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PREFACE 

 

The work in the thesis entitled “STUDY TO EXPLORE INCLUSION COMPLEXATIONS 

AND ASSORTED INTERACTIONS OF SOME INDUSTRIALLY AND BIOLOGICALLY 

SIGNIFICANT MOLECULES IN DIVERSE SYSTEMS” was initiated under the supervision 

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

University of North Bengal. 

The overall work is an endeavour to explore the host – guest inclusion 

complexation of some industrially as well as biologically significant molecules with  

cyclodextrins. The work also includes the study of molecular interactions between two 

bioactive molecules by some physicochemical methodologies. 

During my research work, I got opportunities to participate in several meets and 

seminars across the country. I felt highly motivated by listening and interacting with 

eminent experts and scientists. 

In executing general practice of reporting scientific observation, due 

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

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

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

I am hoping that all the learning outcomes that I have gathered during the course 

of my research will definitely make me stronger to take challenges. 
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ABSTRACT 

The research work based on host-guest inclusion complexations and assorted 

interactions in solution phase of some significant molecules both industrially and 

biologically. A number of physicochemical and spectroscopic techniques were applied 

to establish our findings. 

The host-guest inclusion complexation actually refers to cyclodextrin molecules 

as host (we have chosen cyclodextrins) and small or modest size molecules are taken as 

guest, having biological and industrial value. 

The study of inclusion lies on- first the establishment of the inclusion 

phenomenon i.e. whether the inclusion occurs or not and secondly what changes can be 

expected after the completion of the overall process of inclusion and also sometimes its 

execution in biological systems with the help of cell viability or cytotoxicity study 

between the IC and the pure molecule. 

Now in accordance with the title of the thesis, establishment of the formation of 

inclusion complex is of main concern here as it can cause several modifications in the 

properties of the guest molecule, which may lead to lessen the toxicity, increase its 

solubility, stability even it can enhance the bioavailability and decrease the side effects 

especially for drugs. Drugs that are metabolised before going to the target site , 

cyclodextrins can be used as carriers for those drugs as CDs are natural, biodegradable 

and non-toxic. 

The research works also includes the study of the interaction of bioactive 

molecules in solution phase (ternary system). The bioactive molecules that have 

considerable role in cell functioning were getting into the solution phase to study their 

interactions through some physicochemical and spectroscopic methods like density 

measurement, viscosity measurement, refractive indexmeasurement etc. by varying the 

temperature. The interactions (between solute-solute, solute-solvent and solvent-

solvent) that make the changes in the various physicochemical parameters 

involvehydrogen bonding, ion-ion, hydrophobic-hydrophobic, hydrophobic-hydrophilic, 

ion-dipole, dipole-dipole etc. 
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The temperature dependent limiting apparent molar volume gives us the 

limiting molar expansibility and the value of Hepler constant tells us about the structure 

making and breaking tendency of solute molecules in solution. The viscosity A and B 

coefficients deliver a variety of information about the behaviour of solutes or ions. 

The characterization of the inclusion complex has been done with numerous 

spectroscopic techniques; these are NMR (1H, 2D NOESY, ROESY), FTIR, Fluorescence, 

UV-Vis etc. Other studies were also done for the characterisation of the IC ; PXRD, SEM, 

ITC and cell viability study. 

Indigosulfonic acid dipotassium salt is a derivative of natural dye indigo. It has 

various applications in different industrial fields. The dye has been incorporated into 

the cavity of β –CD to reduce its toxicity. 

DL-Aminoglutethimide, a drug can cause aromatase inhibition. It possesses the 

efficiency of inhibiting the synthesis of certain hormones that  are responsible for breast 

cancer and prostate cancers. So it can be used in medical adrenalectomy which is drug 

induced rather than surgical one. This drug is proved to be an effective medication for 

the patients having metastatic breast carcinoma. By suppressing estrogen, it inhibits the 

growth of the hormone-dependent tumors. The inclusion complex of the drug DL-AGT 

and β –CD is of massive importance in different fields of chemistry. 

The guanidine diuretic amiloride hydrochloride has a unique capability of 

restoring potassium while eliminating sodium with extra fluid from our body. The 

inclusion phenomena of this drug with α and β-CD have been studied. 

Alibendol is an important component of maximum choleretic and cholekinetic 

drugs. It is also an antispasmodic ,helps to relax muscles. In biliary insufficiency, it 

shows effective results. 

Both uracil and gallic acid are the biologically essential molecules. The 

nucleobase that  present in RNA is uracil. Through bonding with phosphates and 

riboses, it helps in synthesizing many enzymes in our body; thus facilitates cell 

functioning. On the other hand, gallic acid acts as an antioxidant and present in many 

plants and fruits. It accumulates a variety of applications. 
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Summary of work done: 

Chapter I: The chapter includes the scope, application and most importantly the 

objectives of the research work. It consists of the names of the biologically and 

industrially significant molecules and the reason behind choosing them as the parts of 

our work. 

Chapter II: This chapter contains the review of the earlier works about the host 

guest inclusion and the phenomena of solution. Detailed description of the theories of 

investigation of all the interactions in solution including equations and different studies 

that have been done during the research work are included in this chapter. The studies 

are NMR, FTIR, fluorescence, ITC, PXRD, UV-Vis, SEM, HRMS, density, viscosity, 

refractive index etc. 

Chapter III: It covers the experimental section i.e. details of the samples and the 

working principles of the instrument used throughout the research work. The source, 

purity, application and physical properties of the drugs, dye, bioactive molecules and 

cyclodextrin molecules have been thoroughly discussed in this chapter. The 

instrumental details are covered in this particular chapter. 

Chapter IV: Here, the solution behaviour of two bioactive molecules uracil and 

gallic acid has been studied. With the help of different physicochemical parameters like 

apparent molar volume, limiting apparent volume, viscosity, refractive index data of the 

two concerned molecules in solution; a definite idea of their interactions in solution 

have been received. This will be helpful for future researches. 

Chapter V: Here in this chapter we have studied the inclusion phenomenon of 

the drug alibendol with β-CD with the help of different spectroscopic techniques. The 

host-guest inclusion has been done so that the side effects of the drug can be reduced to 

some extent. Job’s plot(from Uv-visible study) reveals the stoichiometry of 

complexation as 1:1. Binding constants at three different temperatures supplied 

information about the interaction between alibendol and β-CD and the cross peaks 

present in the 2D ROESY spectra is an authentication of the formation of inclusion 

complex. 
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Chapter VI: The chapter includes the study of incorporation of a diuretic drug 

amiloride hydrochloride inside the hydrophobic cavity of α and β-cyclodextrin. Various 

characterization techniques have been applied for the establishment of the IC e.g. UV-

Vis, 1HNMR, HRMS etc. Theoretical studies showed that the encapsulation of the drug 

for α-CD is partial and for β-CD is complete and this finding is also satisfied by the 

values of association constants obtained from Uv-visible study. The antimicrobial 

activity shown by the complexes formed is commendable than the drug itself. 

Chapter VII: The host-guest inclusion complex of DL-Aminoglutethimide and β- 

CD has been characterised by 1HNMR, FTIR, SEM, PXRD, UV-vis, molecular docking 

study. The cell viability study has also been done for the IC, which appeared to be 

nontoxic in comparison to the drug. The inclusion process will be thoughtful in 

transforming the drug of low toxicity. 

Chapter VIII: The encapsulation of a dye molecule Indigosulfonic acid 

dipotassium salt with β- CD has been studied with certain spectroscopic and 

calorimetric studies. These were 1H NMR, 2D NOESY NMR, SEM, FTIR, UV-vis, 

Fluorescence and ITC study. The stoichiometry was found to be 1:1 and all the 

experimental results suggest the occurrence of inclusion within β- CD. The inclusion 

complex might be effective in reducing the toxicity of the dye. 

Chapter IX: This chapter contains concluding remarks of the research works 

included in the thesis. 
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CHAPTER I 

NECESSITY OF THE RESEARCH WORK 

 

I.1. OBJECT, SCOPE AND APPLICATION OF THE RESEARCH WORK 

Research is a continuous effort of exploring new ideas, new definitions where all 

the new dimensions arise in a broader way. It can be done in any field. In the field of 

science research based ideas are of immense importance. Scientific research comprises 

of collecting data and establishing new facts with evidences.  It’s not only developing 

concepts, perceptions but also help in diminishing faulty beliefs. Research is a 

construction of new base. It is a practice to understand the human race and to find out 

how this understanding can be made beneficial for the whole world.  For the 

betterment/growth of science researches are going on in every field of science especially 

in medicinal/pharmaceutical chemistry. 

Nowadays supramolecular chemistry based researches are enforcing great impact 

in biomedical science unlike conventional chemistry.  Supramolecular assemblies consist 

of discrete number of molecules by non-covalent interactions . There are enormous 

applications in the area of host-guest supramolecular chemistry, likewise drug delivery, 

catalysis, pharmaceutical and nano technologies. The exceptional noncovalent 

interactions between guest and the complementary host molecule result  unbelievable 

outcomes ;that is why it is also termed as molecular recognition. Molecular self assembly 

can be constructed in order to get a pre-planned stoichiometry by taking a biologically 

potent or chemically reactive entity and a template which can be made according to 

requirements of the chemistry we are looking for. Modern approaches are progressing in 

the same technique. In making of larger structures e.g. vesicles, micelles, nano rods, 

membranes etc. this technique is somewhat difficult to maintain as they are not 

energetically favourable in such situations. 

Inclusion complexation is an inevitable part of the host-guest chemistry. It is 

possible to explicate their structures by monitoring their type of interactions or 

attachments. The association constant of the above type of binding can be determined by 
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studying the thermodynamics of the complexation process. The main benefit of host-

guest supramolecular chemistry is in the manufacture of functionalised biomimetic 

systems. It has great biomedical advantages. Targeted drug delivery and controlled 

release of the drug by using supramolecular systems reduce the side effects of the drug 

and make it more efficient in its therapeutic activity. Other important advantages in cell 

biology applying supramolecular designs are of utmost credit. The stability of the typical 

host-guest inclusion complex depends on a number of non-bonding interactions e.g. 

hydrogen bonding, van der Waals forces, hydrophobic forces and some electrostatic 

interactions. 

Cyclic macromolecules introduce innovative thoughts in host-guest chemistry 

associated researches. Basically they don’t have any end group. Porphyrins, 

cyclodextrins, crown ethers, calixarenes are the standard examples of macrocycles or 

macromolecules. They all have molecular hollow space. Among a lot of these 

macromolecules cyclodextrins are quite fascinating due to various reasons. Cyclodextrins 

have hydrophobic interior cavity with hydrophobic exterior which makes them soluble 

in water and by choosing specific guest molecules, they are competent enough to make 

inclusion structures. 

Cyclodextrin-tailored nano particles are presenting great influence to improve the 

features of the consequential systems, such as conductance, electronic, thermal, and 

catalytic actions. A number of molecular architects have been planned to advance the 

efficacy of certain macromolecular systems. These are proved to be effectual in making 

different type of molecular machines, nanosensing, nanotubes etc. [1] [2] [3] [4] [5] 

Host-guest inclusion complexation including cyclodextrins or cycloamyloses 

covered a huge region in advanced science. They have vast application starting from food, 

chemical industries, cosmetics ,drug delivery, pharmaceutical to environmental and 

agricultural sciences.[6] CDs can be produced by the enzymatic degradation of starch. 

There are three types of CDs in nature such as α ,β and ᵞ CDs with 6,7,8 glucopyranose 

units. Due to the toroidal cone shaped CDs can completely or partially trap hydrophobic 

molecules into the cavity. The moderate cavity diameter of β- CD is suitable for 

encapsulating the guest or the entering molecule. Inclusion complexes of CDs are 

acceptable worldwide due to various reasons e.g. CDs have low production cost, water 
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soluble, low toxicity and appropriate cavity diameter. The host molecules that are taken 

here are α and β-cyclodextrins.  The properties of the entering guest molecule have been 

changed greatly after complexation. These include solubility, permeability, stability, 

effectiveness, bioavailabiity, taste etc.  Several bioactive molecules are being entrapped 

inside the CD moiety to improve their physical and chemical properties. [7, 8] 

 

Fig.I.1. Structures of the Cyclodextrin molecules 

To understand the chemistry of solution one need to understand the change in 

properties of an entity when it is dissolved in a new substance i.e. one needs to have a 

clear idea about the nature of solute and solvent molecules. What changes are taking 

place after they get into solution phase and also what kind of interactions are going on 

etc. should be taken into consideration . There will always be some anomaly when 

different solutes and solvents are mixed together. Studies of the aqueous solution of 

different molecules have given a variety of information regarding various 

thermodynamic properties. The contribution of a lot of intermolecular forces are there in 
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the process of solvation, these are dipole-dipole,ion-dipole,H-bonding, van der Waals 

forces. [9] The solute-solute interaction of uracil and gallic acid has been studied here. 

In pharmacology, sustained release of the drug molecules is a very crucial thing. 

These types of bioactive molecules can be protected by encapsulating them inside the 

cavity of cyclodextrins to retain their therapeutic activity and to lessen their adverse 

effects. Moreover, it is also important to confirm that the inclusion complex has been 

formed between the host and the guest molecules. In order to achieve such goals 

inclusion complex of some biologically potent molecules with α and β cyclodextrins have 

been investigated. The concerned bioactive molecules are DL-Aminoglutethimide, 

Amiloride hydrochloride, Alibendol. On the other hand to minimize the harmful effects of 

certain dyes, complexation of the dye with cyclodextrin is considered to be a unique 

approach. Here complexation of Indigosulfonic Acid Dipotassium Salt with β-CD has been 

studied. 

The synthesis of inclusion complex of the dye, Indigosulfonic acid dipotassium salt 

(ISD) and β- CD has been done along with characterization by different types of 

spectroscopic studies and calorimetric study. ISD is a derivative of indigo which is a 

natural dye.  The application of dyes are vast including colouring food, textiles, medicinal 

products, cosmetics and they generally have complicated aromatic chemical structures. 

[10] Because of intramolecular H-bonds ISD seems to have high melting point. Moreover 

every synthetic dye must have some toxicity likewise ISD shows some toxicity when 

consumed. Whereas, β-CD has very low toxicity. So, formation of inclusion complex 

makes the overall moiety less toxic. The inclusion phenomenon of ISD and β-CD was 

studied to reduce the toxic effect of the dye. [11-14] [14-17] 

The encapsulation of the drug DL-AGT and β-CD was investigated both in solid and 

liquid phase and it was also examined by the cell viability study that the inclusion 

complex is non-toxic.  DL-Aminoglutethimide (DL-AGT) is an aromatase inhibitory drug. 

Formerly it was used as an anticonvulsant in United States but soon withdrawn from 

market due to some unanticipated side effects. It showed unusual side effects on various 

endocrine organs particularly adrenal. It restricts quite a lot of enzymes in the adrenal 

cortex. Its anomalous side effect turned out to be a blessing in the endocrine therapy. 

Hormone dependent human breast neoplasms are generally stimulated by estrogen 
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hormone can generate hormone dependent breast carcinoma. It can be possible to 

suppress the estrogen level by the use of some aromatase inhibitory drug and for that DL-

AGT has been seemed to be effective. The antitumor efficacy of DL-AGT by suppressing 

estrogen  found to be more productive in drug induced medical adrenalectomy than 

surgical adrenalectomy for the treatment of advanced breast cancer. Besides all these 

benefits DL-AGT has lack of specificity and side effects that are not linked to deprivation 

of estrogen. To make the drug more specific in its therapeutic activity and to decrease the 

side effects of it, an inclusion process has been done between the drug and a cyclic 

oligosaccharide β- CD. [18] [19] [20] [21] 

There are already diverse pharmacological applications of the drug Amiloride 

hydrochloride (AMHCl) in literature. AMHCl is a guanidine diuretic, having an unlikeable 

taste ,synthesized first withinside the lab of Merck, Sharp and Dohme.  It is 3,5 diamino-

N-(aminoiminomethyl)-6-Chloropyrazine carboxamide. It has minor natriuretic, diuretic 

effects. It can expel sodium, holding potassium and used as a remedy in hypokalemia.  

AMHCl is used for the treatment of congestive heart collapse or high blood pressure. As 

the extra sodium is discarded in conjunction with excess water from the body, the blood 

pressure automatically reduced. Being a BCS drug  of class III it possesses high solubility 

and less permeability. 

The administration of any drug orally includes an array of limitations due to 

enzymatic degradation and first pass metabolism in the GI tract. Most of the drugs are 

metabolised in the gastrointestinal tract and thus the effective dose for the activity of the 

drug decreases i.e. its bioavailability decreases. Due to belonging to a BCS class III drug 

AMHCl has less efficient to pass through biological membrane. Now a days buccal routes 

are considered to be the smartest way for the drug to be orally administered. The drugs 

that can’t be administered due to unpleasant odour can be taken as a form of 

mucoadhesive films as reported in the literature . 

The inclusion complexation of the drug AMHCl with α and β-CDs not yet been 

discussed so far our knowledge is concerned. The approach may lead to various chemical 

advantages of the drug. The inclusion complex may diminish its side effects and increase 

its bioavailability or can be orally administered without any risk of hepatic first pass 

metabolism. [22, 23] [24] 



6 /Chapter I 

Necessity of the Research Work 

2-hydroxy-N-(2-hydroxyethyl)-3-methoxy-5-(2-propenyl)benzamide or 

alibendol is of important pharmaceutical interest due to its activity in the field of 

medicinal chemistry. It has the formula of C13H17NO4 and melting point of 950C and can 

be prepared by mixing ethyl ester of 2-hydroxy-3-methoxy-5-allyl-benzoic acid and 

ethanolamine under suitable experimental condition. The number of patents for the 

synthesis of alibendol is very little even the mentioning of alibendol is very less in 

literature. 

The maximum choleretic, antispasmodic and cholekinetic drugs use alibendol in 

their composition as an active component. In biliary insufficiency it shows outstanding 

activity i.e. in dyspepsia, other uses are in alimentary intolerance and in hepatic origin 

constipation. 

But as an active ingredient in antispasmodics it must have some sort of side effect 

such as vomiting, headache, dizziness, nervousness, irritation and in some cases allergic 

reactions. To consume such drugs may cause allergic reactions. 

Alibendol included β –CD inclusion complex has not been studied earlier. We have 

studied the inclusion system with the help of some spectroscopic investigations. The 

pronounced inclusion system may decrease the limitations of the drug either by 

increasing bioavailability or by decreasing its side effects. [25] [26] 

The pyrimidines and nitrogen heterocycles are mostly seen in a number of bio-

active molecules and exhibit substantial therapeutic efficacy. Among these pyrimidine is 

found to be the most suitable architect in the chemistry of nucleic acid . The common 

natural derivative of pyrimidine is uracil. Uracil is the necleobase present in RNA but 

absent in DNA or it can be said that it is dimethylated in DNA, which is thymine. Uracil 

linked to the nucleobase adenine through two hydrogen bonds in RNA. It is reported 

earlier that uracil can be generated from pyrimidine by the action of UV light. 

Uracil has a very little acidity. It can go through tautomeric shifts into amide-imidic 

acid due to nuclear unsteadiness which may occur owing to loss of aromaticity. The amide 

tautomer is the lactam structure and the imidic acid tautomer is the lactim structure. 

Generally uracil is more common in the lactum structure. Uracil has a variety of 
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application in drug discovery. Most of the synthesized drugs having antitumor, anticancer 

efficiency include uracil moiety in them.[27] 

Gallic acid is a polyphenolic compound having tremendous antioxidant properties. 

There occurs some oxidative stresses due to normal metabolism, antioxidants of natural 

origin serve for the prevention of the cells from those oxidation. Oxidative stress is 

basically the formation of free radicals in our body. These reactive oxygen are not good 

for cells and gathering of these may lead to inflammatory disease, cardiovascular disease 

and chronic disease cancer. Gallic acid or 3,4,5-trihydroxy benzoic acid is a naturally 

occurring compound having low molecular weight. Its presence is widespread in the 

plants like oak barks, grapes, different types of berries, tea, mango, gallnuts and in 

vegetables. 

We have investigated that there exists a strong interaction between uracil and 

gallic acid in the ternary system of uracil and aqueous gallic acid solution based on some 

physicochemical methodologies and some important parameters have also been derived. 

[28] [29] [30] 

Therefore the objectives, scope and applications of the research work in brief are 

 The most important objective of the research work is to study certain non-

bonding interactions of some significant molecules especially in diverse 

system and also to collect the appropriate information regarding the 

phenomenon for future upgradation. 

 The solvation consequences of certain bioactive molecules in ternary system 

provide us valuable information about changes in their physical properties. 

 The thermodynamic results obtained from our research works are no doubt of 

extreme importance. 

 Selection of biologically active molecule and by studying its biological activity 

after inclusion opens up new scopes for numerous future researches. This also 

has vast application for the betterment of bioactive compounds in their 

activity. 
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 By the course of this research work we understand different hydrophilic and 

hydrophobic interactions with the help of some physicochemical 

methodologies. 

 The application of different host-guest inclusion systems here is to enhance 

the bioavailability and to reduce the side effects or toxic effects of certain 

bioactive and industrially important molecules. 

I.2. SELECTION OF BIOACTIVE MOLECULES, DYE MOLECULE, HOST MOLECULES, 

SOLVENTS USED IN THE RESEARCH WORK 

The names of the bioactive molecules, dye molecule, host molecules and solvents 

used in the research work are listed below. 

Dye molecule: 

 Indigosulfonic Acid Dipotassium Salt (ISD) 

Bioactive Molecules : 

 DL-Aminoglutethimide 

 Amiloride hydrochloride 

 Alibendol 

 Uracil 

 Gallic acid 

Host Molecules: 

 α – Cyclodextrin 

 β -Cyclodextrin 

Solvents: 

 Water 

 Dimethyl sulfoxide 

 Acetonitrile 

 Ethanol 
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I.3. METHODS OF INVESTIGATION 

The following methods of investigation have been used in our research work. 

 NMR spectroscopy (2D NOESY,ROESY and 1H NMR) 

 UV-Vis spectroscopy 

 Powder X-Ray Diffraction 

 Fluorescence spectroscopy 

 FTIR spectroscopy 

 Isothermal Titration Calorimetric Study 

 Mass spectroscopy 

 Scanning Electron Microscopy 

 Density study 

 Refractive index study 

 Viscosity study 

 Cell viability study 

 Antimicrobial study 

The partial molar volume, viscosity B co-efficient and other thermodynamic 

parameters give us important information to explain solute-solute, ion-ion and ion-

solvent interactions. The nature and extent of ion-solvent interaction can also be 

predicted from the sign and magnitude of the partial molar volume. 
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CHAPTER II 

REVIEW OF THE EARLIER WORKS AND THEORY OF INVESTIGATION 

 

II.1. Review of the Earlier Works 

II.1.1. An overview of host guest chemistry 

Host-guest chemistry usually involves compatible binding between two or more 

molecules and ions. The molecules involved in host-guest complex are held together in 

terms of non-covalent bonds. It encompasses molecular recognition; thus by appropriate 

choice of binding sites a host-guest complex is formed. An Inclusion complex is a distinct 

system. In 3D structures of large molecules non-covalent bonding cannot be maintained 

that is why large molecules bind specifically but transiently in many biological processes. 

The Non-covalent interactions are basically electrostatic or dispersive forces. Different 

types of non-bonding interactions are there but hydrogen bonds, ionic bonding, van der 

Waals forces, hydrophobic interactions are very common.[1, 2] 

Cyclodextrins are cyclical cavity polymers consist of minimum 6-D-(+)-

glycopyranose units connected by α-(1,4) linkages. Three types of common cyclodextrin 

molecules α, β and γ  have various applications in food industry, pharmaceutical chemistry 

and in other consumer products. The universal production of cyclodextrins has crossed 

10,000 tons per year. Due to suitable cavity diameter CDs can access the technique of 

different host guest complexes.  They possess a hydrophobic central cavity which can 

accommodate variety of organic guest molecules and can be able to form host-guest 

inclusion complexes or supramolecular organizations. CDs are water soluble and also 

biodegradable which make them very special for executing and implementing in various 

applications. As the guest molecule enters the cavity of CD molecule, there occur some 

changes in the physical properties of the guest which may be used in different areas. To 

increase the bioavailability of any drug, CDs have no alternation. 

Among the cyclodextrins, β-CD is the prominent one because of having modest 

cavity dimension, low production price and easy availability. The inclusion complexes of 

the bioactive molecules  with CDs includes numerous pharmacological benefits e.g. 
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increase the stability, solubility, bioavailability and diminish the toxic effects of the 

drug.[3] [4] [5] 

II.1.2. Inclusion Complex formation 

The process of inclusion seems to happen between a host and a guest molecule via 

some non-bonding interactions or simply there occurs no formation of bonds. The cyclic 

host molecules are preferred for this like calixarenes, cyclodextrins etc. [6] 

The hydrophobic cavity of CDs enables maximum organic moiety to enter and to 

fit perfectly. It does not include bond breaking or bond making. The non-bonding 

interactions are the responsible for the complex formation. 

Expulsion of water molecule by the entering guest molecule may be the driving 

force in this process. The thermodynamic of the process rely on it. 

Through the process of inclusion it is possible to protect the drug from 

environmental and enzymatic degradation, oxidation etc. 

The overall inclusion phenomenon is dynamic itself as it includes very weak non-

covalent forces. The strength of association depends on how perfectly the guest fitted into 

the void. ICs can be formed in solution phase or in crystalline phase. Choice of solvent is 

based on the solubility of the guest molecule but most of the time water is considered as 

the solvent media. Certain non-aqueous/organic solvents are also used for the purpose 

of inclusion. 

 

Scheme.II.1: Schematic diagram of host-guest inclusion complexation. 
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II.1.3. The stoichiometry of inclusion 

The most common stoichiometry for the host guest inclusion is 1:1(H:G). Other 

stoichiometries are very few in literature. 

 

Fig.II.1. The different types of stoichiometries in Host-guest inclusion complex 

Job’s method is applied to determine the stoichiometry of the host-guest complex 

from the UV-Vis spectroscopic study. It is a process by which the total concentration of 

both the host and guest is kept fixed (while mixing different volumes of solutions of each 

in appropriate solvent) and the concentration of guest varies in a set of set of solutions.  

ΔA*R Vs R is plotted in the Job plot; Where ΔA stands for change in absorbance of the 

guest in presence of host and R=[G]/[G]+[CD]. If R value exhibits a maximum deviation at 

0.5 then it is a 1:1 stoichiometry. 

 

Fig.II.2: Representation of Job plot for 1:1(H:G) 
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II.1.4. Determination of both the stoichiometry and the association constant 

With the help of Job’s plot we can predict the extent of interaction and also the 

stoichiometry between the host and guest molecules. Data obtained from experimental 

findings are fitted in linear or non-linear models according to Benesi-Hildebrand double 

reciprocal equation. The equation is shown below. 

1

∆𝐴
=

1

∆𝜀[𝐺]𝑘𝑎
∗

1

[𝐻]
+

1

∆𝜀[𝐺]
                                                              (II.1) 

(ΔA is as stated above, Δε is the molar extinction co-efficient and [H] and [G] are 

the concentration terms of host and guest molecules.) 

II.2. Theory of Investigations 

II.2.1. Hydrophobic Interactions: 

Hydrophobic effect is the affinity of nonpolar molecules to get aggregated in 

aqueous solution by excluding water molecules. Hydrophobicity means the fear of water 

and includes the isolation of water and nonpolar molecules, which enhance hydrogen 

bonding interaction in water molecules and decrease the area of contact of nonpolar and 

water molecules. According to thermodynamics, hydrophobic effect is nothing but the 

change in free energy of water  surrounding a solute. Positive change in free energy  of 

the surrounding solvent describes hydrophobicity, while a negative change in free energy 

denotes hydrophilicity. 

Hydrophobic effects encompass important application in biological fields such as 

protein folding, formation of vesicles, membrane protein insertion into the nonpolar lipid 

and in separation of mixtures of polar and nonpolar solvents. 

 

Fig.II.3: Hydrophobic interaction brings the interacting molecules closer. 
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II.2.2. van der Waals Forces: 

Van der Waals forces of interactions are feeble forces in practice and particularly 

of 0.5-1kcal/mol. Forces produced are non-ionic and non-directional. It is a propensity of 

the electronegative atoms present in neutral molecules to divert the electron cloud of 

comparatively less electronegative adjacent atoms by means of covalent bonds. 

Thus it introduced a partial positive and partial negative charge in the same 

molecule i.e. dispersion of charge occurs. 

 

Fig.II.4: van der Waals forces of attraction between molecules 

The forces also seems to occur between opposite charges of two interacting 

molecules placed close enough to each other in an arrangement that the positive end of 

one meets the negative end of the other. According to the mechanisms of charge 

dispersion, the forces are categorised. 

Molecules that are capable of partial charge distribution because of having strong 

electronegative atoms can generate a permanent dipole in it which in turn can induce 

dipolar nature in other molecule. Thus there occurs interaction like ionic fashion but of 

very weak strength. This type of force is Keesom force (dipole-dipole interaction). 

 

Fig.II.5. Dipole-dipole attraction 

On the other hand if permanent dipole deforming the electron cloud of 

neighbouring molecule, it is termed as Debye force (dipole-induced dipole interaction). 
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Fig.II.6. Dipole-induced dipole attraction 

The force that operates due to partial charge distribution between two 

neighbouring neutral entities is the London force i.e. (induced dipole-induced dipole 

interaction). 

 

Fig.II.7. Induced dipole-induced dipole interaction 

II.2.3. Hydrogen bonds: 

The electrostatic force between a hydrogen atom which is covalently bonded to an 

electronegative atom or group and an electronegative atom with lone pair generates 

hydrogen bonding. Electronegative atoms actively participate here like fluorine, oxygen, 

nitrogen. 

Hydrogen bonds are basically stronger forces than van der Waals forces ranging 

between 1-40kcal/mol but weaker than ionic or covalent bonds. Two types of hydrogen 

bonds are (a) intramolecular and (b) intermolecular .The strength and energy of 

hydrogen bonds depend on the nature of the involved donor acceptor atoms, geometry 

and the environment. 

When hydrogen bond is formed involving a hydrogen atom and an electronegative 

atom from other part of the same molecule, it is intramolecular hydrogen bonding. On the 

other hand when an electronegative atom of one molecule attracts the hydrogen atom of 

other molecule, it is called intermolecular hydrogen bond. Hydrogen bonds have 

Induced dipole-induced 
dipole attraction



16 /Chapter II 

Review of the Earlier Works and Theory of Investigation 

significant contribution in the physical properties of different substances even in the 

structures (both secondary and tertiary) of nucleic acid and proteins. It also helps in 

generating various polymeric structures. 

Hydrogen bonding markedly effects on the stability and boiling point of several 

compounds such as water. The high boiling point of water is owing to intermolecular 

hydrogen bonding.[7] [8, 9] 

 

Fig.II.8: Intra and intermolecular Hydrogen bonding. 

II.2.4. Electrostatic Forces: 

Electrostatic force is the force between two charged particles by the action of 

attraction or repulsion can be measured by Coulomb’s law. The force is proportional to 

the product of the charges of the two particles and inversely proportional to the square 

of the distance between the centres of the two charged particles. 

II.2.5. Ion-Dipolar Attractions: 

It is a kind of electrostatic force between the fully charged ion and a permanent 

dipole of a neutral polar molecule. The alignment of both the entities is such that the 

negative dipole of the neutral molecule is in close proximity to the positively charged ion 

and vice versa for the attraction to be maximum . These types of forces are much stronger 

than hydrogen bonding and dipole-dipole attractions as a fully charged ion is taking part. 
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Fig.II.9: Ion-dipolar attraction between an ion and a dipole of a polar molecule. 

The strength of the ion-dipole attraction generally depends on the charge of the 

ion and on the partial charge on the dipole of the molecule. 

II.2.6. Solute-Solvent Interactions: 

The intermolecular forces act between the solute and solvent molecules are the 

main cause of solubility and the solute-solvent interaction must be stronger than the 

solute-solute and solvent-solvent interaction. This is the reason why NaCl dissolves in 

water. As soon as NaCl get into the solution water molecules surrounds the ions Na+ and 

Cl- separately thus the bond between Na and Cl becomes weak; this occurs because of the 

salvation process. The dissolution power also depends on the nature of the solute 

particles whether they like the solvent or not. Solution chemistry covers many 

thermodynamic parameters and new implications based on these parameters. 

II.2.7. NMR Spectroscopy: 

Nuclear magnetic resonance is a very powerful technique for determining the 

structure of different molecules. It has vast application in the field of chemistry, material 

and engineering sciences. 

NMR is a technique of exposing  atomic nuclei to a strong magnetic field and by 

the effect of this field protons precess at different frequencies. The precessing protons 

are then irradiated by steadily changing frequencies and the frequency at which 

absorption occurs is observed. When the energy of radiation matches the energy of the 

proton for flipping, absorption occurs and signal is observed. The obtained spectrum is 

called Nuclear Magnetic Resonance spectrum. 
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All the protons do not absorb the same applied field. Absorption depends on the 

magnetic field felt by a specific proton. Different set of protons in different environment 

have different effective field strengths. Different protons will have to have different 

applied field strength for producing same effective field strength at a supplied radio-

frequency which will cause absorption to occur. By measuring the applied field strength, 

absorption peaks are plotted for the set of protons. 

Position of the signals 

To find out the nature of the protons (aliphatic, aromatic, allylic, vinylic)of the 

variety of compounds the positioning of the signals are very important. Moreover the 

electronic environment is responsible for the absorption of protons. 

The molecule under investigation when placed in a magnetic field, the electrons in 

it generates a secondary magnetic field opposite to the applied field. Induced field 

opposes the applied field, proton is said to be shielded and vice versa. Shielding causes 

upfield absorption while deshielding downfield. These shifts by shielding or deshielding 

of protons in the position of nmr absorption are chemical shifts. It is denoted by 𝛿 in ppm. 

An NMR technique for the identification of carbon atoms analogous to hydrogen 

is also applied for structure determination of basically organic and organometallic 

compounds. It follows the rule as that of proton NMR. 

Nuclear Overhauser Effect 

It is a process of transferring nuclear spin polarisation from one (spin-active) to 

other nuclei through cross relaxation. It explains the interaction of two protons or nuclei 

in space when they are close enough. Here, the number of intervening bonds have no 

effects. By interpreting the 1H two dimensional NOESY spectrum it is possible to predict 

the geometry, structures and stereochemistry of different molecules including 

biomolecules. [10, 11] 

2D ROESY 

The 2D ROESY NMR spectrum is a two dimensional rotating frame overhauser 

enhancement spectroscopy having the same principle as NOESY. When protons are in 
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close vicinity in space, through space interactions generates cross peaks in the two 

dimensional XY plane. It is one of the suitable techniques for structure elucidation in 

solution phase but it requires spin lock while mixing the solutions. 

II.2.8. FTIR Spectroscopy: 

It is a method of obtaining the infrared spectrum of solid, liquid and gas. It 

accumulates high resolution spectral data ranging between 400-4000 cm-1 . 

It causes an excitation of a molecule from lower to higher vibrational level 

associated with a number of closely placed rotational lines. Not all bonds in molecules 

can absorb infrared energy but only those which can generate a change in dipole moment 

can absorb in infra red region and the molecules are called infra red active. Vibrational 

transitions not associated with change in dipole moment of molecule are infrared 

inactive. N-H, C=O, O-H bonds are associated with change in dipole moment, strongly 

absorb in infrared. A molecule will exhibit a number of signals or peaks in IR region as 

absorption in IR region is quantised. 

