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ABSTRACT 

The study of surface behaviour, inclusion complexation and solvation 

consequence in aqueous system by physicochemical, thermodynamic, advanced 

microscopic and spectroscopic methods involve the change in properties of one 

substance solely or in the presence of another compound. ‘Solution Chemistry’ 

mainly deals with the physicochemical approaches to estimate the extent of 

solvation in liquid media. This approach includes the studies of density, viscosity, 

refractive index conductance and surface tension, etc of electrolytes and non 

electrolytes. Thermodynamic approach by measuring the free energies, enthalpies 

and entropies gives the idea about the feasibility of micellar aggregation, inclusion 

and solvation of various compounds. 

Studies on interactions of molecules in solution are very useful to acquire 

information regarding the geometrical effects as well as intermolecular interaction 

taking place in the liquid systems. Accurate knowledge of thermodynamic properties 

of solution mixtures has great importance in theoretical and applied area of 

research. 

The addition of a solute or ion modifies both the solute and solvent structure 

to some extent. The interaction between solute-solute, solute-solvent and solvent-

solvent molecules results ion–solvation of the solute molecules. The extent of ion-

solvation is depended upon the interactions taking place between solute-solute, 

solute-solvent and solvent-solvent molecules. Various non-covalent interactions, 

such as hydrogen (H)-bonding, ion dipole, dipole-dipole, hydrophobic-hydrophobic 

and hydrophobic-hydrophilic interactions are also involved in this system. This 

explains the effectiveness of solution chemistry to elucidate the exact nature of 

interactions through different physicochemical, thermodynamic and spectroscopic 

techniques. 

The chemical nature of solute or electrolyte depends totally on ion-ion and 

ion-solvent interactions. Ion-ion interactions are generally stronger than ion-solvent 
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interactions. Dilute solution of solutes is hypothetically well known but ion 

association or ion solvation still remains a complex procedure. 

The spectroscopic contribution confirms the inclusion, aggregation and 

solvation phenomena of some electrolyte and bio-active molecules in aqueous 

media.  The exact part of the molecules which are associated with the inclusion, 

aggregation and solvation process can nicely expressed by UV-visible, FT-IR, 

fluorescence and FT-NMR studies. 

Thus from extensive investigations in aqueous system, it is now growing 

interest of researcher because of the majority of the electrolytes and bio-active 

solutes are significantly modified by solvent systems. 

In this research work, surfactant, ionic liquids, ionic liquid based surfactants 

e.g. sodium dodecyl(lauryl) sulfate, 1-butyl-3-methylimidazolium chloride,   1-butyl-

1-methylpyrrolidinium tetrafluoroborate, 1-butyl-4-methylpyridinium chloride, 1-

butyl-4-methylpyridinium lauryl sulfate (Synthesized), 1-dodecyl-4-

methylpyridinium iodide (Synthesized) are investigated. They have good transport 

and surface properties. Long chain ionic liquid behaves also as surface active 

compounds due to the presence of long hydrophobic chain. Their intrinsic 

physicochemical properties make them “designer solvents” or “green solvent”, such 

as the favourable solubility of organic and inorganic compounds, negligible vapour 

pressures, low melting points, high thermal stability, solvated many organic, 

inorganic and polymeric materials, adjustable polarity, selective catalytic effects, 

chemical stability. In addition, along with these exceptional properties, ionic liquids 

are used as heat transfer materials for processing biomass and electrically transport 

liquids as electrochemical tool in electrochemistry. Due to the presence of surface 

activity they can be used as benign surfactant. Head group modified (by ionic liquid) 

surfactant more efficient than the precursor surfactant. 

On the other hand, alkaloids (e.g. trigonelline hydrochloride), amino acids 

(e.g. L-Cysteine), citric acid monohydrate are the organic bio molecules and have 

potential applications in living systems. In order to obtain the potential health 

benefits of bio molecules information regarding the knowledge of their solubility, 
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absorption, metabolism and biological effects, interaction of surfactant or disease 

containing substance (e.g. uric acid) is essential. Pharmacological activity is often 

considered to describe beneficial effects of bio molecules. This translates towards 

recommending a diet rich in a variety of vegetables, fruits (especially citrus fruits), 

whole grains, legumes, oils etc. Many vital functions are regulated by pulsed or 

transient release of bio-active substance at a specific time and site in the body under 

physiological conditions. In drug delivery research, they have been notably used as 

therapeutic agents to a patient in a palatine or staggered release profile over the last 

two decades. Sustainable release of anti diabetic agent for diabetic patients is also 

important aspect of modern research. 

Incorporation of solutes molecules in aqueous media with the cavity based 

molecules, e.g., α-cyclodextrins, β-Cyclodextrins or highly water soluble 

hydroxypropyl β-cyclodextrin provides the new insight into the molecular 

recognition (e.g. inclusion or complexation) through non-covalent interactions. 

Supramolecular host-guest chemistry gives a broad idea about the formation 

of inclusion complex between the host and the guest molecules. Thus, most of this 

interaction has been performed by host-guest interaction. Among the host 

molecules, cyclodextrins and its derivative seems to be the most promising to form 

inclusion complexes, especially with various guest molecules with suitable polarity, 

resulting solubility and dimensions. In host-guest chemistry, an inclusion complex is 

a complex in which one chemical compound (the "host") forms a cavity in which 

molecules of a second "guest" compound are suitably positioned. 

Therefore, the study of these solutes and solvents and their surface 

behaviour, solution thermodynamics and supramolecular recognition etc. are 

necessarily significance because of their wide range of applications in many 

industries ranging from pharmaceutical to cosmetic as well cleaning products. 

PHYSICO-CHEMICAL PARAMETERS AND THEIR SIGNIFICANCE 

Thermodynamic properties, like partial molar volumes obtained from density 

measurements, are generally convenient parameters for interpreting solute-

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

magnitude of partial molar volume ( 0
V ) also provides information about the nature 
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and magnitude of ion-solvent interaction while the experimental slope ( *
vS ) 

provides information about ion-ion interactions. Viscosity B-coefficient obtained 

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

From experimental speed of sound values, limiting apparent molar adiabatic 

compressibility ( K ) and the experimental slope ( *
kS ) can be estimated. These 

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

solution. 

The transport properties in most cases are studied using the conductance 

data, especially conductance at infinite dilution. Limiting molar conductance (0) 

gives an idea about the ion-solvent interaction in the solution. The CMC values 

obtained from different techniques provides information about the aggregation 

concentration. The aggregation number obtained theoretically as well as from 

experiment is the average number of molecules present in a micelle once critical 

micelle concentration (CMC) has been reached. 

 

 

Summary of the works emphasize in the dissertation 
 

CHAPTER I 

This chapter deals with the principle, scope and applications of the research 

work. This mainly comprises the selection of solute and solvent molecules used and 

applications in a variety of fields, method of work done and summary of the work 

associated with this thesis.  

 

CHAPTER II 

This chapter states the general introduction of the thesis and the review of the 

previous work. The brief discussion on solute-solute, solute-solvent and solvent–

solvent interactions have been presented here.  

Various theoretically models for weak interactions are well considered, stressing the 

importance of the work connected with this thesis. 
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CHAPTER III 

This part of the thesis explains the experimental sections consisting of the source, 

purity, structure and application of the solute and solvents. Various experimental 

techniques are incorporated for measurement of volumetric, transport, microscopic 

and spectroscopic purpose. 

 

 

CHAPTER IV 

1-Butyl-4-methylpyridinium lauryl sulfate was synthesized and a number of 

spectroscopic techniques were used for the characterization. The surface active 

property was explored in different ways. The Host Guest inclusion complex 

formation with the synthesized compound inside the β-Cyclodextrin was studied 

qualitatively as well as quantitatively with physicochemical, spectroscopic and 

advanced microscopic techniques. The Job plot from the UV–vis spectroscopy 

indicates the formation of both 1:1 and 2:1 inclusion. The inclusion complex was 

given the determining morphology with further evidence of 2:1 inclusion in HRTEM 

supported by DLS. Lastly, the 2D-NOESY was provided a conclusive mechanism for 

the inclusion phenomenon.  
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CHAPTER V 

Halogen-free BMIMDS and BMPDS derived from inexpensive chemicals were 

synthesized using ion exchange, a method easier than that of the previous literature. 

Precursors for synthesis were BMIMCl and BMPBF4 (Ionic liquids) with Sodium 

dodecyl (lauryl) sulfate as the common precursor. Characterization was done by FT-

IR as well with more sensitive FT-NMR. 

Physicochemical studies viz. surface tension, conductivity, DLS, zeta potential, 

Fluorimetry, polarisation optical microscope etc were performed. CMC values of 

both synthesized surfactants were quite lesser compare to our well know anionic 

surfactant as well as the common precursor sodium dodecyl sulfate. Aggregation 

number of both product was also determined with static fluorescence quenching 

technique as CPC as quencher. Higher value of zeta potential of BMIMDS compare to 

BMPDS at comparable concentration established role of counter ion in monomer as 

well as micellar stability. Equivalent size profiles from DLS for both derived 

surfactants indicate the existence of micellar aggregation even far beyond CMC.  
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CHAPTER VI 

1-Dodecyl-4-methylpyridinium iodide was prepared, purified and characterised. The 

surface activity, size and stability were judged by surface tension, SEM and DLS 

techniques. The Host guest inclusion complex formation of the synthesized guest 

with the β-Cyclodextrin and its hydroxypropyl derivative was explored with 

physicochemical, spectroscopic and scanning electron microscopic techniques. 

Conductance and surface tension experiment also provide subsistence of 1:1 

inclusion. The Job plot from the UV-vis spectroscopy indicates the formation of 1:1 

inclusion. Binding constants for the inclusion of DMPI with both β-CyD & HP-β-CyD 

was determined with UV-vis and fluorimetric techniques. Anti bacterial properties of 

DMPI and its both inclusion complexes were analyzed and compared.  

 

 

Synthesis 
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CHAPTER VII 

Formation of the host-guest inclusion complex between Trigonelline hydrochloride 

(3-carboxy-1-methylpyridinium chloride), a hydrochloride salt of an anti-diabetic 

alkaloid and either α or β-Cyclodextrin (cyclomaltoheptaoses) was studied by 

several techniques including transmission electron microscopic (TEM) microscopy. 

A number of physicochemical and spectroscopic techniques, namely conductivity, 

surface tension, UV-Vis, FTIR, NMR and Mass spectroscopy were utilized for their 

characterization. Cyclodextrin-salt of alkaloid inclusion complex (IC) was found to 

exhibit a distinct change in the surface morphology, crystalline nature & size in the 

TEM. Its modified nature in inclusion complex was further explored by powder XRD, 

dynamic light scattering experiment. Role of the methyl group of Trigonelline 

hydrochloride in inclusion complex formation was well established by 2D-NOESY 

study. Anti diabetic property in the light of sustained release mechanism of the 

resultant complexes was also explored.  

 
MICELLIZATION 
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CHAPTER VIII 

The effect of relief from gout pain due to the restriction of precipitation of uric acid 

(UA) by citric acid (CA) has been studied through physicochemical study. Here, we 

have carried out the density (ρ) and viscosity (η) measurements of CA in 

w1=0.00001, 0.00002, and 0.00003 mass fraction of aqueous UA binary mixtures at 

T=298.15K, 303.15K, 308.15K, and 313.15K and at pressure 1.013 bar. These 

measurements have been performed to ternary mixture (CA + UA + water) to derive 

some important parameters, namely, limiting apparent molar volume (φV0), 

viscosity B-coefficients from extended Masson equation, and Jones–Dole equation, 

respectively. The refractive index (nD) was done on the same ternary mixtures at 

T=298.15K. Lorentz–Lorenz equation has used to evaluate molar refractive index 

(RM) and limiting molar index (RM0). These parameters have been interpreted in 

terms of interactions of solute itself and with solvent. 
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CHAPTER IX 

The host–guest interaction of an amino acid L-Cysteine as guest with α and β 

cyclodextrin have been investigated which have significant applications in the field 

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

formation of inclusion complex while surface tension and conductivity studies 

support the formation inclusion complex with 1:1 stoichiometry. The host-guest 

interaction has been explained on the basis of hydrogen bonding, Vanderwaal’s force 

and exceptional structure of cyclodextrin. 

 

CHAPTER X 

 This chapter includes the concluding remarks on the works associated with the 

thesis. 
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PREFACE 

 

The research work in the thesis entitled “PHYSICOCHEMICAL 

INVESTIGATION OF SOME IONIC LIQUID BASED SURFACTANTS 

AND BIOLOGICALLY ACTIVE MOLECULES IN DIVERSE 

ARRANGEMENTS" was initiated for about four years before under the 

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

Department of Chemistry, University of North Bengal.  

      This work is an effort to explore the molecular interactions, surface 

behavior as well as inclusion complexation of ionic liquid base surfactants and 

some biologically active molecules in aqueous systems by studying their 

physicochemical such as transport, volumetric, surface and spectral 

properties.  

      Throughout my research work, I was delighted to participate in various 

seminars / symposiums/ conferences across the country. I was really 

encouraged by listening and interacting with renowned experts, reviewers 

and scientists. I was even lucky enough to publish the research works in 

international and national journals of repute, which are included in the 

thesis.  

      In carrying out with general practice of reporting scientific observation, 

due acknowledgement has been made whenever the work described was 

based on the finding of other researchers. I must take the responsibility of 

any unintentional oversight and errors, which might have sneaked in spite of 

precautions.  

      I am confident of surmounting challenges in my future life putting into 

action all the acquired knowledge and experiences all over my research 

period. 
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CHAPTER I 
 

NECESSITY OF THE RESEARCH WORK 
 

1.1. OBJECT, SCOPE AND APPLICATION OF THE RESEARCH  WORK 

             In general, ionic liquids (ILs) are salts with melting point below 373K 

(1000C).  They consist of organic cation along with an organic or inorganic anion. 

Some of ionic liquids are stable at higher temperatures up to 500K (2270C).  Because 

of their unique physicochemical properties, such as miscibility of organic and 

inorganic materials, low vapour pressures, high thermal stability, ability of good 

solvent characteristics for organic and  inorganic materials. They have normally high 

solvency power for polar and non polar compounds. Moreover, they have also 

selective catalytic efficiency, chemical and thermal rigidity; non-flammability and 

high ionic mobility made them significant interest in wide range of industrial 

applications. Also, Ionic liquids are considered as a ‘designer solvents’ and green 

substitute of volatile organic solvents [1]. 

          A biologically active molecule is one that has an effect on living organism, tissue 

or cell. So, all drug & many naturally available molecules are biologically active 

molecules. Mainly they are organic molecules having carbon, hydrogen and oxygen 

and to lesser extent of nitrogen, phosphorus and sulphur. Also they include 

macromolecules such as polysaccharides, proteins, lipids and nucleic acids as well as 

small molecules such as natural products etc.  Biologically active compounds are 

widely used as a drug, food or nutrients.  These active molecules thus have direct 

effects on health. These will reduce the many hazards disease, like cancer, 

cardiovascular disease, diabetes etc. Because of these biological activity, diverse and 

numerous experimental approach are to be considered to understanding of 

biological significance of bio-active molecules. 

               The studies on supramolecular chemistry give a broad idea about the 

formation of ‘inclusion complex’ between the host and the guest molecules through 

non-covalent interactions. In molecular inclusion a guest molecule is actually fit 

inside another host molecule. Thus, most of this interaction has been performed by 

host-guest interaction. Cyclodextrin, Cyclodextrin derivatives, crown ethers, 
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porphyrins, zeolites etc. are seems to be the host molecules. The guest molecules 

have suitable polarity and dimensions. In host-guest chemistry, an inclusion 

compound is a complex in which one chemical compound ("host") forms a cavity in 

which molecules of a second "guest" compound are located [2]. Ionic liquids with 

suitable hydrophobic long chain can also be considered  as a guest molecules for 

inclusion complexes with cyclodextrins.                 
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         Discharge of drugs (Guest) as of inclusion complex across biological cells and 

membranes is dependent on physicochemical properties of both drugs and inclusion 

complex. But direct study of the physicochemical properties in physiological media 

such as blood, intracellular fluids is difficult to achieve. One of the efficient 

approaches is the study of molecular interactions in liquids by thermodynamic 

methods as thermodynamic parameters are suitable for interpreting intermolecular 

interactions in solution phase. Also the study of thermodynamic properties of drug 

in appropriate medium can be correlated to its therapeutic effects [3, 4] which are 

obtained from physicochemical and spectroscopic measurements. 

       A ‘liquid system’ is a homogeneous mixture of two or more substances, 

consisting of ions or molecules, i.e. when a small amount of substance, called solute 

(solid, liquid or gas), dissolves to a definite limit in a liquid or solid substance (pure, 

or a mixture itself) called the solvent. In a liquid system the solute is dispersed 

uniformly throughout the solvent and substances must have similar intermolecular 

forces to form solutions. The force of attraction of solid and liquid (solute molecules) 

with various solvent systems are different. When a solute particle is poured into a 
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solvent, the solute particles dissolves with the surrounding solvent molecules. For 

the solid or liquid solute, the interactions between the solute-solvent is so strong 

that the individual solute molecules. The relative force of attraction of the solute for 

the solvent is a key factor in determining their solubility [5]. 

By an IUPAC classification, Solvation Consequences is an interaction of a 

solute with the solvent, which leads to stabilization of the solute species in the 

solution. Solvation consequences, also is the process of attraction and association of 

molecules in a solvent with molecules or ions of a solute. The solvation 

consequences are closely akin to ionic solvation can be studied from different angles 

using almost all the available thermodynamic and physicochemical techniques. The 

solvation consequences also studied from different type of interaction as ion-

solvent, electrostatic, ion-dipole, dipole-dipole, van der Waal, hydrophobic 

interactions, etc. and that can be investigated using the experimental measurable 

properties such as, surface tension, conductance, density, pH, light scattering (some 

specific cases), viscosity, refractive index, spectroscopy and various derived 

parameters factors associated with solvation.  

       Physicochemical properties are of growing interest of solvent-solvent [6, 7] and 

solute-solvent [8, 9] systems. The physicochemical properties play a crucial role in 

interpreting the intermolecular interactions among mixtures and efforts in recent 

years have been directed at an understanding of such properties at microscopic and 

macroscopic levels. To understand the mechanism of such interactions 

thermodynamic, volumetric and transport studies on binary and ternary solvent 

systems are extremely helpful. The excess thermodynamic properties of the various 

assorted compounds represent the difference between actual property and the 

property of the system if the system is ideal. Thus these properties provide 

important information about the nature and strength of intermolecular forces 

operating among mixtures. Also physicochemical properties involving excess 

thermodynamic functions have relevance in carrying out engineering and industrial 

applications. 

The studied surface, thermophysical, thermodynamic, transport, optical and 

spectroscopic properties are of great significance in characterizing the properties 

and structural aspects of solutions.  The nature of intermolecular interactions can be 
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exposed from the analysis of the derived properties through the thermophysical and 

spectroscopic investigations. 

Volumetric properties like apparent molar volume are of also immense 

importance in measured the properties and feature of solutions. The facts therefore 

encourage us to extent the density study of binary or ternary solvent systems with 

environmentally friendly solvent water with some bio-molecules. The sign and 

magnitude of partial molar volume ( 0
V ), a thermodynamic quantity, provides 

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

experimental slope (Sv*) provides information about ion-ion interactions. Besides, 

the derivative parameters derived from experimental density and viscosity 

measurements and subsequent interpretation of the nature and strength of 

intermolecular interaction occurring in the diverse systems help in testing and 

improvement of various theories of solution systems. Thus the properties afford 

important information about the nature and strength of intermolecular forces 

functioning among mixtures also [10]. 

 Valuable information relating to the nature and strength of forces of 

electrolytes/non-electrolytes effective in solutions can be obtained from viscosity 

measurements. In current times the use of computer simulation of molecular 

dynamics has led to major progress in the direction of a successful molecular theory 

of transport properties in liquids and an appropriate understanding of molecular 

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

hydrogen bonding and non-hydrogen bonding solvents has been recognized [11,12]. 

The refractive index is also an essential optical property of liquids and liquid 

systems. Knowledge of refractive index of various liquid systems provides vital 

information concerning the molecular interactions occurring in the solutions which 

is essential for many thermophysical parameters [13, 14].  The refractive index 

results also help to determine the various volumetric properties [15]. 

