

 

 

 

 

0.0011 

 

 

 

 

 

3.10x102 

 50 20  0.62767 0.1268 25000.00 7.886435 

298.15 50 30  0.69371 0.19284 16666.70 5.185646 

 50 40  0.77844 0.27757 12500.00 3.602695 

 50 50 0.50087 0.82971 0.32884 10000.00 3.040993 

 50 60  0.91220 0.41133 8333.33 2.431138 

 50 70  0.96366 0.46279 7142.86 2.160807 

 50 80  1.05985 0.55898 6250.00 1.788973 

 50 90  1.15249 0.65162 5555.56 1.534637 

 50 100  1.22085 0.71998 5000.00 1.388927 

a Standard uncertainties in temperature are: (T) = ±0.01 K. 
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Table.11. Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for DH-Glutamic Acid system. 

Temp 

/Ka 

[Glu] 

/µM 

[DH] 

/µM 

A0 A ∆A 1/[DH] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

 50 10  0.23670 0.09582 50000.00 10.43623  

 

 

 

0.6184 

 

 

 

 

0.0015 

 

 

 

 

9.45*102 

 50 20  0.31460 0.17372 25000.00 5.756390 

298.15 50 30  0.39727 0.25639 16666.70 3.900308 

 50 40  0.53003 0.38915 12500.00 2.569703 

 50 50 0.14088 0.58770 0.44682 10000.00 2.238038 

 50 60  0.67058 0.52970 8333.33 1.887861 

 50 70  0.70871 0.56783 7142.86 1.76109 

 50 80  0.82617 0.68529 6250.00 1.459236 

 50 90  0.92309 0.78221 5555.56 1.278429 

 50 100  1.02191 0.88103 5000.00 1.135035 

a Standard uncertainties in temperature are: (T) = ±0.01 K. 

 

Table.12. Values of Association Constant (Ka) and free energy change (∆G0) of the two system 

(Asp+DH) and (Glu+DH). 

 T/Ka Ka/ M-1 ∆G0/KJ mol-1 

 

(Asp+DH)  

298.15 

310.33 -14.22 

(Glu+DH)  945.00 - 16.98 

a Standard uncertainties in temperature  are: (T) = ±0.01 K. 
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Fig.6.(a). Absorption spectra of Aspartic Acid (50 µM) in different concentrations of aq. DH (µM): 

(1) without DH, (2) 10 µM , (3) 20 µM, (4) 30 µM, (5) 40 µM, (6) 50 µM, (7) 60 µM , (8) 70 µM, 

(9) 80 µM, (10) 90 µM, (11) 100 µM. (b) Benesi–Hildebrand plot of 1/A−A0 vs. 1/[DH] for 

(Asp+DH) system. 

 

 

Fig.7.(a). Absorption spectra of Glutamic Acid (50 µM) in different concentrations of aq. DH 

(µM): (1) without DH, (2) 10 µM , (3) 20 µM, (4) 30 µM, (5) 40 µM, (6) 50 µM, (7) 60 µM , (8) 70 

µM, (9) 80 µM, (10) 90 µM, (11) 100 µM. (b) Benesi–Hildebrand plot of 1/A−A0 vs. 1/[DH] for 

(Glu+DH),system. 
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3.7 Raman Spectroscopy 

Because of the presence of the interaction in aqueous solution of DH with the amino acids 

studied, the structural alternation has led to the changes in the shifting of the corresponding 

peaks. The structures of the investigated molecules when they are hydrogen bonded to water 

are shown in Scheme2a. and 2b. For DH and Aspartic acid N-H stretching frequency were 

observed at 3474cm-1 and 3456 cm-1, whereas the N-H stretching frequency was detected at 

3449 cm-1. On the other hand, the N-H bond stretching frequency was found to be 3474 cm-1 and 

3468cm-1 in case of DH and Glutamic acid respectively, but in case of (DH+Glu) solution, it was 

found to be 3453cm-1, which was a clear indication for the existence of intermolecular H-bonding 

in both cases. Compared to the N-H free of hydrogen bonding, the interaction between N and H 

atoms for the DH is weaker due to the formation of the N-H---O structure, which will induce the 

redshift of N-H vibration. 

 

Fig.8. Raman Spectra of (a) Dopamine Hydrochloride, (b) Aspartic Acid and (c) (DH+Asp) 

solution 
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Fig.9. Raman Spectra of (a) Dopamine Hydrochloride, (b) Glutamic Acid and (c) (DH+Glu) 

solution 

 

Table.13. Stretching frequency of N-H band in Raman Spectroscopy 

Functional group/vibration Region Raman 

ʋ(N-H) 3300 - 3500 cm-1 medium 
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Scheme2a. Plausible interaction between Aspartic acid and Dopamine hydrochloride in 

aqueous medium. 

 

 



Chapter IV 

80 

 

Scheme2b. Plausible interaction between Glutamic acid and Dopamine hydrochloride in 

aqueous medium. 

 

3.8 1H NMR studies 

Nuclear magnetic resonance (NMR) is an effective tool to study the changes of the electronic 

environment around the different protons of drug molecule (DH) in presence amino acids [163]. 

NMR samples were prepared by adding amino acids to dopamine hydrochloride in NMR tubes 

by mass. D2O solvent was added with a syringe while the samples were kept under N2 flow. NMR 

spectra of the solvent were also taken to avoid possibilities of contamination. All measurements 

were performed at 298.15 K using a 600 MHz spectrometer. 

The chemical shifts of the amino acids and the drug studied depend on the electron density 

present in their surrounding area. Since H-bonding involves the transfer of electron cloud from 

hydrogen atoms to a neighbouring electronegative atom (O, N), the hydrogen experiences a net 

deshielding effect when there occurs an extensive hydrogen bonding and becomes less 
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deshielded when the possibility of such bonding is ruled out. Thus at higher concentration 

(strong H-bonding, strong deshielding) -OH,-NH protons appear at higher δ values compared to 

diluted one [164]. Considerable shifts for both δ values of alkyl protons of the benzene ring (in 

DH) and -NH2 (in DH) proton occur after mixing with amino acids. It indicates the presence of 

intermolecular hydrogen bonding between these two compounds, leading to the decrease in 

electron density around the benzene ring.  

The NMR data (given below) provide a CONCLUSION about the plausible contributing factors 

such as- (i) intermolecular H-bonding interactions between amino acids and DH (Scheme 2a and 

2b), (ii) hydrophobic interactions [165] [166], which are in good agreement with the result 

obtained. 

1H NMR Data: 

Dopamine Hydrochloride (DH): 

δ = 2.23 (-NH2), 2.86 (2H, t, J = 7.2 Hz), 3.23 (2H, t, J = 7.2 Hz), 6.76 (1H, dd, J = 8.0 Hz), 6.85 (1H, 

d, J = 2Hz), 6.92 (1H, d, J = 8.4 Hz) 

Aspartic Acid (Asp): 

δ = 4.04-4.06 (1H, dd), 2.94-2.97 (2H, m) 

Glutamic Acid (Glu): 

δ = 2.15-2.21 (2H, m), 2.53-2.60 (2H, m), 3.81 (1H, m) 

Dopamine Hydrochloride (DH) + Aspartic Acid (Asp): 

δ = 2.26 (-NH2), 2.92 (2H, t, J = 7.2 Hz), 3.25 (2H, t, J = 7.2 Hz), 6.80 (1H, dd, J = 8.0 Hz), 6.89 (1H, 

d, J = 2 Hz), 6.94 (1H, d, J = 8.4 Hz), 4.05-4.07 (1H, m), 2.95-2.98 (2H, m)  

Dopamine hydrochloride (DH) + Glutamic acid (Glu): 

δ = 2.30 (-NH2), 2.94 (2H, t, J = 7.2 Hz), 3.27 (2H, t, J = 7.2 Hz), 6.82 (1H, dd, J = 8.0 Hz), 6.90 (1H, 

d, J = 2 Hz), 6.96 (1H, d, J = 8.4 Hz), 2.18-2.23 (2H, m), 2.56-2.62 (2H, m), 3.89 (1H, m) 
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Fig.10. 1H NMR spectra of (a) Aspartic Acid (b) Dopamine Hydrochloride (c) (Dopamine 

Hydrochloride+ Aspartic Acid) solution in D2O at T= 298.15K. 
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Fig.11. 1H NMR spectra of (a) Glutamic acid (b) Dopamine Hydrochloride (c) (Dopamine 

Hydrochloride+ Glutamic Acid) solution in D2O at T=298.15K. 
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4. CONCLUSION 

The results obtained from density, viscosity, and refractive index measurements were reported 

to establish the interaction between Dopamine Hydrochloride and amino acids in aqueous 

medium. The values of limiting apparent molar volume suggest the existence of stronger ion-ion 

interactions in case of l-Glutamic acid with Dopamine. The interactions were also anticipated by 

the UV-Visible absorption data. The higher value of association constant dictates greater 

interaction in Glu-DH system. The Raman spectra sensitively captured partial structure changes 

of the molecule [167]. From the thermophysical parameters and spectroscopic studies, it is 

observed that solute-solvent interactions increase from l-aspartic acid to l-glutamic acid. The 

experimental data also deliver a wealth of information on the structure and dynamics of such 

species. The observation not only provides new insight into the widely investigated interfacial 

chemical reaction of Dopamine, but it also defines a starting point for a detailed understanding 

of various macroscopic phenomena occurring in the system. Glutamate receptor agonists have 

been suggested as an alternative therapy to dopamine receptor antagonists in the treatment of 

schizophrenia [168]. Thus the extent of interaction between amino acids and DH also ensures its 

feasibility in the area of medicinal chemistry or biomedicine industry.  Besides, the current work 

dictates a guideline for the catecholamine molecules recognition tool, a simple and fast method 

for identifying the type of interaction taking place in an aqueous environment. 

 

Tables. 

Table.S1. Apparent molar volume ( VI ) and ( 1)r

m
K �  for amino acids in different mass fraction of 

aqueous Dopamine Hydrochloride at different temperatures and (p = 0.1MPa).    

cm 

/mol·kg-1 
VI ·106 

/ m3·mol-1 

( 1)r

m
K �

 
cm 

/mol·kg-1 
VI ·106 

/ m3·mol-1 

( 1)r

m
K �

 
cm 

/mol·kg-1 
VI ·106 

/ m3·mol-1 

( 1)r

m
K �

 

  w1=0.001b  

(Asp+DH) 293.15 Ka 303.15 Ka 313.15 Ka 

         

0.001 72.2300 0.115 0.001 78.3447 0.164 0.001 83.3529 0.187 

0.003 67.5549 0.161 0.003 73.1552 0.234 0.003 77.5879 0.237 

0.005 62.6127 0.199 0.005 68.2804 0.257 0.005 73.3803 0.291 
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0.007 58.4910 0.217 0.007 64.0246 0.300 0.007 68.5245 0.321 

0.009 55.0880 0.236 0.009 60.0420 0.324 0.009 64.5814 0.362 

         

  w1=0.003b  

         

0.001 83.1815 0.185 0.001 89.4399 0.195 0.001 93.4473 0.215 

0.003 76.5083 0.229 0.003 81.7440 0.269 0.003 86.6833 0.303 

0.005 71.1697 0.267 0.005 77.3941 0.300 0.005 81.2698 0.347 

0.007 66.0218 0.302 0.007 71.9448 0.344 0.007 76.0490 0.373 

0.009 60.9375 0.334 0.009 66.6867 0.372 0.009 70.8926 0.421 

         

  w1=0.005b  

         

0.001 93.9084 0.198 0.001 99.2071 0.220 0.001 105.4985 0.233 

0.003 86.5900 0.269 0.003 92.1996 0.276 0.003 97.4072 0.308 

0.005 80.9349 0.304 0.005 86.9940 0.317 0.005 92.9529 0.368 

0.007 75.8025 0.347 0.007 81.4737 0.360 0.007 87.7181 0.398 

0.009 70.7335 0.375 0.009 76.2156 0.412 0.009 82.6721 0.445 

         

  w1=0.001b  

(Glu+DH) 293.15 Ka 303.15 Ka 313.15 Ka 

         

0.001 77.2691 0.181 0.001 82.4930 0.195 0.001 87.3343 0.208 

0.003 67.2511 0.220 0.003 77.4709 0.250 0.003 80.5514 0.278 

0.005 64.0453 0.263 0.005 70.2391 0.293 0.005 75.1229 0.312 

0.007 59.9522 0.297 0.007 67.4267 0.327 0.007 72.7902 0.356 

0.009 56.5652 0.327 0.009 63.0772 0.367 0.009 68.1038 0.403 

         

  w1=0.003b  

         

0.001 95.2233 0.198 0.001 102.5196 0.209 0.001 107.5699 0.238 

0.003 83.8789 0.266 0.003 95.1583 0.297 0.003 100.8045 0.300 

0.005 78.0064 0.315 0.005 89.0685 0.346 0.005 93.3622 0.360 

0.007 74.4887 0.340 0.007 83.5905 0.370 0.007 87.2707 0.401 

0.009 69.6427 0.378 0.009 77.8704 0.406 0.009 82.7556 0.440 
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  w1=0.005b  

         

0.001 110.9038 0.232 0.001 117.2566 0.220 0.001 125.6647 0.254 

0.003 103.2527 0.273 0.003 109.4816 0.288 0.003 117.2362 0.327 

0.005 97.1319 0.323 0.005 103.0413 0.345 0.005 107.4575 0.399 

0.007 91.3722 0.373 0.007 96.3769 0.387 0.007 101.6724 0.441 

0.009 86.0655 0.413 0.009 90.6724 0.411 0.009 95.0841 0.483 
aStandard uncertainties in temperature (T) = ±0.01 K. 
bw1 is the mass fraction of aqueous dopamine hydrochloride. 
cm is the molarity of amino acid in water and water + dopamine hydrochloride solvent systems.  

Standard uncertainties, u, in molality is u (cm) = 0.0002 mol·kg−1. 

 

Table.S2. Values of empirical coefficients (a0, a1, and a2) of Equation 3 of amino acid in different 

mass fraction of aqueous Dopamine Hydrochloride at T= (293.15 to 313.15) K and (p = 0.1MPa).    

Mass fraction 
a0·106 

/m3·mol-1 

a1·106 

/m3·mol-1·K-1 

a2·106 

/m3·mol-1·K-2 

(Asp + DH) 

w1 = 0.001b -769.77 5.0767 -0.0074 

w1 = 0.003b -843.26 5.7084 -0.0086 

w1 = 0.005b 60.26 -0.2104 0.0013 

(Glu + DH) 

w1 = 0.001b -1,468.33 9.7812 -0.0153 

w1 = 0.003b -1,539.07 10.1872 -0.0156 

w1 = 0.005b 1,280.15 -8.4876 0.0155 

bw1 is the mass fraction of the aqueous dopamine hydrochloride. 
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Table.S3. Values of Refractive Index (nD) and Molar Refraction (RM) of Aspartic Acid and 

Glutamic Acid in different mass fraction of aqueous Dopamine Hydrochloride (w1) at different 

temperatures (298.15 Ka, 303.15Ka & 313.15Ka) and (p = 0.1MPa) respectively. 

Solution Conc. (cm 

/mol·kg-1) 

nD RM/m3∙mol-1 

w1 = 0.001b   

293.15Ka 

 

 

 

0.001 1.3309 27.2687 

0.003 1.3311 27.2799 

0.005 1.3313 27.2906 

0.007 1.3315 27.3009 

0.009 1.3317 27.3110 

303.15Ka 

 

 

(Asp+DH) 

0.001 1.3309 27.2687 

0.003 1.3308 27.3291 

0.005 1.3310 27.3401 

0.007 1.3312 27.3507 

0.009 1.3314 27.3609 

313.15Ka 

 

 

 

0.001 1.3302 27.3811 

0.003 1.3305 27.4005 

0.005 1.3307 27.4119 

0.007 1.3309 27.4227 

0.009 1.3310 27.4257 

w1 = 0.003b 

293.15Ka 

 

 

 

0.001 1.3314 27.2840 

0.003 1.3316 27.2957 

0.005 1.3318 27.3068 

0.007 1.3320 27.3173 

0.009 1.3321 27.3199 

303.15Ka 

 

 

(Asp+DH) 

0.001 1.3310 27.3314 

0.003 1.3312 27.3433 

0.005 1.3314 27.3549 
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0.007 1.3316 27.3658 

0.009 1.3317 27.3686 

313.15Ka 

 

 

 

0.001 1.3308 27.3935 

0.003 1.3310 27.4058 

0.005 1.3312 27.4175 

0.007 1.3314 27.4287 

0.009 1.3315 27.4318 

w1 = 0.005b 

293.15Ka 

 

 

 

0.001 1.3327 27.2989 

0.003 1.3329 27.3111 

0.005 1.3331 27.3227 

0.007 1.3333 27.3338 

0.009 1.3334 27.3368 

303.15Ka 

 

 

(Asp+DH) 

0.001 1.3323 27.3544 

0.003 1.3325 27.3669 

0.005 1.3327 27.3789 

0.007 1.3329 27.3903 

0.009 1.3330 27.3936 

313.15Ka 

 

 

 

0.001 1.3317 27.4226 

0.003 1.3319 27.4354 

0.005 1.3321 27.4478 

0.007 1.3323 27.4596 

0.009 1.3324 27.4633 

w1 = 0.001b 

293.15Ka 

 

 

 

0.001 1.3320 30.2338 

0.003 1.3323 30.2534 

0.005 1.3325 30.2646 

0.007 1.3327 30.2752 

0.009 1.3329 30.2855 

303.15Ka 
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(Glu+DH) 

0.001 1.3317 30.2880 

0.003 1.3320 30.3084 

0.005 1.3322 30.3197 

0.007 1.3324 30.3309 

0.009 1.3326 30.3414 

313.15Ka 

 

 

 

0.001 1.3317 30.3337 

0.003 1.3320 30.3544 

0.005 1.3322 30.3661 

0.007 1.3324 30.3778 

0.009 1.3326 30.3887 

w1 = 0.003b 

 

298.15Ka 

 

 

(Glu+DH) 

0.001 1.3325 30.2508 

0.003 1.3328 30.2714 

0.005 1.3330 30.2832 

0.007 1.3332 30.2947 

0.009 1.3334 30.3055 

303.15Ka 

 0.001 1.3321 30.3035 

 

 

0.003 1.3324 30.3249 

0.005 1.3326 30.3374 

0.007 1.3328 30.3492 

0.009 1.3330 30.3603 

313.15Ka 

 

 

 

0.001 1.3317 30.3558 

0.003 1.3320 30.3777 

0.005 1.3322 30.3903 

0.007 1.3324 30.4024 

0.009 1.3326 30.4141 

w1 = 0.005b 

293.15Ka 

 

 

0.001 1.3339 30.2753 

0.003 1.3342 30.2972 
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 0.005 1.3344 30.3100 

0.007 1.3346 30.3222 

0.009 1.3348 30.3339 

303.15Ka 

 

 

(Glu+DH) 

0.001 1.3333 30.3206 

0.003 1.3336 30.3428 

0.005 1.3338 30.3560 

0.007 1.3340 30.3684 

0.009 1.3342 30.3803 

303.15Ka 

 

 

 

0.001 1.3324 30.3714 

0.003 1.3327 30.3942 

0.005 1.3329 30.4074 

0.007 1.3331 30.4203 

0.009 1.3333 30.4323 
aStandard uncertainties in temperature (T) = ±0.01 K. 
bw1 is the mass fraction of aqueous dopamine hydrochloride. 

cm is the molality of amino acid in water and water + dopamine hydrochloride solvent systems. Standard 

uncertainties, u, in molality is u (cm) = 0.0002 mol·kg−1. 
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CHAPTER-V 

Synthesis and Characterization of Host Guest Inclusion Complexation of Cyclic 

Oligosaccharide with an Industrially  Potent  Dye  in Different  Phases by Physicochemical 

Contrivance 

 

ABSTRACT 

β-CDs are known to absorb dyes and can, therefore, be used to bring down the loss of dye in 

savage water, thus it becomes capable to modify dye uniformity and prevent the running of dyes 

during washing. In this paper, an industrially important dye Alizarin complexone has been 

incorporated inside the cavity of β-Cyclodextrin  and the inclusion complex formed was 

characterised by 1H NMR, 2D ROESY, UV-Visible Spectroscopy, Fluorescence Spectroscopy, 

HRMS and SEM study. Such inclusion phenomena protect the dye molecule from external 

hazards like environmental degradation, oxidation, photolytic cleavage and can be used to 

remove the dye present in savage water. 
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1. INTRODUCTION 

β-Cyclodextrin  (βCD) has a truncated cone-shaped structure with a cavity size of 7.9 Å depth 

and top and bottom diameters of  6.0 and 6.5 Å respectively [9],[169]. The hydrophilic outer 

surface and a hydrophobic interior of CD molecule make it enable of encapsulating different 

guest molecules inside the hollow cavity [170] [14, 171]. When dissolved in an aqueous medium, 

the cavity of the β-Cyclodextrin  molecule gets occupied by 8-9 water molecules, which are 

excluded from the cavity after its complexation with a well-fitted guest molecule [172]. The 

presence of the α-1,4-linkage of each glucopyranose unit makes all of the hydrophilic 2-, 3-, and 

6-hydroxyl groups to be located exterior of the hydrophobic cavity [172]. According to the 

literature survey [14, 173], it has been found that the most probable binding mode of both native 

and modified cyclodextrins (CDs) with different guest molecules deals with the encapsulation of 

the less hydrophilic part of the guest molecule inside the CD cavity, whereas the more 

hydrophilic portion stays outside the primary or secondary rim of the cavity. First and foremost, 

the size and shape of the CD cavity are regulated by the covalently bonded glucose units. 

Therefore, the cavity permits more pronounced van der Waals interactions than nonpolar 

organic media, in which solvent molecules are able to move freely, and consequently, a more 

exothermic heat effect is observed [174]. Secondly, the dipole-dipole interaction, dipole-induced 

dipole interaction, and ion-dipole interactions between host and guest play vital roles and their 

extent of interaction entirely depends upon complexation of CD with lipophilic inorganic ions 

(e.g., PF6-, ClO4-, or SCN-) [175] and with neutral and charged aromatics (e.g., substituted phenols) 

[14]. Such interactions combinely contribute to the large negative enthalpies of complexation. In 

most of the cases, hydrophobic interactions, hydrogen bonding along with van der Waals force 

serve as the key factors for the stable supramolecular network[175, 176]. The intracavity 

interactions between CD and guest is considered as a “nonclassical” hydrophobic model, in 

which the change in enthalpy (ΔH0) and entropy (ΔS0) can either be positive or negative[176] 

[177] rather than a “classical” one, in which both ΔH0 and ΔS0 are positive [178, 179]. The process 

of inclusion complexation can modify both the photochemical and photophysical properties of 

the guest molecules because of the formation of a host-guest. As a consequence of such alteration 

in the physical, chemical and biochemical properties of guest molecules, and their application 

capability can also be improved in the fields such as drug delivery technology [180, 181] [182], 

food industry[183] ,medicine [171, 180], agriculture [184], textile industry [185] etc. The 

magnitude of binding constant is one of the determining factors for the widespread application 
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of CDs in the field of analytical chemistry [9]. In the textile industry, cyclodextrins act as 

defoaming agents by forming inclusion complexes with different detergent molecules [169]. CDs 

are also well known to remove dyes from aqueous solutions. The pattern of absorption and 

desorption of these dyes on CD molecules is precisely related to the extent of complexation 

strength of cyclodextrins [113]. 

Dyes have been the topic of utmost interest of the researchers in recent years because of 

increasingly demanding restrictions on the organic content of industrial sewage. Dyes are the 

most common water pollutants and often found in trace quantities in industrial wastewater. 

Many dyes do not degrade simply due to their complex aromatic structure and thus persist in 

the environment, which in turn causes serious ecotoxicological effects. Therefore, it would be 

advantageous to develop an inclusion complex of such dyes with CD molecules to eliminate them 

from the aqueous medium. Alizarin-3-methyliminodiacetic acid or Alizarin complexone (AC)  is 

a very well-known reagent for the spectrophotometric determination of metals and it can form 

deeply coloured metal complexes [109]. In this paper, we have synthesised the inclusion 

complex of AC with β-CD molecule and the host-guest interactions have been studied with the 

help of UV-Visible Spectroscopy, Fluorescence Spectroscopy, 1H NMR Spectroscopy, 2D ROESY, 

HRMS and SEM analysis. We proposed that beta-cyclodextrin can be used to remove trace 

amount of AC from water.   

The structures of the compounds used in this work are given in Scheme1. 

Keywords 

Alizarin-3-methyliminodiacetic acid or Alizarin complexone (AC), β-Cyclodextrin  (β-CD), 

Fluorescence Study, Inclusion complex(IC), Job Plot, HRMS.  
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Scheme1. Molecular Structure of (A) Alizarin-3-methyliminodiacetic acid or Alizarin 

complexone and (B) β-Cyclodextrin. 

2. EXPERIMENTAL SECTION 

2.1. Materials used 

Source and Purity of Samples 

Alizarin-3-methyliminodiacetic acid or Alizarin complexone and β-Cyclodextrin  were collected 

from Sigma-Aldrich, Germany and used without further purification. The mass fraction purity of 

the amino acids was ≥0.98.  

The details of the chemicals used in this work are listed in Table.1; no further purification was 

performed. Distilled water was used for the preparation of all solutions. 
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Table. 1. Details of the chemicals used. 

Name of chemicals Source CAS no Purification 

method 

Mass purity 

Alizarin-3-

methyliminodiacetic acid 

Sigma-

Aldrich, 

Germany 

56-84-8 Used as 

purchased 

≥98% 

β- cyclodextrin Sigma-

Aldrich, 

Germany 

7585-39-9 Used as 

purchased 

≥99% 

Distilled Water Sigma-

Aldrich, 

Germany 

7732-18-5 Used as 

purchased 

≥99% 

Dimethyl sulfoxide-d6 Sigma-

Aldrich, 

Germany 

2206-27-1 Used as 

purchased 

≥99%, 

≤0.25% water) 

Lithium hydroxide 

 

Sigma-

Aldrich, 

Germany 

1310-65-2 Used as 

purchased 

≥98% 

 

 

2.2. Apparatus and procedure 

The solubilities of the chosen compounds were precisely checked and it was found that the dye 

molecule taken is sparingly soluble in distilled water but it gets soluble in 70% methanol. The 

solutions used in this work were prepared by mass with the help of Mettler Toledo AG-285 

having uncertainty ±0.0003g. Freshly prepared solutions were used every time. The uncertainty 

in molarity of the solutions was evaluated to ±0.0001 mol kg−3. 

Agilent 8453 UV-VIS spectrophotometer was used to measure the UV spectral pattern and 

JULABO F-32 thermostat was used to maintain the experimental temperature. Fluorescence 

study was performed with the help of QuantaMaster 40 spectrofluorometer. 
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For 1H NMR study, spectra were recorded at 400 MHz BRUKER AVANCE using D2O. Signals were 

denoted as δ values in ppm using residual protonated solvent signals as internal standard (D2O: 

δ 4.79 ppm). The differences in chemical shifts were recorded to study the interaction between 

AC and β-CD molecules.The Mass Spectroscopic analysis was done in Agilent Accurate-Mass Q-

TOFLC/MS6520. Scanning Electron Microscope (SEM) study was performed in JEOL JSM-IT100 

instrument. 

2.3. Synthesis of the inclusion compound 

Because of low solubility of AC in water, 0.5 mmol of AC was dissolved in 70% methanol (15mL) 

and β-CD.12H2O (0.5 mmol) was dissolved in water (20 mL). The methanolic solution of AC was 

added dropwise to the aqueous solution of β-CD. The temperature was kept constant at 55°C. 

After 48 hr of continuous stirring at 550C, a light yellow coloured compound was obtained. After 

cooling down to room temperature, the precipitate was washed successively with pure methanol 

& distilled water. The crude solid was dried in vacuum drying oven to obtain perfectly dried 

AC.β-CD inclusion complex.  

3. RESULT AND DISCUSSION 

3.1 FTIR Spectroscopy 

FTIR is a reliable technique to track the formation of the inclusion complex in both the solid and 

liquid state. We checked FTIR spectra for pure AC, pure β-CD and the inclusion complex formed. 

IR spectroscopic data obtained are given in Table.S1. Fig.1.shows that pure β-CD has a broad 

band at 3408.32cm−1. On the other hand the guest molecule exhibits a broad band at 3465.73 

cm-1 due to the O-H stretching vibration. In AC.β-CD complex, this band was found at 3451.45 

cm-1. Such change in frequency might happen due to the changed environment of the O-H groups 

inside the cyclodextrin molecule.  In pure β-CD, the C-H stretching vibrations were found at 

2943.65cm−1 and in case of AC compound, aliphatic C-H bond stretching frequency appeared at 

2956.30cm-1 but in the IC C-H stretching frequency got shifted to 2929.49 cm-1. This implies that 

the band of both the molecule got merged to generate a single band. Bending vibrations of –C-H 

(–CH2) and O-H and C-O-C involving α-1,4 linkage for CD were obtained at 1402.42, 1161.56 and 

974.23 cm-1 respectively and in inclusion complex all those got shifted to 1380.46, 1148.34 and 

974.23 cm-1 respectively. The band due to aromatic C=O (in case of guest ) stretching frequency 

was observed at 1632.74 cm-1 and in IC it was found at 1632.74 cm-1, may be due to the insertion 

of the aromatic part of the guest molecule. This fact is in good agreement with the results 
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obtained from both 1H-NMR spectroscopic study and 2D ROESY spectrum. The stretching 

frequency (symmetric) of C=O and C-O (–COOH group) were found at 1432.25 cm-1 and 1285.17 

cm-1 respectively but both stretching frequencies were observed at 1448.89 cm-1 and 1292.56 

cm-1 respectively in case of the IC formed. Similarly, in inclusion complex, the stretching 

frequency of aromatic C-H bond was obtained at 791.87 cm-1 whereas, in case of pure AC, it was 

found at 797.72 cm-1. This is simply due to the insertion of the aromatic portion of the AC and 

interaction of the aromatic protons with inner protons in the hydrophobic environment[186] 

[187]. 

 

Fig.1. FT-IR spectra of free β-CD, AC and their 1:1 inclusion complex (AC.βCD) and 298.15K.  

3.2. UV-Vis Spectroscopy 

3.2.1 Job’s Plot 

We applied “Job’s method of continuous variation”  to determine the stoichiometry of the 

prepared inclusion complex [188-190]. All the solutions were prepared in 70% methanol (v/v), 

because of the low solubility of the guest molecule in water. A set of solutions of different 

concentrations ranging from 20 μM to 200 μM were prepared and the change in intensity along 
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with the absorption pattern of the solutions were recorded (Table. S5); The maximum 

absorption wavelength (λmax) was found at 426 nm. The difference in absorbance ΔA was plotted 

against R and we found R-value at 0.5 (Fig.2.), which indicates 1:1 stoichiometry. ΔA denotes the 

difference in absorbance of the pure AC and in pure form and AC.β-CD complex and R represents 

[AC]/([AC]+[CD]). The value of R is a measure of the stoichiometry of host-guest inclusion 

complexes such as R ≈ 0.33, R≈ 0.5 and R≈ 0.66 stands for 1:2, 1:1 and 2:1 host: guest 

stoichiometry respectively.  

 

Fig.2. Job Plot performed by UV-Vis spectroscopic study for AC.β-CD system at 298.15K. 

3.2.2. Association Constant and Thermodynamic Parameters 

The UV-Visible spectroscopic study is the most commonly applied technique for the 

determination of the association constant (Ka) of the host-guest inclusion complex[191]. During 

the process of inclusion, when the guest (chromophore) molecule gets encapsulated into the 

cavity of CD molecule from the more polar bulk solvent system, a considerable change in the 

molar extinction coefficient (Δε) of the chromophore takes place [192]. It reflects in the change 

of the absorption pattern. UV-Vis absorption (ΔA) of AC (at λmax = 426 nm) was recorded at three 

different temperatures ranging in between 293.15K to 313.15K and the association constants 

(Ka) at those temperatures were also calculated (Table.S2, S3 and S4.) [193]. The double 

reciprocal plots were made on the basis of Benesi–Hildebrand equation for IC of 1:1 stoitiometry. 

We divided the intercept by the slope obtained from the straight line of the double reciprocal 

plot and thereby calculated association constants (Ka) at three different temperatures [194] 

[189] [162] (Fig.S1). 

1
ΔA

= 1
Ka[AC]0Δε

. 1
[CD]0

+ 1
Δε[AC]

    (1)  
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With the help of van’t Hoff equation (2), various thermodynamic parameters such as enthalpy 

(ΔH0), entropy (ΔS0) and free energy change (ΔG0) were calculated (Table.2.) and a linear 

relationship was obtained between ln Ka and 1/T [195] (Fig.S2.). 

lnKa= - ∆H0

RT
 + ∆S0

R
                                                                       (2) 

ΔG0= ΔH0 - TΔS0                                                                         (3) 

 

Table.2. Association constants (Ka) obtained by the Benesi−Hildebrand method  at 

293.15Ka, 303.15Ka, 313.15Ka, and corresponding Gibb's free energy change (ΔG0), 

enthalpy change  (ΔH0) and entropy change (ΔS0) of AC.β-CD system. 

Inclusion 

Complex 

ka (10-3M-1) ΔG0                     

kJ mol-1 

ΔH0                

kJ mol-1 

ΔS0                            

mol-1 K-1 293.15K 303.15K 313.15 

AC.β-CD 4.06 3.02 1.86 -2.59 -2.97 -12.80 

 

The negative enthalpy (∆H0) value indicates the inclusion process to be an exothermic one and 

the negative entropy value states the process to be entropy controlled [196]. When the guest 

molecule enters into the hollow cavity of CD,it leads to the decrease of the entropy value and 

hence negative entropy value was obtained, which in turn increases the disorderness of the 

whole system. This ultimately leads the whole process of inclusion as thermodynamically 

favourable. The negative ∆G0 value signifies the overall process is spontaneous one [196].  

3.3. Fluorescence Spectroscopy 

With the help of fluorescence spectroscopy we can determine the change in fluorescence 

intensity of the inclusion complex even if it is present in a trace amount (micromolar range) in 

solution. This technique is proved to be very sensitive in case of determining very large 

association constant with high accuracy [197]. In this paper, we recorded the variation in the 

intensity of the emission spectra with different concentration of the β-CD molecule ranging from 

20 μM-200 μM, while the concentration of the guest was kept constant. The emmission maxima 
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was recorded at 492 nm. The association constant can be determined according to the Benesi–

Hildebrand double reciprocal equation (eqn. 4). 

1
Fi-F0

= 1
Ka[Fmax-F0 ]

. 1
[CD]n + 1

[Fmax-F0 ]
                                                   (4) 

The graph of 1/ΔA against 1/[CD] gives a linear plot with a regression value of 0.9906 (Fig. 3). 

From the double reciprocal plot, we calculated the association constant at 298.15 K. The 

association constant calculated was 2.0x103, which is in good agreement with the association 

constant calculated from UV-Vis spectroscopic study (Table.S6. & Table.S7.). The stoichiometry 

of the inclusion complex can also be predicted from fluorescence spectroscopy and it is entirely 

based upon the linearity of the plot. The plot of 1/ΔA v/s 1/[CD] follows a linear trend with a 

regression value of 0.9906 but the plot of 1/ΔA against 1/[CD]2 gives a nonlinear plot having a 

regression value of 0.9272 (Fig.3.). The nonlinear plot completely ruled out the possibility of 1:2 

inclusion complexation formation [198]. Hence, fluorescence study supports the phenomena of 

inclusion as explained earlier as well as it confirms the result obtained from Job plot. 

 

Fig.3. Benesi-Hildebrand double reciprocal plot showing linearity of (a) 1/ΔF against 1/[CD] and 

(b) 1/ΔF against 1/[CD]2 at 298.15K. 

3.4 1H NMR analysis 

NMR spectra of the D2O (NMR solvent) was taken first to check its purity. Due to very low 

solubility of AC in D2O solvent, of 1-1.5 mg of LiOH base was used to get the whole sample 

dissolved. For the IC, we used the same procedure. All measurements were performed at 298.15 

K using a 400 MHz spectrometer. Whenever a guest molecules gets encapsulated inside the 

hollow cavity of CD molecule, there happens some specific changes in the chemical shift values 

of the protons in the IC[199] [200]. From the structure of β-CD molecule, it has been observed 

that H3 and H5 protons are placed inside the hollow cavity whereas other protons such as H1, 

R² = 0.9906

0.0E+00

6.0E-06

1.2E-05

1.8E-05

0.0E+00 6.0E+04 1.2E+05

1/
ΔF

1/[CD]

a

R² = 0.9272

0.E+00

6.E-06

1.E-05

2.E-05

0.E+00 6.E+03 1.E+04

1/
ΔF

1/[CD]
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H2 and H4 are present at the exterior of the cyclodextrin molecule [189]. More precisely, H3 

proton is located near the wider rim and H5 proton is closer to the narrower rim. When AC 

molecule enters through the –OH groups of less polar part interacts with the with the H3 and H5 

protons, which gives rise to the upfield chemical shift of H3 and H5 protons. Because of the 

location of H3 proton (placed near the wider rim) compared to H5 proton, it will undergo more 

upfield shift rather than the H5 one and  H1, H2, H4 will exhibit negligible upfield shifts. In 

inclusion complex the H3 proton has been shifted to 0.06 ppm (upfield), whereas H5 proton 

shifts to 0.03 ppm (upfield) only. Such upfield shifts for H3 and H5 protons might be explained 

in terms of magnetic anisotrophic effect originating from the aromatic ring of guest molecules 

(Fig.S3.) [201].In the inclusion complex, peaks for aromatic protons of the guest molecule 

experienced some extent of upfield shift  and the peak due to presence of H5 proton (guest 

molecule) got disappeared. Upfield shift of both CD protons (H3 and H5) and guest protons (H1, 

H2, H3 & H4) indicates that the less polar part of the guest molecule has been encapsulated in 

the cavity of β-CD without any covalent bond formation.  

1H NMR data 

β- Cyclodextrin (β-CD): 1H NMR (in D2O): δ/ppm 3.49(t, 6H,  J = 9.2 Hz), 3.56-3.61 (dd, 6H, J = 

9.6, 3.2 Hz), 3.79-3.81 (m, 18H ), 3.88(t, 6H, J = 9 Hz), 4.97-4.98 (d, 7H,  J =3.6 Hz) 

Alizarine Complexone (AC): 1H NMR (in D2O): δ/ppm 7.29-7.38 (d, 4H,  J= 3.6 Hz) , 4.06 (s, 1H ) 

, 3.66 ( s, 4H ) 

AC.βCD IC 1H NMR (in D2O) : δ/ppm 3.49(t, 6H,  J = 9.2 Hz), 3.56-3.61 (dd, 6H, J = 9.6, 3.2 Hz), 

7.21-7.26 (d, 4H,  J= 3.6 Hz), 3.62( s, 4H), 3.74-3.77 (m, 18H ), 3.82(t, 6H, J = 9 Hz), 4.97-4.98 (d, 

7H,  J =3.6 Hz)  

3.5 2D ROESY 

2D ROESY NMR is a technique for investigating the spatial proximity between the host and the 

guest moieties by observation of intermolecular dipolar cross-correlations. In NOESY or ROESY 

spectroscopy, when two protons are located in space closer than 4Å able to produce a nuclear 

overhauser effect (NOE) cross peaks. Fig.4. shows the 2D spectrum of AC.βCD inclusion complex 

in which only a single intermolecular NOE cross-peak was observed. The correlation of H1, H2, 

H3 and H4 protons from AC with H3 and H5 protons from βCD indicated the insertion of the 

benzene ring of AC into the cavity of βCD through the wider rim. No other cross peaks between 
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H5, H6, H7, H8 of AC with the protons of βCD were observed. These results further confirmed 

that the AC.βCD inclusion complex was successfully formed in the solution phase. Possible 

modes of interactions in the inclusion complex is shown in Scheme 2. 

 

 
Fig.4. 2D ROESY spectrum of AC.β-CD inclusion complex in D2O. 

 

Scheme 2. Possible modes of interactions between host and guest in AC.β-CD inclusion complex. 
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3.6 HRMS Study 

AC.β-CD inclusion complex was prepared in methanol and were introduced into the ion source 

of the mass spectrometer with a flow rate of 25mL/min with the help of a syringe pump. The 

detection was performed in the positive ion mode. The peaks were given in m/z (% of basis 

peak). 

The peak obtained at 1520.4555 and 1542.4379 in [M+H]+ and [M+Na]+ mode respectively 

indicates the formation of 1:1 AC.βCD IC. These values are quite close to the calculated values of 

m/z 1520.4573 and 1542.4392 for [M+H]+ and [M+Na]+ respectively and the spectra have been 

revealed in Fig.S4 [187]. 

Table.3. The calculated values and obtained m/z values of  the solid inclusion complex in 

methanol 

Ions Exact Mass 

(calculated) 

[M+H]+ 

m/z values 

Obtained 

Exact Mass 

(calculated) 

[M+Na]+ 

m/z values Obtained 

 

[AC+βCD] 

 

1520.4573 

 

1520.4555 

 

1542.4392 

 

1542.4379 

 

3.7. Scanning Electron Microscope (SEM) Study 

The scanning electron microphotographs of pure βCD, pure AC, AC: βCD physical mixtures and 

AC.βCD inclusion complex are given in Fig.5. Scanning electron microscopy (SEM) analysis was 

performed on a JEOL JSM-IT100 to find out whether any morphological change took place in case 

of the AC.β-CD inclusion complex. After dissolving in isopropanol, the sample solution was 

dropped onto freshly cleaved cover glass, and dried at 65°C and kept in vaccum desicator for 6-

8 hours. After complete drying, a few nm-thick layer of gold was spread onto the surface of cover 

glass. From the SEM images it can be seen that pure β-CD  particles appeared as three-

dimensional particles with a parallelogram shape [202] and pure Alizarin compound appeared 

as three dimensional irregular shaped component. In the physical mixture, the presence of both 

AC and β-CD has been found. On the other hand, morphograph of AC.β-CD inclusion complex 

showed presence of homogeneous aggregates of small block shaped crystals, which seem to be 

different from those of the pure compounds and the physical mixture[202]. Under high 

resolution, the IC appeared as bar shaped crystals with well-developed faces. Such sharp change 
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in the surface morphologies indicates the presence of a new phase; this fact can be attributed to 

the molecular encapsulation of AC molecule inside β-CD. 

 

Fig.5. SEM images of (A) pure Alizarine Complexone, (B) pure βCD , (C) AC.βCD inclusion 

complex and (D) Physical mixture of AC and βCD. 

 

CONCLUSION 

In this paper, the results obtained from FTIR spectroscopic study shows that the less polar part 

of the guest molecule that is the aromatic ring was included inside the hollow cavity of  β-CD and 

the rest part of the the molecule remained outside. From Job’s plot, The R value was found at 0.5 

(approximately) indicating formation of 1:1 stoichiometry. The upfield chemical shifts 

experienced by H3 and H5 protons (of β-CD molecule) and H1, H2, H3, H4 protons (of AC 

molecule) further supports the fact. The large value of association constatnts obtained from both 

UV-Visible and fluorescence spectroscopic study confirmed the formation of inclusion complex 

which is in good agreement with the results obtained from 2D ROESY. SEM study too showed 

significant morphological changes between pure compounds and IC formed. Such inclusion 
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phenomena led to an improved dye strength and deepen the shades of dyes.This can also 

enhance possibility of dyeing at lower temperatures. 