 

Fig.II.10: Principle of FTIR spectroscopy 

There are classes of vibrations accompanied by IR spectra e.g. stretching, bending. 

Stretching vibration can also be classified into different categories. Hook’s law is applied 

to measure the vibrational stretching frequencies. 

ῡ =
1

2𝜋𝑐
√(

𝑘

𝜇
)                                                                        (II.2) 



20 /Chapter II 

Review of the Earlier Works and Theory of Investigation 

Where 𝜇 is the reduced mass which is equal to   m1m2/(m1+m2) and k is the force 

constant of the bond. 

Generally by preparing KBr palette of the samples under observation we recorded 

the spectra. Sample should be taken in very small amount compared to dry KBr. 

II.2.9. Isothermal Titration Calorimetric Study 

Isothermal calorimetric study is a quantitative technique to determine the 

stoichiometry and some thermodynamic parameters involved in complexation. Very 

often it is used to find out the binding site of host molecules or different macromolecules. 

Thermodynamic measurements like change in enthalpy, binding constant, change in 

enthalpy, change in Gibb’s free energy, entropy etc of two or more than two interacting 

molecules can be determined. The thermogram curve will be a sigmoidal curve for the 

stoichiometry. 

The calorimeter is composed of two indistinguishable cells in an adiabatic jacket; 

one is sample cell and another is reference cell. Sample cell contains the host or the 

macromolecule and reference cell contains buffer or water. 

 

Fig.II.11: Pictorial representation of ITC experiment 

Now, a minimum aliquots of ligand or guest molecule is injected in each injected. 

Heat may evolve or absorbed upon addition. The raw data of heat evolved versus time 

generate a number of spikes and every spike denotes single injection of guest or ligand. 
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II.2.10. UV-Visible Spectroscopy: 

This spectroscopy is basically an electronic spectroscopy which includes the 

jumping of electrons from ground energy level to higher energy level. Molecules that have 

bonding and non-bonding electrons absorb UV or visible light for the excitation of the 

electrons to promote them to higher energy anti bonding orbitals. If the electrons are 

easily excited it concludes that they can absorb longer wavelength of light. 

The transition of electrons follows some selection rules. The allowed transitions 

are n- 𝜋 *, 𝜋 -𝜋 * and σ-σ*. They can be arranged as follows σ-σ*> n- σ*> 𝜋 -𝜋 *> n- 𝜋 *. 

 

Fig.II.12: Excitation of electrons in ethylene. 

The theory of UV-Vis spectroscopy is based on the Lambert’s-Beer’s law, Which is 

log (𝐼0/𝐼) = 𝑐𝑙 = 𝐴                                                           (II.3) 

Where I0 is the intensity of the incident light; I is the intensity of the transmitted 

light; c is the concentration of solution; l is the path length of the sample and  is the molar 

absorptivity. 

With the help of the Benesi-Hildebrand equation, the compiled data obtained from 

UV-Visible spectroscopy are plotted in order to get association constant of different host-

guest systems. The stoichiometry of inclusion is also interpreted by the help of this 

technique. 
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II.2.11. Fluorescence Spectroscopy 

In fluorescence spectroscopy, at first excitation of molecule occurs via photon 

absorption from ground electronic energy level to any of the vibrational energy level of 

higher electronic energy level. When it collides with other molecules its energy drops 

down and it returns to the ground electronic state by obviously emitting photon. The 

emitting photons have different energies and frequencies. Jablonski diagram depicts the 

process. Now, analysis of the emitted light of different frequencies together with the 

relative intensities it is possible to predict the structure of different vibrational energy 

levels. Fluorescence intensity is proportional to the concentration of the fluorophore 

when the concentration is low. 

 

Fig.II.13: The Jablonski diagram of fluorescence 

Fluorescence spectroscopy also helps in determining the association constant of 

the host-guest complex as we have done here. 

II.2.12. Scanning Electron Microscopy: 

This technique is basically used to explain the surface morphology of different 

species. The scanning electron microscope a beam of electrons is applied. The interaction 

of electrons with the atoms generates various signals which give us information about 

the  topography of the surface and composition of the sample. 
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Fig:II.14: Working principle of SEM 

SEM micrographs have a three dimensional appearance which helps to 

understand the morphology of a surface clearly. The samples should be dried completely 

as the sample chamber is in high vacuum state. 

II.2.13. Powder X-Ray Diffraction (PXRD): 

The X-ray diffraction stands on the principles of Bragg’s law .When X-rays collide 

the surface of a crystalline substance , they get diffracted by the atoms of the crystals. The 

parts which do not scattered pass through the next layer of atoms and scattered and so 

on. By the process, we get a diffraction pattern. For the X-rays to be diffracted, the 

substance must be crystalline and the spacing between the layers of atoms should be 

close to the wavelength of radiation. X-ray diffraction study deals with constructive 

interference i.e. beams (monochromatic X-rays) that are diffracted by the two different 

layers are in phase. Constructive interference is the cause of appearance of peaks. 
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Fig.II.15: Pictorial representation of the diffraction of X-ray 

The Bragg’s equation is,       Sinϴ =  
𝒏𝝀

𝟐𝒅
                                                                        (II.4) 

Where, ϴ is the incident angle, 

λ  is wavelength, 

d is the interplanar distance, 

n is integer. 

II.2.14. Mass spectrometry: 

Mass spectrometry is the most precise method to determine the elemental 

composition and the molecular mass of a compound. With a beam of energized electrons, 

molecules are bombarded. As a result, they get ionised and broken down into different 

fragments including some positive ions. Each type of ion possesses a specific mass to 

charge ratio (m/e). As the charge is unity for most ions, the m/e ratio is nothing but the 

molecular mass of the ion. Elimination of one electron from the parent molecule gives the 

parent ion. 
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Fig.II.16: The working principle of mass spectrometry 

In mass spectrometry the intensity of each signal designates the relative 

abundance of the respective ion generating the peak. The parent ion peak should not be 

bewildered with the base peak. The base peak has 100% abundance whereas the parent 

ion peak has very small abundance. 

This spectrometry is tremendously useful for establishing or confirming structure 

of new compounds, to recognise two compounds, to find out the molecular formula of a 

compound, to verify the presence of certain structural units in a molecule and to reveal 

the exact molecular mass of a compound. 

II.2.15. Techniques used to investigate the physicochemical parameters in solution 

Solution chemistry reveals the chemistry between solute-solute, solute-solvent 

and solvent-solvent interactions generally in aqueous solution. The interactions that are 

taking place in solution are normally non-covalent bonds and based on attraction-

repulsion process. Now by measuring different parameters of solution, we can have 

surprising results about different type of interactions between the involved species. 
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II.2.15.1. Density 

Density measurements have a very important function in different type of 

interactions beween solute and solvent in solution as it is a physical property of substance 

of mass to volume; where other physical quantities also show vital role. 

Apparent  molar volume 

The volumetric behaviour of electrolytes and non-electrolytes in solution supply 

useful information about the interactions between the molecules of solute-solvent and 

solute-solute. The structural properties of water are greatly affected by the interaction of 

solute, especially with ions with non-polar groups. Thus, for elucidating the structural 

interactions occurring in solution, the apparent and partial molar volumes and 

expansibilities of solute are the important tools. The apparent molar volume of the solute 

is its geometric volume including the changes in volume (extra volume) in addition of 

solvent. [12] 

The apparent molar volumes ( v ), of the solutes can be calculated by using the 

following relation. 

0

0

1000( )
v

M
m
 


 


                                                        (II.5) 

Where, M signify the molar mass of the solute; m is the molality of the solution; ρ 

and ρ0 denote the densities of the solution and solvent respectively. 

At infinite dilution apparent molar volume is called as the limiting molar apparent 

volume ( 0
v ). Linear plots of best fitted data of v  against the square root of molar 

concentrations (√𝑚) give the values of limiting molar apparent volume ( 0
v ) and 

experimental slopes ( *
vS ) by the use of Masson equation. 

𝜑𝑣 = 𝜑𝑣
0 + 𝑆𝑣

∗√𝑚                                                             (II.6) 

*
vS  is the experimental slope and signify the solute-solute interaction in solution. 

The limiting molar apparent volume 0
v  explains the solute-solvent interaction occuring 
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in  solution. The large positive values of  0
v  indicates the presence of strong solute-

solvent interaction. By correlating the values of limiting apparent molar volume ( 0
v ) and 

experimental slopes ( *
vS ), the predominance of the interactions over each other can be 

presumed. 

The negative values of the experimental slope *
vS  in our research work suggest 

less solute-solute interaction i.e.(uracil-uracil) and as the values of ( 0
v ) are large positive 

,solute(uracil)-cosolute(aqueous gallic acid) interactions overcome the solute(uracil)-

solute(uracil) interaction. 

The physical significance of structure making- breaking interaction 

The structure making and breaking tendency of any solute in the territory of 

solvent in solution can be expressed by Hepler’s equation which supplies useful 

information regarding the interaction of solute-solvent. 

As temperature imparts a significant role in the formation or deformation of any 

structure, correlating with this the limiting apparent molar volume (temperature 

dependence ) will be in the form of the following equation. 

0 2
1 2v oa a T a T                                                             (II.7) 

Where, ɑ0, ɑ1, ɑ2 are the empirical parameters and T is the temperature in Kelvin . 

The limiting apparent molar expansibilities ( 0
E ) can be attained by differentiating 

the equation (II.7) with respect to temperature. 

0 0
1 2( ) 2E v PT a a T                                                         (II.8) 

The value of limiting apparent molar expansibility changes with change in 

temperature, it’s positive value tells us about the absence of caging. 

In the chemistry of solution there are two types of solutes one is structure maker 

and another is structure breaker; whether a particular solute is structure maker or 
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structure breaker can be determined with the help of Hepler’s constant 
0( )E PT  . 

Equation (II.8) can be arranged as the following. 

0 2 0 2
2( ) ( ) 2E P v PT T a                                                         (II.9) 

The sign of  
0( )E PT  decides solute’s structure making and breaking capacity in 

solution. If the values are positive or small negative that means there occurs a structure 

making interaction otherwise the reverse will occur. 

II.2.15.2. Viscosity 

Among the various physical properties of liquids, viscosity is very common and 

delivers a bunch of data regarding the interactions happening in the solution between 

solute and solvent or ion-solvent. In simple words, viscosity is resistance to flow. In 

liquids, the molecular motion is controlled by the neighbouring molecules and as a result 

transport of momentum takes place not by the motion of the actual molecules but due to 

the intermolecular forces and it forms the base of all procedures for the prediction of the 

variations in viscosity of liquid mixtures. 

An aqueous solution of electrolyte may possess large or less viscosity in 

comparison to water depending on the concentration range and solute. 

The friction force that is needed to maintain a velocity difference of unity between 

the two parallel layers of liquid/fluid, which are at unit distance apart is termed as the 

co-efficient of viscosity or viscosity, denoted by the symbol  𝜂 . 

The temperature and concentration dependence of the viscosity co-efficient of 

aqueous electrolytic solution have been studied earlier and it gives useful evidences 

about the limit of ionic hydration inside the hydration co-spheres. Jones and Dole 

introduced an empirical equation by combining the relative viscosities of electrolytes 

with molarity 

η/η0 = ηr= 1+A√𝐶+Bc                                                 (II.10) 

or 
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( ηr-1)/√𝐶 = A+B√𝐶                                                     (II.11) 

Where  η and η0 are the co-effiecients of viscosity of solution and solvent 

respectively. A and B are the constants depending on the ion-ion and solute-solvent 

interactions. A can be theoretically measured. The constant A generally refers to long 

range interionic forces and always a positive value while B is associated with the ion’s 

size. It is an changeable additive parameter and is related to the ion’s partial molar 

entropy. [13] 

Plots of ( ηr-1)/√𝐶 vs √𝐶 are seen to be linear and by least square method the 

experimental values of A and B co-efficients can be evaluated. 

By using Falkenhagen-Vernon equation the A coefficient can be measured 

theoretically. 
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Symbols have their usual significance. 

The viscosity B coefficient helps in classifying ions as water structure making and 

structure breaking. The temperature variation of viscosity B coefficient supplies 

information for such classification. Also the hydration number of molecules or ions can 

be determined from the viscosity B coefficient. 

If , dBion/dT>0  ;it signifies ion is structure breaking. 

If, dBion/dT<0 ; it signifies the ion is structure making 

The negative or small positive values of  dBion/dT denote structure making and 

large positive values denote structure breaking. 

II.2.15.3 Refractive Index 

Refractive index describes the propagating phenomenon of light i.e. how the path 

of the light gets deviated by entering into a medium.  Refractive index is a physical 

property of solution. It varies with the change in pressure, temperature and wavelength. 
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The concentration of a binary solution can also be determined by the refractive index 

study. So it has a wide variety of application in industrial field as well as research related 

scopes.[14] 

The refractive index (nD ) can be expressed as , 

𝑛𝐷  =  𝑐0/𝑐                                                              (II.13) 

= speed of light in vacuum / speed of light in material 

If the refractive index value for a substance is an arbitrary value Q then it denotes 

that light passes through the medium Q times than travels in vacuum. If the value 

increases the speed of light in that material decreases. 

According to Snell’s law of refraction, 

nB/nA = SinϴA/SinϴB = VA/VB                                                   (II.14) 

nB and nA  are the refractive indices of the two medium and ϴA  and ϴB are the 

incident angle and refracted angle of the light passing through one media to another. VA 

and VB  are the speeds of light in the mediums. 

The refractive index of a transparent substance is dependent on its density and so 

far it was not revealed until Lorentz described it. The Lorentz-Lorentz relation for molar 

refraction is given as follows, 

RM = 
(𝑛𝐷

2 −1)

(𝑛𝐷
2 +2)

𝑀

𝜌
                                                                      (II.15) 

Where, RM is the molar refraction; 𝑛𝐷 is the refractive index; 𝜌 is the density of the 

solution and M is the molar mass. 

The limiting molar refraction has the formula of 

𝑅𝑀 = 𝑅𝑀
0 + 𝑅𝑆√𝑚                                                                   (II.16) 

Where ‘m’ is the solution’s molality and  𝑅𝑀
0  is the limiting molar refraction. 𝑅𝑀

0  

can be considered as a measure of solute-solvent interaction in solution. 
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CHAPTER III 

EXPERIMENTAL SECTION 

 

III.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, PURIFICATION 

AND APPLICATIONS OF THE CHEMICALS USED IN THE RESEARCH WORK 

III.1.1. Solvents 

Here are the detailed discussions of some aqueous and non-aqueous solvents used 

in our research work. 

Water: 

Water is the indivisible part of every living organism. The existence of life relies 

on it. It is basically a tasteless, colourless, odourless inorganic compound having the 

chemical formula H2O. Mostly it appears as liquid but can exist in three forms depending 

on atmospheric pressure and temperature; solid, liquid and gas. Its use is universal as a 

solvent. 

 

Source: Distilled water; distilled by fractional distillation method in laboratory. 

Purification: First water was deionised and then distilled using alkaline KMnO4 

solution to exclude the organic materials. 

Water 

Appearance Liquid 

Molar mass 18.015 g/mol 

CAS number 7732-18-5 

Melting point 273.15 K 

Boiling point 373.15 K 

Density  0.9970474 g/mL at 250C 
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Viscosity 0.890 cP 

Refractive index 1.333 at 200C 

Chemical formula H2O 

Application: Water is very essential for every life. In industries, large quantities 

of water are used in the form of liquid water, ice and steam. By dissolving various 

substances in water , the physical and  often chemical properties of those substances and 

their nature of interaction can be studied. Water is easily available than other solvents so 

it can be smartly used in plenty of projects either research based or industrial purposes. 

Every biochemical reaction that occurs in plants and other living bodies need water. The 

property of water to form emulsion is used in different processes. Its capacity of forming 

hydrogen bond makes other solutes dissolve in water. 

Ethanol: Ethanol is an organic compound. It is volatile, flammable, colourless 

liquid and has a wine like pungent smell.  [1, 2] 

Ethanol 

Appearance Liquid 

Molar mass 46.07 g/mol 

CAS number 64-17-5 

Melting point -114.1 0C 

Boiling point 78.37 0C 

Density  789 kg/m3 

Viscosity 1.2 mPa.s at 200C 

Refractive index 1.3611 

Chemical formula C2H5OH 

Source:  purchased from Sigma Aldrich 

Purification: Used as purchased. 

Application: Ethanol is also considered as a universal solvent and it allows a 

plenty of polar-nonpolar, hydrophobic-hydrophilic compounds to dissolve in it due to its 

structural effect. Further its low boiling point helps in separating it from other media. 

Thus it can be used as an extracting agent. It is an essential agent for paints, vernishes 
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and cosmetics. It possesses antimicrobial property and used in different antimicrobial 

preservatives. [3] 

Acetonitrile: It is an aprotic polar solvent basically a by product in the 

manufacture of acrylonitrile synthesis. It is the building block of many organic 

compounds. 

Acetonitrile 

Appearance Liquid 

Molar mass 41.053 g/mol 

CAS number 75-05-8 

Melting point 227K-229 K 

Boiling point 354.4 K-355.2 K 

Density  0.786 g/cm3 

Acidity (pka) 25 

Refractive index 1.344 

Chemical formula CH3CN 

Source: Purchased from Sigma Aldrich 

Purification: Used as purchased 

Application:  The use of acetonitrile is generally as solvent of modest polarity. It 

can dissolve many non-polar and ionic compounds and acts as the mobile phase in HPLC. 

High dielectric constant makes it useful in batteries and also in cyclic voltametry. For the 

purification of butadienes in refineries acetonitrile has outstanding industrial value. 

Dimethyl sulfoxide: DMSO is a very popular aprotic polar solvent like 

acetonitrile. It has no colour and scores of compounds including polar , non-polar dissolve 

in it. DMSO is miscible in water and in other organic solvents. 
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DMSO 

Appearance Colourless liquid 

Molar mass 78.13 g/mol 

CAS number 67-68-5 

Melting point 19 0C(292 K) 

Boiling point 189 0C(462 K) 

Density 1.1004 g/cm3 

Viscosity 1.996 cP at 20 0C 

Refractive index 1.479 

Chemical formula C2H6OS 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. (99.0% purity) 

Application: It is an organosulfur compound and used in various applications. For 

the purpose of mild oxidation in organic syntheses, in some sulfonium based oxidation 

reactions, DMSO is used as an oxidant.  [4] 

DMSO is sometimes used as solvent in salt involving reactions and because of its 

less acidity it can bear with strong bases and thus use in the studies of carbanions. In 

biochemistry and cell biology its use is as an extracting agent. The deuterated d6-DMSO 

is extensively functional as solvent in NMR spectroscopy. In the study of in vitro drug 

discovery or designing DMSO is broadly used to dissolve compounds under test. The in-

vivo experiments are also done with DMSO as vehicle.[5] [6, 7] [8, 9] 

III.1.2. The biologically significant molecules 

There are a number of bioactive molecules used in the research work and a 

detailed information about them is as follows. 

Uracil: RNA has four nucleobases, one of which is uracil. It is linked to adenine by 

two hydrogen bonds. Uracil is absent in DNA or it is said that it is in demethylated form 

which is thymine. It is a pyrimidine derivative of natural occurrence. Uracil shows 

tautomeric shifts, amide form to imide form. But the amide or lactum tautomer is the 

popular one. [10] 
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Uracil 

CAS Number 66-22-8 

Molar mass 112.08676 g/mol 

Appearance solid 

Melting point 335 0C (608 K) 

Solubility Soluble in water 

Chemical formula C4H4N2O2 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. Mass fraction purity is ≥ 0.99 

Application: Uracil is biologically very significant molecule. In drug delivery and 

pharmaceuticals it is used extensively. Uracil plays vital role binding through ribose and 

phosphate in the synthesis of many enzymes which accelerate the function of the cell. It 

helps to detoxify many drugs and engages in the polysaccharide’s biosynthesis. Uracil is 

the basic building unit of many anticancer drugs[11]. 

Gallic Acid: Gallic acid is a polyphenolic compound. It is trihydroxy benzoic acid. 

It is present in different berries, oak barks, tea leaves etc. 
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Gallic acid 

CAS Number 149-91-7 

Molar mass 170.12 g/mol 

Appearance White, yellowish white 

Melting point 1.694 g/cm3 

Solubility in water 1.19 g/100mL at 20 0C(anhydrous) 

1.5 g/100mL at 20 0C(monohydrate) 

Chemical formula C7H6O5 

Source: Sigma Aldrich 

Purification: Used as purchased. Mass fraction purity≥ 0.99 

Application: Gallic acid and its derivatives are extremely valuable for their 

properties such as antifungal, antibacterial, anti-inflammatory, anticancer. Gallic acid 

esters are industrially important components for pharmaceuticals and food industries. 

[12] 

DL-Aminogluthimide: Aminoglutethimide is a medication in cushing’s 

syndrome, breast cancer and prostate cancer. It had been used as anticonvulsant in early 

1960 ‘s but for its proficiency of inhibiting the production of certain hormones it is used 

in the treatment of  hormone dependent breast carcinoma generally assisted by estrogen 

hormone. 

 

DL-Aminoglutethimide 

CAS Number 125-84-8 

Molar mass 232.28 g/mol 

Appearance White powder 
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Melting point 152-154 0C 

Solubility Slightly soluble in H2O; 0.2 

mg/mL, soluble in acetonitrile 

Chemical formula C13H16N2O2 

Source: TCI chemicals. 

Purification: Used as purchased. The purity is >98% 

Application: Generally DL-AGT is used in advanced breast and prostate cancers 

as a medicine. It is an anticonvulsant also. It is an aromatase inhibitory drug. For the 

treatment of metastatic breast cancer which are basically hormone assisted. The 

antitumor efficacy of the drug by suppressing the level of estrogen is due to its potency 

of inhibiting the conversion of cholesterols into steroid hormones. 

Amiloride hydrochloride: Amiloride is taken as a medication of cardiac failure, 

high blood pressure and in liver cirrhosis. It works in our body by retaining potassium 

but excluding excess sodium with excess fluid . 

 

Amiloride hydrochloride 

CAS Number 2016-88-8 

Molar mass 266.09 g/mol 

Appearance Yellowish white powder 

Melting point 293 0C-2940C 

Solubility <0.1g/100 mL in H2O at 19.5 0C 

Chemical formula C6H8ClN7O.ClH 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased 
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Application: It has natriuretic and diuretic effects though the effect is moderate 

i.e. by expulsion of excess sodium it can reduce the blood pressure. For the treatment of 

hypokalemia it has significant outcome. It can be taken along with other diuretic 

medicines.[13, 14] 

Alibendol: Alibendol is 2-hydroxy-N-(2-hydroxyethyl)-3-methoxy-5-(2-

propenyl)benzamide. Its use is as an antispasmodic medication. The use of alibendol is 

mostly as a constituent of some choleretic, cholekinetic drugs. 

 

 

Alibendol 

CAS Number 26750-81-2 

Molar mass 251.28 g/mol 

Appearance White solid 

Melting point 97 0C-99 0C 

Solubility Ethanol, DMSO 

Chemical formula C13H17NO4 

Source: TCI chemicals. 

Purification: Used as purchased. Its purity is >98% 

Application: It is the antispasmodic drug. It gives relief from muscle spasms in 

stomach, intestine and other type of muscle contractions occur due to various reasons. 

Sometimes it is functional in choleretic and cholekinetic diseases. Loads of choleretic 

drugs have this compound as the main constituent. [15, 16] 
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III.1.3. Dye molecule (Industrially significant) 

We have chosen the dye the following dye molecule for our research work. 

Indigosulfonic acid dipotassium salt: It is a derivative of indigo dye which is of 

natural occurrence. The intra-molecular hydrogen bond is possible in the structure of ISD 

and due to this, it has high melting point. It has similar structure that of indigo carmine 

but has potassium in place of sodium. 

 

Indigosulfonic acid dipotassium salt 

CAS Number 13725-33-2 

Molar mass 498.57 g/mol 

Appearance Blue solid 

Melting point >300 0 C 

Solubility Partly in water,ethanol 

Chemical formula C16H8K2N2O8S2 

Source: TCI chemicals. 

Purification: Used as purchased. Purity is >90% 

Application: It has applications in colouring products, textiles and other 

industrial and research based uses are there. It does not have much mentioning in 

literature. Due to its dark blue colour it is used as a colouring agent for different purposes. 

III.1.4. Cyclodextrins 

The use of cyclodextrin molecules, have taken a huge part of our research work. 

The cyclodextrin molecules that have been taken for our convenience are α and β 

cyclodextrins. Their descriptions are given here as follows. 
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α –Cyclodextrin: It is a cyclic amylose formed by the enzymatic degradation of 

raw vegetable materials or starch. There are six glucose subunits are joined by glycosidic 

α -1,4 bonds in this molecule. It is natural in origin. The glucose units are chiral and chair 

conformation makes the molecule rigid and also makes it truncated cone shaped with a 

void inside. Here the position of the secondary hydroxyl groups on the wider rim and 

primary hydroxyl groups are on the narrower rim.[17] 

 

α -Cyclodextrin 

CAS Number 10016-20-3 

Molar mass 972.84 g/mol 

Appearance White solid 

Melting point >278 0C 

Solubility H2O:50mg/mL 

Chemical formula C36H60O30 

Internal diameter (A0) 4.7-5.2 

Number of glucose unit 6 

Source: Sigma Aldrich. 

Purification: Used as purchased. Purity ≥98% 

Application: α –CD has numerous applications in pharmaceuticals, foods, 

cosmetics, textiles etc. It has a specific inner hydrophobic cavity which can accommodate 
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small molecules and can form inclusion complexes with them by some non-bonding 

interactions. It has profound application in drug delivery and also in drug designs. 

β-Cyclodextrin:It has the same property like α – cyclodextrin. It has seven α-(D)-

glucopyranose units connected to α-1,4 bonds. It is a amorphous white solid. 

 

β -Cyclodextrin 

CAS Number 7585-39-9 

Molar mass 1134.98 g/mol 

Appearance White solid 

Melting point 290-300 0C 

Solubility 18.5g/L 

Chemical formula C42H70O35 

Internal diameter(A0) 6.4-7.5 

Number of glucose unit 7 

Source: Sigma Aldrich. 

Purification: Used as purchased. Purity is ≥97% 

Application: Application of β-CD is marvellous. The low production cost among 

the cyclodextrins makes it available for various applications. β –CD has the suitable cavity 

size to incorporate a number of valuable molecules of interest. Different guest molecules 

which are of biological importance are fitted in the cavity of β –CD to change their physical 

and chemical properties so as to make the compound more prospective in its activity. 

Low toxicity makes it an ideal component for the drug delivery and design. 
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III.2. EXPERIMENTAL PROCEDURES 

III.2.1. Preparation of Inclusion Complexes: 

At first, 20 mL 1.0 (mM) solutions of α and β-CD were prepared separately with 

triply distilled, deionized and degassed water which, allowed to stir for several hours on 

a magnetic stirrer. Then,20 mL 1.0 (mM) (prepared in purely distilled water or in 20% 

ethanol-water or 15% acetonitrile-water mixtures)  solutions of guest molecules were 

added drop wise to the previously prepared aqueous solution of α-CD or β-CD making the 

ultimate equimolar mixture and were continued to stir for 48-72 hours at 55-60°C. The 

suspensions obtained after cooling the mixture to 5 °C were filtered to obtain white 

crystalline powder, which were then dried in air and preserved in vacuum desiccators. 

III.2.2. Solution preparation 

A stock solution for each component was equipped (digital electronic analytical 

balance, Mettler Toledo, AG 285, Switzerland) by mass, and the functioning solutions 

were obtained by mass dilution. The doubt of molarity of dissimilar salt solutions was 

evaluated to be ± 0.0003 mol·dm-3. 

Solvent mixtures are prepared from pure components which were taken 

independently in glass stoppered bottles and thermostated at the required temperature 

for adequate time. When the thermal equilibrium was ensured, the requisite volumes of 

each component were transferred in a dissimilar bottle which was already cleaned and 

dried methodically. Translation of essential mass of the relevant solvents to volume was 

skilled by using experimental densities of the solvents at experimental temperature. It 

was then Stoppard and the mixed contents were shaken well before use. While preparing 

different solvent mixtures care was taken to ensure that the same process was adopted 

right through the whole work. The physical properties of diverse pure and mixed solvents 

have been offered in the relevant chapters. 

III.2.3. Preparation of multicomponent liquid mixtures: 

The double and polycomponent liquid mixtures can be equipped by any one of the 

procedures discussed below: 

(i) Mole fraction 
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(ii) Mass fraction 

(iii) Volume fraction 

(i) Mole fraction: The mole fraction (xi) of the polycomponent liquid mixtures 

can be equipped using the following relation: 

i i
i n

i i
i

( w / M )x
( w / M )






1

 

Where, wi, and Mi are mass and molecular mass of ith component, correspondingly. 

The values of i depends on the number of components implicated in the development of 

a mixture. 

(ii) Mass fraction: The mole fraction (wi) of the polycomponent liquid 

mixtures can be equipped using the following relation: 

i i
i n

i i
i=1

(x /M )w =
(x M )

 

(iii) Volume fraction: The volume fraction (ϕi) of the poly component liquid 

mixtures can be equipped by following employing three methods: 

(a) Using volume: The volume fraction (ϕi) of the polycomponent liquid 

mixtures can be prepared by following relation 

i
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Where, Vi, is the volume of pure liquid i. 

(b) Using molar volume: The volume fraction (ϕil) of the polycomponent 

liquid mixtures can be equipped by following relation 

l i mi
i n

i mi
i

xV
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Where, Vmi is the molar volume of pure liquid i. 

(c) Using excess volume: The volume fraction (ϕiex) of the polycomponent 

liquid mixtures can be equipped by following relation 
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Where, VE is the excess volume of the liquid mixture. 

III.3. DETAILS OF THE INSTRUMENTS INVOLVED IN THE RESEARCH WORK: 

III.3.1.Measurement of mass: 

To measure mass has been carried out in a digital electronic analytical balance, 

Mettler Toledo, AG 285, Switzerland. 

 

It can measure mass with excessive precision and accuracy. The weighing pot is of 

elevated accuracy and precision (0.0001g) is kept inside a glass enclosed space with 

sliding doors to save from harm from dust and air currents. 

III.3.2. Thermostat:  

Using Brookfield TC-550 thermostatic water bath temperature of the solutions 

under experiment were controlled . It has an accuracy of  0.01 K of the desired 

temperature. 
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III.3.3. Water distiller: 

The glass distillation unit of the water distiller was of Bionics Scientific 

Technologies (P).Ltd. It produces contaminants free water. 

It converts the water into vapour by heating it. During heating the contaminants 

like bacteria, some heavy metals, salts cannot get into vapour phase with water so they 

are left as residues in the heating/boiling chamber. The evaporated water is then 

condensed and the liquid form of water is collected in a container. This is how a very pure, 

mineral free , water is produced by the water distiller in laboratory. It is the cheapest way 

to get distilled water rather than buying. 

 

III.3.4. Magnetic stirrer: 

In order to get homogeneous solutions and to promote heat and mass exchange in 

the mixture we used the Magnetic stirrer cum hot plate from IKA. Preparation of different 

required solutions and also to get solid inclusion complexes at a fixed temperature the 

magnetic stirrer was used. 
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III.3.5. Density Measurement: 

The density measurementsof the solutions were measured by vibrating-tube 

density meter ,Anton Paar, DMA 4500M(temperature range 298.15 to 318.15 K). 

Calibration of the instrument was done with doubly distilled water and dry air. The 

uncertainty in measurement was  ±0.00001 g cm-3. 

Here the mechanical oscillation of the U-tube at a frequency is converted into an 

AC voltage of the equivalent frequency associated to the density of the sample. 

The related equation is ,            𝜌 = 𝐴. 𝜏2 − 𝐵 

Where,𝜏 is the period; A and B are the instrument constants of each of the 

oscillator and 𝜌 is the density of the sample. 

 

 

III.3.6. Measurement of Viscosity 

Brookfield DV-III Ultra Programmable Rheometer with fitted spindle size-42 was 

engaged to calculate the viscosities of the solutions. With the help of the following 

equation the viscosities were determined. 

η = (100/RPM)×TK×torque×SMC 

Where RPM is the speed, TK (0.09373) is the torque constant and SMC (0.327) is 

the spindle multiplier constant. 

The calibration of the instrument was achieved with supplied standard viscosity 

samples, water and aqueous solutions. 
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III.3.7. Refractive Index Measurement: 

Refractive indices of the sample solutions were measured by the 

instrumentDigital Refractometer, Mettler Toledo 30GS of accuracy ±0.0005. It can be 

calibrated by different solutions by measuring their refractive indices e.g. distilled water, 

CCl4, toluene and cyclohexane at a specific temperature.Very small quantity of the sample 

was poured in sample holder pan of the machine reading was taken.  

Resolution 0.0001 

Accuracy ± 0.0005 

Measurement 

range 

1.32-1.65 

Temperature range 10-400 
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III.3.8. FT-IR Spectra Measurement: 

The Perkin-Elmer FTIR spectrometer ( shimadzu, Japan) has been used for all the 

IR data (in the scanning range of 4000−400 cm−1).  

In the KBr disk method the sample concentration should be very low 0.2-1 % and 

the disk has to be thicker than a film of liquid. Much grinding of KBr not needed because 

finely divided mixture of KBr absorbs more moisture. 

 

 

III.3.9. Isothermal titration calorimetry:  

The various thermodynamic parameters regarding the inclusion process were 

collected from the Microcal VP-ITC (microcal now Malvern instrument). By this 

instrument direct quantitative measurement of the thermodynamic parameters can be 

obtained. 

Only liquid, non-acidic samples are allowed into this machine. For each sample 

there should be a minimum requirement of 2 mL of reference and sample fluid. A spinning 

syringe is used to mix the reactants and for injecting the ligand or the sample of interest. 

The operator inputs all the experimental parameters and computer runs the 

experiment.Then the computer do the experiment. The sensitivity is 0.1 𝜇cal. Its normal 

operating range is 2 0C to 80 0C. Two coin shaped cells have been enclosed guarded by the 

adiabatic jacket. 
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III.3.10. Measurement of UV-Visible Spectra 

Using JASCO V-530 and Agilent 8453 UV-Visible Spectrophotometer, UV−visible 

spectral data were collected. The accuracy in wavelength is ±0.5 nm. The temperature , 

we have used in the range of 293.15K to 313.15K controlled by a digital thermostat 

attached to it. 

Optical Specifications 

Slit width 1nm 

Typical time scan 1.5 s (full range) 

Wavelength range 190-1100 nm 

It is a double beam spectrophotometer. First the baseline correction is done with 

the solvent/reference. Then the samples are taken in a cuvette for the experiment and 

spectra are recorded. 

 

III.3.11. NMR  Spectroscopic Measurement: 

The NMR spectra were recorded in a Bruker Avance instrument at 298.15 K.  The 

solutions were prepared in d6-DMSO and D2O as per requirements of the sample. Both 
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the 2D ROESY and NOESY as well as 1H NMR spectra were recorded at 400 MHz. The δ 

values (chemical shifts) are represented in ppm (parts per million, D2O; δ 4.79ppm).  