             UV-vis, FTIR and FTNMR techniques are used to measure qualitatively and 

quantitatively the ion-solvent, ion-ion and molecular interactions in different ion-

association and host-guest complex systems [16].  
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1.2. SELECTION OF SOLVENTS, SOLUTES, SURFACTANTS AND BIOLOGICALLY 

ACTIVE MOLECULES 

Distilled water, solution of ionic liquid, ionic liquid based surfactants, 

solution of cyclodextrin and its derivative along with water, considered as a 

universal solvent, have been selected as main solvent in this research work because 

these solvents are industrially and biologically very important as well as 

environmentally friendly for the study. 

Ionic liquids, ionic liquid based surfactants, surface active ionic liquids e.g. 1-

butyl-4-methylpyridinium lauryl(dodecyl) sulfate, 1-butyl-3-methylimidazolium 

lauryl(dodecyl) sulfate, 1-butyl-1-methylpyrrolidium lauryl(dodecyl)sulfate etc., 

bio-logically active molecules e.g. trigonelline hydrochloride, citric acid 

monohydrate, L-cysteine, uric acid were considered as solutes. The study of these 

solutes is of great interest because of their wide use as surface active agents, 

solvents solubilising agents, anti-diabetic agent, food supplements’ in 

pharmaceutical, cosmetics and medicinal industries. 

 

1.3. METHODS OF STUDY 

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

aqueous media depends upon the concentrations of the solvent systems. Hence the 

study of various interactions and equilibrium of ions in different concentration 

regions are of immense importance to the chemist, technologist and theoretician as 

most of the chemical processes occurs in these systems. 

It is of interest to employ different experimental techniques to get a better 

insight into the phenomena of solvation and different interactions prevailing in 

solution. I have, therefore, employed various methods, namely conductometry, 

surface tension, viscometry, density, refractometry, UV-visible, fluorescence, pH, 

light scattering, high resolution microscope, FTIR and FT-NMR spectroscopic 

techniques to explore the problem of surface science, solvation consequences and 

inclusion phenomena. 

The surface tension measurements were performed by platinum ring (Du Noüy ring) 

detachment method using a Tensiometer (K9, KRŰSS; Germany). The accuracy of the 

measurement was within ±0.1 mN∙m−1. Temperature of the system has been 
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maintained by circulating auto-thermostated water bath through a double-wall glass 

vessel containing the solution. 

The refractive index is an optical property of the binary and ternary solution 

which used to measure the compactness of the studied liquid systems. 

FTIR spectroscopy is used to confirm the interaction and inclusion occurring 

in the liquid systems. The total internal energy of a molecule in a first approximation 

is the sum of rotational, vibrational and electronic energy levels. Infrared 

spectroscopy is the study of interactions between matter and electromagnetic fields 

in the IR region. In this spectral region, the electromagnetic waves mainly couple 

with the molecular vibrations; i.e., a molecule can be excited to a higher vibrational 

state by absorbing IR radiation. The probability of a particular IR frequency being 

absorbed depends on the actual interaction between this frequency and the 

molecule. IR spectroscopy is therefore a very potent method which provides 

fingerprint information about the chemical composition. 

UV–visible spectroscopy termed as absorption spectroscopy or reflectance 

spectroscopy in the ultraviolet-visible region. This means it uses light in the visible 

and near-UV and near-infrared [NIR] regions. Interacting molecules undergo 

electronic transitions in this region. Molecules containing π-electrons or non-

bonding electrons can absorb the energy in the form of ultraviolet or visible light to 

excite these electrons to higher anti-bonding molecular orbitals. The more easily 

excited the electrons (i.e. lower energy gap between the HOMO and the LUMO), the 

longer the wavelength of light it can absorb. The wavelengths of absorption peaks 

can be correlated with the types of bonds in a given molecule and are valuable in 

determining the interacting functional groups within a molecule or complexed 

molecules. 

             Spectrofluorometry is a type of important electromagnetic spectroscopy that 

analyzes fluorescence from a sample. It involves using a beam of light (controlled by 

slit), usually ultraviolet light, that excites the electrons in molecules of certain 

compounds and causes them to emit light; typically, but not necessarily, visible light. 

In surface science fluorescence help to study critical surface parameter, aggregation 

property, micro viscosity and many more. Fluorescence also helpful in solution as 

well as in supramolecular chemistry to obtained various important parameters. 

 



 
Necessity of the Research Work 

27 
 

Nuclear Magnetic Resonance (NMR) spectroscopy is also applied to study the 

inclusion mechanism of the molecules. Proton NMR spectroscopy and 2D-NMR is 

used to confirm the insertion path of inclusion in liquid environments. 

 

In DLS the size distribution of molecules or particles is the property of significance. 

Here, the distribution explains how much material there is nearby of the different 

size “slices.”  In DLS, the local distribution is the concentration distribution which 

indicates how much light is scattered from the various size “slices” or 

“bins.”  Traditionally, this overall polydispersity has also been converted into an 

overall polydispersity index PDI which is the square of the light scattering 

polydispersity. For a perfectly uniform sample, the PDI would be (0.0). DLS is very 

important for obtaining particle size, hydrodynamic diameter, Zeta potential etc. 

especially in the case of colloidal particle, even in host guest inclusion chemistry and 

solution chemistry. 

A scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam 

of electrons. The electrons interact with atoms in the sample, producing various 

signals that contain information about the sample's surface topography and 

composition. The electron beam is scanned in a raster scan pattern, and the beam's 

position is combined with the detected signal to produce an image. SEM can achieve 

resolution better than 1 nm. Specimens can be observed in high vacuum in 

conventional SEM, or in low vacuum or wet conditions in variable pressure or 

environmental SEM, and at a wide range of cryogenic or elevated temperatures with 

specialized instruments. The most common SEM mode is detection of secondary 

electrons emitted by atoms excited by the electron beam. The number of secondary 

electrons that can be detected depends, among other things, on specimen 

topography. By scanning the sample and collecting the secondary electrons that are 

emitted using a special detector, an image displaying the topography of the surface 

is created. In surface chemistry this is very important tool to get idea about surface 

morphology, type of aggregation form etc. In supramolecular chemistry it can give 

very good idea about change in surface morphology upon inclusion complex 

formation and resulting change in compositional stoichiometry (EDS mode). 
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Transmission electron microscopy (TEM) is a microscopy technique in which a 

beam of electrons is transmitted through a specimen to form an image. The 

specimen is most often an ultrathin section less than 100 nm thick or a suspension 

on a grid. An image is formed from the interaction of the electrons with the sample 

as the beam is transmitted through the specimen. The image is then magnified 

and focused onto an imaging device, such as a fluorescent screen, a layer 

of photographic film, or a sensor such as a charge-coupled device. 

Transmission electron microscopes are capable of imaging at a significantly 

higher  resolution  than  light microscopes. This enables the instrument to capture 

fine detail-even as small as a single column of atoms, which is thousands of times 

smaller than a resolvable object seen in a light microscope. TEM is a major analytical 

method in the physical, chemical and biological sciences. TEMs find application in 

cancer research, virology, & materials science as well as pollution, nanotechnology 

and semiconductor research. The first TEM was demonstrated by Max Knoll and 

Ernst Ruska in 1931, with this group developing the first TEM with resolution 

greater than that of light in 1933 and the first commercial TEM in 1939. In 1986, 

Ruska was awarded the Nobel Prize in physics for the development of transmission 

electron microscopy. 

In colloids chemistry this is a very important tool to get idea about surface 

morphology, type of aggregation form etc. In host guest chemistry it can give good 

idea about change in surface morphology upon inclusion complex. 

 

1.4. DERIVED  PARAMETERS AND THEIR CONSEQUENCE 

             

Apparent molar volume ( 0
V ) is obtained from experimental density results. 

The sign and magnitude of apparent molar volume ( 0
V ) gives information about the 

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

signifies about ion-ion interactions. 

Viscosity A-coefficents and B-coefficients also provide the valuable 

information about the ion-solvent interaction, estimated from experimental 

viscosity data.   
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The critical micelle concentration (CMC) is a narrow concentration range 

where the physical properties of the solution of an amphiphile show an abrupt 

change due to the cooperative formation of micelles in the bulk solution.  The CMC 

value can be obtained by the breakpoint of conductance curve and the dependence 

of physical properties was observed from there. 

Surface excess is the difference between the amount of a component actually 

present in the system, and that which would be present in a reference system if the 

bulk concentration in the adjoining phases were maintained up to the arbitrary 

chosen but precisely determined in position dividing surface. The surface excess 

concentration Γ is the area-related concentration of a surfactant at the surface or 

interface. It has the unit mol/m2. 

The minimum area per surfactant molecule (Amin) or "mean molecular area” 

at the air-liquid interface. It may be calculated from the relationship viz.  

                                            Amin= 1018/NA Гmax 

Here Гmax = the surface excess concentration 
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CHAPTER II 
 

GENERAL INTRODUCTION (REVIEW OF THE PREVIOUS WORKS) 
 

2.1. IONIC LIQUIDS 

In the last few decades a new class of materials came into the focus of 

researcher around the world: ionic liquids (IL). There physical and chemical 

characteristics are growing interests to contemporary scientists. A more 

comprehensive outline about the possible applications and properties of ionic 

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

Wasserscheid and Tom Welton [1].  The commonly accepted definition of ionic 

liquids is that they are “ionic materials that are liquid below 373 K” [2].  Ionic liquids 

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

combined  with  an  organic  or  inorganic  anion [3]. However, the opinions about 

the definition of “ionic material” are more spread. Many alternatives to organic 

solvents have been proposed over the last two decades. However,  many  organic  

compounds  do  not  dissolve  in  water,  and particularly  solids  cannot  be  assorted  

without  a  solvent.  Thus appropriate alternatives of water  have  been  required  

and  it was found  that ionic  liquids  have  gained  a  lot  of  attention  as  emerging 

green replacements of water, i.e., ideal solvent[4].  The melting points of these 

organic salts are frequently found below 150 °C (423K) and occasionally as low as –

96 °C (177K).  They normally have high solvency power, low vapour pressure and 

high ionic conductivity for polar and non-polar compounds. Furthermore, the ability 

to tune the solvent properties of the ionic liquids is one of their outstanding features, 

which makes them unique solvents for various reactions and separations [5, 6]. 

Room temperature ionic liquid (RTIL) are ILs which are liquid at room 

temperature. In the older (and some current) review, ionic liquids are occasionally 

called liquid organic salts, it may be fused salts or molten salts or ionic melts. RTIL 

have also termed as non-aqueous ionic liquids, room-temperature molten salts, 

organic ionic liquids and ionic fluids [7]. In existing times Ionic liquids (IL) have 

appeared as room temperature ionic liquids (RTILs) and atmosphere responsive 

solvents for the development of the industrialized chemical compounds. Ionic 
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liquids now have been increasingly used for various commercial and prospective 

purposes such as organic synthetic chemistry, catalytic process, electrochemical 

industries and solvent extraction techniques. Usually, organic or inorganic part of 

the IL is cation and inorganic part is anion [8]. 

 

Commonly ILs consist of a large bulky and asymmetric organic cations based 

on 1-alkyl-3-methylimidazolium (abbreviated [Cnmim]+, where n = number of 

carbon atoms in a linear alkyl chain), N-alkylpyridinium (accordingly abbreviated 

[Cnpy]+) or 1-butyl-1-methylpyrrolidinium(accordingly abbreviated [CnPyrr]+), or 

many others; and inorganic anions such as hexafluorophosphate [PF6]-, 

tetrafluoroborate [BF4]-, some alkylsulfates [RSO4]-, halides as chloride [Cl]-, 

bromide [Br]- or iodide [I]-, nitrate [NO3]-, sulfate [SO4]-, aluminium chloride [AlCl4]-

, triflate ([CF3SO3]- = [TfO]-), bis(trifluoromethylsulfonyl)imide ([(CF3SO2)2N]- = 

[Tf2N]-), etc. 

 

Ionic liquids have wide uses, such as the recovery of bio-fuels, desulfurization 

of diesel oil and supercritical fluid extractions etc. Ionic liquids also have potential 

applications in lubricants, in solar cells, heat transfer and storage, in nuclear fuel 

processing, in membrane technology and for the dissolution of cellulose. 
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Because of these versatile applications and properties, scientific community 

have immense demand of ionic liquids (both in academia and industry). Almost 

8000 papers have been published in the last decade. There are about one million 

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

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

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

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

possible IL systems that can be prepared from the combination of anions, cations, 

and other substituent. At present only about 300 ionic liquids are commercialized. 

This number in the case of ionic liquid based surfactants is even much more less. 

The all-round and extremely useful properties of ILs have been documented in the 

current millennium; this led to an explosive growth in the number of basic research 

on ILs. Soon afterward, it was recognized that these properties should also apply to 

compounds that carry long hydrocarbon chains, that is, compounds with surface 

activity. [9, 10] 

2.2. SOME BIOLOGICALLY ACTIVE MOLECULES 

Biologically active molecules have at least one practical effect on living 

organism, tissue or cell of the living organism. For this reason all the drug molecules 

are biologically active molecules including some vitamin, amino acid, alkaloid and 

other organic acid molecules. Basically they are organic molecules having carbon, 

hydrogen and oxygen and to lesser extent of nitrogen, phosphorus and sulphur. 

They include macromolecules such as polysaccharides, proteins, lipids, alkaloids and 
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nucleic acids as well as small molecules such as natural products etc.  Biologically 

active compounds are widely used as a drug, food or nutrients.  These active 

molecules thus have direct effects on health. These will reduce many hazardous 

diseases, like cancer, cardiovascular disease, diabetes etc. Because of these biological 

activity, diverse and numerous experimental approach are to be considered to 

understanding of biological significance of bio-active molecules. Thus bio-active 

molecules are therefore required in almost all metabolic and therapeutic purposes. 

Cyclodextrins (α and β) are cyclic polysaccharides, both of them contain 

glucose unit, widely applied in production of medicine and food, cosmetics, paint, 

and textile industries.  In the production of medicine, it can strengthen the stability 

of medicine without being oxidized and resolving.  And the effect on living of 

medicine, lower the toxic and side-effect of medicine and cover the strange and bad 

smell. In the production of food, it can mainly cover strange and bad smell of food, 

improve the stability of perfume and condiment and keep food dry or wet at will. 

Cyclodextrins (α and β) are most commonly used as a complexing agent in 

hormones, some vitamins and many other compounds normally used in tissue and 

cell biology [11,12]. 

India with the highest number of people suffering from diabetic disorders has 

been considered as the diabetic capital of the world by the “International Journal of 

Diabetes in Developing Countries.” There is an alarming rise in diabetes patients in 

India; approximately 3.4 million deaths occur due to complication related to high 

blood sugar. Trigonelline is a pyridine alkaloid known to be mostly found in 

leguminosae members and is reported to be metabolically active as a hypocholesterolemic 

agent along with potential hypoglycemic effect [11-14][13-17]. Fenugreek has been 

successfully implemented as antidiabetic remedy for both types I and II diabetes [15] 

[18]. Moreover, fenugreek has been reported to be enriched with wide spectrum of 

pharmacological and folkloric consequence [16] [19]. 

2.3. INCLUSION COMPLEXES 

Inclusion Complexes are those in which a guest molecule or part of the 

molecule is inserted into the molecular host. The molecular approach taking place 

for these host-guest complexes is non-covalent in nature. Cyclodextrin, crown 

ethers, porphyrins, calixarenes etc. are seems to be the host molecules. The host 
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molecules have suitable polarity and cavity size. In host-guest chemistry, 

an inclusion complex  is a complex  in which one chemical species ("host") forms a 

cavity in which molecules of a second "guest" molecule or entity are situated in the 

host cavity and thus form inclusion complex through various favourable weak 

interactions. Ionic liquids, surfactants, ionic liquid surfactants, alkaloids, amino acid 

and amino acid derivatives are considered as guest molecules for inclusion 

complexes with cyclodextrins, calixarenes, crowns etc. and their derivatives. 

The solubility and dissolution properties of drugs play an important role in 

the process of formulation progress. Problem of solubility of some bio-molecules is a 

major challenge for formulation chemist. Solid dispersion, solvent deposition, 

micronization are some vital approaches routinely employed to improve the 

solubility of feebly water soluble drugs. Each direction suffers with some boundaries 

and advantages. Among all, complexation technique has been employed more 

precisely to improve the aqueous miscibility, dissolution rate, and bioavailability of 

feebly water soluble drugs. Various physicochemical, microscopic and reliable 

spectroscopic techniques have been investigated to explain and understand the 

nature of interactions and of inclusion complexes. 

Drug molecules are difficult to deliver due to bioavailability problems. 

Formulation of such tricky molecules are being tried to improve their solubility and 

bio-availability by physical modification. For such physical modifications, various 

excipients such as cyclodextrins, carbohydrates, and dendrimers are utilized. Most 

of the drugs are poorly water soluble drugs. There are numerous approaches 

available and reported in literature to enhance the solubility of poorly water soluble 

drug. The techniques are selected on the basis of definite aspects such as properties 

of drug under contemplation, nature of excipients to be selected and nature of 

intended dosage form. Among these approaches salting nature, solubility, particle 

size reduction, solid dispersion, and solvent deposition technique are most 

frequently used.  Inclusion complex with cyclodextrins and other host molecules are 

the most attractive technique to enhance aqueous solubility of poorly soluble drugs. 

CyDs, act as the useful solubilizer enabling both solid and liquid oral and parenteral 

dosage forms. Solid binary system of drug and CyDs are capable to modify the 

physicochemical properties of drugs. The CyDs, due to their high aqueous solubility, 
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they became capable to enhance the dissolution rate and bio-availability of the 

poorly soluble drugs. The permeation of insoluble drugs through various biological 

membranes can also be enhanced by preparing drug-CyD inclusion compounds [19, 

20] [22, 23]. 

2.4. SOLUTION CHEMISTRY 

Solution chemistry investigates the miscibility of substances and it deals with 

the change in properties and chemical nature of both solute and solvent. There are 

three types of approach have been made to estimate the degree of solvation. The 

first is the solvation approaches connecting the studies of viscosity, density, 

conductance, etc., of electrolytes and the derivation of various factors related with 

ionic solvation [21], the second is the thermodynamic input by measuring the free 

energies, enthalpies and entropies of solvation of ions from which factors related 

with solvation can be exposed [22] and the third is to use spectroscopic 

measurements where the spectral shifts or the chemical shifts find out their 

qualitative and quantitative nature[23]. 

Therefore, understanding of the solvation phenomena will become 

authenticity only when solute-solute, solute-solvent and solvent-solvent interactions 

are operated in the solution or liquid systems and hence the present research work 

is quite thoroughly related to the studies of solute-solute, and solvent-solvent 

interactions in some industrially and biologically important   liquid systems. 

 

2.5. INTERACTIONS IN LIQUID PHASE 

There three types of interactions in the liquid systems:  

a. Solvent – solvent interactions: energy necessary to break weak bonds 

between solvent molecules.  

b. Solute – solute interactions: energy necessary to break intermolecular 

bonds between the solute molecules.  

c. Solute – solvent interactions:  comprises H negative because of bonds are 

formed between them.  
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The liquid phase is described by local order and long-range disorder, and to 

study processes in liquid systems, it is therefore valuable to use methods that probe 

the local surrounding of the constituent particles. The same is also true for solvation 

processes: a local probe is important to obtain insight into the physical and chemical 

processes occurring solvent media. 

 

Schematic presentation of possible processes for solvation of a molecule. 

 

2.5.1. VARIOUS KINDS OF INTERACTIONS 

The forces of interactions can be attractive or repulsive depending on 

charges of the solute and solvent molecules. On average, dipoles in a liquid orient 

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

makes the process unfeasible. 
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Polar solvent molecules are attracted by the ions of the solute molecules. For 

sake of simplicity, if the water molecules are on the crystal surfaces of ionic crystals 

then water molecules gradually surround and isolate the surface ions of the soluble 

crystals. They gradually move away from the crystal into solution, is called 

dissociation. The surrounding of solute particles by solvent particles is called 

solvation. When the ions are dissociated, each ionic species in the solution acts as 

though it were present alone. Thus, a solution of NaCl acts as a solution of Na+ & Cl-. 