Supporting Informations 

Synthesis and Characterization of Host Guest Inclusion Complexation of Cyclic 

Oligosaccharide with  an Industrially  Potent  Dye  in Different  Phases by Physicochemical 

Contrivance 

 

Table. S1. Stretching frequencies obtained from FTIR spectroscopic study of pure β-CD, AC, 

AC.β-CD complex 

Functional Groups 
Wave number (cm-1) 

Β-CD  AC  AC.β-CD  

stretching of O-H 3408.32  3451.45 

stretching of –C-H from –CH2 2943.65  2929.49 

bending of –C-H from –CH2 and bending of 

O-H 
1402.42  1380.46 

bending of C-O-C 1161.56  1148.34 

vibration involving α-1,4 linkage 974.23   957.12 

Streching of Aromatic O-H 
 

3431.73 3451.45 

Streching due to Aliphatic C-H bond 
 

2956.3 2929.49 

Streching due to aromatic C=O 
 

1632.74 1632.74 

Symmetric streching due to carboxylic 

C=O 
 

1432.25 1440.89 

Streching due to C-O from -COOH 
 

1285.17 1292.56 

Aromatic C-H  
 

779.72 781.87 

 

Table.S2. Data for Benesi-Hildebrand double reciprocal plot performed by UV-Visible Spectroscopic 

Study for of AC.β-CD system at 293.15K 

a0 a1 Δa 1/Δa [CD] 1/[CD] 1/Δa 

0.21351 0.22159 0.00808 4.512839 1.0E-05 100000 123.7624 

0.21351 0.23123 0.01772 4.324698 2.0E-05 50000 56.43341 

0.21351 0.24785 0.03434 4.034698 3.0E-05 33333 29.12056 

0.21351 0.24827 0.03476 4.027873 4.0E-05 25000 28.7687 
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0.21351 0.249 0.03549 4.016064 5.0E-05 20000 28.17695 

0.21351 0.25089 0.03738 3.985811 6.0E-05 16667 26.75227 

0.21351 0.25144 0.03793 3.977092 7.0E-05 14286 26.36436 

0.21351 0.25365 0.04014 3.94244 8.0E-05 12500 24.91281 

0.21351 0.25991 0.0464 3.847486 9.0E-05 11111 21.55172 

0.21351 0.29573 0.08222 3.381463 1.0E-04 10000 12.16249 

 

Table. S3. Data for Benesi-Hildebrand double reciprocal plot performed by UV-Visible Spectroscopic 

Study for of AC.β-CD system at 303.15K 

a0 a1 Δa 1/Δa [CD] 1/[CD] 1/Δa 

0.20273 0.21348 0.01075 4.68428 1.0E-05 100000 93.02326 

0.20273 0.23029 0.02756 4.342351 2.0E-05 50000 36.28447 

0.20273 0.25195 0.04922 3.969041 3.0E-05 33333 20.31694 

0.20273 0.25848 0.05575 3.868771 4.0E-05 25000 17.93722 

0.20273 0.26079 0.05806 3.834503 5.0E-05 20000 17.22356 

0.20273 0.26116 0.05843 3.82907 6.0E-05 16667 17.1145 

0.20273 0.2616 0.05887 3.82263 7.0E-05 14286 16.98658 

0.20273 0.26198 0.05925 3.817085 8.0E-05 12500 16.87764 

0.20273 0.26229 0.05956 3.812574 9.0E-05 11111 16.78979 

0.20273 0.26229 0.05956 3.812574 1.0E-04 10000 16.78979 

 

Table. S4. Data for Benesi-Hildebrand double reciprocal plot performed by UV-Visible Spectroscopic 

Study for of AC.β-CD system at 313.15K 

a0 a1 Δa 1/Δa [β-CD] 1/[CD] 1/Δa 

0.18932 0.19738 0.00806 5.066369 1.0E-05 100000 124.06948 

0.18932 0.20765 0.01833 4.815796 2.0E-05 50000 54.55537 
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0.18932 0.22572 0.0364 4.430268 3.0E-05 33333 27.47253 

0.18932 0.22773 0.03841 4.391165 4.0E-05 25000 26.03489 

0.18932 0.22791 0.03859 4.387697 5.0E-05 20000 25.91345 

0.18932 0.22914 0.03982 4.364144 6.0E-05 16667 25.11301 

0.18932 0.2311 0.04178 4.327131 7.0E-05 14286 23.93490 

0.18932 0.23153 0.04221 4.319095 8.0E-05 12500 23.69107 

0.18932 0.25182 0.0625 3.97109 9.0E-05 11111 16.00000 

0.18932 0.25715 0.06783 3.888781 1.0E-04 10000 14.74274 

 

Table.S5. Data for Job plot performed by UV-Visible Spectroscopic 

Study for of AC.β-CD system at 293.15K 

drug conc. 

[D] (µm) 

β-CD  

(µm) 

[D]/ ([D]+ 

[β-CD]) 

A @λmax       

426nm 

ΔA            

(0.49208-

A) 

ΔAx[D]/ 

([D]+[β-CD]) 

0 100 0.0 0.00000 0.49208 0.000000 

10 90 0.1 0.07021 0.42187 0.042187 

20 80 0.2 0.1095 0.38258 0.076516 

30 70 0.3 0.14786 0.34422 0.103266 

40 60 0.4 0.18492 0.30716 0.122864 

50 50 0.5 0.23481 0.25727 0.128635 

60 40 0.6 0.30459 0.18749 0.112494 

70 30 0.7 0.38116 0.11092 0.077644 

80 20 0.8 0.41641 0.07567 0.060536 

90 10 0.9 0.46208 0.03000 0.027000 

100 0 1 0.49208 0.00000 0.000000 
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Table.S6. Data for Benesi-Hildebrand double reciprocal plot performed by fluorescence 

Spectroscopic Study for of AC.β-CD system at 293.15K 

[β-CD] 

(µM) 
F0 F ΔF 

1/[β-CD] 

(M-1) 
1/ΔF 

10 1692264 1754720.38 62456.38 100000.00 1.60112E-05 

20 1692264 1817184.25 124920.25 50000.00 8.00511E-06 

30 1692264 1867867.00 175603.00 33333.33 5.69466E-06 

40 1692264 1896432.25 204168.25 25000.00 4.89792E-06 

50 1692264 1937050.88 244786.88 20000.00 4.08519E-06 

60 1692264 2015943.00 323679.00 16666.67 3.08948E-06 

70 1692264 2022118.63 329854.63 14285.71 3.03164E-06 

80 1692264 2203450.50 511186.50 12500.00 1.95623E-06 

90 1692264 2231364.00 539100.00 11111.11 1.85494E-06 

100 1692264 2490871.00 798607.00 10000.00 1.25218E-06 

 

Table.S7. Data for Benesi-Hildebrand double reciprocal plot (assuming the stoichiometry to be 

1:2) performed by fluorescence Spectroscopic Study for of AC.β-CD system at 293.15K 

[β-CD] 

(µM) 

[β-CD]2 

(µM) 
F0 F ΔF 

1/[β-CD]2 

(M-1) 
1/ΔF 

10 100 1692264 1754720.38 62456.38 10000.00 1.60112E-05 

20 400 1692264 1817184.25 124920.25 2500.00 8.00511E-06 

30 900 1692264 1867867.00 175603.00 1111.11 5.69466E-06 

40 1600 1692264 1896432.25 204168.25 625.00 4.89792E-06 

50 2500 1692264 1937050.88 244786.88 400.00 4.08519E-06 

60 3600 1692264 2015943.00 323679.00 277.78 3.08948E-06 
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70 4900 1692264 2022118.63 329854.63 204.08 3.03164E-06 

80 6400 1692264 2203450.50 511186.50 156.25 1.95623E-06 

90 8100 1692264 2231364.00 539100.00 123.46 1.85494E-06 

100 10000 1692264 2490871.00 798607.00 100.00 1.25218E-06 

 

 

Fig.S1. Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the absorbance of AC 

at three different temperatures (a) 293.15 K ,(b) 303.15 K and (c) 313.15 K. 

 

Fig.S2. Plot of logKa vs 1/T for the interaction of β-CD with AC. 
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Fig.S3. 1H NMR spectra of (a) pure AC , (b) pure βCD and (c) (AC.βCD) system. 
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Fig. S4. HRMS Spectra of AC.β-CD inclusion complex. 
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Chapter VI 
Study to Explore Diverse Interactions By Physicochemical Contrivance Of An Ionic Liquid In 
Aqueous Oligosaccharides  

 
ABSTRACT 
In this work,the interaction phenomena of an ionic liquid 1-butyl-1-methylpyrrolidinium chloride 
[bmp]Cl has been studied in different concentrations of aqueous D(-)fructose and D(+)galactose 
solutions at  three different temperatures. The limiting molal conductivities, association constants of 
the ion have been evaluated. The limiting apparent molal volumes, experimental slopes and the limiting 
partial molal transfer volumes has been derived from density calculation. The association constant has 

also been determined from conductivity study and other parameters like Gibbs free energy ( 0
AG' ), 

enthalpy ( 0
AH' ) and entropy ( 0

AS'  ) of ion-pair formation have been calculated.  1H NMR spectroscopic 

study does not show any kind of strong interactions between IL and carbohydrates but, their changes 
in terms of size and structure of carbohydrates and IL have been discussed here. By means of the 
interaction between IL and biomolecules, the potential toxicity of ILs may arise. 
 
Keywords: Green solvent; Limiting molal conductivities; ion–solvent and ion–ion interaction; 
Thermodynamic functions, NMR study, Potential toxicity 
 

1. INTRODUCTION 

In the era of globalisation, Ionic liquids (IL) have been emerged as “green” and environment friendly 
solvents [203, 204] for their use in the industrial manufacture of chemicals. Ionic liquids are also being 
used for organic synthesis, catalysis, electrochemical devices and solvent extraction of a variety of 
compounds. The interest in ionic liquids was initiated because of their advantageous physicochemical 
properties such as negligible vapour pressure, high thermal and electrochemical stability, high 
solvating power etc.[97, 205, 206]. [bmp]Cl are widely used in catalysts, battery electrolytes, and 
electrochemical relevances other than batteries. 

Carbohydrates (such as glucose, fructose, galactose etc.) are most important substances to all living 
organisms. They act as a ubiquitous fuel for biological processes to supply necessary energy. 
D(+)galactose and D(-)fructose are very significant variety of saccharide. In spite of the ‘‘green’’ 
aspects of ILs, the potential toxicity of the ILs released into the environment cannot be overlooked 

[207]. Since ILs are highly stable. in water, these can cause health hazards by gathering in the 
ecological atmosphere and organisms. So, it is very important to determine the potential toxicity of IL 
originate from the interface between ILs and biomolecules. 
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In this present case, an attempt has been made to reveal the nature of interactions prevailing an ionic 
liquid in aqueous carbohydrates [D(-)fructose and D(+)galactose] solutions from conductometric, 
volumetric, viscometric and NMR spectroscopic approaches. Aim of the present work is to study the 
molecular interactions of IL in aqueous solutions of carbohydrates by physicochemical and 
thermodynamical studies. Such study helps in better understanding of the interactions occurring 
between carbohydrate molecules and entities present in mixed aqueous medium in the living cells 
through thermodynamics and transport properties. 

2. Experimental 

2. 1 Source and purity of samples 

1-butyl-1-methylpyrrolidinium chloride (ionic liquid) was purchased from Sigma-Aldrich, Germany 
and was used without further purification. The mass fraction purity of the IL, 1-butyl-1-
methylpyrrolidinium chloride [bmp]Cl was ≥ 99%. 

D(-)fructose and D(+)galactose were procured from Thomas Baker, Mumbai. The mass fraction purity 
of D(-)fructose and D(+)galactose was ≥ 99.4% and 99.9% respectively. IL, D(-)fructose and 
D(+)galactose were dried  in vacuum desiccator over  P2O5 at  room  temperature  for  at  least  72  
hours. 

3. Results and Discussion 

Density (ρ),  viscosity  (η)  and  relative  permittivity  (ε)  values are given in Table.1. 

Conductivity measurements have been carried out to determine the  association  behaviour  and  ion–
solvent  interactions [208, 209]  of  the  ionic  liquid, [bmp]Cl,  in  (0.2,  0.4 and  0.6) mol  kg−1 aqueous 
D(-)fructose and D(+)galactose solutions  at  temperatures  ranging from (298.15–308.15)K. The 
concentrations and molar conductances (Λ) of IL in aqueous solution of D(-)fructose and 
D(+)galactose at different temperatures are given in Table. 2. The molar conductance (Λ) has been 
obtained from the specific conductance (κ) value using the following equation. 

Λ = (1000 κ) / m                                                                          (1) 
 

Linear conductance curves (Λ versus √m) were obtained for the electrolyte in aq. solution of D(-
)fructose. D(+) Galactose, extrapolation of √m = 0 evaluated the starting limiting molar conductance 
for the electrolyte. The values of KA, Λ0 and R obtained by this procedure are given in Table.3. 
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Table.1. Density  (ρ),  viscosity  (η)  and  relative  permittivity  (ε)  of  the  different concentration (m) 
of aqueous D(-)fructose  and D(+)galactose  at 298.15, 303.15 and 308.15 Ka respectively. 
  

T (K) ρ · 10-3/kg m-3 K/mPa s Ε 
mD(-)fructose=0.2 mol kg-1 

298.15 1.0039 0.93 78.1 
303.15 1.0025 0.91 76.3 
308.15 1.0018 0.89 74.5 

mD(-)fructose=0.4 mol kg-1 
298.15 1.0051 0.93 77.4 
303.15 1.0028 0.91 75.5 
308.15 1.0021 0.90 73.8 

mD(-)fructose=0.6 mol kg-1 
298.15 1.0062 0.93 76.8 
303.15 1.0049 0.92 74.9 
308.15 1.0027 0.90 73.1 

mD(+)galactose=0.2 mol kg-1 
298.15 1.0037 0.93 78.1 
303.15 1.0023 0.91 76.3 
308.15 1.0015 0.90 74.5 

mD(+)galactose=0.4 mol kg-1 
298.15 1.0045 0.93 77.4 
303.15 1.0025 0.92 75.5 
308.15 1.0020 0.90 73.8 

mD(+)galactose=0.6 mol kg-1 
298.15 1.0059 0.93 76.8 
303.15 1.0047 0.92 74.9 
308.15 1.0025 0.90 73.1 

a Standard uncertainties u are: u(ρ) =±5×10-5 g∙cm-3, u(η) =± 1 %  and u(T) =±0.01K  
 
3.1. Ion-pair Formation 
The conductivity data of taken IL in aqueous solution of D(-)fructose and D(+)galactose at different 
temperatures were  analyzed using the Fuoss conductance equation [210]. With a given set of 

conductivity values (mj, /j; j = 1…….n), three adjustable. parameters, i.e., /0, KA and R have been 

derived from the Fuoss equation. Here, /0 is the limiting molar conductance, KA is the  association 
constant and R is the association distance, i.e., the maximum centre to centre distance between the ions 
in the solvent separated ion-pairs. There is no precise method [211] for determining the R value but in 
order to  treat the data in our system, R value is assumed to be, R = a + d, where a is the sum of  the 
crystallographic radii of the ions and d is the average distance corresponding to the  side of a cell 
occupied by a solvent molecule. The distance, d is given by [212]. 

                     � �1/  3d  1.183 M / U                                                                  (2) 

where, M is the molecular mass and ρ is the density of the solvent.  
Thus, the Fuoss conductance equation may be represented as follows: 
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        where, RX is the relaxation field effect, EL is the electrophoretic counter current, k is the radius of 
the ion atmosphere, ε is the relative permittivity of the solvent mixture, e is the electron charge, c is 
the molarity of the solution, kB is the Boltzmann constant, KS is the association constant of the contact-

pairs, KR is the association constant of the solvent-separated pairs, J is the fraction of solute present as 

unpaired ion, D is the fraction of contact pairs,  f is the activity coefficient, T is the absolute temperature 
and  β is twice the Bjerrum distance. 

  The initial /0 values for the iteration procedure are obtained from Shedlovsky extrapolation of the data 

[213]. Input for the program is the no. of data, n, followed by ε, η (viscosity of the solvent mixture), 

initial /0 value, T, ρ (density of the solvent mixture), mole fraction of the first component, molar 

masses, M1 and M2 along with mj, /j values where j = 1, 2…….n and an instruction to cover preselected 
range of R values. 

In practice, calculations are performed by finding the values of /0 and α which   minimize the standard 
deviation, δ, whereby  

                        2 2[ ( ) ( )] / ( ) (9)j jcal obs n m/ /G  � �¦  

for a sequence of R values and then plotting δ against R, the best- fit R corresponds to  the minimum 
of the  δ–R versus R curve. So, an approximate sum is made over a fairly wide range of R values using 
0.1 increment to locate the minimum but no significant  minima  is found in the δ - R curves. Finally, 
the corresponding limiting molal conductance (Λo), association constant (KA), co-sphere diameter (R) 
and standard deviations of experimental Λ (δ) obtained from Fuoss conductance equation for [bmp]Cl  
in  aqueous solution of D(-)fructose and D(+)galactose at 298.15 K, 303.15 K and 308.15 K 
respectively are given in Table.3. 
 

3.2. Limiting molal conductivities 
Assessment of  Table.2. and Table.3.  allocate  that  the  Λo values  of the ionic  liquid  decrease  with  
increasing  the  concentration  of  D(-)fructose and D(+)galactose.  This  can  be  ascribed  to  the  facts  
that  with  increase  in D(-)fructose and D(+)galactose concentration  (i)  the  microscopic  viscosity  
of  the  mixtures  increases  thereby  the  mobility  of  ions  decreases,  and  (ii) the  solvated  radii  of  
ions  become  larger  through  an  enhancement in  the  interactions  between  ionic  liquid  and  D(-
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)fructose and D(+)galactose solution therefore, the  mobility  of  ions  decreases [214].  On the other 
hand, the Λo values increase from D(-)fructose to D(+)galactose. Due to higher viscosity value of D(-
)fructose than D(+)galactose Λo values increase in D(+)galactose than in D(-)fructose. Λo values 
increase in every solution with increase of temperature. With increasing temperature mobility of the 
concerned ions in solution increases, so Λo values increase.   

 Table. 2. Molar  conductivities  (Λ)  of  [bmp]Cl  in  aqueous  D(-)fructose  solutions  as  a  function  
of  ionic  liquid  molality  (m)  at  different  temperatures. 
 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

 
T=298.15K 

         T=303.15      T=308.15K  

mD(-)fructose=0.2 mol kg-1 
0.0114 101.10 0.0122 104.58 0.0132 107.60 
0.0173 99.13 0.0223 101.91 0.0251 104.57 
0.0239 96.45 0.0309 99.93 0.0320 103.13 
0.0296 94.32 0.0383 98.20 0.0398 101.50 
0.0345 92.40 0.0447 96.79 0.0469 99.90 
0.0389 91.01 0.0503 95.34 0.0523 97.40 
0.0427 89.91 0.0552 94.33 0.0579 96.80 
0.0464 88.51 0.0596 93.18 0.0613 95.00 
0.0512 87.91 0.0635 92.21 0.0647 94.26 
0.0551 86.94 0.0670 91.44 0.0684 93.89 
0.0593 85.50 0.0702 90.53 0.0715 92.03 
0.0672 84.29 0.0731 89.91 0.0750 91.59 
0.0715 83.11 0.0757 89.12 0.0765 90.53 
0.0763 81.82 0.0782 88.09 0.0792 89.05 
0.0841 80.20 0.0804 87.58 0.0815 89.78 
mD(-)fructose=0.4 mol kg-1 
0.0121 99.43 0.0138 102.37 0.0142 105.85 
0.0187 97.40 0.0235 100.75 0.0216 104.70 
0.0241 95.04 0.0313 99.55 0.0285 103.58 
0.0310 93.62 0.0385 97.16 0.0346 102.62 
0.0353 92.56 0.0465 95.91 0.0388 101.66 
0.0395 90.90 0.0513 94.12 0.0438 100.70 
0.0443 90.42 0.0544 93.40 0.0491 99.67 
0.0475 88.35 0.0596 93.95 0.0551 97.57 
0.0496 87.45 0.0635 92.88 0.0617 95.46 
0.0542 85.76 0.0674 90.18 0.0675 93.24 
0.0595 84.67 0.0715 89.52 0.0707 91.72 
0.0657 83.63 0.0742 88.87 0.0731 89.29 
0.0713 82.73 0.0774 88.09 0.0779 89.84 
0.0765 81.62 0.0812 87.48 0.0821 88.79 
0.0846 79.38 0.0851 86.83 0.0852 88.30 
mD(-)fructose=0.6 mol kg-1 
0.0128 95.51 0.0143 98.99 0.0152 102.57 
0.0185 94.48 0.0242 97.04 0.0271 100.17 
0.0229 93.20 0.0316 95.70 0.0331 99.03 
0.0282 91.54 0.0386 94.52 0.0423 97.20 
0.0313 90.40 0.0451 93.13 0.0481 96.00 
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0.0351 89.27 0.0503 92.03 0.0542 94.75 
0.0420 87.31 0.0557 91.06 0.0598 93.33 
0.0456 86.00 0.0596 90.21 0.0631 92.92 
0.0494 85.65 0.0635 89.45 0.0656 92.24 
0.0499 84.91 0.0674 88.51 0.0699 90.17 
0.0540 83.18 0.0730 87.35 0.0731 89.54 
0.0591 82.23 0.0756 86.55 0.0763 88.91 
0.0664 81.26 0.0785 86.05 0.0782 88.15 
0.0719 80.09 0.0820 85.17 0.0819 87.99 
0.0786 78.08 0.0841 84.73 0.0860 87.57 

 
Table. 3. Molar  conductivities  (Λ)  of  [bmp]Cl  in  aqueous  D(+)galactose  solutions  as  a  function  
of  ionic  liquid  molality  (m)  at  different  temperatures. 
 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

T=298.15K  T=303.15  T=308.15K  
mD(+)galactose=0.2 mol kg-1 
0.0118 102.50 0.0142 105.13 0.0129 108.95 
0.0233 99.52 0.0254 102.86 0.0241 106.07 
0.0311 97.58 0.0330 100.97 0.0303 105.43 
0.0381 96.24 0.0396 99.54 0.0380 104.35 
0.0445 94.71 0.0482 98.65 0.0449 102.63 
0.0525 93.12 0.0521 97.54 0.0515 101.80 
0.0558 92.12 0.0582 96.40 0.0560 100.96 
0.0594 91.65 0.0616 95.20 0.0602 99.94 
0.0638 90.48 0.0650 94.48 0.0629 99.06 
0.0674 89.24 0.0687 93.74 0.0662 98.99 
0.0715 88.10 0.0726 92.03 0.0707 98.76 
0.0740 87.19 0.0752 91.84 0.0732 97.09 
0.0774 85.91 0.0765 91.23 0.0749 96.82 
0.0787 85.22 0.0792 91.95 0.0782 95.50 
0.0815 84.76 0.0815 90.40 0.0821 94.60 
mD(+)galactose =0.4 mol kg-1 
0.0124 100.33 0.0129 103.49 0.0142 107.87 
0.0173 98.93 0.0196 102.40 0.0265 105.27 
0.0249 97.37 0.0279 101.12 0.0325 104.03 
0.0311 95.32 0.0352 99.76 0.0409 102.22 
0.0355 94.46 0.0418 98.68 0.0464 101.11 
0.0395 92.60 0.0472 97.80 0.0531 99.60 
0.0443 91.50 0.0518 96.92 0.0567 98.89 
0.0475 90.50 0.0562 95.40 0.0604 98.06 
0.0496 90.06 0.0609 94.53 0.0654 96.85 
0.0542 89.86 0.0670 93.51 0.0698 95.93 
0.0599 88.77 0.0705 92.92 0.0727 95.20 
0.0657 86.43 0.0736 91.25 0.0758 94.63 
0.0721 85.63 0.0770 90.55 0.0784 94.24 
0.0765 85.04 0.0807 89.01 0.0821 93.60 
0.0844 83.30 0.0845 89.33 0.0880 92.13 
mD(+)galactose =0.6 mol kg-1 
0.0153 97.11 0.0140 101.41 0.0150 105.25 
0.0253 94.91 0.0215 99.83 0.0259 102.97 
0.0331 92.80 0.0316 97.63 0.0329 101.53 
0.0423 91.75 0.0371 96.60 0.0384 100.41 
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0.0481 90.28 0.0429 95.64 0.0430 99.19 
0.0542 89.07 0.0494 94.32 0.0487 97.94 
0.0598 88.11 0.0530 93.37 0.0527 97.11 
0.0631 87.23 0.0583 92.44 0.0581 96.00 
0.0656 86.21 0.0629 91.49 0.0624 95.17 
0.0699 85.23 0.0652 91.03 0.0667 94.22 
0.0731 84.16 0.0714 89.65 0.0715 92.95 
0.0763 83.03 0.0744 88.93 0.0758 92.11 
0.0782 81.93 0.0775 88.15 0.0785 91.67 
0.0819 80.99 0.0812 87.71 0.0823 90.72 
0.0862 80.33 0.0854 86.82 0.0859 90.08 

 

3.3. Thermodynamic of the ion-association process 

Values  of  the  association  constant  (KA)  for  the  ionic  liquids in  aqueous  D(-)fructose and 
D(+)galactose  solutions  are  shown  in  Table.4.  It  is  obvious that  at  a  fixed  concentration  of  
D(-)fructose and D(+)galactose,  the  KA values  decrease from D(-)fructose to D(+)galactose and also 
decrease with increasing temperature in each solution.  The association constant  (KA)  for  the  ionic  
association  reaction  can  serve  to  study the  thermodynamic  of  this  process.  Consequently,  the  
standard Gibbs  energy  (GA

0) for  the  ion-association  process  were  calculated according  to  the  
following  equation [215] 

                                              o
A AG  RTlnK'  �                                                                      (10) 

The  obtained  values  of  the  standard  Gibbs  energy  are  collected in  Table. 6.    Table. 6 indicates  
that  the  ion-association  process  exhibits  a  negative  value  of (GA

0) and  becomes  more  negative  
in D(+)galactose  than in D(-)fructose. This indicates that ion-association process is more feasible in 
D(+)galactose solution. Walden product value (Table.6.) shows that ionic mobility is higher in case 
of D(+)galactose solution than in D(-)fructose solution and ionic mobility increases with increasing 
temperature. 

         Temperature-dependent of GA
0 was expressed with the help of a polynomial[216] 

o

A 0 1 2

2G (T)  =  A +  A (298.15  -  T)  +  A (298.15  -  T)'          (11) 

          Entropy and enthalpy of ion association have been obtained as follows 

0
0

1 2
( )S (T)=- 2 (298.15 )A

A
P

G T A A T
T

§ ·w'
'  � �¨ ¸w© ¹

             (12) 

0 0 0 2 2
0 1 2H (T) (T) T S (T) 298.15 (298.15 )A A AG A A T A'  ' � '  � � �   (13) 

         The  values  of  the  coefficients  A0,  A1 and  A2 at  different  solvent compositions  are  given  
in  Table.5.  The calculated thermodynamic functions of IL in D(-)fructose and D(+)galactose 
solutions are  listed  in  Table.6. and  are represented graphically by  Fig.1., Fig.2. and Fig.3. 
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respectively. Table.6.  indicates  that  the  ion-association  process  exhibits  a  negative  value  of  
ΔGA

0 and  becomes  more  negative  with  increasing temperature  proposing  the  spontaneity  and  
feasibility  of  the  association  process  at  high  temperatures.  In all cases, the ΔSA

0 values are 
positive over the whole temperature range.  The positive ΔSA

0 values  may  be  attributed  to  the  
increasing  number of  degrees  of  freedom  due  to  the  release  of  solvent  molecules  from hydration  
shells  as  the  association  takes  place.  In other  words,  the solvation  of  the  individual  ions  is  
weakened  as  soon  as  these  ion-pairs  are  formed.  The positive contribution  of  entropy  resulting 
from  the  dehydration  of  ions  during  the  association  process  dominants  over  the  negative  
contribution  from  the  formation  ion -pairs. It  should  be  noted  that  the  entropy  term  (TΔSA

0)  
is  sufficiently  positive  to  exceed  the  positive  contribution  of  the  enthalpy  (ΔHA

0 ). Consequently, 
the  ion-association  process  exhibits  negative  values  of ΔGA

0  and  the  process  is  driven  by  the  
change  in  entropy. Assessment  of  Table.6. also indicates  that in case of [bmp]Cl in both aqueous 
solution of D(-)fructose than in D(+)galactose enthalpy decreases  with  increasing  temperature  and  
changes  its  sign  from positive  to  negative  at  308.15  K. This means that the association process 
is endothermic at lower temperature and exothermic at higher temperature.  Furthermore,  it  means  
that  ion-pair  formation  is  entropy-driven  at  low  temperatures,  while  it  changes  to enthalpy-
driven  process  with  increasing  temperature. Enthalpy value of the IL is higher in case of D(-
)fructose than in D(+)galactose. This means that the association process is more feasible in 
D(+)galactose than in D(-)fructose. It  was  observed  that  the  ion-association  process  exhibits  a  
negative  value  of  ΔGA

0 and  becomes  more  negative  with  increasing  temperature  proposing the  
spontaneity  and  feasibility  of  the  association  at  high  temperatures.  

 

Fig.1. Plot of 0
AT S' of IL in different mass fractions of aqueous D(-)fructose and D(+)galactose 

solution respectively at  different  temperatures. 
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Fig.2. Plot of 0
AH' of  IL in different mass fractions of aqueous D(-)fructose  and D(+)galactose solution 

respectively at  298.15 K (red), 303.15 K (blue) and 308.15 K (green) respectively. 

 

Fig. 3. Plot of 0
AG' of IL in different mass fraction of aqueous D(-)fructose  and D(+)galactose solution 

respectively at  298.15 K (red), 303.15 K (blue) and 308.15 K (green) respectively. 

 
Table.4. Ion  association  constants  (KA),  limiting  molar  conductivities(Λo), distance  parameters  

(R),Walden  product (Λo·K) and  and standard deviations (δ) obtained from Fuoss conductance equation 
of IL in  aqueous  D(-)fructose and D(+)galactose solutions  as  a  function  of  ionic  liquid  molality  
(m)   at  different temperatures. 
 

T  (K) KA(dm3 mol-

1) 
Λo(S cm2mol-1) 1010R(m) Λo·K(S cm2 mPa s mol-1) δ 

mD(-)fructose=0.2 mol kg-1 
298.15 52.18 107.16 9.53 99.66 1.165 
303.15 51.78 110.11 9.59 100.20 0.729 
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Table.5. The values of coefficients in Eq.(11)  A0, A1 and A2 at different solvent compositions. 

 
Conc. (M) A0.10-6

 (J  mol−1)   A1 (KJ  mol−1K−1) A2 (J  mol−1 K−2) 
D(-)fructose  
0.2 -2.18 11.31 -18.82 
0.4 -1.46 10.91 -18.15 
0.6 -1.14 9.97 -16.60 
D(-)galactose 
0.2 -2.02 10.28 -17.08 
0.4 -1.35 8.49 -14.12 
0.6 -1.05 8.09 -13.47 

 
Table.6.Thermodynamic  functions  ( 0

AG' , 0
AS' , 0

AH' ) of IL in  aqueous  D(-)fructose and 
D(+)galactose solutions  as  a  function  of  ionic  liquid  molality  (m)   at  different temperatures. 

T (K) 0
AG'  (kJ  mol−1) 0

AS'  (J  mol−1K−1) 0
AH'  (kJ  mol−1) 

mD(-)fructose=0.2 mol kg-1 
298.15 -9.59 263.30 68.91 
303.15 -10.55 131.65 29.36 
308.15 -10.58 11.31 -7.09 

mD(-)fructose=0.4 mol kg-1 
298.15 -9.76 253.90 65.76 
303.15 -10.70 126.95 27.78 
308.15 -10.75 10.91 -7.39 

mD(-)fructose=0.6 mol kg-1 
298.15 -9.92 232.33 59.35 

303.15 -10.82 116.15 24.39 

308.15 50.21 114.22 9.65 101.66 0.572 
mD(-)fructose=0.4 mol kg-1 

298.15 54.21 100.79 9.52 93.73 1.478 
303.15 52.91 105.10 9.55 95.64 1.261 
308.15 51.12 108.26 9.58 97.43 1.173 

mD(-)fructose=0.6 mol kg-1 
298.15 56.23 99.41 9.45 92.45 1.659 
303.15 55.29 103.39 9.49 95.12 1.392 
308.15 52.98 107.93 9.54 97.43 1.281 

mD(+)galactose=0.2 mol kg-1 
298.15 50.24 108.35 9.61 100.77 1.086 
303.15 48.36 111.27 9.63 101.26 0.695 
308.15 46.91 115.92 9.66 104.33 0.425 

mD(+)galactose =0.4 mol kg-1 
298.15 51.22 105.54 9.56 98.15 1.321 
303.15 50.53 107.03 9.60 98.47 1.053 
308.15 49.62 113.25 9.62 101.93 0.915 

mD(+)galactose =0.6 mol kg-1 
298.15 50.45 104.18 9.50 96.89 1.114 
303.15 49.28 106.34 9.57 97.83 0.992 
308.15 48.38 111.05 9.69 99.95 0.711 
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308.15 -10.90 9.97 -7.83 

mD(+)galactose =0.2 mol kg-1 
298.15 -9.92 238.80 61.28 

303.15 -10.64 119.40 25.56 

308.15 -10.68 10.28 -7.51 

mD(+)galactose =0.4 mol kg-1 
298.15 -10.01 197.50 48.87 

303.15 -10.76 98.75 19.18 

308.15 -10.81 8.49 -8.19 

mD(+)galactose =0.6 mol kg-1 
298.15 -10.14 188.50 46.06 

303.15 -10.89 94.25 17.68 

308.15 -10.92 8.09 -8.43 

 
3.4. Apparent Molar Volume 

From density measurement it is shown that the densities of the IL in each aqueous D(-)fructose and 
D(+)galactose increase linearly with the concentration at the studied temperatures. The density values 
of IL are higher in aqueous D(-)fructose solution than in aqueous D(+)galactose solution. For this 

purpose, the apparent molar volumes VI were determined from the solution densities using the 

following equation 

� �   / /V M    mR RU U U U UI  � �                                                             (14) 

Where M is the molar mass of the solute, m is the molality of the solution, U and U0 are the densities of 
the solution and solvent, respectively. 

The limiting apparent molar volumes 0  IV were calculated using a least-squares treatment to the plots 

of IV versus √m using the following Masson equation [73]. 

0 *    V V VS mI I � ��                                                                     (15) 

Where, 0  IV is the limiting apparent molar volume at infinite dilution and *
VS is the experimental slope. 

The limiting apparent molar volumes 0  IV are found to increase with increasing molality (m) of IL in 

each solvents and decrease with increasing temperature for the studied system. From Table. 7 it is 

observed that 0  IV values are positive in both the solution systems and is higher in case of D(-)fructose  
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compared to D(+)galactose. This indicates the presence of strong ion–solvent interactions and the 
extent of interactions increases in D(-)fructose than in D(+)galactose solution(Fig. 4). On the contrary, 
the SV* indicates the extent of ion-ion interaction. The values of SV* shows that the extent of ion-ion 
interaction is higher in case of D(+)galactose than D(-)fructose. Owing to a quantitative comparison, 

the magnitude of 0  IV  are much greater than SV*, in every solutions, suggests that ion-solvent 

interactions dominate over ion-ion interactions in all the solutions. The values of 0  IV also support the 

fact that higher ion-solvent interaction of IL leads to lower conductance in D(-)fructose  than 
D(+)galactose, discussed earlier [217] [218]. 

The transfer volumes, tr VI' 0 of D(-)fructose  and D(+)galactose  from  water  to  aqueous [bmpy]Cl 

solutions  have  been  calculated  as  follows [219]- 

tr V V V( in[bmp]Cl aq.carbohydrate ) ( aq.)I I I'  � �0 0 0                                      (16) 

Where V ( in[bmp]Cl aq.carbohydrate )I �0  and V ( aq.)I0 are  the  standard  partial  molar  volumes  of 

[bmp]Cl in  aqueous carbohydrates [D(-)fructose  and D(+)galactose]  and in water, respectively. The 
obtained values for the transfer volumes are given in Table. 8. Here we have determined the standard 

partial molar volume of aqueous carbohydrates.Table.8. shows,  the  values  of  tr VI' 0 values  are  

positive  and  increase  with  increase  in the  concentration  of  ionic  liquid  at  each  experimental  
temperatures. The following types of interactions are possible between solute [D(-)fructose and 
D(+)galactose] and  co-solute  (ionic  liquid)  in  ternary  solutions  :  (i)  Hydrophilic–ionic  interactions  
between the  hydrophilic  sites  (-OH,  -C=O,  and -O-) of [D(-)fructose and D(+)galactose] and  the 
ions  [bmp]+Cl−  of  ionic  liquid;  (ii)  Hydrophobic–ionic  interactions  between  the  hydrophobic  
parts  of  [D(-)fructose and D(+)galactose] and  the  ions of  ionic  liquid.  According to the co-sphere 

overlap model [220], the positive 0
tr V' I values obtained  for  D(-)fructose and D(+)galactose in  the  

studied  solutions  suggest  that  the  hydrophilic–ionic  interactions  predominate over  the  
hydrophobic–ionic  interactions. 

Thus the interactions between IL and carbohydrate in aqueous medium can generally be summarized 
as, (a) the hydrogen bonding interaction between the H atoms of water with (i) -O atom of the –OH 
group attached to the carbohydrate and (ii) –N atom in the heterocyclic ring of IL; (b) the hydrogen 
bonding interaction between the O atom of water with the H atom associated with the –OH group 
attached to the carbohydrate. Therefore, more the number of interacting centres (–OH group) present 
in the carbohydrate, more is its interaction with the IL. A possible interaction between the plausible 
products (obtained with reaction between different carbohydrates and IL) with water is given in 
Scheme1. 
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Interaction pattern between D(-)fructose, D(+)galactose and IL can be summarized as [219] - 

a. The hydrophilic-ionic interactions between the –OH group of the saccharides and the ionic part 
of IL. 

b. The hydrophilic-hydrophilic interactions occurring between the –OH group of the saccharides 
and N-atom of pyrrolidinium group present in IL. 

c. The hydrophilic-hydrophobic interactions present between the –OH group of the saccharides 
and the non-polar part of the IL. 

The overall positive values of 0
VI  (Table.7.) for the systems reinforce the fact that the solute-solvent 

interactions are predominate. Therefore the mutual overlap of the hydration spheres of solute and co-
solute molecules will lead to an increase in the magnitude of hydrogen bonding interactions between 
the plausible products (obtained with reaction between IL and different carbohydrates) with water. The 
observation shows that with increase in the number of the interacting centers (-OH groups) present in 
the studied carbohydrates, the solute-solvent interaction also increases[221] [222] [223]. The solute–
solvent interaction in case of D(-)fructose  is greater than D(+)galactose because of the presence of 
greater number of free –OH group in D(-)fructose. Also D(+)galactose  is six-membered ring so there 
is some sort of structural restriction, whereas D(-)fructose  is five-membered ring which containing 
more free –OH group favored H-bonding to a greater extent. Therefore, the solute-solvent interaction 
is superior in D(-)fructose  compared to D(+)galactose solution. 

 

 

Fig.4. Plot of limiting molar volume ( 0
VI ) of IL against mass fraction (w) of aqueous D(-)fructose and 

D(+)galactose at 298.15K (red), 303.15K (blue) and 308.15K (green) respectively.  
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Table.7. Limiting apparent molar volume ( 0
VI ), experimental slope ( *

VS ), viscosity-B and A co-
efficients of IL in aqueous D(-)fructose and D(+)galactose solutions  at different temperatures.  
 

T (K) 0
VI ·106/ m3·mol-1 *

VS ·106/ 
 m3·mol- 3/2 ·dm3/2 

B 3 1/dm mol��  A 3/2 1/2/dm mol��  

mD(-)fructose=0.2 mol kg-1 
298.15 120.56 -242.28 0.959 -0.0749 
303.15 129.31 -259.39 1.108 -0.0780 
308.15 140.91 -337.66 1.213 -0.0851 

mD(-)fructose=0.4 mol kg-1 
298.15 124.73 -237.81 1.159 -0.0779 
303.15 133.62 -249.15 1.301 -0.0868 
308.15 149.67 -329.07 1.376 -0.0951 

mD(-)fructose=0.6 mol kg-1 
298.15 129.03 -233.04 1.457 -0.0959 
303.15 138.12 -246.93 1.529 -0.0967 
308.15 155.35 -321.23 1.662 -0.0979 

 

mD(+)galactose =0.2 mol kg-1 
298.15 114.05 -256.05 0.907 -0.0602 
303.15 125.35 -269.07 1.088 -0.0685 
308.15 134.08 -338.68 1.185 -0.0712 

mD(+)galactose =0.4 mol kg-1 
298.15 121.38 -240.15 1.136 -0.0670 
303.15 130.77 -257.67 1.273 -0.0794 
308.15 144.43 -336.45 1.313 -0.0856 

mD(+)galactose =0.6 mol kg-1 
298.15 126.29 -235.65 1.316 -0.0747 
303.15 135.72 -248.21 1.356 -0.0790 
308.15 152.16 -324.43 1.462 -0.0841 

 
 

Table.8. Values of 0
V (aq)I , 0

V trI' , B(aqueous), ∆B for IL in different solvent systems at different 
temperatures. 
Temp 
/K 

0 6
V 10 (aq)I �  

/m3·mol-1 
tr

0 6
V 10I' � /m3·mol-

1 

B (aq) 
/kg·mol-1 

∆B 
/ kg·mol-1 

mD(-)fructose=0.2 mol kg-1 
298.15 112.01 8.55 0.890 0.069 
303.15 112.23 17.08 1.033 0.075 
308.15 112.71 28.20 1.129 0.084 

mD(-)fructose=0.4 mol kg-1 
298.15 112.95 11.78 1.085 0.074 
303.15 113.03 20.59 1.22 0.081 
308.15 113.11 36.56 1.283 0.093 

mD(-)fructose=0.6 mol kg-1 
298.15 113.21 15.82 1.377 0.080 
303.15 113.27 24.85 1.44 0.089 
308.15 113.35 42.00 1.563 0.099 

mD(+)galactose =0.2 mol kg-1 
298.15 112.01 2.04 0.842 0.065 
303.15 112.23 13.12 1.016 0.072 
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308.15 112.71 21.37 1.102 0.083 
mD(+)galactose =0.4 mol kg-1 

298.15 112.95 8.43 1.065 0.071 
303.15 113.03 17.74 1.197 0.076 
308.15 113.11 31.32 1.234 0.079 

mD(+)galactose =0.6 mol kg-1 
298.15 113.21 13.08 1.242 0.074 
303.15 113.27 22.45 1.275 0.081 
308.15 113.35 38.81 1.369 0.093 

 
3.5. Temperature dependent limiting apparent molar volume 

The temperature dependent general polynomial equation for 0
VI   are as follows [224] 

V a a T a TI  � �0 2
0 1 2       (17) 

Where, 0a , 1a , 2a are the empirical and T is the Kelvin temperature. The values of these coefficients 

are presented in Table.9. The limiting apparent molar expansibilities, 0
EI , can be obtained by the 

following equation, 

� �E V P
δ δT a a TI I  �0 0

1 22    (18) 

Where, 
0
EI  is the change in magnitude with the change of temperature at constant pressure. The values 

of 0
EI  for different solutions of the studied ILs at different Kelvin are reported in Table.10. Positive 

values of 0
EI  obtained can be ascribed to the absence of caging or packing effect for the IL in solutions. 

Hepler [225] developed a technique of examining the sign of � �PE Tδδ 0I for the solute in terms of 

long-range structure-making and breaking capacity of the solute in the mixed solvent systems using 
the general thermodynamic expression, 

� � � �2
E VP P

δ δT δ δT aI I  0 0 2
22  (19) 

If the sign of � �PE Tδδ 0I becomes positive or a small negative, the molecule is a structure maker; 

otherwise, it is a structure breaker [226]. From Table.10. , the � �PE Tδδ 0I values are found to be 

positive for the IL in both the solution of D(-)fructose and D(+)galactose [in 0.2 (m) D-galactose 
solution small negative] and this implies that the IL is structure maker in all of the experimental 
solutions for D(-)fructose and D(+)galactose in  aqueous  medium and  saccharides  behave  as  a  
structure  breaker  in  aqueous system. Since with increasing temperatures, some slackly leaped 
carbohydrate molecules are released from the secondary solvation shells of the ions, so the solute-
solvent interactions can become stronger with the increase of temperature [227]. 
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Table.9. Values of empirical coefficients (a0, a1, and a2) of eqn (17) for IL in different solvent systems. 
Conc. (m) a0.10-6

 (J  mol−1) a 1 (KJ  mol−1K−1) a2 (J  mol−1 K−2) 
D(-)fructose 

0.2 0.0085 -0.0569 0.0097 
0.4 0.0125 -0.0843 0.1432 
0.6 0.0143 -0.0967 0.1628 

D(+)galactose 
0.2 -0.0052 0.0332 -0.0510 
0.4 0.0153 -0.1027 0.1734 
0.6 0.0195 -0.1309 0.2202 

 

Table.10. Limiting apparent molal expansibilities ( 0
EI ) and � �0δ δE P

TM for IL in different solvent 

systems at different temperatures. 
T (K) 0

EI  � �0δ δE P
TM  

mD(-)fructose=0.2 mol kg-1 
298.15 57.78 0.194 
303.15 58.75 0.194 
308.15 59.72 0.194 

mD(-)fructose=0.4 mol kg-1 
298.15 85.30 0.286 
303.15 86.61 0.286 
308.15 88.04 0.286 

mD(-)fructose=0.6 mol kg-1 
298.15 100.20 0.336 
303.15 101.76 0.336 
308.15 103.44 0.336 

mD(+)galactose =0.2 mol kg-1 
298.15 -29.84 -0.100 
303.15 -30.04 -0.100 
308.15 -30.84 -0.100 

mD(+)galactose =0.4 mol kg-1 
298.15 103.29 0.347 
303.15 105.02 0.347 
308.15 106.76 0.347 

mD(+)galactose =0.6 mol kg-1 
298.15 129.99 0.440 
303.15 133.37 0.440 
308.15 135.57 0.440 

 
           3.5. Viscosity calculation 

The viscosity data have been analysed using Jones-Dole equation [75] 

                        � �0/ 1 /    (20)c A B mK K � �  � �  

Where, η and 0K  are the viscosities of the solution and solvent respectively. The viscosity co-efficient 

A- and B- represent ion-ion and ion-solvent interaction respectively. The positive values of B-
coefficients indicate greater ion-solvent interactions and small negative values of A- coefficients 
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indicate smaller ion-ion interaction in solution (Table.7.). The B-coefficient [228] value obtained from 
the viscosity measurements gives the important information regarding the extent of solvation of the 
solute molecules and the effects on the structure of the solvents in the local vicinity of the solute 
molecule in solution. The higher B-coefficient values are due to the solvated solutes molecule 
associated by the solvent molecules by solute-solvent interactions. These types of interactions are 
strengthened with rise in temperature and thus the values of B-coefficient increases with increase in 
temperature. As a consequence, the inclination of ion-solvent interaction is higher in case of D(-
)fructose solution than in D(+)galactose solution (Fig.5.). These results are in good agreement with 

those obtained from 0
V  I  and  *

VS  values, discussed earlier.  