 

 

III.3.12. Fluorescence Spectra Measurement 

The Quantamaster-40 spectrofluorometer was used to record fluorescence 

spectral data at ambient temperature. Fluorescence is the emission of radiation when a 

molecule returns from higher electronic to ground level. 

Resolution 0.06nm 

Wavelength accuracy ± 0.5nm 

Light source High power continuous xenon arc lamp 

Focal length 200nm 

System control spectroscopy software (computer controlled) 

Emission range 185-680 nm 
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III.3.13. Powder X-Ray Diffraction (PXRD) 

Powdered X-Ray Diffraction (PXRD) data of the test samples were recorded by D8 

Bruker Advance (Cu-Kα radiation). 

It can be applied for various findings like structure determination, identifying 

texture, phase analysis and many more. It includes primary and diffracted beam 

monochromator and equipped with many other drives electronically. It is basically 

computer controlled. 

The ray produced by the x-ray tube is diffracted by the sample; detector records 

it. The sample rotates at a fixed angular velocity so that the glancing angle of the primary 

beam changes and the detector rotates round the sample at a double angular velocity. 

 

III.3.14. Scanning Electron Microscopy (SEM) 

To get the idea about the surface morphology of the samples under test the 

Scanning Electron Microscope (SEM), JEOL JSM IT 100 was used. The resolutions were 

maintained requirement wise to acquire clear and vivid micro images.  
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Double adhesive carbon-coated tape (tiny piece) is used for the sample 

preparation. The samples are sprinkled over it and excess amount of sample is removed. 

Samples for this experiment should be extremely dry because of high vacuum condition 

inside the sample chamber. 

III.3.15. High Resolution Mass Spectrometry: 

The mass spectrometric measurements were done by a quadruple time-of-flight 

(Q-TQF) high resolution instrument (with positive mode electrospray ionization) taking 

the solution of the ICs in methanol. This technique is a source of information both 

qualitative and quantitative.  
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First the samples are exposed to the ionisation source to get ionised. After that the 

ions move to the mass analyser and get separated according to their mass to charge ratio 

at different parts of the detector. As soon as the ions come in get in touch with detector, 

signals produced. Computer records the signals. 
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CHAPTER IV 

 

ASSORTED INTERACTIONS PREVALENT IN URACIL AND AQUEOUS GALLIC ACID 

SOLUTION EXPLORED BY PHYSICOCHEMICAL CONTRIVANCE 

 

Abstract 

The solute-cosolute interaction of uracil by gallic acid has been studied through 

physicochemical investigation in aqueous environment. Here, we have carried out the 

density (ρ) and viscosity (η) measurements of uracil in w1= 0.001, 0.002 and 0.003 mass 

fraction of aqueous gallic acid binary mixtures at T= 298.15K, 303.15K and 308.15K at 

pressure 1.013 bar. Some important parameters have been derived from the above 

physicochemical method, namely, limiting apparent molar volume (φV0) and viscosity B-

coefficients using extended Masson equation and Jones-Dole equation respectively. The 

refractive index (nD) has been done on the same system at T=298.15K. Lorentz-Lorenz 

equation has used to evaluate molar refractive index (RM) and limiting molar index 

(RM0). The NMR study used to measure the plausible selective site of solute-cosolute 

interaction.  

Keywords: Solute-cosolute interactions, apparent molar volume, viscosity B-coefficient, 

molar refraction, NMR-study. 

1. Introduction 

Gallic acid is a secondary polyphenolic functionality metabolitenatural antioxidant.  It is 

a water soluble organic compound present in grapes and in the leaves of many plants. 

Gallic acid esters are usedto in vitro potent antioxidant, such as tannins, catechin 

gallates and aliphatic gallates.However, gallic acid itself also acts as in vitro 

anticarcinogenic and antiangiogenic activity. Apart from its phytochemical role, gallic 

acid is also used in ink dyes, and the manufacture of paper, pharmaceutical industry, 

starting material for the synthesis of psychedelic alkaloid mescaline [1–5]. 

Uracil is a common naturally occurring pyrimidine group only found in RNA, its base 

pairs with adenine and is replaced by thymine in DNA. Uracil is planar and unsaturated 

with the molecular formula C4H4N2O2 and has the ability to absorb light. Uracil can 
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binds with base pairs depending on arrangement, in RNA it binds to adenine via two 

hydrogen bonds. Uracil is use in the body is to help carry out the synthesis of many 

enzymes necessary for cell function through bonding with ribose and phosphates [6–8]. 

To the best of our knowledge, the studies in the present ternary solution systems have 

not been reported earlier. Therefore, in present study we have endeavoured to make 

certain nature of interaction of solute itself (uracil) and with co-solute (gallic acid) in 

w1=0.001, 0.002 and 0.003 mass fraction of aqueous medium at different temperatures 

(298.15-308.15)K with 5 interval to explain various noncovalent interactions prevailing 

in the ternary systems under investigation. 

2. Experimental section 

2.1 Source and purity of materials 

Uracil and Gallic acid were purchased from Sigma-Aldrich. The mass fractions purity of 

both was ≥0.99. The reagents were always placed in the desiccators over P2O5 to keep 

them in dry atmosphere. These chemicals were used as received without further 

purification. The provenance and purity of the chemical used has been depicted in 

table1. 

2.2 Apparatus and procedure 

Solubility of the Uracil and Gallic acid in water (deionised, doubly distilled water) and 

the Uracil and Gallic acid has been checked precisely, prior to start of the experimental 

work and observe that Uracilis soluble in all proportion of aqueous Gallic acid solution. 

The mother solutions of Uracil were prepared by mass (Mettler Toledo AG-285 with 

uncertainty 0.0003g) and then the working solutions (six sets) were prepared by mass 

dilution. The conversion of molarity into molality [9] has been done using experimental 

density values of respective solutions. 

The densities (ρ) of the solutions were measured by means of vibrating u-tube Anton 

Paar digital density meter (DMA 4500M) with a precision of ±0.00005 g.cm-3maintained 

at ±0.01 K of the desired temperature. It was calibrated by passing deionised, triply 

distilled water and dry air [10]. 
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The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with fitted spindle size-42. The detail description has already been 

described earlier [11]. 

Refractive index (nD) was measured with the help of a Digital Refractometer Mettler 

Toledo. The light source was LED, λ=589.3nm. The refractometer was calibrated twice 

using distilled water and calibration was checked after every few measurements [12]. 

The uncertainty of refractive index measurement was ±0.0002 units. 

1H-NMR spectra were recorded at 400 MHz Bruker instrument using D2O as reference 

solvent at 298.15K. 

3. Result and Discussion: 

The physical parameters of binary mixtures in different mass fractions (w1=0.001, 

0.002, 0.003) of aqueous gallic acid (GA)solutions at three different temperatures 

(298.15K, 303.15K, 308.15K) and at 1.013 bar have been reported in table 2. The 

experimental measured values of density, viscosity of uracil (UA) as a function of 

concentration (molality), in different mass fractions of aqueous gallic acid (GA) mixture 

at three above mentioned temperatures have been listed in table 3. 

3.1 Apparent molar volume: 

Volumetric properties, like, apparent molar volume (φV) and limiting apparent molar 

volume (φV0) consider important tools for understanding of interactions taking place in 

solution systems. The apparent molar volume can be regarded to be the sum of the 

geometric volume of the central solute molecule and changes in the solvent volume due 

to its interaction with the solute around the peripheral or co-sphere. Therefore, the 

apparent molar volumes (φV) have been determined from the solutions densities using 

the suitable equation [14] and the values are given in table 4. 

φV = M/ρ – 1000 (ρ – ρ0)/mρρ0                                                        (1) 

where M is the molar mass of the solute, m is the molality of the solution, ρ and ρ0are the 

density of the solution and aqueous gallic acid mixture respectively. 



57/ Chapter IV 

Published in Journal of Advanced Chemical Sciences – Volume 6 Issue 1 (2020) 667–670 

The values of (φV) are positive and large for all the systems, signifying strong solute-

cosolute interactions. The apparent molar volumes (φV) are found to decrease with 

increasing concentration (molality, m) of uracil in same mass fraction of aqueous 

gallicacid at same temperature. It is also found that apparent molar volumes (φV) 

increase with both increasing temperature as well as mass fraction of aqueous gallic 

acid solution and varied with √m and could be least-squares fitted to the extended 

Masson equation [13]from where limiting molar volume, φV0(infinite dilution partial 

molar volume) have been estimated and the values have been represented in table 5. 

φV = φV0 + SV*√m                                                                        (2) 

Here φV0is the apparent molar volume at infinite dilution, SV* is the experimental slope. 

At infinite dilution solute molecule is surrounded only by the solvent molecules and 

remains infinite distant from each other. As a consequence, that φV0is unaltered by itself 

interaction of uracil molecules and it is a measure only of the solute-cosolute (uracil-

gallic acid) interaction. 

An inspection of table 5 shows that φV0are large and positive for all uracil at all the 

studied temperatures, suggesting the presence of strong solute-cosolute interaction. 

Comparing φV0 with SV*values show that the magnitude of φV0 is greater than SV*, 

suggesting that solute-cosolute interactions predominates over itself interaction of 

solute molecules in all solutions at all studied temperatures. Moreover, SV* values are 

negative at all studied temperatures indicates force of itself interaction of uracil 

molecules is very poor. 

The variation of φV0 with temperature are fitted to a polynomial of the following 

φV0 = a0 + a1 T + a2 T2                                                                (3) 

Where T is the temperature in K and a0, a1 and a2are the empirical coefficients 

depending on the solute, mass fraction of cosolute gallic acid.  Values of coefficients of 

the above equation for the in aqueous gallic acid mixtures are reported in table 6. 

The limiting apparent molar expansibilities, φE0, can be evaluated by the following 

equation, 
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φE0= (δφV0/δT)P = a1 + 2a2T                                                         (4) 

The limiting apparent molar expansibilities, φE0, change in magnitude with the change 

of temperature. The values of φE0 for different solutions of studied gallic acid at 

(T=298.15, 303.15 and 308.15) K are reported in table 7. 

All the values of φE0 shown in the table 7 are positive for uracil in aqueous gallic acid 

and studied temperature. This fact helps to explain the absence of caging or packing 

effect for the gallic acid in solution [14]. 

The long-range structure-making and breaking capacity of the solute in mixed system 

can be determined by examining the sign of (δφE0/δT)P  developed by Hepler [15]. 

(δφE0/δT)P = (δ2φV0/δT2)P = 2a2                                                  (5) 

The positive sign or small negative of (δφE0/δT)P signifies the molecule is a structure-

maker; otherwise, it is a structure-breaker [16]. The perusal of table 6 shows that, 

(δφE0/δT)P values of citric acid are all positive under investigation. It shows the more 

symmetric rearrangement of the interacting molecules (uracil and gallic acid) with the 

formation of H-bonding, van der waal forces, dipole-dipole interactions etc. This 

symmetric arrangement is signifies the molecules of uracil and gallic acid is definitely 

interacting with structure–making tendency in all of the studied solution systems. The 

table 6 also showing the positively magnitude of (δφE0/δT)P values in of uracil is 

depicting this structure–making tendency. 

3.2 Viscosity: 

The experimental viscosity data for studied systems are listed in table 3. The relative 

viscosity (ηr) has been calculated using extended Jones-Dole equation [17] for non 

electrolytes. 

(η/η0 – 1)/√m = (ηr -1)/√m= A + B ·√m                                      (6) 

Where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities of ternary solutions 

(uracil+gallic acid) and solvent (aqueous mixture of gallic acid) respectively and m is 

the molality of uracil in ternary solutions.  Where A is known as Falkenhagen coefficient 

[18]as it is determined by the ionic attraction theory of Falkenhagen-Vernon and B is 
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empirical constants known as viscosity B- coefficients, which are specifying to the 

interaction of solute itself and/or with cosolute molecules respectively. The values of A-

and B-coefficients are estimated by least-square polynomial method by plotting (ηr -

1)/√m against √m with second order and reported in table 4. It is observed from table 

4 the values of the A-coefficient are found to decrease with increase in temperature. 

This fact indicates the presence of very weak solute-solute interaction and also in 

excellent agreement with those obtained from SV* values. 

The valuable information about the solvation of the solvated solutes and their effects on 

the structure of the cosolute gallic acid in the local vicinity of the solute (uracil) 

molecules in solutions has been obtained from viscosity B-coefficient [19]. It is found 

from table 4; the values of B-coefficient are positive and much higher than A-coefficient 

which signifies solute-cosolute interaction is dominant over solute-solute and cosolute-

cosolute interaction. It is also observed that the positive magnitude of viscosity B-

coefficient increases with increasing temperature and also increases with an increase in 

mass fraction of aqueous gallic acid mixture which suggests that solute-cosolute 

interaction is strengthened with rise in temperature as well as mass fraction of aqueous 

uric acid mixture. These results are in good agreement with those obtained from 

limiting apparent molar volume φV0 values. 

It is observed from table 4 that the values of the B-coefficient of citric acid increases 

with temperature, i.e., the dB/dT values are positive. From table 8, the small positive 

dB/dT values for the citric acid behaves behave almost as structure-maker. 

Furthermore, it is attractive to observe that there is linear correlation between viscosity 

B-coefficients of the studied citric acid with the limiting apparent molar volumes (φV0) 

in different mass fraction of aqueous uric acid solutions. From the above fact it means 

B = A1 + A2 φV0                                                                 (13) 

The coefficients A1 and A2 are listed in table 8. As both viscosities B-coefficient and 

limiting apparent molar volumes define the solute-solvent interaction in solution. The 

linear variation of viscosity B-coefficient and limiting apparent molar volume (φV0) 

reflects the positive slope (or A2). 
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It is evident from this study, that there is a strong interaction between uracil and gallic 

acid and it becomes stronger with rise in temperature. As molecules of uracil are 

engaged with the gallic acid molecules, the interaction among the gallic acid molecules 

becomes less effective. We have obtained the derived parameters like, limiting apparent 

molar volume (φV0), viscosity B-coefficient by interpolation and presented in table 5. 

The positive and significant magnitude of φV0 and B-coefficient from table 5 clearly 

indicates that the limiting apparent molar volume (φV0), viscosity B-coefficient is 

increases with increasing mass fraction of uracil, which indicates the positive effect of 

interaction of uracil with gallic acid. 

3.3 Refractive Index: 

The measurement of refractive index is also a suitable method for investigating the 

molecular interaction existing in solution. The molar refraction (RM) can be evaluated 

from the Lorentz-Lorenz relation [20]. The refractive index of a substance is defined as 

the ratio co/c, where c and co is the velocity of light in the medium and in vacuum 

respectively. Stated more simply that the refractive index of a compound describes its 

ability to refract light as it passes from one medium to another and thus, the higher the 

refractive index of a compound, the more the light is refracted [21]. As stated by 

Deetlefs et al.[22] the refractive index of a substance is higher when its molecules are 

more tightly packed or in general when the compound is denser. Hence, a perusal of 

table 9 we found that the refractive index and the molar refraction are higher for the 

studied uracil and in all the mass fraction of aqueous gallic acid, indicating to the fact 

that the molecules are more tightly packed in the solution. 

The Limiting molar refraction (RM0) estimated from the following equation (14)and 

presented in table 9. 

RM = RM0 + RS √m                                                           (14) 

Accordingly, we found that the higher values of refractive index and RM0which 

representing the fact that the molecules of uracil and are more tightly packed and 

greater solute-solvent interaction with gallic acid molecules than solute solvent 

interaction. This is also in good agreement with the results obtained from apparent 

molar volume and viscosity B-coefficients discussed above. 
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3.4 NMR Study: The site selective solute and cosolute interaction have been observed 

in 1HNMR study. Gallic acid(GA) shows nmr peak at δ: 6.67 for phenolic OH group. 

Uracil(UA) shows nmr peak at δ: 7.44 and  δ: 5.71 for C(5) and C(6) protons. NMR 

spectra suggest that Interaction occurs through C(5) and C(6) protons of uracil with 

phenolic OH group of gallic acid. This is shown in Figure1and Scheme1. Due to this weak 

interaction theC(5) and C(6) proton signal in uracil and gallic acid mixture (GU) shifts 

towards upfield and recorded at δ: 7.24 and  δ: 5.57. This is obvious for the specific 

solute and cosolute interaction. This supports all the above physicochemical 

experiments along with spectroscopic data [23]. 

4. Conclusion: 

It is evident from this study, that there is a strong interaction between uracil and gallic 

acid and it becomes stronger with rise in temperature. As molecules of uracil and gallic 

acid are engaged each other, solute-cosolute interaction is much greater than the solute-

solute and solvent-solvent interactions. 
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TABLES 

Table 1: Source and purity of the chemicals 

Chemical name Source mass fraction 

purity 

Purification 

Method 

uracil SD Fine-Chem Ltd. ≥0.99 Used as procured 

Gallic acid SD Fine-Chem Ltd. ≥0.99 Used as procured 

 

Table 2: Experimental values of density (ρ), viscosity (η) and refractive index (nD) at 

298.15 K  and at pressure 1.013 bar of different mass fraction (w1) of aq. gallic acid 

mixtures* 

Aq. Gallic acid 

Mixture (w1) 

Temperature 

(K) 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD 

0.001 298.15 0.99689 0.91 1.3319 

303.15 0.99547 0.83  

308.15 0.99395 0.74  

0.002 298.15 0.99698 0.91 1.3324 

303.15 0.99556 0.84  

308.15 0.99396 0.76  

0.003 298.15 0.99702 0.92 1.3329 

303.15 0.99564 0.85  

308.15 0.99403 0.77  

 

Standard uncertainties u are: u (ρ) =0.002 kg∙m-3, u (η) =0.02 mP∙s, u (nD) =0.0002and u 

(T) =0.01K, (0.68 level of confidence) 
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Table 3: Experimental values of density (ρ) and viscosity (η), Uracil in different mass 

fractions of aqueous Gallic acidmixture (w1) at three different temperatures and at 

pressure 1.013 bar* 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

 w1=0.001   w1=0.002   w1=0.003  

 T = 298.15 K   T = 298.15 K   T = 298.15 K  

0.0100 0.99722 0.92 0.0100 0.99726 0.93 0.0100 0.99731 0.93 

0.0252 0.99790 0.93 0.0252 0.99795 0.94 0.0252 0.99799 0.94 

0.0404 0.99897 0.94 0.0404 0.99897 0.95 0.0404 0.99896 0.96 

0.0556 1.00022 0.94 0.0556 1.00027 0.96 0.0556 1.00018 0.97 

0.0709 1.00150 0.95 0.0709 1.00159 0.97 0.0709 1.00157 0.98 

0.0863 1.00304 0.96 0.0863 1.00317 0.98 0.0863 1.00316 0.99 

 T = 303.15 K   T = 303.15 K   T = 303.15 K  

0.0101 0.99518 0.84 0.0101 0.99588 0.85 0.0101 0.99593 0.86 

0.0252 0.99652 0.85 0.0252 0.99651 0.86 0.0252 0.99655 0.87 

0.0404 0.99759 0.86 0.0404 0.99756 0.87 0.0404 0.99755 0.88 

0.0557 0.99834 0.87 0.0557 0.99877 0.88 0.0557 0.99874 0.89 

0.0710 1.00014 0.87 0.0710 1.00025 0.89 0.0710 1.00014 0.90 

0.0864 1.00158 0.88 0.0864 1.00174 0.89 0.0864 1.00173 0.91 

 T = 308.15 K   T = 308.15 K   T = 308.15 K  

0.0101 0.99425 0.75 0.0101 0.99429 0.77 0.0101 0.99432 0.78 

0.0253 0.99491 0.75 0.0253 0.99491 0.77 0.0253 0.99487 0.79 

0.0405 0.99588 0.76 0.0405 0.99593 0.78 0.0405 0.99583 0.80 

0.0558 0.99716 0.77 0.0558 0.99713 0.79 0.0558 0.99699 0.80 

0.0712 0.99846 0.77 0.0712 0.99852 0.80 0.0712 0.99845 0.81 

0.0866 0.99998 0.78 0.0866 0.99991 0.81 0.0866 0.99989 0.82 

*Standard uncertainties u are: u (ρ) =0.00002 kg∙m-3, u (η) =0.02 mP∙s and u (T) =0.01K 

(0.68 level of confidence) 

amolality has been expressed per kg (gallic acid + water) solvent mixture 
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Table 4: Apparent molar volume (φV) and (ηr-1)/√m of uracil in different mass fraction 

(w1) of aqueous gallic acid mixtures at three different temperatures* 

amolality 

/mol∙kg-1 

φV×106 

/m3mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

amolality 

/mol∙kg-1 

φV×106 

/m3mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

amolality 

/mol∙kg-1 

φV×106 

/m3mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

w1=0.001 w1=0.002 w1=0.003 

T = 298.15 K T = 298.15 K T = 298.15 K 

0.0100 183.25 0.11 0.0100 188. 17 0.12 0.0100 192.70 0.13 

0.0252 168.21 0.13 0.0252 169.85 0.15 0.0252 170.21 0.15 

0.0404 151.19 0.15 0.0404 158.12 0.17 0.0404 165.86 0.19 

0.0556 144.82 0.16 0.0556 145.69 0.20 0.0556 157.17 0.21 

0.0709 138.51 0.20 0.0709 139.15 0.21 0.0709 149.59 0.23 

0.0863 131.83 0.21 0.0863 133.16 0.22 0.0863 138.35 0.24 

T = 303.15 K T = 303.15 K T = 303.15 K 

0.0101 187.89 0.05 0.0101 192.91 0.08 0.0101 196.99 0.09 

0.0252 171.41 0.10 0.0252 173.71 0.10 0.0252 183.21 0.12 

0.0404 160.61 0.11 0.0404 163.63 0.11 0.0404 168.68 0.15 

0.0557 150.36 0.13 0.0557 153.91 0.12 0.0557 158.72 0.17 

0.0710 140.08 0.14 0.0710 143.53 0.15 0.0710 148.12 0.21 

0.0864 135.53 0.15 0.0864 138.57 0.20 0.0864 142.12 0.22 

T = 308.15 K T = 308.15 K T = 308.15 K 

0.0101 194.23 0.07 0.0101 196.23 0.06 0.0101 200.38 0.08 

0.0253 175.13 0.10 0.0253 181.21 0.10 0.0253 183.13 0.11 

0.0405 162.41 0.13 0.0405 167.89 0.13 0.0405 171.39 0.16 

0.0558 150.26 0.15 0.0558 157.25 0.16 0.0558 160.38 0.18 

0.0712 142.46 0.17 0.0712 148.88 0.18 0.0712 150.75 0.21 

0.0866 138.96 0.18 0.0866 141.80 0.20 0.0866 143.11 0.22 

*Standard uncertainties u are: u (T) =0.01K, the accuracy of φV is 1.86×10-6 m3 mol-1 and 

(ηr-1)/√m is 0.004 kg1/2mol -1/2 (0.68 level of confidence) 

amolality has been expressed per kg of (gallic acid + water) solvent mixture 
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Table 5: Limiting apparent molar volume (φV0), experimental slope (SV*), viscosity A- 

and B-coefficient of uracil in different mass fraction (w1) of aqueous gallicic acid 

mixtures at three different temperatures* 

Mass fraction (w1) T /K φV0 ×106 

/m3 mol-1 

SV*×106 

/m3mol- 3/2 kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

 

0.001 

298.15 220.18 -417.12 0.41 0.02 

303.15 225.45 -451.27 0.49 0.01 

308.15 231.28 -493.79 0.67 0.05 

 

0.002 

298.15 225.98 -499.65 0.53 0.04 

303.15 230.63 -477.45 0.66 0.02 

308.15 236.16 -463.92 0.78 0.01 

 

0.003 

298.15 230.72 -448.89 0.65 0.03 

303.15 235.51 -453.56 0.77 0.01 

308.15 241.12 -442.87 0.93 0.04 

*Standard uncertainties values of u are: u (T) =0.01K 

 

Table 6: Values of various coefficients and standard deviation of equation-3 for uracil 

acid in different aqueous gallic acid solutions* 

Aq. Gallic acid 

Mixture (w1) 

a0 ×106 

/m3 mol-1 

a1×106 

/ m3 mol-1K-1 

a2×106 

/ m3 mol-1K-2 

(δφE0/δT)P×106 

/ m3 mol-1 K-2 

0.001 2014.72 -15.21 0.01 0.03 

0.002 2141.61 -14.24 0.02 0.06 

0.003 2212.43 -13.28 0.02 0.05 

Average standard 

deviation 

3.1 0.011 0.0002 0.0001  

 

Table 7: Limiting apparent molar expansibilities (φE0) for uracil in different mass 

fraction of aqueous gallic acid (w1) at different temperature 

Aq. gallic acid 

Mixture (w1) 
φE0×106/ m3 mol-1 K-1 

T/ K 298.15 303.15 308.15 

0.001 1.012 1.142 1.253 

0.002 3.729 3.928 4.227 

0.003 -1.533 -1.344 -1.133 

Average standard 

deviation 
0.003 0.003 0.002 
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Table 8: Values of dB/dT, A1 , A2coefficients for the uracil in different mass fraction of 

aqueous gallic acid (w1) at studied temperatures* 

Aq. Gallic acid 

Mixture (w1) 
dB/dT A1 A2 

0.001 0.031 -6.746 0.021 

0.002 0.026 -7.766 0.022 

0.003 0.035 -8.295 0.034 

Average standard 

deviation 
0.001 0.005 0.003  

*Standard uncertainties values of u are: u (T) =0.01K 

Table 9: Refractive index (nD), molar refraction (RM) and limiting molar refraction (RM0) 

uracil in different mass fraction of aqueous gallic acid solutions at 298.15 K and at 

pressure 1.013 bar * 

amolality 

/mol∙kg-1 
nD 

RM×106 

/ m3 mol-1 

RM0×106 

/ m3 mol-1 

w1=0.001 

0.0100 1.3320 44.23  

0.0252 1.3323 44.23  

0.0404 1.3328 44.23 44.24±0.03 

0.0556 1.3333 44.25  

0.0709 1.3338 44.25  

0.0863 1.3345 44.26  

w1=0.002 

0.0100 1.3325 44.27  

0.0252 1.3327 44.27  

0.0404 1.3333 44.28 44.28±0.03 

0.0556 1.3338 44.28  

0.0709 1.3343 44.31  

0.0863 1.3349 44.31  

w1=0.003 

0.0100 1.3333 44.36  

0.0252 1.3336 44.37  

0.0404 1.3343 44.42 43.42±0.02 

0.0556 1.3350 44.43  

0.0709 1.3356 44.45  

0.0863 1.3363 44.46  

*Standard uncertainties u are:  u(nD) =0.02 and u(T) =0.01K (0.68 level of confidence) 

amolality has been expressed per kilogram of (gallic acid + water) solvent mixture 
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FIGURES 

Fig 1: Plot of 1HNMRspectra of gallic acid (GA), uracil (UA) and uracil+ gallic acid (GU) 

at 298.15K in D2O. 
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SCHEMES 

 

Scheme1. Plausible solute-cosolute interaction C5and C6 proton of uracil with phenolic 

OH group of gallic acid. 
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CHAPTER V 

EXPLORING ENCAPSULATION OF AN ANTISPASMODIC DRUG ALIBENDOL WITH β-

CYCLODEXTRIN MOLECULE BY SPECTROSCOPIC METHODOLOGIES 

 

Abstract: The encapsulation of Alibendol (AB), the biologically potent muscle relaxant, 

within the cavity of β-cyclodextrin(β-CD) was studied in assistance of some 

spectroscopic techniques such as Uv-Vis spectroscopy, 1HNMR spectroscopy, 2D ROESY, 

FT-IR spectroscopy. The study confirmed 1:1 stoichiometry of the host-guest inclusion 

complex. All the experiments showed a good correlation to establish a feasible inclusion 

through wider rim of the cyclodextrin molecule. The thermodynamic parameters 

explained the process of inclusion as exergonic and spontaneous. 

Keywords: Alibendol, β–CD, 2D ROESY, 1:1 

1. Introduction: 

The muscle relaxant is a medication that reduces the contraction of muscles by 

disturbing skeletal muscle functioning. It may be used to reduce the indications which 

include hyperreflexia, muscle spasms, and pain. The muscle relaxants are categorized as 

spasmolytics and neuromuscular blockers. The latter category acts by entering at the 

neuromuscular end and does not affect the central nervous system. They can cause 

short-term paralysis during surgery. Spasmolytics are muscle relaxants, that basically 

focus on to reduce spasms and musculoskeletal pain. Sometimes spasmolytics and the 

neuromuscular blockers are conjointly spelled as muscle relaxants but mainly 

spasmolytics are the muscle relaxants. 

The natives of South America who lived in the Amazon bed in the early century, used 

specially designed arrows that have poison on the tip and can cause skeletal muscle 

paralysis which bring about death. The research had done a lot of scientific studies 

thereafter and this leads to the discovery of many muscle relaxants/antispasmodic 

drugs that relax the muscle spasms [1, 2]. Antispasmodics are the spasmolytics that are 

given when there occurs smooth muscle spasms. They are immensely effective in the 

https://en.wikipedia.org/wiki/Skeletal_muscle
https://en.wikipedia.org/wiki/Antispasmodic
https://en.wikipedia.org/wiki/Neuromuscular-blocking_drugs
https://en.wikipedia.org/wiki/Central_nervous_system
https://en.wikipedia.org/wiki/Paralysis
https://en.wikipedia.org/wiki/Musculoskeletal
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gastrointestinal tract to diminish the aching in the intestine, stomach, and in urinary 

bladder. [3] 

Alibendol, or 5-allyl-2-hydroxy-N-(2-hydroxyethyl)-3-methoxybenzamide, is an 

antispasmodic drug that reduces the muscle spasms. Different antispasmodic drugs 

including choleretic, cholekinetic contains this compound as an active ingredient. 

For the treatment of dyspepsia causes from biliary insufficiency, alimentary intolerance, 

and constipation of hepatic origin, the use of this drug is commendable. [4] 

A number of applications of cyclodextrins has been included in the literature till now . 

The fundamentals of interaction of cyclodextrins with other molecules, initiated by 

Schardinger and viliers 100 years back. CDs are the macrocyclic oligosaccharides and of 

natural occurrence. Three types of CDs α, β and γ having 6,7, 8 glucopyranose units 

(joined by α-1,4 lingkages) respectively, particularly generated from the enzymatic 

degradation of starch . The hydrophobic toroid shaped cavity of the CD can put specific 

molecule inside it, which possesses definite shape and can create some non-covalent 

interactions with CD to produce the inclusion complex .Outer surface is hydrophilic for 

the CD, which makes it water soluble. With this benefit, CDs are employed for drug 

carriers and new drug designs chiefly for the drugs, which have low solubility, 

bioavailability and have toxicity ,which causes side effects. [5] 

In this work, we have designed an inclusion complex of alibendol and β –CD to 

overcome the above mentioned limitations of the drug (alibendol).The encapsulation of 

the above molecules was characterised by different techniques. 

2. Experimental section 

2.1. Source and purity of samples: 

The drug (Alibendol) selected for experiment and β-CD were purchased from TCI 

Chemicals and Sigma-Aldrich, Germany respectively and used as purchased. The mass 

fraction purity of AB (Alibendol) and β-cyclodextrin were ≥0.98, 0.97 respectively. 
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2.2. Apparatus and procedure 

Solubility of β-CD and the drug  have been verified in triply distilled, deionized and 

degassed water. It was detected that the drug AB is poorly soluble in water. All the stock 

solutions of the drug were prepared by mass (Mettler Toledo AG-285 with uncertainty 

0.0001 g) and the working solutions were prepared by mass dilution at 298.15 K.  [6]. 

Necessary precautions were made to reduce the evaporation during mixing. 

1H NMR spectra were recorded in d6- DMSO at 400 MHz using Bruker AVANCE 400 MHz 

instrument at 298.15K. Signals were quoted as values in ppm. 

UV–visible spectra were recorded by Agilent 8453 Uv-visible spectrophotometer 

attached with a thermostat to control the temperature. 

FTIR spectra were recorded by Perkin Elmer FT-IR Spectrometer applying KBr Disk 

technique with scanning range 400 to 4000 cm-1. 

2.3. Preparation of Solid Inclusion Complex of AB with β -CD: 

For the formation of inclusion complex, β-CD of 1.134 g was mixed with 30 mL triply 

distilled and degassed water in a round bottom flask and stirred continuously over 

magnetic stirrer for few hours. Then 0.258g of AB was taken into a beaker along with 10 

mL ethanol-water mixture (20%) and stirred over magnetic stirrer until a 

homogeneous mixture (completely dissolved) is formed. Here, 1:1 M ratio of β-CD and 

AB has been used. Guest mixture was then added into β-CD solution and stirred for 48 h 

without a break. The reaction mixture was then put in refrigerator for 52 h without any 

disturbance. After 2 days, a white solid was observed. The residue was filtered and 

washed for several times with distilled water. Finally, the dry white powder was 

acquired after drying in oven at 50°C for about 24 h. The resultant solid was the 

inclusion complex between AB and β-CD [7]. It was further analysed by FT-IR, NMR 

methods. 
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3. Result and discussion: 

3.1. UV–visible spectroscopy 

3.1. A. Job plot for determination of stoichiometry: 

The stoichiometry of the IC has been discerned utilising continuous variation Job’s 

method [8] in the solution medium by plotting ΔA × R against R (where ΔA is the 

difference in absorbance of AB without and with CD and R is [AB]/([AB]+[CD]) and the 

spectral data have been listed in Table 1. Sets of solution were made from AB and β-CD 

by changing the mole fraction of guest from 1-0 or vice versa in 20% ethanol-water 

mixture.  The value of R at the maxima on curve provides the stoichiometry ratio of IC 

(IC1:2, R = 0.33; IC1:1, R = 0.5; IC2:1, R = 0.66) [9]. It has been found that the resultant 

curve shows the maximum at R = 0.5 suggesting that the complex has a stoichiometry of 

1:1 (Fig. 1). 

3.1.B. Association Constant: Interaction of AB With β-CD in liquid environment. 

The UV absorption spectra of AB in [20%EtOH-H2O (v/v)] β-CD medium have been 

analysed. The spectral data of AB in various concentration of β-CD at different 

temperatures have been registered in TableS1, S2 and S3. The strong absorption peaks 

of AB appears at 212 nm and with addition of β-CD blue shift occurs. No significant 

isosbestic point is spotted in the spectra. The absorbance intensities of AB gradually 

increase with increasing the concentration of β-CD. This fact confirms the encapsulation 

of guest molecule into the β-CD cavity due to the presence of hydrophobic and van der 

Waals interaction between the guest monomer and β-CD molecules [7, 10, 11]. Thus, 

such non-covalent interactions act as the main driving forces to incorporate the guest 

molecule into the CD cavity to form 1:1 IC throughout the complexation process by 

promoting the dissolution of the guest molecule (AB). 

From the Job plot, it is confirmed that AB and β-CD form 1:1 IC. Hence, the IC formed 

between AB and CD can be represented as, 

CD + AB⇄CD⋯AB 
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For a 1:1 complexation process the association constant (ka) has been estimated by 

using the double reciprocal plots on the basis of Benesi-Hildebrand equation [12]. The 

absorption values are used in the following Benesi-Hildebrand Eq. (1)  [13]. 