The determination of thermodynamic, transport and volumetric properties of 

different electrolytes in aqueous medium would thus give an essential step in this 

direction. So, the development of theories, involving with electrolyte solutions, much 

interest has been devoted to ion-solvent interactions which are the determining 

forces in infinitely dilute solutions where ion-ion interactions are absent. Also, the 

contributions due to cations and anions of the solute can determine by the ionic-

contribution estimation in the solute-solvent systems. Thus, ion-solvent interactions 

explain a very key role to know the physicochemical behaviour of the solute 

particles in diverse liquid systems. 

The ion-solvent interactions can also be investigated from the evaluation of 

thermodynamic parameters, e.g., changes of free energy, enthalpy and entropy, etc. 

associated with a particular reaction. 

2.5.2. ION-SOLVENT INTERACTION 

Every living organism has solvated ions with their optimum existence. The 

exchange of solvent molecules around ions in solutions is basic to the understanding 

of the reactivity of ions in solution [24]. Solvated ions also play a key function in 

electrochemical industries, where for instance the conductivity of electrolytes 

depends on ion-solvent relations [25]. 
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The possible chemical method of producing ionic solutions 

 

In the ionic states, the solvent have collision with the walls of the crystal 

gives the ions in the crystal lattice and the process is energetically favourable. Thus 

there is a substantial energy of interaction between the ions and the solvent 

molecules, termed as ion- solvent interactions. 

 

Water is the universal solvent in nature and its major consequence to applied 

science. Water has been broadly used in kinetic and equilibrium studies. But still our 

knowledge of molecular interactions in water is very limited. Moreover, the 

uniqueness of water as a solvent has been a subject of debate [26]. 

Ion-solvent interactions can also be investigated by spectrometry [30]. The 

spectral shifts of solvent or the chemical shifts can determine the qualitative and 

quantitative nature of ion-solvent associations. 
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2.5.3. ION-ION INTERACTION 

The surrounding of an ion sees not only solvent molecules but also other 

ions. The mutual interactions between these ions comprise the fundamental part- 

‘ion-ion interactions’. The extent of an ion-ion interaction affects the properties of 

solution and depends on the nature of electrolyte under investigation. These 

interactions are usually stronger than ion-solvent interactions. Ion-ion interaction in 

dilute solutions is now theoretically well implicit. While proton transfer reactions 

are predominantly sensitive to the nature of the solvent, it has become cleared that 

the solvents appreciably modify the majority of the solutes. On the contrary, the 

nature of the strongly structured solvents, such as water, is significantly modified by 

the presence of solutes. 

 

 

2.5.4. SOLVENT-SOLVENT INTERACTION (THEORY OF MIXED SOLVENTS) 

Non-aqueous and mixed solvents are gradually more used in 

chromatography, solvent extraction, in the verification reaction mechanism, in 

batteries, etc. Theories of perturbation type have been extended from their 

successful applicability in pure solvents to mixed solvents. Prigogine and Bellemans 

[33] developed a two fluid version of the cell model. They found that while excess 

molar volume (VE) was negative for mixtures with molecules of almost equal size, it 

was large positive for mixtures with molecules having little difference in their 

molecular sizes. Treszczanowicz et al. [34] suggested that VE is the result of several 
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contributions from several opposing effects. These may be divided arbitrarily into 

three types, viz., physical, chemical and structural. 

 

Physical contributions add a positive term to VE. The chemical intermolecular 

interactions result in a volume decrease and add negative values to VE. The 

structural contributions are mostly negative and arise from several effects, 

especially from interstitial accommodation and changes in the free volume. The 

actual volume change would therefore depend on the relative strength of these 

effects. However, it is generally assumed that when VE is negative, viscosity variation 

(Δη) may be positive and vice-versa. This postulation is not a concrete one, as 

evident from some studies [35, 36]. It is observed in many systems that there is no 

simple correlation between the strength of interaction and the observed properties. 

Rastogi et al. [37] therefore suggested that the observed excess property is a 

combination of an interaction and non-interaction part. Then ion-interaction part in 

the form of size effect can be comparable to the interaction part and may be 

sufficient to reverse the trend set by the latter. Based on the principle of 

corresponding states as suggested by Pitzer [38], L. Huggins [39] introduced a new 

move towards in his theory of conformal solutions. Using a easy perturbation 

approach, he showed that the properties of mixtures could be obtained from the 

knowledge of intermolecular forces and thermodynamic properties of the pure 

components.  Recently, Rowlinson et al. [40-42] reformulated the average rules for 

Vander Waal’s mixtures and their calculated values were in much better agreement 

with the experimental values even when one fluid theory was applied. A successful 

approach is due to Flory who made the use of certain features of cell theory [44-46] 

and developed a statistical theory for predicting the excess properties of binary 
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mixtures by using the equation of state and the properties of pure components along 

with some variable parameters. This theory is applicable to mixtures containing 

components with molecules of different shapes and sizes. Patterson and Dilamas 

[47] combined both Prigogine and Flory theories to a unified one for rationalizing 

various contributions of free volume, internal pressure, etc. to the excess properties. 

Recently, Heintz [46-51] and co-workers suggested a theoretical model based on a 

statistical mechanical derivation and accounts for self-association and cross 

association in hydrogen bonded solvent mixtures is termed as Extended Real 

Associated Solution model (ERAS). It combines the effect of association with non-

associative intermolecular interaction occurring in solvent mixtures based on 

equation of state developed originally by Flory et.al. Subsequently the ERAS model 

has been successfully applied by many workers [52] to describe the excess 

thermodynamic properties of alkanol-amine mixtures. Recently, a new symmetrical 

reformation on the Extended Real Association (ERAS) model has been described in 

the literature [53]. The symmetrical-ERAS (S-ERAS) model makes it possible to 

describe excess molar enthalpies and volumes of binary mixtures containing very 

similar compounds described by extremely small mixing functions. The symmetrical 

Extended Real Associated Solution Model (S-ERAS) is, in fact, a simple continuation 

of the ERAS model. It was developed in order to widen its applicability to the 

thermodynamic properties of systems that could not be satisfactorily described by 

the equations of the ERAS model [54, 55]. 

2.5.5. BINDING FORCES   OF ATOMS IN A MOLECULE 

Molecular interactions between two or more molecules are known 

as intermolecular interactions and the interactions between the atoms within a 

molecule are called intramolecular interactions.  Intermolecular interactions 

presence all types of molecules or ions in all states of matter. The energy required to 

break a chemical bond is called the bond-energy, e.g. the average bond-energy for O-

H bonds in H2O is 463kJ/mol. The forces holding molecules together are generally 

called intermolecular forces. The energy required to break molecules apart is much 

smaller than a characteristic bond-energy, but intermolecular forces play vital roles 

in determining the properties of a substances. Intermolecular forces are mainly 

important in terms how molecules interact & form biological organisms or even life. 
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An assortment of intermolecular forces of interactions are- 

a. Strong ionic attraction: It relates to properties of ionic solids. The more ionic 

compound has the higher lattice energy. The following trends can be explained 

by ionic attraction: LiF, 1036; LiI, 737; KF, 821; MgF2, 2957 kJ/mol. 

 

b. Dipole-dipole forces: 

Molecules have permanent dipoles can interact with other polar molecules 

through dipole-dipole interactions and this type of interactions are electrostatic in 

nature. Higher dipole moment material show greater melting and boiling point than 

lower dipole moment material. 

 

c. Ion-dipole forces: This is the attractive interaction between ion and a dipolar 

molecule. 
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d. Weak London dispersion forces or Van der Waal's force: 

This type of attractive interactions arises as a result of temporary dipoles 

induced atoms or molecules. Dispersion forces also identified as London forces or 

induced dipoles. It is two types; one is ion-induced dipole and other one is dipole –

induced dipole. 

 

A permanent dipole molecule can induce a near about molecule and create a 

dipole in the second molecule that is located nearby in space. The strength of the 

interaction depends on the dipole moment of the first molecule and the 

polarizability of the second. 
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e. Hydrogen bond: Hydrogen (H) bond is the attractive force of interaction 

between polar molecules in which hydrogen is bound to highly electronegative 

atom, such as nitrogen, oxygen or fluorine. The H atom so covalently bonded to 

other electronegative atoms of the other molecule or itself to create the new type of 

bond. This type of bond can occur intermolecularly or intramolecularly. 

 

 

 

The H bond ( 5 to 30 kJ mole-1) is stronger than a van der Waals interaction, 

but weaker than covalent or ionic bonds. Certain substances such as H2O, HF, NH3 

form H bonds, and the formation of which affects properties (m.p, b.p, solubility) of 

substance. 
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Intermolecular hydrogen bonding in a self-assembled dimer complex 

 

f. Covalent bonding: Covalent bond is a chemical bond that involves the 

sharing of electrons pairs between two atoms. Covalent is actually intramolecular 

force rather than intermolecular force. Covalent bonds are strong, and their 

enthalpies are on the order of 100 kcal mole-1 and weaker than ionic bond. It is 

declared here, because some solids are formed by the covalent interactions, e.g. in 

diamond molecule, silica and quartz etc., atoms in the whole crystal are correlated 

together by covalent bonding. So, the solids are hard, brittle, and have high melting 

& boiling points. 

 

Covalent Bonding in Diamond 

Intermolecular interactions are important in decisive the solubility of a 

substance. “Like dissolve like” i.e., polar molecules dissolve in polar solvent and vice 

versa. 
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2.6. DENSITY 

The physicochemical properties of liquid systems have alarmed much 

attention from both theoretical and engineering application. The volumetric 

properties include “Density” as a function of weight, volume, mole fraction and 

excess volumes of mixing. One of the recognized approaches to the study of 

molecular interactions in liquids is the utilization of thermodynamic methods. These 

properties are generally some thermodynamic parameters, such as enthalpy, 

entropy and Gibbs energy represents the macroscopic state of the system. The 

appearance of these macroscopic properties in terms of molecular phenomena is 

typically difficult. Various concepts regarding molecular processes in solutions like 

electrostriction, hydrophobic hydrations, micellization and co-sphere overlap during 

solute-solvent interactions [57-59] have been derived and interpreted from the 

partial molar volume data. 

2.6.1. APPARENT AND PARTIAL MOLAR VOLUMES 

In dilute solutions the molar volume data are useful understand the solute-

solvent interaction, is obtained from the density measurements.  The volume 

contributed to a solvent by the addition of one mole of an ion is difficult to know 

because, upon admission into the solvent, the ions change the volume of the solution 

due to a breakup of the solvent structure near the ions and the compression of the 

solvent under the influence of the ion’s electric field, i.e., electrostriction. It’s a 

general phenomenon & whenever there are electric fields of the order of 109-1010 V 

m-1, the compression of ions and molecules is likely to be important. The effective 

volume of an ion in solution, the partial molar volume, can be determined from an 

easily obtainable quantity-apparent molar volume ( V ). The apparent molar 

volumes, ( V ), of the solutes can be calculated by using the following relation [52]. 

 0

0 0

1000  


 


 V
M

c
 

(1) 

Where, M is the molar mass of the solute,  

c is the molarities of the solution, 

ρο and ρ are correspond to the densities of the solvent and the solution, 
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The partial molar volumes, 2v can be obtained from the equation [60]: 

   1
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(2) 

The extrapolation of the apparent molar volume of electrolyte to infinite dilution 

solution obtained by four most important equations over a decade’s viz. the Masson 

[61], the Redlich-Meyer [62], the Owen-Brinkley [63], and the Pitzer equation. 

Masson found that the apparent molar volume of electrolyte, V , differ with the 

square root of the molar concentration by the use of  linear equation:      

0 *
V V VS c                                      (3) 

Where, 0
V is the apparent molar volume or the partial molar volume at infinite 

dilution and *
VS   the experimental slope. The majority of V  data in H2O & nearly all 

V data in non-aqueous [52-63] solvents have been extrapolated to infinite dilution 

through the use of equation (3). 

The temperature dependence of 0
V of different investigated electrolytes in various 

solvents can be articulated as follows: 

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

Where 0a , 1a and 2a  are the coefficients of a particular electrolyte and T is the 

temperature in Kelvin scale.  

The limiting apparent molar expansibilities ( 0
E ) can be designed by the        

following equation: 

 0 0
1 2δ δ 2E V P

T a a T   
                                   

(5) 

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

variation of temperature. Different workers emphasized that *
VS is not the only norm 

for determining the structure-making or breaking tendency of any solute. So, Helper 

[65] developed a method of examining the sign of  PE Tδδ 0 for the solute in terms 
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of long–range structure-making and breaking capacity of the electrolytes in the 

mixed solvent systems. The general thermodynamic expression used for structure 

oriented purpose is as follows: 

   0 2 0 2
2δ δ δ δ 2E VP P

T T a  
                               

(6) 

If the sign of  PE Tδδ 0 is positive or small negative the electrolyte is a structure 

maker and vice versa. Redlich and Meyer [63] have shown that an equation (3) 

cannot become a limiting law where for a given solvent and temperature, the slope 

Sv* should depend only upon the valence type. They recommended the equation: 

0
v v v vS c b c     (7) 

where 
3

2
vS Kw  (8) 

SV is the theoretical slope, based on molar concentration, with the valence factor 

where  

20.5
j

i i
i

w Y Z 
                                                                       

(9) 

And, 
1

2
2 2

3

8 ln
1000 3T

K N e
RT p

              
                  (10) 

In equation (10), K  is the compressibility of the solvent and the others signifying 

their usual meanings. 

The Redlich-Meyer’s extrapolation equation [62] effectively represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions; 

however, studies on some 2:1, 3:1 and 4:1 electrolytes show deviations from this 

equation. Thus, for polyvalent electrolytes, the more complete Owen-Brinkley 

equation [63] can be used to aid in the extrapolation to infinite dilution and to 

adequately represent the concentration dependency of V . The Owen-Brinkley 

equation which includes the ion-size parameter, a (cm), is: 

   0 0.5 0.5        V V V V VS a c w a c K c      (11) 
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Where, the symbols have their usual significance. However, this equation is not 

widely used for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by Pogue and Atkinson [67] to fit 

the apparent molal volume data. The Pitzer equation for the apparent molar 

volume of a single salt M MMX   is as follows & the symbols are of usual meaning : 

 
1 1

0 2 22 22 2     
            

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

 
(12) 

2.6.2. LIMITING PARTIAL MOLAR VOLUMES 

The calculation of the ionic limiting partial molar volumes in diverse solvents 

is, however, a difficult one. At present, however, most of the existing ionic limiting 

partial molar volumes in organic solvents were obtained by the application of 

methods originally developed for aqueous solutions to non-aqueous electrolyte 

solutions. In the last few years, the way suggested by Conway et al. [68] has been 

used more often. These authors used the method to determine the limiting partial 

molar volumes of the anion for a series of homologous tetraalkylammonium 

chlorides, bromides and iodides in aqueous solution. They plotted the limiting 

partial molar volume
4

0
v R NX , for a series of these salts with a halide ion in common 

as a function of the formula weight of the cation, MR4N+ and obtained straight-lines 

for each series in the given equation (13): 

4 4

0 0   v R NX vR N X
bM

             
(13) 

The extrapolation to zero cationic formula weight gave 0
V X
  of the of the halide ions. 

Uosaki et al. [69] used this method for the parting of some literature values and of 

their own 
4

0
V R NX  values into ionic contributions in organic electrolyte solutions. 

Krumgalz [70] applied the similar method to a large number of partial molar volume 

data for non-aqueous electrolyte solutions in a wide temperature range. 

2.6.3. EXCESS MOLAR VOLUMES 

The excess molar volumes, VE are calculated from the molar masses Mi and 

the densities of pure liquids and the mixtures by the following equation [71, 72] 
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(14) 

Where, i and  are the density of the  ith  component  and  density  of  the  solution 

mixture respectively. VE is the resultant of contributions from several opposing 

effects, namely, chemical, physical and structural. Physical contributions, which are 

nonspecific interactions between the real species present in the mixture, contribute 

a positive term to VE. The chemical or specific intermolecular interactions result in a 

volume decrease, thereby contributing negative VE values. The structural 

contributions are mostly negative and arise from several effects. 

 

2.7. VISCOSITY 

Viscosity is the basic property of liquids. Viscosity and volume could also give 

a lot of information on the structures and molecular interactions of liquid mixtures. 

Viscosity and volume are different types of properties of one liquid, though there is a 

certain relationship between them. So by measuring and studying them together, 

relatively more realistic and comprehensive information could be expected to be 

gained. The viscometric information includes ‘Viscosity’ as a function of 

composition, on the basis of weight, volume and mole fraction; comparison of 

experimental viscosities with those calculated with several equations and excess 

Gibbs free energy of viscous flow. Viscosity, one of the most significant transport 

properties is used for the determination of ion-solvent interactions and studied 

widely [73, 74]. Viscosity is not thermodynamic quantity, but viscosity of an 

electrolytic solution along with the thermodynamic property, 0
,2v , i.e., the partial 

molar volume, gives lot of information and insight regarding ion-solvent interactions 

and the nature of structures in the electrolytic solutions. 

 

2.7.1. VISCOSITY OF PURE LIQUIDS AND LIQUID MIXTURES 

The comparison of viscosity of pure liquids & liquid mixtures give the idea 

about the molecular motion in liquids and it is controlled by the influence of the 

neighbouring molecules. The actual movement of molecules depends on the 
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intermolecular force between the neighbouring molecules. Thus this aspect of the 

momentum transfer which forms the origin of the procedures for predicting the 

variations in the viscosity of liquids and also liquid mixtures. 

 

2.7.2. THE REACTION RATE THEORY FOR VISCOUS FLOW 

Considering viscous flow as a chemical reaction in which a molecule moving 

in a plane occasionally acquires the activation energy necessary to sleep over the 

potential barrier to the next equilibrium position in the same plane. Eyring [78]  

showed that the viscosity of the liquid is given by: 

2 *
2 3

expi n act

a

hF E
F kT

 
  

                     (15) 

Where λ is the average distance between the equilibrium positions in the direction 

of motion, λ1is the perpendicular distance between two neighbouring layers of 

molecules in relative motion, λ2is the distance between neighbouring molecules in 

the same direction and λ3is the distance from molecule to molecule in the plane 

normal to the direction of motion. The transmission coefficient (ĸ) is the measure of 

the chance that a molecule having once crossed the potential barrier will react and 

not cross in the reverse direction, Fn is the partition function of the normal 

molecules, *
aF that of the activated molecule with a degree of freedom corresponding 

to flow, actE is the energy of activation for the flow process, h is Planck’s constant 

and k is Boltzmann constant. Ewell and Eyring argued that for a molecule to flow 

into a hole, it is not necessary that the latter be of the same size as the molecule. 

Consequently they assume that  actE is a function of  vapE for viscous flow because 

 vapE is the energy required to make a hole in the liquid of the size of a molecule. 

Utilizing the idea and certain other relations [76] finally gets 

11
32

1
3

(2 ) exp VapA

A Vap

EN h mkT bRTV
Vh nRTN E







                      

(16) 

Where, n and b are constants. It was found that the theory could reproduce the trend 

in temperature dependence of η but the computed values are greater than the 
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observed values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and Stearn [80, 

85] have summarized all the working relations. 

2.7.3. THE SIGNIFICANT STRUCTURE THEORY AND LIQUID VISCOSITY 

Eyring and co-workers [78-83] improved the “holes in solid” model theory to 

picture the liquid state by identifying three significant structures. In brief, a 

molecule has solid like properties for the short time it vibrates about an equilibrium 

position and then it assumes instantly the gas like behaviour on jumping into the 

neighbouring vacancy. The above idea of significant structures leads to the following 

relation for the viscosity of liquid [78-79]. 

s s
S g

V V V
V V

  
 

                                   
(17) 

Where, VS   is the molar volume of the solid at the melting point and V is the molar 

volume of the liquid at the temperature of interest while ηS  and ηg are the viscosity 

contributions from the solid-like and gas-like degrees of freedom, respectively. The 

expressions for ηS  and ηg are given by Carlson, Eyring and Ree [86]. Eyring and Ree 

[87] have discussed in detail the evaluation of ηS from the reaction rate theory of 

Eyring [88] assuming that asolid molecule can jump into all neighbouring empty 

sites. The expression for ηS takes the following form [89] 

휂 =
푁 ℎ
푍ĸ .

푉
푉 	 .
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1
푉 − 푉 .