Viscosity B-coefficients of transfer (∆B) from water to different aqueous carbohydrate solutions have 
been determined using the relations [229] [230] 

                 � � � �ΔB IL  = B IL+ aq.carbohydrate  - B(aq.)                                                        (21) 

From Table.8. it is evident that ∆B values are positive and increases with a rise in temperature and 
with increasing concentration of carbohydrate and it suggests the presence of strong solute-solvent 
interactions, and the interactions are strengthened with rise in temperature and increase of carbohydrate 

in aqueous mixture [231]. The observation supports the same results obtained from 0
tr V' I  values 

discussed above. 

The sign of dB/dT decides structure-forming or -breaking ability of the solute [225]. It is found from 
Table.11. that the values of the B-coefficient increase with a rise in temperature (positive dB/dT 
values), suggesting the structure breaking tendency [220] of carbohydrates in the solution systems. 
Moreover, it is interesting to note that the B-coefficients of the studied carbohydrates show a linear 

relationship with the partial molar volumes 0
VI , i.e. 

 B = A1 + A2
0
VI                                                                      (22)  

The coefficients A1 and A2 are included in Table.11. The positive slope (or A2) shows the linear 

variation of B-coefficient with partial molar volumes 0
VI . This relationship is really expected, since 

both the viscosity B-coefficient and the partial molar volume reflect the privileged solute–solvent 
interactions in the solutions. 
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Fig.5.  Plot of viscosity B-coefficient of IL against mass fraction (w) of aqueous D(-)fructose and 
D(+)galactose at different temperatures 

Table.11. Values of dB/dT, A1 and A2 coefficient of equation (22) for the IL in different solvent 
systems. 
 

Conc. (m) dB/dT A1 A2 
IL+aqueous D(-)fructose 

0.2 0.0071 -0.508 0.012 
0.4 0.0076 0.161 0.008 
0.6 0.0081 0.453 0.007 

IL+aqueous D(+)galactose 
0.2 0.0068 -0.480 0.014 
0.4 0.0074 0.271 0.007 
0.6 0.0077 0.586 0.005 

 

3. 1H NMR study  
NMR study is one of the most imperative spectroscopic tools for understanding the microscopic 
information about the ion-solvent interaction of the IL in carbohydrate solution systems.  In our present 
work, we have considered the interactions of an IL (viz., [bmp]Cl) with D(-)fructose and D(+)galactose 
by 1H NMR study taking 1:1 molar ratio of IL and CD in D2O at 298.15K [Fig. 6(a) and 6(b)]. 1H 
NMR data of the IL, two carbohydrates and mixture of IL-Carbohydrates are listed in Table.12. The 
protons of the IL show considerable chemical shift due to the interaction with the hydrophilic –OH 
groups present in the carbohydrate molecules. In the structure of D(-)Fructose the H1-H6 i.e. all the 
H-atoms situated in the moiety show the peak in NMR study. Similarly in case of D(+)Galactose the 
H1-H6 i.e. all the H-atoms situated in the carbohydrate moiety show the peak in NMR study. The 
chemical shifts for H-atoms of IL evidently show highfield in presence carbohydrates [232]. It can be 
concluded that the interactions between the IL and cabohydrates would be mainly resolute by their 
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dehydrations/hydrations in the processes. The change of chemical shift may be due to the disruption 
of the interionic hydrogen bonding network in ILs [233]. In case of mixture compositions, the 
variations of relative chemical shifts in thus commenced are interpreted in terms of specific and non-
specific intermolecular interactions [234]. The results showed that the solvation process of 
carbohydrates is governed mainly by the interactions between the cationic part of the IL and 
carbohydrate molecules. The shifts of protons of IL are more in case D(-)fructose than that of 
D(+)galactose. The NMR study provides a profound insight into other IL + biomolecule mixed 
systems, especially gives imperative information for studies on the potential toxicity of ILs. 

 

Fig.6(a).1H NMR Spectra of D(-)Fructose, [bmp]Cl and  1:1 molar ratio  of D(-)Fructose + [bmp]Cl 
in D2O in 298.15 K. 
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Fig. 6(b).1H NMR Spectra of D(+)Galactose, [bmp]Cl and  1:1 molar ratio  of D(+)Galactose + 
[bmp]Cl in D2O in 298.15 K. 

 
Table.12. 1H NMR data of [bmp]Cl, D(-)fructose, D(+)galactose and IL- carbohydrates mixture. 

[bmp]Cl (300MHz, Solv: D2O) δ /ppm 
0.91-0.96 (3H, t, J = 7.29 Hz), 1.34-1.41 (2H, m), 1.74-1.81(2H,m), 2.19 (4H, m), 3.02 (3H, s), 3.28-

3.34 (2H, m), 3.48 (4H, m) 
D(-)fructose (300 MHz, Solv: D2O) 

δ /ppm 
D(+)galactose (300 MHz, Solv: D2O) 

δ /ppm 
3.49-3.53 (2H, d), 3.64-3.68 (1H, m), 3.69-3.73 
(1H, m), 3.77-3.84 (1H, m), 3.88-3.95 (1H, m), 
3.94-4.06 (2H, d) 

3.42-3.47 (2H, d), 3.58-3.61 (1H, m), 3.63-3.70 
(1H, m), 3.72-3.79 (1H, m), 3.88-3.94 (1H, m), 
4.53-4.55 (1H, d) 

[bmp]Cl in D(-)fructose 
(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 

[bmp]Cl in D(+)galactose 
(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 
0.87-0.92 (3H, t), 1.28-1.31 (2H, m), 1.72-1.80 
(2H, m), 2.11-2.15 (4H, m), 2.98 (3H, s), 3.20-3.31 
(2H, m), 3.40-3.46 (1H, m), 3.45-3.48 (2H, d), 
3.59-3.65 (1H, m), 3.67-3.70 (1H, m), 3.71-3.79 
(1H, m), 3.81-3.90 (1H, m), 3.91-4.01 (2H, d) 

0.90-0.95 (3H, t), 1.29-1.39 (2H, m), 1.73-1.81 
(2H, m), 2.14-2.18 (4H, m), 3.00 (3H, s), 3.24-3.32 
(2H, m), 3.46-3.48 (4H, m), 3.41-3.45 (2H, d), 
3.56-3.60 (1H, m), 3.60-3.67 (1H, m), 3.69-3.76 
(1H, m), 3.84-3.92 (1H, m), 4.51-4.53 (1H, d) 
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4. CONCLUSION 
In our present work, we have focused on the characteristic interfaces of some model biological 
systems [D(-)fructose and D(+)galactose], with an IL. From the analysis of thermodynamic data, it is 
revealed that the association process for [bmp]Cl is  higher in case of D(+)galactose than in D(-
)fructose solution and is endothermic and controlled by entropy at all temperatures. Density and 

viscosity studies interpret limiting apparent  molar  volume, 
0
V  I  and viscosity B-coefficient is 

increased with increasing the conc. of D(-)fructose and D(+)galactose and decreased with increasing 
temperature. NMR study analysis reveals that no specific and stronger interactions occur between IL 
and carbohydrates. However the study confirms that interaction of IL with carbohydrates is higher in 
D(-)fructose than that of D(+)galactose.  
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Scheme1: Plausible Interfaces between ionic liquid and diverse solvent systems 
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CHAPTER-VII 

 Subsistence and Energy Optimization of Inclusion Complexes of Azelaic Acid with α and β-CD 
Molecules and their Extensive Comparison by Physicochemical and Computational 
Methodologies 
 

 

ABSTRACT 

In this study, we have compared the ability of inclusion complex formation of Azelaic acid with α and 
β-CD and the phenomenon has been investigated using UV-Visible, NMR spectroscopic methods, 
HRMS, SEM study along with DFT study .Conductivity and Job’s plot method was used to determine 
the stoichiometry. Benesi-Hildebrand equation was employed to determine association constant for 
both systems. The β-CD inclusion complex got stabilized by the intermolecular hydrogen bonding and 
DFT data reveals that. Enthalpy and Gibbs free energy of formation indicates that the formation of β-
CD inclusion complex is spontaneous. This encapsulation is noteworthy for its stabilization against 
external hazards like oxidation, degraDAtion, and photolytic cleavage, persistance for the efficient 
release of an required amount of drug at the targeted site when applied for a number of dermatoses and 
acne treatment. 

Keywords 

Azelaic acid(AA), α-Cyclodextrin αα(α-CD), β-Cyclodextrin  (β-CD), DFT Study, Inclusion 
complex(IC). 

EXPERIMENTAL SECTION 

Materials used 

Azelaic acid (≥ 98%), Methyl orange(ACS reagent,dye content 85%), α-Cyclodextrin (≥ 98%) and β-
Cyclodextrin  (≥ 97%) were purchased from Sigma-Aldrich and used without further purification. 

Inclusion of Azelaic acid in α-CD Inclusion of Azelaic acid in β-CD 
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Distilled water (specific conductivity < 1μS∙cm-1) was used for the preparation of all solutions. The 
details of chemicals used in this work are listed in Table.S1. 

Apparatus and Procedure 

Samples were weighed using Mettler Toledo AG-285 (uncertainty ±0.0003 g). Solutions of different 
strengths were prepared by mass dilution at 298.15 K. 

Conductivities of the solutions were measured by Mettler Toledo Seven Multi conductivity meter 
having uncertainty 1.0 μS m-1. The experiment was carried out in a thermostated water bath at 298.15 
K with uncertainty ±0.01 K. HPLC grade water with specific conductance 6.0 μS m-1 was used during 
measurement. The conductivity cell was calibrated using 0.01 M aqueous KCl solution. 

FT-IR spectroscopic study was performed by Perkin Elmer FT-IR Spectrometer 8300 applying KBr 
Desk technique with scanning range 400-4000 cm-1. 

UV-Visible spectroscopy was performed using Agilent 8453 spectrophotometer and JULABO F-32 
thermostat was used to maintain the experimental temperature. 

2D ROESY and 1H NMR study, spectra of the pure solutions and the ICs were recorded at 400 MHz 
Bruker Advance at 298.15K in D2O. Signals were denoted as δ values in ppm using residual protonated 
solvent (HDO) signals as internal standard (D2O: δ 4.79 ppm). The differences in chemical shifts were 
recorded to analyze the interaction between TMSI and cyclodextrin molecules. 

The Mass Spectroscopic analysis was performed in Agilent Accurate-Mass Q-TOFLC/MS6520. 

Scanning Electron Microscope (SEM) study was performed in JEOL JSM-IT100 instrument. 

1. INTRODUCTION 

In the era of globalisation, molecular encapsulation and release have become imperative in the field of 
pharmacology and drug delivery science[235, 236]. Macrocyclic host molecules show a tendency to 
encapsulate guest molecules and are served as drug carriers, drug stabilizers, and drug bioavailability 
enhancers [237]. Through inclusion, host molecules can protect the drug molecules from degradation 
by hindering the closest approach of other guest molecules. Such encapsulation can facilitate the 
specificity of the drugs through the enhanced permeability and retention effect for a specific time 
period. This strategy has been extensively probed for naturally occurring hosts such as cyclodextrins, 
crown ethers, calixarenes etc [238-240]. During the formation of inclusion complexes, a guest gets 
trapped within steric barriers created by a host lattice and finally gives rise to a stable., guest-free, 
framework [240, 241]. Guests and hosts are associated with weak intermolecular forces such as van 
der Waals, hydrogen bonding, and charge-transfer interactions [240-244]. Such interactions 
significantly influence the physical characteristics of inclusion complexes [245]. 
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The study of collective properties of inclusion compounds enables the determination of the 
contributions that a guest’s conformation, size, and performance make to the bulk properties. Inclusion 
complexes provide useful vehicles for isolation and study of specific guest-host interactions [246]. 
Azelaic acid (nonanedioic acid) is an oxidation product of oleic acid that occurs in rancid fats. It has 
anti-inflammatory, antibacterial, and keratolytic effects [247]. Azelaic acid is widely used to treat a 
number of dermatoses and is universally accepted as an acne treatment [104, 248]. The compound has 
broad-spectrum bactericidal activity in vitro [105, 249, 250],which can be greatly enhanced by 
reducing the pH of the medium [251, 252]. On the other hand, The cyclodextrins (CDs) draw the 
attention of the chemists because of their amphiphilic nature[253]. Cyclodextrins are cyclic 
oligosaccharides formed by (α-1,4)-linked α-d-glucopyranose units, having a hydrophilic outer surface 
and a lipophilic central cavity [17, 254, 255]. Cyclodextrins (CD) composed of six, seven, or eight 
glucose units, are well-known molecular hosts in supramolecular chemistry and those are referred to 
as α-, β-, and γ-cyclodextrin respectively [256].  

In particular, α-Cyclodextrin (α-CD) has an internal cavity shaped like a bottomless bucket of about 
7.8 Å in depth and 4.7-5.3 Å  in diameter.β-Cyclodextrin  (β-CD)has an internal cavity shaped like a 
bottomless bucket of about 8 Å in depth and 6.0–6.5 Å  in diameter (the smaller value is for the end 
with the primary hydroxyl group (primary face) and the larger is for the end with the secondary 
hydroxyl group (secondary face) [257-259]. The primary hydroxyl moieties of cyclodextrins form 
hydrophobic interior and secondary hydroxyl moieties are found on the hydrophilic rims [260, 261]. 
Because of having their inherent structure, CDs can be served as versatile molecular hosts for various 
biological, pharmaceutical, organic and inorganic guest molecules by forming host-guest inclusion 
complexes [261, 262].  Their truncated shape and hydrophobic cavity impart them to have the ability 
to form inclusion complexes (ICs) through non-covalent interaction with a wide range of guest 
molecules which can fit either partially or fully inside their cavity, including ILs, surfactants, amino 
acids, drugs and polymers [263]. Nowadays cyclodextrins (α- and β-CDs) are being widely used as 
solubilizing agents in bio-sensing, drug and gene delivery, energy protection and cosmetics industry 
[264, 265]. 

In the area of pharmacology, the encapsulation of AA molecule within the cavities of CD molecules 
is a matter of priority because of their stabilisation and controlled release [266].  Hence, to protect the 
drug molecule from external hazards and controlled delivery over a specific time period, it is necessary 
to investigate whether the drug molecules can be encapsulated within the cavities of CD molecules 
[267],[268]. In this work, we have synthesised the inclusion complexes of AA within the cavities of α- and 
β-CD and compared their degree of encapsulation. We have employed the Benesi-Hildebrand equation 
to determine the association constants. Other thermophysical parameters such as enthalpy, entropy and 
free energy change of the processes at three different temperatures have also been calculated. UV-
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Visible Spectroscopy, 1H NMR spectroscopy, two-dimensional (2D) NMR rotational nuclear 
Overhauser effect spectroscopy (ROESY) was used to find out the degree of encapsulation, whereas 
High-Resolution Mass Spectrometry (HRMS), Fourier transform infrared (FTIR) spectroscopy and 
Scanning Electron Microscopic (SEM) study were used to characterise the solid IC. Molecular 
encapsulation of the Azelaic acid molecule provides the extent of drug loading ability of α- and β-
cyclodextrins. DFT study reveals the extent of inclusion in both cases which assists in the application 
of the proposed utilization of the encapsulated drug in the fields of biomedical and chemical 
engineering. 

2. EXPERIMENTAL SECTION 

2.1. Source and purity of samples 

Azelaic acid, Methyl orange, α-Cyclodextrin (α-CD) and β-Cyclodextrin  (β-CD) were purchased from 
Sigma-Aldrich and used without further purification. The details of the chemicals used in this work 
are listed in Table. S1. Distilled water (specific conductivity < 1μS∙cm-1) was used for the preparation 
of all solutions. 

Scheme1. Structures of compounds used: (A) α-Cyclodextrin (n=6), (B) β-Cyclodextrin  (n=7), (C) 
Cyclodextrin monomer, (D) Azelaic acid and (E) Methyl Orange , where n= no of  monomeric 
subunits.  



Chapter VII 

139 

3. RESULT AND DISCUSSION 

3.1. Synthesis of the inclusion compound 

β-CD.12H2O (0.5 mmol) was dissolved in water (20 mL) at 60°C and Azelaic acid (0.5 mmol) was 
added. The inclusion complex of Azelaic acid and β-CD was prepared by coevaporation method [269]. 
0.5 mmol Azelaic acid in 10 mL water was added drop wise to the 20 mL aqueous solution of 0.5 
mmol β-CD, and the solution was stirred at 323.15 K for 18 h in water bath. Then it was filtered and 
cooled to room temperature, put the mixture into the refrigerator at 277 K overnight. The white 
precipitate was filtered and washed successively with distilled water & ethanol. The solid was dried in 
vacuum drying oven to obtain a white Azelaic acid-β-CD inclusion complex. Same procedure was 
followed to obtain inclusion complex of α-CD. 

3.2. Conductivity Study 

The stoichiometry of inclusion complex can be predicted primarily from the breakpoint in the curves 
of the molar conductivity versus the concentration of cyclodextrin molecules [270-273]. In this case, 
the conductance (Ʌ) was measured at 298.15 K and the variation was performed with respect to the 
concentration of cyclodextrin, following conventional conductance technique (Table.S2.). At first, the 
conductivity cell constant was calibrated using aqueous 0.01(M) KCl solution. After proper 
callibration , conductivity of 10 mL pure AA solution was measured. Then aqueous solution of 
cyclodextrin was progressively added to 10mL Azelaic acid solution with the help of micro-pipette 
and the conductance was measured after thorough mixing at temperature equilibrium. The conductance 
(Λ, Sm cm-1) for all studied systems was evaluated at room temperature i.e. 298.15K .  

The conductance curves (Λ versus c) for the above systems were found to be gradually decreasing and 
depicted in Fig.S1. On increasing the concentration of cyclodextrin in Azelaic acid solution, the 
decrease in Ʌ was observed [161]. The decreasing tendency of the molar conductance versus 
concentration curve clearly indicates that the AA molecule gets encapsulated within the cavities of α- 
and β-CDs molecules, one by one, consequently the movement of AA becomes restricted and it in turn 
diminishes the conductivity of the overall system [274].The fact may be attributed to the following 
factors-(i) formation of intermolecular Hydrogen bonding between the –OH groups of Azelaic acid 
and hydrophilic –OH groups of cyclodextrin molecules and (ii) on increasing the concentration of CD 
molecules, more guest molecules are getting encapsulated inside the hollow cavity of CD itself [275].  

The inflection point in case of AA.β-CD complex appears at a concentration of 5.24 mM (approx), 
indicating that the stoichiometry of the Azelaic acid and the β-CD should be equimolar. On the other 
hand, for the  AA.α-CD inclusion complex, the appearance of the sharp inflection point is not observed, 
but there is a decrease in conductance. Such behaviour may arise because of the dynamic equilibrium 
between α-CD and Azelaic acid molecule[276] as α-CD has a smaller diameter which prevents the 
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guest molecule to get encapsulated tightly. At the inflection point, all of the guest molecules are 
encapsulated in the hollow cavities of the cyclodextrin molecules, then the concentration of CD 
increases gradually exceeding the concentration of Azelaic acid. But From Table.S2. , it is observed 
that the rate of decrease in molar conductance of AA in α-CD is not so sharp like the β-CD one, which 
primarily indicates better feasibility of inclusion phenomena in case of β-CD [275] . 

3.3. FTIR Spectroscopy: 

The IR spectra were recorded on a Perkin–Elmer RX1 FT-IR spectrometer 8310 with samples using 
KBr pelleting. All the spectra were run in the range of 400–4000 cm-1 at room temperature. As a part 
of our preliminary investigations, we performed FT-IR Spectroscopy to ensure the inclusion 
phenomenon by considering the deviation of stretching frequency [267, 277-280]. The characteristic 
IR frequencies of Azelaic acid, α-CD, β-CD and their corresponding solid ICs are enlisted in Table.S3. 
The relevant spectra are shown in Fig.S2. 

The characteristic IR absorption peaks of pure AA are found at 2938 cm-1 (symmetrical stretching of 
–C–H in –CH2), 1706 cm-1 (stretching of –C=O in -COOH), 1453 cm-1 (-CH2 bending), 1296 cm-1 (-
C-O stretching), 937cm-1 (-O-H bending) and 720 cm-1 (-CH2 bending obtained due to long chain). 
Broad bands due to –O–H stretching for α-CD and β-CD are observed at 3430 cm-1 and 3427 cm-1 
respectively. In case of the β-CD IC, the –O–H frequency is found to be shifted to the lower region at 
3379 cm-1

, which arises due to the formation of hydrogen bond between the –COOH group of AA and 
–OH group of cyclodextrin molecule [193, 200]. The absorption bands of AA in the AA.β-CD complex 
are shifted to a considerable extent. In pure Azelaic acid –C=O stretching frequency was observed at 
1706 cm-1, but in case of AA.β-CD the -C=O stretching was found at 1686 cm-1. Such a drop in 
stretching frequency of the –C=O bond again indicates the possibility of the hydrogen bond formation 
between the guest and host molecule. The shifts in stretching frequencies in case of AA.β-CD inclusion 
complex (Table.S3.) indicates effective insertion of the AA molecule inside the cavity of β-CD. 
Whereas, no remarkable shift in stretching frequencies was observed in case of the AA.α-CD IC. This 
observation may be attributed to the inefficient fitting of AA inside the cavity of α-CD [235]. 

3.4. UV-Vis Spectroscopy 

3.4.1. Association Constant and Thermodynamic Parameters 

UV-Visible spectroscopy is one of the simplest methods for determining both the stoichiometry and 
binding constant of inclusion complexes, which can be characterized by continuous change in the 
optical density (OD) along with or without a spectral shift depending upon the addition of host 
molecule to the guest solution [281]. 

In order to know the binding stoichiometry, we used the continuous variation Job’s method, in which 
the total concentration of the guest and [CD] was kept constant, while the mole fraction of the solution 
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with host and guest is varied in deionized water [282]. The maximum absorbance reached at a mole 
ratio of 0.5 for the AA.β-CD inclusion complex, but no such maximum absorbance has been found for 
the AA.α-CD. This demonstrates the formation of 1:1 inclusion complex, in the measured 
concentration range between CD and Azelaic acid [190, 283]. UV-Vis absorption spectra were 
recorded at three different temperatures ranging from 293.15K to 313.15 K. We have used the optical 
probe methyl orange to characterize the interaction nature of Azelaic acid with cyclodextrin molecules 
in an aqueous medium. Methyl orange has two phenyls and one azo group as chromophoric groups. 
The two benzene rings are connected to each other via azo-bridge (Scheme1). The concentration of 
M.O. was 0.00001(M) or 1×10-5 mol dm-5 and cyclodextrins (α-CD and β-CD) concentration were 
~1×10-2 mol dm-5 for spectral measurement. The absorption spectra of 0.00001 (M) M.O. was 
measured in distilled water at concentrations using a quartz cell of path length 1 cm. Fig.S3. shows 
that the absorption spectrum of 10–5 (M) M.O, recorded only in the spectral region 220-650 nm.  

At first, we recorded the absorption spectra of pure Methyl orange and The absorption band due to MO 
was observed at λmax = 467 nm [284]. Then, the absorption spectra of methyl orange (MO) in Azelaic 
acid was recorded in the presence of cyclodextrins to check the formation of inclusion complexes in 
an aqueous medium. Since α- and β-CDs hardly show absorption through the wavelength range (300-
500 nm), hence participation of the CD molecules was considered to be negligible [274]. The methyl 
orange (MO) interacts electrostatically with the –OH groups of guest molecule to reveal their extent 
of interaction through variations in the intensity in the probe’s absorption pattern [282, 285] . 

It was observed that with an increased β-CD concentration, the intensity of the absorption peak in the 
vicinity of 267 nm (due to Azelaic acid) increases considerably while the concentration of AA remains 
the same and three isosbestic points at 310nm, 385nm and 565 nm appeared. Although the small 
change in the intensity of the absorption patterns has been observed in case of (AA+ α-CD) system no 
such isosbestic points have been found here (Fig.S4.), which in turn ensures the successful inclusion 
phenomena between Azelaic acid and β-CD molecule [274]. Such observation is ascribed to the fact 
that inclusion complex formation entirely takes place between AA and the cyclodextrin molecule 

[282].  

Binding constant is one of the key guidelines to Fig. out non-covalent binding behaviour of host-guest 
interactions. The binding constant of Azelaic acid (guest molecule)  with Cyclodextrins (host 
molecule) has been calculated using the following equation [274]. 

[ ] [ ] [ ]
aKAA CD IC��o� m��                                                                            (1) 

Where, [IC], [AA]f  and [CD]f  signifies the equilibrium concentration of inclusion complex, free 
Azelaic acid and free cyclodextrin respectively. The plot of 1/[CD] vs 1/ ΔA was found to be linear 
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(Supporting information Fig.S5.).The experimental observation indicates the formation of 1:1 
inclusion complex. From the higher value of Ka depicted from the Benesi-Hildebrand equation, it is 
quite clear that the incorporation of AA into β -CD results in a tight fit (Table.1.). 

The enthalpy and entropy parameters are dependent upon the extent of interactions between the host 
and the guest molecules during the inclusion phenomena [200]. The thermodynamic parameters like 
enthalpy ΔH0 and free energy ΔG0 can also be calculated using Van’t Hoff equation. 

0 0ln a

H S
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RT R
' '

 � �                                                                              (2) 

Table.1. shows that the values of ∆H0 and ∆S0 are negative. The decrease in the energy of the system 
favours the formation of the ICs. It has been observed that as the value of free energy of AA.β-CD 
complex is almost twice of the α-CD one, hence the AA.β-CD inclusion complex is much more stable 
than the AA.α-CD. 

> @ > @ > @
1 1 1 1

a

X
A V K CD VH H
 �

' ' '
                                                               (3) 

Where, ΔA is the difference between the absorbance of [Azelaic acid in Methyl Orange] in the presence 
and absence of α- and β-CDs. Δє is the difference between the molar absorption coefficient of [Azelaic 
acid] in the presence and absence of CDs and Ka is the absorption constant. A good linear correlation 
is obtained from the 1/ΔA versus 1/CDs plot (Fig.S5.) [126, 187, 286]. The association constants (Ka) 
for the inclusion complexation can be calculated from the slope of the Benesi-Hildebrand plot 
according to the following equation 

Ka= 1
Slope(A-A0)                                                                                   (4) 

The values of ΔH0 and ΔS0 for the formation of ICs were found negative (Table.1.) suggesting that 
the inclusion process is exothermic and entropy controlled [187]. 

Table.1. Association constants (Ka), Gibb's free energy (ΔG0), enthalpy (ΔH0) and entropy(ΔS0 ) of 

(AA+CD) systems from UV-Visible spectroscopy 

IC 
ka (M-1) ΔG0                         

(kJ mol-1) 

ΔH0               

(kJ mol-1) 

ΔS0                           

(J mol-1) K-1 293.15K 303.15K 313.15K 

AA.β-CD 4640 3220 2230 -20.40 -28.00 -25.10 

AA.α-CD 73 61 54 -10.40 -11.10 -2.30 
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3.4.2. Job Plot 

Job’s method of continuous variations has been often applied for the study of inclusion complexes in 
solution. [287],[189, 190, 288]. (See supporting information (Table.S4. and Table.S5.). ΔA x R values 
have been plotted against R, where ΔA signifies the difference in absorbance of the pure AA and its 
inclusion complexes and R is [AA]/([AA] + [CD]). λmax was found at 267 nm at 298.15,303.15 and 
313.15 K. The stoichiometric ratio of guest and host molecule can be obtained from the R-value at the 
maxima of the Job Plot such as R = 0.33, for 1:2 IC, R= 0.5 for 1:1 IC, R= 0.66 for 2:1 IC etc. In the 
case of AA.β-CD complex, the R-value was found to be approximately 0.5, whereas no such specific 
R-value has been obtained in case of the AA.α-CD (Fig.1.).This result indicates the extent of inclusion 
phenomena is greater in the case of AA.β-CD complex. 
 

 

Fig.1. Job Plot for (AA+β-CD) and (AA+α-CD) system. 

3.5. 1H NMR analysis 

The insertion of a guest molecule into the hydrophobic cavity of α and β-CD reflects in changes in the 
values of chemical shift of the protons in the 1H NMR spectra and it is a direct evidence for the 
complexation of Azelaic acid with CDs [289],[290]. The most plausible mode of interaction of 
inclusion complexes can be also established with the help of 1H NMR spectroscopy. It is also an effective 
tool to study the changes of the electronic environment around the different protons of Azelaic acid 
molecule in presence of α and β-Cyclodextrin  [291]. NMR samples were prepared by adding Azelaic 
acid to cyclodextrin in NMR tubes by mass. 

D2O solvent was added with a syringe while the samples were kept under N2 flow. NMR spectra of 
the solvent were also taken to ensure that they were free from contaminants. All measurements were 
performed at 298.15 K using a 400 MHz spectrometer. At first, 1H NMR spectra of the pure compounds 
in D2O solvent were taken (Fig.S6., Fig.S7. & Fig.S8.). 

The structure of cyclodextrin molecules show that the H3 and H5 hydrogens are placed inside the 
hollow conical cavity, more specifically, the H3 and  the H5 are located near the wider rim and 
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narrower rim of the cyclodextrin molecule respectively. The other protons named as H1, H2 and H4 
hydrogens are located at the exterior of the cyclodextrin molecule (Fig.2.) [189]. On entering the 
hollow cavity of β-CD moecule, AA preferably interacts with H3 and H5 protons, which results in 
upfield shift, on the other hand, H1, H2 and H4 too experience such upfield chemical shift although 
this extent is very small compared to other interior protons [292] (Fig.S10). In AA.β-CD inclusion 
complex, the resonance of H2 (or H2′) was shifted to 0.04 ppm to high field The H3(or H3′) proton 
was also shifted up to significant extent and the peaks of quintet have been diminished and a singlet 
appeared instead of it and the chemical shift of H4, H5 and H4′ were only slightly affected (0.02 ppm) 
(Fig.S10.).But in case of the AA.α-CD inclusion complex no considerable chemical shifts in protons 
have been observed (Fig.S9.).Consequently, taking account of the respective chemical shifts in the 
spectrum of α and β inclusion complexes, it can be concluded that the extent of interaction is greater 
in case of β-CD complex than that of the α one. This finding is consistent with the DFT explanation. 

1H NMR data 

Azelaic acid (AA) : 2.26 (2H,t,J=8 Hz), 1.48 (4H,quint,J=8 Hz), 1.21(2H,m) (Fig.S6.) 

α- Cyclodextrin (α-CD): 1H NMR (D2O, 298.15 K): δ/ppm 3.50 (6H, t, J =9.00 Hz), 3.55(6H, dd, J= 8 
Hz), 3.73-3.86 (18H, m), 3.89 (6H, t, J =9 Hz), 4.96 (6H, d, J=3 Hz) (Fig.S7.). 

β- Cyclodextrin (β-CD): 1H NMR (D2O, 298.15 K): δ/ppm 3.50 (7H, t, J = 9.2 Hz), 3.55-3.57 (7H, dd, J 
= 9.6, 3.2 Hz), 3.77-3.81 (21H, m), 3.88(7H, t, J = 9 Hz), 4.98 (7H, d, J =3.6 Hz) (Fig.S8.). 

AA.α-CD Inclusion Complex: 3.50 (6H, t, J =9.00 Hz), 3.56 (6H, dd, J= 8 Hz), ),3.70-3.78 (18H, m), 
3.86 (6H, t, J =9 Hz), 4.96 (6H, d, J=3 Hz), 2.27 (2H,t,J=8 Hz), 1.48 (4H,quint,J=8 Hz), 1.23 (2H,m) 
(Fig.S9.). 

AA.β-CD Inclusion Complex: 3.50 (7H, t, J = 9.2 Hz), 3.55-3.57 (7H, dd, J = 9.6, 3.2 Hz), 3.66-3.76 
(18H, m), 3.80 (7H, t, J = 9.2 Hz), 2.29 (2H,t, J=8 Hz), 1.57 (4H,quint, J=8 Hz), 1.31(2H,m) (Fig.S10.) 
. 

3.6. 2D-ROESY 

2D ROESY experiment was done to obtain information about the spatial proximity between protons 
of the host and guest molecules having an intermediate molecular weight between 1000 and 1500 by 
observing the intermolecular dipolar cross-correlations. The principle of 2D ROESY is based upon the 
extent of interaction of the protons which are present in the close proximity of 0.4 nm range to each 
other to produce cross peaks [293]. 

The structure of CD reveals that the H3 and H5 protons of CDs are present inside the hollow cavity; 
the H3 hydrogen is located near the wider rim, whereas the H5 hydrogen is placed near the narrower 
rim and the other H1, H2, and H4 hydrogens are situated at the exterior of the CD molecule (Fig.2.) 
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[294]. If inclusion takes place, the spatial proximity of the atoms of the guest molecule with H3 and 
H5 protons of CD should be observed and it is reflected in the intermolecular dipolar cross-correlations 
[235, 295]. 

 

Fig.2. Location of different types of protons in Cyclodextrin molecule. 

The shape of the signals has been very characteristic for the H3 (triplet) and H5 protons of β-CD. Thus, 
there was no doubt that the NOE responses were due to spatial proximity of Azelaic acid protons with 
the H3 and H5 protons of β-CD and not with the overlapping external H6 and H2 protons of β-CD, 
respectively. All of these results strongly support the tentative structure of the AA.β-CD complex as 
shown in Scheme.2., the presence of cross peaks of H3 and H5 protons of β-CD with H2, H2′, H3, H3′ 
and H4, H5, H4′ protons of the guest molecule was obtained.In the process of inclusion, the cross 
peaks arises due to the insertion of the alkyl chain part of the AA inside the cavity of β-CD (Fig.S12.) 
but in case of α-CD no such cross-peaks have been obtained (Fig.S11.),which clearly dictates that the 
inclusion is not so much fruitful in the later case. The fact may be attributed to the smaller cavity size 
of α-CD which resist the AA molecule to get encapsulated. 

This observation definitely indicates that the aliphatic carbon chain of AA deeply enters the cavity of 
β-CD from its secondary wider rim and the rest part remains close to the cavity on its secondary 
opening but the inclusion phenomena have not been proved efficient in case of α-CD perhaps due to 
smaller cavity size compared to the β-CD molecule. 

 

Scheme.2. Proposed tentative structures of Azelaic acid and cyclodextrin inclusion complexes. 
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3.7. HRMS Study 

Electrospray ionization (ESI) mass spectrometry (MS) experiment was performed on an Agilent 6530 
Accurate-Mass Q-TOF LC/MS system (Agilent Technologies).AA.αCD and AA.βCD inclusion 
complexes were prepared in methanol and were introduced into the ion source of the mass spectrometer 
with a flow rate of 20ml/min using a syringe pump. The temperature of the inlet capillary was 2000C 
and the detection was performed in the positive ion mode. The peaks were given in m/z (% of basis 
peak). 

The peak at 1162.0697 and 1324.2087 in [M+H]+ mode indicates the formation of AA.α-CD and AA.β-
CD ICs respectively and for [M+Na]+ mode we got m/z values at 1184.0517 and 1346.1877.The m/z 
values have been given in Table.2. and the spectra have been revealed in Fig.S13. and Fig.S14. The 
spectrum of each complex shows peak at 1338.98 and 1176.84 respectively which are almost equal to 
the sum of host and guest molecule. It indicates the formation of the IC of 1:1 stoichiometric ratio 
[187]. 

Table.2.The calculated values and obtained m/z values of the solid inclusion complexes 

Ions Exact Mass 
(calculated) 

[M+H]+ 

m/z values 
Obtained 

Exact Mass 
(calculated) 

[M+Na]+ 

m/z values 
Obtained 

[α-CD+ Azelaic acid] 1162.0711 1162.0697 1184.0529 1184.0517 
[β-CD+ Azelaic acid] 1324.2147 1324.2087 1346.1965 1346.1877 

 

3.8. DFT calculation on the inclusion complexation 

In order to interpret the nature of the interaction between the cyclodextrin and azelaic acid, density 
functional calculation was carried out in gas phases, by considering all the possible binding modes 

[281] 

The geometries were optimised at the UB3LYP (6-31G)(d) level. For the AA.α-CD and AA.β-CD 
complexes, possible geometries were optimised. These structures are represented in the and Fig.4(c & 
d) respectively and will be denoted as complex α1, α2, β1 and β2 respectively. The first observation 
that strikes to the sight is that the cavity of α-CD is not large enough to allow a deep encapsulation of 
then guest molecule. This was further supported by the calculated NMR chemical shifts, which showed 
negligible changes matching the experimental observation for H3 and H5. In terms of formation 
energies of the theoretical β-CD∙Azelaic acid complexes, the β-CD complex is more stable. than the 
α-CD one, while the α-CD complex is less stable. by 1.61x106 kJ/mol. After energy optimization, it 
has also been observed that the H-bond length in case of the AA.β-CD complex was 1.67A0, which is 
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smaller than that of AA.α-CD complex (H bond length=1.82A0), being that a reason for the lower 
energy of the former structure. 

 

Fig.3. Energy-Optimized Structure of Azelaic acid.α-CD by DFT calculations (a) α1 and (b) α2. 

 

Fig.4. Energy-Optimized Structure of Azelaic acid.β-CD by DFT calculations (c) β1 and (d) β2. 

 

3.9. Scanning Electron Microscope (SEM) Study 

The surface morphologies of the pure compounds along with their inclusion complexes were analyzed 
by Scanning Electron Microscope study. These images are used to Fig. out the effect of the 
coprecipitation process on the morphology of the solids used for the formation of solid systems. 
Scanning Electron Microscope(SEM) Study reveals that pure α-CD particles have prismatic shape with 
well-developed faces and β-CD was observed as plate-shaped crystals [296]. It has been revealed in 
SEM images that the AA crystals are in the form of bar-shaped structures and smooth surfaces. Pure 
α-CD particles exist in prismatic shape having well-developed faces and β-CD shows plate-shaped 
crystals. In contrast, AA.α-CD the samples appear in bar-shaped structures of variable sizes whereas 
irregular shape was observed for the AA.β-CD complex.  
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Furthermore, if we compare the morphological changes of the pure components with the inclusion 
complexes, we find that the morphology of AA.β-CD inclusion complex is totally different from both 
of the pure components whereas there are some similarities between the morphologies of AA.α-CD 
and azelaic acid itself [Fig.5.(a,b & c) and Fig.6.(d & e)].  

 

 

Fig.5. SEM images of pure compounds (a) α-Cyclodextrin (b) Azelaic acid and (c) β-Cyclodextrin. 

 

 

Fig.6. SEM images of inclusion complexes (d) AA.α-CD (e) AA.β-CD. 
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4. CONCLUSION 

The present work dictates about the inclusion phenomena of Azelaic acid and cyclodextrin molecules. 
The data obtained from conductivity primarily indicates that the AA molecule successfully enters in 
the hollow cavity of the β-CD molecule. The Job’s plot method ensures the 1:1 stoichiometry for the 
inclusion complex formed. From the Absorption pattern obtained in UV-Vis spectroscopic 
measurement and the values of association constants, it has been observed that the extent of host-guest 
interaction is more extensive in case of the AA.β-CD complex than the other one, which is in good 
agreement with DFT study. The morphological analysis also provides successful inclusion of Azelaic 
acid into the cavity of the β-CD molecule.  

Supplementary data 

Subsistence and Energy Optimization of Inclusion Complexes of Azelaic Acid with α and β-CD 
Molecules and their Extensive Comparison by Physicochemical and Computational 
Methodologies 

Table 

  Table.S1. Details of chemicals used 

 
Name of 

chemicals 

 
Source 

 
CAS 
no 

 
Purification method 

 
Mass 
purity 

 
Azelaic acid Sigma-Aldrich, 

Germany 
123-
99-9 

Used as purchased >98.0% 

Methyl orange TCI Chemicals(India) Pvt. 
Limited 

547-
58-0 

Used as purchased >98.0% 

α-Cyclodextrin Sigma-Aldrich, 
Germany 

10016-
20-3 

Used as purchased w≥98% 

β-Cyclodextrin Sigma-Aldrich, 
Germany 

7585-
39-9 

Used as purchased w≥97% 

Distilled Water Sigma-Aldrich, 
Germany 

7732-
18-5 

 

Used as purchased w≥99% 

Table.S2.  Data for the conductivity study of aqueous [AA].α-CD and [AA].β-CD system 
(concentration of the stock solution of [α-CD]  and  [β-CD] = 10Mm at 298.15Ka 

Conc. of α-
CD 

(mM) 

Conc. of AA 
(mM) 

Molar Conductivity 
(S cm2 mol−1) 

Conc. of 
β-CD 
(mM) 

Conc. of AA 
(mM) 

Molar 
Conductivity 
(S cm2 mol−1) 

10 0 0.170 10 0 0.170 
9.091 0.909 0.167 9.091 0.909 0.157 
8.333 1.667 0.164 8.333 1.667 0.149 
7.692 2.308 0.157 7.692 2.308 0.141 
7.143 2.857 0.153 7.143 2.857 0.132 
6.667 3.333 0.149 6.667 3.333 0.127 
6.250 3.750 0.145 6.250 3.750 0.121 
5.882 4.118 0.141 5.882 4.118 0.113 
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5.556 4.444 0.138 5.556 4.444 0.109 
5.263 4.737 0.134 5.263 4.737 0.106 
5.000 5.000 0.132 5.000 5.000 0.103 
4.762 5.238 0.129 4.762 5.238 0.102 
4.545 5.455 0.126 4.545 5.455 0.102 
4.348 5.652 0.123 4.348 5.652 0.101 
4.167 5.833 0.122 4.167 5.833 0. 101 
4.000 6.000 0.121 4.000 6.000 0. 101 
3.846 6.154 0.121 3.846 6.154 0.100 
3.704 6.296 0.120 3.704 6.296 0.100 
3.571 6.429 0.120 3.571 6.429 0.100 
3.448 6.552 0.120 3.448 6.552 0.100 
3.333 6.667 0.120 3.333 6.667 0.101 
ɑStandard uncertainties in temperature u are: u(T) = ± 0.01K, conductivity: ± 0.01 mS m-1. 

 

 

Table.S4. Data obtained from Job Plot of (AA+β-CD) system at 298.15 Ka 

Conc. of AA 
(µm) 

α-CD               
(µm) 

R= [AA]/ 
([AA]+[CD]) 

A @λmax       
267 nm 

ΔA                          
(0.82916-A) 

ΔAx[AA]/    
([AA]+[α-CD]) 

0 100 0 0 0.82916 0 
10 90 0.1 0.08783 0.74133 0.074133 
20 80 0.2 0.09553 0.73363 0.146726 
30 70 0.3 0.21293 0.61623 0.184869 
40 60 0.4 0.22203 0.5193 0.20772 
50 50 0.5 0.38335 0.44581 0.222905 
60 40 0.6 0.49514 0.33402 0.200412 
70 30 0.7 0.59209 0.23707 0.165949 
80 20 0.8 0.65569 0.17347 0.138776 
90 10 0.9 0.75367 0.07549 0.067941 

100 0 1 0.82916 0 0 
aStandard uncertainties in temperature =±0.01K 

Table.S3. Data obtained from FT-IR spectroscopic study of α-CD, β-CD, AA, AA.α-CD and AA.β-CD complex. 

Functional Group Wave number (Cm-1) 
α-CD β-CD AA AA.α-CD AA.β-CD 

stretching of O-H 3430 3427  3320 3379 
stretching of –C-H in –

CH2 
2938 2940  2935 2924 

bending of –C-H in–
CH2 and bending of O-

H 
1420 1424  1422 1370 

bending of C-O-C 1162 1160  1156 1152 
vibration involving α-

1,4linkage 
 

954 950  950 984 

stretching of -C-H in–
CH2 

….. ….. 2938 ….. ….. 

Stretching -C=O ….. ….. 1706 1709 1686 

-CH2- bending (m) ….. ….. 1453 ….. ….. 

-C-O Streching ….. ….. 1296 1301 1278 

-O-H bending ….. ….. 937 ….. ….. 