𝟏

∆𝑨
=

𝟏

∆𝜺[𝑨𝑩]𝒌𝒂

𝟏

[𝑪𝑫]
+

𝟏

∆𝜺[𝑨𝑩]
                                                                (1) 

Fig.2 depicts the plots of 1 / ∆A against 1 / [CD] at temperatures 293.15K, 303.15K and 

313.15 K. A good linear correlation was observed at all the three temperatures, showing 

that the IC is of 1:1 stoichiometry. The values of ka were evaluated by using the Eq. (1) 

from the intercept/slope of the plots (Fig.2). The values are presented in Table 2. It has 

been found that the association constants have high positive values that designate that 

the interaction of the guest and host are strong to form inclusion complex. 

3.1.C. Thermodynamic parameters show Spontaneity of formation of Inclusion 

Complex 

The free energy change (∆G) is a very vital thermodynamic parameter that has been 

estimated by using the Eq. (3)  [14, 15]. From the plot of Association constants (ka) 

against 1/T, enthalpy and entropy values have been obtained with the help of van’t Hoff 

equation Eq. (2). 

2.303𝑙𝑜𝑔𝑘𝑎 = −
∆𝐻0

𝑅𝑇
+

∆𝑆0

𝑅
                                                            (2) 

It is found that the entropy is small negative. This fact supports the association of the 

host and guest. The enthalpy has also been found to be negative, which again is a strong 

evidence of interaction of the host and guest whereas the negative value of free energy 

change supports the spontaneity of the formation of the IC and support the fact that the 

complexation is an exergonic process. 

∆G = ΔH − TΔS                                                                          (3) 

3.2. 1H NMR: Supports inclusion: 

The formation of IC can be explained on the light of the 1H NMR spectroscopy study 

[16]. This method is based on the changes of chemical shifts of protons due to 

encapsulation of guest molecule into the β-Cyclodextrin [17]. In β-CD structure the H-3 
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(near wider opening side) and H-5 (close to narrow rim) are located inside of the β-

Cyclodextrin cavity. The H-6 of methylene group (bearing the primary OH group) 

remains on the narrow opening side of β-Cyclodextrin and the rest of the other H atoms 

H-1, H-2, H-4 are situated on the outer surface of β-CD. The 1H NMR spectra of β-CD, 

pure AB and the solid IC are represented in Fig. 4. It is clearly observed from Table 3 

and Table 4 that for H3 and H5, a large up-field shift has been occurred. The 

considerable changes of chemical shifts (δ) suggested that the AB monomer entered 

into the nano hydrophobic hole of β-CD. The upfield shift of H-3 ( δ = 0.050ppm) is 

much greater than the H-5 shifting ( δ = 0.005ppm). On the other hand, minor chemical 

shifts are observed for 1’H, 2’H,3’H that are the part of the guest AB molecule, which 

further support the complexation process. A significant downfield shift for the protons 

1’H, 2’H, 3’H of AB has been detected. In the IC these ‘H’s of AB are situated in 

hydrophobic hollow space of β-Cyclodextrin. The hydrophobic environment is 

responsible for the downfield shift of the protons of guest [18]. These all changes clearly 

indicate that well encapsulation of the guest AB into interior hydrophobic cavity of β-CD 

has been occurred and it enters through the wider ring opening side. The detailed 

variations of chemical shifts of the two binding partners before and after forming IC 

have already been mentioned in Table3 & 4. 

3.3. 2D-ROESY Study to Confirm the Inclusion Phenomena: 

The principle of 2D ROESY relies on the interaction of the protons which are present in 

the close proximity of 0.4 nm range to each other to produce NMR cross peaks [19] [20]. 

In our study, we have investigated the inclusion of the drug inside the nano-cavity of β-

CD. The NMR study was carried out in d6-DMSO. It is clear that the H-3 and H-5 protons 

of β- CD are present inside the cavity and hence if inclusion occurs, there should be the 

presence of such close proximity of 0.4 nm of the AB protons with H-3 and H-5 protons 

of CD which can produce rotating-frame nuclear overhauser effect to give cross peaks 

[21, 22]. In Fig.5 there are the presence of cross peaks due to the interaction of H-3 

proton of β-CD and 2’H proton of AB and H-5 protons of β-CD with 3’H protons of AB. 

This clarifies the root of insertion of guest inside host through the wider rim. In the 

dynamic process of the inclusion the cross peaks are generated due to the insertion of 

the side chain of the guest but it is not possible of entering the second AB molecule as it 
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is sterically unfavourable. Hence, this incident signifies the inclusion phenomena of the 

said drug molecule into the CD cavity. 

3.4: FTIR study: 

Formation of the inclusion complex is enlightened with the help of FTIR spectroscopic 

study. Here, the deviation of peak shape, position and intensity of the FT-IR spectra of 

solid IC is used to confirm the inclusion [23]. The characteristic IR frequencies of AB, β-

CD, and their solid IC are listed in Table5 along with the chemical bonds responsible for 

the corresponding stretching frequencies and the spectra are shown in Fig.6. In the IR 

spectra, Stretching of =C-H of the pure AB was observed at 3039cm-1 but the peak was 

not seen in the IR spectra of IC. The stretching of aromatic -C=C was found at 1606 cm-1 

for the pure AB but the considerable shift of the spectra was observed in the inclusion 

complex at 1631cm-1 . On the other hand the peak due to O-H stretching of β-CD was 

observed at 3408 cm-1 which was shifted in the spectra of IC to 3385 cm-1. The 

stretching frequency of the C-H from CH2 was also found to be shifted from 2941 cm-1 to 

2922cm-1. This may be due to the interaction of the O-H groups with the polar part of 

the guest AB. Short band due to O-H bending at 1404 cm -1 was found absent. Band at 

1465 cm-1 due to bending of –CH2- of AB was also found to be absent in IC. These are 

due to the interaction of the host and guest after formation of the IC. From the analysis 

of the 2D NMR spectra it is clear that the propenyl group of AB is inserted inside the CD 

molecule. Moreover the absence of O-H bending frequency, shifting of alkyl C-H 

stretching, shifting of C-N stretching conclude the outer sphere polar interaction of the 

host and guest. [24] 

3.5. Effects of CD: interaction of AB with β‑CD in liquid environment 

Cyclodextrin has a unique structure to accommodate guest molecules of various 

dimensions. The cavity diameter of β-CD is 6.0-6.5 Å. Here, alibendol is a molecule of 

suitable size that can easily be incorporated by the host beta-cyclodextrin. The propenyl 

group of the alibendol at the C-5 position of the aromatic ring is hydrophobic in nature.  

This hydrophobic part of AB can easily enter inside the cyclodextrin cavity and 

participate in the hydrophobic interaction with the hydrophobic part of the CD 

molecule. The 2D NMR shows that 3'H interacts with the H-5 of cyclodextrin and 2'H 



76/ Chapter V 

Communicated 

interacts with the H-3 of cyclodextrin. The C=O group at the C-1 position as well as the 

methoxy group at the C-3 position of the aromatic ring interact with the O-H Proton of 

cyclodextrin and thus a stable inclusion complex is formed. During the inclusion 

complexation, the guest enters through the wider rim of the CD molecule. 

According to Shikari and his co-workers the water molecules which are polar in nature 

bound by the polar-apolar interaction inside the hydrophobic cavity of cyclodextrin 

molecule, which is in fact not so strong and as a consequence the relatively more stable 

inclusion complex is formed due to stronger apolar-apolar interaction removing the 

water molecule from the cavity [25] [26]. As a result a more stable lower energy state of 

the system is obtained where the ring strain of cyclodextrin moiety is reduced. 

4. Conclusion: The incorporation of the antispasmodic AB within β-CD and their 

interactions have been studied by Uv-vis, 1HNMR, 2D ROESY and FTIR spectroscopy. 

The 1:1 complexation was attributed by job’s plot. The values of thermodynamic 

parameters also suggest the same. The generation of cross peaks in the 2D ROESY 

spectra is a confirmation that the inclusion complex has been formed between the drug 

and cyclodextrin. This work mainly focused on the establishment of the phenomenon of 

inclusion so that certain properties of the drug can be changed for betterment of its 

activity. The sound IC can be treated as a modified version of the drug which may lead 

to increase of water solubility of the drug and decrease its side effects (toxicity) or also 

may contribute in control drug delivery in near future with  retention of its therapeutic 

activity. 
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TABLES 

 

Table: 1: Data of Job’s plot of (AB+β-CD) system obtained from Uv-visible spectroscopy. 

Guest 

conc. 

[D] 

(µm) 

β-CD  

(µm) 

R= [D]/ 

([D]+[β-

CD]) 

A @λmax       

212 nm 

ΔA            

(2.02707-

A) 

ΔAx[AB]/ 

([AB]+[β-

CD]) 

100 0 1 2.02707 0 0 

90 10 0.9 1.91375 0.11332 0.101988 

80 20 0.8 1.69433 0.33274 0.266192 

70 30 0.7 1.51287 0.5142 0.35994 

60 40 0.6 1.27714 0.74993 0.449958 

50 50 0.5 1.05889 0.96818 0.48409 

40 60 0.4 0.8708 1.15627 0.462508 

30 70 0.3 0.6174 1.40967 0.422901 

20 80 0.2 0.38435 1.64272 0.328544 

10 90 0.1 0.17471 1.85236 0.185236 

0 100 0 0.07143 1.95564 0 
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Table3. 1H-NMR spectral data of Alibendol (AB), β-CD, AB.β-CD(IC). 

 

Alibendol (400 MHz, Solvated 

DMSO) 

δ /ppm 

2.507-2.516 (1H, S); 3.289-3.371 (2H, td, J=6.0, 6.8 

Hz); 3.513-3.542 (2H, t, J= 6.0 Hz); 3.718-3.818 (5H, t, 

J=20.0Hz); 5.036-5.113  (2H m); 5.926-6.027 (1H, tt, 

J= 6.8Hz, 3.6Hz); 6.924-6.928 (1H, d, J= 1.6Hz);  7.27 

(1H, d; δ8.75 J=2.0Hz). 

β-CD (400 MHz, Solvated 

DMSO) δ /ppm 

2.33–2.56 (6H, t, J = 9.2 Hz), h5=3.27–3.37 (6H, dd, J = 

9.6, 3.2 Hz), h3=3.55–3.66 (18H, m), 4.44-4.47 (6H, t, 

J = 9.2 Hz), 5.67–5.74 (6H, d, J = 3.6 Hz). 

Alibendol- β-CD IC (400 MHz, 

Solvated DMSO)δ /ppm 

2.33–2.56 (6H, t, J = 9.2 Hz), 2.507-2.516 (1H, 

S);h5=3.26–3.37(6H, dd, J = 9.6, 3.2 Hz), 3.323-

3.412(2H, td, J=6.0, 6.8 Hz); 3.513-3.542 (2H, t, J= 6.0 

Hz); h3=3.51–3.60(18H, m),3.718-3.818 (5H, t, 

J=20.0Hz); 4.44-4.47 (6H, t, J = 9.2 Hz), 5.046-

5.124(2H m);5.67–5.74 (6H, d, J = 3.6 Hz).5.947-

6.044 (1H, tt, J= 6.8Hz, 3.6Hz); 6.924-6.928 (1H, d, J= 

1.6Hz); 7.27 (1H, d; δ8.75 J=2.0Hz). 

a mixed in 1:1 molar ratio, 400 MHz, Solvent: DMSO-d6;   

 

Table.4: The chemical shift values of the protons of β-CD, Alibendol in pure state and in 

complexed state and their deviations from pure to complex.  

σ(ppm) 

Protons       β -CD        IC Alibendol  Δσ (σcomplex-σPure) 

        

H-3       3.605  3.555   -0.050 

H-5  3.320  3.315   -0.005 

        

1’H    3.36 3.33  0.03 

2’H    5.99 5.97  0.02 

3’H    5.08 5.07  0.01 
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Table.5: Data obtained from FT-IR spectroscopic study of β-CD, AB& β-CD+AB IC 

Group 
Wave number (Cm-1) 

β-CD AB β-CD+ AB 

stretching of O-H 3408  3385 

stretching of –C-

H from –CH2 
2941  2922 

bending of –C-H 

from –CH2 and 

bending of O-H 

1404  ……… 

bending of C-O-C 1160  1155 

vibration 

involving α-

1,4linkage 

954  949 

Alkyl -C-H Stretching  3306 ….. 

Stretching =C-H       3039 ….. 

Stretching aromatic -C=C 1606 1631 

-CH2- bending (m)  1465 ….. 

C-N stretching 1264 1266 

 

Table S1. Data of Benesi-Hildebrand double reciprocal plot of the system (Alibendol+β-

CD) obtained from Uv-Vis spectroscopy at 293.15 K. 

A0 A1 ΔA 1/ΔA 1/CD 

0.61996 0.75569 0.13573 7.367568 50000 

0.61996 0.81599 0.19603 5.10126 33333 

0.61996 0.86508 0.24512 4.079634 25000 

0.61996 0.91828 0.29832 3.352105 20000 

0.61996 0.97096 0.351 2.849003 16667 

0.61996 1.00208 0.38212 2.616979 14286 

 

 



80/ Chapter V 

Communicated 

Table S2. Data of Benesi-Hildebrand double reciprocal plot of the system (Alibendol+β-

CD) obtained from Uv-Vis spectroscopy at 303.15 K. 

A0 A1 ΔA 1/ΔA 1/CD 

0.69196 0.81161 0.11965 8.35771 50000 

0.69196 0.85686 0.1649 6.064281 33333 

0.69196 0.91998 0.22802 4.38558 25000 

0.69196 0.94354 0.25158 3.974879 20000 

0.69196 0.97856 0.2866 3.489184 16667 

0.69196 1.02998 0.33802 2.958405 14286 

 

Table S3. Data of Benesi-Hildebrand double reciprocal plot of the system (Alibendol+β-

CD) obtained from Uv-Vis spectroscopy at 313.15 K. 

A0 A1 ΔA 1/ΔA 1/CD 

0.78975 0.93989 0.15014 6.66045 50000 

0.78975 0.99162 0.20187 4.953683 33333 

0.78975 1.09739 0.30764 3.250553 25000 

0.78975 1.1664 0.37665 2.654985 20000 

0.78975 1.1883 0.39855 2.509095 16667 

0.78975 1.24439 0.45464 2.199542 14286 

 

Table S4. The van’t Hoff equation data for the calculation of thermodynamic 

parameters (∆H0, ∆S0, ∆G0) of the inclusion complex (AB+β-CD). 

ka of the complex * 10^3 ka of beta complex T 1/T log(ka) 

6.78 6780 293.15 0.003411 3.83123 

4.42 4420 303.15 0.003299 3.64542 

1.26 1260 313.15 0.003193 3.10037 
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FIGURES 

 

Fig.1. (a) Spectra of Job’s plot of AB.β-CD at λmax=212 nm, (b) Job plot of 1:1 

stoichiometry where R=0.5; R= [Drug]/([Drug]+[CD]) 

 

 

Fig. 2: Benesi-Hieldebrand double reciprocal plots of 1/∆A against 1/β- [CD] at 

(a)293.15K, (b)303.15K and (c) 313.15 K. 

 

Fig. 3: Plot of logka Vs 1/T for the determination of  thermodynamic parameters. 
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Fig.4.1H NMR spectra of pure Alibendol (top), pure β–CD (middle), AB - β–CD IC 

(bottom). (In d6-DMSO, 400 MHz) 
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Fig 5: 2D ROESY spectra of the solid IC of AB -β-CD in d6-DMSO. (Cross correlations are 

indicated by red circles) 
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Fig.6.FT-IR Spectra of (top) pure β –CD (middle) pure Alibendol and (bottom) AB . β–CD 

inclusion complex. 
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SCHEMES 

 

Scheme 1. Structures of the molecules 

 

 

Scheme 2. Probable mechanism of inclusion. 
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CHAPTER VI 

EXTENSIVE STUDY OF INCLUSION COMPLEXATION OF POTASSIUM SPARING 

DIURETIC AMILORIDE HYDROCHLORIDE WITH CYCLODEXTRIN MOLECULES BY 

MEANS OF ANTIMICROBIAL ASSAY 

 

Abstract: Solubility development of supramolecular host-guest interaction between 

Amiloride hydrochloride with α and β-cyclodextrins were studied throughout this article. 

1:1 host to guest stoichiometry of the inclusion complexation in the solution phase were 

confirmed by the Job’s plot and further confirmation about the stoichiometry was also 

obtained from the mass spectra of the inclusion complexes. Association constants and 

thermodynamic parameter (ΔG) of the inclusion complexes were obtained using UV-vis 

spectroscopy. The mechanism of inclusion complexation was explored by 1H NMR 

spectroscopy. Furthermore, Density functional theory was employed to evaluate 

optimized geometries, adsorption energies, Non Covalent Interaction (NCI), electrostatic 

potential energy maps (ESP). The antimicrobial assay has also been done for the inclusion 

complexes. 

Keywords: Cyclodextrins, Amiloride hydrochloride, Inclusion Complex, Binding 

constant, Antimicrobial activity, DFT. 

Introduction: 

Drugs play a significant role wherever they are used. In recent days drugs incorporated 

in cyclodextrins are of great concern because of its control release whenever it is within 

the cyclodextrin. A list of reports and other pharmacological applications are already 

there in the literature for the drug Amiloride hydrochloride (Scheme 1). It is a guanidine 

diuretic and have moderate natriuretic and diuretic effects which means it has the 

capacity to excrete sodium through urine but sparing potassium, that is why it is also 

famous as ‘potassium sparing diuretic’. No enzymatic basis was established for this action 

till now. 

As the drug expels excess sodium from blood, automatically it reduces the blood pressure 

or any type of fluid withholding due to cardiac infarction. Amiloride also  have some slight 
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non-postrual hypotensive effects. Chemically it is defined as 3,5-diamino-N-

(diaminoethylene)-6-chloropyrazinecarboxamide, a synthetic pyrazine derivative.[1] It 

consists of a substituted pyrazine ring with an acylguanidine group attached to ring 

position 2, amino group attached at ring positions 3 and 5 , and a Cl group at position 6. 

Due to the presence of the guanidine moiety AMH is a weak base having pka of 8.7 in 

aqueous solution but it is weakly soluble in water. Protonation of Amiloride occurs in the 

guanidine group, not in the amino group. In recent days drug delivery through buccal 

route is an additional way due to the advantage of larger surface area and great 

accessibility[2]. 

Because of having very low permeability and unpleasant taste buccoadhesive film is the 

smartest way to consume the drug AMH. Generally AMH is being consumed in the form 

of nano liposomal dry powder inhaler and liposomal formulation in spite of these 

privileges the drug seems to have major  limitations e.g. the formulation may easily wash 

off from nose which requires a constant dose administration moreover the formulation 

is not stable enough to retain its composition in the body[2]. 

AMH also have side effects on the central nervous, gastrointestinal endocrine, 

musculoskeletal, dermatological and haematological systems and some common side 

effects are nausea, vomiting, diarrhoea and headache. 

The rate of dissolution and poor aqueous solubility are the two important factors of a 

drug that affect its process of development, way of administration, its formulation and its 

mode of therapeutic application. It seems to be very difficult for poorly water-soluble 

drugs to administer through various routes. 

There are several techniques to increase the solubility, dissolution property and 

bioavailability of the concerned drug but these techniques have some disadvantages too. 

Complexation through cyclodextrins can be used as a substitute and the process has 

already gained attention of many researchers and scientists in recent days. 

As AMH is poorly water soluble, the major problem with this drug is its administration. 

Even though buccal route is the smartest way for administration of this drug but it has 

certain drawbacks which makes the drug fail to show its activity. Its controlled release to 
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the target site might be achieved by the formation of inclusion complex with 

cyclodextrins. 

Generally cyclodextrins are of three types α, β and ү cyclodextrins (Scheme 1). They are 

naturally occurring oligosaccharides with 6, 7 and 8 glucopyranose units with 

hydrophobic interior cavity and hydrophilic outer surface. Among the three cyclodextrins 

β-cyclodextrin is the most preferable one for complexation because of its perfect size and 

diameter[3]. We have chosen  α and β- CD for our work. The main advantage of 

cyclodextrins is their water solubility, which permits non-covalent interactions 

(hydrogen bonding, van Der Waals forces of interactions etc.) with the drug or the guest 

concerned. After insertion of the guest molecule into cyclodextrin (either fully or 

partially) their physicochemical and biological properties are changed which leads to 

increase their bioavailability, solubility and applicability. Moreover, cyclodextrins are 

nontoxic and can cause complexation with very less toxicity. 

Now in this study, incorporation of AMH into cyclodextrins has been done and it was 

observed that the complexes have enhanced antimicrobial activity than the pure drug. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Amiloride hydrochloride, α and β-cyclodextrin, purity ≥98.0% and ≥97.0% were 

purchased from Sigma-Aldrich and were kept in a refrigerator as received to maintain the 

quality of the sample. 

2.2. Apparatus 

The Agilent 8453 UV-Visible Spectrophotometer was performed to record UV-vis spectra 

with an uncertainty of wavelength accuracy of ±0.5 nm. An automated digital thermostat, 

Julabo was used to control the cell temperature during experiments. 

The data of HRMS spectra (of the solid ICs) were collected from a high-resolution 

quadrupole time-of-flight (Q-TOF) instrument having the feature of positive-mode 

electrospray ionization where the methanol solution of the solid ICs were used. 
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1H NMR spectra were recorded in d6-DMSO solvent at 400 MHz in Bruker Avance 

instrument. The chemical shifts data, δ values are presented in parts per million. 

2.3. Procedure 

2.3.1. Preparation Inclusion complexes: Aqueous solution of AMH and CDs were 

prepared with triply distilled water. A digital analytical balance METTLER TOLEDO AG-

285 was used weigh with an uncertainty of ±0.1 mg and loss of materials were avoided 

taking sufficient precautions. The equimolar aqueous solution of AMH and CDs were 

prepared separately. The solutions containing aqueous CDs in a beaker were placed on a 

hot top of a magnetic stirrer for stirring and the aqueous AMH solution was added 

dropwise to it. The solution containing CDs and AMH was allowed to stir for 10 hours 

maintaining temperature at 40-45°C. At last, the solution was suspended at 5 °C and was 

filtered to obtain white crystalline powder, which were then dried in air and preserved 

in vacuum desiccators. 

2.3.2. Computational Details: All density functional theory (DFT) calculations are 

carried out using the Gaussian 16 program[4]. Geometry optimizations at ground state of 

the AMH, α-CD, β CD and inclusion complexes were carried out at M06-2X/6-31+G(d) 

level of theory. Different studies revealed that compared to other hybrid functionals, the 

M06-2X functional delivers reliable and precisely non-covalently bonded interaction 

energies (hydrogen bonding, π–π stacking)[5]. During optimization solvent effects 

(water) were introduced by applying the Polarizable Continuum Model (PCM)[6] using 

the integral equation formalism variant. Vibration frequency calculations (no imaginary 

frequency) were obtained at the same level of theory to verify whether the optimized 

geometry resides to the minima on the potential energy surfaces. To interpret weak 

interactions like H-bonding, van der Waals interactions, steric interactions Non-Covalent 

Interaction (NCI) index plots of the reduced density gradient (RDG or s) were obtained 

using the Multiwfn 3.7 suite[7] at their corresponding ground state geometries. Finally, 

utilizing the following formula, adsorption energies or binding energies (ΔEads) of the 

composite systems were calculated: 

ΔEads = EAMH-CD – EAMH– ECD 
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Where EAMH-CD, EAMH, ECD are the total energy of the geometry optimized complexes, AMH 

and the CD molecules, respectively. 

2.3.3. Antimicrobial activity: Disk diffusion method was followed for viewing the 

antibacterial activity of synthesized test samples [Drug, IC-1, IC-2, DMSO corresponds to 

A(ii), B(iii), C(iv) and D(i) respectively] under study. Against three strains of gram 

positive bacteria (Bacillus subtilis ATCC 11774, Bacillus megaterium ATCC 14581 and 

Staphylococcus aureus ATCC 11632) and two strains of gram negative bacteria 

(Salmonella typhimurium ATCC25241and Escherichia coli ATCC 11229) antibacterial 

activity was assessed with seven different concentrations of each of the test samples (25, 

50, 100, 200, 300, 400, 500 μg/ml). The microbes were cultured for 6 hrs on nutrient 

broth before their application to obtain rapidly growing healthy feasible cells. Nutrient 

agar plate was prepared by uniform mixing of 100 μl test organism with 15 ml sterilized 

nutrient agar through the process of solidification by cooling under laminar airflow. After 

30 min of mixing paper disk soaked with appropriate concentration of test solution was 

placed in the nutrient agar plate. The zone of inhibition was calculated in the scale bar of 

millimeter calibration after 24 h of incubation at 37 °C. 

 

3. Result and discussion 

3.1 Job plot: the host – guest stoichiometry in inclusion complex: 

As the molecular recognition of a guest molecule into the cavity of host molecule depends 

on the size of the guest molecule and the cavity volume of the host molecule, it is vital to 

determine the host to guest ratio in the inclusion complex i.e. the stoichiometry of the 

inclusion complex. Here, we employed the great Job’s method[8], using UV-vis 

spectroscopic data to determine the stoichiometry of the host-guest inclusion complexes. 

A set of solutions of mole fraction ranging from 0 to 1 were prepared by mixing aqueous 

AMH and CDs and recorded the spectra at 298.15 K of temperature. The absorbance at 

λmax = 364 nm were considered for the calculation (Figure 1). The value of R, at the 

maxima of ΔA×R vs R plot, signifies the stoichiometry of inclusion complexes. Where, ΔA 

represents the differences in absorbance between pure AMH and each of the solutions of 

the set (Table S1, S2 and Figure 1). R indicates [CDs]/[AMH]+[CDs] and its value of R = 
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0.33, 0.5, 0.66 corresponding to the maxima recommends the 1:2, 1:1 and 2:1 host to 

guest stoichiometry in the inclusion complexes[9]. In case of our present work we found 

the maxima at R = 0.5 indicating 1:1 host to guest stoichiometry in the inclusion 

complexes[10] (Scheme 2). 

3.2 HRMS: The confirmation about the stoichiometry of the Inclusion complexes: 

The molecular ion peak with an appreciable intensity at the m/z ratio corresponding to 

the molar mass of a host molecule added to the same of the guest molecule in the HRMS 

spectra is actually a great evidence for saying about the host-guest stoichiometry of the 

inclusion complex. The HRMS spectra of the prepared inclusion complexes were recorded 

after dissolving these in methanol. The spectra, shown in the Figure 2 and 3, have the 

molecular ion peaks at the m/z 1202.9025 and 1365.0427 correspond to the [AMH+α-

CD+H]+ and [AMH+β-CD+H]+ respectively, signify the formation of [AMH + α-CD] and 

[AMH + β-CD] inclusion complexes of 1:1 host to guest stoichiometry must have an 

appreciable stability of the molecular assembly formed[11],[12] (Scheme 2). 

3.3 1H NMR spectral analysis: 

The mechanism of inclusion complexation i.e. the identification of part of the guest 

molecule most probably the hydrophobic part that undergoes insertion into the 

hydrophobic cavity of cyclodextrin and the extent to which it get inserted into the 

hydrophobic cavity of cyclodextrin is yet to be explored. Here, 1H NMR spectra analysis 

appeared as the great technique to explore the same with a pronounced fulfilment. 

Because of  the truncated structure of cyclodextrins, H3 and H5 protons are oriented 

inside the cavity whereas H1, H2 and H4 protons are exposed to the outer side of CDs[13] 

(Figure.4). That’s why, H3 and H5 protons of CDs would experience an interaction with 

the guest molecule undergoing insertion into the cavity of CDs and register a chemical 

shift in 1H NMR spectrum due to their mutual shielding through space[14]. Here the 

encapsulated aromatic moiety of the AMH, having ring current exerts diamagnetic 

shielding to the H3 and H5 protons of the CDs[15] (Figure 4). 

Here, the experiment goes through our expectation and it reflected in the same when we 

analyse the 1H NMR spectra of pure α-CD, β-CD, AMH as well as the inclusion complexes 
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are shown in Figure 5 and 6. The considerable upfield shift of the H3, H5 protons of CDs 

in the 1H NMR spectra confirms the formation of inclusion complexes.[16] 

3.4 Ultraviolet Spectroscopy: The stability of the Inclusion Complexes: 

The binding energy of the inclusion complexes formed in solution phase, saying about the 

stability of the inclusion complexes was calculated by employing well-known Benesi-

Hildebrand equation[17],[18] and using UV-vis spectroscopic data. In the aqueous 

solution of cyclodextrin, the hydrophobic cavity of cyclodextrin being less polar 

compared to aqueous environment must have lower molar extinction coefficients (Δε) 

than that of the aqueous environment. This is why, we expected the absorbance of the 

guest molecule must change while going from polar aqueous media to the apolar 

hydrophobic cavity of the CDs to form ICs[19],[20] and we observed the same trend in 

absorbance which are shown in Figure 7. The UV-vis spectroscopic data (Figure S3 and 

S4) were fed into the following Benesi-Hildebrand equation (1) and the calculated values 

are listed in the Table 1. 

1 1 1 1
[ ] [ ] [ ]n

aA AMH K CD AMH 
 

  
   (1) 

Where, ΔA is the difference in absorbances of AMH without CDs and with the CDs. [AMH] 

represents the concentration of AMH. The value of (n) says about the stoichiometry of the 

ICs. When the linearity of the double reciprocal plot fits by putting n=1 in the above 

equation then it suggests 1:1 stoichiometry of the ICs. But, when n=2 suggests the 2:1 

inclusion complex of the Host to the Guest[21]. Here, we observed a linear relationship of 

the Benesi-Hildebrand double reciprocal plot, considering n=1, indicating the 

composition of complex was 1:1. 

The binding constant (Ka) of the inclusion complexes were calculated from the obtainable 

values of intercepts and slopes of the Benesi-Hildebrand double reciprocal plot (Figure 

7) and are listed in the Table 1. 

The binding constants of the inclusion complexes so obtained were fed into equation (2) 

and the change in free energy of the inclusion process were listed in the Table 1. 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑎          (2) 
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3.5 Theoretical study of the interaction in the inclusion complexes: 

Optimized geometries of the AMH+α-CD and AMH+β-CD inclusion complexes are shown 

in Figure 8. In the relaxed geometry of the AMH+β-CD composites AMH occupies in the 

centre of the cavity indicating complete encapsulation by β-CD. On the other hand in 

AMH+α-CD due to the smaller radius of α-CD AMH is partially encapsulated. The higher 

affinity of AMH of AMH by β-CD has been confirmed by the strong H-bonds ranging from 

1.94 Å to 2.93 Å   which is short compared to the H- bonds in AMH+α-CD. The stronger 

Hydrogen bonding between –NH2 groups of AMH and –OH group of β-CD in AMH+β-CD 

accounts the large adsorption energy of -5.52eV which is high compared to AMH+α-CD 

(Eads =-4.51 eV) in aqueous medium. 

To account different weak interactions operating between AMH and α-CD, β-CD we have 

analysed the RDG plots as shown in the Figure 9. A large scattered points in the region -

-0.03-0.04 of the RDG plot revealed that predominant H-bonding interaction is operating 

between AMH and β-CD units while due to the partial inclusion this interaction is weaker 

in AMH+α-CD. 

3.6 Antimicrobial activity: 

All the synthesized samples except the solvent DMSO (i) displayed potent antimicrobial 

activity against both gram positive and gram negative bacteria as apparent by measuring 

the diameter of zone of inhibition (Figure 10 and Table S5). In comparison to all the 

studied samples, quantitative measurement of inhibition zone in millimeter scale 

indicates that at uppermost (100 μg/ml) and lower most concentration (25 μg/ml) best 

activity was displayed by test sample (iii) (combination of α-Cyclodextrin and Amiloride 

hydrochloride) against both gram positive and gram negative bacteria, Escherichia coli 

with inhibitory zone of 25.33 ± 1.528 mm and 14 ± 1.732 mm respectively. Beside this 

sample (iii) at any used concentration displayed prominent zone of inhibition against 

both gram positive and gram negative microbes[22] reported bacteriostatic activity of 

amiloride against different strains of bacteria at concentration range of 25 to 1,300 μg 

/ml. The concentration range of sample (iii) used for antimicrobial activity in the present 

study lies within the above mentioned range. Amiloride HCl, Sample (ii) was also 

reported to display antimicrobacterial activity when used in combination with 

rifampicin[23]. Cyclodextrin was reported to appropriately control the drug release rate 
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of its conjugated antimicrobial component and thereby display effective antimicrobial 

activity[24]. Conjugation of α-Cyclodextrin with Moringin displayed potent antimicrobial 

activity against Staphylococcus aureus[25]. Similarly the antibacterial activity of 

essential oils extracted from Prostanthera increases by two to four fold when 

encapsulated with α-cyclodextrin[26]. In the present study conjugation of amiloride 

hydrochloride with α-Cyclodextrin showed better antimicrobial activity than amiloride 

hydrochloride alone probably due to better drug release kinetics of α-Cyclodextrin. 

Beside this, current study reports better antimicrobial activity of amiloride 

hydrochloride when conjugated with α-Cyclodextrin [sample (iii)] than β-Cyclodextrin 

[sample (iv)]. This finding contradicts with the finding of which reported better activity 

of β-Cyclodextrin than α-Cyclodextrin against Staphylococcus aureus and Escherichia coli 

when Complexes with Trans-Cinnamaldehyde[27]. Such contradict observation was 

probably because different drugs behaves differently with Cyclodextrin. Probably 

amiloride HCl showed better complex formation kinetics with α-Cyclodextrin [sample 

(iii)] than β-Cyclodextrin [sample (iv)] and thereby displaying better synergistic 

antimicrobial activity when conjugated with α-Cyclodextrin [sample (iii)]. At minimum 

tested concentration (25 μg/ml) sample A and C was found to be more effective against 

gram positive bacteria than gram negative bacteria. While sample (i), failed to displayed 

any bactericidal activity at any of the used concentrations. This observation was 

supported by the observation of Carlos de Brito et al. (2017) which stated that 

concentrations of DMSO do not interfere with the viability of the bacterial strains. 

Among the tested gram positive bacteria, sample Drug (ii), IC-1 (iii) and IC-2 (iv) was 

found to be effective at any used concentration against Bacillus subtilis. While sample 

(ii) and (iv) was found to be effective against Bacillus megaterium and Staphylococcus 

aureus at concentration of 100μg/ml, below which no activity was noted. The probable 

reason for this type of activity may be that at low concentration thick peptidoglycan layer, 

consisting of linear polysaccharide chains cross linked by short peptides makes the 

membrane wall of gram positive bacteria a rigid and compact structure which creates 

difficulty for silver nanoparticles to penetrate the bacterial cell wall[28]. Against gram 

negative bacteria Salmonella typhimurium Sample (ii) showed bactericidal activity at 

maximum concentration of 100μg/ml while sample (iii) displayed the activity from the 

concentration range of 50μg/ml. On the other side against Escherichia coli sample (ii) 
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showed better activity than sample (iv). All the three bactericidal samples (viz. ii, iii and 

iv) showed better antimicrobial activity against gram positive bacteria than gram 

negative bacteria this is probably because thin peptidoglycan layer in the cell wall of gram 

negative bacteria allows easy penetration of the test samples damaging cellular and 

metabolic processes causing bacterial death[29]. 