1

1− 푒
푒푥푝

푎 ́퐸 푉
(푉 − 푉 )푅푇																																																												(18) 

Where AN is Avogadro’s number, Z is the number of nearest neighbours, θ is the 

Einstein characteristic temperature, ES is the energy of sublimation and a’ is the 

proportionality constant. On the other hand, the term ηg is obtained from the kinetic 

theory of gases by the relation: 

1
2

2 3

2
3g

mkT
d




   
                                            

(19) 

Where d is the molecular diameter and m is the molecular mass. 
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2.7.4. VISCOSITY OF ELECTROLYTIC SOLUTIONS 

The viscosity relationships of electrolytic solutions are highly complicated. 

Because ion-ion and ion-solvent interactions are occurring in the solution and 

separation of the related forces is a difficult task. But, from careful analysis, vivid 

and valid conclusions can be drawn regarding the structure and the nature of the 

solvation of the particular system. As viscosity is a measure of the friction between 

adjacent, relatively moving parallel planes of the liquid, anything that increases or 

decreases the interaction between the planes will raise or lower the friction and 

thus, increase or decrease the viscosity. If large spheres are placed in the liquid, the 

planes will be keyed together in increasing the viscosity. Similarly, increase in the 

average degree of hydrogen bonding between the planes will increase the friction 

between the planes, thereby viscosity. An ion with a large rigid co-sphere for a 

structure-promoting ion will behave as a rigid sphere placed in the liquid and 

increase the inter-planar friction. Similarly, an ion increasing the degree of hydrogen 

bonding or the degree of correlation among the adjacent solvent molecules will 

increase the viscosity. Conversely, ions destroying correlation would decrease the 

viscosity. In 1905, Grüneisen [90] performed the first systematic measurement of 

viscosities of a number of electrolytic solutions over a wide range of concentrations. 

He noted non-linearity and negative curvature in the viscosity concentration curves 

irrespective of low or high concentrations. In 1929, Jones and Dole [91] suggested an 

empirical equation quantitatively correlating the relative viscosities of the 

electrolytes with molar concentrations (c):  

1r
o

A c Bc 


                                                    (20) 

The above equation can be rearranged as:  

1r A B c
c

 
                                                         (21) 

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

equation is applicable equally to aqueous and non-aqueous solvent systems where 

there is no ionic association and has been used extensively. The term A√c, originally 

ascribed to Grüneisen effect, arose from the long-range columbic forces between the 

ions. The significance of the term had since then been realized due to the 
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development Debye-Hückel theory [92] of inter-ionic attractions in 1923. The A -

coefficient depends on the ion-ion interactions and can be calculated from interionic 

attraction theory [93] and is given by the Falkenhagen Vernon [94-95] equation: 

2

0.5

0.2577 1 0.6863
( )

o
TheoA

T

 

 
 

  
    

 

 

  
    
   

              (22) 

Where, the symbols have their usual significance. In very accurate work on aqueous 

solutions [96], A-coefficient has been obtained by fitting ηr to equation (22) and 

compared with the values calculated from equation (23), the agreement was 

normally excellent. The accuracy achieved with partially aqueous solutions was 

however poorer [97]. A-coefficient suggesting that should be calculated from 

conductivity measurements. Crudden et al. [98] suggested that if association of the 

ions occurs to form an ion pair, the viscosity should be analysed by the equation: 

1 1r
i P

A c B B
c

  
 

      
                                         

(23) 

Where A, Bi and BP are characteristic constants and a is the degree of dissociation of 

ion pair. Thus, a plot of (ηr-1-A√αc/αc) against (1−α)/α, when extrapolated to 

(1−α)/α= 0 gave the intercept Bi. However, for the most of the electrolytic solutions 

both aqueous and non-aqueous, the equation (22) is valid up to 0.1 (M) [100, 101] 

with in experimental errors. 

At higher concentrations the extended equation (25), involving an additional 

coefficient D, originally used by Kaminsky, has been used by several workers [102, 

104] and is given below: 

21r
o

A c Bc Dc 


                                                (24) 

The coefficient D cannot be evaluated properly and the significance of the constant is 

also not always meaningful and therefore, equation (21) is used by the most of the 

workers. 

The plots of (η/ηo -1)/√c against √c for the electrolytes should give the value 

of A-coefficient. But sometimes, the values come out to be negative or considerably 

scatter and also deviation from linearity occur [105-106]. Thus, instead of 
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determining A- coefficient from the plots or by the least square method, the A -

coefficient are generally calculated using Falkenhagen-Vernon equation (23).A -

coefficient should be zero for non-electrolytes. According to Jones and Dole, the A -

coefficient probably represents the stiffening effect on the solution of the electric 

forces between the ions, which tend to maintain a space-lattice structure [107]. The 

B -coefficient may be either positive or negative and it is actually the ion-solvent 

interaction parameter. It is conditioned by the ions and the solvent and cannot be 

calculated a priori. The B –coefficients are obtained as slopes of the straight lines 

using the least square method and intercepts equal to the A values. 

The factors influencing B - coefficients are: 

(1) The effect of ionic solvation and the action of the field of the ion in producing 

long-range order in solvent molecules, increase η or B -value. 

(2) The destruction of the three dimensional structure of solvent molecules (i.e., 

structure breaking effect or depolymeriation effect) decreases η values. 

(3) High molal volume and low dielectric constant, which yield high B-values for 

similar solvents. 

(4) Reduced B-values are obtained when the primary solution of ions is sterically 

hindered in high molal volume solvents or if either ion of a binary electrolyte cannot 

be specifically solvated. 

 

2.7.5. DIVISION OF B-COEFFICIENT INTO IONIC VALUES 

The viscosity B -coefficients have been determined by a large number of 

workers in aqueous, mixed and non-aqueous solvents. However, the B -coefficients 

as determined experimentally using the Jones-Dole equation, does not give any 

impression regarding ion-solvent interactions unless there is some way to identify 

the separate contribution of cations and anions to the total solute-solvent 

interaction. The division of B -values into ionic components is quite arbitrary and 

based on some assumptions, the validity of which may be questioned. The following 

methods have been used for the division of B – values in the ionic components: 
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(1) Cox and Wolfenden [123] carried out the division on the assumption that       Bion 

values of Li+ and IO3⁻in LiIO3 are proportional to the ionic volumes which are 

proportional to the third power of the ionic nobilities. The method of Gurney [124] 

and also of Kaminsky is based on: 

K Cl
B B  (In water)                                              (25) 

The argument in favour of this assignment is based on the fact that the B -

coefficients for KCl is very small and that the motilities’ of K+ and Cl− are very similar 

over the temperature range 288.15 – 318.15 K. The assignment is supported from 

other thermodynamic properties. Nightingle [125], however preferred RbCl or CsCl 

to KCl from mobility considerations. 

(2) The method suggested by Desnoyers and Perron is based on the assumption that 

the Et4N+ion in water is probably closest to be neither structure breaker not a 

structure maker. Thus, they suggest that it is possible to apply with a high degree of 

accuracy of the Einstein’s equation [126], 

0.0025B V                                           (26) 

and by having an accurate value of the partial molar volume of the ion, V , it is 

possible to calculate the value of 0.359 for
4Et N

B  in water at 298.15 K. Recently, Sacco 

et al. proposed the “reference electrolytic” method for the division of B -values. 

Thus, for tetraphenyl phosphonium tetraphenyl borate in water, we have: 

퐵 	퐵 + 	퐵 /2																																																																				(27) 

4 4BPh PPhB (Scarcely soluble in water) has been obtained by the following method: 

퐵 = 퐵 퐵 −퐵 																																																							(28) 

The values obtained are in good agreement with those obtained by other methods. 

The criteria adopted for the separation of B -coefficients in non-aqueous solvents 

differ from those generally used in water. However, the methods are based on the 

equality of equivalent conductance of counter ions at infinite dilutions. 
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(a) Criss and Mastroianni assumed	퐵 = 퐵 in ethanol based on equal mobilities 

of ions [159].  They also adopted 퐵 = 0.25	as the initial value for acetonitrile 

solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss [160] proposed the equality, as they 

thought that these ions have similar mobilities. However, according to Springer et al. 

[165], 25 4( ) 61.4Bu N   and 25 4( ) 58.3Ph B   in acetonitrile. 

퐵 = 퐵 																																																																															(29) 

(c) Gopal and Rastogi [115] resolved the B -coefficient in N-methylpropionamide 

solutions assuming that퐵 = 퐵 at all temperatures. 

(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yao 

and Beunion [154] assuming: 

퐵[( ) ] = 퐵 = 1/2퐵[( ) ]																												(30) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene carbonate [162] 

solutions. The methods, however, have been strongly criticized by Krumgalz [163]. 

According to him, any method of resolution based on the equality of equivalent 

conductance for certain ions suffers from the drawback that it is impossible to select 

any two ions for which o o   in all solvents at all temperatures. Thus, though

K Cl   at 298.15 K in methanol, but is not so in ethanol or in any other solvents. In 

addition, if the mobilities of some ions are even equal at infinite dilution, but it is not 

necessarily true at moderate concentrations for which the B -coefficient values are 

calculated. Further, according to him, equality of dimensions of 3( )i pe BuN  or 

3( )i Am BuN  and 4Ph B  does not necessarily imply the equality of B -coefficients of 

these ions and they are likely to be solvent and ion-structure dependent. Krumgalz 

[158, 159] has recently proposed a method for the resolution of B -coefficients. The 

method is based on the fact that the large tetraalkylammonium cations are not 

solvated [159, 160] in organic solvents (in the normal sense involving significant 

electrostatic interaction). Thus, the ionic B -values for large tetraalkylammonium 
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ions, R4N+ (where R > Bu) inorganic solvents are proportional to their ionic 

dimensions. So, we have: 

퐵 = 푎 + 푏푟 R N 																																																																(31) 

a=퐵 _ Band b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of 퐵 (R > Pr or Bu) against r3toR4N to zero cation 

dimension gives directly X
B  in the proper solvent and thus B -ion values can be 

calculated.  

The B -ion values can also be calculated from the equations: 

퐵 퐵 퐵 − 퐵 																																															(32) 

퐵 	

퐵 = 	
푟
푟 																																																																						(33) 

The radii of the tetraalkylammonium ions have been calculated from the 

conductometric data [167]. Gill and Sharma [165] used Bu4NBPh4 as a reference 

electrolyte. The method of resolution is based on the assumption, like Krumgalz, that 

Bu4N+ and Ph4B−ions with large R-groups are not solvated in non-aqueous solvents 

and their dimensions in such solvents are constant. The ionic radii of Bu4N+ (5 Å) 

and Ph4B (5.35 Å) were, in fact, found to remain constant in different non-aqueous 

and mixed non-aqueous solvents by Gill and co-workers. They proposed the 

equations: 

퐵
퐵 =

푟
푟 =

5.35
5.00 																																															(34) 

퐵 = 퐵 + 퐵 																																												(35) 

The method requires only the B -values of Bu4NBPh4 and is equally applicable to 

mixed non-aqueous solvents. The B -ion values obtained by this method agree well 

with those reported by Sacco et al. in different organic solvents using the 

assumption as given below: 

퐵[( ) ] = 	 퐵 	= 	1/2퐵                     (36) 

Recently, Lawrence and Sacco and others [120-129] used tetrabutylammonium 

tetrabutylborate (Bu4NBBu4) as reference electrolyte because the cation and anion 
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in each case are symmetrical in shape and have almost equal Vander Waal’s volume. 

Thus, we have: 

퐵
퐵 =

푉
푉 ( )

																																																												(37) 

퐵 =
퐵

[1 + 푉 ( )/푉 ( )] 																														(38) 

A similar division can be made for Ph4PBPh4 system. 

Recently, Lawrence et al. made the viscosity measurements of tetraalkyl (from 

propyl to heptyl) ammonium bromides in DMSO and HMPT.  

The B-coefficients 퐵 = 	 퐵 + 	푎[푓 푅 푁 ]were plotted as functions of 

the Vander Waal’s volumes. The 
Br

B  values thus obtained were compared with the 

accurately determined 
Br

B  value using Bu4NBBu4and Ph4PBPh4 as reference salts. 

They concluded that the ‘reference salt’ method is the best available method for 

division into ionic contributions. 

Jenkins and Pritcheit [130] suggested a least square analytical technique to 

examine additives relationship for combined ion thermodynamics data, to effect 

apportioning into single-ion components for alkali metal halide salts by employing 

Fajan’s competition principle[169]and ‘volcano plots’ of Morris [132]. The principle 

was extended to derive absolute single ion B-coefficients for alkali metals and 

halides in water. They also observed that 퐵 퐵 suggested by Krumgalz to be 

more reliable than 퐵 퐵 in aqueous solutions. However, we require more data to 

test the validity of this method. 

It is apparent that almost all these methods are based on certain 

approximations and anomalous results may arise unless proper mathematical 

theory is developed to calculate B -values. 

 

2.7.6. TEMPERATURE DEPENDENCE OF B -ION VALUES cut  

Regularity in the behaviour of B± and dB±/dT has been observed both in 

aqueous and non-aqueous solvents and useful generalizations have been made by 

Kaminsky. He observed that (i) within a group of the periodic table the B -ion values 
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decrease as the crystal ionic radii increase, (ii) within a group of periodic system, the 

temperature co-efficient of BIon values increase as the ionic radius. The results can be 

summarized as follows: 

(i) A and dA /dT>0                                                        (39) 

(ii) BIon<0 and / 0IondB dT                                           (40) 

Characteristics for the structure breaking of ions, 

(iii) BIon>0 and / 0IondB dT                                            (41) 

Characteristics for the structure making of ions, 

An ion when surrounded by a solvent sheath, the properties of the solvent in 

the solvational layer may be different from those present in the bulk structure. This 

is well reflected in the ‘Co-sphere’ model of Gurney [155], A, B, C Zones of Frank and 

Wen [134-139] and hydrated radius of Nightingle [140]. 

Stokes and Mills gave an analysis of the viscosity data incorporating the basic 

ideas presented before. The viscosity of a dilute electrolyte solution has been 

equated to the viscosity of the solvent (ηo) in addition the viscosity changes resulting 

from the competition between various effects occurring in the ionic neighbourhood. 

Thus, the Jones-Dole equation: 

* ( )E A D
o o A c Bc                                       (42) 

Where, η*, the positive growth in viscosity is caused by columbic interaction. Thus, 

휂 + 휂 + 휂 = 휂 퐵푐                                                          (43) 

B -coefficient can thus be explained in terms of the competitive viscosity effects. 

 

Following Stokes, Mills & Krumgalz [173] we can write: 

	퐵 = 퐵 + 퐵 + 퐵 + 퐵 																																(44) 

Whereas according to Lawrence and Sacco: 

Ion W Solv Shape Ord DiscordB B B B B B                                  (45) 



 
General Introduction (Review of the Earlier Work)                                                        

61 
 

퐵 is the positive increment arising from the obstacle to the viscous flow of the 

solvent caused by the shape and dimension of the ions (the term corresponds to E  

or ShapeB ). 퐵 is the positive increment arising from the alignment or structure 

making action of the electric field of the ion on the dipoles of the solvent molecules 

(the term corresponds to ηA or OrdB ). Str
IonB  is the negative increment related to the 

destruction of the solvent structure in the region of the ionic co-sphere arising from 

the opposing tendencies of the ion to orientate the molecules round itself centro 

symmetrically and solvent to keep its own structure (this corresponds to ηDor 

BDisord). B is the positive increment conditioned by the effect of‘reinforcement of 

the water structure’ by large tetraalkylammonium ions due to hydrophobic 

hydration. The phenomenon is inherent in the intrinsic water structure and absent 

in organic solvents. BW and BSolv account for viscosity increases and attributed to the 

Van der Waals volume & the volume of the solvation of ions. Thus, small and highly 

charged cations like Li+ and Mg2+ form a firmly attached primary solvation sheath 

around these ions ( O rient
IonB  or ηE positive). At ordinary temperature, alignment of the 

solvent molecules around the inner layer also cause increase in O rient
IonB  (ηA), O rient

IonB

(ηD) is small for these ions. Thus, BIon  will be large and positive as 
Einst Orient Str
Ion Ion IonB B B   however, Einst

IonB and O rient
IonB would be small for ions of greatest 

crystal radii(within a group) like Cs+ or I− due to small surface charge densities 

resulting in weak orienting and structure forming effect. Str
IonB  would be large due to 

structural disorder in the immediate neighbourhood of the ion due to competition 

between the ionic field and the bulk structure. Thus,퐵 + 퐵 < 퐵 and IonB

is negative. Ions of intermediate size (e.g., K+ and Cl-) have a close balance of viscous 

forces in their vicinity, i.e., 퐵 + 퐵 = 퐵  so that B is close to zero. 

Large molecular ions like tetraalkylammonium ions have large 퐵 because 

of large size but	퐵 and퐵 would be small, i.e.,퐵 + 퐵 ≫ 퐵 would be 

positive and large. The value would be further reinforced in water arising 

from	퐵 due to hydrophobic hydrations. 

The increase in temperature will have no effect on	퐵 , but the orientation 

of solvent molecules in the secondary layer will be decreased due to increase in 
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thermal motion leading to decrease in퐵 .퐵 will decrease slowly with 

temperature as there will be less competition between the ionic field and reduced 

solvent structure. The positive or negative temperature co-efficient will thus depend 

on the change of the relative magnitudes of O rient
IonB and Str

IonB . 

In case of structure-making ions, the ions are firmly surrounded by a primary 

solvation sheath and the secondary solvation zone will be considerably ordered 

leading to an increase in IonB & related decrease in entropy of solvation & the 

mobility of ions. Structure breaking ions, on the other hand, are not solvated to a 

great extent and the secondary solvation zone will be disordered leading to a 

decrease in IonB values and increases in entropy of solvation & the mobility of ions. 

Moreover, the temperature induced change in viscosity of ions (or entropy of 

solvation or mobility of ions) would be more pronounced in case of smaller ions 

than in case of the larger ions. So, there is a correlation between the viscosity, 

entropy of solvation & temperature dependent mobility of ions. Thus, the ionic B -

coefficient and the entropy of solvation of ions have rightly been used as probes of 

ion-solvent interactions & as a direct sign of structure making and structure 

breaking character of ions. The linear plot of ionic B-coefficients against the ratios of 

mobility viscosity products at two temperatures (a more sensitive variable than 

ionic mobility) by Gurney [180] clearly demonstrates a close relation between ionic 

B-coefficients and ionic mobilities. Gurney also demonstrated a clear correlation 

between the molar entropy of solution values with B -coefficient of salts. The ionic B- 

values show a linear relationship with the partial molar ionic entropies or partial 

molar entropies of hydration ( )
o
hS  as: 

푆̅ = 푆̅ − 푆̅ 																																																																				(46) 

Where, 푆̅ = 푆̅ + Δ푆 , 푆̅ , is the calculated sum of the translational and rotational 

entropies of the gaseous ions. Gurney obtained a single linear plot between ionic 

entropies and ionic B-coefficients for all mono atomic ions by equating the entropy 

of the hydrogen ion (푆 ) to –5.5 cal.mol−1 deg−1. Asmus [174] used the entropy of 

hydration to correlate ionic B values and Nightingale [167] showed that a single 

linear relationship could be obtained with it for both mono atomic and polyatomic 

ions. The correlation was utilized by Abraham et al. [174] to assign single ion B -
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coefficients so that a plot of o
eS [175, 176] the electrostatic entropy of solvation 

or	Δ푆 , 	the entropic contributions of the first and second solvation layers of ions 

against B points (taken from the works of Nightingale) for both cations & anions lie 

on the same curve. There are brilliant linear correlations between Δ푆  and Δ푆 	and 

the single ion B -coefficients. Both entropy criteria (Δ푆  and Δ푆 , ) & B -ion values 

indicate that in H2O the ions Li⁺, Na⁺, Ag⁺ &  F⁻ are not structure makers, & the ions 

Rb⁺, Cs⁺, Cl⁻, Br⁻, I⁻ & ClO4⁻are structure breakers & K⁺ is a border line case. 