-CH2- bending ….. ….. 720 728 742 
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Table.S5. Data obtained from Job Plot of (AA+α-CD) system at 298.15 Ka 

Conc. of AA 
(µm) 

α-CD               
(µm) 

R= [AA]/ 
([AA]+[CD]) 

A @λmax       
267 nm 

ΔA                          
(0.82916-A) 

ΔAx[AA]/    
([AA]+[α-CD]) 

0 100 0 0 0.82916 0 
10 90 0.1 0.03176 0.7974 0.07974 
20 80 0.2 0.12341 0.70575 0.14115 
30 70 0.3 0.16932 0.65984 0.197952 
40 60 0.4 0.24783 0.58133 0.232532 
50 50 0.5 0.35741 0.47175 0.235875 
60 40 0.6 0.44098 0.38818 0.232908 
70 30 0.7 0.49706 0.3321 0.23247 
80 20 0.8 0.61054 0.21862 0.174896 
90 10 0.9 0.68022 0.14894 0.134046 

100 0 1 0.82916 0 0 
aStandard uncertainties in temperature =±0.01K 

Table.S6. Data obtained from Benesi-Hildebrand double reciprocal plot of (AA+β-CD) and (AA+α-CD) systems at 
293.15 K 

 
 [Drug] 

(µM) 
[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/[CD] 

(AA+β-CD) 

50 10 0.4531 0.47952 0.02642 37.85011 100000 
50 20 0.4531 0.50317 0.05007 19.97204 50000 
50 30 0.4531 0.52531 0.07221 13.8485 33333 
50 40 0.4531 0.54402 0.09092 10.99868 25000 
50 50 0.4531 0.56834 0.11524 8.677543 20000 
50 60 0.4531 0.58441 0.13131 7.615566 16667 
50 70 0.4531 0.59856 0.14546 6.874742 14286 
50 80 0.4531 0.60846 0.15536 6.436663 12500 
50 90 0.4531 0.61826 0.16516 6.054735 11111 
50 100 0.4531 0.628606 0.175506 5.697811 10000 

(AA+α-CD) 

50 10 0.4531 0.45501 0.00191 523.5602 100000 
50 20 0.4531 0.45691 0.00381 262.4672 50000 
50 30 0.4531 0.46042 0.00732 136.612 33333 
50 40 0.4531 0.46109 0.00799 125.1564 25000 
50 50 0.4531 0.46202 0.00892 112.1076 20000 
50 60 0.4531 0.46473 0.01163 85.98452 16667 
50 70 0.4531 0.46505 0.01195 83.68201 14286 
50 80 0.4531 0.46642 0.01332 75.07508 12500 
50 90 0.4531 0.46868 0.01558 64.18485 11111 
50 100 0.4531 0.47398 0.02088 47.89272 10000 

 

Table.S7. Data obtained from Benesi-Hildebrand double reciprocal plot of (AA+β-CD) and (AA+α-CD) systems 
at 303.15 K 

 
 [Drug] 

(µM) 
[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/[CD] 

AA+β-CD 

50 10 0.44739 0.47051 0.02312 43.2526 100000 
50 20 0.44739 0.492619 0.045229 22.10971 50000 
50 30 0.44739 0.51342 0.06603 15.14463 33333 
50 40 0.44739 0.53173 0.08434 11.85677 25000 
50 50 0.44739 0.55402 0.10663 9.378224 20000 
50 60 0.44739 0.569273 0.121883 8.20459 16667 
50 70 0.44739 0.58485 0.13746 7.274844 14286 
50 80 0.44739 0.596142 0.148752 6.722599 12500 
50 90 0.44739 0.61588 0.16849 5.93507 11111 
50 100 0.44739 0.62448 0.17709 5.646846 10000 

AA+α-CD 50 10 0.44739 0.44941 0.00202 495.0495 100000 
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50 20 0.44739 0.4512 0.00381 262.4672 50000 
50 30 0.44739 0.45481 0.00742 134.7709 33333 
50 40 0.44739 0.45576 0.00837 119.4743 25000 
50 50 0.44739 0.45651 0.00912 109.6491 20000 
50 60 0.44739 0.45922 0.01183 84.53085 16667 
50 70 0.44739 0.45945 0.01206 82.91874 14286 
50 80 0.44739 0.46082 0.01343 74.46016 12500 
50 90 0.44739 0.46587 0.01848 54.11255 11111 
50 100 0.44739 0.47608 0.02869 34.85535 10000 

 

Table.S8. Data for the Benesi-Hildebrand double reciprocal plot obtained from UV-VIS spectroscopic study for 
(AA+β-CD) and (AA+α-CD) systems at 313.15 K 

 

  [Drug] 
(µM) 

[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/[CD] 

(AA+β-CD) 

50 10 0.43182 0.454847 0.023027 43.42728 100000 
50 20 0.43182 0.476417 0.044597 22.42303 50000 
50 30 0.43182 0.49342 0.0616 16.23377 33333 
50 40 0.43182 0.51573 0.08391 11.91753 25000 
50 50 0.43182 0.54002 0.1082 9.242144 20000 
50 60 0.43182 0.558273 0.126453 7.908077 16667 
50 70 0.43182 0.58025 0.14843 6.737183 14286 
50 80 0.43182 0.601142 0.169322 5.905907 12500 
50 90 0.43182 0.62488 0.19306 5.179737 11111 
50 100 0.43182 0.61548 0.18366 5.444844 10000 

(AA+α-CD) 

50 10 0.43182 0.43453 0.00271 369.0037 100000 
50 20 0.43182 0.43863 0.00681 146.8429 50000 
50 30 0.43182 0.43964 0.00782 127.8772 33333 
50 40 0.43182 0.44299 0.01117 89.52551 25000 
50 50 0.43182 0.44376 0.01194 83.75209 20000 
50 60 0.43182 0.44645 0.01463 68.3527 16667 
50 70 0.43182 0.44867 0.01685 59.34718 14286 
50 80 0.43182 0.45514 0.02332 42.88165 12500 
50 90 0.43182 0.45972 0.0279 35.84229 11111 
50 100 0.43182 0.46658 0.03476 28.7687 10000 

 

Table.S9. 1H-NMR spectra of AA, α-CD, β-CD,  and (AA+α-CD), (AA+β-CD) inclusion 
complexes 

α-Cyclodextrin (400 MHz, D2O solvent) 
 δ /ppm 

 
β-Cyclodextrin (400 MHz, D2O solvent) 

δ /ppm 
 

3.50 (6H, t, J =9.00 Hz), 3.54 (6H, dd, J= 10.00, 3.00 
Hz), 3.73-3.86 (18H, m), 3.89 (6H, t, J =9 Hz), 4.96-
4.97 (6H, d, J=3 Hz) 

3.50 (7H, t, J = 9.2 Hz), 3.56 (7H, dd, J = 9.6, 3.2 
Hz), 3.77-3.81 (21H, m), 3.88(7H, t, J = 9.2 Hz), 
4.98-4.99 (7H, d, J =3.6 Hz) 
 

[AA] 
δ /ppm 

 
2.26 (2H,t,J=8 Hz), 1.48 (4H,quint,J=8 Hz), 1.21(2H,m) 

[AA].α-CD [AA].β-CD 
3.48-3.51 (6H, t, J= 9.00 Hz), 3.53-3.56 (6H, dd, J= 
10.00, 3.00 Hz), 3.68(3H, s), 3.69-3.74 (18H, m), 
3.62-3.67 (6H, 
t, J = 9 Hz), 4.96-4.97 (6H, d, J = 3 Hz), 5.30 (2H, s), 
7.41-7.47 (5H,m), 8.59-8.65 (2H, dd). 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, dd, J 
=9.6, 3.2 Hz), 3.68(3H, s), 3.66-3.70 (18H, m), 3.60-
3.64 (6H,t, J = 
9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz), 5.25 (2Hs), 
7.35-7.42 (5H,m), 8.59-8.64 (2H, dd). 
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Figures 

     

(i)                                                                       (ii) 

Fig.S1. Molar conductivity of Azelaic Acid against CD at T = 298.15 K : (i) Molar conductivity of 
Azelaic Acid against α-CD ( ) and (ii) Molar conductivity of Azelaic Acid against β-CD ( ) 
respectively. 

 

Fig.S2.FTIR Spectra of α-CD, β-CD, Pure AA, AA.α-CD and AA.β –CD inclusion complex 
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Fig.S3. Absorption spectra of 1×10-5 mol dm-5 Methyl Orange in aqueous medium, λmax= 467 nm 

     
 

Fig.S4. Absorption pattern for (A) (AA+β-CD) system and (B) (AA+α-CD) system. 
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b                                                           

      

c                                                                            

Fig.S5.Benesi-Hildebrand double reciprocal plot of AA.CD inclusion complexes at (a)  293.15K,(b) 
303.15K ,(c) 313.15K 

 

Fig.S6. : 1H-NMR spectra of Azelaic acid in D2O at 298.15K 
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Fig.S7. : 1H-NMR spectra of α-Cyclodextrin in D2O at 298.15K 

 

Fig .S8.: 1H-NMR spectra of β-Cyclodextrin in D2O at 298.15K 
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Fig.S9. : 1H-NMR spectra of AA.α-CD complex in D2O at 298.15K 

 
Fig.S10. : 1H-NMR spectra of AA.β-CD complex in D2O at 298.15K 

 
Fig.S11. 2D ROESY NMR Spectra of AA.α-CD inclusion complex 
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Fig.S12. 2D ROESY NMR Spectra of β-CD.AA inclusion complex 

 
Fig.S13. : HRMS spectra of AA.α-CD inclusion complex 

 
Fig.S14. : HRMS spectra of AA.β-CD inclusion complex 
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CHAPTER VIII 

Exploring Host Guest Inclusion Complex of N-Benzoylthiourea inside β-Cyclodetrin 

Molecule for Enhanced Antimicrobial Application by Physicochemical Methodologies 

 

 

 

ABSTRACT 

The inclusion complexes of N-Benzoylthiourea with β-Cyclodextrin  (β-CD) was prepared, the 

resultant complex was characterised by FTIR, UV-Visible Spectroscopy, proton nuclear magnetic 

resonance spectroscopy (1H NMR), fluorescence spectroscopy, 2D ROESY, High Resolution Mass 

Spectrometry and Scanning Electron Microscope (SEM) study . The stoichiometry was 

established using a Job plot method of continuous variation and it was found to be 1:1. The 

inclusion procedure was clarified by applying 2D ROESY study. The stability of the inclusion 

complex was confirmed by the means of the values of ΔH0, ΔG0, ΔS0 and association constants 

derived from UV-Visible spectroscopy and Fluorescence Spectroscopy. The 1:1 stoichiometry 

was visually demonestrated by HRMS study. Our results showed that less polar part of the guest 

molecule that is aromatic ring was deeply inserted into the cavity of  β-CD. By complexation with 

β-CD, both the water and thermal of NBTU were prominently improved and NBTU.β-CD complex 

showed antifungal activity against Aspergillus niger (fungal pathogen). 

Keywords 

N-Benzoylthiourea (NBTU), β-Cyclodextrin (β-CD), Inclusion complex(IC), HRMS study, Job Plot. 
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1. INTRODUCTION 

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharide molecules that are made up of α-D-

glucopyranose residues linked by glycosidic linkages and considered as a  propitious synthetic 

molecular host. It has a doughnut shape, in which the cavity has a hydrophobic character 

compared with water, whereas the rims, bearing the OH groups, are hydrophilic. This structure 

makes CDs capable of forming inclusion compounds with a variety of guest molecules both 

insolution and in the solid state [297].The primary condition for a molecule to form an inclusion 

complex with CD is to fit in the cavity, either completely or partially. In addition, a suitable. 

energetic balance is always required, which depends on the nature of the guest, the inner cavity 

diameter of the CD and its substitution degree. The formation of these inclusion compounds has 

been widely used to improve the aqueous solubility of poorly soluble drugs, together with their 

bioavailability, dissolution rate, permeability and stability. Natural CDs can be modified by 

substitution of the hydroxyl groups by methyl or hydroxypropyl groups in order to improve 

properties such as the solubility or to avoid undesired effects. 2-Hydroxypropyl-b-cyclodextrin 

(HPβ-CD) is a hydroxyl alkyl β-CD derivative that has been studied mostthoroughly. It is highly 

hydrophilic and generally forms. The benzoyl thioureas derivatives are quite well known in the 

field and has been extensively studied. Benzoyl thiourea derivatives can be considered as useful 

chelating agents because of having suitable. C=O and C=S function groups and hence are capable 

of  encapsulating into the coordinating moiety metal ions [298]. Therefore, new thiourea 

derivatives and their structures have gained intterest over years of several researchers because 

of their complexation capacity with various host molecules [299, 300] [301] [302].  

Few of the benzoylthiourea derivatives are found to be biologically potent, such as 

pharmacological [303], antifungal [304] [305], antitumour [306], antibacterial [307-309] and 

herbicidal properties.  

Fungi are progressively important reasons of acute embedded human infections, particularly 

recurrent mucosal, and nail infections [310]. Very few no of drugs are available for their 

treatment but most of them fungi static and come up with permanent resistance, which boosts 

the search for alternatives and drive us to develop some cost effective and less toxic water 

soluble drugs. Fungicides are acquiring great attention due to their cost effectiveness and eco-

friendly nature. If a compound has antifungal potency, it will be a tremendously helpful because 

of the development of drug resistance in pathogenic fungi. The present work aims to assess the 

anti-aspergillus activity of NBTU.β-CD inclusion complex [311] [312] [313, 314] [314].We  

https://www.merriam-webster.com/dictionary/progressively
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synthesised the inclusion complex of NBTU (guest molecule) with β-CD (host molecule) and 

characterised it with the help of FTIR, UV-Visible spectroscopy, 1H NMR, 2D-ROESY, 

Fluorescence spectroscopy, HRMS study and SEM study. The aim of this work was to investigate 

the impact of NBTU.β-CD IC on antimicrobial activity of some selected gram positive and gram 

negative bacteria and pathogens. Hence we B. subtilis (gram positive), E. coli (gram negative), 

Aspergillus niger (fungal pathogen) as our model organisms and checked the antimicrobial 

activity of the IC for further applications in medicinal field.  

2. EXPERIMENTAL SECTION 

2.1. Source and purity of samples 

N-benzoyl thiourea was purchased from TCI Chemicals, India and β-Cyclodextrin (β-CD) was 

purchased from Sigma-Aldrich and used without further purification. The details of the 

chemicals used in this work are listed in Table.S1. Distilled water (specific conductivity < 

1μS·cm-1) was used for the preparation of all solutions.  

The Structures of the chemicals used is given in Scheme1. 
 

 

Scheme 1. Structures of compounds used: (A) N-Benzoylthiourea, (B) β-Cyclodextrin. 
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2.2 Apparatus and Procedure 

Samples were weighed using Mettler Toledo AG-285 (uncertainty ±0.0003 g). Solutions of 

different strengths were prepared by mass dilution at 298.15 K. 

FT-IR spectroscopic study was performed by Perkin Elmer FT-IR Spectrometer 8300 applying 

KBr Desk technique with scanning range 400-4000 cm-1. 

UV-Visible spectroscopy was performed using Agilent 8453 spectrophotometer. 

2D ROESY and 1H NMR study, spectra of the pure solutions and the ICs were recorded at 400 

MHz BRUKER ADVANCE at 298.15K in d6-DMSO. Signals were denoted as δ values in ppm using 

TMS as internal standard (d6-DMSO: δ 2.50 ppm). The differences in chemical shifts were 

recorded to determine the interaction between NBTU and β-CD molecules. 

The Mass Spectroscopic analysis was performed in Agilent Accurate-Mass Q-TOFLC/MS6520. 

Scanning Electron Microscope (SEM) study was performed in JEOL JSM-IT100 instrument. 

Fluorescence spectra were recorded using QuantaMaster 40 spectrofluorometer. 

2.3. Synthesis of the inclusion compound 

N-Benzoylthiourea (0.2 mmol) was dissolved in 10 mL hot methanol and stirred for 2 hours. β-

CD.12H2O (0.4 mmol) was dissolved in water (20 mL) at 50°C and stirred for 30 minutes. The 

aqueous solution of β-CD was added dropwise to the hot methanolic solution of NBTU and 

stirred for 48 hours. The inclusion complex of N-Benzoylthiourea and β-CD was prepared by 

coevaporation method [269]. Then it was filtered and cooled to room temperature, put the 

mixture into the refrigerator at 277 K overnight. The white precipitate was filtered and washed 

with hot methanol. The solid was dried in a vacuum drying oven to obtain a white NBTU.β-CD 

inclusion complex. 

2.4. Antimicrobial activity assay 

In this experiment, B. subtilis (gram positive), E. coli (gram negative), Aspergillus niger (fungal 

pathogen) were considered as model organisms. Tests were done according to the Agar cup 

method [315]. In short, organisms were inoculated by spread plate technique in Muller-Hinton 

agar and the compounds (host-guest complexes) were applied in agar cup at 1 mg/ml 

concentration in separate plates and incubated at 37 °C for 24 hrs. Double distilled water was 
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used as the control. Antimicrobial activity was determined by means of the clear zone (zone of 

inhibition) surroundings agar cup. Each of the experiments was done in triplicate. 

3. RESULT AND DISCUSSION 

3.1. FTIR Analysis: 

FTIR spectroscopy is used to approve the formation of inclusion complex by the means of the 

deviation in shift and intensity pattern of the absorption peak between inclusion complex and 

pure compounds [316]. The formation of  inclusion complex is reflected in broadening, widening, 

disappearance or change in intensity patterns of the peaks recorded [317] [316]. The FTIR 

spectra of pure compounds (NBTU and β-CD) and the inclusion complex (NBTU.β-CD) were 

recorded and the spectra assigned are shown in Table. S2. and Fig.1. 

The infrared spectra of the guest molecule (NBTU) showed some few characteristic peaks at 

3308 cm-1 for secondary thioamide (N-H) group and 3232 cm-1 for primary amine group. A 

broad peak at 3154 cm-1 was associated with the stretching vibration of the aromatic C-H bond. 

The strong C=O stretching vibrational peak was observed at 1681 cm−1, which is in agreement 

with the literature data [318] The aromatic benzene appeared at 1604 cm-1. Usually, the bending 

vibration of N-H in NH2 group observed at 1533 cm-1. The C-N asymmetric stretching mode was 

observed at 1419 cm-1, whereas symmetric stretching vibration of C-N occurred at 1030 cm-1. 

The C=S group showed its asymmetric stretching vibration at 1237 cm-1. However, the 

symmetric stretching mode of C=S appeared at 710 cm-1 [319]. 

In the β-CD spectrum, a strong absorption peak at 3392 cm-1 attributed to the stretching of the 

bonds of (O-H) groups. The stretching vibrations of the C-H bonds in the -CH and -CH2 groups 

appeared at 2926 cm-1. Deformation vibrations of the O-H bonds were observed at 1639 cm-1 in 

the C-O-H groups and in the water molecules. Whereas, deformation vibrations appeared at 

1410 cm-1 and 1366 cm-1 due to the C-H bond in the -CH2OH and -CHOH groups. The absorption 

peaks at 1156 cm-1 were due to (C–O), (C–C) and (C–O–C) [320]. 

After the formation of inclusion complex with NBTU, the absorption peaks at 3154 cm−1 and 

1604 cm-1 almost disappeared in the NBTU.β-CD inclusion complex, indicating that the benzene 

group was included into the host cavities.  A distinct shift in the peak from 1681 cm-1 due to C=O 

group in pure NBTU to 1627 cm-1 in inclusion complex was observed, which might arise due to 

the change in environment of C=O group on entering hydrophilic environment to hydrophobic 

cavity of β-CD. The complex got stabilised at the wider rim of host moiety. However, the 
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characteristic absorption peak for asymmetric stretching of C=S bond at 1237 cm-1 (found in 

pure NBTU) remained almost unaltered in the inclusion complex (appeared at around 1233 cm-

1). All these phenomena indicated that not whole guest molecule rather part of the guest 

molecule i.e. only benzoyl (Ph-CO) part was encapsulated inside the host molecules. The most 

possible structure depicted from FTIR spectroscopy is given in Fig.1. 

 

Fig.1. Stretching frequency of pure NBTU, pure β-CD and NBTU.β-CD inclusion complex formed. 

3.2. UV-Vis Spectroscopy 

3.2.1 Stoichiometric studies by Job’s plot: 

A continuous variation method (Job’s plot) was performed with the help of Agilent-8453 UV-Vis 

spectrophotometer in order to confirm the stoichiometry of the inclusion complex [288] [190, 

321]. The total concentration of guest and host in every cases were kept constant i.e, [NBTU]+[β-

CD] = 100 μM and the mole fraction (R) i.e, {[NBTU]/([NBTU]+[β-CD])} for all sets were taken in 

the range between 0 to 1. After preparing the sample solutions, UV absorbance for each case 

were found at 241 nm and The plot of ΔA × R versus R gives final Job’s plot diagram, where ΔA 

stands for difference in absorbance of pure NBTU and in presence of cyclodextrin molecules. 
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During the experiment, the temperature was kept constant at 298.15K and for the entire sample, 

experiment was performed in triplicate. The stoichiometry of an inclusion complex is generally 

determined by taking the maximum point of R value obtained from the graph i.e, if R is 0.33, it 

indicates the ratio between guest to host is 1:2 and 1:1 if R~0.50 whereas, 2:1 when R~0.66. In 

Fig. 2, it was observed that the highest R value was obtained at 0.50 which indicates the 

formation of 1:1 inclusion complex [322] (Table.S3.) 

 

Fig.2. Job’s Plot for (NBTU+β-CD) system 

3.2.2. Association Constant and Thermodynamic Parameters 

UV-Visible spectroscopy is quite useful for determining the stoichiometry of the inclusion 

complex formed. The association constant can also be determined by monitoring continuous 

change in the optical density (OD) along with or without a spectral shift depending upon the 

addition of host molecule to the guest solution [281] [282]. The stoichiometry obtained from the 

Job’s method was further verified by Modified Benesi-Hildebrand method and association 

constant value was determined accordingly. Three different temperatures ranging from 293.15K 

to 313.15 K were chosen to record the UV-Vis spectra. At first, a typical double reciprocal plot of 

1/(A-Ao) versus 1/(CD) was obtained for NBTU v/s β-CD with R2 regression correlation factor 

0.9908 .It indicated 1:1 stoichiometry was followed for the given inclusion complex (Fig.S2.). 

Association constant is one of the key factors to determine the non-covalent binding behaviour 

of host-guest interactions. The binding constant of N-Benzoylthiourea (guest molecule) with 

Cyclodextrins (host molecule) has been calculated using the modified form of Benesi-Hildebrand 

equation [274]. 

1
[A-A0] =1Ka[NBTU]0Δε. 1

[β-CD]0
+ 1

Δε
                                                      (1) 
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Where, (A-A0) = difference in absorbance of NBTU with and without adding β-CD. 

Δε = Difference in molar extinction coefficient of NBTU. 

Ka = Association constant 

[NBTU]0 and [β-CD]0 = initial concentration of NBTU and β-CD respectively. 

Successive addition of CD up to 50 μM was done and gradual increase in the spectral absorbance 

was observed with increasing concentration of cyclodextrin molecules (Fig.3.). These spectra 

(Table. S4) show two distinct peaks at two different positions. The peak at 241 nm appeared 

due to the 𝜋-𝜋*transition of the aromatic system, whereas the transition at 279 nm took place 

due to n− 𝜋* transition of the C=O and C=S groups. From the intercept and slop of the double 

reciprocal plot, Ka value can be determined (Fig. The association constant (Ka) for 1:1 NBTU.β-

CD was found to be 9.1303M-1, 20514.05 M-1, 22615.82 M-1 at 293.15K, 303.15K and 313.15K 

respectively (Table.S4.)(Fig. S2, S3 and S4). Basically, association constant is a measure of  the 

extent of complexation o guest and host and is temperature dependent. In our case, ka of 

NBTU.βCD has been found to be increasing with rise the in temperature. It  simply indicates that 

the formation of inclusion complex is favoured at relatively higher temperature. 

A good linear correlation can be found from the 1/ΔA versus 1/CDs plot (Table.S4. & Fig.S2. , 

Fig.S3. Fig.S4.) [126] [187] [286]. 

 

Fig.3. UV-vis spectra of 50 μM of NBTU and successive addition of βCD upto 50 μM at 20 ⁰C. 

3.2.3 Thermodynamic parameters evaluation: 

Basic thermodynamic parameters like complexing enthalpy and entropy values can be 

calculated by using van Hoff equation; 
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𝑙𝑛𝐾𝑎 =  ∆H0

𝑅𝑇
 + ∆S0

𝑅
                                                                             (2) 

Where, ΔH0 and ΔS0 stands for change in enthalpy and entropy respectively. T is the absolute 

temperature and R is the Universal Gas Constant. 

The calculated thermodynamic parameters like ΔG0, ΔH⁰, ΔS⁰ have been shown in the Table.1. 

At all the three temperatures, ΔG0 was found to be negative (-22.33kJ/mol, -24.70kJ/mol, and -

25.88kJ/mol at 20⁰C, 30⁰C and 40⁰C respectively) (Table.1.), which dictates spontaneity of 

inclusion phenomena between NBTU and β-CD. ΔH⁰ value for NBTU.β-CD inclusion complex was 

found to be largely positive, which gave an indication that large amount of energy was required 

during the formation of non-covalent bond. However, positive entropy change (ΔS⁰) suggested 

that during the process randomness in the system was increasing possibly due to the 

hydrophobic interactions which result in the breaking and removal of the water molecules 

present inside the cyclodextrin cavity [323]. 

Table.1. Association constants (Ka) obtained by the Benesi−Hildebrand method  at 303.15Ka at 

313.15Ka, 323.15Ka, and corresponding Gibb's free energy (ΔG0), enthalpy (ΔH0) and 

entropy(ΔS0) of (NBTU+β-CD) system 

Temp(K) Ka/M-1 ΔH⁰/KJ mol-1 ΔS⁰/KJ mol-1 K-1 ΔG0 KJ mol-1 

293.15 9230.89 

  

-22.33 

303.15 20514.05 46.999 0.23665 -24.70 

313.15 22615.82 

  

-25.88 

 

3.3 Fluorescence Spectroscopy 

The UV-Vis measurements showed that the association constant (Ka) for 1:1 (NBTU+β-CD) 

complex ranges between 9.2×103 M-1 to 22.6×103 M-1 (Table.S4.). Steady state fluorescence 

titration measurement was performed to verify the data obtained. During the experiments, 

initially 20 μM solution of NBTU was taken in cuvette and subsequently β-CD was added upto 

100 μM. Modified Benesi-Hildebrand equation was applied to calculate Association constant (Ka) 

given below [162], 
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1
F-Fo

= 
1

(Fmax-Fo)×Ka×[CD]n + 
1

Fmax-Fo
 

Where, F and Fo represents the fluorescence intensity of NBTU on adding β-CD and pure NBTU 

(without the addition of CD molecule) respectively. Fmax is the saturation fluorescence intensity. 

Ka is the association constant obtained by dividing intercept by slope. n is the binding 

stoichiometry between β-CD and NBTU. 

Fig.4. showed the fluorescence spectral variation of NBTU with increasing concentration of β-

CD. Pure NBTU showed its fluorescence emission maxima at 316 nm but with increasing 

concentration of β-CD, the fluorescence spectra got quenched [324]. But no change in the 

position of emission maxima was observed on further addition of CD molecules. The decrease in 

fluorescence intensity with increasing β-CD concentration indicates the formation of inclusion 

complex.. 

From the Benesi Hildebrand equation, Ka has been calculated for the NBTU.β-CD complex. When 

1/(F-F0) was plotted against 1/[CD] shown in Fig.S5., a good linear relationship was found with 

regression coefficient (R2) at 0.9825. The linearity of the plot clearly depicts that the 

stoichiometry of the inclusion complex must be 1:1. From the plot, the formation constant was 

found to be 19.9 × 103 M−1 at 313.15 K (Table.S5.). The obtained data is in good corelation with 

those obtained from UV-Visible measurements and Fluorescence confirmed the process of 

inclusion phenomena.  

 

Fig.4. Fluorescence spectral variation of 20 μM NBTU with increasing concentration of β-CD upto 

100μM. 
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3.4 1H NMR Spectroscopy 

The diffrence in chemical shift values between the pure compound and newly formed inclusion 

complex in 1H NMR gives an indication about the fact that inclusion phenomena between NBTU 

& CD molecule has taken place. 

The chemical shift values of the aromatic protons inside the cavity of β-CD molecule,after the 

inclusion procedure are controlled by the presence of aromatic ring in NBTU compound [325]. 

From Scheme 2, , it is already known that H3 and H5 protons are located inside the hollow cavity, 

whereas H3 is situated closer to the wider rim rather than  the H5 and H1, H2, H4 protons are 

spotted at the exterior part of the β-CD molecule [294]. The free rotation of the primary hydroxyl 

on the narrower rim directs to the steric effect and hence the most plausible binding mode is the 

insertion of the less polar part of the guest molecule inside the β-CD cavity through the wider 

rim. This phenomena of insertion reflects in upfield shifts for the signals for H3 than H5 

[326][327][325, 328][329].When the complex was formed, the H3 proton located above the ring 

current of the phenyl ring made it to be shielded and upfield shift, same logic stands for the H5 

proton but due to its location, the chemical shift experienced by it is smaller than the H3 one. 

[33] (Fig.,S6., Fig.S7., Fig.S8.). The change in chemical shifts definitely carries the evidence of 

incorporating NBTU molecule inside cavity of β-CD molecule. 

 

Scheme2. Location of H3 and H5 protons of Cyclodextrin molecule. 

 

3.6. 2D-ROESY 

2D ROSEY NMR was preformed to have a better understanding of the conformation of NBTU.β-

CD inclusion complex (Fig.5). In this experiment, through space interactions between protons 

takes place, when they are present in the vicinity of  3-5 Å [330] [331] either in the same 

H’3

H’3
H’5

H’5

OH

OH

OH
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molecule or different molecules. In NBTU.β-CD inclusion complex, the correlation of protons 

only occurs between the aromatic protons of NBTU and β-CD. The NOE cross-peaks between 

aromatic protons of guest moleule with H’3 and H’5 of CD are clearly shown in Fig. 5.  

2D ROESY spectrum (Fig.3.) of the inclusion complex showed intermolecular cross-peaks 

between aromatic protons of NBTU (H1, H2, H3, H4, H5) and β-CD cavity protons (H’3 & H’5). 

These appearances of crosspeaks confirm the position of the aromatic ring inside the cavity of 

β-CD. Although it is not clearly depictable whether the guest molecule enters into the cavity 

through the narrower rim or the wider rim because of poor resolution, still the shape and size of 

β-CD makes NBTU to approach from the wider side. In such cases, the cross-peak intensity of H’3 

proton of β-CD should be higher than that of the H’5 one. In this work, the same trend is followed, 

which is a definite indication of the fact that H’3 of NBTU is located near the wider rim (Fig. 10).  

 

Fig.5. 2D-ROESY spectra of NBTU.β-CD inclusion complex in d6-DMSO solvent. 
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3.5. HRMS Study 

Electrospray ionization (ESI) mass spectrometry (MS) experiment was performed on an Agilent 

6530 Accurate-Mass Q-TOF LC/MS system (Agilent Technologies).The sample was prepared in 

methanol and the detection was performed in the positive ion mode. The peaks were given in 

m/z (% of basis peak). 

The peak at 1315.4115 in [M+H]+ mode confirms the formation of NBTU.β-CD ICs respectively 

and for [M+Na]+ mode we got m/z values at 1337.3934. The m/z values have been given in 

Table.2. and the spectrum has been given in Fig.S9, which is almost equal to the sum of host and 

guest molecule. It indicates the formation of the IC of 1:1 stoichiometric ratio [187]. 

 

Table.2. The calculated values and obtained m/z values of the solid inclusion complex 

 

3.6. SEM STUDY 

Surface morphology of NBTU, β-Cyclodextrin and NBTU.β-CD were examined by Scanning 

Electron Microscope (JEOL JSM-IT100). Samples were diffused onto double-adhesive carbon 

coated tape on aluminum stubs. These sample stubs were coated with a thin layer of gold (25 Å). 

Samples were throughly examined by SEM and photographed under various magnifications.  

From SEM analysis, NBTU was seen as irregular shaped crystals that formed aggregates  and 

pure β-CD was observed as three-dimensional parallelogram shaped particles [202] . NBTU.β-

CD was found to contain neither irregular shaped crystals nor three-dimensional parallelogram 

shaped particles, but showed irregular shaped clumps or aggregates of NBTU.β-CD complexes. 

Although SEM micrographs do not confirm the formation of IC, but it indicated some 

morphological changes definitely took place. 

 

 

Ions Exact Mass 

(calculated) 

[M+H]+ 

m/z values 

Obtained 

Exact Mass 

(calculated) 

[M+Na]+ 

m/z values 

Obtained 

[β-CD+ NBTU] 1315.4133 1315.4115 1337.3952 1337.3934 
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Fig.6 Scanning Electron Micrograph of pure compounds, physical mixture of compounds and 

inclusion compound formed (a) Pure β-CD, (b) Equimolar (1:1) Physical mixture of NBTU and β-

CD, (c) Pure NBTU and (d) NBTU.β-CD inclusion complex. 

 

3.7. Applications 

3.7.1. Cytotoxic activity of IC  

In this experiment, B. subtilis (gram positive), E. coli (gram negative), Aspergillus niger (fungal 

pathogen) were considered as model organisms. Tests were done according to the Agar cup 

method [315]. In short, organisms were inoculated by spread plate technique in Muller-Hinton 

agar and the compounds (host-guest complexes) were applied in agar cup at 1 mg/ml 

concentration in separate plates and incubated at 37 °C for 24 hrs. Double distilled water was 

used as the control. Antimicrobial activity was determined by means of the clear zone (zone of 

inhibition) surroundings agar cup (Fig.7.). Each of the experiments was done in triplicate. 
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Fig.7. simultaneously shows that on applying IC at a concentration of 1000μg/mL the (marked 

by S2) and at 600μg/mL(marked by S1), there occurs huge difference in the fungal growth in the 

petridish. When the IC concentration is high (S2), fungal growth has been decreased to a 

considerable extent but when IC was applied at lower concentration, the growth can not be 

diminished to such huge extent. The MIC value of the IC applied was found to be 1mg/mL.  

 

Fig.7. No Zone of inhibition found for Aspergillus niger (Fungal pathogen) by Agar Cup method. 

4. CONCLUSION 

The present work describes the the synthesis of inclusion complex between NBTU and 

cyclodextrin molecules. The Job’s plot method and Steady state fluorescence study both confirms 

the 1:1 stoichiometry for the inclusion complex formed. From the spectral pattern obtained in 

UV-visible spectroscopic study and Steady state measurement, it has been observed that NBTU 

molecule successfully enters in the hollow cavity of the β-CD molecule, which is in good 

agreement with HRMS study. The morphological analysis also supports that the inclusion has 

taken place successfully. Although great diagnostic and therapeutic advances in antifungal 

Research has been observed so far but aspergillosis still exists as a question mark for morbidity 

and mortality. We took strategy to fight against this problem by developing a cost effective and 

environment friendly cyclodextrin based inclusion complex, which will also exhibit less toxicity. 

We applied the IC in model organisms such as B. subtilis (gram positive), E. coli (gram negative), 

Aspergillus niger (fungal pathogen) and it has been found that no zone of inhibition is found for 
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Aspergillus niger, which indicates on addition of the inclusion complex in cell culture medium 

pathogen growth of Aspergillus niger is diminished to a considerable extent. 

Supporting Information 

Exploring Host Guest Inclusion Complex of N-Benzoylthiourea inside Beta Cyclodetrin 

Molecule for Antimicrobial Application by Physicochemical Methodologies 

Table. S1. Details of the chemicals used 

 

Name of chemicals 

 

Source 

 

CAS no 

 

Purification 

method 

 

Mass purity 

 

N-

Benzoylthiourea 

TCI Chemicals(India) Pvt. 

Limited 

614-23-3 Used as 

purchased 

>98.0% 

β-Cyclodextrin Sigma-Aldrich, Germany 7585-39-9 Used as 

purchased 

w≥97% 

Distilled Water Sigma-Aldrich, Germany 7732-18-5 

 

Used as 

purchased 

w≥99% 

 

Table.S2. Stretching frequency of funcional groups present in pure NBTU, pure β-CD and 

NBTU.β-CD inclusion complex 

Pure NBTU β-CD NBTU+β-CD 

3308: ν (N-H) secondary   3392: ν (O-H) of primary & 

secondary  

3408: ν (O-H) of beta-

cyclodextrin 

3232: ν (N-H) primary  2926: ν (C-H) of CH and CH2 

groups  

2915: ν (C-H) stretching 

vibrations 

3154: ν (Aromatic =C-H)  1639: δ(O-H, H bonded) of O-H 

bonds in the C-O-H groups and 

in the water molecules 

1627: ν (C=O) 

 

1681: ν (C=O) 1410 & 1366: δ (C-H, 

vibrations of CH2OH and CHOH 

groups) 

1399: ν(C-N) 

 

1604: ν (C=C) aromatic ring 1156: ν(C–O), ν(C–C), δ(C–O–C)  1233: ν(C=S) 
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1533: bending (N-H) 1031: vibration of C-O-H of 

alcohol. 

1152 & 1074:  ν(C–O), ν(C–

C), δ(C–O–C) 

1419: ν(C-N) asymmetric 858:  δ(C-C-H), ν(C-O), ν(C-C) 

from anomeric vibration 

945: skeletal vibration 

involving -1,4 linkage 

1237: ν(C=S) asymmetric  860: δ(C-C-H), ν(C-O), ν(C-C) 

from anomeric vibration 

1030: ν(C-N) symmetric  702: ν(C=S) symmetric 

 

710: ν(C=S) symmetric   

 

Table.S3. Data obtained from Job Plot of (NBTU+β-CD) system in UV-Visible Spectroscopy at 

298.15 Ka 

NBTU(ml) β-CD 

(ml) 

NBT

U(μ

M) 

β-CD 

(μM) 

[NBTU

]/ 

([NBT

U]+[βC

D]) 

Absorbance 

(A) 

ΔA ΔA*[NBTU] 

/([NBTU]+[β

CD]) 

4 0 100 0 1 2.271625519 0.000000000 0.000000000 

3.6 0.4 90 10 0.9 2.104566574 0.167058945 0.150353050 

3.2 0.8 80 20 0.8 1.917884979 0.353740540 0.282992432 

2.8 1.2 70 30 0.7 1.747245789 0.524379730 0.367065811 

2.4 1.6 60 40 0.6 1.450400257 0.821225262 0.492735157 

2 2 50 50 0.5 1.152246475 1.119379044 0.559689522 

1.6 2.4 40 60 0.4 0.925057888 1.346567631 0.538627052 

1.2 2.8 30 70 0.3 0.680891037 1.590734482 0.477220345 

0.8 3.2 20 80 0.2 0.450273514 1.821352005 0.364270401 

0.4 3.6 10 90 0.1 0.304224968 1.967400551 0.196740055 

0 4 0 100 0 0.000000000 2.271625519 0.000000000 
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Table.S4. Data obtained from Benesi-Hildebrand double reciprocal plot of (NBTU+β-CD) system 

in UV-Visible Spectroscopy at 298.15 Ka 

Temp/k [NBTU]/μM [βCD]/μM A˳ A 1/[βCD](M─1) 1/∆A Intercept Slope Ka(M-1) 

 
50 10 1.110046 1.117588 100000 132.5925 

   

 
50 20 1.110046 1.123524 50000 74.19744 

   
293.15 50 30 1.110046 1.127348 33333 57.79660 11.3540 0.001230 9230.89 

 
50 40 1.110046 1.134323 25000 41.19251 

   

 
50 50 1.110046 1.142199 20000 31.10163 

   
          
          

 
50 10 1.085968 1.100063 100000 70.95031 

   

 
50 20 1.085968 1.105392 50000 51.48407 

   
303.15 50 30 1.085968 1.113244 33333 36.66286 12.6623 0.000617 20514.05 

 
50 40 1.085968 1.124133 25000 26.20210 

   

 
50 50 1.085968 1.138734 20000 18.95191 

   
          
          

 
50 10 1.114446 1.123108 100000 115.4470 

   

 
50 20 1.114446 1.125944 50000 86.97098 

   
313.15 50 30 1.114446 1.132634 33333 54.98113 22.2992 0.000986 22615.82 

 
50 40 1.114446 1.137354 25000 43.65254 

   

 
50 50 1.114446 1.142443 20000 35.71785 

   
 

Table.S5. Association constant data for NBTU & β-CD obtained using Fluorescence method. 

[NBTU] 

/µM 

[β-CD] 

/µM Fo F ΔF= Fo-F 

1/[β-CD]  

/M-1 1/ΔF Intercept Slope Ka /M-1 

20 20 1797377 1693359 104017 50000 9.61379E-06 

   
20 40 1797377 1650384 146992 25000 6.80306E-06 

   
20 60 1797377 1605927 191450 16666 5.2233E-06 2.79E-06 1.40E-10 19928.57 

20 80 1797377 1577763 219614 12500 4.55344E-06 

   
20 90 1797377 1565255 232121 11111 4.30808E-06 

   
20 100 1797377 1538779 258597 10000 3.86702E-06 
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Fig.S1. Plot of ln Ka v/s 1/T for (NBTU+β-CD) system 

 

Fig.S2.The Benesi-Hildebrand double reciprocal plot of NBTU.CD inclusion complexes at 20O C 
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Fig.S3. Benesi-Hildebrand double reciprocal plot of NBTU.CD inclusion complexes at 30O C 

 

Fig.S4. Benesi-Hildebrand double reciprocal plot of AA.CD inclusion complexes at 40O C 
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Fig.S5. Benesi-Hildebrand double reciprocal plot of 1/(FO-F) against 1/[β-CD] between NBTU 

and β-CD from Fluorescence Spectroscopy 

 

Table.S6. 1H-NMR spectra of pure NBTU, pure β-CD, (NBTU+β-CD) inclusion complexes 

NBTU (400 MHz, d6-DMSO) 

 δ /ppm 

β-Cyclodextrin  (400 MHz, d6-DMSO) 

δ /ppm 

7.93(d, 1H,  J=4 Hz) 7.63 (t, 1H,  J= 8 Hz), 7.51( t, 

1H,  J=4 Hz ),  11.26 (s, 1H, -NH), 9.58-9.86 (-NH2, 

s, 2H) 

3.55 (7H, d, J = 4Hz), 3.63 (21H, m,  J =4Hz), 

3.30(7H, t,  J = 4 Hz), 5.71-5.78 (6H, dd,  J  =8 Hz) 

[NBTU+β-CD] 

δ /ppm 

3.57 (7H, d, J = 4Hz), 3.53 (21H, m, J=4Hz), 3.28(7H, t, J = 4 Hz), 5.70-5.77 (6H, dd, J =8 Hz),7.86-

7.88(d, 1H,  J=4 Hz) 7.58-7.59 (d, 1H,  J= 4 Hz), 7.44( t, 1H,  J=8 Hz ) 
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Fig.S6. 1H NMR spectra of pure NBTU in d6-DMSO. 

 

Fig.S7. 1H NMR spectra of pure β-CD in d6-DMSO. 
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Fig.S8. 1H NMR spectra of pure IC in d6-DMSO. 

 

 

Fig.S9. HRMS Spectra of (NBTU+β-CD) inclusion complex. 
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Fig.S10. The most plausible structure depicted from 2D-ROESY data 
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Chapter IX 

Interface Between An Antifungal Sulfa Drug and Diverse Macrocyclic Polyethers 

Explaining Mechanism, Performance and Physiognomies Leading to Formation of Stable 

Complex 

 

ABSTRACT 

The complexation of Sulfanilamide with Dicyclohexano-18-crown-6 (DC18C6), 18-crown-6 

(18C6) and Dibenzo-18-crown-6 (DB18C6) crown ethers were characterised by 1H NMR, IR 

spectra and UV-visible spectroscopy. The interactions of crown ethers with sulfanilamide were 

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

complexation in case of dicyclohexano-18-crown-6. From the Job’s plot, complexation 

stoichiometry was found to be 1:1 for all the complexes. The Benesi-Hildebrand method was 

used to determine the binding constant of the inclusion complexes. Hydrogen bonding was 

observed to be one of the key factors for the complexation and π–π interactions also have minor 

contribution towards complexation of dibenzo-18-crown-6.  

Keywords: Complexation, Sulfa drug, Crown ether, Stability/Association Constant, H-bonding 
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1. INTRODUCTION 

Crown ethers are macrocyclic ligands discovered by Pedersen in 1967 [332][333][116][154]. 

The numbers and types of donor atoms and the dimension of the macrocyclic cavity of the crown 

ethers plays an important role for effective [334]. Applications of CEs as drug carriers [158] has 

been in progress on the basis of their ability of inclusion. The study of interactions involved in 

complex formation is significant for a better understanding of the mechanism of biological 

transport, molecular recognition, and other analytical applications [159]. They also have medical 

applications as diagnostic or therapeutic agents. [107] [108]. 

Sulfonamides are considered as an important group of drugs because of their widespread 

application as antimicrobial, high ceiling diuretics, anti-thyroid and anti-inflammatory agents. 

[335]. Sulfanilamide, 4-aminobenzenesulfonamide, is the simplest representative in the group 

of sulfonamide drugs [321]. It can be found in medications for vaginal and urinary tract infections 

as well as in medications for pneumonia, bowel diseases and other infections. It works by 

stopping the growth of yeast (fungus) that causes the infection.  

 In this work, we have monitored the complexation of Sulfanilamide (SA) with three different 

crown ethers (CEs) (1) Dicyclohexano-18-crown-6 (DC18C6) [complex 1], (2) 18-crown-6 

(18C6) [complex 2] and (3) Dibenzo-18-crown-6 (DB18C6) [complex 3] in acetonitrile (ACN) 

medium. The structure of the SA and all crown ethers are shown in scheme 1. 
 

 

Scheme1. Structure of  (1) Sulfanilamide (SA), (2) Dicyclohexano-18-crown-6 (DC18C6) (3) 18-

crown-6 (18C6) and (4) Dibenzo-18-crown-6 (DB18C6) 

2. EXPERIMENTAL SECTION 

2.1 Reagents 

The sulfa drug (99%) and crown ethers [18C6 (99%), DB18C6 (98%), DC18C6 (98%)] were 

bought from Sigma-Aldrich, Germany and used as purchased. 
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3. RESULT AND DISCUSSION 

3. 1 Job plot demonstrates the Stoichiometry 

The continuous variation method (Job’s plot) was applied to determine the stoichiometry of SA-

CEs complexes [190][189]. ΔA ×R was plotted against R, where ΔA is the differences in 

absorbance of sulfa drug with and without CEs and R= [SA]/ [CEs] + [SA] and is presented in 

Fig.1. Absorbance values were measured at respective ʎmax for a series of solutions at 298.15 K. 