 

4. Conclusions: 

All the experiments suggest the successful formation of inclusion complex with 1:1 

stoichiometry. The association constants of the inclusion complexes of AMH formed with 

β-cyclodextrin were found greater than that of the inclusion complexes formed with the 

α-cyclodextrin and hence more stable, this is may be due to the better fitness of the guest 

molecule into the larger hydrophobic cavity of β-cyclodextrin compared to the α-

cyclodextrin. Furthermore analysis of adsorption energies, ESP, HOMO , LUMO 

distributions revealed that compared to   AMH/α-CD , AMH/β-CD is quite stable and 

possesses significant amount of donor (guest ) – acceptor (host) charge transfer 

interactions. Asymmetry in ESP maps suggests enhanced solubility of AMH/β-CD over the 

AMH/α-CD inclusion complexes.  The ready availability of the association constants 

enables us to calculate the thermodynamic parameter(∆G) of the inclusion process which 

makes the thermodynamic ground of the approach and recognise it as a 

thermodynamically viable process. The antimicrobial activity of the drug was seemed to 

be enhancing after inclusion especially with α-CD, which is complementary with the 

findings from association constants, i.e. more association constant less free the drug. 

Thus, the hydrophobic-hydrophobic interaction would become the driving forces for the 

formation of inclusion complexes. 
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TABLES 

Table 1: Association Constants obtained from Benesi-Hildebrand method ( aK ) and 

change in free energy (ΔG). 

Inclusion complexes Binding constants 

(Ka/M-1)×103 

Free energy change (ΔG) 

(kJ/M-1) 

AMH+α-CD 5.66 -21.93 

AMH+β-CD 6.93 -21.42 

 

Table S1. UV-Vis spectroscopic data for the generation of Job plots of aqueous AMH+α-
CD system at 298.15 Ka. 

AMH + α - CYCLODEXTRIN 

AMH 
(mL) 

α-CD 
(mL) 

AMH 
(μM) 

α-CD 
(μM) 

[𝐀𝐌𝐇]

[𝐀𝐌𝐇] + [𝛂 − 𝐂𝐃]
 

Absorbance 
(A) 

ΔA 
𝚫𝐀 × [𝐀𝐌𝐇]

[𝐀𝐌𝐇] + [𝛂 − 𝐂𝐃]
 

0 3 0 100 0 1.5203 1.5115 0.0000 

0.3 2.7 10 90 0.1 1.3759 1.3759 0.1376 

0.6 2.4 20 80 0.2 1.2276 1.2276 0.2455 

0.9 2.1 30 70 0.3 1.0793 1.0793 0.3238 

1.2 1.8 40 60 0.4 0.9343 0.9343 0.3737 

1.5 1.5 50 50 0.5 0.7695 0.7695 0.3847 

1.8 1.2 60 40 0.6 0.6221 0.6221 0.3733 

2.1 0.9 70 30 0.7 0.4792 0.4792 0.3354 

2.4 0.6 80 20 0.8 0.2930 0.2930 0.2344 

2.7 0.3 90 10 0.9 0.1816 0.1816 0.1635 

3 0 100 0 1 0.0088 0.0088 0.0088 

aStandard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table S2. UV-Vis spectroscopic data for the generation of Job plots of aqueous AMH+β-

CD system at 298.15 Ka. 

AMH + β - CYCLODEXTRIN 

AMH 
(mL) 

β -CD 
(mL) 

AMH 
(μM) 

β -
CD 

(μM) 

[𝐀𝐌𝐇]

[𝐀𝐌𝐇] + [β − 𝐂𝐃]
 

Absorbance 
(A) 

ΔA 
𝚫𝐀 × [𝐀𝐌𝐇]

[𝐀𝐌𝐇] + [β − 𝐂𝐃]
 

0 3 0 100 0 1.5818 1.5721 0.0000 

0.3 2.7 10 90 0.1 1.4080 1.4080 0.1408 

0.6 2.4 20 80 0.2 1.2566 1.2566 0.2513 

0.9 2.1 30 70 0.3 1.1105 1.1105 0.3332 

1.2 1.8 40 60 0.4 0.9532 0.9532 0.3813 

1.5 1.5 50 50 0.5 0.7977 0.7977 0.3989 

1.8 1.2 60 40 0.6 0.6441 0.6441 0.3864 

2.1 0.9 70 30 0.7 0.4749 0.4749 0.3324 

2.4 0.6 80 20 0.8 0.3221 0.3221 0.2577 

2.7 0.3 90 10 0.9 0.1812 0.1812 0.1631 

3 0 100 0 1 0.0097 0.0097 0.0097 

 

Table S3. UV-vis spectroscopic data for the Benesi-Hildebrand double reciprocal plot of 
(AMH+α-CD) system at 298.15K 

Temp 
(Ka) 

AMH 
(μM) 

α-CD 
(μM) 

Ao A ΔA 
1/[α-
CD] 

(M-1) 
1/ΔA Intercept  Slope 

Ka  
(M-

1×103) 

298.15 

35 25 

0.5620 

0.6042 0.0422 0.0400 23.6831 2.9815 527.18 5.66 

35 30 0.6098 0.0479 0.0333 20.8973 

35 35 0.6171 0.0551 0.0286 18.1501 

35 40 0.6208 0.0588 0.0250 17.0107 

35 45 0.6345 0.0726 0.0222 13.7822 
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Table S4. UV-vis spectroscopic data for the Benesi-Hildebrand double reciprocal plot of 

(AMH+ β-CD) system at 298.15K 

Temp 
(Ka) 

AMH 
(μM) 

β-CD 
(μM) 

Ao A ΔA 
1/[ β -

CD] 
(M-1) 

1/ΔA Intercept  Slope 
Ka  
(M-

1×103) 

298.15 

35 25 

0.5620 

0.6053 0.0433 0.0400 23.0818 3.4689 500.37 6.93 

35 30 0.6107 0.0488 0.0333 20.5115 

35 35 0.6179 0.0559 0.0286 17.8903 

35 40 0.6215 0.0595 0.0250 16.8106 

35 45 0.6351 0.0732 0.0222 13.6691 

 

Table S5: Antimicrobial activity of drug, IC-1, IC-2 and solvent DMSO sample name 

against tested microorganisms. Results are expressed as Mean ± SD of triplicate 

determinations. 

  Zone of Inhibition (mm) 

Microorganisms Sample ID 25 µg/ml 50 µg/ml 100 µg/ml 

B Subtilis 

(ii) 8.33 ± 2.52 14.33 ± 0.577 18.33 ± 1.523 

(iii) 5.33 ± 0.577 12.33 ± 0.577 18.67 ± 1.155 

(iv) 5.66 ± 0.577 9.33 ± 0.577 16.67 ± 0.577 

(i) 0 0 0 

B megaterium 

(ii) 0 0 14.33 ± 1.153 

(iii) 7.33 ± 0.577 10.67 ± 1.15 20.33 ± 0.577 

(iv) 0 0 12.33 ± 0.577 

(i) 0 0 0 

S aureus 

(ii) 0 0 11.33 ± 1.15 

(iii) 6.66 ± 0.577 13.33 ± 1.15 21.67 ± 2.08 

(iv) 0 0 10.67 ± 0.577 

(i) 0 0 0 

S typhimurium 

(ii) 0 0 10.67 ± 0.577 

(iii) 8 ± 1.732 14.67 ± 2.082 21.67 ± 2.082 

(iv) 0 6.33 ± 0.577 7.33 ± 0.577 

(i) 0 0 0 

E Coli 

(ii) 6.66 ± 0.577 12.33 ± 1.155 18 ± 1 

(iii) 14 ± 1.732 20.67 ± 0.577 25.33 ± 1.528 

(iv) 0 16 ± 2 21.33 ± 0.577 

(i) 0 0 0 

 

  



99/ Chapter VI 

Communicated 

FIGURES 

 

Figure 1 (a,b,c,d): UV-vis spectra for the generation of Job plots of (a) AMH+α-CD and 

(b) AMH+β-CD systems and Job Plots of (c) AMH+α-CD and (d) AMH+β-CD systems at  = 

364 nm. 
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Figure 2: HRMS spectra of the AMH+α-CD Inclusion complex. 

 

 

Figure 3: HRMS spectra of the AMH+β-CD Inclusion Complex. 
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Figure 4: Truncated structure of Cyclodextrins showing H3 and H5 protons of 

Cyclodextrins. 

 

 

Figure 5(a,b,c): 1H NMR spectra of (a) AMH+α-CD Inclusion complex,(b) AMH and (c) α-

CD  
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Figure 6(a,b,c): 1H NMR spectra of (a) AMH+β-CD Inclusion complex, (b) AMH and (c) 

β-CD. 
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Figure 7(a,b,c,d): UV visible spectra (a) AMH+α-CD, (b) AMH+β-CD) systems for the 

generation of Benesi Hildebrand double reciprocal plots of (c) AMH+α-CD, (d) AMH+β-

CD systems at 298.15K. 
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Figure 8: Optimized geometries for the (a) AMH+α-CD (b) AMH+β-CD composite at M06-

2X/6-31+G(d) level of theory. Red, gray, white, blue color represent oxygen, carbon, 

hydrogen, nitrogen  atoms respectively. 

 

Figure 9: Plots of reduced density gradient (RDG) for (a) AMH+α-CD and (b) AMH+β-CD 

inclusion complexes. 
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Figure 10(M-1, M-2, M-3, M-4, M-5): Antimicrobial activity of (i) DMSO, (ii) AMH, (iii) 

AMH+α-CD Inclusion complex, (iv) AMH+β-CD Inclusion complex against test organisms 

viz. (M-1) B megaterium, (M-2) B Subtilis, (M-3) E Coli, (M-4) S aureus, (M-5) S 

typhimurium. Antimicrobial potentiality was assessed at three different concentrations 

of each of the samples, viz. 100 μg/mL, 50 μg/mL and 25 μg/mL. 
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SCHEMES 

 

 

Scheme 1: Molecular structures of α–cyclodextrin, β-Cyclodextrin and Amiloride 

hydrochloride. 

 

 

 

Scheme 2: Formation of Inclusion complex through the wider rim of the cyclodextrin. 
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CHAPTER VII 

SYNTHESIS AND CHARACTERIZATION OF INCLUSION COMPLEX OF DL-

AMINOGLUTETHIMIDE WITH β-CYCLODEXTRIN AND ITS INNOVATIVE APPLICATION 

IN BIOLOGICAL SYSTEM: COMPUTATIONAL AND EXPERIMENTAL INVESTIGATIONS 

 

Abstract: Our present study intended to investigate the encapsulation of DL-AGT within 

the lipophilic cavity of β-CD molecule. The consequential inclusion system was 

characterized by UV-Visible spectroscopy, 1HNMR study, PXRD study, SEM study, FT-IR 

study. Molecular docking was performed for the inclusion complex to discover the most 

proper orientation and it was seen that the drug DL-AGT fits into the cavity of β-CD in 1:1 

ratio which was also confirmed from the Job’s plot. Furthermore, a comparison was done 

on the basis of cell viability between the drug and its inclusion complex. 

Keywords: DL-AGT, β-CD, Molecular docking, 1:1 ratio, Cell viability 

1. Introduction: 

The drug DL-Aminoglutethimide, (±)-3-(4-aminophenyl)-3-ethylpiperidine-2,6-dione 

(DL-AGT), used as an aromatase inhibitor for the treatment of advanced breast cancer 

and Cushing's syndrome was preferred as a suitable molecule for this work. According to 

Biopharmaceutics Classication System, it is a class ll drug with low water solubility but 

have good permeability[1]. DL-Aminoglutethimide, the drug that we have dealt with can 

cause aromatase inhibition. It was initially introduced as an anticonvulsant but due to its 

side effects of acting as a potent inhibitor of several enzymes on adrenal cortex, it is no 

longer been used. These drawbacks of this drug twisted into a clinical advantage in the 

treatment of cushing syndrome and advanced breast cancer. The growth of certain 

tumors rest on  specific hormones and that makes the basis of endrocrine therapy of 

breast cancer. DL-AGT is found to be effective in hormone dependent breast carcinoma 

by suppressing the estrogen level in post menopausal women. It hinders the conversion 

of androgen to estrogen.[2] Moreover, this drug is very effective in painful bone 

metastates. However Aminoglutethimide has its side effects because of its toxicity[3] 

such as lethargy, depression and rash besides its benefits[4]. 
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Nowadays, molecular encapsulation is an important aspect to increase the bioavailability 

of certain drugs to retain their therapeutic activity. Potent drug delivery systems 

including biocompatible polymers, nanoparticles have already been explored. 

Cyclodextrin based drug delivery systems are found to be most effective and reliable due 

to their non-toxicity and biodegradability[5, 6]. Cyclodextrins or cycloamyloses are 

truncated cone shaped cavity polymer having a minimum number of 6-D(+) 

glucopyranose units linked by α-1,4 bonds[7]. They can be natural or semi-synthetic 

(oligosaccharides)[8]. The α, β and ү cyclodextrins and their derivatives are immensely 

used in pharmaceutical science. For parental drug delivery, oral administration, 

cyclodextrins are extensively used. The applications of CDs are even more than the above 

as they are able to make inclusion complexes with some specific molecules which will be 

fitted in the cavity. So the size of the entering guest molecule is also an important 

parameter here[9]. The interaction between the host and the guest molecules are mainly 

non-covalent e.g. ion-dipole, hydrogen bonding and van der Waals types.  The most 

widely accepted host for complex formation  is β-CD for its suitable cavity diameter and 

low production cost[10, 11]. β-cyclodextrin consists of seven α-D-glucopyranose unit 

joined by α-1,4 linkage[12]. Cyclodextrins are able to modify the pharmacological 

properties of the encapsulated active substances like solubility, bioavailability, chemical 

stability, dispersibility and toxicity so by preparing the inclusion complexes with 

cyclodextrin molecules it can be possible to enhance or improve such properties of the 

active compounds[13-16]. 

In our present work, encapsulation of DL-Aminoglutethimide within the nano cavity of 

β– cyclodextrin was established by UV-Vis study, IR spectroscopic study, Powder X-Ray 

Diffraction study, 1H NMR study, 2D ROESY study, Scanning Electron Microscopic study. 

Job plot implies the stoichiometry of the complex as 1:1, UV-visible study has given a 

proper explanation of the thermodynamic parameters of the inclusion process and 

association constant of the complex. Furthermore, the in vitro cell viability study between 

the drug and the inclusion complex showed that the Inclusion complex is less toxic on 

human normal kidney cell line than the drug. By the process of inclusion we are aiming 

towards the improvement of the properties of the drug (DL-AGT) i.e. to increase its 

solubility as it has low solubility, enhance specificity and reduce toxicity. Most notably, 

the stability constant for the complexation of DL-AGT and β-CD by UV-visible 
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spectroscopy was already there in the literature, though the whole project was on TM-β-

CD and DL-AGT inclusion phenomenon [17]. 

 

2. Experimental Section: 

2.1. Materials 

The drug DL-AGT (purity>98%, Molecular weight= 232.28g/mol) was purchased from 

TCI chemicals India PVT. LTD, β-CD (purity≥97%; Molecular weight=1134.98 g/mol) was 

purchased from Sigma Aldrich Germany and all the reagents are used without further 

purification. 

2.2. Methods 

DL-Aminoglutemide and β-CD were weighed using Mettler Toledo AG-285 (uncertainty 

±0.1mg) and their solutions were prepared in 15% acetonitrile solution (Acetonitrile-

water mixture) at 298.15 K. Other solutions of required strengths were prepared by mass 

dilution. 

Fourier transform infrared spectra (FTIR) were recorded on a PerkinElmer 8300 FT-IR 

spectrometer (PerkinElmer, Inc., Germany) using KBr disk procedure. Samples were 

prepared as thin KBr disks with minute amount of sample at room temperature. The 

range of scanning was kept at 4000−400 cm−1. 1H-NMR study was executed in DMSO-

d6medium using BRUKER AVANCE NEO 400 MHz (Bruker Inc., Germany) instrument 

where the solvent residual peak was taken as internal standard. UV-Visible Spectroscopy 

was performed in Agilent 8453 spectrophotometer (USA). PXRD data were obtained from 

Bruker D8 Advance (Germany), Cu Kα radiation source 45 kV, λ= 1.5406 A0 with scanning 

range was from 5° to 80°.The scanning electron micrographs were determined by JEOL 

JSM-IT 100 scanning electron microscope model. 

2.3. Molecular Docking: Molecular docking process was employed for the virtual 

screening of the small guest molecule (DL-AGT) and a host (β-CD) to find the geometry of 

the inclusion complex through PyRx software[18]. This software is written in the Python 

programming language with an intuitive user interface that run on all major operating 
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systems (Linux, Windows, and Mac OS)used to determine the binding parameters as well 

as binding geometry. It is a combination of several softwares such as AutoDockVina, 

AutoDock 4.2, Mayavi, Open Babel, etc. PyRx uses Vina and AutoDock 4.2 as docking 

softwares. The input files host, guest in the .pdb format were changed to .pdbqtfiles using 

inbuilt Autodock vina software. After preparing the files, they were exposed to docking 

by means of AutoDockVina. Before starting the docking calculation a grid box was 

prepared around the host molecule. This resulted in a binding site center of 8.3636, 

24.4146, and 1.2278 for the X, Y, and Z axes, respectively.Grid box dimensions were set 

to be X, Y, and Z conformations equal to 25, 25, and 25, respectively. The grid space size 

was assigned perfectly, which allows selecting search space for the host to perform 

docking with the guest, normally, at the binding site. The interaction between DL-AGT 

and the respective β-CD was interpreted using the Lamarckian genetic algorithm (LGA). 

Once the calculations were ended, result of binding affinity (KJ.mol−1) of the most stable 

conformation of the host with the guest was provided by the software in the table 4. 

2.4. In-vitro cell viability study: The cell viability study of the drug and the synthesized 

complex was investigated by MTT assay. HEK-293 (Human normal kidney cell line) was 

cultured in 96 well micro titre plate at 37 oC, in presence of 5% carbon dioxide (CO2) at a 

density of 5×103 cells/well in 100μl DMEM (Dulbecco’s Modified Eagle Medium) Ham F-

12 culture medium. After 24 hours of incubation, drugs (DL- AGT, β-CD.DL-AGT) were 

added in each well at different concentrations (50μM, 100μM, 150μM, 200μM, 250μM, 

300μM, 350 μM,400μM,450μM,500μM) in triplicate. Then, the micro titre plate was 

incubated under the same experimental condition. Next day, after discarding the culture 

media from the treated plate 10µl (5mg/ml) of MTT powder [3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide] dissolved in 1X PBS was added in each well. Plate 

was again kept into incubator for 3 hours in the above mentioned condition. Finally, a 

formazan solubilizer i.e. Isopropanol was added to each well containing MTT solution and 

was shaken for about 10 minutes. At last, the absorbance was recorded by a micro titre 

plate reader (SPECTROstarNano,Germany) at 620 nm[19]. The solutions of the concerned 

samples were prepared in DMSO. 
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2.5. Preparation method of inclusion complex: 

By mixing β-CD and DL-ADT in the molar ratio of 1:1, the IC has been prepared. 1.0mmol 

of DL-AGT was dissolved in 25 mL of 15% acetonitrile and 1.0 mmol of β-CD in 25 mL of 

distilled water. Keeping the β-CD solution on a magnetic stirrer, the DL-AGT guest 

solution was added slowly and the mixture was allowed to stir for 36 hrs at constant 

temperature of 500C. The suspension thus obtained was filtered and dried in oven at 700C 

for 7 hrs. Ultimately the solid powder was procured and stored in a dessicator for future 

use. 

 

3. Results and discussion: 

3.1. Job plot: In order to determine the stoichiometry of the host-guest inclusion complex 

the continuous variation method or the Job’s method is applied[20]. Here a set of 

solutions of the drug (DL-AGT) and β-CD was prepared by varying the mole fraction of 

DL-AGT from 0-1 and from the UV-Vis spectroscopy the absorbance of all the solutions 

are checked at the λmax (238nm). By plotting ΔA*R against R, Job plot is generated, where 

ΔA is the difference in absorbance of the guest without and with β-CD and R= [DL-

AGT]/[DL-AGT+β-CD]. The Rmax value obtained from the Job plot is 0.5 (figure.1.a) which 

signifies a 1:1 complexation of the guest and host molecule[21]. 

3.2. Association constants and thermodynamic parameters: The association 

constants of DL-AGT and β-CD IC were calculated at three different temperatures by UV-

Vis spectroscopy measuring the change in the molar extinction coefficient of the guest 

molecule when it enters into the hydrophobic cavity of β-CD from the hydrophilic 

environment. The absorbance changes of DL-AGT were studied by gradually increasing 

the concentration of β-CD.  Benesi-Hildebrand equation is used for the determination of 

association constant[20]. 

1

ΔA
=

1

∆ε[AGT]

1

Ka[CD]
+

1

∆ε[AGT]
                                                 (Equation 1) 

Where [AGT] and [CD] are the concentrations of the guest molecule and the cyclodextrin 

molecule, Δε refers to the change in the molar extinction coefficient and ΔA is the change 
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in the absorbance of DL-AGT on addition of CD. From the double reciprocal plot of the 

Benesi-Hildebrand equation we have calculated the association constants at three 

different temperatures(293.15K,303.15K,313.15K) and the linearity of the plot suggests 

the 1:1 stoichiometry of the host and the guest molecule[22]. 

Furthermore, the important thermodynamic parameters are determined from the plot of 

logka Vs 1/T using equation 2. 

2.303logka = −
∆H°

RT
+

∆S°

R
                                                (Equation 2) 

The spontaneity of the process i.e. the free energy change is measured by the following 

equation 3. 

∆G° = ΔH° − TΔS°                                                          (Equation 3) 

Where, the symbols have their usual significance. Now the values of thermodynamic 

parameters suggest that the process of inclusion is exothermic, spontaneous and entropy 

restricted. This restriction in entropy may be due to the molecular association between 

the guest and host molecules [23]. 

3.3. Solubility Study of DL-AGT.β-CD inclusion complex: 

The ethanolic solubility between pure DL-AGT and DL-AGT.β-CD inclusion complex was 

evaluated using UV–visible spectroscopy. The UV–vis spectrum of DL-AGT.β-CD inclusion 

complex in different concentration using ethanolic solution was shown in Fig. 2. DL-AGT 

was sparingly soluble in water, therefore the experiment was modeled in ethanolic phase 

and the solubility of DL-AGT in ethanol was greatly enhanced when there occurs the 

formation of DL-AGT.β-CD inclusion complex. DL-AGT displayed absorption maximum 

peak (λmax) at about 238 nm in the inclusion complex as shown in Fig. 2A and all the 

calculations were carried out using the λmax value. The peak positions were independent 

of the concentrations of DL-AGT.β-CD but peak intensities were increasing upon 

increasing concentration. The plot of absorbance of DL-AGT.β-CD at 238 nm vs. the 

concentration of DL-AGT.β-CD, gives us a straight line as shown in Fig.2B. According to 

the Lambert–Beer law, the absorption coefficient of DL-AGT.β-CD in ethanolic  solution 

was evaluated as 0.0907 L g-1cm-1. The UV spectra of DL-AGT.β-CD inclusion complex with 

saturated concentrations in ethanolic solution was shown in the Figure S5. The 
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absorbance value of saturated solution of DL-AGT.β-CD( inclusion complex) was found to 

be 1.59873 (Figure S5). The solubilities of pure DL-AGT and DL-AGT.β-CD in ethanol at 

25°C were listed in the Table S5. So, it was cleared from the Table S5 that DL-AGT.β-CD 

inclusion complex has greater solubility with 17.62 mg.mL-1 over pure DL-AGT with 7 

mg.mL-1. These results revealed that the water-soluble host β-CD played a crucial role to 

improve the solubility of DL-AGT remarkably by the formation of DL-AGT.β-CD inclusion 

complex. From the above we can also have a clear idea about the aqueous solubility of 

DL-AGT as there occurred an enhancement of solubility in ethanol after inclusion. [24] 

[25] 

3.4. PXRD STUDY: 

The diffractogram (Figure 3) of the DL-AGT.β-CD complex shows the disappearance of 

some of the pure DL-AGT spectral lines at the 2ϴ values of 12.38, 15.09, 16.75, 17.95, 

24.92 and the β-CD spectral lines at the 2ϴ values of 4.63, 9.11 and 12.63 as shown in 

Table 2. Additionally, the appearance of new spectral lines of DL-AGT.β-CD complex at 

the 2ϴ values of 17.85 and 18.50 are observed with less intense peaks. It is well known 

that the peak at 2θ = ∼20° in cyclodextrin based inclusion complexes is a feature of 

"channel-type" packaging in β-CD where only the head-to-head arrangement has been 

noticed. The disappearance of some peaks and the generation of new peaks with less 

intensity in the spectra of DL-AGT.β-CD inclusion complex suggest some sort of 

interactions between the guest and host molecules. 

3.5. FT-IR Spectroscopy: The formation of inclusion complex can also be explained with 

the help of FT-IR spectroscopy. It is important to note that when the inclusion complex is 

formed, several characteristic peaks of the guest molecule might be shifted, reduced or 

disappeared. The stretching and bending vibrations of the three components viz, DL-AGT, 

β-CD and their IC are shown in Figure4. 

In case of DL-AGT, the most important bands present in the IR spectrum are those related 

to the imide and amino functional groups. The N–H, C-H, C-O and C–N stretching modes 

give strong bands situated at 3500–3200, 2964, 1687 and 1202 cm-1. The stretching at 

3467 cm-1 and 3375 cm-1 may be due to the 10 and 20 amines respectively present in the 

drug molecule. The aromatic C=C stretching vibrations for DL-AGT were found at 1625, 

1515, 1448 cm-1. Bending vibrations of -NH and -NH2 appearing at 1625 display strong 
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bands in the IR spectrum. However, in β-CD, the O-H stretching vibration appeared at 

3424 cm-1. The C-H stretching frequency for β-CD appeared at 2921 cm-1, and bending 

vibration of C-O-C in β-CD appeared at 1153 cm-1. When, the inclusion complex is formed, 

a broad hump is observed at 3388 cm-1. The characteristic peak for C=O was observed at 

1687 cm-1 in case of DL-AGT which get slightly shifted at 1693 cm-1 in the IC. And the 

aromatic C=C stretching vibrations for DL-AGT in complex were shifted to 1632, 1515, 

1454 cm-1 as well as the peak intensity got reduced to some extent. Thus from the above 

explanation and from Figure 4, it is noteworthy to say that most of the signals of β-CD and 

DL-AGT have been highly shifted with less peak intensity in the inclusion complex 

implying some non-bonding interactions of the guest and host in the inclusion complex. 

3.6.1.1HNMR study: For the prediction of the structure of the inclusion complex, 1HNMR 

spectroscopy is a very convenient method. It delivers detailed information about the 

position of the H nuclei present in the structure of the concerned molecule/complex. As 

the host-guest inclusion process is based on weak non-bonding interactions, the changes 

occur in the chemical shifts values after inclusion are comparatively small than in other 

cases[26]. 

In β-CD, H3,H5 protons are located inside the cavity (H3 close to the wider rim and H5 

close to the narrower rim) and H6 outside the cavity, near to the narrower rim[27]. When 

the guest molecule enters the cavity of β-CD, the protons inside the cavity (H3, H5) would 

definitely show some changes in chemical shift than that before[28]. It is observed that 

after inclusion H3 and H5 protons of β-CD were shifted to upfield but to a smaller 

extent.The 1H-NMR spectra of DL-AGT, β-CD and inclusion complex were shown in Figure 

5. Numerous peaks were found in the spectrum of DL-AGT as well as in β-CD which are 

shown in Table 3. Chemical shift changes were calculated from the inclusion complex 

with respect to both β-CD as well as DL-AGT as Δσ= (σcomplex-σDL-AGT/β-CD). In case of β-CD, 

the upfield shift is more for H3 (-0.04 ppm) than for H5 (-0.02 ppm). The result indicates 

that the inclusion occurred through the wider rim and as the H3 proton shifted to more 

upfield than the H5 proton .The signals relating to the aromatic protons (H6’, H7’) of AGT 

almost remains constant in the spectrum of inclusion complex. However, all the protons 

related to the piperidine-2,6-dione moiety (H2’, H3’, H4’ H5’) are upfield shifted as 

shown in the table 3. Therefore, it can be concluded that only the non-aromatic part were 

incorporated in the cavity of β-CD after complexation. 
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It is also evident from the MD studies that the aromatic part of DL-AGT gets stabilised at 

the narrower end of the beta CD cavity. May be this is the reason of non-shifting of the 

aromatic protons of DL-AGT. 

3.6.2 2D-ROESY NMR Study: 

Two-dimensional (2D) NMR spectroscopy provides important information about the 

spatial arrangement between host and guest atoms by observation of intermolecular 

dipolar cross-correlations. If two protons are closely located in space i.e., closer than 0.4 

nm can produce a nuclear Overhauser effect (NOE) cross-correlation in two-dimensional 

rotating frame nuclear Overhauser enhancement correlation (2D-ROESY) spectroscopy 

and therefore Cross-peaks in ROESY spectra will be obtained. The ROESY spectrum of the 

DL-AGT. β-CD complex (Figure 5b) showed appreciable correlations of H-3’ and H-5’ 

protons of DL-AGT with H-3 and H-5 protons of β-CD. These results indicate that the 

piperidine-2,6-dione moiety of DL-AGT are in close proximity with the H-3 protons of β-

CD.These results further confirmed that the DL-AGT.β-CD inclusion complex was 

successfully formed in the solution phase. 

 

3.7. Molecular Docking study: Molecular docking gives us an effective information 

about bond simulation between molecules[29]. 

In order to comprehend the orientation, conformation and interaction of drug/guest 

molecule within the cavity of β-CD, molecular modelling is a constructive computational 

technique[30]. 

Here, docking has been used to predict the possible bound conformation of β-CD.DL-AGT 

inclusion complex and to estimate the binding affinity[29]. The drug, within the binding 

cavity of β-CD was docked and the most probable binding conformation was obtained[6]. 

Results showed that the interaction between DL-AGT and β-CD is 1:1. The drug fitted 

comfortably within the pocket as shown in the Figure6. The binding affinity for DL-AGT 

and β-CD was found to be -23.012KJ/mol, which is in good agreement with the 

experimental findings from UV-Vis spectroscopy. The results also indicated that in the 

complex only the piperidine-2,6-dione moiety of AGT  interacted with the H-3 protons of 
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CD cavity. The findings of this theoretical study are consistent with the results of FTIR, 

and NMR experiments. 

 

3.8. SEM study: Scanning Electron Microscopy is one of the best techniques in describing 

the surface morphology of different chemical entities in solid state. The surface 

morphologies of host, guest and their inclusion complex have been shown in Figure7. 

Although both DL-AGT and β-CD are found in crystal form in different sizes. However, DL-

AGT appears as irregular-shaped crystal particles with large dimensions(Figure 7A) 

whereas β-CD appeared as polyhedral crystal like structure(Figure 7B).When, 

complexation occurs, it is evident that the DL-AGT.β-CD IC (Figure 7C) exhibited a 

different surface morphology a thread like structure. This distinct surface morphology 

may be due to the formation of the inclusion complex[23]. The totally dissimilar surface 

morphology of the inclusion complex may assist the other experimental observations. 

 

3.9. In vitro cell viability study: The synthesized inclusion complex of the drug DL-AGT 

and β-CD and the drug itself were evaluated for the cell viability study. The cells were 

exposed to varying concentrations of the drug and inclusion complex and the results of 

the cell viability obtained in the study have been depicted graphically Fig 8. After the drug 

treatment, the cell viability was found to be concentration dependent. In case of the drug, 

as concentration increases, the cell viability of normal kidney cells decreases. But, the 

cells are more viable in presence of the inclusion complex when compared with the drug. 

This might be because of the higher toxicity of the drug (DL-AGT) at higher concentration 

(as the amount of drug increases), normal cells lose their reproducibility and eventually 

die. But when compared with the inclusion complex the cell viability is more than the 

original drug as we move lower to higher concentration. So, it is worth mentioning that 

the complex is less toxic in nature than the drug itself and so the cells are able to grow 

and reproduce properly. This finding clearly indicates the fact that the inclusion complex 

is less toxic as it causes less anti-proliferative activity of cell when compared to the drug. 

This behaviour of the inclusion complex might be due to the controlled release of the drug 

from the cavity of β-CD[14]. 
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4. Conclusion: In our present study we have synthesized an attainable inclusion complex 

of an aromatase inhibitory drug DL-AGT and a host β-CD. The process of inclusion was 

confirmed by 1HNMR, PXRD, FTIR, SEM and the UV-Vis study. From the Job’s plot(UV-

Visible study) and from the shifting of the H3 and H5 protons of β-CD in the 1HNMR 

spectra of the IC, it is confirmed that the inclusion occurred in a 1:1 stoichiometric ratio. 

Moreover, the solubility of the IC in ethanol is greater than the pure drug was also 

determined. The above experimental observations were further affirmed by molecular 

docking study, which helps to predict the most stable conformation of the inclusion 

complex. Lastly the cell viability study between the drug and its IC with β-CD implies that 

by increasing concentration, the inclusion complex shows less toxicity than the drug 

itself. So, this is an important finding about the inclusion complex of the drug with β-CD, 

which may improve the therapeutic activity of the drug towards its application it is meant 

for and also can change the path of science to a new direction. 
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TABLES 

Table 1. Association constants (Ka), Gibb's free energy (ΔG0), enthalpy (ΔH0) and entropy 

(ΔS0 ) of AGT-β-CD systems from UV-Vis spectroscopy 

Complex 
ka(103M-1) 

ΔG0KJ mol-1) 
ΔH0               

(kJmol-1) 

ΔS0                           (J 

Jmol-1) K-1 

293.15K 303.15K 313.15k 

DL-AGT.β-CD 3.55 2.54 1.59 -19.81 -30.59 -36.16 
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Table 2:2ϴ values of β-CD, DL-AGT and DL-AGT.β-CD inclusion complex from PXRD study. 

Components 2ϴ 

β-CD 4.63, 9.11 , 12.63 

DL-AGT 12.38 , 15.09 ,16.75 ,17.95 ,24.92 

DL-AGT.β-CD IC 17.85 ,18.50 

 

Table 3: Chemical shifts and its deviations for the protons of β-CD, DL-AGT in free state and 

in inclusion complex 

Chemical shift σ(ppm) 

Protons β-CD DL-AGT DL-AGT.β-CD Δσ (σcomplex-σfree)* 

H3 3.70  3.66 -0.04 

H5 3.58  3.56 -0.02 

H2’  5.11 5.07 -0.04 

H3’  2.08 2.05 -0.03 

H4’  1.81 1.78 -0.03 

H5’  0.75 0.73 -0.02 

H6’  6.93 6.93 0.0 

H7’  6.55 6.55 0.0 

Ar-NH2  10.73 10.73 0.0 

*Negative values of Δσ indicate upfield shifts. 