2.7.7. VISCOSITY DEVIATION 

Viscosity of liquid mixtures can also provide information for the elucidation of the 

fundamental behaviour of liquid mixtures, aid in the correlation of mixture 

viscosities with those of pure components, and may provide a basis for the selection 

of physico-chemical methods of analysis. Quantitatively, as per the absolute reaction 

rates theory, the deviations in viscosities , from the ideal mixture values can be 

calculated as: 

1

( )
j

i i
i

x  


                                                                (47) 

Where η is the dynamic viscosities of the mixture and i ix are the mole fraction and 

viscosity of ith component in the mixture, respectively. 

 

2.7.8. GIBBS EXCESS ENERGY OF ACTIVATION FOR VISCOUS FLOW 

Quantitatively, the Gibbs excess energy of activation for viscous flow ΔGE can be 

designed as [182]: 

1
ln ( ln )

j
E

i i i
i

G RT V x V  


 
  

 
                                        (48) 

Where,  and V are the viscosity and molar volume of the mixture; i  and iV are the 

viscosity and molar volume of ith pure component, respectively. 

 

 



 
General Introduction (Review of the Earlier Work)                                                       

64 
 

2.8. CONDUCTANCE 

One of the most precise and direct technique available to determine the 

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

aqueous solvents is the “conductometric method.” Conductance data in conjunction 

with viscosity measurements, gives a large amount of information regarding ion-ion 

and ion-solvent interaction. 

 

 

2.9. REFRACTIVE INDEX 

Optical data (refractive index) of electrolyte mixtures provide interesting 

information related to molecular interactions and structure of the solutions, as well 

as complementary data on practical procedures, such as concentration 

measurement or estimation of other properties [253]. 

The refractive index defined as the ratio of the speed of light in a vacuum with 

respect to the speed of light in other substance. 

 D
Speed of light in vacuumRefractive Index n  of substance  

Speed of light in substance
  

 Whenever light changes speed as it travels a border from one solution 

into another medium, its movement of direction also changes, i.e., it is refracted. The 

relationship between light's speed in the two mediums (VA and VB), the angles of 

incidence ( Asin ) and refraction ( Bsin ) and the refractive indexes of the two 

mediums ( An and Bn ) is shown below: 
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A A B

B B A

V sin n
V sin n




                                                          (49) 

Thus, it is not necessary to measure the speed of light in a sample in order to 

measure its index of refraction. Refractive index or index of refraction of a molecule 

suggests the compactness of the sample; it is possible to determine the refractive 

index of the sample quite accurately. 

The refractive index of mixing can be correlated by the application of a composition-

dependent polynomial equation. Molar refractivity, was obtained from the Lorentz- 

Lorenz relation [358] by using, nD experimental data according to the following 

expression 

2 2[( 1)/ 2]( / )  D DR n n M                                                    (50) 

Where, M is the mean molecular weight of the mixture and ρ is the mixture density. 

Dn can be expressed as the following: 

0.5[(2 1) / (1 )]  Dn A A                                                  (51) 

Where, A is given by: 

2 2 2
1 1 2

1 2 1 2 22 2 2
1 1 2

( 1) ( 1) ( 1)[{ (1/ )} { ( / )} { ( / )} ]
( 2) ( 2) ( 2)

  
  

  
n n nA w w
n n n

               (52) 

Where, n1 and n2 are the pure component refractive indices, wj the weight fraction, ρ 

the mixture density, and ρ1 and ρ2 the pure component densities. 

The molar refractivity deviation is calculated by the following expression: 

1 1 2 2  R R R R                                                    (53) 

Where 1  and 2  are volume fractions and R, R1, and R2 the molar refractivity of the 

mixture and of the pure components, respectively. 

The deviations of refractive index were used for the correlation of the binary 

solvent mixtures: 

1 1 2 2  D D D Dn n x n x n                                           (54) 
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Where, ΔnD is the deviation of the refractive index for this binary system and nD, nD1, 

and nD2 are the refractive index of the binary mixture, refractive index of 

component-1, and refractive index of component-2, respectively and x is the mole 

fraction. 

The computed deviations of refractive indices of the binary mixtures are 

fitted using the following Redlich- Kister expression [254]. 

0
( )



 
S

p
Dew e w p e w

P
n w w B w w

                                             
(55) 

Where, Bp are the adjustable parameters obtained by a least squares fitting method, 

w is the mass fraction, and S is the number of terms in the polynomial. 

In case of salt-solvent solution the binary systems were fitted to polynomials 

of the form: 

,
1

 
N

i
Ds sol Dsol i

i
n n A m

                                                     
(56) 

where nDs,sol is the refractive index of the salt + solvent system and nDsol is the 

refractive index of the solvent respectively, m is the molality of the salt in the 

solution, Ai are the fitting parameters, and N is the number of terms in the 

polynomial. 

For the ternary systems of the salt + solvent-1 + solvent-2 solutions a 

polynomial expansion similar to that obtained for the salt + solvent solutions [130] 

was used to represent ternary refractive indices:  

1
 

P
i

D Dw i
i

n n C m
                                                          

(57) 

nD is the refractive index of the ternary solution, Ci are the parameters, and P is the 

number of terms in the polynomial. 

 There is no general rule that states how to calculate a refractivity deviation 

function. However, the molar refractivity is isomorphic to a volume for which the 

ideal behaviour may be expressed in terms of mole fraction: in this case smaller 

deviations occur but data are more spread because of the higher sensitivity of the 

expression to rounding errors in the mole fraction. For the sake of completeness, 
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both calculations of refractivity deviation function, molar refractivity deviation was 

fitted to a Redlich and Kister-type expression and the adjustable parameters and the 

relevant standard deviation ó are calculated for the expression in terms of volume 

fractions and in terms of mole fractions, respectively. 
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CHAPTER III 
 

EXPERIMENTAL SECTION 
 

3.1. NAME, STRUCTURE, PHYSICAL PROPERTIES, PURIFICATION AND 

APPLICATIONS OF THE SOLVENTS AND SOLUTES USED IN THE RESEARCH 

WORK 

 

3.1.1. SOLVENTS 

The liquid solvents used in my research work are depicted below 

i. Methanol 

Methanol or Carbinol is a simplest primary alcohol with the formula CH3OH. It is 

produced naturally in small amounts during many fermentation processes as well as 

catalytic process. This is colorless, flammable and highly toxic liquids with distinct 

odor. 

 
Source: Sigma Aldrich, Germany 

Purification: It was dried by passing molecular sieve and then distilled by 

appropriate method [1].  

Appearance: Colourless liquid 

Molecular Formula: CH4O 

Molecular Weight: 32.04 g/mol 

Boiling Point: 337.7 K 

Melting Point: 175.40 K 

Dielectric Constant: 32.70 at 293.15 K 

 

Application: It is used for solvent, fuel and producing biodiesel. About 40% 

methanol converted to formaldehyde and from which various products are obtained 
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like, plastics, plywood, textile and paint industries.  Methanol is also used as a energy 

carrier.  

 

ii. Ethanol 

Ethanol is an organic compound with formula C2H6O and mainly used as a solvent. It 

is a colorless clear liquid with a characteristics odor. It is a psychoactive 

substance and is the principal type of alcohol found in alcoholic drinks. 

 
Source: Sigma Aldrich, Germany 

Purification: It was dried by adding drying agent (e.g. CaSO4, molecular sieves etc.) 

followed by filtration and then distilled [1]. 

Appearance: Colourless liquid 

Molecular Formula: C2H6O 

Molecular Weight: 46.07 g mol-1 

Boiling Point: 351.37 K 

Melting Point: 158.9 K  

Dielectric Constant:  25.08 
at 298.15K 

 

Application: Ethanol is a grain alcohol that can be blended with gasoline and used in 

motor vehicles. Many gasoline stations provide a blended fuel, which typically is 

10% ethanol and 90% gasoline. Vehicles do not need any modifications to use this 

blend of fuel. 

 

iii. Acetonitrile 

Acetonitrile is a simplest organic nitrile and colorless liquid. It is a polar protic 

solvent. It is produced mainly as a byproduct of acrylonitrile manufacture. 
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Appearance: Liquid 

Molecular Formula: C2H3N 

Molecular Weight: 41.05 g mol-1 

Boiling Point: 355 K 

Melting Point: 228 K 

Dielectric Constant: 37.50 at 293.15 K 

 

Source: Sigma Aldrich, Germany 

Purification: It was dried from P2O5 and then from CaH2 distillation procedure [2]. 

Application: Its low viscosity and low chemical reactivity make it suitable for 

chromatographic purpose. It is widely used in battery industries because of the 

relatively high dielectric constants. Also it used as a common solvent for organic 

synthesis. 

 

iv. Water 

 

Water is a ubiquitous chemical substance that is composed of 

hydrogen and oxygen and is essential for all known forms of 

life. Commonest form of water is liquid built water has also 

other two for solid and gas. In solid state it forms ice and in 

gaseous state it form vapor of water. Water is a good solvent and is often known as 

the universal solvent. 

Source:  Doubly distilled water. 

Purification: Water was firstly deionised and then distilled by distilling set along 

with alkaline KMnO4 solution to remove any organic matter therein. The doubly 

distilled water was finally distilled using an all glass distilling set. Precautions were 
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taken to prevent contamination from CO2 and other impurities. The doubly distilled 

water had specific conductance less than 1 × 10-6 S.cm-1 1.  

 

Appearance: Liquid, colorless 

Molecular Formula: H2O 

Molecular Weight: 18.02 g mol-1 

Boiling Point: 100 0C 

Melting Point: 00C 

Dielectric Constant: 78.35 at 298.15 K 

pKa 13.995 

Density 0.9998396 g/mL(0 °C) 

0.9970474 g/mL (5 °C) 

Refractive index 1.3330 (20°C) 

Viscosity 0.890 cP 

Dipole moment 1.8546 D 

Specific heat 

capacity 

75.375 ± 0.05 J/mol·K 

 

 

Application: Water is also a good solvent due to its polarity. The solvent properties 

of water are vital in biology, because many biochemical reactions take place only 

within aqueous solutions due to the universal solvent property. In addition, water is 

used to transport biological molecules. The most important use of water in 

agriculture is for irrigation. Water fit for human consumption is called drinking 

water. Water is widely used in chemical reactions as a green solvent and minutely as 

catalyst. In inorganic reactions, water is a common major solvent, solubilizes many 

ionic compounds. In organic reactions, it is not usually used as a reaction solvent, 

because it does not dissolve the organic substances. Nevertheless, these properties 

are sometimes desirable. Also, water accelerates the Diels-Alder reactions. 

Supercritical water has recently been a topic of research interests. 
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3.1.2. SOLUTES (ELECTROLYTES AND NON-ELECTROLYTES) 

The electrolytes like ionic and salts of biologically active molecules liquids and the 

non-electrolytes, surface active molecules, cyclodextrins and crown ethers have 

been described below. 

 

       i.    1-Butyl-4-methylpyridinium chloride  

1-butyl-4-methylpyridinium chloride is the pyridine based ionic liquid, of molecular 

formula C10H16 CIN, containing butyl group with one active nitrogen atom in the six 

member ring, exist as a molten liquid phase with the melting point ≥ 70o C.  .   

                                       
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃99.0% 

 

Appearance: Colorless Crystalline 

Molecular Formula: C10H16 CIN 

Molecular Weight:  185.69 g mol-1 

Melting point 431 K 

CAS Number 112400-86-9 

 

Application: The ionic liquid are good examples of neoteric solvents, or older 

materials that are finding new applications as solvents, which is environmentally 

friendly because they are less hazardous for human body as well as less toxic for 

living organisms, used as recyclable solvents for organic reactions and separation 

processes, lubricating fluids, heat transfer fluids for processing biomass and 

electrically conductive liquids as electrochemical device in the field of 

electrochemistry.  
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ii. 1-butyl-1-methylpyrrolidinium tetrafluoroboarte 

1-butyl-1-methylpyrrolidinium tetrafluoroboarte is the pyrrolidinium based ionic 

liquid, of molecular formula C9H20BF4N containing methyl and butyl group with 

one positive charge nitrogen atom in the ring, exist as solid.   

 
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃99.0% 

 

Appearance: Solid 

Molecular Formula: C9H20BF4N 

Molecular Weight: 229.07 g mol-1 

 

Application: The ionic liquid are good examples of neoteric solvents, new types of 

solvents, or older materials that are finding new applications as solvents, which is 

environmentally friendly (or eco-friendly) because they are less hazardous for 

human body as well as less toxic for living organisms, used as recyclable solvents for 

organic reactions and separation processes,  lubricating fluids, heat transfer fluids 

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) 

 

            iii.     Sodium dodecyl sulfate 

Sodium dodecyl sulfate is a popular anionic surfactant of molecular formula 

NaC12H25SO4, containing sodium counterion, dodecyl sulfate part, exist as a solid 

phase with the melting point 206OC (403OF; 479K). 
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Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃98.0% 

Appearance: Solidified mass 

(off white) 

Molecular Formula: NaC12H25SO4 

Molecular Weight:  288.38 g mol-1 

 

Application: Sodium dodecyl sulfate (SDS) detergent is used in Biotechnology for 

frequent applications, most commonly, the strongly anionic detergent SDS is used in 

blend with a reducing agent and heat to dissociate the proteins before they are 

loaded on the gel. Sodium dodecyl sulfate is a widely used surfactant in cleaning 

products, cosmetics, and personal care products. SLS is a highly 

effective anionic surfactant used to remove oily stains and residues. 

         iv.     4-Methylpyridine 

4-Methylpyridine is the organic compound with the formula CH3C5H4N. It is one of 

the three isomers of methylpyridine, containing methyl group at 4 position of 

pyridine. Nitrogen atom is present in the six member ring, exist as liquid. 

                                   
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃98.0% 

Appearance: Liquid 

Molecular Formula: C6H7N 

Molecular Weight: 93.13 g mol-1 

Melting Point: 275.5K 
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Application: It is used as a solvent in synthesis of pharmaceuticals, resins, dyestuffs, 

rubber accelerators and pesticides. It is also used in the production of 

antituberculosis substance, isoniazid; waterproofing agents fo fabrics; as a 

laboratory reagent, catalyst and curing agent. 

v.   Trigonelline hydrochloride 

This is a pyridine alkaloid has been claimed to have hypocholesterolemic activity 

along with potential hypoglycemic effect. This is also a natural glucosidase inhibitor, 

which may help to reduce synthetic drug dependence for diabetic treatment and 

also help reduce the resulting side effects 

 

 

Appearance: Crystalline white 

Molecular Formula: C7H8ClNO2 

Molecular Weight: 173.60 g/mol 

Melting Point: 260 o C 

 

 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. 

Application: Trigonelline (N-methylpyridinium-3-carboxylate) is a pyridine alkaloid 

known to contribute diverse regulatory functions such as plant cell cycle regulation, 

nodulation, oxidative stress, growth of the plant. The importance of trigonelline has also 

been well documented as a precursor of flavor and aroma compounds. 

 

 

vi.   (2-Hydroxylpropyl)-β-cyclodextrin 

(2-Hydroxylpropyl)-β-cyclodextrin is a hydroxypropyl derivative of   β-cyclodextrin. 

The advantage of this chemical is advance water solubility compare to the precursor 

β-cyclodextrin. It is non toxic to human body and its inclusion complex is much more 

soluble compare to the inclusion complex of pure β-cyclodextrin.            
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Source: TCI, Japan 

Purification: Used as purchased 

 

Appearance: Amorphous white 

Molecular Formula: C63H112O42 

Molecular Weight: 1541.54 g/mol 

Melting Point: 278 o C 

 

Application: HP (2-Hydroxylpropyl)-β-CD has been successfully used to improve the 

pharmaceutical properties of active pharmaceutical Ingredients (APIs) and exhibits 

a better potential for application than β-CD. HP-β-CD has a significant potential to 

enhance the solubility, stability, and bioavailability of active components separated 

from herbs. HP-β-CD is safe excipients without toxicity and well tolerated by oral, 

intravenous, dermal, ocular and parenteral. It is included in the European Medicines 

Agency (EMA) and the Food and Drug Administration (FDA) pharmacopoeias and it 

is cited in the EMA’s list of inactive pharmaceutical ingredients. 

 

            vii.   Alpha Cyclodextrin (α-CyD) 

α- CyD is naturally occurring polysachharides of six glucose units and they are 

covalently attached  via end to end α-1,4 linkage. It has hydrophobic inner cavity and 

hydrophilic outer surface. In aqueous medium hydrophobic inner core allow it to 

form host-guest inclusion complex with suitable hydrophobic molecules. Most of the 

cases it forms 1:1 inclusion complex due to its small cavity volume. 
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Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity is 99%. 

 

Appearance: Crystalline Powder 

Molecular Formula: C36H60O30 

Molecular Weight: 972.84 g/mol 

Melting Point: >551 K 

Solubility in water 145 g/L 

CAS Number 10016-20-3 

 

Application: α-Cyclodextrin is widely applied in manufacture of medicine and food. 

It is used in cosmetics, paint, and textile industries as well.  In the production of 

medicine, it can strengthen the stability of medicine without being oxidized and 

resolving. On the other hand, it can improve the solubility. And the effect on living of 

medicine, lower the toxic and side-effect of medicine and cover the strange and bad 

smell. In the production of food, it can mainly cover strange and bad smell of food, 

improve the stability of perfume and condiment and keep food dry or wet at will. α-

cyclodextrin is commonly used as a complexing agent in hormones, vitamins, and 

many bioactive compounds frequently used in tissue and cell culture applications.  

 

         viii.    Beta Cyclodextrin (β-CD) 

β- Cyclodextrin is finely made from pure provision material-starch and translate 

enzyme, which is white powder and the molecular structure is like a cylinder 

compounded from seven glucose unit attached with the glycosidic linkage. The 
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function of β-Cyclodextrin depends on its cylinder molecule structure which can be 

easy to integrate other materials. That feature is applied extensively in industry 

 
Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity is 97%. 

 

Appearance: Crystalline Powder 

Molecular Formula: C42H70O35 

Molecular Weight: 1134.98 gmol-1 

Melting Point: 563.15-573.15 K 

Boiling Point 1814.33 K 

Relative Density 1.44 g.cm3 at 2000C 

CAS Number 7585-39-9 

Solubility in water 18.5 gL-1 

 

Application: β-Cyclodextrin is a new stuff which can be widely applied in production 

of medicine and food. It can be applied widely in production of medicine, food and 

cosmetics, whose functions are improved stability, solubility and good smelled. In 

the production of medicine, it can strengthen the stability of medicine without being 

oxidized and resolving. On the other hand, it can improve the solubility. And the 

effect on living of medicine, lower the toxic and side-effect of medicine and cover the 

strange and bad smell. In the production of food, it can mainly cover strange and bad 

smell of food, improve the stability of perfume and condiment and keep food dry or 

wet at will.  CD with a cavity diameter of 6.4-7.5 Å, is the most interest because its 

cavity size allows for the best special fit for many common guest moieties. For this 

reason, β-cyclodextrin is most commonly used as a complexing agent in hormones, 

vitamins, and many compounds. This potential has also been supports for different 
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applications in medicines, cosmetics, food technology, pharmaceutical, and chemical 

industries as well as in agriculture and environmental industries [8]. 

 

3.2. EXPERIMENTAL METHODS  

 

3.2.1. PREPARATION OF SOLUTIONS 

A stock solution for each salt was prepared by mass, and the working 

solutions were obtained by mass dilution. The uncertainty of molarity of different 

salt solutions was evaluated to be ± 0.0003 mol·dm-3. 

 

3.2.2. PREPARATION OF SOLVENT MIXTURES 

The research work has been carried out with binary or ternary solvent systems 

with, methanol, acetonitrile and cellosolves etc. as primary solvents with some 

polar, weakly polar and non-polar solvents as well as with some electrolytes (ionic 

liquids & other electrolytes) and non-electrolytes (cyclodextrins and their 

derivative, crown ethers etc). 

For the preparation of solvent mixture, pure components were taken 

separately in glass stopper bottles and thermostated at the desired temperature for 

sufficient time. When the thermal equilibrium was ensured, the required volumes of 

each component were transferred in a different bottle which was already cleaned 

and dried thoroughly. Conversion of required mass of the respective solvents to 

volume was accomplished by using experimental densities of the solvents at 

experimental temperature. It was then stoppered and the mixed contents were 

shaken well before use. While preparing different solvent mixtures care was taken 

to ensure that the same procedure was adopted throughout the entire work. The 

physical properties of different pure and mixed solvents have been presented in the 

respective chapters. 