In this method, the total molar concentration of the two binding partners ([SA] + [CEs]) is kept 

constant at 100μM but their mole fraction is varied so that the mole fractions of SA cover the 

range of 0-1 (Table.S1., Table.S2. and Table.S2.) [336] [337]. 

According to this method, the maximum point of the molar ratio (R) refers the complexation 

stoichiometry. Each of the three plots in Fig. 1 shows the maximum at a molar ratio of about 0.5, 

clearly indicating 1:1 stoichiometry. 

 

 

Fig.1. Job’s plot of (a) SA-DC18C6 system, (b) SA-18C6 system, (c) SA-DB18C6 system at T= 

298.15 K. 

3.2 FTIR spectral analysis 

The IR spectrum of SA drug (Fig.2. , Fig.3. and Fig.4.) shows stretching frequencies at 3382 and 

3242 cm-1(for NH stretching and anti-stretching in SO2–NH group), 1310 cm-1(for SO2 

asymmetric stretching), 1149 cm-1(for SO2 symmetric stretching) [338] [339]. The band assigned 

to the NH stretching and anti-stretching in SO2–NH group were shifted in all the complexes (Fig. 

2. , Fig.3. and Fig.4.). The symmetric and asymmetric vibrations of SO2 group at 1149 and 1310 

cm-1 are shifted to 1124 cm-1 and 1290 cm-1 in complex 1, 1131 and 1296 cm-1 in complex 2 and 
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1130 and 1291 cm-1 in complex 3 respectively. The NH stretching and anti-stretching in SO2–NH 

group were shifted to 3346 and 3187 cm-1 in complex 1 (Fig.2.), 3349 and 3203 cm-1 in complex 

2 (Fig. 3) and 3357 and 3220 in complex 3 (Fig.4.). The above changes can be attributed to the 

formation of SA-CEs inclusion complex. From the changes in FTIR spectral pattern, it might be 

suggested that the sulfanilamide ring of the SA was involved in the complexation. The bands 

positioned at 1103 cm-1 corresponding to the ν(С – O – C ) of DC18C6 shifted to 1066 cm-1 in the 

complex 1 (Fig.2.). The stretching frequencies of ν(С – O – C )aliph of 18C6 at 1106 cm-1 shifted to 

1083 cm-1 in the complex 2 (Fig.3.). It can also be observed that most of these bands are shifted 

to lower energy presumably due to less restriction on the coupling of some vibrational modes 

caused by bonding of oxygen atoms of the polyether ring within both the complexes. The ν(С – 

O – C )arom stretching vibrations of DB18C6 are observed at 1125 cm–1 and this peak is also shifted 

to lower frequency 1108 cm–1 in the complex 3 (Fig.4.). The anisole oxygens of DB18C6 are also 

involved in H-bond formation in the complex 2, as indicated by the shifts of the νas(Ph-O-C) and 

νs(Ph-O-C) bands from 1213 and 1251 cm-1  to 1194 and 1231 cm-1, respectively [340]. In the IR 

spectra, the bands in the 2800–3000 cm-1 region correspond to the CH stretching vibrations of 

the methylene groups of crown ethers. Selected IR data for both the pure compounds and their 

complexes are listed in Table. 1. 

Table.1. Comparison between the stretching frequencies (cm-1) of the different functional 

groups of free compound and their complexes. 

Functional Group Wavenumber (cm-1) Changes (cm-1) 

 DC18C6 Complex 1 ∆δ 

ν(С – О – C ) 1103 1066 37 

 18C6 Complex 2  

ν(С – О – C ) aliph. 1106 1083 23 

 DB18C6 Complex 3  

ν(С – O – C ) arom 1125 1108 27 

νas(Ph-O-C) 1213 1194 19 

νs(Ph-O-C) 1251 1231 20 
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 SA Complex 1  

νas(NH2)sulfonamide 3382 3346 36 

νs(NH2)sulfonamide 3242 3187 55 

νas(SO2) 1310 1290 20 

νs(SO2) 1149 1124 25 

 SA Complex 2  

νas(NH2)sulfonamide 3382 3349 33 

νs(NH2)sulfonamide 3242 3203 39 

νas(SO2) 1310 1296 14 

νs(SO2) 1149 1131 18 

 SA Complex 3  

νas(NH2)sulfonamide 3382 3357 25 

νs(NH2)sulfonamide 3242 3220 22 

νas(SO2) 1310 1291 19 

νs(SO2) 1149 1130 19 
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Fig.2. FTIR spectra of free DC18C6 (Black), SA (Blue) and complex 1 (Red). 
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Fig.3. FTIR spectra of free 18C6 (Black), SA (Blue) and complex 2 (Red). 

 

 

Fig.4. FTIR spectra of free DB18C6 (Black), SA (Blue) and complex 3 (Red). 
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3.3 NMR Study 

A comparison of the 1H NMR spectra revealed that the most significant change in the chemical 

shift of SA was observed in the change in chemical shift for –NH2 protons (H2) of –SO2NH2 group 

towards higher field for complex 1 and complex 2 and lower field for complex 3 (Fig.5-7) 

indicating H-bonding via the protons of the sulfonyl group rather than amine group as the 

hydrogen atoms on the sulfonyl group are relatively acidic. These changes in chemical shifts 

confirm the host-guest complexation of SA with the crown ethers [341][73][147]. Signals for the 

–OCH2 protons of the crown ethers for complex 1 and complex 3 were found to be little upfield 

shifted relative to those signals for the free individual component (Fig.5. and Fig.7.). The 

observed upfield shift in Fig.5. and Fig.7. indicates the difference in the environment of the 

crown ether’s –OCH2 groups in the free and complexed ligand. In case of complex 2 –OCH2 

protons of the crown ether show downfield shift (Fig.6.). The magnitude of the shift reflects 

more compactness of the crown-SA complex i.e., the overlap of the lone pair orbitals of the O- 

atoms of the macrocyclic ring and the outer orbitals of protons involved in H-bonding, which in 

turn induces a rather large change in the electronic environment of the –OCH2 groups. 

1H NMR data 

Sulfanilamide (SA): 1H NMR (CD3CN, 298.15 K): δ 7.56-7.71 (aryl, 2H), 6.81-6.84 (-SO2NH2, 2H), 

6.69-6.72 (aryl, 2H), 5.47-5.51(aniline –NH2, 2H). 

18-crown-6(18C6): 1H NMR (CD3CN, 298.15 K): δ 3.52-3.59 (OCH2, 24H). 

Dicyclohexano-18-crown-6(DC18C6): 1H NMR (CD3CN, 298.15 K): δ 3.54-3.59 (OCH2, 16H), 

3.11-3.13(cyclohexane, 4H), 1.56-1.59 (cyclohexane, 8H), 1.39-1.50 (cyclohexane, 8H). 

Dibenzo-18-crown-6(DB18C6): 1H NMR (CD3CN, 298.15 K): δ 6.89-6.96 (aryl, 8H), 4.10-4.13 

(OCH2, 8H), 3.85-3.88 (OCH2, 8H). 

DC18C6-SA (complex 1): 1H NMR (CD3CN, 298.15 K): δ 7.37-7.46 (aryl, 2H), 6.55-6.59 (-SO2NH2, 

2H), 6.49-6.52 (aryl, 2H), 5.34-5.41 (aniline –NH2, 2H), 3.34-3.38 (OCH2, 16H). 

18C6-SA (complex 1): 1H NMR (CD3CN, 298.15 K): δ 7.55-7.66 (aryl, 2H), 6.79-6.80 (-SO2NH2, 

2H), 6.68-6.72 (aryl, 2H), 5.62-5.63 (aniline –NH2, 2H), 3.46-3.69 (m, OCH2, 24H). 
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DB18C6-SA (complex 3): 1H NMR (CD3CN, 298.15 K): δ 7.57-7.79 (aryl, 2H), 6.90-6.95 (-SO2NH2, 

2H), 5.48-5.49 (aniline –NH2, 2H), 6.90-6.95 (aryl, 8H), 4.03-4.12 (OCH2, 8H), 3.83-3.85 (OCH2, 

8H). 

 

Fig.5. The 1H NMR spectra of complex 1 (SA-DC18C6) (upper), uncomplexed SA (middle) and 

DC18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.  

 

 

Fig.6. The 1H NMR spectra of complex 2 (SA-18C6) (upper), uncomplexed SA (middle) and 18C6 

(lower) recorded at 300 MHz in CD3CN at 298.15 K.  
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Fig.7. The 1H NMR spectra of complex 3 (SA-DB18C6) (upper), uncomplexed SA (middle) and 

DB18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.  

3.4 Apparent molar volume 

The apparent molar volumes VI were determined from the solutions densities (Table.S4.) using 

the following equation  

                                                        � �   / /V M    mR RU U U U UI  � �                                                           (1)                                                       

Where M is the molar mass of the solute, m is the molality of the solution, U and U0 are the 

densities of the solution and reference solvent [crown ether + ACN], respectively. The values of 

VI  are large and positive for all the systems, suggesting strong solute-solvent interactions. The 

values of the apparent molar volume at infinite dilution (
0
VI ) and the experimental slopes (SV*) 

were determined by using least squares fitting of the linear plots of  VI  against the square root 

of the molar concentrations (m1/2) in accordance with the Masson equation. [342] 

                                                       
0 *    V V VS mI I � ��                                                                  (2)                                                        

Table.2. shows that positive values of  
0
VI  for all the three complexes increase with an increase 

in the mass fraction of the respective crown and temperature (Fig. 8). This indicates that 
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stronger interaction occurs between SA and CEs in ACN solvent at a higher mass fraction of 

crown ether and high temperature [74, 343].  

The observed 
0
V  I positive values (Table. 2) are mainly due to the interactions between the acidic 

protons of –SO2NH2 group and a lone pair of electrons of Ocrown. Fig. 8 shows that 
0
VI  values for 

SA in complex 1 are highest, followed by complex 2 and complex 3. In complex 1 i.e. complex of 

DC18C6, electron pumping of cyclohexyl groups of DC18C6 is the main reason for its complex to 

gain more stability than those with 18C6, most possibly due to the increased basicity of the 

oxygen atoms of the ring, as H-bond acceptors. In the case of complex 3 i.e. complex of DB18C6, 

the electron-withdrawing power of the benzo group(s) weakens the electron-donor ability of the 

oxygen atoms which results in a weaker interaction. Thus from the above study, it might be 

concluded that the trend in the solute-solvent interaction is-Complex 3 < complex 2< complex 1

  

 

                    (a)                                                     (b)                                                      (c) 

Fig.8. Plot of limiting apparent molar volume (
0

VI ) of SA in mass fractions (a) 0.001, (b) 0.003, 

(c) 0.005 (w) of different CEs in ACN at T= (293.15 to 308.15 )K respectively. 

3.5 Temperature-dependent limiting apparent molar volume: 

The temperature dependence of 
0

VI values can be expressed by the general polynomial equation 

as follows,  

                                                     V a a T a TI  � �0 2
0 1 2       (3) 

Where, 0a , 1a , 2a  are the empirical coefficients and the values of these coefficients have been 

evaluated by the least-squares fitting of apparent molar volume at different temperatures 

[Table.S5.].  



Chapter IX 

194 

The limiting apparent molar expansibilities,
0
EI , can be obtained by the following equation, 

� �E V P
δ δT a a TI I  �0 0

1 22      (4) 

Differentiation of Eq. 4 with respect to temperature gives the values of the limiting apparent 

molar expansibilities (
0
EI ) [Table.3.]. These values are also employed in interpreting the 

structure-making or breaking properties of various solutes. Positive expansibility i.e. increasing 

volume with increasing temperature is a characteristic property of non-aqueous solutions of 

hydrophobic solvation [75]. 

Hepler [344]  developed a technique of examining the sign of � �PE Tδδ 0I for the solute in terms 

of long-range structure-making and -breaking capacity of the solute in the solution using the 

general thermodynamic expression, 

� � � �2
E VP P

δ δT δ δT aI I  0 0 2
22  (5) 

If the sign of the second derivatives of the limiting apparent molar volume with respect to the 

temperature � �PE Tδδ 0I is positive or a small negative, the molecule is a structure maker; 

otherwise, it is a structure breaker[345]. As is evident from Table.3. and Fig.S1., the � �PE Tδδ 0I

values for all the complexes are positive i.e. SA is predominantly structure makers in all of the 

complexes of crown ethers and this tendency is enhanced with increasing crown concentration. 

3.5 Viscosity B Coefficients. 

The experimental viscosity (K ) data measured at different temperatures for the studied systems 

are tabulated in Table. S4 (ESI). The relative viscosity (ηr) has been measured using the Jones-

Dole equation [75]. 

(K/Ko - 1)/ √m = (ηr - 1)/ √m = A + B √m                                               (6) 

Where, relative viscosity ηr=K/Ko, K  and 0K  are the viscosities of the ternary solutions (SA + 

crown ether + ACN) and binary reference solvent (crown ether + ACN), respectively, and m is 

the molality of the SA in the ternary solutions. A and B are experimental constants known as 

viscosity A- and B-coefficients, which defines solute-solute and solute-solvent interactions, 
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respectively. The values of B coefficients are obtained from the slope of the linear plot of  

1r( ) / mK � �  against m�  by least-squares method and reported in Table.2.       

The values of B-coefficient for SA in complex 1 are highest among the three complexes and the 

smallest for complex 3 in ACN [Table.2.]. Positive values of the B-coefficient suggest presence of 

hydrogen bonding of the solvent with the drug molecule and indicate an increase in viscosity of 

the solution. The higher values of the B-coefficient arises due to the solvated solutes molecule 

leading to the formation of associated molecule by solute-solvent interaction and these 

interactions get stronger with a rise in temperature and same trend is observed with an increase 

of mass fraction of CEs in the solvent mixtures [Fig.9.]. The calculated values of dB/dT are small 

positive shown in Table. 4 reflects the structure-making behaviours of the sulfa drug [Fig.S1.] 

[75]. 

 

                             (a)                                                     (b)                                                      (c) 

Fig.9. Plot of viscosity B-coefficient of SA in mass fractions (a) 0.001, (b) 0.003, (c) 0.005 (w) of 

different CEs in ACN at T= (293.15 to 308.15 )K respectively. 

  



Chapter IX 

196 

Table.2. Limiting apparent molar volume (
0
VI ) and viscosity B-coefficient of the sulfa drug in a 

different mass fraction of different crown ethers in ACN at T= (293.15 to 308.15) K. 

 

Temp/Ka 

0
VI ·106 

/m3·mol-1 

*
VS ·106 

/m3·mol- 3/2 ·kg1/2 

B 

/kg1/2·mol-1/2 

    

    

SA+DC18C6  w1 = 0.001b  

293.15 143.75±0.01 -146.86 0.5357±0.0080 

298.15 144.16±0.00 -135.29 0.5475±0.0147 

303.15 144.71±0.01 -126.16 0.5556±0.0219 

308.15 145.29±0.01 -112.42 0.5674±0.0259 

SA+18C6  w2 = 0.001b  

293.15 130.12±0.01 -129.53 0.3639±0.0257 

298.15 132.04±0.01 -119.47 0.4090±0.0297 

303.15 133.42±0.02 -102.75 0.4281±0.0219 

308.15 135.62±0.00 -97.90 0.4631±0.0271 

SA+DB18C6  w3 = 0.001b  

293.15 127.43±0.01 -86.41 0.2948±0.0380 

298.15 127.73±0.01 -74.63 0.3648±0.0268 

303.15 129.85±0.01 -70.02 0.3859±0.0174 

308.15 130.47±0.01 -63.48 0.4597±0.0133 

    

SA+DC18C6  w1 = 0.003b  
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293.15 151.05±0.01 -149.01 0.6482±0.0165 

298.15 151.97±0.01 -139.49 0.6553±0.0266 

303.15 152.66±0.00 -131.80 0.6745±0.0157 

308.15 153.73±0.02 -126.72 0.6912±0.0254 

SA+18C6  w2 = 0.003b  

293.15 141.72±0.01 -137.14 0.4951±0.0049 

298.15 142.43±0.01 -123.67 0.5506±0.0080 

303.15 144.17±0.01 -108.21 0.6054±0.0167 

308.15 144.97±0.01 -103.23 0.6904±0.0126 

SA+DB18C6  w3 = 0.003b  

293.15 140.05±0.01 -88.73 0.3930±0.0211 

298.15 140.46±0.01 -73.19 0.4437±0.0098 

303.15 141.10±0.02 -58.04 0.5221±0.0160 

308.15 141.72±0.01 -50.03 0.6012±0.0170 

    

SA+DC18C6  w1 = 0.005b  

293.15 161.51±0.01 -155.69 0.7414±0.0157 

298.15 162.28±0.00 -144.31 0.7930±0.0000 

303.15 162.88±0.01 -133.79 0.8243±0.0290 

308.15 163.73±0.01 -124.02 0.8704±0.0290 

SA+18C6  w2 = 0.005b  

293.15 150.87±0.01 -137.59 0.5921±0.0117 

298.15 151.53±0.01 -129.91 0.6407±0.0181 
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303.15 152.06±0.00 -115.89 0.6810±0.0150 

308.15 152.97±0.01 -108.57 0.7268±0.0123 

SA+DB18C6  w3 = 0.005b  

293.15 148.03±0.01 -95.43 0.4796±0.0204 

298.15 148.72±0.01 -85.25 0.5399±0.0080 

303.15 149.31±0.01 -72.50 0.6141±0.0106 

308.15 149.99±0.01 -61.08 0.6977±0.0202 

standard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) 

respectively. 

Table.3. Limiting apparent molal expansibilities (
0
EI ) of the sulfa drug in a different mass 

fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= (293.15 to 308.15) K. 

Mass fraction 
                          

0
EI ·106  

                    /m3·mol-1·K-1 

� �0 6
E P

T 10�w wI

/m3·mol-1·K-2 

SA + DC18C6 

T/Ka 293.15 298.15 303.15 308.15 
 

 

w1 = 0.001b 0.078 0.095 0.112 0.129 0.003 

w1 = 0.003b 0.152 0.167 0.182 0.197 0.003 

w1 = 0.005b 0.133 0.141 0.149 0.157 0.002 

SA + 18C6 

T/Ka 293.15 298.15 303.15 308.15 
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w2 = 0.001b 0.316 0.344 0.372 0.400 0.006 

w2= 0.003b 0.216 0.225 0.234 0.243 0.002 

w2= 0.005b 0.099 0.124 0.149 0.174 0.005 

SA + DB18C6 

T/Ka 293.15 298.15 303.15 308.15 
 

 

w3 = 0.001b 0.177 0.209 0.241 0.273 0.006 

w3= 0.003b 0.081 0.103 0.124 0.145 0.004 

w3 = 0.005b 0.124 0.131 0.138 0.145 0.001 

aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) 

respectively. 

 

Table.4. Values of dB/dT of sulfa drug in different mass fraction of DC18C6 (w1), 18C6 (w2) and 

DB18C6 (w3) in ACN at T= (293.15 to 308.15) K respectively. 

 

Mass 

fraction 

 dB
dT  

/kg1/2∙mol1/2∙K-1 

  

 SA + DC18C6  SA + 18C6  SA + DB18C6 

w1 = 0.001b 0.006 w2 = 0.001b 0.002 w3 = 0.001b 0.010 

w1 = 0.003b 0.012 w2= 0.003b 0.003 w3= 0.003b 0.014 

w1 = 0.005b 0.008 w2= 0.005b 0.008 w3 = 0.005b 0.014 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) 

respectively. 
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3.6 Refractive index calculation 

Experimental refractive index data Dn  for (SA + crown ether + ACN) ternary solutions were 

measured as a function of the molarities of several crown ethers at T =298.15 K. The values of 

measured Dn  are tabulated in Table. S6 (ESI). The molar refraction MR  can be calculaed from 

the Lorentz-Lorenz relation- 

                   ^ `2 2
M D DR  = (n -1)/(n + 2) (M/ )U

                                                           (7) 

Where, MR , Dn , M and U  are the molar refraction, the refractive index, the molar mass and the 

density of the solution respectively. Table. S6 (ESI) indicates that the MR  values increase with 

an increasing amount of crown in the ternary solutions as its electron cloud becomes more 

decentralized, which indicates high polarizability in the presence of crown ethers. It is clear from 

Fig.10 that DC18C6 interacts more strongly with SA than with 18C6 and DB18C6 which is 

probably due to stable. Complex formation of DC18C6 through the H-bond formation between 

acidic protons of sulfonyl group (-SO2NH2) and Ocrown i.e. DC18C6 forms compact structure which 

is reflected in their high RM0 values.  

 

Fig.10. The plot of limiting molar refraction (RMo) of SA in different mass fractions (w) of 

different CEs in ACN at T= 298.15 K respectively. 
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Table.5. Limiting molar refractions (RM0) values of sulfa drug in different mass fraction of 

DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= 298.15 K respectively. 

Mass fraction  RM0 /m3.mol-1  

 SA + DC18C6 SA + 18C6 SA + DB18C6 

w1 = 0.001b 46.64 46.49 46.64 

w1 = 0.003b 46.71 46.51 46.71 

w1 = 0.005b 46.82 46.59 46.82 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) 

respectively. 

 

3.7 Association constant and Thermodynamic parameters 

The stability constants (Ka) for 1:1 complexation were measured in ACN solution by UV-visible 

spectroscopy and are presented in Table. 6. The association constants of the supramolecular 

systems formed were calculated according to the modified Benesi-Hildebrand equation, Eq. (8), 

[344](Fig. 11) 

1 1 1 1.
[ ] [ ] [ ]aA SA K CE SAH H

 �
' ' '                                                (8) 

Where, [CE] and [SA] refer to the total concentration of crown ether and SA respectively, ∆ϵ is 

the change in molar extinction coefficient between the free and complexed crown ether and ∆A 

denotes the absorption changes of SA on the addition of CEs. The values of Ka for each of the 

complexes were evaluated by dividing the intercept by the slope of the straight line of the double 

reciprocal plot (Table. S7, S8 and S9). 

The free energy change (∆G), has been easily estimated using following equation [345] [346]. 

∆G=-RTlnK                                                                 (9) 

The ∆G values (Table. 6) for all the three complexes are negative which indicates that in all the 

inclusion complexes, H-bonding to the ether oxygen atoms is obviously responsible for 

complexation but either π-stacking or charge-transfer interactions (Scheme2.) are also seemed 
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to have a minor contribution towards complexation. The stability constants for complex 3 is 

slightly lower than the corresponding value of complex 1 and complex 2 (Table. 6) as the 

aromatic rings of the crown ether decrease the electron density of the adjacent oxygen atoms, 

and this tends to decrease the strength of any H-bonding in complex 3.  

Table.6. Values of Association constant (Ka) and free energy change (∆G0) of the three SA-CEs 

complexes. 

 T/Ka Ka/ M-1 ∆G0/KJ mol-1 

Complex 1  541.88 -15.60 

Complex 2 298.15 412.27 - 14.94 

Complex 3  412.27 -14.67 

a Standard uncertainties in temperature  are: (T) = ±0.01 K. 

 

 

Fig.11. The Benesi-Hildebrand double reciprocal plot for the effect of (a) DC18C6, (b) 18C6, (c) 

DB18C6 on the absorption pattern of Sulfa drug. 

4. CONCLUSION               

1H NMR data dictates inclusion complex formation and the Job’s plot confirms the 1:1 

stoichiometry. The density, viscosity, refractive index measurements provide valuable 

information on ion-solvent and ion-ion interactions of the complexes in solutions. The 

association constants are found to be highest for complex 2, then complex 1 and then complex 3 
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which indicates that SA forms more stable complex with DC18C6 compared to other crown 

ethers.  

In this work, we have found that the studied complexes are mainly stabilised by hydrogen bonds, 

and π-stacking plays only a secondary role in case of complex 3 i.e complex of benzene 

substituted crown ether. Here the present work helps to understand the vital role of –NH2 group 

in the design and construction of supramolecular host-guest materials.  

Table. S1. Data for the Job plot performed by UV-Vis spectroscopy for SA-DC18C6 system. 

SA 

(mL) 

DC18C6 

(mL) 

SA 

(µM) 

DC18C6 

(µM) 
R= [𝐒𝐀]

[𝐒𝐀]+[𝐃𝐂𝟏𝟖𝐂𝟔]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.0 1.01185 0.0 

0.6 2.4 20 80 0.2 0.21129 0.80056 0.16011 

1.2 1.8 40 60 0.4 0.43896 0.57289 0.22915 

1.5 1.5 50 50 0.5 0.53905 0.47280 0.23640 

1.8 1.2 60 40 0.6 0.64153 0.37032 0.22219 

2.4 0.6 80 20 0.8 0.82361 0.18824 0.15059 

3 0 100 0 1 1.01185 0.0 0.0 

. 

 

Table.S2. Data for the Job plot performed by UV-Vis spectroscopy for SA-18C6 system. 

SA 

(mL) 

18C6 

(mL) 

SA 

(µM) 

18C6 

(µM) 
R= [𝐒𝐀]

[𝐒𝐀]+[𝟏𝟖𝐂𝟔]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.01981 0.99204 0.0 

0.6 2.4 20 80 0.2 0.25067 0.76118 0.15224 

1.2 1.8 40 60 0.4 0.45858 0.55327 0.22131 

1.5 1.5 50 50 0.5 0.54919 0.46266 0.23133 

1.8 1.2 60 40 0.6 0.64606 0.36579 0.21947 

2.4 0.6 80 20 0.8 0.83681 0.17504 0.14003 

3 0 100 0 1 1.01185 0.0 0.0 
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Table.S3. Data for the Job plot performed by UV-Vis spectroscopy for SA-DB18C6 system. 

SA 

(mL) 

DB18C6 

(mL) 

SA 

(µM) 

DB18C6 

(µM) 
R= [𝐒𝐀]

[𝐒𝐀]+[𝐃𝐁𝟏𝟖𝐂𝟔]
 Absorbance 

(A) 

∆A ∆A*R 

0 3 0 100 0.0 0.25859 0.75326 0.0 

0.6 2.4 20 80 0.2 0.36268 0.64917 0.12983 

1.2 1.8 40 60 0.4 0.56147 0.45038 0.18015 

1.5 1.5 50 50 0.5 0.62905 0.38280 0.19140 

1.8 1.2 60 40 0.6 0.72059 0.29126 0.17475 

2.4 0.6 80 20 0.8 0.84731 0.16454 0.13163 

3 0 100 0 1 1.01185 0.0 0.0 

 

 

Table. S4. Experimental values of density (U ) and viscosity (K ) of sulfa drug in different mass 

fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= (293.15 to 308.15) K. 

m 

/mol 

kg-1 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

ρ·10-3 

/kg∙m-3 

η 

/mPa∙s 

     

Sulfa+DC186 

    

    w1=0.001b     

 293.15 Ka  298.15 Ka  303.5 Ka  308.15 Ka  

 

0.001 0.78249 0.38 0.77710 0.37 0.77165 0.36 0.76619 0.35 

0.003 0.78263 0.38 0.77724 0.37 0.77179 0.36 0.76633 0.35 

0.005 0.78277 0.38 0.77738 0.38 0.77193 0.36 0.76647 0.35 

0.007 0.78292 0.39 0.77753 0.38 0.77208 0.36 0.76661 0.36 

0.009 0.78308 0.39 0.77768 0.39 0.77223 0.37 0.76676 0.36 

    w1=0.003b     

0.001 0.78290 0.40 0.77753 0.39 0.77209 0.37 0.76663 0.36 

0.003 0.78302 0.40 0.77765 0.39 0.77221 0.37 0.76675 0.36 

0.005 0.78316 0.40 0.77778 0.39 0.77234 0.38 0.76688 0.36 

0.007 0.78329 0.41 0.77792 0.40 0.77248 0.38 0.76702 0.37 

0.009 0.78344 0.41 0.77806 0.40 0.77262 0.38 0.76716 0.37 
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    w1=0.005b     

0.001 0.78316 0.42 0.77777 0.41 0.77236 0.38 0.76690 0.36 

0.003 0.78327 0.42 0.77788 0.41 0.77247 0.38 0.76701 0.36 

0.005 0.78339 0.43 0.77800 0.41 0.77258 0.39 0.76712 0.37 

0.007 0.78351 0.43 0.77812 0.42 0.77270 0.39 0.76724 0.37 

0.009 0.78364 0.43 0.77824 0.42 0.77283 0.39 0.76736 0.37 

    Sulfa+18C6     

    w2=0.001b     

0.001 0.78241 0.37 0.77702 0.36 0.77161 0.35 0.76615 0.34 

0.003 0.78257 0.37 0.77718 0.36 0.77176 0.35 0.76630 0.34 

0.005 0.78273 0.37 0.77734 0.37 0.77192 0.35 0.76645 0.34 

0.007 0.78290 0.38 0.77750 0.37 0.77208 0.36 0.76661 0.35 

0.009 0.78307 0.38 0.77767 0.37 0.77224 0.36 0.76677 0.35 

    w2=0.003b     

0.001 0.78283 0.37 0.77745 0.37 0.77201 0.36 0.76655 0.35 

0.003 0.78296 0.38 0.77758 0.37 0.77215 0.36 0.76669 0.35 

0.005 0.78311 0.38 0.77773 0.37 0.77229 0.36 0.76683 0.35 

0.007 0.78326 0.38 0.77787 0.38 0.77243 0.37 0.76697 0.36 

0.009 0.78341 0.38 0.77803 0.38 0.77258 0.37 0.76712 0.36 

    w2=0.005b     

0.001 0.78311 0.40 0.77772 0.38 0.77230 0.36 0.76684 0.35 

0.003 0.78323 0.40 0.77784 0.38 0.77242 0.37 0.76696 0.35 

0.005 0.78336 0.40 0.77797 0.38 0.77255 0.37 0.76709 0.35 

0.007 0.78350 0.41 0.77811 0.39 0.77268 0.37 0.76722 0.35 

0.009 0.78364 0.41 0.77825 0.39 0.77282 0.38 0.76736 0.36 

    Sulfa+DB186     

    w3=0.001b     

0.001 0.78237 0.34 0.77698 0.32 0.77157 0.31 0.76609 0.29 

0.003 0.78252 0.35 0.77713 0.33 0.77173 0.32 0.76625 0.30 

0.005 0.78268 0.35 0.77729 0.33 0.77188 0.32 0.76640 0.30 

0.007 0.78284 0.35 0.77745 0.33 0.77204 0.32 0.76656 0.30 

0.009 0.78301 0.35 0.77761 0.33 0.77220 0.32 0.76672 0.31 

    w3=0.003b     

0.001 0.78269 0.36 0.77730 0.35 0.77189 0.32 0.76643 0.32 

0.003 0.78282 0.36 0.77743 0.35 0.77202 0.33 0.76656 0.32 
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0.005 0.78296 0.36 0.77757 0.35 0.77215 0.33 0.76669 0.32 

0.007 0.78310 0.37 0.77771 0.36 0.77229 0.33 0.76683 0.33 

0.009 0.78325 0.37 0.77785 0.36 0.77243 0.34 0.76697 0.33 

    w3=0.005b     

0.001 0.78292 0.37 0.77753 0.35 0.77211 0.32 0.76664 0.32 

0.003 0.78304 0.37 0.77765 0.35 0.77223 0.33 0.76676 0.32 

0.005 0.78317 0.37 0.77778 0.35 0.77236 0.33 0.76689 0.32 

0.007 0.78330 0.38 0.77791 0.36 0.77249 0.33 0.76701 0.33 

0.009 0.78344 0.38 0.77804 0.36 0.77262 0.33 0.76714 0.33 
aStandard uncertainties in temperature (T) = ±0.01 K. 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) respectively. 

 

Table.S5. Values of empirical coefficients (a0, a1, and a2) of Equation 14 of sulfa drug in different 

mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= (293.15 to 308.15) K. 

Mass fraction 
a0·106 

/m3·mol-1 

a1·106 

/m3·mol-1·K-1 

a2·106 

/m3·mol-1·K-2 

SA + DC18C6 

w1 = 0.001b 267.00 -0.919 0.0017 

w1 = 0.003b 235.40 -0.727 0.0015 

w1 = 0.005b 191.23 -0.336 0.0008 

SA + 18C6 

w1 = 0.001b 278.29 -1.326 0.0028 

w1 = 0.003b 155.56 -0.311 0.0009 

w1 = 0.005b 336.69 -1.367 0.0025 

SA + DB18C6 

w1 = 0.001b 350.43 -1.699 0.0032 

w1 = 0.003b 296.61 -1.150 0.0021 

w1 = 0.005b 171.94 -0.287 0.0007 

bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) respectively. 
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Table. S6. Values of Refractive Index ( Dn ) and Molar Refraction ( MR ) of sulfa drug in different 

mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T= 298.15 K respectively. 

 Conc. (m)                 Dn  MR /m3∙mol-1 

w1 = 0.001b    

SA + DC18C6 0.001 1.3428 46.79 

 0.003 1.3436 46.88 

 0.005 1.3442 46.95 

 0.007 1.3447 47.00 

 0.009 1.3452 47.06 

w2 = 0.001b    

SA + 18C6 0.001 1.3415 46.64 

 0.003 1.3422 46.72 

 0.005 1.3429 46.79 

 0.007 1.3435 46.86 

 0.009 1.3440 46.91 

w3 = 0.001b    

SA + DB18C6 0.001 1.3409 46.57 

 0.003 1.3417 46.66 

 0.005 1.3423 46.72 

 0.007 1.3429 46.79 

 0.009 1.3435 46.85 

w1 = 0.003b    

SA + DC18C6 0.001 1.3436 46.87 

 0.003 1.3443 46.95 

 0.005 1.3449 47.01 

 0.007 1.3454 47.07 

 0.009 1.3459 47.12 

w2= 0.003b    

SA + 18C6 0.001 1.3423 46.71 

 0.003 1.3431 46.80 

 0.005 1.3438 46.88 

 0.007 1.3445 46.96 

 0.009 1.3451 47.02 

w3= 0.003b    
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SA + DB18C6 0.001 1.3416 46.63 

 0.003 1.3423 46.71 

 0.005 1.3429 46.78 

 0.007 1.3436 46.86 

 0.009 1.3440 46.90 

w1 = 0.005b    

SA + DC18C6 0.001 1.3450 47.03 

 0.003 1.3459 47.13 

 0.005 1.3465 47.21 

 0.007 1.3473 47.29 

 0.009 1.3479 47.35 

w2= 0.005b    

SA + 18C6 0.001 1.3428 46.76 

 0.003 1.3436 46.85 

 0.005 1.3442 46.91 

 0.007 1.3448 46.98 

 0.009 1.3453 47.03 

w3 = 0.005b    

SA + DB18C6 0.001 1.3421 46.68 

 0.003 1.3430 46.79 

 0.005 1.3437 46.86 

 0.007 1.3444 46.94 

 0.009 1.3450 47.01 
bw1, w2 and w2 are the mass fraction of the solvent (ACN+DC18C6), (ACN+18C6), (ACN+DB18C6) respectively. 

Table.S7. Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-DC18C6 system. 

Temp 

/Ka 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[DC18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

 50 30  1.10102 0.03868 33333 25.8531    

 50 40  1.09072 0.04898 25000 20.4165    

298.15 50 50 1.13970 1.07887 0.06083 20000 16.4392 0.4335 0.0008 541.88 

 50 60  1.06496 0.07474 16667 13.3797    

 50 70  1.04830 0.09140 14286 10.9409    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 
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Table.S8. Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-18C6 system. 

Temp 

/Ka 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

 50 30  1.11983 0.01987 33333 50.3271    

 50 40  1.11434 0.02536 25000 39.4322    

298.15 50 50 1.13970 1.10973 0.02997 20000 33.3667 0.6184 0.0015 412.27 

 50 60  1.10165 0.03805 16667 26.2812    

 50 70  1.09040 0.04930 14286 20.2840    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 

TableS9. Data for the Benesi-Hildebrand double reciprocal plot performed by UV-Vis 

spectroscopy for SA-DB18C6 system. 

Temp 

/Ka 

[SA] 

/µM 

[18C6] 

/µM 

A0 A ∆A 1/[DB18C6] 

/M-1 

1/∆A Intercept Slope Ka 

/M-1 

 50 30  1.15464 0.01494 33333 66.9344    

 50 40  1.15971 0.02001 25000 49.9750    

298.15 50 50 1.13970 1.16372 0.02402 20000 41.6319 0.7456 0.0020 372.80 

 50 60  1.16887 0.02917 16667 34.2818    

 50 70  1.17509 0.03539 14286 28.2565    
a Standard uncertainties in temperature are: (T) = ±0.01 K. 
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Fig. S1.  Plot of (∂ϕE0/∂T)p for (a) SA-DC18C6, (b) SA-18C6, (c) SA-DB18C6 system and dB/dT 

for (a) SA-DC18C6, (b) SA-18C6, (c) SA-DB18C6 system against different mass fraction of CEs. 

 

Scheme2b. Schematic presentation of complex formation between SA and 18C6 and 

corresponding energy-minimized structure of the complex. 

 

Scheme2c. Schematic presentation of complex formation between SA and DB18C6 and 

corresponding energy-minimized structure of the complex. 
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CHAPTER-X 

CONCLUDING REMARKS 

The perception of Host-Guest chemistry has paved the way to the formation of kinetically and 

thermodynamically stable supramolecular complexes with enhanced physicochemical properties and 

better bioavailability compared to the guest molecule. Host−guest chemistry can modify the selectivity 

of biomolecule−ligand association to a considerable extent depending upon recognition-directed 

interactions. In other words, it can be said that  the morphological features and the influence of 

supramolecular clusters in molecular systems can be regulated precisely through various host−guest 

chemistry. These particular, strong yet dynamic non-covalent interactions can be accomplished as an 

alternative methodology for applications in the field of medicines and pharmaceuticals by the means 

of reversible binding between complementary components. The principal feature of Host-Guest 

inclusion chemistry is its ability to identify and exchange molecules until the correct combination of 

building units is achieved from a collection of different molecular components.  

This chemistry aims at allowing reorganization and selection in self-organisation to attain adaptation 

at the molecular as well as supramolecular level. In general, host−guest chemistry can offer new vision 

into the development of traditional subjects and acts as a precursor to the development of 

programmable and controllable engineering of new biomaterials and medicines. The aim of my 

research topic was to study the host-guest inclusion complexes and their nature of interaction with the 

help of physicochemical methodologies. 

The volumetric, viscometric, conductometric and refractive index studies helped us to figure out the 

extent of molecular interaction in an aqueous solution qualitatively whereas the spectroscopic 

measurements gave a detailed understanding into the type of molecular interaction occurring in the 

systems considered. We came to know about several types of interaction such as ion-ion interaction, 

ionic-hydrophilic interaction, dipole–dipole interaction and hydrogen bonding interaction which play 

key factors in most of the cases. 

CHAPTER-I consists of the object, scope and application of research work , CHAPTER-II contains 

General Introduction and CHAPTER-III describes the experimental Section. 

Chapter-IV discusses about the nature of interaction between a neurotransmitter Dopamine 

Hydrochloride and non-essential amino acids (Aspartic Acid and Glutamic Acid) in aqueous medium 

with the help of some thermodynamic parameters obtained from density, viscosity, conductance and 

refractive index measurements. The values of limiting apparent molar volume suggest the existence of 
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stronger ion-ion interactions in case of L-Glutamic acid with Dopamine. The existence of such 

interactions was also verified by the UV-Visible absorption data and 1H NMR Spectroscopic data. The 

higher value of association constant suggests greater extent of interaction in Glu-DH system. The 

Raman spectra sensitively captured partial structure changes of the molecule. This work precisely 

points out the type of interactions between Dopamine and amino acids in aqueous medium, which is 

proved to be informative for catecholamine recognition tool in solution phase. 

  

In Chapter-V, the results obtained from FTIR spectroscopic study shows that the less polar part of the 

guest molecule that is the aromatic ring was included inside the hollow cavity of  β-CD and the rest 

part of the the molecule remained outside. The 1:1 stoichiometry was verified by both Job plot method 

(UV-Visible Spectroscopy) and fluorescence spectroscopy. The upfield chemical shifts experienced 

by H3 and H5 protons (of β-CD molecule) and H1, H2, H3, H4 protons (of AC molecule) further 

supports the fact. The cross peaks obtained in 2D ROESY confirms the inclusion phenomena. Such 

inclusion phenomena led to an improved dye strength and deepen the shades of dyes.T his can also 

enhance possibility of dyeing at lower temperatures. 

In Chapter-VI, it has been revealed from the analysis of thermodynamic data that the association 

process for [bmp]Cl is  higher in case of D(+)galactose than in D(-)fructose solution and is endothermic 

and controlled by entropy at all temperatures. Density and viscosity studies interpret limiting apparent  

molar  volume, 
0
V  I  and viscosity B-coefficient  which describes that ion-solvent interaction is 

increased with increasing the conc. of D(-)fructose and D(+)galactose and decreased with increasing 

temperature. NMR study analysis reveals that no specific and stronger interactions occur between IL 

and carbohydrates. However the study confirms that interaction of IL with carbohydrates is higher in 

D(-)fructose than that of D(+)galactose. 

Chapter-VII concludes that Azelaic acid forms more stable. inclusion with β-CD than α-CD.The data 

obtained from conductivity  primarily indicates that the AA molecule successfully enters in the hollow 

cavity of β-CD molecule. From the Absorption pattern obtained in UV-Vis spectroscopic measurement 

and the values of association constants, it has been observed that the extent of host-guest interaction is 

more extensive in case of the AA.β-CD complex than the other one, which is further supported by DFT 

study. The morphological analysis also provides successful inclusion of Azelaic acid into the cavity of 

β-CD molecule.  
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Chapter-VIII describes the the synthesis of inclusion complex between NBTU and cyclodextrin 

molecules. The Job’s plot method and Steady state fluorescence study both confirms the 1:1 

stoichiometry for the inclusion complex formed. From the spectral pattern obtained in UV-visible 

spectroscopic study and Steady state measurement, it has been observed that NBTU molecule 

successfully enters in the hollow cavity of the β-CD molecule, which is in good agreement with HRMS 

study. The morphological analysis also supports that the inclusion has taken place successfully. 

Although great diagnostic and therapeutic advances in antifungal Research has been observed so far 

but aspergillosis still exists as a question mark for morbidity and mortality. We took strategy to fight 

against this problem by developing a cost effective and enviroment friendly cyclodextrin based 

inclusion complex, which will also exhibit less toxicity. We applied the IC in model organisms such 

as B. subtilis (gram positive), E. coli (gram negative), Aspergillus niger (fungal pathogen) and it has 

been found that no zone of inhibition is found for Aspergillus niger, which indicates on addition of the 

inclusion complex in cell culture medium pathogen growth of Aspergillus niger is diminished to a 

considerable extent. 

In Chapter–IX, The complexation of sulphanilamide with crown ethers has been studied in 

acetonitrile medium by the means of physicochemical and spectroscopic studies. From Job plot 

method, it has been found that Sulphanilamide binds with Dicyclohexano-18-crown-6 (DC18C6) more 

efficiently than other crown ethers at 1:1 stoichiometric ratio. This fact is further supported by 1H 

NMR, other thermodynamic parameters obtained through conductance, density and viscosity study are 

also in good alignment with the result obtained from NMR Spectroscopy. All the experimental results 

lead to the CONCLUSION that the extent of inclusion is the highest in case of Dicyclohexano-18-

crown-6 among three crown ethers. 

From the above discussion a conclusion might be drawn about the modification of physicochemical 

properties of guest molecule i.e phase solubility, better bio availability, drug delivery, reversible 

adsorption and resistance of peptides, catalytic activity during the inclusion phenomena. Such method 

of incorporating guest molecule of desired shape and size inside the cavity of cyclodextrin molecules 

furnishes a procedure to overcome physicochemical difficulties inherent in some chemical entities. 

The future looks likely to magnify the scopes and opportunities for host-guest chemistry, which will 

lead towards an expanding role in everyday lives. 
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In this article interaction properties of an IL, 1-butyl-1-methylpyrrolidinium chloride ([bmp]Cl) have 
been studied in different concentrations of aqueous D(-)fructose and D(+)galactose solutions at  diverse 
temperatures. In spite of having “green solvent” property toxicity of ILs has been revealed. So the 
interface of ILs with biomolecules (such as carbohydrates) is a progressive research topic. The limiting 
molal conductivities, association constants of the ion have been evaluated. From density measurement 
the limiting apparent molal volumes, experimental slopes and the limiting partial molal transfer 
volumes, 

tr VI' 0  are derived. Viscosity measurement helps to determine viscosity -B coefficients and 

dB/dT. The association constant has been used to study the thermodynamic functions of association 
process. Consequently, Gibbs free energy ( 0

AG' ), enthalpy ( 0
AH' ) and entropy ( 0

AS' ) of ion-pair 

formation have been determined. In addition, the 1H NMR spectra of carbohydrates, IL and carbohydrate 
+ IL + D2O were studied. The NMR study does not show any special and strong interactions between IL 
and carbohydrates but, the macro properties and their changes in terms of size and structure of 
carbohydrates and IL have been discussed. By means of the interaction between IL and biomolecules, 
the potential toxicity of ILs may originate. 
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Green Solvent 
Limiting Molal Conductivities 
Potential Toxicity 

 

 

1. Introduction 

Ionic liquids (IL) have in recent times emerged as “green” and 
environment friendly solvents [1,2] for their use in the industrial 
manufacture of chemicals. Ionic liquids have been increasingly used for 
diverse applications such as organic synthesis, catalysis, electrochemical 
devices and solvent extraction of a variety of compounds. Ionic liquids are 
composed of cations and anions having low melting points (< 100 °C). The 
interest in ionic liquids was initiated because of their advantageous 
physicochemical properties such as negligible vapour pressure, high 
thermal and electrochemical stability, high solvating power etc., [3-5]. 
Abundant current books, academic journal reviews and conference 
proceedings provide us an idea about the expansive band of research and 
latent manufacturing applications for ionic liquids. The important uses of 
[bmp]Cl are largely in catalysts, battery electrolytes, syntheses (excluding 
the catalysts group), and electrochemical relevancies other than batteries. 