                             

Table 4: Binding Affinity of DL-AGT and β-CD from molecular docking 

Ligand with receptor Binding affinity (ΔG0 KJ/mol) 

DL-AGT-β-CD [IC] -23.012 
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Table S1: Job plot data of DL-AGT/β-CD system by UV-Visible spectroscopy (at 298.15K). 

drug 
conc. 
[DL-
AGT] 
(µM) 

[β-CD]  
(µM) 

[DL-
AGT]/ 
([DL-

AGT]+ 
[β-

CD]) 

Absorbance(A) 
@λmax       

238nm 

ΔA            
(0.471953-A) 

                ΔAx[DL-AGT]/ 
([DL-AGT]+[β-CD]) 

0 100 0 0 0.471953 0 

10 90 0.1 0.022884 0.449069 0.044906911 
20 80 0.2 0.046735 0.425218 0.085043638 
30 70 0.3 0.08291 0.389043 0.116712882 
40 60 0.4 0.136551 0.335402 0.134160648 
50 50 0.5 0.192047 0.279906 0.139953044 
60 40 0.6 0.252155 0.219798 0.13187864 
70 30 0.7 0.301264 0.170689 0.119482332 
80 20 0.8 0.36616 0.105793 0.08463407 
90 10 0.9 0.425218 0.046735 0.042061406 

100 0 1 0.471953 8.5E-08 8.5E-08 
 

Table S2: Data of Benesi-Hildebrand double reciprocal plot for DL-AGT.β-CD system 

from UV-Visible spectroscopy at 293.15K. 

A0 A1 ΔA [β-CD] 1/[β-CD] 1/ΔA 

0.350255 0.466103 0.115848 2.0E-05 50000 8.632015 
0.350255 0.533593 0.183338 3.0E-05 33333 5.454396 
0.350255 0.581200 0.230945 4.0E-05 25000 4.33004 

0.350255 0.631231 0.280976 5.0E-05 20000 3.559025 
0.350255 0.654953 0.304698 6.0E-05 16667 3.281938 
0.350255 0.676511 0.326256 7.0E-05 14286 3.065082 

 

Table S3: Data of Benesi-Hildebrand double reciprocal plot for DL-AGT.β-CD system 

from UV-Visible spectroscopy at 303.15K. 

A0 A1 ΔA [β-CD] 1/[β-CD] 1/ΔA 

0.338275 0.449632 0.111357 2.0E-05 50000 8.980157 

0.338275 0.513881 0.175606 3.0E-05 33333 5.694566 

0.338275 0.567746 0.229471 4.0E-05 25000 4.357849 

0.338275 0.603692 0.265417 5.0E-05 20000 3.767657 

0.338275 0.643238 0.304963 6.0E-05 16667 3.27909 

0.338275 0.668577 0.330302 7.0E-05 14286 3.027536 
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Table S4: Data of Benesi-Hildebrand double reciprocal plot for DL-AGT.β-CD system 

from UV-Visible spectroscopy at 313.15K 

A0 A1 ΔA [β-CD] 1/[β-CD] 1/ΔA 
0.317453 0.402578 0.085125 2.0E-05 50000 11.74739 
0.317453 0.441405 0.123952 3.0E-05 33333 8.067627 
0.317453 0.474593 0.15714 4.0E-05 25000 6.363754 
0.317453 0.514473 0.19702 5.0E-05 20000 5.075614 
0.317453 0.571728 0.254275 6.0E-05 16667 3.932754 
0.317453 0.595930 0.278477 7.0E-05 14286 3.590957 

      

Table S5: Solubility of DL-AGT and DL-AGT.β-CD in ethanol at 25°C. 
 

Sample Solubility in ethanol 
(mg.ml-1) 

DL-AGT 7 

DL-AGT.β-CD 17.62 

 
 

 

 

 

FIGURES 

 

 

Figure 1: (a) Job plot for the stoichiometry 1:1 (Host:Guest) and (b) Spectra of Job’s plot. 
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Figure 2: (A) UV spectra of DL-AGT.β-CD with different concentrations (g.L-1) in ethanolic 
solution (at 298.15 K): (a) 0.033; (b) 0.066; (c) 0.099; (d) 0.132; (e) 0.165; (f) 0.198; (g) 
0.228. (B) A plot of absorbance ratio of DL-AGT.β-CD at 238 nm vs. the concentration of 
DL-AGT.β-CD (inside the box) 
 
 

 

Figure 3: PXRD diffractogram of (a) β-CD, (b) DL-AGT and (c) DL-AGT.β-CD IC (inclusion 

complex) 
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Figure 4: Infrared spectra of (a) β-CD, (b) DL-AGT and (c) β-CD.DL-AGT IC (Inclusion 

complex) 

 

Figure 5a: 1H NMR spectra of (a) DL-AGT (b) β-CD and (c) β-CD.DL-AGT IC 
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Figure 5b: ROESY spectrum of β-CD.DL-AGT IC in D6-DMSO 

 

 

 

Figure.6: Mode of binding of the drug DL-AGT into β-CD [IC] (a) Top view (b) Side view 
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Figure7: SEM images of (A) DL-AGT (B) β-CD and (C) β-CD.DL-AGT IC. 

 

 

Figure8: In-vitro cell viability study of pure drug and its Inclusion complex 
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Figure S1: Benesi-Hildebrand double reciprocal plot at temperature 293.15K 

 

 

Figure S2: Benesi-Hildebrand double reciprocal plot at temperature 303.15K 

 

 

Figure S3: Benesi-Hildebrand double reciprocal plot at temperature 313.15K 
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Figure S4: Plot of logka Vs 1/T (from where the thermodynamic parameters were 

determined) 

 

Figure S5: Absorption spectra of DL-AGT.β- CD inclusion complex with saturated 

concentration in ethanolic solution. 
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SCHEMES 

 

 

Scheme.1: Structures of the concerned molecules. 

 

 

Scheme.2: The plausible mechanism of inclusion. 
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CHAPTER VIII 

PROBING INCLUSION COMPLEX OF A DYE (ISD) WITH CYCLIC OLIGOSACCHARIDE 

FOR MINIMIZING HARMFUL EFFECTS 

Abstract: Indigo is a colouring agent used widely in various fields. The synthetic indigo 

has many adverse effects when it is consumed with foods and beverages. Cyclodextrin 

(CD) is known to have special chemical characteristics and biological activities and has a 

suitable cavity that can include molecule of suitable diameter. In our present study, we 

have outlined different modes of characterization of the inclusion complex (IC) 

formation between poorly water soluble dye Indigosulfonic Acid Dipotassium Salt (ISD) 

and β-Cyclodextrin with the help of FTIR Spectroscopy, UV-Visible spectroscopy, 

fluorescence spectroscopy, 1H NMR study, 2D NOESY, Isothermal Titration Calorimetric 

study and SEM analysis. 1H-NMR study and other spectroscopic analysis clearly 

revealed the successful formation of the (IC) which is supported by cross-peaks formed 

in 2D-NOESY spectrum. Comparable association constants and thermodynamic 

parameters obtained from both UV-Visible study and ITC study confirmed the higher 

stability of the IC. The solubility of the IC was found higher than the pure ISD. 

 

Keywords: Association constant, β-Cyclodextrin, Fluorescence study, Inclusion 

complex, Job plot. 

1. INTRODUCTION 

In the era of globalisation, host-guest inclusion chemistry based research has become a 

matter of utmost importance because of their substantial applications in the area of 

industrial and biomedical research [1].Now days, cyclodextrins (CDs) are being widely 

used for its excellent ability to form inclusion complexes with various biologically as 

well as industrially important compounds[2]. Such phenomenon which is known as 

inclusion brings about certain modifications in both physical and chemical properties of 

the complex formed [3]. Inclusion complexes (ICs) with CDs are being widely used as 

biomimetic systems and as unique media for various types of reactions [3-6]. The most 

common CDs belong to cyclic oligosaccharide category having distinctive truncated 
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cone-shaped structure with a hydrophobic cavity and hydrophilic rim. The hydrophilic 

wider rim contains primary and narrower rim contains secondary –OH groups. The 

specific structural features lead CD molecules to form inclusion complexes with a 

variety of hydrophobic and amphiphilic species in both the aqueous and mixed solvent 

medium [7]. Commonly there are three types of cyclodextrin molecules namely α-CD, β-

CD and γ-CD basing on the number of glucopyranose units. α-CD, β-CD and γ-CD are 

made up of six and seven and eight glucopyranose units respectively with cavity 

diameter of  4.7Å and 6.0Å and 8.3 Å respectively. As the CD molecule has no free 

rotation about the glucopyranose linkage, the cyclodextrins are not perfectly cylindrical 

in shape rather toroidal or cone shaped[8-9].Thus, a hydrophobic cavity is formed 

within the molecule and the outer surface remains hydrophilic due to presence of –OH 

groups. The hydrophobic void of CD can trap the hydrophobic portion of the guest 

molecule to form a stable inclusion complex and the system is stabilised by different 

types of non-covalent interactions, such as van der Waals interactions, hydrogen 

bonding interactions etc.[10]. 

The ICs with cyclodextrin molecules have been reported to have diverse applications in 

scientific literature which comprises enhanced solubility, bioavailability, increased 

stability, masking of awkward taste and odour, decrease of volatility, probability of 

controlled drug delivery system and many more. However, ICs have special importance 

in the field of education and industry [11-14].ICs can be used to create stimuli 

responsive supramolecular substances. Here, various external stimuli for enzyme 

activation, photo sensing, thermal dependence, variations in pH/ redox environments, 

competitive binding are used to control the release of guest molecules from the Host-

Guest complexes [15-18].Researchers paid importance on molecular sensing, release of 

anticancer drug and gene transfection in the past few years[19-22]. 

The host molecules are chosen for the formation of ICs because of their cyclic-

constrained conformations, which is beneficial for the molecular selectivity [23]. Due to 

the amphiphilic nature CDs are able to form self-assemble in aqueous medium to form 

various well defined systems such as nano tubes, nano sheets and nano rods, micelle, 

vesicles which have been found applicable in various fields of drug delivery as well as 

cell imaging systems and nano devices [23-27]. Sophisticated probes are being designed 
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and applied for various systems such as molecular switches and machines, chemo 

sensors, transmembrane channels, molecular logic gates, and other interesting host-

guest systems [28-30]. 

Dyes and their derivatives are used mostly as indicators but they also have vast 

applications in colouring foods, cosmetics, solvents, drugs, papers, waxes, plastics etc. 

Dyes as colouring agent are widely used to colour food and beverages as well as 

pharmaceutical products. This procedure is to enhance the attractiveness of products 

and also to help people to distinguish different pharmaceutical products. A number of 

dyes, especially organic colouring agents, sometimes show negative effect on the human 

body[31].Synthetic dyes are highly coloured, toxic, and carcinogenic in 

nature[32,33]. The colour of food and beverages are released inside our body when 

consumed. Indigo is known to be a natural dye extracted from plants Isatis Tinctoria 

and Indigofera Tinctoria. Because of having dark blue colour, they have wide spread 

applications in the textile industries and food technology. Due to the presence of intra 

and intermolecular H-bonding network the dye molecule becomes more stable which 

reflects in its high melting point 390-3920 C[34].Indigosulfonic Acid Dipotassium Salt is 

known to be a derivative of naturally occurring dye Indigo. It has low solubility in water 

in pure form[35].ISD becomes harmful for our respiratory tract when it is swallowed. It 

also acts as a skin and eye irritant. Dye may be inserted inside of the β-CD molecule and 

therefore be used to increase the stability of the dye on surface as well as may get 

control released inside human body to reduce the severity of its adverse 

effect[36].Thus, inclusion of the colouring agent inside CD can be safe and significant as 

its release will be controlled and hence it will be less harmful [37].  In this work, we 

studied the inclusion of ISD inside the hydrophobic cavity of β-CD in both solution and 

the solid phase. 

2. EXPERIMENTAL SECTION 

2.1. Materials Used 

2.1.1. Source and Purity Of Samples: Indigosulfonic Acid Dipotassium Salt was 

purchased from TCI chemicals (INDIA) Pvt. Ltd. having mass purity > 90.0% and alpha, 
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beta cyclodextrins have been purchased from Sigma Aldrich Germany having mass 

purity fraction ≥ 98% and used without further purification(Table 1). 

2.2. Apparatus and Procedure: The mother solutions of ISD and β-CD were prepared 

by mass using Mettler Toledo AG-285(Uncertainty ±0.1 mg) at 298.15 K and other 

solutions of required strengths were prepared by mass dilution. 

Fourier transform infrared spectra (FTIR) were recorded on a Perkin Elmer 8300 FT-IR 

spectrometer (Shimadzu, Japan) using KBr disk technique at a resolution 4 cm-1. 

Samples were prepared as thin KBr disks with minute amount of sample at room 

temperature. The range of scanning was kept at 4000−400 cm−1. 

Isothermal titration calorimetry was used to determine the binding stoichiometry, 

association constant at 298.15 K using a MicroCal VP-ITC isothermal titration 

calorimeter (Microcal now Malvern instrument). At first, thermal equilibration was 

established at room temperature, followed by 120-s delay initially and then 28 

subsequent injections of ISD into Beta CD solution. (The duration of each injection was 

10s with a spacing time of 180s.) An enthalpy generation curve was produced in each 

injection (in micro calories per second versus time in minutes).The association affinity 

and thermodynamic properties of the binding phenomenon were determined by fitting 

the integrated heats of binding to the one-site binding model to give the association 

constant (Ka), stoichiometry (NC), binding enthalpy (ΔH0) and entropy (ΔS0).1H NMR 

and 2D NOESY were performed in D2O medium using BRUKER AVANCE 400 MHz 

instrument. 

UV-Visible Spectroscopy was performed in Agilent 8453 spectrophotometer 

(uncertainty ±2nm,1cm path quartz cell was used) and to control the temperature a 

digital thermostat was attached with the UV instrument. For fluorescence measurement, 

we used QuantaMaster 40 spectrofluorometer.The scanning electron micrographs were 

determined by JEOL JSM-IT 100 scanning electron microscope model. 

2.3. Synthesis of the Inclusion Complex: The inclusion complex of ISD and β-CD was 

prepared by co-evaporation method. ISD (dye) and β-CD were accurately weighed 

according to their 1:1 molar ratio. Here, 0.2 mM of ISD was dissolved in 15 ml 20% 

ethanol-water solution. Then, it was added drop wise to 25 ml 0.4mM aqueous solution 
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of β-CD. The solution was stirred continuously with the help of a magnetic stirrer for 12 

hours at 600C following the filtration of the mixture using filter paper and the 

precipitate obtained was washed with 50% ethanol. The crude residue was then air 

dried at room temperature for the next 6 hours and final dry inclusion compound was 

stored in a desiccator at room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Job Plot for The Determination of Stoichiometry of the Host-Guest Inclusion 

Complex: UV-Vis spectroscopic study is used in the field of host-guest inclusion 

complexation to understand the subsistence of the IC as well as the stoichiometry. While 

entering from the highly polar bulk solution to the hydrophobic cavity, the guest 

molecule experiences a variation of the molar extinction coefficient (Δε)[38]and thus 

change in the absorption pattern took place. We found the absorption maxima for the 

guest molecule at 289 nm.(Fig.1. absorption pattern)[39]. 

The continuous variation method, in other words, Job’s plot method was applied to 

determine the stoichiometric ratio of the host and guest molecule. The sample solutions 

of different concentration ratios of β-CD and Guest were prepared and mixed in such a 

way that the total volume of host and guest molecule remains constant. The changes in 

absorption spectra were recorded and shown in the table 2. We plotted ΔA×R against R 

[where ΔA is the difference in absorbance of ISD without and with CD i.e.(ISD+β-CD) 

and R = [ISD]/ ([ISD] + [β-CD])] to determine the stoichiometric ratio.We found the Rmax 

value near 0.5[40](Fig. 2). In general; R = 0.5 stands for 1:1 or 2:2 G:H (guest: host) 

complexes; R = 0.33 for 1:2 G:H complexes[41].Thus the value of R ,obtained 

experimentally, indicates successful inclusion of one guest molecule inside the hollow 

cavity of one molecule of β-CD promising the 1:1 host-guest inclusion. 

3.2. Association constants and thermodynamic parameters: UV-Visible 

spectroscopy being the most consistent method to calculate the association constant 

(Ka) for the formation of IC [42].Incorporation of the guest (act as a chromophore) 

molecule inside the hydrophobic cavity of the CD molecule indulges some variations of 

the chemical environment [43, 40]. 
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The guest molecule binds to the host molecule by means of hydrophobic interactions. 

We recorded the UV-Visible spectra of the complexes at different concentrations of the 

host molecule keeping the concentration of the guest molecule fixed (Fig.1).The 

changes in the values of absorbance (at λmax= 289nm) were noted at three distinct 

temperatures. A graph of 1/∆A against 1/[CD] was plotted to calculate the association 

constant using Benesi−Hildebrand equation (See supporting information Table 3, 4, 5 

and Fig. 4)[40,44] equation (1). 

1 1 1 1

[ ] [ ] [ ]
a

x
A ISD K CD ISD 
 

  
                                                  (1) 

The higher positive values of Ka at three different temperatures signify the increasing 

feasibility of the process (Table 6).The values of the Ka were used to determine the 

change in the enthalpy (
0H ) and entropy (

0S ) of the inclusion process. We plotted 

log Ka against 1/T following van’t Hoff equation (2) (Fig. 5). The values of 
0H  and 

0S
found are given in the table6  and from these values ΔG0 was calculated[2,42]. 
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                                                (2) 

In this experiment, the values of ∆H0 and ∆S0 were found to be negative. This signifies 

that the formation of the IC is an exothermic process and is entropy-restricted (Table 

6)[2].This may be due to the molecular association of the CD and ISD molecules. As a 

result of association, the entropy is decreased, which is contrary for a process to be 

spontaneous. However, the restriction due to negative ΔS value is overcome by the 

highly negative value of ∆H making the entire inclusion process thermodynamically 

favourable. 

The negative Gibb’s free energy change (∆G0) of a process is the measure of the 

spontaneity of that process. Thus, ∆G0 of the process of inclusion was calculated using 

the values of thermodynamic parameters ∆H0 and ∆S0from the following equation (3) at 

298.15K. 

ΔG0 = ΔH0 - TΔS0     (3) 
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It is seen that the value of ∆G0 is negative (Table 6). This, in fact, concludes that the 

formation of the ICs is feasible and the process is an exergonic one. This is due to the 

effective association of the guest ISD molecule inside the suitable cavity of CD molecule. 

3.3. Fluorescence study: With the help of fluorescence study we can evaluate the 

binding constant by observing the reasonable change in the fluorescence emission 

spectrum due to some sort of interactions between β-CD and ISD. 

The modified Stern-Volmer equation (equation 4) was employed to determine the 

extent of interaction (association constant Ka) between the host and guest molecule 

used in this experiment, 

0 1 1
. .[Q]q a q

F
F F K F
 


                                                            (4) 

Where, ∆F is the difference in fluorescence at a concentration [Q] in absence and 

presence of cyclodextrin.  Ka, the quenching constant, is equivalent to the association 

constant. Fq is the fraction of fluorescence accessible to the quencher (here 

cyclodextrin). From the plot of F0/∆F vs 1/[Q] the binding constant was calculated[44-

46]. 

The concentration of ISD was kept constant at 0.5µM while the concentrations of β-CD 

varied from 0.2 µM to 0.8 µM. (Table7, Fig.6). From fluorescence study, the association 

constant was found to be 9.51x103 at 298.15K, which is comparable to the association 

constant obtained from the UV-Visible spectroscopy at 293.15K(Table7). 

3.4. Calorimetric characterization of complexation: In order to calculate the weak 

binding constants and the corresponding thermodynamic parameters for the host-guest 

inclusion complex with high accuracy, we have applied Isothermal titration calorimetry 

(ITC) method. This analytical method is used to determine binding constants ranging 

from 108 to 102 M-1 [47].It has become an effective method for directly determining the 

thermodynamic parameters instead of the previously used van’t Hoff equation 

methodology, ITC method is more precise in terms of the determination of 

thermodynamic parameters [48]. The ITC diagrams of ISD binding to β-CD are given in 

Fig. 7. 
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From the plot of ITC, of ISD and Beta CD, the upper graph denotes heat release upon 

each injection of ISD to the sample cell i.e. in Beta CD[49]. The heat release is generally 

due to complexation of the guest molecule with the host until saturation is achieved that 

means guest molecules are getting associated to the specific number of the host 

molecules. It has been observed that the process of inclusion of ISD inside the β-CD is 

exothermic in nature and the magnitude of the heat evolved during the inclusion 

process decreases gradually with each injection until complete saturation is achieved. 

The extent of the host-guest inclusion is supported by the structural orientation of 

cyclodextrin molecule which makes the non-polar part of the guest molecule to enter 

into the hollow cavity of CD molecule, thus the inclusion complex gets stability 

[42].Another driving force for inclusion process can be attributed to the fact of releasing 

the water molecules from the hydrophobic cavity into the bulk and hence the total 

entropy of the system gets increased[50]. The incorporation of the guest molecule takes 

place from the wider rim of the β-CD molecule, as evident from NOESY spectrum. 

The heats of binding were plotted as a function of the molar ratio of [CD/ISD]. The 

binding parameters like the stoichiometry of binding (Nc), the equilibrium binding 

constant (K), enthalpy of complexation (ΔH0) and standard changes in free energy (ΔG0) 

and entropy (ΔS0) were estimated from ITC data on the basis of fitting the data 

according to the independent binding model. The values of thermodynamic parameters, 

particularly ∆HO and ∆SO(Table 6),  shows that of the  complexation deals with  non-

covalent forces in solvent medium, e.g. electrostatic, hydrophobic, van der Waals, and H-

bonding interaction. The complexation process was found to be exothermic (ΔH0<0) 

and spontaneous (ΔG0<0) with positive entropic contribution. The negative value of ΔH0 

indicates heat evolution during the inclusion phenomenon while positive entropy 

changes (ΔS0) usually arise from the translational and conformational freedoms of host 

and guest upon complexation. 

Negative Gibbs energy indicates that inclusion process is a spontaneous one under 

experimental conditions; −TΔS0, denotes that inclusion of ISD in the CDs is accompanied 

by displacement of water molecules from the CD cavity. On the other hand, 

comparatively it has been observed that smaller – TΔS0 terms are associated with larger 

CD cavities [51].Every peak shown in the binding isotherm indicates a single injection of 
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the guest molecule into the host solution. The exothermicity of the calorimetry peaks 

(Fig. 7) arises because of the considerable interaction between ISD and β-CD molecule. 

The stoichiometry (Nc) of the inclusion phenomena using ITC analysis is determined 

from the value of number of binding sites. We obtained the value very close to 1 (Table 

8), which clearly indicates 1:1 stoichiometry, which is in good agreement with the 1:1 

stoichiometric ratio obtained from the Benesi-Hildebrand plot analysis of the UV-Visible 

spectroscopic data. 

The principal forces involved are van der Waals and hydrophobic interactions. 

Hydrophobic interactions are entropy driven (|H0|<|TΔS0|), whereas van der Waals 

interactions are essentially enthalpy driven processes, [52, 53]. From the data obtained, 

it has been found that the binding of ISD with β-CDs are entropy driven as the enthalpy 

value of the interaction is smaller with respect to the entropy of the interaction 

(|H0|<|TΔS0|). This indicates hydrophobic interactions predominate over major van der 

Waal’s interactions in this case. 

3.5. FT-IR SPECTROSCOPY 

During inclusion procedure, if the guest molecule gets inserted into the hollow cavity of 

CD molecule some changes in stretching frequencies of the concerned spectral bands 

will take place, in other words either the spectral bands will get shifted from their 

previous positions or two spectral bands get merged or widening of bands happen. 

From the FTIR spectral pattern, we found some bands were absent and some got shifted 

from its earlier positions in the inclusion complex (Table 9, Fig.8). In the IC the bands 

due to the O-H stretching, stretching of –C-H from –CH2, bending of C-O-C of β-CD are 

found shifted from 3406.34 cm-1 to 3458.65 cm-1, 2944.46 cm-1 to 2934.45cm-1, 

1163.56cm-1 to 1152.45cm-1. On the other hand, band at 1631.15 cm-1 for the Stretching 

due to conjugated C=O was found shifted to 1661.53 cm-1 and stretching due to C-N was 

shifted from 1420.43 cm-1 to 1464.32 cm-1. In pure CD bending of –C-H from –CH2 and 

bending of O-H at 1403.38 cm-1 were found absent. In the guest molecule, stretching due 

to aliphatic N-H bond at 3446.17 cm-1, out of plane C-H bending at 820.27cm-1 and 

broad band due to bending of N-H bond at 674.07 cm-1 were found absent in the FT-IR 

spectra of ISD-CD IC. 
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3.6.1H NMR AND 2D NOESY spectral analysis of solid inclusion complex: The 

inclusion complex formation between β-CD and ISD can be established with thehelp of 

1H NMR study. The change in chemical shifts values of the protons of inclusion complex 

is of main interest here. The H3, H5 protons of β-CD situated in the interior hydrophobic 

cavity where H3 is at the wider rim and H5 is at the narrower rim. The chemical shift 

values obtained from the 1H-NMR spectroscopic analysis were recorded (table10 and 

Fig.9). 

From the data tabulated in the table 10 it is seen that H3 proton experiences more 

interaction compared to H5 proton. The more up field shift of the H3 proton of β-CD in 

the inclusion complex than the H5 proton clearly suggest that insertion occurs through 

the wider rim (Table 11). The other protons are at the same position as in the pure β-

CD. So, from the chemical shifts values of the interacting protons (mainly H3 and H5) we 

can come to the conclusion that the guest molecule is entering towards the hydrophobic 

cavity from the hydrophilic environment[54,55]. This, in fact, supports the association 

constant values obtained from UV-Vis, fluorescence and ITC studies. 

In NOE spectroscopy the two protons at 0.4 nm apart in space can cause nuclear 

overhauser effect [36]. It is an imperative method to interpret the extent of interaction 

among the host (β-cyclodextrin) and guest (ISD) molecules when two protons are in 

close proximity (3-5Å).Then the appearance of an NOE cross peak can be detected 

among the relevant protons in the NOESY spectrum. The existence of the host-guest 

interaction in ISD-β-CD inclusion complex can be proved by Nuclear Overhauser Effect 

measurements (NOESY spectrum) in D2O medium. The NOESY spectrum of the IC shows 

significant NOE cross-peaks between the H’’3 and H’’5 protons of cyclodextrin and the 

aromatic protons (H1, H2, H3, H4, H5, H6) of ISD molecule(Fig.10). These results 

obtained satisfactorily coincide with the tentative complex structure given in fig.11, 

indicating the partial inclusion of dye molecule into the cavity of Cyclodextrin. Such 

observation strongly supports the existence of the non-covalent type of interaction in 

the complexation of ISD by the β-CD molecule. 

The NOE cross-peaks between aromatic protons of ISD (circled in the Fig. 10) and H”5, 

H”3 protons of CD was observed implying complete insertion of non-polar part of ISD 

into the β-CD cavity.  The NOESY spectrum also specified the insertion of the non-polar 
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part of the ISD into the β-CD cavity by the interaction between H1, H2, H3 protons of the 

guest molecule and H”3, H”5 from the CD, which completely supports the shift of H”3 

and H”5 protons in the 1H-NMR spectroscopic study. 

3.7. Structural Effect of Cyclodextrin: The formation of host-guest IC is mainly 

focused on the structural combination of both the molecules. ICs are formed only when 

there is the stronger association between the guest and host molecules over other 

forces. The complexation strength depends on the factors such as the size of the guest 

molecule, the van der Waals interactions, the release of water molecules, hydrogen 

bonding, charge transfer interactions, hydrophobic interactions, the release of 

conformational strain etc. Here, the hydrophobic part of the dye molecule enters inside 

the hydrophobic cavity of the CD molecule during the formation of the inclusion 

complex and it is stated that no covalent bond forms or breaks in the system of IC[8, 56]. 

The interesting fact is that the cavity of the CD molecule is blocked by water molecules 

but this is unfavourable. When the hydrophobic part of the guest molecule enters inside 

the hollow cavity of CD, the water molecules are easily replaced. It is clear that the 

hydrophobic interaction predominates here. However, entropy of the system increases 

due to the elimination of the water molecules to the bulk as seen from the ITC 

experiment, which helps the process of formation of the ICs to be spontaneous. The size 

of the guest molecule or more specifically the hydrophobic part of the guest molecule, 

which enters into the CD cavity, is another determining factor for the formation of the 

IC. The hydrophobic part of ISD fits better inside β-CD by relieving the ring strain of the 

CD as well as lowering the energy of the system. Encapsulation of a single ISD molecule 

sterically blocks the side of the wider rim inhibiting other molecule to enter inside the 

cavity, which is reflected in the UV-Vis study of Job plot. 

3.8. SEM Study: Scanning Electron Microscope study is a qualitative method to figure 

out the morphological changes of the starting compound and the inclusion complex 

attained by the complexation by host β-CD molecule.Fig.12 shows the micro images of 

A, B and C. The surface morphology of the three components namely β-cyclodextrin 

(host), ISD (guest) and their inclusion complex were studied by scanning electron 

microscope. The surface morphology of β-CD appears as flat configuration having a 

regular arrangement of fine lines whereas pure ISD is found to have thread/flakes like 
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morphology. ISD.β-CD inclusion complex appears like irregular shaped crystals [the 

surface looks like crystals (though no real crystals are there) here only the surface 

morphology is considered], in which the original morphology of both of the starting 

compounds gets disappeared.Those changes on the surface structure of the isolated 

compounds indicate the establishment of interactions with a new phase formation. 

CONCLUSION 

In this study we have successfully characterised the inclusion of the dye molecule 

Indigosulfonic Acid Dipotassium Salt inside the naturally occurring oligosaccharide β-

CD molecule. The IC was characterised using various thermodynamic as well as 

spectroscopic methods. The negative value of ΔG of the process, the high association 

constant from UV-Vis and ITC study of the inclusion show that the IC formed is more 

stable compared to the pure ISD. The higher stability may be the main reason for the 

controlled release of the ISD. The inclusion complex found to have higher solubility in 

water compared to the free ISD. Thus it may reduce the toxic effect generated from 

colouring foods and drugs. Moreover its controlled release inside the body may reduce 

the toxicity. As cyclodextrins have very low toxicity, it might be anticipated that the 

inclusion process makes the overall moiety (IC) of very low toxicity. This study may 

further open scopes for scientific and industrial research in future. 
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TABLES 

Table 1:Details of Chemicals used 

Name of 

chemicals 

Molecular 

Weight 

(g/mol) 

Source CAS 

number 

Purification 

method 

Mass 

purity 

β-

Cyclodextrin 

1134.98 Sigma Aldrich 

Germany 

7585-39-9 Used as 

purchased 

≥97% 

Indigosulfonic 

Acid 

Dipotassium 

Salt 

498.57 TCI Chemicals 

Pvt.Ltd. 

India 

13725-33-

2 

Used as 

purchased 

>90% 

Distilled 

Water 

18 Self-made - - - 

 

Table2: Data for Job Plot performed by UV-Vis spectroscopy for ISD-β-CD system at 

298.15Ka 

Guestconc. 

[ISD] (µm) 

β-CD  

(µm) 

R= [ISD]/ 

([ISD]+[β-CD]) 

A 

@λmax       

289 nm 

ΔA            

(0.39195-A) 

ΔA X [ISD]/  

([ISD]+[β-CD]) 

100 0 1 0.39195 0 0 

90 10 0.9 0.34407 0.04788 0.043092 

80 20 0.8 0.30812 0.08383 0.067064 

70 30 0.7 0.27243 0.11952 0.083664 

60 40 0.6 0.23841 0.15354 0.092124 

50 50 0.5 0.19298 0.19897 0.099485 

40 60 0.4 0.1663 0.22565 0.09026 

30 70 0.3 0.1345 0.25745 0.077235 

20 80 0.2 0.09087 0.30108 0.060216 

10 90 0.1 0.05604 0.33591 0.033591 

0 100 0 0.01112 0.38083 0 

ɑStandard uncertainties in temperature: ± 0.01K, Pressure:± 10kPa 
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Table 3: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 
spectroscopic study for ISD-β-CD complex at 293.15 K 

  
[ISD] 
(µM) 

[CD]            
(µM) 

A0 A1 ΔA 1/ΔA 1/cd 

ISD+β-CD 

50 10 0.21546 0.22035 0.00489 204.499 100000.00 
50 20 0.21546 0.22473 0.00927 107.8749 50000.00 
50 30 0.21546 0.22804 0.01258 79.49126 33333.33 
50 40 0.21546 0.22924 0.01378 72.56894 25000.00 
50 50 0.21546 0.23439 0.01893 52.8262 20000.00 
50 60 0.21546 0.23559 0.02013 49.6771 16666.67 
50 70 0.21546 0.23681 0.02135 46.83841 14285.71 
50 80 0.21546 0.23951 0.02405 41.58004 12500.00 
50 90 0.21546 0.24102 0.02556 39.12363 11111.11 
50 100 0.21546 0.24447 0.02901 34.47087 10000.00 

 
Table 4: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 

spectroscopic study for ISD-β-CD systems at 303.15 K 

  
[Drug] 
(µM) 

[CD]            
(µM) 

A0 A1 ΔA 1/ΔA 1/[CD] 

ISD-β-CD 

50 10 0.20213 0.20707 0.00494 202.4291 100000 
50 20 0.20213 0.21126 0.00913 109.529 50000 
50 30 0.20213 0.21561 0.01348 74.18398 33333 
50 40 0.20213 0.21906 0.01693 59.06675 25000 
50 50 0.20213 0.22258 0.02045 48.89976 20000 
50 60 0.20213 0.22429 0.02216 45.12635 16667 
50 70 0.20213 0.22641 0.02428 41.18616 14286 
50 80 0.20213 0.22656 0.02443 40.93328 12500 
50 90 0.20213 0.22879 0.02666 37.50938 11111 
50 100 0.20213 0.23637 0.03424 29.20561 10000 

 
Table 5: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 

spectroscopic study for ISD-β-CD systems at 313.15 K 

 
[Drug] 
(µM) 

[CD]            
(µM) 

A0 A1 ΔA 1/ΔA 1/[CD] 

ISD+β-
CD 

50 10 0.19368 0.19822 0.00454 220.26432 100000 
50 20 0.19368 0.20315 0.00947 105.59662 50000 
50 30 0.19368 0.20616 0.01248 80.128205 33333 
50 40 0.19368 0.20761 0.01393 71.787509 25000 
50 50 0.19368 0.21313 0.01945 51.413882 20000 
50 60 0.19368 0.21394 0.02026 49.358342 16667 
50 70 0.19368 0.21496 0.02128 46.992481 14286 
50 80 0.19368 0.21971 0.02603 38.417211 12500 
50 90 0.19368 0.22884 0.03516 28.441411 11111 
50 100 0.19368 0.23792 0.04424 22.603978 10000 
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Table 6: Association constants obtained by the Benesi−Hildebrand method (Ka) from 

UV-Visible study, Fluorescence study and ITC study along with corresponding 

thermodynamic parameters of Indigosulfonic Acid dipotassium Salt-β-cyclodextrin 

inclusion complexes at 293.15Ka, 303.15Ka and 313.15Ka. 

 

Method Ka(103M-1) ΔG0 
(kJmol-

1) 

ΔH0                  
(kJ mol-1) 

ΔS0(Jmol-

1) K-1 
293.15K 303.15K 313.15K 

UV-Vis 
Spectroscopy 

9.82 7.13 5.07 -2.38 -5.23 -9.55 

Fluorescence 
Spectroscopy 

9.51 - - - - - 

ITC study 8.70±1.98   -3.203 -1.60±0.23 5.38 

 

Table 7: Data for calculation of Association Constant using fluorescence spectroscopic 

study 

Fo F ΔF= Fo-F 
1/[β-CD] 

/M-1  
1/ΔF 

Interce

pt 

Slop

e 
Ka /M-1 

987921.4

4 

1028281.