 

The following different binary and ternary solutions have been prepared and used 

for my research studies. 
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Binary Solutions: 

Aqueous mixture of  α-Cyclodextrins 

Aqueous mixture of  β-Cyclodextrins 

Aqueous mixture of  HP-β-Cyclodextrins 

 

Ternary Solutions: 

Trigonelline hydrochloride + Aqueous mixture of  α-Cyclodextrins 

Trigonelline hydrochloride + Aqueous mixture of  β-Cyclodextrins 

1-butyl-4-methylpyridinium lauryl sulfate + β-Cyclodextrins 

1-dodecyl-4-methylpyridiniumiodide + β-Cyclodextrins 

1-dodecyl-4-methylpyridiniumiodide + HP-β-Cyclodextrins 

 

 

  

3.2.3. MASS MEASUREMENT 

 Mass measurements were made on digital Mettler Toledo, AG 285, and 

Switzerland electronic analytical balance.  

 

 
 

 

It can measure mass to a very high precision and accuracy. The weighing pan of a 

high precision (0.0001g) is inside a transparent enclosure with doors so that dust 
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does not collect and so any air currents in the room do not affect the balance’s 

operation. 

 

3.2.4. DENSITY MEASUREMENT 

The density was measured with the help of Anton Paar density-meter (DMA 

4500M) with accuracy of 0.0005 g.cm-3. 

 

 
 

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

electromagnetically transformed into an alternating voltage of the same frequency. 

The period τ can be obtained by the following relation with ρ of the sample in the 

oscillator [10]: 

ρ = A ∙ τ2 - B                                                                 (1) 

A and B are the respective instrument constants of each oscillator. The values 

are calculated by calibrating with two substances of the precisely known densities 

with ρ1 and ρ2. Modern instruments calculate and store the constants A and B after 

the two calibration measurements, which are checked with air and water condition. 

The instrument was calibrated by double-distilled water and dry air.   

 

3.2.5. VISCOSITY MEASUREMENT 

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

Programmable Rheometer with fitted spindle size-42. The viscosities were obtained 

using the following equation 

η = (100 / RPM) × TK × torque × SMC                               (2) 
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Here, RPM, TK (0.09373) and SMC (0.327) are speed in rpm, viscometer 

torque constant and spindle multiplier constant respectively. The instrument was 

calibrated by the standard samples supplied with the instrument and compared 

with the standard solutions of aqueous CaCl2 solutions. The temperature was 

maintained to within ± 0.01°C using Brookfield Digital TC-500 thermostat bath. The 

viscosities were measured with an accuracy of ± 1 %. Each measurement reported 

herein is an average of triplicate reading with a precision of 0.3 %. 

        

 
 

 

 

 

 

 

 

 

 

 

3.2.6. TEMPERATURE CONTROLLER 

Experimental measurements were carried out in thermostatic water bath 

(Science India, Kolkata) maintained with an accuracy of  0.01 K of the desired 

temperature. 
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Laboratory water bath is a system in which a container containing water and the 

investigated solution is placed over this container to quickly heat. These laboratory 

equipments are available in different volumes and construction with both digital and 

analogue controls and greater temperature uniformity, durability, heat retention 

and recovery. The chambers of water bath lab products are manufactured using 

highly resistant stainless steel and other metals. 

 

       Water Distiller (Borosil Glass Works Limited, India):   

 

 

 

Water Distiller is usually made by the Borosil Glass material.  A distilining solvent 

in the boiling chamber heats the water until it boils off. The vapour rises from the 

boiling chamber. Volatile contaminants are discharged through a built-in vent tube. 

Minerals and salts are retained in the boiling chamber as hard deposits. The steam 

passed into the condenser, which is condensed by cool water. Droplets of water 

poured into the collecting container.  
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Rotary Vacuum Flash Evaporator (Superfit, An ISO 9001:2000 Certified Company) 

 

 

 

Rotary evaporation is most often and conveniently applied to separate "low 

boiling" solvents such as n-hexane or ethyl acetate from solid or mix compounds at 

atmospheric conditions. However, careful application also allows removal of a 

solvent from a sample containing a liquid compound if there and a sufficient 

diversity in boiling points at the selected temperature and reduced pressure. 

 

3.2.7. CONDUCTIVITY MEASUREMENT 

 Systronics Conductivity TDS meter-308 is used for measuring specific 

Conductivity of electrolytic solutions. It can provide both automatic and manual 

temperature compensation. 

 
The conductance measurements were carried out on this conductivity bridge 

using a dip-type immersion conductivity cell of cell constant 1.11cm-1. The entire 

conductance data were reported at 1 KHz and was found to be ±0.3 % precise.  The 

instrument was standardized using 0.1(M) KCl solution. The cell was calibrated by 

the method of Lind and co-workers. The conductivity cell was sealed to the side of a 

500 cm3 conical flask closed by a ground glass fitted with a side arm through which 
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dry and pure nitrogen gas was passed to prevent admission of air into the cell when 

solvent or solution was added. The measurements were made in a thermostatic 

water bath maintained at the required temperature with an accuracy of  0.01 K by 

means of mercury in glass thermo regulator [11]. 

Several solutions were prepared by weight precise to ± 0.02 %. The weights 

were taken on a Mettler electronic analytical balance (AG 285, Switzerland). The 

molality being converted to molality as required. Due correction was made for the 

specific conductance of the solvents at desired temperatures. The following figure 

shows the Block diagram of the Systronics Conductivity-TDS meter 308. 

 

3.2.8. REFRACTIVE INDEX MEASUREMENT 

 Refractive index was being measure with the help of Digital Mettler Toledo 

30GS Refractometer. 

 
 Calibration was performed by measuring the refractive indices of double-

distilled water, toluene, cyclohexane, and carbon tetrachloride at defined 

temperature. The accuracy of the instrument is +/- 0.0005. 2-3 drops of the sample 

was put onto the measurement cell and the reading was taken. The refractive index 

of a sample depends on temperature. During measurement, refractometer 

determines the temperature and then corrects the refractive index to a temperature 

as desired by the user.  

 

3.2.9. FT-IR MEASUREMENT 

Fourier transform Infrared spectra (FTIR) were recorded in KBr pellets & 

ethanol with a PerkinElmer FT-IR spectrometer (RX-1) 
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with a resolution of ± 0.25 cm-1 in the region of 400-4000 cm-1 at room temperature 

(25 0C) with 49-54 % humidity. This KBr optics based instrument records data in 

different modes (KBr pellets, Nujol mull, and non-aqueous solutions). 

The intensity of light (I0) entering through a blank is measured. The intensity 

of light (I) entering through the sample solution is measured. The investigated data 

is used to estimate two quantities: the transmittance (T) and the absorbance (A).  

 

                                         (3) 

The transmittance is simply the fraction of light in the original beam that passes 

through the sample and reaches the detector section of the instrument.  

    

3.2.10. SURFACE TENSION 

 
The surface tension experiments were completed by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at the experimental 

temperature. The precision of the measurement was within ±0.1 mN∙m−1. 
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Temperature of the system has been preserved by circulating auto-thermostated 

water (within ± 0.01K) through a double-wall glass vessel holding the solution.  

 

3.2.11. UV-VIS MEASUREMENT 

Compounds that absorb Ultraviolet and/or visible light have characteristic 

absorbance curves as a function of wavelength. Absorbance of different wavelengths 

of light occurs as the molecules move to higher energy states. 

 

 
 

The UV-VIS spectrophotometer uses two light sources, a deuterium (D2) lamp for 

ultraviolet light and a tungsten (W) lamp for visible light. After bouncing of a mirror, 

the light beam passes through a slit and hits a diffraction grating. The grating can be 

rotated allowing for a specific wavelength to be selected. At any exact orientation of 

the grating, only monochromatic or single wavelength successfully entrances 

through a slit. A filter is used to eliminate unnecessary higher orders of diffraction. 

The light beam strikes a second mirror before it gets split by a half mirror (half of 

the light is reflected and the other half passes through). One of the beams is allowed 

to pass through a reference cuvette, the other passes through the sample cuvette. 

The intensities of the light beams are then considered at the end. Regarding this the 

Beer-Lambert law has been stated below. 
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Beer-Lambert Law 

The change in intensity of light (dl) after passing through a sample should be 

proportional to the following: 

(i) Path length (b), the longer the path, more photons should be absorbed 

(ii) Concentration (c) of sample, more molecules absorbing means more photons 

Absorbed (iii) Intensity of the incident light (I), more photons means more 

opportunity for a molecule to see a photon. Thus, dI is proportional to bcI or dI/I = - 

kbc (where k is a proportionality constant, the negative sign implies decrease in 

intensity of the light, this makes b, c and I the entire time positive. Integration of the 

above equation leads to Beer-Lambert’s law: 

- ln I/I0 = kbc                                             (4) 

- log I/I0 = 2.303kbc                                  (5) 

ε = 2.303k                                                 (6) 

A = - log I/I0                                              (7) 

A = εbc                                                       (8) 

A is defined as absorbance and it is found to be directly proportional to the path 

length, b and the concentration of the sample, c. The extinction coefficient is 

characteristic of the substance under study and of course is a function of the 

wavelength. 

3.2.12. MAGNETIC STIRRER FOR PREPARATION OF SOLUTION AND SOLID 

INCLUSION COMPLEXES 

The solutions of various bio-molecules and cyclodextrins have been prepared on 

magnetic stirrer. The solid inclusion complexes have also been prepared on the 

magnetic stirrer cum hot plate made by IKA. 
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3.2.13. NUCLEAR MAGNETIC SPECTRA MEASUREMENT 

Nuclear Magnetic Spectra (NMR) spectroscopy is used to study the structure of 

molecules, the kinetics or dynamics of molecules and the composition of mixtures of 

biological or synthetic solutions or composites 1H NMR spectra were recorded at 

400MHz and 500 MHz using Bruker Avance instrument. Signals are quoted as δ 

values in ppm using residual protonated solvent signals as internal standard (D2O: δ 

4.79 ppm). Data are reported as chemical shifts. 

 
 

3.2.14: POWDER X-RAY DIFFRACTION SPECTROSCOPY 

When an atom is bombarded with sufficiently high energy electrons, electrons of 

atom are knocked out from their shell (excited state, unstable), leads to the 
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transition of electrons to fill up the vacancy (ground state, stable). Each electron 

transition generates X-rays of a specific energy (with wave length in range from 0.1Å 

to 100Å) equivalent to that shell. Rigaku, Model:  Micromax-007HF was aided to 

perform the analysis. 

 

3.2.15. SOLUTION pH MEASUREMENT 

pH values of the experimental solutions were measured by Mettler Toledo 

Seven Multi pH meter with uncertainty 0.009. The measurements were made in a 

thermostated water bath maintaining the required temperature. 

Seven Multi™ S47 - dual meter pH / conductivity meter 

Reproducible results 

Automatic, manual or timed endpoint formats with 3 selectable stability criteria 

allow rapid and accurate measurement value determinations with reproducible 

results. 

 Linear & non-linear temperature correction 

 Selectable reference temperature (20°C or 25°C) 

 Procedure for automatic α -coefficient determination 

Professional calibration  

 User-definable buffers and standards including their temperature 

dependence  

 Up to 5 calibration points with linear or segmented algorithms  

 Multipoint conductivity calibration  

 Automatic buffer recognition within the 8 predefined pH buffer groups  

 Automatic standard recognition of the 5 predefined conductivity standards  

 Entry and display of cell constant  
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Electrode test  

 An integrated pH electrode test checks the slope, offset, drift and response 

time of your electrodes without changing your current calibration. 

 Complying with USP/EP standards  

 Seven Multi™ provides a special mode for measuring conductivity according 

to USP and EP (United States / European Pharmacopeia) methods. 

 

 

3.2.16: SCANNING ELECTRON MICROSCOPY 

Structure determination along with tiny electron beam scanned across surface of 

specimen, backscattered or secondary electrons detected, signal output to 

synchronized display. Scanning electron microscope (SEM) instrument used was of 

Jeol JSM-IT 100, connected with EDS compartment with detector input area of 20 

mm2 (Oxford). 



 
Experimental Section 

92 
 

 

3.2.17: TRANSMISSION ELECTRON MICROSCOPY 

Transmission Electron Microscope (JEM2100) was aided to collect the data’s in the 

investigations. Real (Image) and reciprocal space (diffraction pattern) information 

can be obtained from the same region of sample. Lower resolution/large area 

techniques was initially performed to get a ‘broad picture’ about sample. This 

includes XRD, SEM. We can start with optical microscopy. On ‘usual’ samples 

conventional TEM was performed before trying out HRTEM. Thus we can get 

spectroscopic information and use it for forming images or diffraction patterns.  

 

 



 
Experimental Section 

93 
 

 

 



 
synthesis, characterization of 1-butyl-4-methylpyridinium lauryl............enhanced applications 

93 
 

CHAPTER IV 
 

SYNTHESIS, CHARACTERIZATION OF 1-BUTYL-4-
METHYLPYRIDINIUM LAURYL SULFATE AND ITS INCLUSION 

PHENOMENON WITH β-CYCLODEXTRIN FOR ENHANCED 
APPLICATIONS 

 
4.1. Introduction 

Ionic liquids (ILs) have attracted much attention at present due to their unique 

physicochemical traits such as considerable ionic conductivity and formidable 

catalytic property. [1-4] Solution properties, as well as the host-guest inclusion 

complex the ionic liquids, biologically active molecules with molecular host e.g. 

cyclodextrin, were extensively studied by Roy et. al. [5-9] Inclusion complex of β-CD 

with ionic liquid surfactant had also been studied by Yan’an Gao and his co-workers. 

[10] 

Imidazolium and pyrrolidinium-based ionic liquids were derived from conventional 

anionic surfactant sodium lauryl sulfate and their physicochemical properties were 

studied thoroughly by Jingjing Jiao et. al. [11] The Critical micelle 

concentration(CMC) value comparison of two derived ionic liquid-based surfactants, 

it was established that the CMC value of imidazolium ionic liquid based surfactant 

was lesser than pyrrolidinium based surfactant; again both were much lesser than 

the precursor sodium lauryl sulfate. Therefore if we can replace the ionic head part 

by the more hydrophobic organic charge group then resulting product would be a 

much better surface active agent, this was the underlying concept of the synthesis 

work. 

Conjugation of pyridinium ionic liquid and anionic surfactant sodium lauryl sulfate 

in equimolar ratio can give a benign model system, which is still unavailable in the 

literature. This type of system would be neoteric & environmentally friendly as the 

precursor ionic liquid is also benign to nature as well as removal of metal ion 

involved in the strategic preparative methodology [12-14] and also made halogen-

free to make it environmentally affectionate. [15] 



 
synthesis, characterization of 1-butyl-4-methylpyridinium lauryl............enhanced applications 

94 
 

There will be a chance of competitive & mixed inclusion which might give some new 

insight of supramolecular recognition within the solution which was seldom 

available in the related literature. Surfactant ability with this special type of 

inclusion also gives some interesting and important information with specific 

application. Pyridinium ionic liquid which was used as the precursor is a bulkier 

aromatic counterion than even imidazolium ion and expected to show more 

effectiveness than the former as surfactant [11]. This ionic liquid based surfactant is 

expected to have more comprehensive applications in many fields, such as materials 

science, drug delivery, and supramolecular science. [16] Sodium lauryl sulfate & β-

CD (β-Cyclodextrin) containing vesicle was previously used to transport protein 

(peptide) hormone with high encapsulation capacity. The insulin-loaded vesicle was 

shown high physical stability and protects insulin from proteolytic degradation 

where the Sodium lauryl sulfate was used as the anionic surfactant. [17] 

The outcome of the fluorimetric measurement of J. W. Park had proposed the 

formation of the 2:1 (β-Cyclodextrin-surfactant) complexes with alkane sulfonates 

and alkyl sulfates with chain length equal or greater than 10 & 8 respectively, 18 but 

the details study as well as the spectroscopic and microscopic information and 

related evidence of the previously mentioned (β-CD-surfactant) inclusion complexes 

was quite rare in the literature. Similarly, such counterion modified surfactant, quite 

similar to ion-pair amphiphile and their inclusion complex with Cyclodextrin is also 

quite unavailable in latest literature. 

In the present work we have synthesized the 1-butyl-4-methylpyridinium lauryl 

sulfate by simple ion exchange technique from sodium lauryl sulfate and 1-butyl-4-

methylpyridinium chloride; and characterized by UV-Vis, FTIR, NMR, and Mass 

spectroscopy (ESI-MS).  The CMC value, host-guest inclusion complex of the 

synthesized product has been studied. Other thermodynamic parameters were also 

derived by various techniques. The Host Guest inclusion complex with β-CD has 

been studied with the help of conductivity, surface tension, UV-Vis, FTNMR, 

Refractive index (RI) and fluorescence study. The nature of the Host-Guest inclusion 

complex with β-CD was further justified and characterized by HR-TEM, which given 

a new and mixed mode supramolecular recognition pattern. 
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4.2. Experimental Section 

4.2.1. Materials 

1-Butyl-4-methylpyridinium chloride (BMPyCl), Sodium lauryl sulfate (SLS) have been used 

for synthesis. Double distilled water specific conductance 1 µS/cm, pH ∼6.7–7.0 was used 

for all experimental purposes. The probe used for the fluorescence was Pyrene. The source 

and purity of the chemicals have been given table S.9. 

4.2.2. Preparation 

Before the start of the synthesis work, the solubility of the chosen precursor ILs and SLS 

have been precisely checked in the different solvent and finally dichloromethane (DCM) was 

chosen as a suitable solvent. The 1-butyl-4-methylpyridinium lauryl sulfate [BMPy] [LS] was 

prepared by simple ion exchange reaction of 1-butyl-4-methylpyridinium chloride [BMPy]Cl 

and sodium lauryl sulfate [SLS]. The precursor 1-butyl-4-methylpyridinium chloride and 

sodium lauryl sulfate in 1:1 molar ratio was taken in DCM and continuously stirred at room 

temperature for 5 hours. As the by-product precipitate was ionic in nature so it was in the 

solid state in the organic solvent, was removed by filtration. Then the immiscible phase was 

washed with water very gently until the phase becomes chloride-free (the presence of the 

chloride was tested by AgNO3 in acidic solution). Used volatile solvent (DCM, boiling point 

39.6°C) was removed gently by maintaining required temperature by a rotary evaporator. 

The product was dried, stored in dark place and vacuum desiccators for 72 hours. The 

aqueous solution which was used for chloride removal was also stored to check any product 

accumulation in the water, has been found negligible accumulation. 

4.2.3. Apparatus and procedure 

Fourier transform Infrared spectra (FTIR) were recorded in KBr pellets & ethanol with a 

PerkinElmer FT-IR spectrometer (RX-1) operating in the region of 4000 to 400 cm-1 at 

ambient temperature. [19] 

1H Nuclear magnetic resonance (NMR) experiments were performed in Bruker AVANCE 

spectrometer operating at 300 MHz frequency. [20] 400 MHz Bruker AVANCE spectrometer 

was used for inclusion complex study (1H and 2D NOESY). The respective solutions were 

made in D2O, data was reported as a chemical shift. [21] 

Ultraviolet-visible (UV-Visible) spectra were recorded by JASCO V-530 UV/VIS 

Spectrophotometer, with an uncertainty of wavelength resolution of ±2 nm. The measuring 

temperature was controlled by an automated digital thermostat. [21] 
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High-Resolution Transmission Electron Microscopy (HRTEM) images were obtained with a 

Jeol JEM 2100 microscope operating at an accelerating voltage of 200 kV. The spot size 

availability in TEM mode was 20 to 200 nm. A drop of the sample solution (EtOH as 

dispersant) was added to a FormverTM 200 mesh copper mess support grid coated with the 

carbon film. The excess sample was manually blotted carefully with a Whatman 42 filter 

paper for 2 s. The grid was dried at 333.15 K for around 1 h before experimentation. 