Living system of every animal and man is composed of several 
molecules having specific functions are termed as biomolecules. 
Carbohydrates are one of the main classes of biomolecules. Carbohydrates 
(such as glucose, fructose, galactose etc.) are most important substances 
to all living organisms. They usually act as a ubiquitous fuel for biological 
processes to supply necessary energy for the function of the living and 
their day’s work. Taken carbohydrates D(+)galactose and D(-)fructose are 
very significant variety of saccharide. An unusual level of carbohydrate in 
human body fluid is a caution hint of a medical stipulation. such as, an 
unbalanced concentration of carbohydrates in human blood or urine 
entails a biological dysfunction.  

In spite of the ‘‘green’’ aspects of ILs, the potential toxicity of the ILs 
released into the environment cannot be overlooked [6]. Since ILs are 
highly stable in water, they may be a health hazard by gathering in the 
ecological atmosphere and organisms. So, it is very important to 
determine the potential toxicity of ILS originate from the interface 
between ILs and biomolecules. Thus it is a progressive research topic to 
investigate the interactions between ILs and biomolecules such as 
carbohydrates. 

In this present case, an attempt has been made to reveal the nature of 
various types of interactions prevailing an ionic liquid in aqueous 
carbohydrates [D(-)fructose and D(+)galactose] solutions from 
conductometric, volumetric, viscometric and NMR measurements. Aim of 
the present work is to study the molecular interactions of IL in aqueous 
solutions of carbohydrates by physicochemical and thermodynamical 
studies, and the structural effect of carbohydrates as literature survey 
reveals that very ample work has been carried out in the present ternary 
systems especially given that theoretical foundations and significant 
information for studies on the potential toxicity of ILs. Such study helps in 
better understanding of the interactions occurring between carbohydrate 
molecules and entities present in mixed aqueous medium in the living cells 
through thermodynamics and transport properties. All of the derived 
parameters have been discussed in term of interactions between ionic 
liquid and carbohydrates. 
 

2. Experimental Methods 

2.1 Source and Purity of Samples 

The chosen IL for this current work purist grade was procured from 
Sigma-Aldrich, Germany and was used as purchased. The mass fraction 
purity of the IL, 1-butyl-1-methylpyrrolidinium chloride ([bmp]Cl) was ≥ 
99%. D(-)fructose and D(+)galactose were procured from Thomas Baker, 
Mumbai. The mass fraction purity of D(-)fructose and D(+)galactose was ≥ 
99.4% and 99.9% respectively. IL, D(-)fructose and D(+)galactose were 
dried  in vacuum desiccator over  P2O5 at  room  temperature  for  at  least  
72  h. 
 
2.2 Apparatus and Procedure 

All the stock solutions of D(-)fructose, D(+)galactose and the electrolyte 
(IL) were prepared by mass (weighed by Mettler Toledo AG-285 with 
uncertainty 0.0003 g). For conductance the working solutions, were 
obtained by mass dilution of the stock solutions [7-9]. 

The conductance measurements were carried out in a Systronics-308 
conductivity bridge of accuracy ±0.01%, using a dip-type immersion 
conductivity cell, CD-10 having a cell constant of approximately 
(0.1±0.001) cm-1. Measurements were made in a thermostat water bath 
maintained at T = (298.15 ± 0.01) K. The cell was calibrated by the method 
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proposed by Lind et al. and cell constant was measured based on 0.01 M 
aqueous KCl solution. During the conductance measurements, cell 
constant was maintained within the range 1.10–1.12 cm−1. The 
conductance data were reported at a frequency of 1 kHz and the accuracy 
was ±0.3%. During all the measurements, uncertainty of temperatures 
was ±0.01 K.  

The densities of the solvents and experimental solutions ( U ) were 
measured by means of vibrating u-tube Anton Paar digital density meter 
(DMA 4500M) with a precision of ±0.00005g cm-3 maintained at ±0.01 K 
of the desired temperature. It was calibrated by triply-distilled water and 
passing dry air. 

The viscosities were measured using a Brookfield DV-III Ultra 
Programmable Rheometer with fitted spindle size-42 fitted to a Brookfield 
digital bath TC-500. The viscosities were obtained using the following 
equation, η = (100 / RPM) × TK × torque × SMC, where RPM, TK (0.09373) 
and SMC (0.327) are the speed, viscometer torque constant and spindle 
multiplier constant, respectively. The instrument was calibrated against 
the standard viscosity samples supplied with the instrument, water and 
aqueous CaCl2 solutions. Temperature of the solution was maintained to 
within ± 0.01 K using Brookfield Digital TC-500 temperature thermostat 
bath. The viscosities were measured with an accuracy of ± 1 %.  

Each measurement reported herein is an average of triplicate reading 
with a precision of 0.3 %. NMR  spectra  were  recorded  in  D2O  at  400  
MHz  using  Bruker  ADVANCE  400  MHz instrument at  298.15 K.  Signals  
are  cited  as  δ  values  in  ppm  using  residual  protonated solvent signals 
as internal standard (D2O : δ 4.79 ppm). Data are reported as chemical 
shift. 
 

3. Results and Discussion 

In the beginning it may be point out that there is no difference between 
D(+) and D(-) form of galactose and fructose in their physical properties in 
our experimental works. Fructose, or fruit sugar, is a 
simple ketonic monosaccharide found in many plants and Galactose exists 
in both open-chain and cyclic form. The open-chain form has a carbonyl at 
the end of the chain. Four isomers are cyclic, two of them with 
a pyranose (six-membered) ring anf another two isomers are with 
a furanose (five-membered) ring. Galactofuranose mostly occurs in 
bacteria, fungi and protozoa. In our experiment we have taken α-form of 
D(-)fructose and on the other hand D(+) Galactose taken in the experiment 
is in the form of 20% of α- and 80% of β-form.  The solvent properties are 
given in Table 1.  
 
Table 1 Density  (ρ),  viscosity  (η)  and  relative  permittivity  (ε)  of  the  different 
concentration (m) of aqueous D(-)fructose  and D(+)galactose  at 298.15, 303.15 and 
308.15 Ka respectively 
 
T (K) ρ · 10-3/kg m-3 K/mPa s ε 
mD(-)fructose=0.2 mol kg-1 
298.15 1.0039 0.93 78.1 
303.15 1.0025 0.91 76.3 
308.15 1.0018 0.89 74.5 
mD(-)fructose=0.4 mol kg-1 
298.15 1.0051 0.93 77.4 
303.15 1.0028 0.91 75.5 
308.15 1.0021 0.90 73.8 
mD(-)fructose=0.6 mol kg-1 
298.15 1.0062 0.93 76.8 
303.15 1.0049 0.92 74.9 
308.15 1.0027 0.90 73.1 
mD(+)galactose=0.2 mol kg-1 
298.15 1.0037 0.93 78.1 
303.15 1.0023 0.91 76.3 
308.15 1.0015 0.90 74.5 
mD(+)galactose=0.4 mol kg-1 
298.15 1.0045 0.93 77.4 
303.15 1.0025 0.92 75.5 
308.15 1.0020 0.90 73.8 
mD(+)galactose=0.6 mol kg-1 
298.15 1.0059 0.93 76.8 
303.15 1.0047 0.92 74.9 
308.15 1.0025 0.90 73.1 
a Standard uncertainties u are: u(ρ) =±5×10-5 gcm-3, u(η) =± 1 %  and u(T) =±0.01 K 

Conductivity measurements have been carried out to obtain 
information on  association  behaviour  and  ion–solvent  interactions 
[10,11]  of  the  ionic  liquid, [bmp]Cl,  in  (0.2,  0.4 and  0.6) molkg−1 aqueous 
D(-)fructose and D(+)galactose solutions  at  temperatures  ranging from 

(298.15–308.15) K. The concentrations and molar conductances (Λ) of IL 
in aqueous solution of D(-)fructose and D(+)galactose at different 
temperatures are given in Table 2. The molar conductance (Λ) has been 
obtained from the specific conductance (κ) value using the following 
equation,  

 
Λ = (1000 κ) / m                                                                    (1) 
 
Linear conductance curves (Λ versus √m) were obtained for the 

electrolyte in aq. solution of D(-)fructose. D(+) Galactose, extrapolation of 
√m = 0 evaluated the starting limiting molar conductance for the 
electrolyte. The values of KA, Λ0 and R obtained by this procedure are given 
in Table 3. 
 
Table 2 Molar  conductivities  (Λ)  of  [bmp]Cl  in  aqueous  D(-)fructose  solutions  as  
a  function  of  ionic  liquid  molality  (m)  at  different  temperatures 
 
c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

T=298.15K  T=303.15  T=308.15K  
mD(-)fructose=0.2 mol kg-1 
0.0114 101.10 0.0122 104.58 0.0132 107.60 
0.0173 99.13 0.0223 101.91 0.0251 104.57 
0.0239 96.45 0.0309 99.93 0.0320 103.13 
0.0296 94.32 0.0383 98.20 0.0398 101.50 
0.0345 92.40 0.0447 96.79 0.0469 99.90 
0.0389 91.01 0.0503 95.34 0.0523 97.40 
0.0427 89.91 0.0552 94.33 0.0579 96.80 
0.0464 88.51 0.0596 93.18 0.0613 95.00 
0.0512 87.91 0.0635 92.21 0.0647 94.26 
0.0551 86.94 0.0670 91.44 0.0684 93.89 
0.0593 85.50 0.0702 90.53 0.0715 92.03 
0.0672 84.29 0.0731 89.91 0.0750 91.59 
0.0715 83.11 0.0757 89.12 0.0765 90.53 
0.0763 81.82 0.0782 88.09 0.0792 89.05 
0.0841 80.20 0.0804 87.58 0.0815 89.78 
mD(-)fructose=0.4 mol kg-1 
0.0121 99.43 0.0138 102.37 0.0142 105.85 
0.0187 97.40 0.0235 100.75 0.0216 104.70 
0.0241 95.04 0.0313 99.55 0.0285 103.58 
0.0310 93.62 0.0385 97.16 0.0346 102.62 
0.0353 92.56 0.0465 95.91 0.0388 101.66 
0.0395 90.90 0.0513 94.12 0.0438 100.70 
0.0443 90.42 0.0544 93.40 0.0491 99.67 
0.0475 88.35 0.0596 93.95 0.0551 97.57 
0.0496 87.45 0.0635 92.88 0.0617 95.46 
0.0542 85.76 0.0674 90.18 0.0675 93.24 
0.0595 84.67 0.0715 89.52 0.0707 91.72 
0.0657 83.63 0.0742 88.87 0.0731 89.29 
0.0713 82.73 0.0774 88.09 0.0779 89.84 
0.0765 81.62 0.0812 87.48 0.0821 88.79 
0.0846 79.38 0.0851 86.83 0.0852 88.30 
mD(-)fructose=0.6 mol kg-1 
0.0128 95.51 0.0143 98.99 0.0152 102.57 
0.0185 94.48 0.0242 97.04 0.0271 100.17 
0.0229 93.20 0.0316 95.70 0.0331 99.03 
0.0282 91.54 0.0386 94.52 0.0423 97.20 
0.0313 90.40 0.0451 93.13 0.0481 96.00 
0.0351 89.27 0.0503 92.03 0.0542 94.75 
0.0420 87.31 0.0557 91.06 0.0598 93.33 
0.0456 86.00 0.0596 90.21 0.0631 92.92 
0.0494 85.65 0.0635 89.45 0.0656 92.24 
0.0499 84.91 0.0674 88.51 0.0699 90.17 
0.0540 83.18 0.0730 87.35 0.0731 89.54 
0.0591 82.23 0.0756 86.55 0.0763 88.91 
0.0664 81.26 0.0785 86.05 0.0782 88.15 
0.0719 80.09 0.0820 85.17 0.0819 87.99 
0.0786 78.08 0.0841 84.73 0.0860 87.57 
 

3.1 Ion-Pair Formation 

The conductivity data of taken IL in aqueous solution of D(-)fructose 
and D(+)galactose at different temperatures were  analyzed using the 
Fuoss conductance equation [12]. With a given set of conductivity values 
(mj, /j; j = 1…….n), three adjustable parameters, i.e., /0, KA and R have been 
derived from the Fuoss equation. Here, /0 is the limiting molar 
conductance, KA is the observed association constant and R is the 
association distance, i.e., the maximum centre to centre distance between 
the ions in the solvent separated ion-pairs. There is no precise method [13] 
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for determining the R value but in order to  treat the data in our system, R 
value is assumed to be, R = a + d, where a is the sum of  the crystallographic 
radii of the ions and d is the average distance corresponding to the  side of 
a cell occupied by a solvent molecule. The distance, d is given by [14], 

� �1/  3d  1.183 M / U                                                                  (2) 

where, M is the molecular mass and ρ is the density of the solvent.  
Thus, the Fuoss conductance equation may be represented as follows: 
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where, /0  is the limiting molar conductance, KA is the observed association 
constant, R is the association distance, RX is the relaxation field effect, EL is 
the electrophoretic counter current, k is the radius of the ion atmosphere, 
ε is the relative permittivity of the solvent mixture, e is the electron charge, 
c is the molarity of the solution, kB is the Boltzmann constant, KS is the 
association constant of the contact-pairs, KR is the association constant of 
the solvent-separated pairs, J is the fraction of solute present as unpaired 
ion, D is the fraction of contact pairs,  f is the activity coefficient, T is the 
absolute temperature and  β is twice the Bjerrum distance. 

The computations were performed using the program suggested by 
Fuoss. The initial /0 values for the iteration procedure are obtained from 
Shedlovsky extrapolation of the data [15]. Input for the program is the no. 
of data, n, followed by ε, η (viscosity of the solvent mixture), initial /0 value, 
T, ρ (density of the solvent mixture), mole fraction of the first component, 
molar masses, M1 and M2 along with mj, /j values where j = 1, 2…….n and 
an instruction to cover preselected range of R values. 

     In practice, calculations are performed by finding the values of /0 and 
α which   minimize the standard deviation, δ, whereby  

 
2 2[ ( ) ( )] / ( ) (9)j jcal obs n m/ /G  � �¦  

 
for a sequence of R values and then plotting δ against R, the best- fit R 
corresponds to  the minimum of the  δ–R versus R curve. So, an 
approximate sum is made over a fairly wide range of R values using 0.1 
increment to locate the minimum but no significant  minima  is found in 
the δ - R curves, thus R values is assumed to be R = a + d, with terms  having 
usual significance. Finally, the corresponding limiting molal conductance 
(Λo), association constant (KA), co-sphere diameter (R) and standard 
deviations of experimental Λ (δ) obtained from Fuoss conductance 
equation for [bmp]Cl  in  aqueous solution of D(-)fructose and 
D(+)galactose at 298.15 K, 303.15 K and 308.15 K respectively are given 
in Table 3. 
 
Table 3 Molar  conductivities  (Λ)  of  [bmp]Cl  in  aqueous  D(+)galactose  solutions  
as  a  function  of  ionic  liquid  molality  (m)  at  different  temperatures 
 
c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

c ·104/ 
mol·dm−3 

Λ·104/ 
S·m2·mol−1 

T=298.15K  T=303.15  T=308.15K  
mD(+)galactose=0.2 mol kg-1 
0.0118 102.50 0.0142 105.13 0.0129 108.95 
0.0233 99.52 0.0254 102.86 0.0241 106.07 
0.0311 97.58 0.0330 100.97 0.0303 105.43 
0.0381 96.24 0.0396 99.54 0.0380 104.35 
0.0445 94.71 0.0482 98.65 0.0449 102.63 
0.0525 93.12 0.0521 97.54 0.0515 101.80 
0.0558 92.12 0.0582 96.40 0.0560 100.96 
0.0594 91.65 0.0616 95.20 0.0602 99.94 
0.0638 90.48 0.0650 94.48 0.0629 99.06 
0.0674 89.24 0.0687 93.74 0.0662 98.99 
0.0715 88.10 0.0726 92.03 0.0707 98.76 
0.0740 87.19 0.0752 91.84 0.0732 97.09 
0.0774 85.91 0.0765 91.23 0.0749 96.82 
0.0787 85.22 0.0792 91.95 0.0782 95.50 
0.0815 84.76 0.0815 90.40 0.0821 94.60 
mD(+)galactose =0.4 mol kg-1 
0.0124 100.33 0.0129 103.49 0.0142 107.87 
0.0173 98.93 0.0196 102.40 0.0265 105.27 
0.0249 97.37 0.0279 101.12 0.0325 104.03 
0.0311 95.32 0.0352 99.76 0.0409 102.22 
0.0355 94.46 0.0418 98.68 0.0464 101.11 

0.0395 92.60 0.0472 97.80 0.0531 99.60 
0.0443 91.50 0.0518 96.92 0.0567 98.89 
0.0475 90.50 0.0562 95.40 0.0604 98.06 
0.0496 90.06 0.0609 94.53 0.0654 96.85 
0.0542 89.86 0.0670 93.51 0.0698 95.93 
0.0599 88.77 0.0705 92.92 0.0727 95.20 
0.0657 86.43 0.0736 91.25 0.0758 94.63 
0.0721 85.63 0.0770 90.55 0.0784 94.24 
0.0765 85.04 0.0807 89.01 0.0821 93.60 
0.0844 83.30 0.0845 89.33 0.0880 92.13 
mD(+)galactose =0.6 mol kg-1 
0.0153 97.11 0.0140 101.41 0.0150 105.25 
0.0253 94.91 0.0215 99.83 0.0259 102.97 
0.0331 92.80 0.0316 97.63 0.0329 101.53 
0.0423 91.75 0.0371 96.60 0.0384 100.41 
0.0481 90.28 0.0429 95.64 0.0430 99.19 
0.0542 89.07 0.0494 94.32 0.0487 97.94 
0.0598 88.11 0.0530 93.37 0.0527 97.11 
0.0631 87.23 0.0583 92.44 0.0581 96.00 
0.0656 86.21 0.0629 91.49 0.0624 95.17 
0.0699 85.23 0.0652 91.03 0.0667 94.22 
0.0731 84.16 0.0714 89.65 0.0715 92.95 
0.0763 83.03 0.0744 88.93 0.0758 92.11 
0.0782 81.93 0.0775 88.15 0.0785 91.67 
0.0819 80.99 0.0812 87.71 0.0823 90.72 
0.0862 80.33 0.0854 86.82 0.0859 90.08 
 
Table 4 Ion  association  constants  (KA),  limiting  molar  conductivities  (Λo), distance  
parameters  (R),  Walden  product  (Λo·K) and  and standard deviations of 
experimental Λ(δ) obtained from Fuoss conductance equation of IL in  aqueous  D(-) 
fructose and D(+)galactose solutions  as  a  function  of  ionic  liquid  molality  (m)   at  
different temperatures 
 
T  (K) KA(dm3 

mol-1) 
Λo(S cm2mol-1) 1010R(m) Λo·K(S cm2 mPa s mol-1) δ 

mD(-)fructose=0.2 mol kg-1 
298.15 52.18 107.16 9.53 99.66 1.165 
303.15 51.78 110.11 9.59 100.20 0.729 
308.15 50.21 114.22 9.65 101.66 0.572 
mD(-)fructose=0.4 mol kg-1 
298.15 54.21 100.79 9.52 93.73 1.478 
303.15 52.91 105.10 9.55 95.64 1.261 
308.15 51.12 108.26 9.58 97.43 1.173 
mD(-)fructose=0.6 mol kg-1 
298.15 56.23 99.41 9.45 92.45 1.659 
303.15 55.29 103.39 9.49 95.12 1.392 
308.15 52.98 107.93 9.54 97.43 1.281 
mD(+)galactose=0.2 mol kg-1 
298.15 50.24 108.35 9.61 100.77 1.086 
303.15 48.36 111.27 9.63 101.26 0.695 
308.15 46.91 115.92 9.66 104.33 0.425 
mD(+)galactose =0.4 mol kg-1 
298.15 51.22 105.54 9.56 98.15 1.321 
303.15 50.53 107.03 9.60 98.47 1.053 
308.15 49.62 113.25 9.62 101.93 0.915 
mD(+)galactose =0.6 mol kg-1 
298.15 50.45 104.18 9.50 96.89 1.114 
303.15 49.28 106.34 9.57 97.83 0.992 
308.15 48.38 111.05 9.69 99.95 0.711 
 
3.2 Limiting Molal Conductivities 

Assessment of  Table 2 and Table  3  allocate  that  the  Λo values  of the 
ionic  liquid  decrease  with  increasing  the  concentration  of  D(-)fructose 
and D(+)galactose.  This  can  be  ascribed  to  the  facts  that  with  increase  
in D(-)fructose and D(+)galactose concentration  (i)  the  microscopic  
viscosity  of  the  mixtures  increases  thereby  the  mobility  of  ions  
decreases,  and  (ii) the  solvated  radii  of  ions  become  larger  through  
an  enhancement in  the  interactions  between  ionic  liquid  and  D(-) 
fructose and D(+)galactose solution therefore, the  mobility  of  ions  
decreases [16].  On the other hand, the Λo values increase from D(-) 
fructose to D(+)galactose. Due to higher viscosity value of D(-)fructose 
than D(+)galactose Λo values increase in D(+)galactose than in D(-) 
fructose. Λo values increase in every solution with increase of temperature. 
With increasing temperature mobility of the concerned ions in solution 
increases, so Λo values increase.   

 
3.3 Thermodynamic of the Ion-Association Process 

Values  of  the  association  constant  (KA)  for  the  ionic  liquids in  
aqueous  D(-)fructose and D(+)galactose  solutions  are  shown  in  Table 
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4.  It  is  obvious that  at  a  fixed  concentration  of  D(-)fructose and 
D(+)galactose,  the  KA values  decrease from D(-)fructose to D(+)galactose 
and also decrease with increasing temperature in each solution.  The 
association constant  (KA)  for  the  ionic  association  reaction  can  serve  
to  study the  thermodynamic  of  this  process.  Consequently,  the  
standard Gibbs  energy  (GA0) for  the  ion-association  process  were  
calculated according  to  the  following  equation [17] 

 

o
A AG  RTlnK'  �                                                                      (10) 

 
The  obtained  values  of  the  standard  Gibbs  energy  are  collected in  

Table 6.    Table 6 indicates  that  the  ion-association  process  exhibits  a  
negative  value  of (GA0) and  becomes  more  negative  in D(+)galactose  
than in D(-)fructose. This indicates that ion-association process is more 
feasible in D(+)galactose solution. Walden product value (Table 6) shows 
that ionic mobility is higher in case of D(+)galactose solution than in D(-) 
fructose solution and ionic mobility increases with increasing 
temperature. 

Temperature-dependent of GA0 was expressed with the help of a 
polynomial [18] 

o
A 0 1 2

2G (T)  =  A +  A (298.15  -  T)  +  A (298.15  -  T)'                  (11) 

Entropy and enthalpy of ion association have been obtained as follows 
0

0
1 2

( )S (T)=- 2 (298.15 )A
A

P

G T A A T
T

§ ·w'
'  � �¨ ¸w© ¹

        (12) 

0 0 0 2 2
0 1 2H (T) (T) T S (T) 298.15 (298.15 )A A AG A A T A'  ' � '  � � �         (13) 

 
The  values  of  the  coefficients  A0,  A1 and  A2 at  different  solvent 

compositions  are  given  in  Table 5.  The calculated thermodynamic 
functions of IL in D(-)fructose and D(+)galactose solutions are  listed  in  
Table 6 and  are represented graphically by  Figs.  1-3 respectively. Table  
6  indicates  that  the  ion-association  process  exhibits  a  negative  value  
of  ΔGA0 and  becomes  more  negative  with  increasing temperature  
proposing  the  spontaneity  and  feasibility  of  the  association  process  at  
high  temperatures.  In all cases, the ΔSA0 values are positive over the whole 
temperature range.  The positive ΔSA0 values  may  be  attributed  to  the  
increasing  number of  degrees  of  freedom  due  to  the  release  of  solvent  
molecules  from hydration  shells  as  the  association  takes  place.  In other  
words,  the solvation  of  the  individual  ions  is  weakened  as  soon  as  
these  ion-pairs  are  formed.   

 
Table 5 The values of coefficients in Eq.  (11)  A0, A1 and A2 at different solvent 
compositions 
 
Conc. (M) A0.10-6 (J  mol−1)   A1 (KJ  mol−1K−1) A2 (J  mol−1 K−2) 
D(-)fructose  
0.2 -2.18 11.31 -18.82 
0.4 -1.46 10.91 -18.15 
0.6 -1.14 9.97 -16.60 
D(-)galactose 
0.2 -2.02 10.28 -17.08 
0.4 -1.35 8.49 -14.12 
0.6 -1.05 8.09 -13.47 
 

Table 6 Thermodynamic  functions  ( 0
AG' , 0

AS' , 0
AH' ) of IL in  aqueous  d(-)fructose 

and d(+)galactose solutions  as  a  function  of  ionic  liquid  molality  (m)   at  different 
temperatures 
 
T (K) 0

AG'  (kJ  mol−1) 0
AS'  (J  mol−1K−1) 0

AH'  (kJ  mol−1) 

mD(-)fructose=0.2 mol kg-1 
298.15 -9.59 263.30 68.91 
303.15 -10.55 131.65 29.36 
308.15 -10.58 11.31 -7.09 
mD(-)fructose=0.4 mol kg-1 
298.15 -9.76 253.90 65.76 
303.15 -10.70 126.95 27.78 
308.15 -10.75 10.91 -7.39 
mD(-)fructose=0.6 mol kg-1 
298.15 -9.92 232.33 59.35 
303.15 -10.82 116.15 24.39 
308.15 -10.90 9.97 -7.83 
mD(+)galactose =0.2 mol kg-1 
298.15 -9.92 238.80 61.28 
303.15 -10.64 119.40 25.56 
308.15 -10.68 10.28 -7.51 
mD(+)galactose =0.4 mol kg-1 

298.15 -10.01 197.50 48.87 
303.15 -10.76 98.75 19.18 
308.15 -10.81 8.49 -8.19 
mD(+)galactose =0.6 mol kg-1 
298.15 -10.14 188.50 46.06 
303.15 -10.89 94.25 17.68 
308.15 -10.92 8.09 -8.43 
 

 
Fig. 1 Plot of 0

AT S' of IL in different mass fractions of aqueous D(-)fructose  and 

D(+)galactose solution respectively at  different  temperatures 
 

 
Fig. 2 Plot of 0

AH' of IL in different mass fractions of aqueous D(-)fructose  and 

D(+)galactose solution respectively at  298.15 K (red), 303.15 K (blue) and 308.15 K 
(green) respectively 
 

 
Fig. 3 Plot of 0

AG' of IL in different mass fraction of aqueous D(-)fructose  and 

D(+)galactose solution respectively at  298.15 K (red), 303.15 K (blue) and 308.15 K 
(green) respectively 

                      
         D(-)fructose                                  D(+)galactose                           IL   

 
IL+ aq. D(+)galactose                                       IL+ aq. D(-)fructose 

Scheme 1 Molecular structure of D(-)fructose, D(+)galactose, IL and Extent of ion-
solvent interaction of ionic liquid in diverse solution systems 

 
The positive contribution  of  entropy  resulting from  the  dehydration  

of  ions  during  the  association  process  dominants  over  the  negative  
contribution  from  the  formation  ion -pairs. It  should  be  noted  that  the  
entropy  term  (TΔSA0)  is  sufficiently  positive  to  exceed  the  positive  
contribution  of  the  enthalpy  (ΔHA0 ). Consequently, the  ion-association  
process  exhibits  negative  values  of ΔGA0  and  the  process  is  driven  by  
the  change  in  entropy. Assessment  of  Table 6 also indicates  that in case 
of [bmp]Cl in both aqueous solution of D(-)fructose than in D(+)galactose 
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enthalpy decreases  with  increasing  temperature  and  changes  its  sign  
from positive  to  negative  at  308.15  K. This means that the association 
process is endothermic at lower temperature and exothermic at higher 
temperature.  Furthermore,  it  means  that  ion-pair  formation  is  entropy-
driven  at  low  temperatures,  while  it  changes  to enthalpy-driven  
process  with  increasing  temperature. Enthalpy value of the IL is higher 
in case of D(-)fructose than in D(+)galactose. This means that the 
association process is more feasible in D(+)galactose than in D(-)fructose 
(Scheme 1). It  was  observed  that  the  ion-association  process  exhibits  
a  negative  value  of  ΔGA0 and  becomes  more  negative  with  increasing  
temperature  proposing the  spontaneity  and  feasibility  of  the  
association  at  high  temperatures. It is also an attempt to explore the 
consequence of interaction of carbohydrates with ionic liquids, 
consequently, by means of the interaction between IL and biomolecules, 
the potential toxicity of ILs may originate. 

 
3.4 Apparent Molar Volume 

From density measurement it is known that the densities of the IL in 
each aqueous D(-)fructose and D(+)galactose increase linearly with the 
concentration at the studied temperatures. The density values of IL are 
higher in aqueous D(-)fructose solution than in aqueous D(+)galactose 
solution. For this purpose, the apparent molar volumes 

VI were 

determined from the solution densities using the following equation 
� �   / /V M    mR RU U U U UI  � �                                      (14) 

Where M is the molar mass of the solute, m is the molality of the 
solution, U and U0 are the densities of the solution and solvent, respectively. 

The limiting apparent molar volumes 0  IV
were calculated using a least-

squares treatment to the plots of IV
versus √m using the following 

Masson equation [19]. 
0 *    V V VS mI I � ��                                                        (15) 

Where, 0  IV is the limiting apparent molar volume at infinite dilution and 
*
VS is the experimental slope.  

The limiting apparent molar volumes 0  IV
are found to increase with 

increasing molality (m) of IL in each solvents and decrease with increasing 
temperature for the studied system.  
 

Table 7 Limiting apparent molar volume (
0
VI ), experimental slope (

*
VS ), 

viscosity-B and A co-efficients of IL in aqueous d(-)fructose and d(+)galactose 
solutions  at different temperatures 
 
T (K) 0

VI ·106/ 

m3·mol-1 

*
VS ·106/ 

 m3·mol- 3/2 
·dm3/2 

B 3 1/dm mol��  A 3/2 1/2/dm mol��  

mD(-)fructose=0.2 mol kg-1 
298.15 120.56 -242.28 0.959 -0.0749 
303.15 129.31 -259.39 1.108 -0.0780 
308.15 140.91 -337.66 1.213 -0.0851 
mD(-)fructose=0.4 mol kg-1 
298.15 124.73 -237.81 1.159 -0.0779 
303.15 133.62 -249.15 1.301 -0.0868 
308.15 149.67 -329.07 1.376 -0.0951 
mD(-)fructose=0.6 mol kg-1 
298.15 129.03 -233.04 1.457 -0.0959 
303.15 138.12 -246.93 1.529 -0.0967 
308.15 155.35 -321.23 1.662 -0.0979 
mD(+)galactose =0.2 mol kg-1 
298.15 114.05 -256.05 0.907 -0.0602 
303.15 125.35 -269.07 1.088 -0.0685 
308.15 134.08 -338.68 1.185 -0.0712 
mD(+)galactose =0.4 mol kg-1 
298.15 121.38 -240.15 1.136 -0.0670 
303.15 130.77 -257.67 1.273 -0.0794 
308.15 144.43 -336.45 1.313 -0.0856 
mD(+)galactose =0.6 mol kg-1 
298.15 126.29 -235.65 1.316 -0.0747 
303.15 135.72 -248.21 1.356 -0.0790 
308.15 152.16 -324.43 1.462 -0.0841 
 

From Table 7 it is observed that 0  IV values are positive in both the 

solution systems and is higher in case of D(-)fructose  compared to 
D(+)galactose. This indicates the presence of strong ion–solvent 

interactions and the extent of interactions increases in D(-)fructose than 
in D(+)galactose solution (Fig. 4). On the contrary, the SV* indicates the 
extent of ion-ion interaction. The values of SV* shows that the extent of ion-
ion interaction is higher in case of D(+)galactose than D(-) fructose. Owing 
to a quantitative comparison, the magnitude of 0  IV

 are much greater than 

SV*, in every solutions, suggests that ion-solvent interactions dominate 
over ion-ion interactions in all the solutions. The values of 0  IV

also support 

the fact that higher ion-solvent interaction of IL leads to lower 
conductance in D(-)fructose  than D(+)galactose, discussed earlier [20-22]. 

 

 
Fig.  4  Plot of limiting molar volume ( 0

VI ) of IL against mass fraction (w) of aqueous 

D(-)fructose and D(+)galactose at 298.15K (red), 303.15K (blue) and 308.15K 
(green) respectively 

 
The transfer volumes, 

tr VI' 0 of D(-)fructose  and D(+)galactose  from  

water  to  aqueous [bmpy]Cl solutions  have  been  calculated  as  follows 
[23] 

 

tr V V V( in[bmp]Cl aq.carbohydrate ) ( aq.)I I I'  � �0 0 0   (16) 

 
where 

V ( in[bmp]Cl aq.carbohydrate )I �0  and 
V ( aq.)I0 are  the  standard  

partial  molar  volumes  of [bmpy]Cl in  aqueous carbohydrates [D(-) 
fructose  and D(+)galactose]  and in water, respectively. The obtained 
values for the transfer volumes are given in Table 8. Here we have 
determined the standard partial molar volume of aqueous carbohydrates 
[24-26]. Perusal of Table 8 shows,  the  values  of  

tr VI' 0 values  are  positive  

and  increase  with  increase  in the  concentration  of  ionic  liquid  at  each  
experimental  temperatures.  The following types of interactions are 
possible between solute [D(-)fructose and D(+)galactose] and  co-solute  
(ionic  liquid)  in  ternary  solutions  being  studied:  (i)  Hydrophilic–ionic  
interactions  between the  hydrophilic  sites  (-OH,  -C=O,  and -O-) of [D(-) 
fructose and D(+)galactose] and  the ions  ([bmp]+/Cl−)  of  ionic  liquid;  
(ii)  Hydrophobic–ionic  interactions  between  the  hydrophobic  parts  of  
[D(-)fructose and D(+)galactose] and  the  ions of  ionic  liquid.  According 
to the co-sphere overlap model [27], type  (i)  interactions  contribute  
positively,  whereas  the  type  (ii) interactions  make  negative  
contributions  to 0

tr V' I  
values.  The positive 0

tr V' I values obtained  for  D(-) 

fructose and D(+)galactose in  the  studied  solutions  suggest  that  the  
hydrophilic–ionic  interactions  predominate over  the  hydrophobic–ionic  
interactions.  
 
Table 8 Values of 0

V (aq)I , 0
V trI' , B(aqueous), ∆B for IL in different solvent 

systems at different temperatures 
 
Temp 
/K 

0 6
V 10 (aq)I �  

/m3·mol-1 
tr

0 6
V 10I' �

/m3·mol-1 

B (aq) 
/kg·mol-1 

∆B 
/ kg·mol-1 

mD(-)fructose=0.2 mol kg-1 

298.15 112.01 8.55 
0.890 

0.069 

303.15 112.23 17.08 1.033 0.075 
308.15 112.71 28.20 

1.129 
0.084 

mD(-)fructose=0.4 mol kg-1 
298.15 112.95 11.78 1.085 0.074 
303.15 113.03 20.59 1.22 0.081 
308.15 113.11 36.56 1.283 0.093 
mD(-)fructose=0.6 mol kg-1 
298.15 113.21 15.82 1.377 0.080 
303.15 113.27 24.85 1.44 0.089 
308.15 113.35 42.00 1.563 0.099 
mD(+)galactose =0.2 mol kg-1 
298.15 112.01 2.04 0.842 0.065 
303.15 112.23 13.12 1.016 0.072 
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308.15 112.71 21.37 1.102 0.083 
mD(+)galactose =0.4 mol kg-1 
298.15 112.95 8.43 1.065 0.071 
303.15 113.03 17.74 1.197 0.076 
308.15 113.11 31.32 1.234 0.079 
mD(+)galactose =0.6 mol kg-1 
298.15 113.21 13.08 1.242 0.074 
303.15 113.27 22.45 1.275 0.081 
308.15 113.35 38.81 1.369 0.093 
 
Table 9 Values of empirical coefficients (a0, a1, and a2) of eqn (17) for IL in different 
solvent systems 
 
Conc. (m) a0.10-6 (J  mol−1)   a 1 (KJ  mol−1K−1) a2 (J  mol−1 K−2) 
D(-)fructose 
0.2 0.0085 -0.0569 0.0097 
0.4 0.0125 -0.0843 0.1432 
0.6 0.0143 -0.0967 0.1628 
D(+)galactose 
0.2 -0.0052 0.0332 -0.0510 
0.4 0.0153 -0.1027 0.1734 
0.6 0.0195 -0.1309 0.2202 
 
Table 10 Limiting apparent molal expansibilities ( 0

EI ) and � �0δ δE P
TM for IL in 

different solvent systems at different temperatures 
 
T (K) 0

EI  � �0δ δE P
TM  

mD(-)fructose=0.2 mol kg-1 
298.15 57.78 0.194 
303.15 58.75 0.194 
308.15 59.72 0.194 
mD(-)fructose=0.4 mol kg-1 
298.15 85.30 0.286 
303.15 86.61 0.286 
308.15 88.04 0.286 
mD(-)fructose=0.6 mol kg-1 
298.15 100.20 0.336 
303.15 101.76 0.336 
308.15 103.44 0.336 
mD(+)galactose =0.2 mol kg-1 
298.15 -29.84 -0.100 
303.15 -30.04 -0.100 
308.15 -30.84 -0.100 
mD(+)galactose =0.4 mol kg-1 
298.15 103.29 0.347 
303.15 105.02 0.347 
308.15 106.76 0.347 
mD(+)galactose =0.6 mol kg-1 
298.15 129.99 0.440 
303.15 133.37 0.440 
308.15 135.57 0.440 
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Interaction between D(-)fructose  and IL (I1)      Interaction between D(+)galactose  
and IL (I2) (I1>I2) 
 
Scheme 1 Plausible Interfaces between ionic liquid and diverse solvent systems 
 

Thus the interactions between IL and carbohydrate in water solutions 
can generally be summarized as, (a) the hydrogen bonding interaction 
between the H atoms of water with (i) -O atom of the –OH group attached 
to the carbohydrate and (ii) –N atom in the heterocyclic ring of IL; (b) the 
hydrogen bonding interaction between the O atom of water with the H 
atom associated with the –OH group attached to the carbohydrate. 

Therefore, more the number of interacting centres (–OH group) present in 
the carbohydrate, more is its interaction with the IL. A possible interaction 
between the plausible products (obtained with reaction between different 
carbohydrates and IL) with water is given in Scheme 2.  

Interaction pattern between D(-)fructose, D(+)galactose and IL can be 
summarized such as [23]: 
a. The interactions between the –OH group of the saccharides and the 

ionic part of IL named as hydrophilic-ionic group interactions. 
b. The interactions occurring between the –OH group of the saccharides 

and N-atom of pyrrolidinium group present in IL termed as hydrophilic-
hydrophilic interactions. 

c. The interactions present here in between the –OH group of the 
saccharides and the non-polar part of the IL can be said as hydrophilic-
hydrophobic interactions. 
        The overall positive values of 0

VI  (Table 7) for the systems 

reinforce the fact that the solute-solvent interactions are predominate. 
Therefore the mutual overlap of the hydration spheres of solute and co-
solute molecules will lead to an increase in the magnitude of hydrogen 
bonding interactions between the plausible products (obtained with 
reaction between IL and different carbohydrates) with water. The 
observation shows that with increase in the number of the interacting 
centers (-OH groups) present in the studied carbohydrates, the solute-
solvent interaction also increases [28-30]. The solute–solvent interaction 
in case of D(-)fructose  is greater than D(+)galactose because of the 
presence of greater number of free –OH group in D(-)fructose. Also 
D(+)galactose  is six-membered ring so there is some sort of structural 
restriction, whereas D(-)fructose  is five-membered ring which containing 
more free –OH group favored H-bonding to a greater extent. Therefore, the 
solute-solvent interaction is superior in D(-)fructose  compared to 
D(+)galactose solution.  

 
3.5 Temperature Dependent Limiting Apparent Molar Volume 

The temperature dependent general polynomial equation for 0
VI   are 

as follows [31] 

                              V a a T a TI  � �0 2
0 1 2                             

(17) 
where, 0a , 

1a , 
2a are the empirical and T is the Kelvin temperature. The 

values of these coefficients are presented in Table 9.
 

        The limiting apparent molar expansibilities, 0
EI , can be obtained 

by the following equation, 
 

� �E V P
δ δT a a TI I  �0 0

1 22  
  (18) 

 
where, 

0
EI  is the change in magnitude with the change of temperature at 

constant pressure. The values of 0
EI  for different solutions of the studied 

ILs at different Kelvin are reported in Table 10. The table reveals that 0
EI  

is positive for the IL in the studied solvent systems and studied 
temperatures. This fact can be ascribed to the absence of caging or packing 
effect for the IL in solutions. 

Hepler [32] developed a technique of examining the sign of 
� �PE Tδδ 0I for the solute in terms of long-range structure-making and 

breaking capacity of the solute in the mixed solvent systems using the 
general thermodynamic expression, 

         
� � � �2

E VP P
δ δT δ δT aI I  0 0 2

22                         (19) 

If the sign of � �PE Tδδ 0I becomes positive or a small negative, the 

molecule is a structure maker; otherwise, it is a structure breaker [33]. 
From Table 10 the � �PE Tδδ 0I values for the studied IL in both the 

solution of D(-)fructose and D(+)galactose are positive [in 0.2 (m) D-
galactose solution small negative] imply predominantly that the IL is 
structure maker in all of the experimental solutions for D(-)fructose and 
D(+)galactose in  aqueous  ionic  liquid  solutions rather  than  water. This 
indicates  that  these  saccharides  behave  as  a  structure  breaker  in  
aqueous system,  on the other hand, the structure-breaking  tendency 
decreases due to existence of ionic liquid It can be mentioned here that in 
generally an enhancement in the solute–solvent interactions is convoyed 
by a decrease in the solute–cosolute interactions. Since with increasing 
temperatures, some slackly leaped carbohydrate molecules are released 
from the secondary solvation shells of the ions, so the solute-solvent 
interactions can become stronger with the increase of temperature [34]. 
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3.6 Viscosity Calculation 

         The viscosity data have been analysed using Jones-Dole equation 
[35], � �0/ 1 /    (20)c A B mK K � �  � �

where, η and
0K  are the viscosities of the solution and solvent respectively. 

The viscosity co-efficient A- and B- represent ion-ion and ion-solvent 
interaction respectively. Perusal of Table 7 shows that the positive values 
of B-coefficients indicate greater ion-solvent interactions and small 
negative values of A- coefficients indicate smaller ion-ion interaction in 
solution. Thereby suggesting the ion-solvent interactions are dominant 
over the ion-ion interactions. The B-coefficient [36] value obtained from 
the viscosity measurements gives the important information regarding the 
extent of solvation of the solute molecules and the effects on the structure 
of the solvents in the local vicinity of the solute molecule in solution. The 
higher B-coefficient values are due to the solvated solutes molecule 
associated by the solvent molecules by solute-solvent interactions. These 
types of interactions are strengthened with rise in temperature and thus 
the values of B-coefficient increases with increase in temperature. As a 
consequence, the inclination of ion-solvent interaction is higher in case of 
D(-)fructose solution than in D(+)galactose solution (Fig. 5). These results 
are in good agreement with those obtained from 0

V  I  
and  *

VS  
values, 

discussed earlier.  
 

 
Fig.  5  Plot of viscosity B-coefficient of IL against mass fraction (w) of aqueous D(-) 
fructose and D(+)galactose at different temperatures 
 

Viscosity B-coefficients of transfer (∆B) from water to different aqueous 
carbohydrate solutions have been determined using the relations [37, 38] 

 

� � � �ΔB IL  = B IL+ aq.carbohydrate  - B(aq.)                              (21) 
 

From Table 8 it is evident that ∆B values are positive and increases with 
a rise in temperature and with increasing concentration of carbohydrate, 
thereby suggesting the presence of strong solute-solvent interactions, and 
the interactions are strengthened with rise in temperature and increase of 
carbohydrate in aqueous mixture [39]. The observation supports the same 
results obtained from 0

tr V' I  values discussed above. 