44 
40360.00 50000.00 

2.48E-

05    

987921.4

4 

1038976.

82 
51055.38 33333.33 

1.96E-

05    

987921.4

4 

1052248.

39 
64326.95 25000.00 

1.55E-

05 
3.8E-06 

4E-

10 

9512.2

5 

987921.4

4 

1067024.

89 
79103.46 20000.00 

1.26E-

05    

987921.4

4 

1080453.

77 
92532.33 16666.67 

1.08E-

05    

987921.4

4 

1092249.

02 

104327.5

8 
14285.71 

9.59E-

06    

987921.4

4 

1101122.

40 

113200.9

6 
12500.00 

8.83E-

06 
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Table 8: Value indicating the Binding sites obtained from Isothermal Titration 

Calorimetric study. 

Temperature(K) Number of binding sites(NC ) 

298.15 0.954±0.0693 

 

Table 9: Data obtained from FT-IR spectroscopic study of β-CD, ISD and β-CD+ISD. 

Groups Wave number(Cm-1) 

β-CD  ISD ISD-β-CD      

stretching of O-H 3406.34  3458.65 

stretching of –C-H from –CH2 2944.46  2934.45 

bending of –C-H from –CH2 and 

bending of O-H 

1403.38   

bending of C-O-C 1163.56  1152.45 

vibration involving α-1,4 linkage 958.23  957.34 

Stretching due to Aliphatic N-H 

bond 

 3446.17  

Stretching due to conjugated C=O   1631.15 1661.53 

Stretching due to C-N  1420.43 1464.32 

Out of plane C-H bending  820.27  

Broad band due to bending of N-H 

bond 

  674.07   

 

Table 10: The chemical shift values of β-CD, pure ISD and ISD-β-CD IC obtained from 
1H- NMR spectroscopy. 

β-CD(400 MHz, Solvated in D2O) 

δ /ppm 

3.48–3.53 (6H,t, J = 9.2 Hz), 3.56–3.59 (6H, dd, 

J = 9.6, 3.2 Hz), 3.73–3.78 (18H,m), 3.87–3.92 

(6H, t, J = 9.2 Hz), 5.00–5.01 (6H, d, J = 3.6 Hz). 

ISD 6.85-6.87(2H,d,J=6.8Hz),7.65-

7.67(2H,d,J=7.6Hz),7.92(2H,s) 

ISD-β-CD IC 3.42-3.48 (6H, t, J = 9.2 Hz), 3.51-3.57 (6H, dd, 

J =9.6, 3.2 Hz),  3.53-3.59 (18H, m), 3.63-3.67 

(6H, t, J=9.2 Hz), 5.01-5.02 (6H, d, J = 3.6 Hz), 

0.95(3H, s);6.87-6.90(2H,d,J=6.8Hz),7.69-

7.72(2H,d,J=7.6Hz),7.98(2H, s). 
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Table 11: Change in chemical shifts (ppm) of the H3 and H5 protons of β-cyclodextrin 

molecule in host-guest complexes in D2O. 

 

Protons of CD ISD+β-CD 

H3 0.24 

H5 0.19 

 

 

 

FIGURES 

 

 

Fig.1: Absorption spectra of intensity against wavelength obtained from UV-Visible 

spectroscopy at varying concentration of β-Cyclodextrin keeping the guest 

concentration (Indigosulfonic acid dipotassium salt) constant. The different lines 

represent absorption pattern at a particular concentration of β-CD. 
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Fig.2: Job plot of β-Cyclodextrin (β-CD) and Indigosulfonic Acid dipotassium salt (ISD) 

system at λmax (Indigosulfonic Acid Dipotassium Salt) = 289 nm 

 

 

Fig.4: Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the absorbance 

of ISD at three different temperatures 293.15 K, 303.15 K and 313.15 K. 

 

 

Fig.5 : Plot of logKavs 1/T for the interaction of β-CD with ISD. 
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Fig.6: Plot of 1/∆F (∆F is the absorbance difference of guest in presence and absent of 

CD) Vs 1/[CD] ( [CD] is the concentration of CD) from the Stern-Volmer equation and 

fluorescence spectra of Indigosulfonic Acid Dipotassium salt and β-Cyclodextrin at 

different molar concentration. 

 

 

 

Fig.7: Representative ITC(Isothermal Titrtion Calorimetry) profiles for the titration of 

ISD(Indigosulfonic Acid Dipotassium salt) (500mM) with β-CD (50 mM) at 298.15 K. 

figure above represent the raw data for the continuous injection of β-CDs(β-

Cyclodextrin) into the ISD(Indigosulfonic Acid dipotassium Salt), after correction of heat 

of dilution. Figure below is the binding isotherm fitted to the raw data and the bottom 

panels show the integrated heat data after correction of heat of dilution. 
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Fig.8: FT-IR spectra of β-Cyclodextrin, pure Indigosulfonic acid dipotassium salt and 

ISD-β-Cyclodextrin inclusion complex. 
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Fig.9:  1H NMR spectra of β-Cyclodextrin, pure Indigosulfonic acid dipotassium salt and 

β-CD-ISD inclusion complex. 

 

Fig.10:2D NOESY NMR spectra of ISD-β-Cyclodextrin inclusion complex. 
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Inclusion Complexation through the wider rim 

 

Fig 11: Structures of Indigosulfonic Acid Dipotassium Salt and β-Cyclodextrin and their 

schematic representation of inclusion. 

 

Fig.12: SEM images of (A) pure β-Cyclodextrin, (B) pure Indigosulfonic acid 

Dipotassium Salt and (C) ISD.β-CD inclusion complex. 
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CHAPTER IX 

CONCLUDING REMARKS 

 

The thesis includes the study of the host-guest inclusion system along with solution 

behaviour of certain bioactive molecules. The host-guest chemistry itself is a broad of 

research but here in this thesis we have much focused on the synthesis and 

characterization of the host-guest system. The guest molecules that have been taken for 

the host-guest systems are industrially and biologically significant, so as the title. 

The above mentioned systems are characterised by different physicochemical and 

spectroscopic techniques e.g. Uv-visible, FTIR, 1HNMR, 2D NOESY, 2D ROESY, 

fluorescence spectroscopy, SEM study, Powder X-ray diffraction study, Isothermal 

titration calorimetric study etc. 

Further, ICs are exposed to cell viability study and antimicrobial assay for proper 

understanding of the properties of the complexed systems. 

Apart from host-guest inclusion systems, we have also studied the behaviour of certain 

bioactive compounds in solution by investigating the physicochemical parameters – 

density, viscosity, refractive index etc. 

The works, inventions that have been done throughout the course of research are 

customized as chapters herein. 

Chapter IV:  Two bioactive compounds that have profound importance in biological 

system, uracil and gallic acid were brought in contact with each other to elucidate their 

interaction phenomena in solution. The solute-cosolute interactions of uracil in aqueous 

gallic acid solution were studied with the help of viscosity, density, refractive index 

measurements at different temperatures. The study showed that the solute-cosolute 

interactions predominate over solute-solute and solvent-solvent, which suggest the 

existence of strong interaction between the molecules of uracil and gallic acid. 

Chapter V: The incorporation of the antispasmodic AB(Alibendol) within β-CD and their 

interactions have been studied by Uv-vis, 1HNMR, 2D ROESY and FTIR spectroscopy. The 

1:1 complexation was verified by job’s plot. The values of thermodynamic parameters 
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also suggest the same. The generation of cross peaks in the 2D ROESY spectra is a 

confirmation that the inclusion complex has been formed between the drug and 

cyclodextrin. This work mainly focused on the establishment of the phenomenon of 

inclusion so that certain properties of the drug can be changed for betterment of its 

activity. The sound IC can be treated as a modified version of the drug which may lead to 

increase of water solubility of the drug and decrease its side effects (toxicity) or also may 

contribute in control drug delivery in near future with  retention of its therapeutic 

activity. 

Chapter VI: Here in this work we studied the formation inclusion complex of Amiloride 

hydrochloride with α and β cyclodextrins by mass spectrometry, 1H NMR and Uv-visible 

spectroscopy. The complex so formed was subjected to antimicrobial assay and the 

complex formed with α-CD comes out to possess greater antimicrobial activity than the 

drug ,which correlates with the association constants i.e. the binding with β-CD is more 

compact i.e. the drug is less free in the complex of β-CD. 

Chapter VII: In this work, we have synthesized an attainable inclusion complex of an 

aromatase inhibitory drug DL-AGT and a host β-CD. The process of inclusion was 

confirmed by 1HNMR, PXRD, FTIR, SEM and the UV-Vis study. From the Job’s plot(UV-

Visible study) and from the shifting of the H3 and H5 protons of β-CD in the 1HNMR 

spectra of the IC, it is confirmed that the inclusion occurred in a 1:1 stoichiometric ratio. 

Moreover, the solubility of the IC in ethanol is greater than the pure drug was also 

determined. The above experimental observations were further affirmed by molecular 

docking study, which helps to predict the most stable conformation of the inclusion 

complex. Lastly the cell viability study between the drug and its IC with β-CD implies that 

by increasing concentration, the inclusion complex shows less toxicity than the drug 

itself. So, this is an important finding about the inclusion complex of the drug with β-CD, 

which may improve the therapeutic activity of the drug towards its application it is meant 

for and also can change the path of science to a new direction. 

Chapter VIII: In this study we have successfully characterised the inclusion of the dye 

molecule Indigosulfonic Acid Dipotassium Salt inside the naturally occurring 

oligosaccharide β-CD molecule. The IC was characterised using various thermodynamic 

as well as spectroscopic methods. The negative value of ΔG of the process, the high 
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association constant from UV-Vis and ITC study of the inclusion show that the IC formed 

is more stable compared to the pure ISD. The higher stability may be the main reason for 

the controlled release of the ISD. The inclusion complex found to have higher solubility in 

water compared to the free ISD. Thus, it may reduce the toxic effect generated from 

colouring foods and drugs. Moreover, its controlled release inside the body may reduce 

the toxicity. As cyclodextrins have very low toxicity, it might be predicted that the 

inclusion process makes the overall moiety (IC) of very low toxicity. This study may 

further open scopes for scientific and industrial research in future. 
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The solute-cosolute interaction of uracil by gallic acid has been studied through physicochemical 
investigation in aqueous environment. Here, we have carried out the density (ρ) and viscosity (η) 
measurements of uracil in w1= 0.001, 0.002 and 0.003 mass fraction of aqueous gallic acid binary 
mixtures at T= 298.15 K, 303.15 K and 308.15 K at pressure 1.013 bar. Some important parameters have 
been derived from the above physicochemical method, namely, limiting apparent molar volume (φV

0) 
and viscosity B-coefficients using extended Masson equation and Jones-Dole equation respectively. The 
refractive index (nD) has been done on the same system at T=298.15 K. Lorentz-Lorenz equation has 
used to evaluate molar refractive index (RM) and limiting molar index (RM

0). The NMR study used to 
measure the plausible selective site of solute-cosolute interaction. 
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1. Introduction 

Gallic acid is a secondary polyphenolic functionality metabolite natural 
antioxidant.  It is a water-soluble organic compound present in grapes and 
in the leaves of many plants. Gallic acid esters are used to in vitro potent 
antioxidant, such as tannins, catechin gallates and aliphatic gallates. 
However, gallic acid itself also acts as in vitro anticarcinogenic and 
antiangiogenic activity. Apart from its phytochemical role, gallic acid is 
also used in ink dyes, and the manufacture of paper, pharmaceutical 
industry, starting material for the synthesis of psychedelic alkaloid 
mescaline [1–5].  

Uracil is a common naturally occurring pyrimidine group only found in 
RNA, its base pairs with adenine and is replaced by thymine in DNA. Uracil 
is planar and unsaturated with the molecular formula C4H4N2O2 and has 
the ability to absorb light. Uracil can bind with base pairs depending on 
arrangement, in RNA it binds to adenine via two hydrogen bonds. Uracil 
is use in the body is to help carry out the synthesis of many enzymes 
necessary for cell function through bonding with ribose and phosphates 
[6–8]. 

To the best of our knowledge, the studies in the present ternary solution 
systems have not been reported earlier. Therefore, in present study we 
have endeavored to make certain nature of interaction of solute itself 
(uracil) and with co-solute (gallic acid) in w1=0.001, 0.002 and 0.003 mass 
fraction of aqueous medium at different temperatures 298.15 K - 308.15 K 
with 5 interval to explain various noncovalent interactions prevailing in 
the ternary systems under investigation. 
 

2. Experimental Methods 

2.1 Materials 

Uracil and Gallic acid were purchased from Sigma-Aldrich. The mass 
fractions purity of both was ≥0.99. The reagents were always placed in the 
desiccators over P2O5 to keep them in dry atmosphere. These chemicals 
were used as received without further purification. The provenance and 
purity of the chemical used has been depicted in Table 1. 

 
2.2 Procedure 

Solubility of the uracil and gallic acid in water (deionised, doubly 
distilled water) and in uracil and gallic acid solutions have been checked 

precisely, prior to the experimental work and observe that uracil is soluble 
in all proportion of aqueous gallic acid solution. The mother solutions of 
uracil were prepared by mass (Mettler Toledo AG-285 with uncertainty 
0.0003 g) and then the working solutions (six sets) were prepared by mass 
dilution. The conversion of molarity into molality [9] has been done using 
experimental density values of respective solutions. 
 
Table 1 Source and purity of the chemicals 

Chemical name Source Mass fraction 

purity 

Purification 

method 

Uracil SD Fine-Chem Ltd. ≥0.99 Used as procured 

Gallic acid SD Fine-Chem Ltd. ≥0.99 Used as procured 

 

The densities (ρ) of the solutions were measured by means of vibrating 
u-tube Anton Paar digital density meter (DMA 4500M) with a precision of 
±0.00005 g.cm-3 maintained at ±0.01 K of the desired temperature. It was 
calibrated by passing deionised, triply distilled water and dry air [10]. 

The viscosities (η) were measured using a Brookfield DV-III Ultra 
Programmable Rheometer with fitted spindle size-42. The detail 
description has already been described in the previous work [11]. 

Refractive index (nD) was measured with the help of a Digital 
Refractometer Mettler Toledo. The light source was LED, λ=589.3 nm. The 
refractometer was calibrated twice using distilled water and calibration 
was checked after every few measurements [12]. The uncertainty of 
refractive index measurement was ±0.0002 units.  

 1H-NMR spectra were recorded at 400 MHz Bruker instrument using 
D2O as reference solvent at 298.15 K. 
 

3. Results and Discussion 

The physical parameters of binary mixtures in different mass fractions 
(w1=0.001, 0.002, 0.003) of aqueous gallic acid (GA) solutions at three 
different temperatures (298.15 K, 303.15 K, 308.15 K) and at 1.013 bar 
have been reported in Table 2. The experimental measured values of 
density, viscosity of uracil (UA) as a function of concentration (molality), 
in different mass fractions of aqueous gallic acid (GA) mixture at three 
above mentioned temperatures have been listed in Table 3. 

 
3.1 Apparent Molar Volume 

Volumetric properties, like, apparent molar volume (φV) and limiting 
apparent molar volume (φV

0) consider important tools for understanding 
of interactions taking place in solution systems. The apparent molar 
volume can be regarded to be the sum of the geometric volume of the 
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central solute molecule and changes in the solvent volume due to its 
interaction with the solute around the peripheral or co-sphere. Therefore, 
the apparent molar volumes (φV) have been determined from the solutions 
densities using the suitable equation and the values are given in Table 4. 

 

φV = M/ρ – 1000 (ρ – ρ0)/mρρ0            (1) 
 

where M is the molar mass of the solute, m is the molality of the solution, 
ρ and ρ0 are the density of the solution and aqueous gallic acid mixture 
respectively. 

 
Table 2 Experimental values of density (ρ), viscosity (η) and refractive index (nD) at 
298.15 K and at pressure 1.013 bar of different mass fraction (w1) of aq. gallic acid 
mixtures* 

 

Aq. Gallic acid 

Mixture (w1) 

Temp., 

K 

ρ×10-3 

kg∙m-3 

η 

mP∙s 
nD 

0.001 298.15 0.99689 0.91 1.3319 

303.15 0.99547 0.83  

308.15 0.99395 0.74  

0.002 298.15 0.99698 0.91 1.3324 

303.15 0.99556 0.84  

308.15 0.99396 0.76  

0.003 298.15 0.99702 0.92 1.3329 

303.15 0.99564 0.85  

308.15 0.99403 0.77  

*Standard uncertainties u are: u (ρ) =0.002 kg∙m-3, u (η) =0.02 mP∙s, u (nD) =0.0002 and 
u (T) =0.01K, (0.68 level of confidence) 

 
Table 3 Experimental values of density (ρ) and viscosity (η), Uracil in different mass 
fractions of aqueous Gallic acid mixture (w1) at three different temperatures and at 
pressure 1.013 bar* 

 

am 

molkg-1 

ρ×10-3 

kgm-3 

η 

mP.s 

am 

molkg-1 

ρ×10-3 

kgm-3 

η 

mP.s 

am 

molkg-1 

ρ×10-3 

kgm-3 

η 

mP.s 
 w1=0.001   w1=0.002   w1=0.003  

Temp. 298.15 K   298.15 K   298.15 K  

0.0100 0.99722 0.92 0.0100 0.99726 0.93 0.0100 0.99731 0.93 

0.0252 0.99790 0.93 0.0252 0.99795 0.94 0.0252 0.99799 0.94 

0.0404 0.99897 0.94 0.0404 0.99897 0.95 0.0404 0.99896 0.96 

0.0556 1.00022 0.94 0.0556 1.00027 0.96 0.0556 1.00018 0.97 

0.0709 1.00150 0.95 0.0709 1.00159 0.97 0.0709 1.00157 0.98 

0.0863 1.00304 0.96 0.0863 1.00317 0.98 0.0863 1.00316 0.99 

Temp. 298.15 K   298.15 K   298.15 K  

0.0101 0.99518 0.84 0.0101 0.99588 0.85 0.0101 0.99593 0.86 

0.0252 0.99652 0.85 0.0252 0.99651 0.86 0.0252 0.99655 0.87 

0.0404 0.99759 0.86 0.0404 0.99756 0.87 0.0404 0.99755 0.88 

0.0557 0.99834 0.87 0.0557 0.99877 0.88 0.0557 0.99874 0.89 

0.0710 1.00014 0.87 0.0710 1.00025 0.89 0.0710 1.00014 0.90 

0.0864 1.00158 0.88 0.0864 1.00174 0.89 0.0864 1.00173 0.91 

Temp. 298.15 K   298.15 K   298.15 K  

0.0101 0.99425 0.75 0.0101 0.99429 0.77 0.0101 0.99432 0.78 

0.0253 0.99491 0.75 0.0253 0.99491 0.77 0.0253 0.99487 0.79 

0.0405 0.99588 0.76 0.0405 0.99593 0.78 0.0405 0.99583 0.80 

0.0558 0.99716 0.77 0.0558 0.99713 0.79 0.0558 0.99699 0.80 

0.0712 0.99846 0.77 0.0712 0.99852 0.80 0.0712 0.99845 0.81 

0.0866 0.99998 0.78 0.0866 0.99991 0.81 0.0866 0.99989 0.82 

*Standard uncertainties u are: u (ρ) =0.00002 kgm-3, u (η) =0.02 mPs and u (T) =0.01K 
(0.68 level of confidence) 
amolality has been expressed per kg (gallic acid + water) solvent mixture 

 
Table 4 Apparent molar volume (φV) and (ηr-1)/√m of uracil in different mass 
fraction (w1) of aqueous gallic acid mixtures at three different temperatures* 

 

amolality 

mol 

kg-1 

φV×106 

m3 

mol-1 

(ηr-1)/ 

√m 

Kg0.5 

mol-0.5 

amolality 

mol 

kg-1 

φV×106 

m3 

mol-1 

(ηr-1)/ 

√m 

Kg0.5 

mol-0.5 

amolality 

mol 

kg-1 

φV×106 

m3 

mol-1 

(ηr-1)/ 

√m 

Kg0.5 

mol-0.5 

w1=0.001 w1=0.002 w1=0.003 

T = 298.15 K T = 298.15 K T = 298.15 K 

0.0100 183.2 0.11 0.0100 188. 2 0.12 0.0100 192.7 0.13 

0.0252 168.2 0.13 0.0252 169.9 0.15 0.0252 170.2 0.15 

0.0404 151.2 0.15 0.0404 158.1 0.17 0.0404 165.9 0.19 

0.0556 144.8 0.16 0.0556 145.7 0.20 0.0556 157.2 0.21 

0.0709  138.5 0.20 0.0709 139.2 0.21 0.0709 149.6 0.23 

0.0863 131.8 0.21 0.0863 133.2 0.22 0.0863 138.4 0.24 

T = 303.15 K T = 303.15 K T = 303.15 K 

0.0101 187.9 0.05 0.0101 192.9 0.08 0.0101 197.0 0.09 

0.0252 171.4 0.10 0.0252 173.7 0.10 0.0252 183.2 0.12 

0.0404 160.6 0.11 0.0404 163.6 0.11 0.0404 168.7 0.15 

0.0557 150.4 0.13 0.0557 153.9 0.12 0.0557 158.7 0.17 

0.0710 140.1 0.14 0.0710 143.5 0.15 0.0710 148.1 0.21 

0.0864 135.5 0.15 0.0864 138.6 0.20 0.0864 142.1 0.22 

T = 308.15 K T = 308.15 K T = 308.15 K 

0.0101 194.2 0.07 0.0101 196.2 0.06 0.0101 200.4 0.08 

0.0253 175.1 0.10 0.0253 181.2 0.10 0.0253 183.1 0.11 

0.0405 162.4 0.13 0.0405 167.9 0.13 0.0405 171.4 0.16 

0.0558 150.3 0.15 0.0558 157.3 0.16 0.0558 160.4 0.18 

0.0712 142.5 0.17 0.0712 148.9 0.18 0.0712 150.7 0.21 

0.0866 138.9 0.18 0.0866 141.8 0.20 0.0866 143.1 0.22 

*Standard uncertainties u are: u (T) =0.01 K, the accuracy of φV is 1.86×10-6 m3 mol-1 

and (ηr-1)/√m is 0.004 kg1/2mol -1/2 (0.68 level of confidence) 

amolality has been expressed per kg of (gallic acid + water) solvent mixture 

 
The values of (φV) are positive and large for all the systems, signifying 

strong solute-cosolute interactions. The apparent molar volumes (φV) are 
found to decrease with increasing concentration (molality, m) of uracil in 
same mass fraction of aqueous gallic acid at same temperature. It is also 
found that apparent molar volumes (φV) increase with both increasing 
temperature as well as mass fraction of aqueous gallic acid solution and 
varied with √m and could be least-squares fitted to the extended Masson 
equation [13] from where limiting molar volume, φV

0 (infinite dilution 
partial molar volume) have been estimated and the values have been 
represented in Table 5. 

 

φV = φV
0 + SV

*√m    (2) 
 

where φV
0 is the apparent molar volume at infinite dilution, SV

* is the 
experimental slope. At infinite dilution solute molecule is surrounded only 
by the solvent molecules and remains infinite distant from each other. As 
a consequence, that φV

0 is unaltered by itself interaction of uracil 
molecules and it is a measure only of the solute-cosolute (uracil-gallic 
acid) interaction. 
 
Table 5 Limiting apparent molar volume (φV0), experimental slope (SV*), viscosity A- 
and B-coefficient of uracil in different mass fraction (w1) of aqueous gallicic acid 
mixtures at three different temperatures* 
 

Mass fraction 

(w1) 

T  

K 

φV0 ×106 

m3 mol-1 

SV*×106 

m3 mol- 3/2 kg1/2 

B 

kg mol-1 

A 

kg1/2 mol-1/2 

 

0.001 

298.15 220.18 -417.12 0.41 0.02 

303.15 225.45 -451.27 0.49 0.01 

308.15 231.28 -493.79 0.67 0.05 

 

0.002 

298.15 225.98 -499.65 0.53 0.04 

303.15 230.63 -477.45 0.66 0.02 

308.15 236.16 -463.92 0.78 0.01 

 

0.003 

298.15 230.72 -448.89 0.65 0.03 

303.15 235.51 -453.56 0.77 0.01 

308.15 241.12 -442.87 0.93 0.04 

*Standard uncertainties values of u are: u (T) =0.01 K 

 
An inspection of Table 5 shows that φV

0 are large and positive for all 
uracil at all the studied temperatures, suggesting the presence of strong 
solute-cosolute interaction. Comparing φV

0 with SV
* values show that the 

magnitude of φV
0 is greater than SV

*, suggesting that solute-cosolute 
interactions predominates over itself interaction of solute molecules in all 
solutions at all studied temperatures. Moreover, SV

* values are negative at 
all studied temperatures indicates force of itself interaction of uracil 
molecules is very poor.  

The variation of φV
0 with temperature are fitted to the following 

polynomial, 
 

φV
0 = a0 + a1 T + a2 T2         (3) 

 

where T is the temperature in K and a0, a1 and a2 are the empirical 
coefficients depending on the solute, mass fraction of cosolute gallic acid.  
Values of coefficients of the above equation for the in aqueous gallic acid 
mixtures are reported in Table 6. 
 
Table 6 Values of various coefficients and standard deviation of equation-3 for uracil 
acid in different aqueous gallic acid solutions* 
 

Aq. Gallic acid 

Mixture (w1) 

a0 ×106 

m3 mol-1 

a1×106 

m3 mol-1K-1 

a2 ×106 

m3 mol-1K-2 

(δφE0/δT)P×106 

m3 mol-1 K-2 

0.001 2014.72 -15.21 0.01 0.03 

0.002 2141.61 -14.24 0.02 0.06 

0.003 2212.43 -13.28 0.02 0.05 

Average SD 3.1 0.011 0.0002 0.0001 

 

The limiting apparent molar expansibilities, φE
0, can be evaluated by the 

following equation,  
 

φE
0= (δφV

0/δT)P = a1 + 2a2T          (4) 
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The limiting apparent molar expansibilities, φE
0, change in magnitude 

with the change of temperature. The values of φE
0 for different solutions of 

studied gallic acid at T=298.15, 303.15 and 308.15 K are shown in Table 7.  
 
Table 7 Limiting apparent molar expansibilities (φE0) for uracil in different mass 
fraction of aqueous gallic acid (w1) at different temperature 
 

Aq. gallic acid mixture (w1) φE0×106, m3 mol-1K-1 

T/ K 298.15 303.15 308.15 

0.001 1.012 1.142 1.253 

0.002 3.729 3.928 4.227 

0.003 -1.533 -1.344 -1.133 

Average SD 0.003 0.003 0.002 

 

All the values of φE
0 shown in the Table 7 are positive for uracil in 

aqueous gallic acid and studied temperature. This fact helps to explain the 
absence of caging or packing effect for the gallic acid in solution [14]. 

The long-range structure-making and breaking capacity of the solute in 
mixed system can be determined by examining the sign of (δφE

0/δT)P  
developed by Hepler [15]. 

  
(δφE

0/δT)P = (δ2φV
0/δT2)P = 2a2           (5) 

 

The positive sign or small negative of (δφE
0/δT)P signifies the molecule 

is a structure-maker; otherwise, it is a structure-breaker [16]. The perusal 
of Table 6 shows that, (δφE

0/δT)P values of citric acid are all positive under 
investigation. It shows the more symmetric rearrangement of the 
interacting molecules (uracil and gallic acid) with the formation of H-
bonding, Van der Waals forces, dipole-dipole interactions etc. This 
symmetric arrangement is signifying the molecules of uracil and gallic acid 
is definitely interacting with structure–making tendency in all of the 
studied solution systems. The Table 6 also showing the positively 
magnitude of (δφE

0/δT)P values in of uracil is depicting this structure–
making tendency.  

 
3.2 Viscosity 

The experimental viscosity data for studied systems are listed in Table 
3. The relative viscosity (ηr) has been calculated using extended Jones-Dole 
equation [17] for non-electrolytes. 

 
(η/η0 – 1)/√m = (ηr -1)/√m= A + B ·√m        (6) 

 
where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities of 
ternary solutions (uracil+gallic acid) and solvent (aqueous mixture of 
gallic acid) respectively and m is the molality of uracil in ternary solutions.  
Where A is known as Falkenhagen coefficient [18] as it is determined by 
the ionic attraction theory of Falkenhagen-Vernon and B is empirical 
constants known as viscosity B- coefficients, which are specifying to the 
interaction of solute itself and/or with cosolute molecules respectively. 
The values of A- and B-coefficients are estimated by least-square 
polynomial method by plotting (ηr -1)/√m against √m with second order 
and reported in Table 4.  

It is observed from Table 4 the values of the A-coefficient are found to 
decrease with increase in temperature. This fact indicates the presence of 
very weak solute-solute interaction and also in excellent agreement with 
those obtained from SV

* values. 
The valuable information about the solvation of the solvated solutes and 

their effects on the structure of the cosolute gallic acid in the local vicinity 
of the solute (uracil) molecules in solutions has been obtained from 
viscosity B-coefficient [19]. It is found from Table 4; the values of B-
coefficient are positive and much higher than A-coefficient which signifies 
solute-cosolute interaction is dominant over solute-solute and cosolute-
cosolute interaction. It is also observed that the positive magnitude of 
viscosity B-coefficient increases with increasing temperature and also 
increases with an increase in mass fraction of aqueous gallic acid mixture 
which suggests that solute-cosolute interaction is strengthened with rise 
in temperature as well as mass fraction of aqueous uric acid mixture. 
These results are in good agreement with those obtained from limiting 
apparent molar volume φV

0 values. 
It is observed from Table 4 that the values of the B-coefficient of citric 

acid increases with temperature, i.e., the dB/dT values are positive. From 
Table 8, the small positive dB/dT values for the citric acid behaves behave 
almost as structure-maker. 

Furthermore, it is attractive to observe that there is linear correlation 
between viscosity B-coefficients of the studied citric acid with the limiting 
apparent molar volumes (φV

0) in different mass fraction of aqueous uric 
acid solutions. From the above fact it means  
   

B = A1 + A2 φV
0                            (13) 

The coefficients A1 and A2 are listed in Table 8. As both viscosities B-
coefficient and limiting apparent molar volumes define the solute-solvent 
interaction in solution. The linear variation of viscosity B-coefficient and 
limiting apparent molar volume (φV

0) reflects the positive slope (or A2). 
 
Table 8 Values of dB/dT, A1 , A2 coefficients for the uracil in different mass fraction of 
aqueous gallic acid (w1) at studied temperatures* 
 

Aq. Gallic acid Mixture (w1) dB/dT A1 A2 

0.001 0.031 -6.746 0.021 

0.002 0.026 -7.766 0.022 

0.003 0.035 -8.295 0.034 

Average standard 

deviation 
0.001 0.005 0.003 

* Standard uncertainties values of u are: u (T) =0.01 K 

 
It is evident from this study, that there is a strong interaction between 

uracil and gallic acid and it becomes stronger with rise in temperature. As 
molecules of uracil are engaged with the gallic acid molecules, the 
interaction among the gallic acid molecules becomes less effective. We 
have obtained the derived parameters like, limiting apparent molar 
volume (φV

0), viscosity B-coefficient by interpolation and presented in 
Table 5. The positive and significant magnitude of φV

0 and B-coefficient 
from Table 5 clearly indicates that the limiting apparent molar volume 
(φV

0), viscosity B-coefficient is increases with increasing mass fraction of 
uracil, which indicates the positive effect of interaction of uracil with gallic 
acid.  

 
3.3 Refractive Index 

The measurement of refractive index is also a suitable method for 
investigating the molecular interaction existing in solution. The molar 
refraction (RM) can be evaluated from the Lorentz-Lorenz relation [20]. 
The refractive index of a substance is defined as the ratio co/c, where c and 
co is the velocity of light in the medium and in vacuum respectively. Stated 
more simply that the refractive index of a compound describes its ability 
to refract light as it passes from one medium to another and thus, the 
higher the refractive index of a compound, the more the light is refracted 
[21]. 

As stated by Deetlefs et al. [22] the refractive index of a substance is 
higher when its molecules are more tightly packed or in general when the 
compound is denser. Hence, a perusal of Table 9 it has found as the 
refractive index and the molar refraction are higher for the studied uracil 
and in all the mass fraction of aqueous gallic acid, indicating to the fact that 
the molecules are more tightly packed in the solution. 
 

Table 9 Refractive index (nD), molar refraction (RM) and limiting molar refraction 
(RM0) uracil in different mass fraction of aqueous gallic acid solutions at 298.15 K and 
at pressure 1.013 bar * 
 

amolality 

mol∙kg-1 

nD RM×106 

m3 mol-1 

RM0×106 

m3 mol-1 

w1=0.001 

0.0100 1.3320 44.23  

0.0252 1.3323 44.23  

0.0404 1.3328 44.23 44.24±0.03 

0.0556 1.3333 44.25  

0.0709 1.3338 44.25  

0.0863 1.3345 44.26  

w1=0.002 

0.0100 1.3325 44.27  

0.0252 1.3327 44.27  

0.0404 1.3333 44.28 44.28±0.03 

0.0556 1.3338 44.28  

0.0709 1.3343 44.31  

0.0863 1.3349 44.31  

w1=0.003 

0.0100 1.3333 44.36  

0.0252 1.3336 44.37  

0.0404 1.3343 44.42 43.42±0.02 

0.0556 1.3350 44.43  

0.0709 1.3356 44.45  

0.0863 1.3363 44.46  

*Standard uncertainties u are:  u(nD) =0.02 and u(T) =0.01K (0.68 level of confidence) 
amolality has been expressed per kilogram of (gallic acid + water) solvent mixture 

 

The limiting molar refraction (RM
0) estimated from the following Eq. 

(14) and presented in Table 9.  
 
RM = RM

0 + RS √m        (14) 
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Accordingly, it has been found that the higher values of refractive index 
and RM

0 which representing the fact that the molecules of uracil and are 
more tightly packed and greater solute-solvent interaction with gallic acid 
molecules than solute solvent interaction. This is also in good agreement 
with the results obtained from apparent molar volume and viscosity B-
coefficients discussed above. 

 
3.4 NMR Study  

The site selective solute and cosolute interaction have been observed in 
1H NMR study. Gallic acid (GA) shows NMR peak at δ: 6.67 for phenolic OH 
group. Uracil (UA) shows NMR peak at δ: 7.44 and δ: 5.71 for C(5) and C(6) 
protons. NMR spectra suggest that interaction occurs through C(5) and 
C(6) protons of uracil with phenolic OH group of gallic acid. This is shown 
in Fig. 1and Scheme 1. Due to this weak interaction the C(5) and C(6) 
proton signal in uracil and gallic acid mixture (GU) shifts towards upfield 
and recorded at δ: 7.24 and δ: 5.57. This is obvious for the specific solute 
and cosolute interaction. This supports all the above physicochemical 
experiments along with spectroscopic data [23]. 
 