Humidity during the experiment was 50-60%.  In order to provide better contrast, uranyl 

acetate staining was used. [22] 

The Conductance measurements were accomplished in a Mettler Toledo Seven Multi 

conductivity meter with uncertainty 1.0 μS m−1, bearing a cell constant of about (0.1 ± 

0.001) cm−1. Temperature of the solutions were maintained to within = (298.15± 0.01) K 

using Brookfield Digital TC-550 temperature thermostat bath. The used cell was calibrated 

using a 0.01 M aqueous KCl solution. The uncertainty in temperature was ±0.01 K. [21] 

Surface tension experiments were carried out by a platinum ring detachment method using 

a Tensiometer (K9, KRÜSS, Germany) at the experimental temperature. The accuracy of the 

surface tension measurement was within 0.1 mN m-1. The constant temperature was 

maintained during the experiments with Remi ultra thermostat (CB-700) with precision 

0.1K. [23] 

Refractive index (RI) was measured with the help of a digital refractometer of Mettler 

Toledo Refracto 30GS. The light source was LED, λ=589.3 nm. The refractometer was 

calibrated using distilled water, and calibration was checked after every measurement. The 

uncertainty of the measurement was ± 0.0002 units. [24] 

Steady-state fluorescence emission study was carried out in bench top spectrofluorimeter 

from photon technologies international (Quantamaster-40). [20] 

Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano ZS90 ZEN3690 light 

scattering apparatus (Malvern Instruments Ltd., Malvern, UK) with the He−Ne laser (632.8 

nm, 4 mW) at a scattering angle of 90°. The temperature was maintained constant at 298.15 

K. [25] 

Electrospray ionization (ESI) mass spectrum measurement was done in the JEOL GCMATE II 

GC-MS with data system is a high resolution and double focusing instrument. 
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4.2.4. Characterization 

FTIR analysis 

The observed infrared frequencies of the bond of functional groups of both the precursor 

and product have been shown (Fig. S. 1. a) within the range of 500-4000 cm-1. The IR spectra 

showing at 3439 cm-1 is ascribed to bond stretching of quaternary amine (3330-3450 cm-

1) like structure of butylpyridinium ring due to ion pair formation with dodecyl sulfate. The 

peak at 3052 cm-1 is showing the stretching frequency of aromatic -C-H bond vibrations of 

pyridinium ring. The peaks of wave numbers of 2954cm-1 and 2851cm-1 are the aliphatic 

asymmetric and symmetric stretching (C-H) stretching vibration is due to the methyl group 

(–CH3).  The peaks at 2919 cm-1, 1467 cm-1, and 1380 cm-1 are for symmetric stretching, 

bending or deformation and wagging (umbrella mode) vibration respectively due to -CH2- 

group. Wave number 1643 cm-1 and 1605 cm-1 are due to C=C and C=N bond stretching 

vibration of pyridinium ring. The peak at wave number 806cm-1 is due to C-N stretching 

vibration. 1213 cm-1 and 1084 cm-1 is asymmetric stretching of -SO4-1( ), and 

symmetric stretching of -SO2- ( ) respectively. Peaks at 625 cm-1 and 581cm-1 are 

Pyridine in plane ring deformation. Based on FTIR analysis it was observed that synthesized 

ionic liquid was 1-Butyl-4-methylpyridinium lauryl sulfate [BMPy] [LS]. [26-34] 

NMR analysis 

The product [BMPy][LS] was characterized by 1H NMR spectroscopy using D2O and DMSO-

d6 as a solvent on a spectrometer (Bruker Avance 300 spectrometer) for the determination 

of molecular structures and conformations. The 1H NMR spectra data are shown in Fig. S. 2. 

a) and S. 2. b) in ppm (δ) from the internal reference (D2O: δ 4.79ppm and DMSO-d6: δ 

3.39ppm) in determining the proton chemical shifts. 

The results of 1H NMR of [BMPy][LS] are given as follows 

1H NMR (300 MHz, D2O): δ 8.60-8.62(d, 2H, J=6.6 Hz) N(CH)2 of pyridine, 7.80-7.83(d, 2H, 

J=6.3 Hz) N+CC(CH)2 of pyridine ring, 4.48(t, 2H, NCH2), 3.89(t, 2H, SOCH2,), 2.55 (s, 3H, -CH3 

para to N). 1.86 (m, 2H, NCCH2), 1.55 (t,2H, NCCCH2), 1.21 (m, SOCH2(CH2)9, 20H), 

0.80(m,3H, NCCCCH3), 0.68(m,3H, SOC11CH3). 

1H NMR (300 MHz, DMSO-d6): δ 8.93-8.90(d, 2H, J=9Hz) N(CH)2 of pyridine ring, 7.99-

7.97(d, 2H, J=6 Hz) N+CC(CH)2 of pyridine ring, 4.54-4.51(t, 2H, NCH2, J=4.5 Hz), 3.65(t, 2H, 

SOCH2), 2.51 (s, 3H, -CH3 para to N), 1.86 (m, 2H, NCCH2), 1.46 (t,  2H, NCCCH2), 1.24 (m, 

SOCH2(CH2)9, 20H), 0.90(m,3H, NCCCCH3), 0.85(m,3H, SOC11CH3). 
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Mass spectrum analysis 

The calculated molecular weight of the product [BMPy][LS] was 403.41g.mol-1 and mass 

spectrum has confirmed the molecular ion peak (Fig. S. 3). The intense peak at 169.98 and 

149.85 is due to n-dodecyl cation (primary carbocation) and 1-Butyl-4-methylpyridinium 

ion. The peak showing at 15, 57.12, 93.08, 96.06, and 136 is for methyl, n-butyl, 4-Methyl 

pyridinium, and 1-Butyl benzopyridinium ion respectively. Other probable peak 

assignments are like that 126.03 (Nonyl cation), 112.85(octyl ion), 98.41(heptyl cation), 

92.02(4-methylpyridinium ion), 84.19(hexyl cation), 70.16(pentyl cation). Surface active 

agents usually suppress the electrospray ionization and [BMPy][DS] is itself a surface active 

agent. 

UV-vis study 

From the structure of the [BMPy][LS], it was quite clear that there was no chance of n-ૈ* 

transition. Pyridinium ring with disturbed aromaticity having three conjugated double 

bonds. So we can expect UV band due to ૈ-ૈ* transition within the molecule. Two number 

of UV band appeared at 222 & 254 nm. The band of 222 nm was more intense than the 254 

nm band. 

 

Fig.1 Absorption vs. wavelength graph in UV-VIS spectrum showing two characteristic 

bands at 222 and 254 nm respectively (0.003mM) 

 

Results and Discussion 

Study of Physicochemical Properties of [BMPy][LS] 

4.3.1 Solubility test 

The compound was soluble in the different organic solvent as well as enhanced water 

solubility compared to the precursor surfactant. The product obtained was performed the 

solubility test qualitatively. 
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Solvent Water CHCl3 DMSO DCM CH3OH C2H5OH 

Soluble          Sparingly Soluble 

(a)                                       

Physical parameter with unit Numerical value 

Nagg 30 

Δμ0(M=1) (J/mol) -8500 

β (L/mol) 20000 

Γmax (µmol/m2) 5 

(b) 

Tab.1. (a): Solubility of [BMPy][LS] in different solvent 

            (b): Theoretically obtained physical quantity 

4.3.2 Aggregation number 

The average aggregation number (Nagg) is a fundamental and important parameter of 

micellar aggregation has been determined theoretically from STAND MODEL. [35]  The 

aggregation number of [BMPy][LS] was found 30(Tab. 1.a.) is smaller than those of 

precursor SDS (Nagg =55). This was probably due to the larger size of the counter ion 

compared to the smaller size counter ion of the precursor. The negative value of the 

chemical potential (Δμ0, Gibbs free energy/mole) clearly indicates that the micellization 

process was thermodynamically controlled. This is also a clear indication for the product 

formation .[36] The interaction parameter (β) is In the L/mol unit. it’s also important to 

mention that this model is best applicable to non-ionic surfactant. Therefore there would be 

some obvious deviation of the physical parameter if you apply this model to the case of the 

ionic surfactant like [BMPy] [LS]. 
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4.3.3 Conductance study  

The critical micelle concentration (CMC) is a narrow concentration range where the physical 

properties of the solution of an amphiphile show an abrupt change due to the cooperative 

formation of micelles in the bulk solution. [37] The CMC value can be obtained by the 

breakpoint of conductance curve and the dependence of physical properties was observed 

from there. The CMC value of sodium lauryl sulfate (SLS) was at 8 mM/dm3. From the 

conductometric curve, (Fig. 2.b.) the CMC value of [BMPy] [LS] obtained at 1.53 mM. 

Therefore the [BMPy] [LS] compound has more efficient surface activity compared to its 

anionic surfactant (SLS). Upon reconsidering the result by the plot the molar [conductance] 

vs. [conc.] graph (Fig. 2. c.), the result would be more self-supporting. It had shown a 

breakpoint at around 1.52 mM.  
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                                    (f)                                                                                     (g) 

Fig.  2. a. b.  The plot of conductance vs. conc. (mM) of SLS and [BMPy] [LS] 

respectively; c. The plot of molar conductance vs. conc. of [BMPy] [LS] d. Variation in 

the surface tension vs. log (conc.) of [BMPy] [LS] e.  Variation in the surface tension 

with log (conc.) for SLS f. Steady-state Fluorescence spectra of [BMPy] [LS] g. Plot of 

the I1/I3 ratio of pyrene vs. conc. of [BMPy] [LS] for CMC 

The fraction of the counter ions bound to the micelle has been evaluated by conductometry 

from the ratio of the post-micellar and premicellar slopes of the plot of molar conductivity 

vs. concentration curve (Fig.. 2.b.) of the surfactant solution. This fraction of the bound 

counter ions is represented by fb = m/n where m is the number of the counter ions bound 

per micelle and n is the aggregation number. The ratio of the post-micellar and premicellar 
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was around 0.51. On the other hand, the theoretical value of the aggregation number was 

30, which was an approximate value.  

The standard free energy of micellization per mole of the monomer unit (∆Gom) for this 

system was evaluated by applying the equation.38 

∆Gom = (1+ fb) RT ln(CMC)     (1) 

By putting the variables and constant in this equation the free energy of micellization per 

mole of the monomer unit of [BMPy][LS] was -39.28 Kjmol-1.  

4.3.4 Surface tension & surface parameters 

The plot of surface tension with respect to the logarithm of concentration for [BMPy][LS] 

and SLS have been shown in Fig. 2. (d) & (e).  From the breakpoint of the graph, the CMC 

value obtained by the surface tension measurement here is 1.56 mM, which was much lesser 

than precursor surfactant SLS. [37] The result is in good agreement with the conductance 

study. 

The maximum surface excess concentration (Γmax) and the minimum area of exclusion per 

molecule at the air-liquid interface (Amin) were estimated for the [BMPy][LS] from the 

inclination of the tensiometric profile near the CMC, is estimated by applying the Gibbs 

adsorption isotherm. [39] Two important parameters, i.e., saturation adsorption (τmax) and 

minimum surface area per molecule (Amin) has been calculated from surface tension values 

using the following relationship [40-41] 

τmax = 1023 / NA× Amin= − nRT (∂γ / ∂ln c)T                        (2) 

For a dilute solution, the Gibbs equation could be expressed as [42] 

-dγ = Гexc dµ                  (3) 

Here γ and µ is the surface tension and the chemical potential respectively. Change in γ with 

the logarithm of surfactant concentration (c) can be used to determine the total surface 

excess as [43] 
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-dγ =RT Гtot  dlnC                                                                          (4) 

Subsequently,  

Гtot = - (1/RT) dγ/ d lnC                 (5) 

Here R and T are the universal gas constant and temperature in absolute scale respectively. 

The Гtot value near the CMC was termed as Гmax. Thus,  

Г max= 1/ 2.303RT (-dγ/d logC)    (6) 

The value of the surface excess concentration for [BMPy][LS] was 4.91 µmol/m2 (by the 

linear fitting of surface tension values before the CMC of [BMPy][LS] in Fig. 4. Using the 

surface excess value, Amin which represents the minimum area per surfactant molecule at 

the air-liquid interface has been estimated by the following relation [44] 

Amin= 1018/NA Гmax      (7) 

The Amin value of [BMPy] [LS] in the aqueous system was found to be 0.34 nm2 molecule-1. 

4.3.5 Fluorescence  

The critical micellar concentration (CMC) of the anionic surfactant or identical species can 

be determined quite easily from the measurements of the fluorescence measurements in 

surfactant solution using polarity probe pyrene. [45] 

The CMC measurement was done here by Steady-state fluorescence technique. Initially, 

blank pyrene solution was taken in the cuvette and surfactant containing pyrene solution 

was continuously added. From the graph, the value of CMC obtained is 1.56 mM (Fig. 2.f. & 

g.) which is quite close to the value 1.53 mM obtained from the conductance study.  

Compound cmc 
(mmol/L) 

pC20 γcmc 
(mN/m) 

Amin 
(nm2) 

Γmax 
(μmol/m2) 

πcmc 
(mN/m) 

[C4mim][C12SO4]11 & 66 1.80 ± 
0.10 & 
1.94 

3.40  
±0.11 

31.90 
±0.10 

0.66 
±0.07 

2.53±  
0.27 

40.30 ± 
0.10 

[C4MP][C12SO4]11 & 66 2.70 ± 
0.10 & 
2.22 

3.50 
±0.14 

34.30 ± 
0.10 

0.74 ± 
0.03 

2.27 ± 
0.08 

37.9 ± 
0.10 
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[BMPy][LS] 1.53 ± 
0.10 

- 36.50± 
0.10 

0.34 4.91 35.70± 
0.10 

[BMPy][LS] in presence 
of equimolar β-CD 

- - 33.80± 
0.10 

- - 38.40± 
0.10 

C12mimBr 46 
 

10.90 2.60 39.40 0.87 1.91 33.60 

C12MPB47 13.50 _ 42.40 0.55 3.03 30.30 
SDS48 & 69 7.80 & 

7.90 
2.40 39.60 0.48 3.45 32.50 

Table 2. The comparison of different surface parameter of [BMPy][LS] alone & in 

presence of equimolar β-CD with some surfactants(Ionic liquid based surfactants, 

surface active ionic liquid and common anionic surfactant precursor). 

[C4mim][C12SO4] 1-Butyl-3-methylimidazolium dodecyl sulfate 

[C4MP][C12SO4]    N-Butyl-N-methylpyrrolidinium dodecyl sulfate 

Inclusion phenomenon and microscopic morphology 

4.4.1 From Conductance 

Conductivity is a ingenuous method for studying the host-guest inclusion and it can be used 

to unravel whether the inclusion can occur [49, 50], also the stoichiometry of the host-guest 

inclusion complexes (ICs) formed. [51, 52] 

Here the conductivity experiment was performed at some conventional concentration and 

also in the unparalleled concentration of the host and guest. It was a distinctive fact that the 

indicating breakpoint of the inclusion complexes (ICs) usually 5 times lesser than mother 

concentration of each solution. The experiment was carried out at two different 

concentrations of both the host as well as the guest e.g. 10 mM and 2 mM and the expected 

breakpoint was appear in 1.66 mM and 0.41(Fig. 3. a. & b.)  mM of β-CD respectively also 

obtained experimentally. Another important point regarding the conductance graph was 

that(1st inclusion graph) except the breakpoint at 1.66 mM there also a breakpoint at 3.33, 

5.1 mM thought it is not prominent like those at 1.66mM. So the inclusion stoichiometry of 

the host & guest may be both (1:1 & 2:1) or 1:2. 
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(a)                                                                 (b) 

Fig.  3 (a) Conductance vs. conc. (mM) of [BMPy][LS] & β-CD at 10 mM conc. of both (b) 

2 mM of the both. 

4.4.2 From Fluorescence  

As already stated pyrene (polarity probe) I1/I3 method is helpful in determining the CMC of 

many surfactants. The surfactant [BMPy] [LS] itself was fluorescence inactive so its Host-

Guest interaction with β-CD was preferably studied with the help of pyrene very briefly. The 

pyrene I1/ I3 ratio is very convenient and reliable method to find out the aggregation 

concentration which also helps to get an idea about the surrounding polarity around the 

probe molecule. If we carefully investigate the I1 /I3 ratio throughout the set of a solution it 

can be observed that in the presence of cyclodextrin only, it was more than 0.8 (I1/I3>0.8) 

(Fig. 4.). It’s an indication of significant polarity around the pyrene molecules, probably due 

to free as well as some included pyrene molecule into the hollow cavity of cyclodextrin. 

Upon gradual increase of ([BMPy] [LS])’s concentration, the formation of inclusion complex 

increases and the pyrene I1/I3 ratio gradually decreases. These might be due to the 

preferable inclusion of a more hydrophobic group of [BMPy] [LS]), into the cage of 

cyclodextrin molecules which should gradually depart the pyrene from the host molecules. 

It is also interesting to note that the set of solutions with more [BMPy][LS] concentration 

shows a gradual increase of  I1/I3 ratio which may be due to excess concentration of the 

[BMPy][LS], provide some free long lipophilic chain may increases the polarity with respect 

to the pyrene. The solution with highest [BMPy][LS] concentration shows the maximum 

value of the ratio of first and third vibronic coupling due to the formation of aggregates with 
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a lipophilic core which encourages the pyrene molecule to enter that core, remaining 

sufficient but excess pyrene face the solution polarity. The I1/I3 ratio is the utmost in the 

higher concentration of [BMPy] [LS] with nearly zero concentration of β-cyclodextrin. It also 

needs to mention that this concentration is considerably greater than the CMC value of the 

surfactant [BMPy] [LS]. So this differential encapsulation of pyrene inside into the β-CD & 

[BMPy] [LS] may be used to separate analytically important but toxic pyrene.  

Another important part of the fluorescence graph was a significant shift in the λmax position 

during the study. These bathochromic shifts appear after that set which had 1:1 molar ratio 

of the [BMPy] [LS] and cyclodextrin. This mixed concentration perhaps produces the initial 

occurrence of the inclusion which might be responsible for changes of solution 

thermodynamics and λmax. 
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Fig. 4 (a) Fluorescence of pyrene in various concentrations of β-CD and ILBS (Gradual 

decrease in the conc. of β-CD & increase in the conc. of the ILBS) & (b) corresponding 

3D plot. (c) The plot of the surface tension of [BMPy] [LS] vs. conc. (mM) of β-CD 
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Another pertinent finding was, pyrene fluorescence intensity was spectacularly reduced in 

the presence of [BMPy] [LS], which demands it may be used as the fluorescence quencher in 

fluorescent experiments. Many compounds containing the pyridinium ring usually being 

used as the probe as well as a quencher in the field of micellar and microemulsion research 

e.g. dodecyl, tetradecyl and hexadecyl attachment of the pyridinium ring. [53] 

4.4.3 From surface tension 

The surface tension graph had shown usual breakpoint along with some notability in the 

host-guest study. From the graph, it was clear that at 10 mM concentration of BuMPLS 

(much higher than the experimental CMC value) the minimum surface tension value was 

37mNm-1 [Fig. 4 (c)]. In Sober fact for the utility of the inclusion, in this case, was the 

minimum surface tension value in the presence of β-CD was 34mNm-1. This value was 

perfectly before the breakpoint for the inclusion. So it can be concluded that replacing the 

head group of the surfactant with the substituted pyridinium ring had enhanced surface 

activity which further can be ameliorated with the host β-Cyclodextrin. In the meantime, 

unintentional excess use and resulting loss of worthy and useful surfactant system can be 

avoided by the help of this systematic inclusion. Further β-CD can help in the controlled 

release of the surfactant, as well in its long term protection. The appearance of the multiple 

breakpoints also supports the possibility of inclusion other than 1:1 stoichiometry. 

4.4.4 From UV-vis spectroscopy 

Job’s method is one of the peerless methods used to identify the stoichiometry of the host-

guest inclusion complexes, known as the continuous variation method, which has been used 

here by using UV-visible spectroscopy. [54] A set of solutions for each [BMPy][LS] and β-CD 

was formulated varying the mole fraction (x) of the guest in the range x=0 to x=1. Job’s plots 

were generated by plotting (x. ΔA versus mole fraction (x), where ΔA is the difference in 

absorbance of the [BMPy] [LS] without and with β-CD and x = [BMPy] [LS]/([BMPy][LS]+[β-

Cyclodextrin]). [55-56] The x.ΔA vs. mole fraction (x) graph showed highest point at 0.50 if 

we consider the absorption maxima at 252 nm. The value of mole fraction (x) at the topmost 

deviation gives the stoichiometry of the inclusion complex (IC), i.e., proportion of guest and 

host is 1:2 if x =0.33; 1:1 if x =0.5; and 2:1 if x =0.66 etc. In the present work also the value of 

maxima of job plot was found at R=0.367(near to 0.33) which suggest an approximate 2:1 

stoichiometry (the absorption maxima at 220 nm) of the inclusion complexes [Fig. 5 (a) & 

(b)]. Most probably there was both the 1:1 & 2:1 inclusion. The alkyl chain of [BMPy] [LS] 
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form 2:1 inclusion with β-CD & pyridinium part probably make 1:1 inclusion was already 

assumed by T. Ray and her fellow colleagues. [57] 
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Fig.5. a) & b) Job’s plot of [BMPy][LS]-β-CD systems at 298.15 K at λ max = 252 & 220 

nm respectively. 