The sign of dB/dT is another tool of structure-forming or -breaking 
ability of the solute [32]. It is found from Table 11 that the values of the B-
coefficient increase with a rise in temperature (positive dB/dT values), 
suggesting the structure breaking tendency [27] of carbohydrates in the 
solution systems. Moreover, it is interesting to note that the B-coefficients 
of the studied carbohydrates show a linear relationship with the partial 
molar volumes 0

VI , i.e; 

B = A1 + A2 0
VI                                                      (22) 

The coefficients A1 and A2 are included in Table 11. The positive slope 
(or A2) shows the linear variation of B-coefficient with partial molar 
volumes 0

VI . This relationship is really expected, since both the viscosity 

B-coefficient and the partial molar volume reflect the privileged solute–
solvent interactions in the solutions. 
 
Table 11 Values of dB/dT, A1 and A2 coefficient of equation (22) for the IL in different 
solvent systems 
 
Conc. (m) dB/dT A1 A2 
IL+aqueous D(-)fructose 
0.2 0.0071 -0.508 0.012 
0.4 0.0076 0.161 0.008 
0.6 0.0081 0.453 0.007 
IL+aqueous D(+)galactose 
0.2 0.0068 -0.480 0.014 
0.4 0.0074 0.271 0.007 
0.6 0.0077 0.586 0.005 

3.7  1H NMR study  

NMR study is one of the most imperative spectroscopic tools for deeply 
understanding the microscopic information about the ion-solvent 
interaction of the studied IL in carbohydrate solution systems.  In our 
present work we have considered the interactions of an IL (viz., [bmp]Cl) 
with D(-)fructose and D(+)galactose by 1H NMR study taking 1:1 molar 
ratio of IL and CD in D2O at 298.15K [Figs. 6 and 7]. 

 
Fig. 6 1H NMR Spectra of D(-)Fructose, [BMP]Cl and  1:1 molar ratio  of D(-)Fructose 
+ [BMP]Cl in D2O in 298.15 K 

 
Fig. 7 1H NMR Spectra of D(+)Galactose, [BMP]Cl and  1:1 molar ratio  of 
D(+)Galactose + [BMP]Cl in D2O in 298.15 K 
 

 1H NMR data of the IL, two carbohydrates and mixture of IL-
Carbohydrates are listed in Table 12. Due to the analyzed interactions 
between the IL and the co-solvents, measurements of NMR are essential 
for the investigation of the solution state of ionic liquid in carbohydrates. 
In case of 1H spectra of carbohydrates are often not first order, in which 
case line separations do not symbolize coupling constants.  The protons of 
the IL show considerable chemical shift due to the interaction with the 
hydrophilic –OH groups present in the carbohydrate molecules. In the 
structure of D(-) Fructose the H1-H6 i.e. all the H-atoms situated in the 
moiety show the peak in NMR study. Similarly in case of D(+)Galactose the 
H1-H6 i.e. all the H-atoms situated in the carbohydrate moiety show the 
peak in NMR study. In case of IL the protons present in butyl as well as 
methyl group show NMR spectra.  The chemical shifts for H-atoms of IL 
evidently show highfield in presence carbohydrates [40]. It can be inferred 
that the interactions between the IL and cabohydrates would be mainly 
resolute by their dehydrations/hydrations in the processes. The change of 
chemical shift may be due to the disruption of the interionic hydrogen 
bonding network in ILs [41]. In case of mixture compositions, the 
variations of relative chemical shifts in thus commenced are interpreted 
in terms of specific and non-specific intermolecular interactions [42]. The 
results showed that the solvation process of carbohydrates is governed 
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mainly by the interactions between the cationic part of the IL and 
carbohydrate molecules. The shifts of protons of IL are more in case D(-
)fructose than that of D(+)galactose. This fact indicates that interaction 
between the IL and D(-)fructose is higher than that of IL and  
D(+)galactose. The NMR study provides a profound insight into other IL + 
biomolecule mixed systems, especially afforded theoretical foundations 
and imperative information for studies on the potential toxicity of ILs. 
 

Table 12 1H NMR data of [BMP]Cl, D(-)fructose, D(+)galactose and IL- carbohydrates 
mixture 
 
[BMP]Cl (300MHz, Solv: D2O) δ /ppm 
0.91-0.96 (3H, t, J = 7.29 Hz), 1.34-1.41 (2H, m), 1.74-1.81(2H,m), 2.19 (4H, m), 
3.02 (3H, s), 3.28-3.34 (2H, m), 3.48 (4H, m) 
D(-)fructose (300 MHz, Solv: D2O) 
δ /ppm 

D(+)galactose (300 MHz, Solv: D2O) 
δ /ppm 

3.49-3.53 (2H, d), 3.64-3.68 (1H, m), 
3.69-3.73 (1H, m), 3.77-3.84 (1H, m), 
3.88-3.95 (1H, m), 3.94-4.06 (2H, d) 

3.42-3.47 (2H, d), 3.58-3.61 (1H, m), 
3.63-3.70 (1H, m), 3.72-3.79 (1H, m), 
3.88-3.94 (1H, m), 4.53-4.55 (1H, d) 

[BMP]Cl- D(-)fructose 
(1:1 molar ratio, 300 MHz, Solv: D2O) 
δ /ppm 

[BMP]Cl- D(+)galactose 
(1:1 molar ratio, 300 MHz, Solv: D2O) 
δ /ppm 

0.87-0.92 (3H, t), 1.28-1.31 (2H, m), 
1.72-1.80 (2H, m), 2.11-2.15 (4H, m), 
2.98 (3H, s), 3.20-3.31 (2H, m), 3.40-
3.46 (1H, m), 3.45-3.48 (2H, d), 3.59-
3.65 (1H, m), 3.67-3.70 (1H, m), 3.71-
3.79 (1H, m), 3.81-3.90 (1H, m), 3.91-
4.01 (2H, d) 

0.90-0.95 (3H, t), 1.29-1.39 (2H, m), 1.73-
1.81 (2H, m), 2.14-2.18 (4H, m), 3.00 (3H, 
s), 3.24-3.32 (2H, m), 3.46-3.48 (4H, m), 
3.41-3.45 (2H, d), 3.56-3.60 (1H, m), 
3.60-3.67 (1H, m), 3.69-3.76 (1H, m), 
3.84-3.92 (1H, m), 4.51-4.53 (1H, d) 

 

4. Conclusion 

In our present research study, we have focused on the characteristic 
interfaces of some model biological systems [D(-)fructose and 
D(+)galactose], with an IL. The studied physicochemical properties 
provide us complete explanation for the interfaces of IL with 
carbohydrates. From the analysis of thermodynamic data, it is revealed 
that the association process for [bmp]Cl is  higher in case of D(+)galactose 
than in D(-)fructose solution and is endothermic and controlled by 
entropy at all temperatures. Density and viscosity studies interpret 
limiting apparent  molar  volume,

 
0
V  I  

and viscosity B-coefficient  which 

describes that ion-solvent interaction is increased with increasing the 
conc. of D(-)fructose and D(+)galactose and decreased with increasing 
temperature. NMR study analysis reveals that no specific and stronger 
interactions occur between IL and carbohydrates. However the study 
confirms that interaction of IL with carbohydrates is higher in D(-)fructose 
than that of D(+)galactose. The study provides a profound insight into the 
potential toxicity of ILs in mixed systems of IL and biomolecules. 
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The complexation of sulfanilamide with different crown ethers has been studied by 1H NMR, IR and UV–visible
spectra in solution state. The interactions of crown ethers with sulfanilamide have been supported by density,
viscosity, refractive index indicating higher degree of complexation in case of dicyclohexano-18-crown-6. The
complexation stoichiometry was determined by Job plots and the 1:1 stoichiometry is found for all the com-
plexes; the complex formation is confirmed by spectral shifts. The Benesi-Hildebrandmethod is used to calculate
the binding constant of the complexes of sulfanilamide with crown ethers. The Gibbs free energy change of the
inclusion complex process is calculated and the process is found to be spontaneous. Hydrogen bonding was ob-
served to be themost important interaction for the complexation andπ–π interactions also haveminor contribu-
tion towards complexation of dibenzo-18-crown-6. Various factors that influence the stability of the complexes
formed have been discussed for thermodynamic consideration.
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1. Introduction

Crown ethers (CEs) are macrocyclic ligands discovered by Pedersen
1967 [1–3]. Crown ethers are one of the most widely studied family of
host compounds in the field of supramolecular chemistry, involving
non-covalent interactions. The important characteristics of crown
ethers are the number and type of donor atoms, the dimension of the
macrocyclic cavity and the preorganization of the host molecule for
most effective coordination. Macrocyclic compounds can form com-
plexes with inorganic cations, organic cations and organic neutral mol-
ecules in their cavity via different types of interactions with multiple
oxygen atoms [4,5]. Applications of CEs as drug carriers [6] have been
in progress on the basis of their inclusion ability. Crown ethers have
proved to be unique cyclic molecules for molecular recognition of suit-
able substrates by hydrogen bonds, ionic interactions and hydrophobic
interactions. The study of interactions involved in the complex forma-
tion is important for a better understanding of themechanismof biolog-
ical transport, molecular recognition, and other analytical applications
[7]. They also have medical applications as diagnostic or therapeutic
agents [8,9].

Sulfonamides are considered as an important group of drugs which
are used widely as antimicrobial, high ceiling diuretics, anti-thyroid

and anti-inflammatory agents [10]. Sulfanilamide, 4-
aminobenzenesulfonamide, is the simplest representative in the group
of sulfonamide drugs [11]. This compound is an antibacterial and anti-
microbial agent used in the treatment of both topical and internal infec-
tions. It can be found in medications for vaginal and urinary tract
infections as well as in medications for pneumonia, bowel diseases
and other infections. It works by stopping the growth of yeast (fungus)
that causes the infection. Further researchmay identify additional prod-
uct or industrial usages of this chemical. Powdered sulfanilamide was
used by the Allies in WWII to reduce infection rates.

In this work, we have studied the complexation of Sulfanilamide
(SA) with three different crown ethers (CEs) (1) Dicyclohexano-18-
crown-6 (DC18C6) [complex 1], (2) 18-crown-6 (18C6) [complex 2]
and (3) Dibenzo-18-crown-6 (DB18C6) [complex 3] in acetonitrile
(ACN). The complexeswere characterized by 1HNMR, IR andUV–visible
spectra. The structure of the SA and all crown ethers are shown in
Scheme 1.

2. Experimental section

2.1. Materials

The sulfa drug (99%) and crown ethers [18C6 (99%), DB18C6 (98%),
DC18C6 (98%)] were bought from Sigma-Aldrich, Germany and used as
purchased.
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2.2. Instrumentations

Prior to the start of the experimental work solubility of the chosen
CEs and SA in ACN have been precisely checked and it was observed
that the selected sulfa drug freely soluble in all proportion of CEs
solution.

Infrared spectra were recorded in 8300 FT-IR spectrometer
(Shimadzu, Japan). The details of the instrumenthave formerly beende-
scribed [12]. The FTIR measurements were performed in the scanning
range of 4000–400 cm−1 at room temperature.

1H NMR spectra were recorded in CD3CN at 300 MHz using Bruker
ADVANCE 300 MHz instrument. Signals are quoted as δ values in ppm
using residual protonated solvent signals as internal standard (CD3CN:
δ 1.97 ppm). Data are reported as chemical shift.

UV–visible spectra were recorded by JASCO V-530 UV/VIS Spectro-
photometer, with an uncertainty of wavelength resolution of ± 2 nm.
All the absorption spectra were recorded at 25 °C± 1 °C. Themeasuring
temperature was held constant by an automated digital thermostat.

The densities (ρ) of the solutions were studied by vibrating U-tube
Anton Paar digital density meter (DMA 4500 M) having precision ±

0.00005 g cm−3 and uncertainty in temperature was±0.01 K. The den-
sity meter was calibrated by standard method [13].

Viscosities (η) were determined by Brookfield DV-III Ultra Program-
mable Rheometer with spindle size 42. The detail has already been
depicted before [13].

Refractive indexes of the solutions were studied with a Digital Re-
fractometer from Mettler Toledo having uncertainty ±0.0002 units.
The detail has already been described before [13].

3. Result and discussion

3.1. Job plot demonstrate the stoichiometry

The continuous variationmethod (Job's plot) was used to determine
the stoichiometry of SA-CEs complexes [14,15]. The plot of ΔA × R
against R represents the job plot where ΔA is the differences in absor-
bance of sulfa drug with and without CEs and R = [SA] / [CEs] + [SA]
and is presented in Fig. 1. Absorbance values were measured at respec-
tive ʎmax for a series of solutions at 298.15 K. In this method, the total
molar concentration of the two binding partners ([SA] + [CEs]) is kept

Scheme 1.Molecular structure of crown ethers and SA.

Fig. 1. Job plot of (a) SA-DC18C6 system, (b) SA-18C6 system, (c) SA-DB18C6 system at T = 298.15 K.
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constant at 100 μM but their mole fraction are varied so that the mole
fractions of SA complete the range of 0–1 (Tables S1, S2 and S3, ESI)
[16,17].

According to thismethod,maximumpoint of themolar ratio (R) cor-
responds to the complexation stoichiometry. The each of the three plots
in Fig. 1 shows the maximum at a molar ratio of about 0.5, indicating
that the complexes were formed with 1:1 stoichiometry.

3.2. FTIR spectral analysis

The complexation between the sulfa drug (SA) and CEs was in-
vestigated using FTIR spectroscopy. Figs. 2, 3 and 4 depict the FTIR
spectra of free SA, DC18C6, 18C6, DB18C6 and their corresponding
complexes in the 4000–500 cm−1 region. The investigation of the
inclusion complexes was complicated due to the strong stretching
frequency of CEs overlapping with the bands of the drugs. The IR
spectrum of SA drug (Figs. 2–4) was characterized by principal ab-
sorption peaks at 3382 and 3242 cm−1 (for NH stretching and
antistretching in SO2–NH group), 1310 cm−1(for SO2 asymmetric
stretching), 1149 cm−1 (for SO2 symmetric stretching) [18,19].
The IR spectral features of the pure drug have changed in the com-
plexes. The band assigned to the NH stretching and antistretching
in SO2–NH group were shifted in all the complexes (Figs. 2–4). The
symmetric and asymmetric vibrations of SO2 group at 1149 and
1310 cm−1 are shifted to 1124 cm−1 and 1290 cm−1 in complex 1,
1131 and 1296 cm−1 in complex 2 and 1130 and 1291 cm−1 in com-
plex 3 respectively.

In our investigation, the NH stretching and antistretching in SO2–NH
group were shifted to 3346 and 3187 cm−1 in complex 1 (Fig. 2), 3349
and 3203 cm−1 in complex 2 (Fig. 3) and 3357 and 3220 in complex 3
(Fig. 4). The above changes can be due to the formation of SA-CEs inclu-
sion complex formation. According to the above FTIR analysis of all the
three complexes, we might suggest that the sulfonamide ring of the SA
was involved in the complexation. The bands positioned at 1103 cm−1

corresponding to the ν(С\\O\\C) of DC18C6 shifted to 1066 cm−1 in
the complex 1 (Fig. 2). The stretching frequencies of ν(С\\O\\C)aliph
of 18C6 at 1106 cm−1 shifted to 1083 cm−1 in the complex 2 (Fig. 3).
The shift of IR spectra of crown ethers in ACN solution indicates that
the specific interactions observed in the crown ether complexes are in
fact due to the hydrogen bonds of SA with the donor atoms of the
crown ether. Comparing with the spectrum of the free crown ethers,
most of these bands are shifted to lower energy presumably due to
less restriction on the coupling of some vibrational modes caused by

bonding of oxygen atoms of the polyether ringwith the protons present
in the sulfonyl group (-SO2NH2) in both the complexes. The
ν(С\\O\\C)arom stretching vibrations of DB18C6 are observed at
1125 cm−1 and this peak is also shifted to lower frequency
1108 cm−1 in the complex 3 (Fig. 4). The anisole oxygens of DB18C6
are also involved in H-bond formation in the complex 2, as indicated
by the shifts of the νas(Ph\\O\\C) and νs(Ph\\O\\C) bands from 1213
and 1251 cm−1 to 1194 and 1231 cm−1, respectively [20]. In the IR
spectra, the bands in the 2800–3000 cm−1 region correspond to the
CH stretching vibrations of the methylene groups of crown ethers. Se-
lected IR data for the free compounds and their complexes and corre-
sponding changes in frequencies are listed in Table 1.

3.3. NMR study

NMR spectroscopy has proved to be an efficient technique for the
determination of the interactions between macrocyclic hosts and or-
ganic guests [21,22]. A comparison of the 1H NMR spectra revealed
that the most significant change in the chemical shift of SA was

Fig. 2. FTIR spectra of free DC18C6 (Black), SA (Blue) and complex 1 (Red).

Fig. 3. FTIR spectra of free 18C6 (Black), SA (Blue) and complex 2 (Red).

Fig. 4. FTIR spectra of free DB18C6 (Black), SA (Blue) and complex 3 (Red).
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observed in the move of the signal for –NH2 protons (H2) of –SO2NH2

group towards higher field for complex 1, complex 2 and complex 3
(Figs. 5–7) which suggests H-bonds formation occurs via the protons
of the sulfonyl group rather than amine group as the hydrogen atoms
on the sulfonyl group are relatively acidic, moreover the energy mini-
mized structure (Schemes 2a, 2b and 2c) also provide the important in-
formation in this particular study about the involvement of the –NH2

proton of the sulfonyl group (-SO2NH2) in the hydrogen bond forma-
tion. These changes in chemical shifts confirm the host-guest complex-
ation of SAwith all the studied crown ethers and give themore accurate
information about the conformations of host-guest complexes in solu-
tion which allows for a better understanding of molecular recognition
[23–25]. Signals for the –OCH2 protons of the crown ethers for complex

1 and complex 3 were found to be little upfield shifted relative to those
signals for the free individual component (Figs. 5 and 7). The observed
upfield shift in Figs. 5 and 7 represent, of course, the difference in the en-
vironment of the crown ether's –OCH2 groups in the free and com-
plexed ligand. In case of complex 2 –OCH2 protons of the crown ether
show down field shift (Fig. 6).

The magnitude of the shift reflects the tightness of the crown-SA
complex i.e., the overlap of the lone pair orbitals of the donating oxygen
atoms of themacrocyclic ring and the outer orbitals of protons involved
in H-bonding, which in turn induces a rather large change in the elec-
tronic environment of the –OCH2 groups.

3.3.1. Selected 1H NMR data
Sulfanilamide (SA): 1H NMR (CD3CN, 298.15 K): δ 7.56–7.71

(aryl, 2H), 6.81–6.84 (−SO2NH2, 2H), 6.69–6.72 (aryl, 2H), 5.47–
5.51(aniline –NH2, 2H).

18-crown-6(18C6): 1H NMR (CD3CN, 298.15 K): δ 3.52–3.59 (OCH2,
24H).

Dicyclohexano-18-crown-6(DC18C6): 1HNMR (CD3CN, 298.15 K): δ
3.54–3.59 (OCH2, 16H), 3.11–3.13(cyclohexane, 4H), 1.56–1.59 (cyclo-
hexane, 8H), 1.39–1.50 (cyclohexane, 8H).

Dibenzo-18-crown-6(DB18C6): 1H NMR (CD3CN, 298.15 K): δ 6.89–
6.96 (aryl, 8H), 4.10–4.13 (OCH2, 8H), 3.85–3.88 (OCH2, 8H).

DC18C6-SA (complex 1): 1H NMR (CD3CN, 298.15 K): δ 7.37–
7.46 (aryl, 2H), 6.52–6.59 (−SO2NH2 and aryl, 2H + 2H), 5.34–
5.41 (aniline –NH2, 2H), 3.34–3.38 (OCH2, 16H).

18C6-SA (complex 2): 1H NMR (CD3CN, 298.15 K): δ 7.55–7.66
(aryl, 2H), 6.79–6.80 (−SO2NH2, 2H), 6.68–6.72 (aryl, 2H), 5.62–
5.63 (aniline –NH2, 2H), 3.46–3.69 (m, OCH2, 24H).

DB18C6-SA (complex 3): 1H NMR (CD3CN, 298.15 K): δ 7.57–
7.79 (aryl, 2H), 6.69–6.72 (−SO2NH2 and aryl, 2H + 2H), 5.48–
5.49 (aniline –NH2, 2H), 6.90–6.92 (aryl of CE, 8H), 4.03–4.12
(OCH2, 8H), 3.83–3.85 (OCH2, 8H).

3.4. Apparent molar volume

The interactions between SA and cyclic CEs can be studied from the
apparent molar volume (ϕV) and limiting apparent molar volume (ϕV

0)
[26]. The apparentmolar volume can be considered to be the sum of the
geometric volume of the solute molecule and changes in the solvent

Table 1
Comparison between the Frequencies change (cm−1) of different functional group of free
compound and their complexes.

Functional group Wavenumber (cm−1) Changes (cm−1)

DC18C6 Complex 1 ∆δ
ν(С\\О\\C) 1103 1066 37

18C6 Complex 2
ν(С\\О\\C)aliph 1106 1083 23

DB18C6 Complex 3
ν(С\\O\\C)arom 1125 1108 27
νas(Ph\\O\\C) 1213 1194 19
νs(Ph\\O\\C) 1251 1231 20

SA Complex 1
νas(NH2)sulfonamide 3382 3346 36
νs(NH2)sulfonamide 3242 3187 55
νas(SO2) 1310 1290 20
νs(SO2) 1149 1124 25

SA Complex 2
νas(NH2)sulfonamide 3382 3349 33
νs(NH2)sulfonamide 3242 3203 39
νas(SO2) 1310 1296 14
νs(SO2) 1149 1131 18

SA Complex 3
νas(NH2)sulfonamide 3382 3357 25
νs(NH2)sulfonamide 3242 3220 22
νas(SO2) 1310 1291 19
νs(SO2) 1149 1130 19

Fig. 5. The 1H NMR spectra of complex 1 (SA-DC18C6) (upper), uncomplexed SA and DC18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.
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volume due to its interaction with the solute [27]. For this purpose, the
apparentmolar volumes ϕV were determined from the solutions densi-
ties (Table S4, ESI) using the following equation

ϕ V ¼ M=ρ− ρ−ροð Þ=mρορ ð1Þ

where M is the molar mass of the solute, m is the molality of the solu-
tion, ρ and ρ0 are the densities of the solution and reference solvent
[crown ether + ACN], respectively. The values of ϕV are large and posi-
tive for all the systems, suggesting strong solute-solvent interactions.
The values of the apparent molar volume at infinite dilution (ϕV

0) and
the experimental slopes (SV⁎) were determined by using least squares

fitting of the linear plots of ϕV against the square root of the molar con-
centrations (m1/2) in accordance with the Masson equation [28].

ϕV ¼ ϕ0
V þ S%V & √m ð2Þ

The calculated values of ϕV
0 and SV∗ are reported in Table 2. This table

shows that positive values of ϕV
0 for all the three complexes increases

with an increase in mass fraction of the respective crown and tempera-
ture (Fig. 8) which indicates that stronger interaction occurs between
SA and CEs in ACN solvent at higher mass fraction of crown ether and

Fig. 6. The 1H NMR spectra of complex 2 (SA-18C6) (upper), uncomplexed SA and 18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.

Fig. 7. The 1H NMR spectra of complex 3 (SA-DB18C6) (upper), uncomplexed SA and DB18C6 (lower) recorded at 300 MHz in CD3CN at 298.15 K.
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high temperature [29,30]. Since SV∗ values for large organicmolecules are
not of much significance, they have not been discussed here [31].

The observed ϕV
0 positive values (Table 2) are mainly due to the in-

teractions between acidic protons of –SO2NH2 group and lone pair of
electrons of Ocrown. From Fig. 8 it can be observed that ϕV

0 values for
SA in complex 1 is highest, then complex 1 and then complex 3. This
can be explained on the basis of the strength of the interacting groups
present in the crown ethers molecules. In complex 1 i.e. complex of
DC18C6, electron pumping of cyclohexyl groups of DC18C6 is a major
reason that its complex is more stable than those with 18C6, most pos-
sibly due to the increased basicity of the oxygen atoms of the ring, as H-
bond acceptors. In the case of complex 3 i.e. complex of DB18C6, the
electron-withdrawing power of the benzo group(s) which weaken the
electron-donor ability of the oxygen atoms resulting in a weaker inter-
action. Thus from this study, we can say that the trend in the solute-sol-
vent interaction is

Complex 3 b complex 2 b complex 1

3.5. Temperature dependent limiting apparent molar volume

The temperature dependence of φV
0 values can be expressed by the

general polynomial equation as follows,

ϕ0
V ¼ a0 þ a1T þ a2T2 ð3Þ

where a0, a1, a2 are the empirical coefficients and the values of these co-
efficients have been evaluated by the least-squares fitting of apparent
molar volume at different temperatures [Table S5, ESI].

The limiting apparent molar expansibilities, φE
0, can be obtained by

the following equation,

ϕ0
E ¼ δϕ0

V=δT
! "

P
¼ a1 þ 2a2T ð4Þ

Differentiation of Eq. (4) with respect to temperature gives the
values of the limiting apparent molar expansibilities (φE

0) [Table 3].
These values are also employed in interpreting of the structure-making
or breaking properties of various solutes. Positive expansivity i.e. in-
creasing volumewith increasing temperature is a characteristic proper-
ty of non-aqueous solutions of hydrophobic solvation [32].

Hepler [33] developed a technique of examining the sign of (δφE
0/

δT)Pfor the solute in terms of long-range structure-making and
-breaking capacity of the solute in the solution using the general ther-
modynamic expression,

δϕ0
E=δT

! "

P
¼ δ2ϕ0

V=δT
2

! "

P
¼ 2a2 ð5Þ

If the sign of the second derivatives of the limiting apparent molar
volume with respect to the temperature (δφE

0/δT)P is positive or a
small negative, the molecule is a structure maker; otherwise, it is a
structure breaker [34]. As is evident from Table 3 and Fig. S1 (ESI), the
(δφE

0/δT)P values for all the complexes are positive i.e. SA is predomi-
nantly structure makers in all of the complexes of crown ethers and
this tendency is enhanced with increasing crown concentration.

Scheme 2a. Schematic presentation of complex formation between SA and DC18C6 and corresponding energy minimized structure of the complex.

Scheme 2b. Schematic presentation of complex formation between SA and 18C6 and corresponding energy minimized structure of the complex.
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3.6. Viscosity B coefficients

The experimental viscosity (η) data measured at different tempera-
tures for the studied systems are tabulated in Table S4 (ESI). The relative
viscosity (ηr) has been analyzed using the Jones-Dole equation [35]

η=ηo−1
# $

=√m ¼ ηr−1
# $

=√m ¼ Aþ B√m ð6Þ

where relative viscosity ηr= η / ηo, η and η0 are the viscosities of the ter-
nary solutions (SA+ crown ether+ ACN) and binary reference solvent
(crown ether+ACN), respectively, andm is themolality of the SA in the
ternary solutions. A and B are experimental constants known as viscos-
ity A- and B-coefficients, which are specific to solute-solute and solute-
solvent interactions, respectively. The values of B coefficients are obtain-
ed from the slope of linear plot of (ηr−1)/√m against √m by least-
squares method, and reported in Table 2.

B-Coefficients are known to provide information regarding the
solvation of the solutes and their effects on the structure of the sol-
vent in the near environment of the solute molecules [36,37]. The
values of B-coefficient for SA in complex 1 are highest of the three
complexes and the smallest for complex 3 in ACN [Table 2]. Positive
values of the B-coefficient suggest hydrogen bonding of the solvent
with the drug molecule and indicate an increase in viscosity of the
solution due to the large size of the moving molecules. The higher
values of the B-coefficient are due to the solvated solutes molecule
associated by the solvent molecules all round to the formation of as-
sociated molecule by solute-solvent interaction, would present
greater resistance, and this type of interactions are strengthened
with a rise in temperature and also increase with an increase of
mass fraction of CEs in the solvent mixtures [Fig. 9]. These observa-
tions are in excellent agreement with the conclusions drawn from
the analysis of apparent molar volume, ϕV

0 discussed earlier. The

calculated values of dB/dT are small positive shown in Table 4 re-
flects the structure-maker behaviors of the sulfa drug [Fig. S1, ESI]
[27].

Thus, the volumetric and viscometric properties of the sulfa drug in
the present work provide useful information in medicinal and pharma-
ceutical chemistry for the prediction of absorption and permeability of
drug through membranes.

3.7. Refractive index calculation

Experimental refractive index data nD for (SA+ crown ether+ ACN)
ternary solutionsweremeasured as a function of themolarities of several
crown ethers at T=298.15 K. The values ofmeasured nD are tabulated in
Table S6 (ESI). The molar refraction RM can be evaluated from the Lo-
rentz-Lorenz relation [38],

RM ¼ n2
D−1

# $
= n2

D þ 2
# $% &

M=ρð Þ ð7Þ

where RM, nD, M and ρ are the molar refraction, the refractive index, the
molarmass and the density of solution respectively. As the RM value is di-
rectly proportional tomolecular polarizability [39], this quantity is amea-
sure of the ability of the molecular orbitals to be impaired under an
electrical field [40].

Table S6 (ESI) indicates that the RM values increase with an increas-
ing amount of crown in the ternary solutions studied because its elec-
tron cloud becomes more decentralized, indicating high polarizability
in the presence of crown ethers. The refractive index, molar refraction
(RM) and consequently the limiting molar refraction (RM

0 ) (Table 5)
values of a substance is higher when its molecules are more tightly
packed or in general when the compound is denser.

In thepresent ternary solution system, the interactions occurring be-
tween the SA and three different crown ether are explored. It is evident
from Fig. 10 that DC18C6 interacts more strongly with SA than with

Scheme 2c. Schematic presentation of complex formation between SA and DB18C6 and corresponding energy minimized structure of the complex.
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18C6 andDB18C6which is probably due to stable complex formation of
DC18C6 through the H-bond formation between acidic protons of sulfo-
nyl group (−SO2NH2) and Ocrown i.e. DC18C6 form compact structure

which is reflected in their high RM
0 values; moreover, the strength of

the interactions are increases with increasing molarity of crown ethers.

3.8. Typical features of specific interactions involved in the complexation

The all three complexes of CEs (Schemes 2a, 2b and 2c) are stabilized
mainly by hydrogen bonds formed between acidic protons of –NH2

group (−SO2NH2) and ether oxygen atoms. This can be shown by the
suitable plausible mechanism (Schemes 2a, 2b and 2c). But in case of
complex 3 i.e. complex of DB18C6, hydrogen bonding seems to play a
secondary role because the benzene rings of the DB18C6 decrease the
negative charge of the oxygen atoms and hence their ability to undergo
hydrogen bonding. The π–π interaction is present only in this complex
which also slightly stabilized the complex (Scheme 2c) [41–43].

3.9. Association constant and thermodynamic parameters

The stability constants (Ka) for 1:1 complexation were measured in
ACN solution by UV–visible spectroscopy and are presented in Table 6.
UV–vis spectroscopy is a convenient and widely used method for the
study of binding phenomena [44]. The sulfa drug absorbs light at

Table 2
Limiting apparent molar volume (ϕV

0) and viscosity B-coefficient of sulfa drug in different
mass fraction of different crown ethers in ACN at T = (293.15 to 308.15) K.

Temp/Ka ϕV
0·106/m3·mol−1 SV∗·106/m3·mol−3/2·kg1/2 B/kg1/2·mol−1/2

SA + DC18C6 w1 = 0.001b

293.15 143.75 ± 0.01 −146.86 0.5357 ± 0.0080
298.15 144.16 ± 0.00 −135.29 0.5475 ± 0.0147
303.15 144.71 ± 0.01 −126.16 0.5556 ± 0.0219
308.15 145.29 ± 0.01 −112.42 0.5674 ± 0.0259

SA + 18C6 w2 = 0.001b

293.15 130.12 ± 0.01 −129.53 0.3639 ± 0.0257
298.15 132.04 ± 0.01 −119.47 0.4090 ± 0.0297
303.15 133.42 ± 0.02 −102.75 0.4281 ± 0.0219
308.15 135.62 ± 0.00 −97.90 0.4631 ± 0.0271

SA + DB18C6 w3 = 0.001b

293.15 127.43 ± 0.01 −86.41 0.2948 ± 0.0380
298.15 127.73 ± 0.01 −74.63 0.3648 ± 0.0268
303.15 129.85 ± 0.01 −70.02 0.3859 ± 0.0174
308.15 130.47 ± 0.01 −63.48 0.4597 ± 0.0133

SA + DC18C6 w1 = 0.003b

293.15 151.05 ± 0.01 −149.01 0.6482 ± 0.0165
298.15 151.97 ± 0.01 −139.49 0.6553 ± 0.0266
303.15 152.66 ± 0.00 −131.80 0.6745 ± 0.0157
308.15 153.73 ± 0.02 −126.72 0.6912 ± 0.0254

SA + 18C6 w2 = 0.003b

293.15 141.72 ± 0.01 −137.14 0.4951 ± 0.0049
298.15 142.43 ± 0.01 −123.67 0.5506 ± 0.0080
303.15 144.17 ± 0.01 −108.21 0.6054 ± 0.0167
308.15 144.97 ± 0.01 −103.23 0.6904 ± 0.0126

SA + DB18C6 w3 = 0.003b

293.15 140.05 ± 0.01 −88.73 0.3930 ± 0.0211
298.15 140.46 ± 0.01 −73.19 0.4437 ± 0.0098
303.15 141.10 ± 0.02 −58.04 0.5221 ± 0.0160
308.15 141.72 ± 0.01 −50.03 0.6012 ± 0.0170

SA + DC18C6 w1 = 0.005b

293.15 161.51 ± 0.01 −155.69 0.7414 ± 0.0157
298.15 162.28 ± 0.00 −144.31 0.7930 ± 0.0000
303.15 162.88 ± 0.01 −133.79 0.8243 ± 0.0290
308.15 163.73 ± 0.01 −124.02 0.8704 ± 0.0290

SA + 18C6 w2 = 0.005b

293.15 150.87 ± 0.01 −137.59 0.5921 ± 0.0117
298.15 151.53 ± 0.01 −129.91 0.6407 ± 0.0181
303.15 152.06 ± 0.00 −115.89 0.6810 ± 0.0150
308.15 152.97 ± 0.01 −108.57 0.7268 ± 0.0123

SA + DB18C6 w3 = 0.005b

293.15 148.03 ± 0.01 −95.43 0.4796 ± 0.0204
298.15 148.72 ± 0.01 −85.25 0.5399 ± 0.0080
303.15 149.31 ± 0.01 −72.50 0.6141 ± 0.0106
308.15 149.99 ± 0.01 −61.08 0.6977 ± 0.0202

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1, w2 and w2 are the mass fraction of the solvent (ACN+ DC18C6), (ACN+ 18C6),

(ACN+ DB18C6) respectively.

Fig. 8. Plot of limiting apparent molar volume (φV
0) of SA in mass fractions (a) 0.001, (b) 0.003, (c) 0.005 (w) of different CEs in ACN at T = (293.15 to 308.15) K respectively.

Table 3
Limiting apparent molal expansibilities (ϕE

0) of sulfa drug in different mass fraction of
DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T = (293.15 to 308.15) K.

Mass fraction ϕE
0·106/m3·mol−1·K−1 (∂ϕE

0/∂ T)P ⋅106/m3·mol−1·K−2

SA + DC18C6
T/Ka 293.15 298.15 303.15 308.15
w1 =
0.001b

0.078 0.095 0.112 0.129 0.003

w1 =
0.003b

0.152 0.167 0.182 0.197 0.003

w1 =
0.005b

0.133 0.141 0.149 0.157 0.002

SA + 18C6
T/Ka 293.15 298.15 303.15 308.15
w2 =
0.001b

0.316 0.344 0.372 0.400 0.006

w2 =
0.003b

0.216 0.225 0.234 0.243 0.002

w2 =
0.005b

0.099 0.124 0.149 0.174 0.005

SA + DB18C6
T/Ka 293.15 298.15 303.15 308.15
w3 =
0.001b

0.177 0.209 0.241 0.273 0.006

w3 =
0.003b

0.081 0.103 0.124 0.145 0.004

w3 =
0.005b

0.124 0.131 0.138 0.145 0.001

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1, w2 and w2 are the mass fraction of the solvent (ACN + DC18C6), (ACN + 18C6),

(ACN+ DB18C6) respectively.
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different wavelengths in free and complexed states and the differences
in the UV–vis spectra may suffice for the estimation of molecular recog-
nition thermodynamics. In UV spectroscopic titration experiments, the
addition of varying concentration of host molecules results in a gradual
increase or decrease of characteristic absorptions of the guest mole-
cules. The association constants of the supramolecular systems formed
were calculated according to themodified Benesi-Hildebrand equation,
Eq. (8) [45], (Fig. 11)

1
ΔA

¼ 1
Δε SA½ (Ka & 1

CE½ ( þ
1

Δε SA½ ( ð8Þ

where [CE] and [SA] refer to the total concentration of crown ether and
SA respectively, ∆ϵ is the change in molar extinction coefficient be-
tween the free and complexed crown ether and∆A denotes the absorp-
tion changes of SA on the addition of CEs. The values of Ka for each of the
complexes were evaluated by dividing the intercept by the slope of the
straight line of the double reciprocal plot (Tables S7, S8 and S9, ESI).

The free energy change (∆G), has been easily estimated from associ-
ation constant by using following equation [46,47]

∆G ¼ −RTlnK ð9Þ

The ∆G values (Table 6) for all the three complexes are negative
which indicates that the complex formation process proceeds spontane-
ously at 298.15 K. In all the complexes, H-bonding to the ether oxygen
atoms (Schemes 2a, 2b and 2c) is obviously responsible for complexa-
tion but either π-stacking or charge-transfer interactions (Scheme 2c)
also seem to have a minor contribution towards complexation.

The stability constants for complex 3 i.e. complex of DB18C6 is
slightly lower than the corresponding value of complex 1 and complex
2 (Table 6) as the aromatic rings of the DB18C6 decrease the electron
density of the adjacent oxygen atoms, thus overall electron donating
ability of DB18C6 is become less compared to 18C6 (electron delocaliza-
tion through benzene ring is not possible), and this seems to decrease
the strength of any H-bond present in complex 3. Although complex 3
has the potential for π-stacking or charge transfer interactions which
is absent in the complex 1 and complex 2 indicates that H-bonding
bonding to the ether oxygen atoms is dominant here for the complexa-
tion. On the other hand in DC18C6+ SA complex (complex 1) the elec-
tron donating ability of the oxygen atoms is enhanced by positive
inductive effect of cyclohexyl groups which is a main reason that its

complex with SA is more stable than those with 18C6 or DB18C6, thus
here SA-CE interaction is the highest resulting in the greater value of as-
sociation constant. This fact is reflected in the extent of 1H NMR signal
shifts of -NH2 protons of –SO2NH2 group as well as CE protons and in
the association constant values of the three complexes, which inform
that, the order of feasibility of complexation is DC18C6 + SA N 18C6
+ SA N DB18C6 + SA.

4. Conclusion

The formation of three complexes of sulfa drug with several crown
ethers in ACN have been investigatedwith the help of abovementioned
spectroscopic and physicochemical studies. 1H NMR data confirms the
complex formation and the Job plot suggests the formation of com-
plexes with 1:1 stoichiometry. The interaction of sulfa drug with
crown ethers in the solution has been interpreted by density, viscosity,
refractive index measurements. These measurements provide valuable
information on solute-solvent and solute-solute interactions of the
complexes in solutions. The formation constants are found highest for
complex 1, then complex 2 and then complex 3 which indicates that
SA form most stable complex with DC18C6 compared to other com-
plexes. The probable structures of the three complexes of sulfa drug
with crown ethers have been proposed by the abovementioned studies.

In this work we have found that the studied complexes are mainly
stabilized by hydrogen bonds, and π-stacking play only a secondary
role in case of complex 3 i.e. complex of benzene substituted crown
ether. The 1:1 complexation of the sulfa drug by different crown ethers
proceeds spontaneously (∆G0 b 0). The roles of guest SA has been
established in directing the formation of supramolecular architectures
between crown ether and –NH2 group of –SO2NH2 in SA by host–
guest hydrogen-bonding interactions. Here the present work helps to
understand the vital role of –NH2 group in the design and construction
of supramolecular host–guest materials. These results are also signifi-
cant for other host–guest systems. However, with the knowledge ac-
quired from the solution chemistry of SA-Crown complexes, we
believe that the scope and future prospect of this type of studies with
other supramolecules are also a promising preposition.
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Fig. 9. Plot of viscosity B-coefficient of SA in mass fractions (a) 0.001, (b) 0.003, (c) 0.005 (w) of different CEs in ACN at T = (293.15 to 308.15) K respectively.

Table 4
Values of dB/dT of sulfa drug in different mass fraction of DC18C6 (w1), 18C6 (w2) and DB18C6 (w3) in ACN at T = (293.15 to 308.15) K respectively.

Mass fraction dB
dT/kg

1/2·mol1/2·K−1

SA + DC18C6 SA + 18C6 SA + DB18C6
w1 = 0.001a 0.006 w2 = 0.001a 0.002 w3 = 0.001a 0.010
w1 = 0.003a 0.012 w2 = 0.003a 0.003 w3 = 0.003a 0.014
w1 = 0.005a 0.008 w2 = 0.005a 0.008 w3 = 0.005a 0.014
a w1, w2 and w2 are the mass fraction of the solvent (ACN + DC18C6), (ACN + 18C6), (ACN + DB18C6) respectively.
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The density (ρ), viscosity (η) and conductivity (Ʌ) studies of Aspartic Acid and Glutamic Acid in aqueous solution
of Dopamine hydrochloride were carried out at three different temperatures having an interval of 10 K under at-
mospheric pressure. The experimental data were methodically used to enumerate various thermophysical pa-
rameters which assist to gather information about the presence of plausible intermolecular interactions in the
ternary (Dopamine hydrochloride+water+ amino acids) system. The results were interpreted in terms of var-
ious Dopamine hydrochloride-amino acid intermolecular interactions through a cosphere overlap model. In this
article, we also focused on spectroscopicmethods likeUV–Visible, NuclearMagnetic Resonance spectroscopy and
Raman spectroscopy to ensure the nature of drug–amino acid interaction in solution phase. The Benesi-
Hildebrand method was used to calculate the binding constants for both the amino acids in ternary system.
The Gibbs free energy change of the system was calculated indicating spontaneity of the systems. Hydrogen
bonding along with ionic-hydrophilic interactions was observed as significant factors for such interactions. Fur-
thermore, structure making behaviors of both amino acids were detected in aqueous Dopamine hydrochloride.
These calculated parameters were found to be sensitive towards the interactions prevailing in DH-amino acids
system. Convincingly existence of a good qualitative correlation is observed with regard to DH-Glu interactions
obtained from the measurements. The experimental and correlated data could be used in the development of
models for mixtures of drug molecules with amino acids.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, drug-macromolecule interaction in aqueousmediumhas
become a matter of utmost importance in case of certain biochemical
phenomena such as binding of drugs with proteins, anesthesia, drug
transport to the desired target in the physiological medium [1,2]. The
drug- macromolecule interactions affect the action of a drug in the liv-
ing organism because of its dependence on different physiological phe-
nomena and the nature of the receptors for the drug molecules [3,4]. In
general, the receptor molecules for a drug are considered as specialized
integral proteins having different chemical structures. Hence, they ex-
hibit different chemical properties, which turn on diverse biochemical
processes. Therefore, the physicochemical investigations on drug inter-
actions in aqueous [5,6], non-aqueous [7,8] and mixed aqueous [9,10]
solution have become subject of prime interest these days. 2-(3,4-
Dihydroxyphenyl) ethylamine hydrochloride commonly known as Do-
paminehydrochloride (DH) is one of themost important catecholamine

neurotransmitters in the mammalian central nervous system (CNS)
[11,12,13,14,15,16]. Its oxidation occurs easily and ubiquitously in the
human body [13,14,17,18,19,20,21] e.g., DH-related oxidative stress
and neuromelanin synthesis in CNS. This is also believed to have influ-
ences on the pathogenesis of some neurodegenerative disorders such
as Alzheimer and Parkinson diseases [22,23,24,25]. An understanding
of the interaction of DH with amino acids is thus of great importance
in elucidating its in vivo oxidation [26,27,28].

L-Glutamic Acid (Glu) is an important non-essential amino acid that
can be synthesized in the body through distinct metabolic pathways
[29]. It is also an excitatory neurotransmitter in the central nervous sys-
tem of mammals [30] and acts as both substrate and product in many
distinct reactions [30]. It can also be served as a precursor molecule
for the synthesis of various metabolites including N-acetyl-L-glutamate,
δ-1-Pyrroline-5-carboxylate, β-citryl glutamate, L-γ-glutamyl-L-
cysteine [31,32,33,34,35,36]. Aspartic Acid (Asp) is one of the 20 natural
proteinogenic amino acids which are the building blocks of proteins
[37,38]. This amino acid has an important role in the urea cycle and
DNA metabolism. This is a major excitatory neurotransmitter, which is
sometimes found to be increased in epileptic and stroke patients. It is
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decreased in depressed patients and in patients suffering from brain at-
rophy. It has a special importance among the amino acids due to its
property to racemize from L- to D-form, which can be used to determine
age of living and non-living systems [39,40]. Its polymeric form is an
eco-friendly and biodegradable product which can be widely used in
the various fields such as pharmacy, cosmetics, agriculture etc. [41]. It
is found that, the first Aspartic Acid of a calcium-binding epidermal
growth factor (cbEGF) domain in FBN-1 gene is important for the func-
tion of fibrillin-1 [42].