 

 

 
Fig. 1 Plot of 1HNMR spectra of a) gallic acid (GA), b) uracil (UA) and c) uracil+ gallic 
acid (GU) at 298.15 K in D2O 

 

 

Scheme 1 Plausible solute-cosolute interaction C5 and C6 proton of uracil with 
phenolic OH group of gallic acid 

4. Conclusion  

It is evident from this study that there is a strong interaction between 
uracil and gallic acid and it becomes stronger with rise in temperature. As 
molecules of uracil and gallic acid are engaged each other, solute-cosolute 
interaction is much greater than the solute-solute and solvent-solvent 
interactions. 
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Abstract: Indigo is a colouring agent used widely in various fields. The synthetic 
indigo has many adverse effects when it is consumed with foods and beverages. 
Cyclodextrin (CD) is known to have special chemical characteristics and biological 
activities and has a suitable cavity that can include molecule of suitable diameter. In 
our present study, we have outlined different modes of characterization of the 
inclusion complex (IC) formation between poorly water soluble dye Indigosulfonic 
Acid Dipotassium Salt (ISD) and β-Cyclodextrin with the help of FTIR Spectroscopy, 
UV-Visible spectroscopy, fluorescence spectroscopy, 1H NMR study, 2D NOESY, 
Isothermal Titration Calorimetric study and SEM analysis. 1H-NMR study and other 
spectroscopic analysis clearly revealed the successful formation of the (IC) which is 
supported by cross-peaks formed in 2D-NOESY spectrum. Comparable association 
constants and thermodynamic parameters obtained from both UV-Visible study and 
ITC study confirmed the higher stability of the IC. The solubility of the IC was found 
higher than the pure ISD. 

Keywords: Association constant, β-Cyclodextrin, Fluorescence study, Inclusion 
complex, Job plot. 
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1. INTRODUCTION 

In the era of globalisation, host-guest inclusion chemistry based research has become a matter of 
utmost importance because of their substantial applications in the area of industrial and biomedical 
research [1].Now days, cyclodextrins (CDs) are being widely used for its excellent ability to form 
inclusion complexes with various biologically as well as industrially important compounds[2]. Such 
phenomenon which is known as inclusion brings about certain modifications in both physical and 
chemical properties of the complex formed [3]. Inclusion complexes (ICs) with CDs are being widely 
used as biomimetic systems and as unique media for various types of reactions [3-6]. The most common 
CDs belong to cyclic oligosaccharide category having distinctive truncated cone-shaped structure with 
a hydrophobic cavity and hydrophilic rim. The hydrophilic wider rim contains primary and narrower 
rim contains secondary –OH groups. The specific structural features lead CD molecules to form 
inclusion complexes with a variety of hydrophobic and amphiphilic species in both the aqueous and 
mixed solvent medium [7]. Commonly there are three types of cyclodextrin molecules namely α-CD, 
β-CD and γ-CD basing on the number of glucopyranose units. α-CD, β-CD and γ-CD are made up of 
six and seven and eight glucopyranose units respectively with cavity diameter of  4.7Å and 6.0Å and 
8.3 Å respectively. As the CD molecule has no free rotation about the glucopyranose linkage, the 
cyclodextrins are not perfectly cylindrical in shape rather toroidal or cone shaped [8-9].Thus, a 
hydrophobic cavity is formed within the molecule and the outer surface remains hydrophilic due to 
presence of –OH groups. The hydrophobic void of CD can trap the hydrophobic portion of the guest 
molecule to form a stable inclusion complex and the system is stabilised by different types of non-
covalent interactions, such as van der Waals interactions, hydrogen bonding interactions etc.[10]. 

The ICs with cyclodextrin molecules have been reported to have diverse applications in scientific 
literature which comprises enhanced solubility, bioavailability, increased stability, masking of 
awkward taste and odour, decrease of volatility, probability of controlled drug delivery system and 
many more. However, ICs have special importance in the field of education and industry [11-14].ICs can 
be used to create stimuli responsive supramolecular substances. Here, various external stimuli for 
enzyme activation, photo sensing, thermal dependence, variations in pH/ redox environments, 
competitive binding are used to control the release of guest molecules from the Host-Guest complexes 
[15-18].Researchers paid importance on molecular sensing, release of anticancer drug and gene 
transfection in the past few years[19-22]. 

The host molecules are chosen for the formation of ICs because of their cyclic-constrained 
conformations, which is beneficial for the molecular selectivity [23]. Due to the amphiphilic nature CDs 
are able to form self-assemble in aqueous medium to form various well defined systems such as nano 
tubes, nano sheets and nano rods, micelle, vesicles which have been found applicable in various fields 
of drug delivery as well as cell imaging systems and nano devices [23-27]. Sophisticated probes are 
being designed and applied for various systems such as molecular switches and machines, chemo 
sensors, transmembrane channels, molecular logic gates, and other interesting host-guest systems [28-

30]. 

Dyes and their derivatives are used mostly as indicators but they also have vast applications in 
colouring foods, cosmetics, solvents, drugs, papers, waxes, plastics etc. Dyes as colouring agent are 
widely used to colour food and beverages as well as pharmaceutical products. This procedure is to 
enhance the attractiveness of products and also to help people to distinguish different pharmaceutical 
products. A number of dyes, especially organic colouring agents, sometimes show negative effect on 
the human body[31].Synthetic dyes are highly coloured, toxic, and carcinogenic in nature[32,33]. The 
colour of food and beverages are released inside our body when consumed. Indigo is known to be a 
natural dye extracted from plants Isatis Tinctoria and Indigofera Tinctoria. Because of having dark 
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blue colour, they have wide spread applications in the textile industries and food technology. Due to 
the presence of intra and intermolecular H-bonding network the dye molecule becomes more stable 
which reflects in its high melting point 390-3920 C[34].Indigosulfonic Acid Dipotassium Salt is known 
to be a derivative of naturally occurring dye Indigo. It has low solubility in water in pure form [35].ISD 
becomes harmful for our respiratory tract when it is swallowed. It also acts as a skin and eye irritant. 
Dye may be inserted inside of the β-CD molecule and therefore be used to increase the stability of the 
dye on surface as well as may get control released inside human body to reduce the severity of its 
adverse effect [36].Thus, inclusion of the colouring agent inside CD can be safe and significant as its 
release will be controlled and hence it will be less harmful [37].  In this work, we studied the inclusion 
of ISD inside the hydrophobic cavity of β-CD in both solution and the solid phase. 

2. EXPERIMENTAL SECTION 

2.1. Materials Used 

2.1.1. Source and Purity Of Samples: Indigosulfonic Acid Dipotassium Salt was purchased from 
TCI chemicals (INDIA) Pvt. Ltd. having mass purity > 90.0% and alpha, beta cyclodextrins have 
been purchased from Sigma Aldrich Germany having mass purity fraction ≥ 98% and used without 
further purification(Table 1). 

Table 1: Details of Chemicals used 

Name of 
chemicals 

Molecular Weight 
(g/mol) 

Source CAS number Purification 
method 

Mass 
purity 

β-
Cyclodextrin 

1134.98 Sigma Aldrich 
Germany 

7585-39-9 Used as 
purchased 

≥97% 

Indigosulfoni
c Acid 
Dipotassium 
Salt 

498.57 TCI Chemicals 
Pvt.Ltd. 
India 

13725-33-2 Used as 
purchased 

>90% 

Distilled 
Water 

18 Self-made - - - 

2.2. Apparatus and Procedure: The mother solutions of ISD and β-CD were prepared by mass using 
Mettler Toledo AG-285(Uncertainty ±0.1 mg) at 298.15 K and other solutions of required strengths 
were prepared by mass dilution.  

Fourier transform infrared spectra (FTIR) were recorded on a Perkin Elmer 8300 FT-IR spectrometer 
(Shimadzu, Japan) using KBr disk technique at a resolution 4 cm-1. Samples were prepared as thin 
KBr disks with minute amount of sample at room temperature. The range of scanning was kept at 
4000−400 cm−1.  

Isothermal titration calorimetry was used to determine the binding stoichiometry, association constant 
at 298.15 K using a MicroCal VP-ITC isothermal titration calorimeter (Microcal now Malvern 
instrument). At first, thermal equilibration was established at room temperature, followed by 120-s 
delay initially and then 28 subsequent injections of ISD into Beta CD solution. (The duration of each 
injection was 10s with a spacing time of 180s.) An enthalpy generation curve was produced in each 
injection (in micro calories per second versus time in minutes).The association affinity and 
thermodynamic properties of the binding phenomenon were determined by fitting the integrated heats 
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of binding to the one-site binding model to give the association constant (Ka), stoichiometry (NC), 
binding enthalpy (ΔH0) and entropy (ΔS0).1H NMR and 2D NOESY were performed in D2O medium 
using BRUKER AVANCE 400 MHz instrument. 

UV-Visible Spectroscopy was performed in Agilent 8453 spectrophotometer (uncertainty ±2nm, 1cm 
path quartz cell was used) and to control the temperature a digital thermostat was attached with the 
UV instrument. For fluorescence measurement, we used Quanta Master 40 spectrofluorometer.The 
scanning electron micrographs were determined by JEOL JSM-IT 100 scanning electron microscope 
model. 

2.3. Synthesis of the Inclusion Complex: The inclusion complex of ISD and β-CD was prepared by 
co-evaporation method. ISD (dye) and β-CD were accurately weighed according to their 1:1 molar 
ratio. Here, 0.2 mM of ISD was dissolved in 15 ml 20% ethanol-water solution. Then, it was added 
drop wise to 25 ml 0.4mM aqueous solution of β-CD. The solution was stirred continuously with the 
help of a magnetic stirrer for 12 hours at 600C following the filtration of the mixture using filter paper 
and the precipitate obtained was washed with 50% ethanol. The crude residue was then air dried at 
room temperature for the next 6 hours and final dry inclusion compound was stored in a desiccator at 
room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Job Plot for The Determination of Stoichiometry of the Host-Guest Inclusion Complex: UV-
Vis spectroscopic study is used in the field of host-guest inclusion complexation to understand the 
subsistence of the IC as well as the stoichiometry. While entering from the highly polar bulk solution 
to the hydrophobic cavity, the guest molecule experiences a variation of the molar extinction 
coefficient (Δε)[38]and thus change in the absorption pattern took place. We found the absorption 
maxima for the guest molecule at 289 nm.(Fig.1. absorption pattern)[39]. 

 

 
 

Fig.1: Absorption spectra of intensity against wavelength obtained from UV-Visible spectroscopy at 
varying concentration of β-Cyclodextrin keeping the guest concentration (Indigo sulfonic acid 

dipotassium salt) constant. The different lines represent absorption pattern at a particular 
concentration of β-CD. 

The continuous variation method, in other words, Job’s plot method was applied to determine the 
stoichiometric ratio of the host and guest molecule. The sample solutions of different concentration 
ratios of β-CD and Guest were prepared and mixed in such a way that the total volume of host and 
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guest molecule remains constant. The changes in absorption spectra were recorded and shown in the 
table 2. We plotted ΔA×R against R [where ΔA is the difference in absorbance of ISD without and 
with CD i.e.(ISD+β-CD) and R = [ISD]/ ([ISD] + [β-CD])] to determine the stoichiometric ratio.We 
found the Rmax value near 0.5[40](Fig. 2). In general; R = 0.5 stands for 1:1 or 2:2 G:H (guest: host) 
complexes; R = 0.33 for 1:2 G:H complexes[41].Thus the value of R ,obtained experimentally, 
indicates successful inclusion of one guest molecule inside the hollow cavity of one molecule of β-CD 
promising the 1:1 host-guest inclusion. 

Table2: Data for Job Plot performed by UV-Vis spectroscopy for ISD-β-CD system at 298.15Ka 

Guestconc. 
[ISD] (µm) 

β-CD  
(µm) 

R= [ISD]/ 
([ISD]+[β-CD]) 

A @λmax       
289 nm 

ΔA            
(0.39195-A) 

ΔA X [ISD]/  
([ISD]+[β-CD]) 

100 0 1 0.39195 0 0 
90 10 0.9 0.34407 0.04788 0.043092 
80 20 0.8 0.30812 0.08383 0.067064 
70 30 0.7 0.27243 0.11952 0.083664 
60 40 0.6 0.23841 0.15354 0.092124 
50 50 0.5 0.19298 0.19897 0.099485 
40 60 0.4 0.1663 0.22565 0.09026 
30 70 0.3 0.1345 0.25745 0.077235 
20 80 0.2 0.09087 0.30108 0.060216 
10 90 0.1 0.05604 0.33591 0.033591 
0 100 0 0.01112 0.38083 0 

ɑStandard uncertainties in temperature: ± 0.01K, Pressure:± 10kPa 

 

 
Fig.2: Job plot of β-Cyclodextrin (β-CD) and Indigosulfonic Acid dipotassium salt (ISD) system at 

λmax (Indigosulfonic Acid Dipotassium Salt) = 289 nm 

3.2. Association constants and thermodynamic parameters: UV-Visible spectroscopy being the 
most consistent method to calculate the association constant (Ka) for the formation of IC 
[42].Incorporation of the guest (act as a chromophore) molecule inside the hydrophobic cavity of the 
CD molecule indulges some variations of the chemical environment [43, 40]. 
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The guest molecule binds to the host molecule by means of hydrophobic interactions. We recorded 
the UV-Visible spectra of the complexes at different concentrations of the host molecule keeping the 
concentration of the guest molecule fixed (Fig.1).The changes in the values of absorbance (at λmax= 
289nm) were noted at three distinct temperatures. A graph of 1/∆A against 1/[CD] was plotted to 
calculate the association constant using Benesi−Hildebrand equation (See supporting information 
Table 3, 4, 5 and Fig. 4)[40,44] equation (1). 

1 1 1 1

[ ] [ ] [ ]
a

x
A ISD K CD ISD 
 

  
                                                  (1) 

The higher positive values of Ka at three different temperatures signify the increasing feasibility of the 

process (Table 6).The values of the Ka were used to determine the change in the enthalpy ( 0H ) and 

entropy ( 0S ) of the inclusion process. We plotted log Ka against 1/T following van’t Hoff equation 

(2) (Fig. 5). The values of 0H  and 0S found are given in the table6  and from these values ΔG0 

was calculated[2,42]. 

 
  

0 0

2.303log
H S

K
RT Rf                         (2) 

In this experiment, the values of ∆H0 and ∆S0 were found to be negative. This signifies that the 
formation of the IC is an exothermic process and is entropy-restricted (Table 6)[2].This may be due to 
the molecular association of the CD and ISD molecules. As a result of association, the entropy is 
decreased, which is contrary for a process to be spontaneous. However, the restriction due to negative 
ΔS value is overcome by the highly negative value of ∆H making the entire inclusion process 
thermodynamically favourable. 

The negative Gibb’s free energy change (∆G0) of a process is the measure of the spontaneity of that 
process. Thus, ∆G0 of the process of inclusion was calculated using the values of thermodynamic 
parameters ∆H0 and ∆S0from the following equation (3) at 298.15K.  

ΔG0 = ΔH0 - TΔS0    (3) 

It is seen that the value of ∆G0 is negative (Table 6). This, in fact, concludes that the formation of the 
ICs is feasible and the process is an exergonic one. This is due to the effective association of the guest 
ISD molecule inside the suitable cavity of CD molecule. 

Table 3: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS spectroscopic study for 
ISD-β-CD complex at 293.15 K 

  [ISD] 
(µM) 

[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/cd 

ISD+β-CD 

50 10 0.21546 0.22035 0.00489 204.499 100000.00 

50 20 0.21546 0.22473 0.00927 107.8749 50000.00 

50 30 0.21546 0.22804 0.01258 79.49126 33333.33 

50 40 0.21546 0.22924 0.01378 72.56894 25000.00 
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50 50 0.21546 0.23439 0.01893 52.8262 20000.00 
50 60 0.21546 0.23559 0.02013 49.6771 16666.67 
50 70 0.21546 0.23681 0.02135 46.83841 14285.71 
50 80 0.21546 0.23951 0.02405 41.58004 12500.00 
50 90 0.21546 0.24102 0.02556 39.12363 11111.11 
50 100 0.21546 0.24447 0.02901 34.47087 10000.00 

 

Table 4: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS spectroscopic study for 
ISD-β-CD systems at 303.15 K 

  [Drug] 
(µM) 

[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/[CD] 

ISD-β-CD 

50 10 0.20213 0.20707 0.00494 202.4291 100000 

50 20 0.20213 0.21126 0.00913 109.529 50000 
50 30 0.20213 0.21561 0.01348 74.18398 33333 
50 40 0.20213 0.21906 0.01693 59.06675 25000 
50 50 0.20213 0.22258 0.02045 48.89976 20000 
50 60 0.20213 0.22429 0.02216 45.12635 16667 
50 70 0.20213 0.22641 0.02428 41.18616 14286 
50 80 0.20213 0.22656 0.02443 40.93328 12500 
50 90 0.20213 0.22879 0.02666 37.50938 11111 
50 100 0.20213 0.23637 0.03424 29.20561 10000 

 

Table 5: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS spectroscopic study for ISD-
β-CD systems at 313.15 K 

 
[Drug] 
(µM) 

[CD]            
(µM) A0 A1 ΔA 1/ΔA 1/[CD] 

ISD+β-CD 

50 10 0.19368 0.19822 0.00454 220.26432 100000 

50 20 0.19368 0.20315 0.00947 105.59662 50000 
50 30 0.19368 0.20616 0.01248 80.128205 33333 
50 40 0.19368 0.20761 0.01393 71.787509 25000 
50 50 0.19368 0.21313 0.01945 51.413882 20000 
50 60 0.19368 0.21394 0.02026 49.358342 16667 
50 70 0.19368 0.21496 0.02128 46.992481 14286 
50 80 0.19368 0.21971 0.02603 38.417211 12500 
50 90 0.19368 0.22884 0.03516 28.441411 11111 
50 100 0.19368 0.23792 0.04424 22.603978 10000 
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Fig.4: Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the absorbance of ISD at 
three different temperatures 293.15 K, 303.15 K and 313.15 K. 

 

 

Fig.5: Plot of logKavs 1/T for the interaction of β-CD with ISD. 

 
Table 6: Association constants obtained by the Benesi−Hildebrand method (Ka) from UV-Visible 
study, Fluorescence study and ITC study along with corresponding thermodynamic parameters of 
Indigosulfonic Acid dipotassium Salt-β-cyclodextrin inclusion complexes at 293.15Ka, 303.15Ka and 
313.15Ka. 
 
Method Ka(103M-1) ΔG0 

(kJmol-1) 
ΔH0                  
(kJ mol-1) 

ΔS0(Jmol-1) 
K-1 

293.15K 303.15K 313.15K 

UV-Vis 
Spectroscopy 

9.82 7.13 5.07 -2.38 -5.23 -9.55 

Fluorescence 
Spectroscopy 

9.51 - - - - - 

ITC study 8.70±1.98   -3.203 -1.60±0.23 5.38 

3.3. Fluorescence study: With the help of fluorescence study we can evaluate the binding constant by 
observing the reasonable change in the fluorescence emission spectrum due to some sort of 
interactions between β-CD and ISD. 

The modified Stern-Volmer equation (equation 4) was employed to determine the extent of interaction 
(association constant Ka) between the host and guest molecule used in this experiment, 

0 1 1
. .[Q]q a q

F
F F K F
 


 (4) 

Where, ∆F is the difference in fluorescence at a concentration [Q] in absence and presence of 
cyclodextrin.  Ka, the quenching constant, is equivalent to the association constant. Fq is the fraction 
of fluorescence accessible to the quencher (here cyclodextrin). From the plot of F0/∆F vs 1/[Q] the 
binding constant was calculated[44-46]. 

The concentration of ISD was kept constant at 0.5µM while the concentrations of β-CD varied from 
0.2 µM to 0.8 µM. (Table7, Fig.6). From fluorescence study, the association constant was found to be 
9.51x103 at 298.15K, which is comparable to the association constant obtained from the UV-Visible 
spectroscopy at 293.15K(Table7). 
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Table 7: Data for calculation of Association Constant using fluorescence spectroscopic study 

Fo F ΔF= Fo-F 1/[β-CD] /M-1  1/ΔF Intercept Slope Ka /M-1 

987921.44 1028281.44 40360.00 50000.00 2.48E-05 
   

987921.44 1038976.82 51055.38 33333.33 1.96E-05 
   

987921.44 1052248.39 64326.95 25000.00 1.55E-05 3.8E-06 4E-10 9512.25 
987921.44 1067024.89 79103.46 20000.00 1.26E-05 

   
987921.44 1080453.77 92532.33 16666.67 1.08E-05 

   
987921.44 1092249.02 104327.58 14285.71 9.59E-06 

   
987921.44 1101122.40 113200.96 12500.00 8.83E-06       

 
Fig.6: Plot of 1/∆F (∆F is the absorbance difference of guest in presence and absent of CD) Vs 1/[CD] 

( [CD] is the concentration of CD) from the Stern-Volmer equation and fluorescence spectra of 
Indigosulfonic Acid Dipotassium salt and β-Cyclodextrin at different molar concentration. 

3.4. Calorimetric characterization of complexation: In order to calculate the weak binding 
constants and the corresponding thermodynamic parameters for the host-guest inclusion complex with 
high accuracy, we have applied Isothermal titration calorimetry (ITC) method. This analytical method 
is used to determine binding constants ranging from 108 to 102 M-1 [47].It has become an effective 
method for directly determining the thermodynamic parameters instead of the previously used van’t 
Hoff equation methodology, ITC method is more precise in terms of the determination of 
thermodynamic parameters [48]. The ITC diagrams of ISD binding to β-CD are given in Fig. 7. 

From the plot of ITC, of ISD and Beta CD, the upper graph denotes heat release upon each injection 
of ISD to the sample cell i.e. in Beta CD [49]. The heat release is generally due to complexation of the 
guest molecule with the host until saturation is achieved that means guest molecules are getting 
associated to the specific number of the host molecules. It has been observed that the process of 
inclusion of ISD inside the β-CD is exothermic in nature and the magnitude of the heat evolved during 
the inclusion process decreases gradually with each injection until complete saturation is achieved.  

The extent of the host-guest inclusion is supported by the structural orientation of cyclodextrin 
molecule which makes the non-polar part of the guest molecule to enter into the hollow cavity of CD 
molecule, thus the inclusion complex gets stability [42].Another driving force for inclusion process can 
be attributed to the fact of releasing the water molecules from the hydrophobic cavity into the bulk 
and hence the total entropy of the system gets increased [50]. The incorporation of the guest molecule 
takes place from the wider rim of the β-CD molecule, as evident from NOESY spectrum.  
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Fig.7: Representative ITC(Isothermal Titrtion Calorimetry) profiles for the titration of 
ISD(Indigosulfonic Acid Dipotassium salt) (500mM) with β-CD (50 mM) at 298.15 K. figure above 
represent the raw data for the continuous injection of β-CDs(β-Cyclodextrin) into the 
ISD(Indigosulfonic Acid dipotassium Salt), after correction of heat of dilution. Figure below is the 
binding isotherm fitted to the raw data and the bottom panels show the integrated heat data after 
correction of heat of dilution. 

The heats of binding were plotted as a function of the molar ratio of [CD/ISD]. The binding 
parameters like the stoichiometry of binding (Nc), the equilibrium binding constant (K), enthalpy of 
complexation (ΔH0) and standard changes in free energy (ΔG0) and entropy (ΔS0) were estimated 
from ITC data on the basis of fitting the data according to the independent binding model. The values 
of thermodynamic parameters, particularly ∆HO and ∆SO(Table 6),  shows that of the  complexation 
deals with  non-covalent forces in solvent medium, e.g. electrostatic, hydrophobic, van der Waals, and 
H-bonding interaction. The complexation process was found to be exothermic (ΔH0<0) and 
spontaneous (ΔG0<0) with positive entropic contribution. The negative value of ΔH0 indicates heat 
evolution during the inclusion phenomenon while positive entropy changes (ΔS0) usually arise from 
the translational and conformational freedoms of host and guest upon complexation.   

Negative Gibbs energy indicates that inclusion process is a spontaneous one under experimental 
conditions; −TΔS0, denotes that inclusion of ISD in the CDs is accompanied by displacement of water 
molecules from the CD cavity. On the other hand, comparatively it has been observed that smaller – 
TΔS0 terms are associated with larger CD cavities [51].Every peak shown in the binding isotherm 
indicates a single injection of the guest molecule into the host solution. The exothermicity of the 
calorimetry peaks (Fig. 7) arises because of the considerable interaction between ISD and β-CD 
molecule. The stoichiometry (Nc) of the inclusion phenomena using ITC analysis is determined from 
the value of number of binding sites. We obtained the value very close to 1 (Table 8), which clearly 
indicates 1:1 stoichiometry, which is in good agreement with the 1:1 stoichiometric ratio obtained 
from the Benesi-Hildebrand plot analysis of the UV-Visible spectroscopic data. 

The principal forces involved are van der Waals and hydrophobic interactions. Hydrophobic 
interactions are entropy driven (|H0|<|TΔS0|), whereas van der Waals interactions are essentially 
enthalpy driven processes, [52, 53]. From the data obtained, it has been found that the binding of ISD 
with β-CDs are entropy driven as the enthalpy value of the interaction is smaller with respect to the 
entropy of the interaction (|H0|<|TΔS0|). This indicates hydrophobic interactions predominate over 
major van der Waal’s interactions in this case. 
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Table 8: Value indicating the Binding sites obtained from 

Isothermal Titration Calorimetric study. 

Temperature(K) Number of binding sites(NC ) 

298.15 0.954±0.0693 

 

3.5. FT-IR SPECTROSCOPY 

During inclusion procedure, if the guest molecule gets inserted into the hollow cavity of CD molecule 
some changes in stretching frequencies of the concerned spectral bands will take place, in other words 
either the spectral bands will get shifted from their previous positions or two spectral bands get 
merged or widening of bands happen. From the FTIR spectral pattern, we found some bands were 
absent and some got shifted from its earlier positions in the inclusion complex (Table 9, Fig.8). In the 
IC the bands due to the O-H stretching, stretching of –C-H from –CH2, bending of C-O-C of β-CD are 
found shifted from 3406.34 cm-1 to 3458.65 cm-1, 2944.46 cm-1 to 2934.45cm-1, 1163.56cm-1 to 
1152.45cm-1. On the other hand, band at 1631.15 cm-1 for the Stretching due to conjugated C=O was 
found shifted to 1661.53 cm-1 and stretching due to C-N was shifted from 1420.43 cm-1 to 1464.32 
cm-1. In pure CD bending of –C-H from –CH2 and bending of O-H at 1403.38 cm-1 were found absent. 
In the guest molecule, stretching due to aliphatic N-H bond at 3446.17 cm-1, out of plane C-H bending 
at 820.27cm-1 and broad band due to bending of N-H bond at 674.07 cm-1 were found absent in the 
FT-IR spectra of ISD-CD IC.  
 

Table 9: Data obtained from FT-IR spectroscopic study of β-CD, ISD and β-CD+ISD. 

 

Groups Wave number(Cm-1) 
β-CD  ISD ISD-β-CD      

stretching of O-H 3406.34  3458.65 
stretching of –C-H from –CH2 2944.46  2934.45 
bending of –C-H from –CH2 and 
bending of O-H 

1403.38   

bending of C-O-C 1163.56  1152.45 
vibration involving α-1,4 linkage 958.23  957.34 
Stretching due to Aliphatic N-H bond  3446.17  
Stretching due to conjugated C=O   1631.15 1661.53 
Stretching due to C-N  1420.43 1464.32 
Out of plane C-H bending  820.27  
Broad band due to bending of N-H bond   674.07   
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Fig.8: FT-IR spectra of β-Cyclodextrin, pure Indigosulfonic acid dipotassium salt and ISD-β-

Cyclodextrin inclusion complex. 
 

3.6.1H NMR AND 2D NOESY spectral analysis of solid inclusion complex: The inclusion complex 
formation between β-CD and ISD can be established with thehelp of 1H NMR study. The change in 
chemical shifts values of the protons of inclusion complex is of main interest here. The H3, H5 
protons of β-CD situated in the interior hydrophobic cavity where H3 is at the wider rim and H5 is at 
the narrower rim. The chemical shift values obtained from the 1H-NMR spectroscopic analysis were 
recorded (table10 and Fig.9). 

Table 10: The chemical shift values of β-CD, pure ISD and ISD-β-CD IC obtained from 1H- NMR 

spectroscopy. 

β-CD(400 MHz, Solvated in D2O) 

δ /ppm 

3.48–3.53 (6H,t, J = 9.2 Hz), 3.56–3.59 (6H, dd, J = 

9.6, 3.2 Hz), 3.73–3.78 (18H,m), 3.87–3.92 (6H, t, J 

= 9.2 Hz), 5.00–5.01 (6H, d, J = 3.6 Hz). 

ISD 6.85-6.87(2H,d,J=6.8Hz),7.65-

7.67(2H,d,J=7.6Hz),7.92(2H,s) 

ISD-β-CD IC 3.42-3.48 (6H, t, J = 9.2 Hz), 3.51-3.57 (6H, dd, J 

=9.6, 3.2 Hz),  3.53-3.59 (18H, m), 3.63-3.67 (6H, t, 

J=9.2 Hz), 5.01-5.02 (6H, d, J = 3.6 Hz), 0.95(3H, 

s);6.87-6.90(2H,d,J=6.8Hz),7.69-

7.72(2H,d,J=7.6Hz),7.98(2H, s). 
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Fig.9:  1H NMR spectra of β-Cyclodextrin, pure Indigosulfonic acid dipotassium salt and β-CD-

ISD inclusion complex. 

From the data tabulated in the table 10 it is seen that H3 proton experiences more interaction 
compared to H5 proton. The more up field shift of the H3 proton of β-CD in the inclusion complex 
than the H5 proton clearly suggest that insertion occurs through the wider rim (Table 11). The other 
protons are at the same position as in the pure β-CD. So, from the chemical shifts values of the 
interacting protons (mainly H3 and H5) we can come to the conclusion that the guest molecule is 
entering towards the hydrophobic cavity from the hydrophilic environment[54,55]. This, in fact, 
supports the association constant values obtained from UV-Vis, fluorescence and ITC studies. 

 
Table 11: Change in chemical shifts (ppm) of the H3 and H5 protons of β-cyclodextrin molecule in 

host-guest complexes in D2O. 
 

Protons of CD ISD+β-CD 

H3 0.24 

H5 0.19 
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 In NOE spectroscopy the two protons at 0.4 nm apart in space can cause nuclear overhauser effect 
[36].It is an imperative method to interpret the extent of interaction among the host (β-cyclodextrin) and 
guest (ISD) molecules when two protons are in close proximity (3-5Å).Then the appearance of an 
NOE cross peak can be detected among the relevant protons in the NOESY spectrum. The existence 
of the host-guest interaction in ISD-β-CD inclusion complex can be proved by Nuclear Overhauser 
Effect measurements (NOESY spectrum) in D2O medium. The NOESY spectrum of the IC shows 
significant NOE cross-peaks between the H’’3 and H’’5 protons of cyclodextrin and the aromatic 
protons (H1, H2, H3, H4, H5, H6) of ISD molecule (Fig.10). These results obtained satisfactorily 
coincide with the tentative complex structure given in fig.11, indicating the partial inclusion of dye 
molecule into the cavity of Cyclodextrin. Such observation strongly supports the existence of the non-
covalent type of interaction in the complexation of ISD by the β-CD molecule. 

The NOE cross-peaks between aromatic protons of ISD (circled in the Fig. 10) and H”5, H”3 protons 
of CD was observed implying complete insertion of non-polar part of ISD into the β-CD cavity.  The 
NOESY spectrum also specified the insertion of the non-polar part of the ISD into the β-CD cavity by 
the interaction between H1, H2, H3 protons of the guest molecule and H”3, H”5 from the CD, which 
completely supports the shift of H”3 and H”5 protons in the 1H-NMR spectroscopic study. 

 
 

Fig.10:2D NOESY NMR spectra of ISD-β-Cyclodextrin inclusion complex. 
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Inclusion Complexation through the wider rim 

Fig 11: Structures of Indigosulfonic Acid Dipotassium Salt and β-Cyclodextrin and their schematic 

representation of inclusion. 

3.7. Structural Effect of Cyclodextrin: The formation of host-guest IC is mainly focused on the 
structural combination of both the molecules. ICs are formed only when there is the stronger 
association between the guest and host molecules over other forces. The complexation strength 
depends on the factors such as the size of the guest molecule, the van der Waals interactions, the 
release of water molecules, hydrogen bonding, charge transfer interactions, hydrophobic interactions, 
the release of conformational strain etc. Here, the hydrophobic part of the dye molecule enters inside 
the hydrophobic cavity of the CD molecule during the formation of the inclusion complex and it is 
stated that no covalent bond forms or breaks in the system of IC[8, 56].  

The interesting fact is that the cavity of the CD molecule is blocked by water molecules but this is 
unfavourable. When the hydrophobic part of the guest molecule enters inside the hollow cavity of CD, 
the water molecules are easily replaced. It is clear that the hydrophobic interaction predominates here. 
However, entropy of the system increases due to the elimination of the water molecules to the bulk as 
seen from the ITC experiment, which helps the process of formation of the ICs to be spontaneous. The 
size of the guest molecule or more specifically the hydrophobic part of the guest molecule, which 
enters into the CD cavity, is another determining factor for the formation of the IC. The hydrophobic 
part of ISD fits better inside β-CD by relieving the ring strain of the CD as well as lowering the 
energy of the system. Encapsulation of a single ISD molecule sterically blocks the side of the wider 
rim inhibiting other molecule to enter inside the cavity, which is reflected in the UV-Vis study of Job 
plot.  

3.8. SEM Study: Scanning Electron Microscope study is a qualitative method to figure out the 
morphological changes of the starting compound and the inclusion complex attained by the 
complexation by host β-CD molecule.Fig.12 shows the micro images of A, B and C. The surface 
morphology of the three components namely β-cyclodextrin (host), ISD (guest) and their inclusion 
complex were studied by scanning electron microscope. The surface morphology of β-CD appears as 
flat configuration having a regular arrangement of fine lines whereas pure ISD is found to have 
thread/flakes like morphology. ISD.β-CD inclusion complex appears like irregular shaped crystals 
[the surface looks like crystals (though no real crystals are there) here only the surface morphology is 
considered], in which the original morphology of both of the starting compounds gets 
disappeared.Those changes on the surface structure of the isolated compounds indicate the 
establishment of interactions with a new phase formation. 
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Fig.12: SEM images of (A) pure β-Cyclodextrin, (B) pure Indigosulfonic acid Dipotassium Salt and 

(C) ISD.β-CD inclusion complex. 

CONCLUSION 

In this study we have successfully characterised the inclusion of the dye molecule Indigosulfonic Acid 
Dipotassium Salt inside the naturally occurring oligosaccharide β-CD molecule. The IC was 
characterised using various thermodynamic as well as spectroscopic methods. The negative value of 
ΔG of the process, the high association constant from UV-Vis and ITC study of the inclusion show 
that the IC formed is more stable compared to the pure ISD. The higher stability may be the main 
reason for the controlled release of the ISD. The inclusion complex found to have higher solubility in 
water compared to the free ISD. Thus it may reduce the toxic effect generated from colouring foods 
and drugs. Moreover its controlled release inside the body may reduce the toxicity. As cyclodextrins 
have very low toxicity, it might be anticipated that the inclusion process makes the overall moiety 
(IC) of very low toxicity. This study may further open scopes for scientific and industrial research in 
future. 
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