In this article, we have reported the nature of interaction between
two amino acids and aqueous Dopamine hydrochloride (DH) on the
basis of spectroscopic studies and physicochemical approach.Moreover,
a wide temperature range (293.15–313.15 K), which also covers our
body temperature, that is, 310.15 K, has been chosen for the present
study to acquire more relevant information regarding the hydration be-
havior of these biological importantmolecules in presence of Dopamine
hydrochloride.

The structure of the both amino acids and Dopamine hydrochloride
are shown in Scheme 1.

2. Experimental section

2.1. Materials used

2.1.1. Source and purity of samples
Dopamine hydrochloride of puriss grade ≥ 98.5% was collected from

Sigma-Aldrich, Germany and was used without further purification. L-
Aspartic Acid and L-Glutamic Acid of puriss grade were purchased
from Sigma-Aldrich, Germany and used as it was. The mass fraction pu-
rity of the amino acids was ≥0.99.

The details of chemicals used in this work are listed in Table 1; no fur-
ther purificationwas performed. Triply distilled and degassedwater (spe-
cific conductivity b 1μS·cm−1) was used for the preparation of all
solutions.

2.2. Apparatus and procedure

Solubility of the chosen compounds was precisely checked in
triply distilled and degassed water. Aqueous binary solution of Do-
pamine hydrochloride was prepared by mass with the help of

Mettler Toledo AG-285 having uncertainty ±0.0003 g and was
used as a solvent. Stock solutions of the amino acids were also
prepared by mass and the remaining solutions were obtained by
mass dilution. Freshly prepared solutions were used every time.
The uncertainty in molarity of the solutions was evaluated to ±
0.0001 mol kg−3.

The densities of the solutions (ρ) were measured by using vibrating
U-tube Anton Paar digital density meter (DMA 4500M) having a preci-
sion of ±0.00005 g cm−3 maintained at±0.01 K of the desired temper-
ature. It was calibrated by using triply distilledwater and passing dry air
before each set of experiment.

The viscosities were measured using a Brookfield DVIII Ultra Pro-
grammable Rheometer with fitted spindle size of 42. The viscosities
were obtained using the equation given below:

η ¼ 100=RPMð Þ $ TK$ torque$ SMC ð1Þ

where, RPM, TK (0.09373) and SMC (0.327) represents the speed,
viscometer torque constant and spindle multiplier constant respec-
tively. The instrument was calibrated against the standard viscosity
samples like water and aqueous CaCl2 solutions. The calibration was
done before each experiment to avoid unnecessary errors. Temper-
ature of the solution was maintained within ±0.01 °C with the help
of Brookfield Digital TC-500 temperature thermostat bath. The vis-
cosities were measured with an accuracy of ±0.1%. Each measure-
ment enlisted here is an average of triplicate reading having a
precision of 0.3%.

Refractive index was measured by using a digital refractometer
Mettler Toledo. The light emitting diode (LED) having λ = 589.3 nm
was the source of light. The refractometer was calibrated twice using
distilled water. The uncertainty of refractive index measurement was
±0.0002 units.

Conductivities of the solutions were measured by Mettler To-
ledo Seven Multi conductivity meter having uncertainty 1.0
μS m−1. The experiment was carried out in a thermostated water
bath at T = 298.15 K with uncertainty ±0.01 K. HPLC grade water
with specific conductance 6.0 μS m−1 was used during measure-
ment. The conductivity cell was calibrated each time using 0.01 M
aqueous KCl solution before starting the experiment at a definite
temperature.

Scheme 1. Chemical structure of (a) Aspartic Acid (b) Glutamic Acid, (c) Dopamine hydrochloride and (d) Dopamine-o-Quinone.

Table 1
Sample description.

Name of chemicals Source CAS no Purification method Mass purity as stated by the supplier

HPLC grade water Sigma-Aldrich, Germany 7732-18-5 Used as purchased w ≥ 99%
Triply distilled water Self-made – – w ≥ 98%
L-Aspartic Acid Sigma-Aldrich, Germany 56–84-8 Used as purchased w ≥ 99%

L-Glutamic Acid Sigma-Aldrich, Germany 56-86-0 Used as purchased w ≥ 99%
Dopamine hydrochloride Sigma-Aldrich, Germany 62-31-7 Used as purchased w ≥ 98.5%
Deuterium oxide Sigma-Aldrich, Germany 7789-20-0 Used as purchased w ≥ 99.9%
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JASCO V-530 UV/VIS spectrophotometer, with an uncertainty of
wavelength resolution of ±2 nm was used to measure the UV spectral
pattern. The measuring temperature was kept constant by using a
thermostat.

The Raman spectroscopic study was done in ENSpectr R532 using
532 nm laser.

For 1H NMR study, spectra were recorded at 600 MHz Bruker
advance at T = 298.15 K in D2O. Signals were denoted as δ values in
ppm using residual protonated solvent signals as internal standard
(D2O: δ 4.79 ppm). The differences in chemical shifts were recorded to
analyze the interaction between studied amino acids and drug
molecules.

Table 2
Values of density (ρ) and viscosity (η) of aqueous Dopamine hydrochloride with Standard Deviation (SD) and Average Absolute Deviation (AAD) in different mass fraction (w1) at T =
(293.15–313.15) Ka and (p = 0.1 MPa) respectively.

Mass fraction of aq. DH (w1b) Temp. (Ka) ρ·10−3/kg∙m−3 SD AAD η/mPa∙s SD AAD

0.001 293.15 0.99823 0.00001 0.000005 0.962 0.001 0.0005
303.15 0.99561 0.00001 0.000005 0.946 0.002 0.0010
313.15 0.99220 0.00001 0.000005 0.922 0.001 0.0005

0.003 293.15 0.99901 0.00002 0.000010 0.942 0.001 0.0005
303.15 0.99622 0.00001 0.000005 0.924 0.002 0.0010
313.15 0.99343 0.00003 0.000010 0.899 0.002 0.0010

0.005 293.15 1.00204 0.00002 0.000010 0.921 0.001 0.0005
303.15 0.99892 0.00001 0.000005 0.905 0.001 0.0005
313.15b 0.99481 0.00001 0.000005 0.883 0.003 0.0010

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of aqueous Dopamine hydrochloride.

Table 3
Experimental values of density (ρ) of amino acids in different mass fraction of aqueous Dopamine hydrochloride with Standard Deviation (SD) and Average Absolute Deviation (AAD) at T=
(293.15 to 313.15) Ka and (p= 0.1 MPa) respectively.

mc/mol kg−1 293.15 Ka 303.15 Ka 313.15 Ka

dρ·10−3/kg∙m−3 SD AAD dρ·10−3/kg∙m−3 SD AAD dρ·10−3/kg∙m−3 SD AAD

w1 = 0.001b (Asp + DH)
0.001 0.99826 0.00003 0.000010 0.99565 0.00003 0.000010 0.99225 0.00003 0.000010
0.003 0.99840 0.00002 0.000010 0.99578 0.00002 0.000010 0.99236 0.00003 0.000010
0.005 0.99855 0.00003 0.000010 0.99592 0.00002 0.000010 0.99249 0.00002 0.000010
0.007 0.99872 0.00002 0.000010 0.99608 0.00003 0.000010 0.99265 0.00001 0.000005
0.009 0.99890 0.00003 0.000010 0.99626 0.00003 0.000010 0.99281 0.00001 0.000005

w1 = 0.003b (Asp + DH)
0.001 0.99907 0.00002 0.000010 0.99624 0.00003 0.000010 0.99344 0.00001 0.000005
0.003 0.99919 0.00001 0.000005 0.99635 0.00001 0.000005 0.99354 0.00003 0.000010
0.005 0.99933 0.00003 0.000010 0.99648 0.00001 0.000005 0.99366 0.00001 0.000005
0.007 0.99949 0.00002 0.000010 0.99663 0.00001 0.000005 0.99380 0.00001 0.000005
0.009 0.99967 0.00001 0.000005 0.99680 0.00003 0.000010 0.99396 0.00003 0.000010

w1 = 0.005b (Asp + DH)
0.001 1.00208 0.00002 0.000010 0.99895 0.00001 0.000005 0.99483 0.00003 0.000010
0.003 1.00218 0.00001 0.000005 0.99904 0.00003 0.000010 0.99491 0.00002 0.000010
0.005 1.00230 0.00001 0.000005 0.99915 0.00003 0.000010 0.99501 0.00002 0.000010
0.007 1.00244 0.00002 0.000010 0.99928 0.00001 0.000005 0.99512 0.00001 0.000005
0.009 1.00260 0.00002 0.000010 0.99943 0.00001 0.000005 0.99526 0.00003 0.000005

w1 = 0.001b (Glu + DH)
0.001 0.99827 0.00001 0.000005 0.99567 0.00001 0.000005 0.99226 0.00002 0.000010
0.003 0.99844 0.00002 0.000010 0.99581 0.00003 0.000010 0.99239 0.00001 0.000005
0.005 0.99862 0.00002 0.000010 0.99599 0.00001 0.000005 0.99255 0.00003 0.000010
0.007 0.99881 0.00002 0.000010 0.99616 0.00001 0.000005 0.99272 0.00003 0.000010
0.009 0.99902 0.00003 0.000010 0.99636 0.00003 0.000010 0.99290 0.00003 0.000010

w1 = 0.003b (Glu + DH)
0.001 0.99907 0.00002 0.000010 0.99624 0.00001 0.000005 0.99344 0.00001 0.000005
0.003 0.99921 0.00002 0.000010 0.99635 0.00001 0.000005 0.99354 0.00002 0.000009
0.005 0.99937 0.00001 0.000005 0.99649 0.00001 0.000005 0.99367 0.00001 0.000005
0.007 0.99953 0.00001 0.000005 0.99664 0.00002 0.000009 0.99382 0.00001 0.000005
0.009 0.99972 0.00003 0.000010 0.99682 0.00001 0.000005 0.993980 0.00001 0.000005

w1 = 0.005b (Glu + DH)
0.001 1.00208 0.00003 0.000010 0.99895 0.00003 0.000010 0.99483 0.00001 0.000005
0.003 1.00217 0.00002 0.000010 0.99903 0.00002 0.000010 0.99490 0.00001 0.000005
0.005 1.00229 0.00003 0.000010 0.99914 0.00002 0.000010 0.99501 0.00002 0.000010
0.007 1.00243 0.00001 0.000005 0.99925 0.00002 0.000010 0.99513 0.00002 0.000010
0.009 1.00259 0.00001 0.000005 0.99682 0.00003 0.000010 0.99528 0.00003 0.000010

cm is the molarity of amino acid in water and water + Dopamine hydrochloride solvent systems.
Standard uncertainties, u, in molarity is u (cm) = 0.0002 mol·kg−1, in density values u (dρ) = ±0.00001 kg m−3.

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of aqueous Dopamine hydrochloride.
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Fig. 1. Plot of limiting apparent molar volume (ϕV
0) of Asp and Glu in mass fractions (a) 0.001, (b) 0.003, (c) 0.005 (w1) of aqueous DH at T = (293.15 to 313.15) K respectively.

Table 4
Experimental values of viscosity (η) of amino acids in different mass fraction of aqueous Dopamine hydrochloride with Standard Deviation (SD) and Average Absolute Deviation (AAD) at T=
(293.15 to 313.15) Ka and (p= 0.1 MPa) respectively.

cm/mol kg−1 293.15 Ka 303.15 Ka 313.5 Ka

eη/mPa∙s SD AAD eη/mPa∙s SD AAD eη/mPa∙s SD AAD

w1 = 0.001b (Asp + DH)
0.001 0.966 0.001 0.0005 0.952 0.003 0.0010 0.928 0.001 0.0005
0.003 0.971 0.002 0.0010 0.959 0.001 0.0005 0.934 0.001 0.0005
0.005 0.976 0.001 0.0005 0.964 0.002 0.0010 0.941 0.001 0.0005
0.007 0.980 0.002 0.0010 0.971 0.001 0.0005 0.947 0.002 0.0010
0.009 0.984 0.003 0.0010 0.976 0.001 0.0005 0.954 0.001 0.0005

w1 = 0.003b (Asp + DH)
0.001 0.948 0.002 0.0010 0.930 0.001 0.0005 0.906 0.002 0.0010
0.003 0.954 0.001 0.0005 0.938 0.002 0.0010 0.915 0.001 0.0005
0.005 0.960 0.003 0.0010 0.944 0.002 0.0010 0.922 0.001 0.0005
0.007 0.966 0.002 0.0010 0.951 0.001 0.0005 0.928 0.003 0.0010
0.009 0.972 0.001 0.0005 0.957 0.001 0.0005 0.936 0.001 0.0005

w1 = 0.005b (Asp + DH)
0.001 0.927 0.002 0.0010 0.912 0.002 0.0010 0.890 0.001 0.0005
0.003 0.935 0.001 0.0005 0.919 0.001 0.0005 0.898 0.002 0.0010
0.005 0.941 0.001 0.0005 0.926 0.001 0.0005 0.907 0.001 0.0005
0.007 0.948 0.002 0.0010 0.933 0.001 0.0005 0.913 0.003 0.0010
0.009 0.954 0.002 0.0010 0.941 0.002 0.0010 0.921 0.001 0.0005

w1 = 0.001b (Glu + DH)
0.001 0.968 0.001 0.0005 0.948 0.001 0.0005 0.929 0.002 0.0010
0.003 0.974 0.001 0.0005 0.955 0.001 0.0005 0.936 0.001 0.0005
0.005 0.980 0.002 0.0010 0.962 0.001 0.0005 0.943 0.002 0.0010
0.007 0.986 0.001 0.0005 0.968 0.002 0.0010 0.950 0.003 0.0010
0.009 0.992 0.002 0.0010 0.975 0.002 0.0010 0.958 0.002 0.0010

w1 = 0.003b (Glu + DH)
0.001 0.949 0.002 0.0010 0.931 0.001 0.0005 0.891 0.001 0.0005
0.003 0.956 0.002 0.0010 0.939 0.003 0.0010 0.898 0.002 0.0010
0.005 0.963 0.001 0.0005 0.947 0.002 0.0010 0.907 0.003 0.0010
0.007 0.969 0.001 0.0005 0.953 0.001 0.0005 0.913 0.001 0.0005
0.009 0.976 0.002 0.0010 0.960 0.002 0.0010 0.921 0.002 0.0010

w1 = 0.005b (Glu + DH)
0.001 0.928 0.001 0.0005 0.912 0.003 0.0010 0.892 0.001 0.0005
0.003 0.936 0.002 0.0010 0.920 0.002 0.0010 0.899 0.001 0.0005
0.005 0.942 0.001 0.0005 0.928 0.002 0.0010 0.908 0.002 0.0010
0.007 0.950 0.001 0.0005 0.935 0.002 0.0010 0.916 0.002 0.0010
0.009 0.957 0.002 0.0010 0.942 0.001 0.0005 0.924 0.001 0.0005

cm is the molarity of amino acid in water and water + Dopamine hydrochloride solvent systems.
Standard uncertainties, u, in molarity is u (cm) = 0.0002 mol·kg−1, in viscosity values u (eη) = ±0.003 mPa·s.

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of aqueous Dopamine hydrochloride.
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3. Results and discussion

3.1. Apparent molar volume

The physical properties of binary mixtures in different mass fractions
(w1=0.0001, 0.0003, 0.0005) of aqueous Dopamine hydrochloride solu-
tions at 293.15K, 303.15K and 313.15K are reported in Table 2. The inter-
actions between the amino acids and DH can be studied from the
apparent molar volume (ϕV) and limiting apparent molar volume (ϕV

0)
[43].

The apparent molar volume might be expressed as the sum of the
geometric volume of the solute molecule and changes in volume in
presence of solvent [44]. For this purpose, the apparent molar volumes
were determined from the solutions densities (Table 3) using the equa-
tion stated below

ϕV ¼ M=ρ− ρ−ροð Þ=mρορ ð1Þ

whereMdenotes themolarmass of the amino acids (kg·mol−1), ρ0 and
ρ are the densities of the solvent and solution (kg·m−3) respectively
and m stands for the molality (mol·kg−1) of the experimental solution.
The values of ϕV are large and positive for all the systems, suggesting
strong solute-solvent interactions (Table S1).The results revealed that
the apparent molar volume increases with rise in temperature during
experiment (Table S1).

The trend of increasing apparentmolar volume for both amino acids
may be rationalized in terms of a decrease in the volume due to shrink-
age [45].This indicates few water molecules in the vicinity of the amino
acids might get released to the bulk water in presence of DH. The inter-
actions taking place between the amino acids and drugmolecule can be
classified as- (a) ionic-hydrophilic interactions between\\NH3

+ and
\\COO– groups of Asp and Glu and \\OH group of DH
(b) hydrophilic-hydrophilic interactions between\\CH2COOH group
of Asp and\\OH group of DH and CH2CH2COOH of Glu and\\OH of
DH, (c) ionic-hydrophobic interactions between\\NH3

+ and\\COO–

groups of Asp and Glu and alkyl group of DH, (d) hydrophilic-
hydrophobic interactions between\\OH group of DH and alkyl group

of Aspartic Acid, Glutamic Acid and (e) hydrophobic-hydrophobic inter-
actions between alkyl group of Asp and the alkyl group of DH.

The increase in apparent molar volume takes place to a greater ex-
tent in case of Glutamic Acid as shown in Table S1. The fact can be ex-
plained in terms of intermolecular H-bonding between the\\NH3

+ of
DH and\\COO– of Glutamic Acid. On comparing the structural context,
it is observed that due to the presence of an extra \\CH2-
(\\CH2CH2COOH), such tendency becomes higher in Glutamic Acid.
With increasing concentration of DH, the probability of formation of hy-
drogen bond increases, leading to the better ionic-hydrophilic interac-
tion between\\NH3

+ of DH and\\COO– of Glutamic Acid.
Limiting apparent molar volume (ϕV

0), also referred as partial molar
volume, and the experimental slopes (SV∗) is obtained by employing the
least square fitting of apparentmolar volume values to the linear Eq. (2)
(Masson equation) [46].

ϕV ¼ ϕ0
V þ S&V ' √ m ð2Þ

where, SV∗ is the experimental slope which indicates the nature of the
solute-solute interaction. ϕV

0 refers to the extent of solute-solvent inter-
actions. The values of SV∗ and ϕV

0 reported in Table 5, show that on

Table 5
Limiting apparent molar volume (ϕV

0), experimental slopes (Sv⁎) and viscosity A and B-coefficient of amino acids in different mass fraction of aqueous Dopamine hydrochloride at T =
(293.15 to 313.15) Ka and (p = 0.1 MPa) respectively.

Temp/Ka ϕV
0·106/m3·mol−1 SV∗·106/m3·mol−3/2 ·kg1/2 B/kg1/2·mol−1/2 A/kg1/2·mol−1/2

(Asp + DH) w1 = 0.001b

293.15 81.66 −274.83 1.9240 0.0565
303.15 88.24 −289.43 2.3534 0.1054
313.15 93.34 −295.83 2.7853 0.1116
(Asp + DH) w1 = 0.003b

293.15 94.97 −348.57 2.4937 0.0855
303.15 101.05 −350.96 2.7636 0.1105
313.15 105.41 −353.75 2.9558 0.1187
(Asp + DH) w1 = 0.005b

293.15 106.01 −364.05 2.7582 0.0944
303.15 111.36 −359.37 3.1294 0.1217
313.15 116.96 −353.25 3.3094 0.1283
(Glu + DH) w1 = 0.001b

293.15 86.33 −317.24 2.3323 0.1011
303.15 93.06 −310.92 2.8024 0.1114
313.15 96.73 −297.24 2.8989 0.1284
(Glu + DH) w1 = 0.003b

293.15 106.72 −394.11 2.6824 0.1063
303.15 115.57 −385.47 3.0513 0.1207
313.15 121.30 −401.50 3.0998 0.1221
(Glu + DH) w1 = 0.005b

293.15 124.02 −391.75 2,9813 0.1113
303.15 131.57 −419.77 3.3037 0.1250
313.15 142.22 −488.50 3.6705 0.1344
a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of the aqueous Dopamine hydrochloride.

Table 6
Limiting apparent molar expansibilities (ϕE

0) of amino acids in different mass fraction of
aqueous Dopamine hydrochloride at T = (293.15 to 313.15) Ka and (p = 0.1 MPa)
respectively.

Mass fraction ϕE
0·106/m3·mol−1·K−1 (∂ϕE

0/∂T)P ⋅ 106/m3·mol−1·K−2

(Asp + DH)
T/Ka 293.15 303.15 313.15

w1 = 0.001b 0.738 0.590 0.442 −0.015
w1 = 0.003b 0.666 0.494 0.322 −0.017
w1 = 0.005b 0.552 0.578 0.604 0.003

(Glu + DH)
T/Ka 293.15 303.15 313.15

w1 = 0.001b 0.828 0.523 0.218 −0.031
w1 = 0.003b 1.041 0.729 0.417 −0.031
w1 = 0.005b 0.600 0.910 1.220 0.031

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of aqueous Dopamine hydrochloride.
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increasing concentration of DHand temperature,ϕV
0 values follow an in-

creasingpattern (Fig. 1). From thequantitative comparison of values be-
tween SV∗ and ϕV

0, it is revealed that the magnitudes of ϕV
0 values are

higher than those of SV∗, suggesting predominant solute–solvent interac-
tions over the solute–solute interactions at all investigated tempera-
tures [44]. The values of SV∗ are negative and their decreasing trend
with increasing temperature diminishes the possibility of solute-
solute interactions. From this, we can easily conclude that stronger
drug-amino acid interaction takes place at higher concentration of
DH and their interaction increases with increase in temperature
[47,48].

3.2. Temperature dependent limiting apparent molar volume

The temperature dependence of values can be expressed by the gen-
eral polynomial equation given below,

ϕ0
V ¼ a0 þ a1T þ a2T2 ð3Þ

where, a0, a1 and a2 are the empirical coefficients and the values of
these coefficients are evaluated by the least-squares fitting of appar-
ent molar volume at different temperatures (Table S2). The limiting
apparent molar expansibilities, ϕE

0, can be obtained by the following
equation,

ϕ0
E ¼ δϕ0

V=δT
! "

P
¼ a1 þ 2a2T ð4Þ

Differentiation of Eq. (4) with respect to temperature gives the
values of the limiting apparent molar expansibilities (ϕE

0) (Table 6).
These values are also employed in interpretation of the structure-

making or breaking properties of numerous solutes [44,49,50,51,52].

The value of (δϕE
0/δT)P is evaluated with the help of the following ther-

modynamic expression by Hepler [53].

δϕ0
E=δT

! "

P
¼ δ2ϕ0

V=δT
2

! "

P
¼ 2a2 ð5Þ

If the sign of the second derivatives of the limiting apparent molar
volume with respect to the temperature (δϕE

0/δT)P is positive or a
small negative, the molecule is said to be a structure maker; otherwise,
it is a structure breaker [44,49,50,51,52]. As is evident from Table 6, the
(δϕE

0/δT)P values for all the complexes are positive i.e. amino acids are
predominantly structure makers in all of the cases and this tendency
gets enhanced with increasing DH concentration.

3.3. Viscometric measurements

The experimental viscosity (η) values for L-Glutamic Acid and L-
Aspartic Acid in aqueous solutions of Dopamine hydrochloride at
three different temperatures are listed in Table 4. The viscosity data
are analyzed on the basis of A- and B- coefficients of viscosity using
the Jones−Dole equation [54].

η=ηo−1
# $

=√ m ¼ ηr−1
# $

=√ m ¼ Aþ B√ m ð6Þ

where, ηr= η/η0 is the relative viscosity of the solution, η and η0 denotes
the viscosities of solution and the solvent, respectively, and m defines
molality of amino acids. The Falkenhagen coefficient, A, accounts for
the solute−solute interactions, while the Jones−Dole coefficient, B, is
ameasure of structuralmodifications induced by the solute−solvent in-
teractions [2,54,55]. The intercepts and slopes of linear regression of (ηr-
1)/√mvs. √mplots give the values of A- and B-coefficients, respectively.
The values of A- and B-coefficients for L-Aspartic Acid and L-Glutamic
Acid in all the cases are reported in Table 5. The viscosity B-coefficient

Table 7
Values of dB/dT for Aspartic Acid and Glutamic Acid in different mass fraction of aqueous
Dopamine hydrochloride (w1) at T = (293.15 to 313.15) Ka and (p = 0.1 MPa)
respectively.

Mass fraction dB
dT/kg

1/2∙mol1/2∙K−1

(Asp + DH) (Glu + DH)

w1 = 0.001b 0.042 0.065
w1 = 0.003b 0.039 0.050
w1 = 0.005b 0.026 0.077
a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of the aqueous Dopamine hydrochloride.

Table 8
Limitingmolar refractions (RM0) values of amino acids in differentmass fraction of aqueous
Dopamine hydrochloride at T = (293.15 to 313.15) Ka and (p= 0.1 MPa) respectively.

Mass fraction RM
0/m3.mol−1

(Asp + DH) 293.15 Ka 303.15 Ka 313.15 Ka

w1 = 0.001b 27.25 27.29 27.36
w1 = 0.003b 27.26 27.31 27.37
w1 = 0.005b 27.28 27.33 27.40

(Glu + DH) 293.15 Ka 303.15 Ka 313.15 Ka

w1 = 0.001b 30.21 30.26 30.31
w1 = 0.003b 30.22 30.28 30.33
w1 = 0.005b 30.25 30.29 30.34

a Standard uncertainties in temperature (T) = ±0.01 K.
b w1 is the mass fraction of aqueous Dopamine hydrochloride.
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Fig. 2. Plot of viscosity B-coefficient of Asp and Glu in mass fractions (w1) (a) 0.001, (b) 0.003, (c) 0.005 of aqueous DH at T = (293.15 to 313.15) K respectively.
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delivers valuable information regarding the solvation behavior of the
solutes and their effects on the structure of the solvent in the near envi-
ronment of the solutemolecules [56]. From the Jones Dole equation, it is

fairly evident that both A and B-coefficient is directly dependent on the
size, shape and charge of the solutemolecules. Since the charged groups
of the amino acids studied here are the same, the increasing trendof vis-
cosity B-coefficientsmay just be explained on the basis of the shape and
size of alkyl groups of the amino acids. From Table 5, it is observed that
the values of B-coefficients of the studied homologous series ofα-amino
acids vary linearly with the number of carbon atoms on their alkyl
chains at given temperatures [56,57].Same increasing trend is observed
for the A-coefficients also and the fact may be attributed to the increas-
ing concentration of solute in DH solution which leads to higher charge
accumulation and hence solute-solute interaction increases (Table 5).

The positive B-coefficients values, which increase with increasing
concentration of DH, also indicate a structure to allow the co-solute
(DH) to act on solvent [56] (Fig. 2). The values of B-coefficients increase
(i)when thewater is replaced byDHand (ii)with increasing concentra-
tion of DH. The strong interaction immobilizes the solvent molecules,
preventing viscous flow of solution, thereby, increasing the viscosity.
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Fig. 4. Molar conductivity of Aspartic Acid in aqueous solution with Dopamine
hydrochloride at T = 293.15 K (♦), 303.15 K (●), 313.15 K (▲) respectively.
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Fig. 5. Molar conductivity of Glutamic Acid in aqueous solution with Dopamine
hydrochloride at T = 293.15 K (♦), 303.15 K (●), 313.15 K (▲) respectively.

Table 9
Conductivity values for the Aspartic Acid and Glutamic Acid in aqueous Dopamine hydro-
chloride at three different temperatures (Ka) and (p = 0.1 MPa).

Conc. of amino
acids
(mM)

Conc. of
DH
(mM)

Molar conductance of
Aspartic Acid
(S cm2 mol−1)

Molar conductance of
Glutamic Acid
(S cm2 mol−1)

293.15
Ka

303.15
Ka

313.15
Ka

293.15
Ka

303.15
Ka

313.15
Ka

10 0 41.71 42.03 43.02 27.72 28.82 30.36
9.091 0.909 25.74 26.92 28.46 18.48 19.94 20.80
8.333 1.667 20.45 22.10 23.27 16.07 16.83 17.55
7.692 2.308 18.41 19.37 20.48 14.28 15.13 15.91
7.143 2.857 16.14 17.83 19.13 13.44 14.42 15.07
6.667 3.333 15.15 16.76 18.05 12.98 13.70 14.30
6.250 3.750 14.55 15.98 17.25 12.50 13.20 12.90
5.882 4.118 14.08 15.22 16.64 12.19 12.89 13.48
5.556 4.444 13.68 14.84 16.12 11.99 12.59 13.24
5.263 4.737 13.38 14.19 15.72 11.74 12.30 12.90
5.000 5.000 13.03 13.88 15.32 11.51 12.12 12.77
4.762 5.238 12.89 13.77 15.18 11.38 11.95 12.56
4.545 5.455 12.73 13.60 14.91 11.21 11.82 12.44
4.348 5.652 12.51 13.40 14.78 11.05 11.69 12.29
4.167 5.833 12.33 13.20 14.60 11.01 11.60 12.25
4.000 6.000 12.30 13.15 14.43 10.92 11.53 12.16
3.846 6.154 12.24 13.10 14.29 10.83 11.44 12.16
3.704 6.296 12.05 13.01 14.19 10.76 11.37 11.92
3.571 6.429 11.94 12.83 14.08 10.69 11.27 11.82
3.448 6.552 11.85 12.76 14.01 10.62 11.22 11.75
3.333 6.667 10.55 10.66 10.69 10.55 11.16 11.69
a Standard uncertainties in temperature (T) = 0.01 K.
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Fig. 3. Plot of limiting molar refraction (RM°) of Asp and Glu in mass fractions(w1) (a) 0.001, (b) 0.003, (c) 0.005 of aqueous DH at T = (293.15 to 313.15) K respectively.
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Since amino acids are the strongly hydrated solutes and, therefore, ex-
hibit a considerable change in the viscosity of the solution with concen-
tration. Thus, the B-coefficients values given in the Table 5 are
suggesting strong solute−solvent interactions. In other words, with in-
crease of relative viscosities of L-Asp and L-Glu in aqueous solution of
DH, extent of both types of interactions increases which reflects in the
values of A and B-coefficients respectively. The solute-solvent interac-
tion seems to be more effective when it comes to the matter of interac-
tion between L-Glutamic Acid andDopaminehydrochloride, as reflected
from B coefficients compared to that of L-Aspartic Acid.

The temperature derivative of B-coefficients (dB/dT) is a measure of
the structuremaking or structure breaking ability of solute in solvent. In
general, the (dB/dT) offers negative and positive value for structure-
maker and structure-breaker solutes in solution respectively [58,59].
The (dB/dT) values reported in Table 7 are positive, which indicates
that both of the amino acids act as structure maker in aqueous-DH
and such tendency seems to be higher in case of Glutamic Acid.

3.4. Refractive index calculation

The refractive index andmolar refraction is another informative tool
to give insight into the extent of molecular interactions in solution
[43,60]. The refractive index of a substance is defined as the ratio co/c,
where c indicates the speed of light in the medium and co the speed of
light in vacuum [61,62].The refractive index of a compound describes
its ability to refract light as it moves from one medium to another and
thus, the higher the refractive index of a compound, the more the
light is refracted. In other words, higher values of molar refraction
(RM) indicate that interactions are taking place to a greater extent.
Therefore, from Table 8 and Fig. 3 it might be concluded that in aqueous
medium Dopamine reacts with Glutamic Acid more profoundly than
Aspartic Acid, which is further supported by other experimental
evidences.

The values ofmeasured nD are tabulated in Table S3 (ESI). Themolar
refraction RM was evaluated using the Lorentz-Lorenz relation [63], as
the value is directly proportional to molecular polarizability [64], this
quantity is a measure of the ability of the molecular orbitals to be im-
paired under an electrical field applied

RM ¼ n2
D‐1

# $
= n2

D þ 2
# $% &

M=ρð Þ ð7Þ

where RM, nD, M and ρ are themolar refraction, the refractive index, the
molar mass and the density of solution respectively.

3.5. Conductance

The molar conductance (Λ, Sm cm−1) for all studied systems was
evaluated using the following equation, Λ = 1000ҡ/C, where C is the
molar concentration and ҡ is the measured specific conductance of the
studied systems (DH + Asp) and (DH + Glu) [65]. The conductance
curves (Λ versus c) for the above systems were found to be gradually
decreasing and depicted in Figs. 4 and 5.

Themolar conductance (Ʌ)wasmeasured at three different temper-
atures i.e. 293.15 K–313.15 K with an interval of 10 K and the variation
was performed with respect to the concentration of Dopamine hydro-
chloride, following usual conductance technique (Table 9). The depen-
dence of Ʌ on DH concentration at different temperatures is shown in
Figs. 4 and 5.

On increasing the concentration of DH in amino acid solution, the
decrease of Ʌ was observed [66] Such observation can be attributed to
the following factors - (i) The interaction due to the hydrophobic effect
operating along all hydrocarbon chains of amino acids and alkyl chain of
the drug molecule itself,(ii) the structural change of dopamine on in-
creasing temperature. Dopamine experiences aerial oxidation, which
leads themolecule to achieve theQuinone structure from the Benzenoid
form and (iii) Dopamine-o-Quinone (DQ) being less reactive than the
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Benzenoid one, facilitates the intermolecular hydrogen bonding interac-
tion (\\NH3

+…..\\COO−) between Dopamine (\\NH2·HCl) and amino
acids (\\COOH).

3.6. UV–Visible spectroscopy

UV–Vis absorption measurement is the simplest and most com-
monly employed instrumental technique to explore the structural
change and the nature of interactions in the solution phase, which
also provides information about the binding nature of the binding part-
ners [67]. The study of such interactions can be carried out by monitor-
ing the changes in the absorption spectral pattern, when the drug in its
free state to its bound state with the amino acids. The change in absor-
bance clearly gives an indication about the strength of the interactions
taking place in solution phase.

The absorptionmaximaof the amino acidswere recorded by varying
concentration of drug molecule (DH) in aqueous solution are shown in
Figs. 6a and 7a. The strong absorption peaks for both cases were ob-
served at ~264 nm (λmax), which move towards longer wavelength on
increasing concentration of DH. This in turn indicates possibility of
Red Shift in the medium [68,69]. From Figs. 6a–7a, a conclusion might
be drawn that at a fixed composition of L-Aspartic Acid and L-Glutamic
Acid, the absorptionmaximum increaseswith increase in concentration
of Dopamine hydrochloride.

3.6.1. Association constant and thermodynamic parameters
The association constants (Ka) for both the system (Asp + DH) and

(Glu + DH) were calculated using the modified Benesi-Hildebrand
equation, Eq. (8) [70], (Figs. 6b–7b) based on UV–Visible spectroscopy
and the values are presented in Table 12.

1
A−A0

¼ 1
Δε AA½ )Ka :

1
DH½ ) þ

1
Δε AA½ ) ð8Þ

where [DH] and [AA] refers to the total concentration of the drug (DH)
and amino acids respectively,∆ϵ is the change in molar extinction coef-
ficient between the free and amino acids bound with DH. ∆A stands for
the absorption changes of amino acids on the addition of DH. The values

of Ka for each of the systemwere evaluated by dividing the intercept by
the slope of the straight line of the double reciprocal plot (Tables 10 and
11).

The free energy change (∆G), was calculated from association con-
stant by using following equation

∆G ¼ −RT ln Ka ð9Þ

The∆G values (Table 12) for both the amino acid-Dopamine system
are negative which indicates the feasibility of the adduct formation by
means of interactions.

The association constant for (Glu + DH) system was found to be
higher than that of the (Asp + DH) system (Table 12) which indicates
higher interaction in (Glu + DH) system.

3.7. Raman spectroscopy

Raman spectroscopy being one of the most powerful vibrational
spectroscopywas applied to get a clear view of the intermolecular inter-
actions. All Raman spectra were recorded with a Raman microscope
EnSpectr R532, which used a charge-coupled device (CCD) detector
with a resolution of 4–6 cm−1. The Raman spectra were collected
using the excitation wavelengths from a visible range (532 nm). The
laser power has been tuned in the range 0.4–30 mW (a semiconductor
laser) and laser beam diameter was defocused to 20 μm. The spectra
were accumulated within 83 s integration time. We recorded the spec-
tra at least three times, and the spectral effects reported were found to
be reproducible.

Table 12
Values of association constant (Ka) and free energy change (∆G0) of the two system (Asp
+ DH) and (Glu + DH).

T/Ka Ka/M−1 ∆G0/KJ mol−1

(Asp + DH) 298.15 310.33 −14.22
(Glu + DH) 945.00 −16.98
a Standard uncertainties in temperature are: (T) = ±0.01 K.

Table 10
Data for the Benesi-Hildebrand double reciprocal plot performed by UV–Vis spectroscopy for DH-Aspartic Acid system.

Temp/Ka [Asp]/μM [DH]/μM A0 A ∆A 1/[DH]/M−1 1/∆A Intercept Slope Ka/M−1

298.15 50 10 0.50087 0.57107 0.0702 50,000.00 14.24501 0.0931 0.0011 3.10 ∗ 102

50 20 0.62767 0.1268 25,000.00 7.886435
50 30 0.69371 0.19284 16,666.70 5.185646
50 40 0.77844 0.27757 12,500.00 3.602695
50 50 0.82971 0.32884 10,000.00 3.040993
50 60 0.91220 0.41133 8333.33 2.431138
50 70 0.96366 0.46279 7142.86 2.160807
50 80 1.05985 0.55898 6250.00 1.788973
50 90 1.15249 0.65162 5555.56 1.534637
50 100 1.22085 0.71998 5000.00 1.388927

a Standard uncertainties in temperature are: (T) = ±0.01 K.

Table 11
Data for the Benesi-Hildebrand double reciprocal plot performed by UV–Vis spectroscopy for DH-Glutamic Acid system.

Temp/Ka [Glu]/μM [DH]/μM A0 A ∆A 1/[DH]/M−1 1/∆A Intercept Slope Ka/M−1

298.15 50 10 0.23670 0.09582 50,000.00 10.43623 0.6184 0.0015 9.45 ∗ 102

50 20 0.31460 0.17372 25,000.00 5.756390
50 30 0.39727 0.25639 16,666.70 3.900308
50 40 0.53003 0.38915 12,500.00 2.569703
50 50 0.14088 0.58770 0.44682 10,000.00 2.238038
50 60 0.67058 0.52970 8333.33 1.887861
50 70 0.70871 0.56783 7142.86 1.76109
50 80 0.82617 0.68529 6250.00 1.459236
50 90 0.92309 0.78221 5555.56 1.278429
50 100 1.02191 0.88103 5000.00 1.135035

a Standard uncertainties in temperature are: (T) = ±0.01 K.
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Because of the presence of the interaction in aqueous solution of DH
with the amino acids studied, the structural alternation has led to the
changes in the shifting of the corresponding peaks. The structures of

the investigated molecules when they are hydrogen bonded to water
are shown in Scheme2 aa and b. Thebond length for the atompairs hav-
ing one or two hydrogen bonded atoms are supposed to change the

b

a

Scheme 2. a: Plausible interaction between Aspartic Acid and Dopamine hydrochloride in aqueousmedium. b: Plausible interaction between Glutamic Acid and Dopamine hydrochloride
in aqueous medium.
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most and will therefore have an noticeable impact on the spectra
[71,72]. For DH and Aspartic Acid N\\H stretching frequency were ob-
served at 3474 cm−1 and 3456 cm‐1 (Table 13), whereas the N\\H
stretching frequency was detected at 3449 cm−1. On the other hand,
the N\\H bond stretching frequency was found to be 3474 cm−1 and
3468 cm−1 in case of DH and Glutamic Acid respectively, but in case
of (DH + Glu) solution it was found to be 3453 cm−1, which was a
clear indication for the existence of intermolecular H-bonding in both
cases (Fig. 9 & Fig. 10). Compared to theN\\H free of hydrogen bonding,
the interaction between N and H atoms for the DH is weaker due to the
formation of the N-H—O structure, which will induce the redshift of
N\\H vibration.

3.8. 1H NMR studies

Nuclear magnetic resonance (NMR) is an effective tool to study the
changes of the electronic environment around the different protons of
drug molecule (DH) in presence amino acids [73]. NMR samples were
prepared by adding amino acids to Dopamine hydrochloride in NMR
tubes bymass. D2O solventwas addedwith a syringewhile the samples
were kept under N2 flow. NMR spectra of the solvent were also taken to
avoid possibilities of contamination. All measurements were performed
at 298.15 K using a 600 MHz spectrometer.

The chemical shifts of the amino acids and the drug studied depends
on the electron density present in their surrounding area. Since H-
bonding involves transfer of electron cloud from hydrogen atoms to a
neighboring electronegative atom (O, N), the hydrogen experiences a
net deshielding effect when there occurs an extensive hydrogen bond-
ing and becomes less deshielded when the possibility of such bonding

is ruled out. Thus at higher concentration (strong H-bonding, strong
deshielding)\\OH,\\NH protons appear at higher δ values compared
to diluted one [68]. Considerable shifts for both δ values of alkyl protons
of the benzene ring (in DH) and\\NH2 (in DH) proton occur after
mixing with amino acids (Fig. 10 & Fig. 11). It indicates the presence
of intermolecular hydrogen bonding between these two compounds,
leading to the decrease in electron density around benzene ring.

The NMR data (given below) provide a conclusion about the plausi-
ble contributing factors such as- (i) intermolecular H-bonding interac-
tions between amino acids and DH (Scheme 2 aa and b), (ii)
hydrophobic interactions [74,75],which are in good agreement with
the result obtained.

3.8.1. 1H NMR data
Dopamine hydrochloride (DH):
δ= 2.23 (\\NH2), 2.86 (2H, t, J = 7.2 Hz), 3.23 (2H, t, J = 7.2 Hz),

6.76 (1H, dd, J=8.0 Hz), 6.85 (1H, d, J=2Hz), 6.92 (1H, d, J=8.4 Hz).
Aspartic Acid (Asp):
δ= 4.04–4.06 (1H, dd), 2.94–2.97 (2H, m).
Glutamic Acid (Glu):
δ= 2.15–2.21 (2H, m), 2.53–2.60 (2H, m), 3.81 (1H, m).
Dopamine hydrochloride (DH) + Aspartic Acid (Asp):
δ= 2.26 (\\NH2), 2.92 (2H, t, J = 7.2 Hz), 3.25 (2H, t, J = 7.2 Hz),

6.80 (1H, dd, J = 8.0 Hz), 6.89 (1H, d, J = 2 Hz), 6.94 (1H, d, J =
8.4 Hz), 4.05–4.07 (1H, m), 2.95–2.98 (2H, m).

Dopamine hydrochloride (DH) + Glutamic Acid (Glu):
δ= 2.30 (\\NH2), 2.94 (2H, t, J = 7.2 Hz), 3.27 (2H, t, J = 7.2 Hz),

6.82 (1H, dd, J = 8.0 Hz), 6.90 (1H, d, J = 2 Hz), 6.96 (1H, d, J =
8.4 Hz), 2.18–2.23 (2H, m), 2.56–2.62 (2H, m), 3.89 (1H, m).

4. Conclusion

The results obtained from density, viscosity, and refractive index
measurements were reported to establish the interaction between Do-
pamine hydrochloride and amino acids in aqueous medium. From the

Table 13
Stretching frequency of N\\H band in Raman spectroscopy.

Functional group/vibration Region Raman

ʋ(N\\H) 3300–3500 cm−1 Medium

Fig. 8. Raman Spectra of (a) Dopamine hydrochloride, (b) Aspartic Acid and (c) (DH+ Asp) solution.
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Fig. 9. Raman spectra of (a) Dopamine hydrochloride, (b) Glutamic Acid and (c) (DH + Asp) solution.

Fig. 10. 1H NMR spectra of (a) Aspartic Acid (b) Dopamine hydrochloride (c) (Dopamine hydrochloride + Aspartic Acid) solution in D2O at T = 298.15 K.
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interpretation of data, the presence of ionic-hydrophilic interaction
along with H-bonding interactions in aqueous medium is evident [76].
The values of limiting apparent molar volume suggest the existence of
stronger ion−ion interactions in case of L-Glutamic Acid with Dopa-
mine. The interactions were also anticipated by the UV–Visible absorp-
tion data. The higher value of association constant dictates greater
interaction in Glu-DH system. Raman spectroscopy is particularly suit-
able to examine molecular organization of the drug studied [72]. The
Raman spectra sensitively captured partial structure changes of the
molecule [77]. From the thermophysical parameters and spectroscopic
studies, it is observed that solute−solvent interactions increase from
L-Aspartic Acid to L-Glutamic Acid. The experimental data also deliver
a wealth of information on the structure and dynamics of such species.
The observation not only provides new insight for the widely investi-
gated interfacial chemical reaction of Dopamine, it also defines a
starting point for a detailed understanding of various macroscopic phe-
nomena occurring in the system. Glutamate receptor agonists, have
been suggested as an alternative therapy to dopamine receptor antago-
nists in the treatment of schizophrenia [78]. Thus the extent of interac-
tion between amino acids and DH also ensures its feasibility in the area

of medicinal chemistry or biomedicine industry. Besides, the current
work dictates a guideline for the catecholamine molecules recognition
tool, a simple and fastmethod for identifying the type of interaction tak-
ing place in an aqueous environment.
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