4.4.5 From Refractive index: With the variation in concentration of [BMPy][LS]-β-CD 

system(Tab. S. 7)  solution with highest and lowest β-CD concentration, the refractive index 

value was highest. This result was probably due to maximum inclusion & micellization with 

reverse equilibrium made the solution optically dense. 

4.4.6 From NMR & 2D NOESY spectra: NMR is a very sensitive technique to establish the 

occurrence of inclusion as well as its mode. [58] The inclusion of a guest molecule inside 

into the cavity of β-CD results in the chemical shift of the interacting protons of both the 

guest and β-CD in 1H NMR spectra, due to their mutual screening through space. [59] Due to 

its unique truncated shape cyclodextrin cavity are non-uniform at the two side. The guest 

molecules usually like to approach the β-CD from the broader cone and as a result, the H1 & 

H3 undergoes the maximum shift in its δ values whereas H6 usually remains unaffected. 

[60] In our present study, we get a considerable shift in the δ value of H6 proton which 

again supports the formation of 2:1 inclusion. Other physicochemical techniques already 

gave the indication of both 1:1 & 2:1 inclusion which was further confirmed by UV-Vis Job 

plot & also by FTNMR [(Fig. S. 2. a, b); Fig. S. 6. a), b] Both the Pyridinium & dodecyl part of 

surfactant had shown in the shift of δ values which also confirm 1:1 & 2:1 mode of inclusion 

into the β-CD molecule. One of the most significant shift was observed for the singlet peak to 

the H (-CH3 para to N of pyridinium ring). This was probably due to the symmetrical existing 

of -CH3 group in between the narrower rim of the two cyclodextrin molecule, which 
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provides maximum shielding. The same condition may be probable in the case of 2:1 

inclusion proposed by Ray et al. [57]  

Two-dimensional (2D) NMR spectroscopy provides certain evidence about the spatial 

immediacy of the approaching atoms of the host and the guest by observing the 

intermolecular dipolar cross-correlations. Two protons are able to create a nuclear 

Overhauser effect (NOE) cross-correlation in NOE spectroscopy (NOESY) interacting 

through space, when they situated within 0.4 nm in space. [61-63] 

2D NOESY showed correlation peak between H1 [4.893-4.902 (H1, 7H, d)] proton of β-CD 

with NCH2 of pyridinium ring [4.324-4.361(NCH2, 2H, t)] (Fig. 6. B.). It may indirectly reject 

the possibility of the insertion of N(+)Butyl inside the β-CD cavity. There was significant 

cross peak between H5, H6 [3.667-3.746 (H6, H5, 14H, m)] protons and H1 proton [4.893-

4.902 (H1, 7H, d)] of β-CD molecule (Fig. 6. B.). Probably upon inclusion β-CD molecules 

orient with each other in head to tail manner. A strong cross peak was obtained between H1 

proton and H4 [3.441-3.66 (H4, 7H, t), proton of β-CD (Fig. 6. B.) molecule again strongly 

supports head to tail manner orientation of the β-CD. Here we able to see cross peaks 

between NCH2 of pyridinium ring and between all other proton of β-CD (except H1), but 

weaker than those obtained with H1. One of the most important and interesting strong 

cross peak was between SOCH2 3.875-3.905(t, 2H, SOCH2) of lauryl sulfate and between H5, 

H6 [3.667-3.746 (H6, H5, 14H, m)] protons of the β-CD molecule (Fig. 6. B.) strongly 

suggests insertion of alkane chain through narrower cavity of the β-CD. This kind of 

insertion is only possible during 2:1 mode of inclusion. A very feeble cross peak between H3 

proton of β-CD [3.873-3.905(H3, 7H, t)] and NCH2 of pyridinium ring [4.324-4.361(NCH2, 

2H, t)] said about (Fig. 6. B.) disfavor mode inclusion between broader β-CD cavity and butyl 

chain of the [BMPy][LS]. 2D NOESY at the aliphatic region also supports the inclusion 

complex formation. The cross peak between NCCCH2 [(1.476-1.529) 2H, t] and SO(CH2)10 

[(1.107-1.207)20H, m]  (Fig. 6. C.) suggest disruption of micellar structure in the presence of 

inclusion complex.  
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Fig.6. (a) 2D-NOESY spectrum of [BMPy] [LS]+ [β-Cyclodextrin] inclusion complex 

(excluding aromatic part). 

    (b) Extended part of the region enriched with β-CD peaks of the same. 

    (c) Extended part of the region enriched with aliphatic peaks of the [BMPy] [LS] + 

[β-Cyclodextrin] inclusion complex. 

    (d) 1H NMR spectrum of [BMPy] [LS]+ [β-Cyclodextrin] inclusion complex for getting 

2D NOESY. 

4.4.7 From DLS: In DLS the size distribution of molecules or particles is the property of 

significance. Here, the distribution explains how much material there is nearby of the 

different size “slices.”  In DLS, the local distribution is the concentration distribution which 

indicates how much light is scattered from the various size “slices” or “bins.”  Historically, a 

simpler forced single exponential fitting method (the cumulant method) has been used to 

find an overall mean size (by intensity) and an overall polydispersity (the normalized next 

cumulant). Traditionally, this overall polydispersity has also been converted into an overall 

polydispersity index PDI which is the square of the light scattering polydispersity. For a 

perfectly uniform sample, the PDI would be (0.0). We had obtained the average PDI value of 

0.711 which indicate broad poly dispersity of the inclusion complex, supported by HRTEM. 

[64-65] If only 1:1 inclusion complex were formed, and then the values of PDI (Table S.10) 

for this system should be less than 0.50 consistently, is usually due to the homogeneous 
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distribution of the host-guest systems. Therefore light scattering tool indirectly but strongly 

support the formation of both 1:1 and 2:1 mode of inclusion. 

4.4.8 From HRTEM: To visualize the structural modification at the microscopic level the 

solution was taken in the moderate concentration for both the (β-Cyclodextrin) & its 

inclusion complex (Fig. 7. & 8). The High resolution transmission electron microscopy 

(HRTEM) images of β-CD were classic in nature. The occurrence of the 2:1 inclusion was 

confirmed from the vesicle type of structure obtained from HRTEM, as such bulkier 

morphology is possible only when the 2:1 inclusion complex is formed. Large amounts of 

spherical poly-disperse aggregates ranging from 50 to 445 nm in diameter was found, which 

were certified to be hollow vesicles rather than solid spheres. This also an indication of 

dynamic equilibrium previously proposed [57] also prove possibilities of other another 

mode of inclusion as shown in scheme 1 & assumed earlier by Li et al. [17] The few 

inconsistencies with the DLS size may be accounted for by noting that HRTEM and DLS show 

solid and swollen vesicles, correspondingly. [66] So the formation of vesicles due to 2:1 

inclusion was proved with direct evidence namely HRTEM, only the presence of micelle of 

homogeneous 1:1 inclusion complex can’t produce such broader morphology alone. [67, 68] 

   

1  2  3  
   

4  5  6  
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Fig. 7.: TEM representation of β-CD at 1) Different size structure are spread out with 

maximum size within 100 nm 2) Typical morphology of β-CD (100 nm scale) 3) Usual 

texture of β-CD (50 nm scale) 4) Morphology of β-CD at high resolution (20 nm 

reference scale) 5) Distinct shape with unique morphology 6) Dispersed appearance 

with average size quite comparable to obtained from the DLS.   

   

1

 

2

 

3

 
4 5 6 
 

Fig. 8.: TEM representation of β-CD+ [BMPy][LS] inclusion complex at  1) Aggregated 

form with two smaller out growths 2) Randomly aggregated structure with 200 nm 

scale, probably of inclusion complex 3) Cluster of different sizes structure 4) Medium 

size vesicle with non-uniformly distributed large micelle and probably randomly 

distributed inclusion complex (100 nm scale)  5) Large vesicular aggregate of 

diameter around 251 nm consisting  β-Cyclodextrin+ [BMPy][LS] IC (50 nm scale 

resolution) 6) Some more unique morphology of the Inclusion complex, which further 

justified size obtained by the Dynamic light scattering. On careful observation 
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homogenously distributed micellar aggregates also observable (around the big 

cluster). 

4.4.9. Table of inclusion complexes of some C12 surfactant and Cyclodextrin and 
comparison between them:  

Compound(
Host) 

Compound(Guest) Techniques Parameters obtained Presence 
of 2:1 
inclusion(
Host: 
Guest) 

β-
Cyclodextri
n 

Bis- (dodecyl 
dimethylammonium) 
diethyl ether dibromide. 
This is a C-12 gemini 
surfactant. 

1H NMR, 
DOSY, ROESY 

Aggregation number, 
Binding constant, 
Self-diffusion 
Coefficients [70] 

Yes 

β-
Cyclodextri
n 

1-dodecyl-3-
methylimidazolium 
hexafluorophosphate 

Surface 
tension, FT-
IR, XRD, NMR, 
2D 1H-1H 
COSY, TGA 

Crystal structure, 
Thermal stability, 
mode of inclusion 
and its mechanism 
[71] 

Yes 

β-
Cyclodextri
n 

Sodium dodecyl 
sulfate(SDS) 

surfactant-
selective 
electrodes 

Binding constant [72] Yes 

α-
Cyclodextri
n 

Sodium dodecyl 
sulfate(SDS) 

surfactant-
selective 
electrodes 

Binding constant [72] Yes 

α-
Cyclodextri
n 

dodecyltrimethylammoni
um bromide 

surfactant-
selective 
electrodes 

Binding constant [72] No 

β-
Cyclodextri
n 

dodecyltrimethylammoni
um bromide 

surfactant-
selective 
electrodes 

Binding constant [72] No 

 

4.5 Conclusion             

From the spectroscopic studies (FTIR, NMR, and Mass), it is confirmed that the synthesized 

ionic liquid-based surfactant was 1-butyl-4-methylpyridinium lauryl sulfate. It can be used 

as a fluorescence quencher, a benign & efficient surfactant. Further, in the presence of β-

cyclodextrin, it becomes more efficient surfactant which was confirmed by the critical 

studies of micellization. Conductivity, surface tension, and fluorescence study confirms the 

formation of a well fitted 1:1 host-guest as well as unique 2:1 inclusion complex with β-

cyclodextrin. From the UV-Vis job plot and HRTEM, the formation of the mixed inclusion 

complexes was undoubtedly established. The HRTEM also had given unique morphology of 

the inclusion complex along with the simultaneous presence of both micelle and vesicle 

which was further supported by Dynamic light scattering result. Therefore this work and 
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novel data from this work may give a new insight of molecular interaction, supramolecular 

delivery system, and much more applications. 

 

 
Scheme 1: Optimized 3D structure of the [BMPy] [LS] 

 

Table S. 1: Data for the graph of CMC determination by conductance vs. conc. 

of [BMPy] [LS] 
Volume(mL)  
 

Total volume(mL) Conc.(mM) Cond. 
(µS/ppm) 

Cond.(µScm-1) 

0 15 0 4.59 41.73 

0.3 15.3 0.196 9.8 89.09 

0.6 15.6 0.385 14.1 128.2 

0.9 15.9 0.566 25 227.3 

1.2 16.2 0.741 34.4 312.7 

1.5 16.5 0.909 46.6 423.6 

1.8 16.8 1.071 54 490.9 

2.1 17.1 1.228 60.7 551.8 

2.4 17.4 1.379 69.6 632.7 

2.7 17.7 1.525 73.4 667.3 

3 18 1.667 79.1 719.1 

3.3 18.3 1.803 84.8 770.9 

3.6 18.6 1.935 88.3 802.7 

3.9 18.9 2.063 91 827.3 

4.2 19.2 2.188 94 854.5 

4.5 19.5 2.308 99 900 

4.8 19.8 2.424 103 936.4 

5.1 20.1 2.537 106 963.6 

5.4 20.4 2.647 110 1000 

5.7 20.7 2.754 112 1018 

6 21 2.857 112 1018 
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Volume(mL)  
 

Total volume(mL) Conc.(mM) Cond. 
(µS/ppm) 

Cond.(µScm-1) 

6.3 21.3 2.958 120 1091 

6.6 21.6 3.056 119 1082 

6.9 21.9 3.151 121 1100 

7.2 22.2 3.243 122 1109 

7.5 22.5 3.333 123 1118 

7.8 22.8 3.421 126 1145 

8.1 23.1 3.506 127 1155 

8.4 23.4 3.59 128 1164 

8.7 23.7 3.671 135 1227 

9 24 3.75 135 1227 

 

Table S. 2: Data for the graph of breakpoint determination by conductance of 

[BMPy][LS] vs. conc.  β- cyclodextrin ( Host & Guest) 
Vol. added(mL) Cond. (mSCm-1) Conc. (mM) Total vol. (mL) Cond.  

(mSCm-1) 
Conc. (mM) 

0 0.554 0 10 5.036 0 

0.5 0.544 0.048 10.5 4.945 0.476 

1 0.536 0.091 11 4.873 0.909 

1.5 0.529 0.13 11.5 4.809 1.304 

2 0.518 0.167 12 4.709 1.667 

2.5 0.494 0.2 12.5 4.491 2 

3 0.474 0.231 13 4.309 2.308 

3.5 0.45 0.259 13.5 4.091 2.593 

4 0.423 0.286 14 3.845 2.857 

4.5 0.406 0.31 14.5 3.691 3.103 

5 0.391 0.333 15 3.555 3.333 

5.5 0.376 0.355 15.5 3.418 3.548 

6 0.362 0.375 16 3.291 3.75 

6.5 0.35 0.394 16.5 3.182 3.939 

7 0.336 0.412 17 3.055 4.118 

7.5 0.326 0.429 17.5 2.964 4.286 

8 0.313 0.444 18 2.845 4.444 

8.5 0.305 0.459 18.5 2.773 4.595 

9 0.296 0.474 19 2.691 4.737 

9.5 0.286 0.487 19.5 2.6 4.872 

10 0.278 0.5 20 2.527 5 
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Vol. added(mL) Cond. (mSCm-1) Conc. (mM) Total vol. (mL) Cond.  
(mSCm-1) 

Conc. (mM) 

10.5 0.27 0.512 20.5 2.455 5.122 

11 0.259 0.524 21 2.355 5.238 

11.5 0.254 0.535 21.5 2.309 5.349 

12 0.246 0.545 22 2.236 5.455 

12.5 0.24 0.556 22.5 2.182 5.556 

13 0.236 0.565 23 2.145 5.652 

13.5 0.229 0.574 23.5 2.082 5.745 

14 0.223 0.583 24 2.027 5.833 

14.5 0.219 0.592 24.5 1.991 5.918 

15 0.216 0.6 25 1.964 6 

15.5 0.21 0.608 25.5 1.909 6.078 

16 0.206 0.615 26 1.873 6.154 

16.5 0.201 0.623 26.5 1.827 6.226 

17 0.194 0.63 27 1.764 6.296 

17.5 0.194 0.636 27.5 1.764 6.364 

18 0.189 0.643 28 1.718 6.429 

18.5 0.185 0.649 28.5 1.682 6.491 

19 0.182 0.655 29 1.655 6.552 

19.5 0.178 0.661 29.5 1.618 6.61 

20 0.174 0.667 30 1.582 6.667 

20.5 0.169 0.672 30.5 1.536 6.721 

21 0.168 0.677 31 1.527 6.774 

21.5 0.164 0.683 31.5 1.491 6.825 

22 0.162 0.688 32 1.473 6.875 

22.5 0.159 0.692 32.5 1.445 6.923 

23 0.156 0.697 33 1.418 6.97 

23.5 0.154 0.701 33.5 1.4 7.015 

24 0.154 0.706 34 1.4 7.059 

24.5 0.15 0.71 34.5 1.364 7.101 

25 0.148 0.714 35 1.345 7.143 

25.5 0.145 0.718 35.5 1.318 7.183 

26 0.143 0.722 36 1.3 7.222 

26.5 0.142 0.726 36.5 1.291 7.26 

27 0.139 0.73 37 1.264 7.297 

27.5 0.137 0.733 37.5 1.245 7.333 

28 0.135 0.737 38 1.227 7.368 
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Vol. added(mL) Cond. (mSCm-1) Conc. (mM) Total vol. (mL) Cond.  
(mSCm-1) 

Conc. (mM) 

28.5 0.133 0.74 38.5 1.209 7.403 

29 0.131 0.744 39 1.191 7.436 

29.5 0.128 0.747 39.5 1.164 7.468 

30 0.128 0.75 40 1.164 7.5 

30.5 0.126 0.753 40.5 1.145 7.531 

31 0.124 0.756 41 1.127 7.561 

31.5 0.123 0.759 41.5 1.118 7.59 

32 0.121 0.762 42 1.1 7.619 

32.5 0.119 0.765 42.5 1.082 7.647 

33 0.117 0.767 43 1.064 7.674 

33.5 0.117 0.77 43.5 1.064 7.701 

34 0.116 0.773 44 1.055 7.727 

34.5 0.115 0.775 44.5 1.045 7.753 

35 0.114 0.778 45 1.036 7.778 

35.5 0.112 0.78 45.5 1.018 7.802 

36 0.111 0.783 46 1.009 7.826 

36.5 0.108 0.785 46.5 0.982 7.849 

37 0.108 0.787 47 0.982 7.872 

37.5 0.108 0.789 47.5 0.982 7.895 

38 0.107 0.792 48 0.973 7.917 

38.5 0.105 0.794 48.5 0.955 7.938 

39 0.106 0.796 49 0.964 7.959 

39.5 0.105 0.798 49.5 0.955 7.98 

40 0.104 0.286 14 0.945 2.857 

40.5 0.103 0.802 50.5 0.936 8.02 

41 0.101 0.804 51 0.918 8.039 

41.5 0.101 0.806 51.5 0.918 8.058 

42 0.101 0.808 52 0.918 8.077 

42.5 0.099 0.81 52.5 0.9 8.095 

43 0.098 0.811 53 0.891 8.113 

43.5 0.098 0.813 53.5 0.891 8.131 

44 0.097 0.815 54 0.882 8.148 

44.5 0.096 0.817 54.5 0.873 8.165 

45 0.095 0.818 55 0.864 8.182 

45.5 0.093 0.82 55.5 0.845 8.198 

46 0.093 0.821 56 0.845 8.214 
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Vol. added(mL) Cond. (mSCm-1) Conc. (mM) Total vol. (mL) Cond.  
(mSCm-1) 

Conc. (mM) 

46.5 0.093 0.823 56.5 0.845 8.23 

47 0.092 0.825 57 0.836 8.246 

47.5 0.092 0.826 57.5 0.836 8.261 

48 0.091 0.828 58 0.827 8.276 

48.5 0.089 0.829 58.5 0.809 8.291 

49.5 0.089 0.998 59 0.809 9.98 

50 0.088 0.833 60 0.8 8.333 

 
Table S. 3. Data for the CMC determination of [BMPy][LS] by surface tension 

Volume added (mL)  Total volume (mL)  Conc.(mM)  log(Conc.)  
S.T.(mNM-1) 

  

0  10  0  
 

0  72.6  

0.3  10.3  0.262  -0.58  55.6  

0.6  10.6  0.509  -0.29  47.6  

0.9  10.9  0.743  -0.13  44 

1.2  11.2  0.964  -0.02  41.6 

1.5  11.5  1.174  0.07  39.2  

1.8  11.8  1.373  0.138  37.6  

2.1  12.1  1.562  0.194  36.7 

2.4  12.4  1.742  0.241  36.8 

2.7  12.7  1.913  0.282  37  

3  13  2.077  0.317  37.3  

3.3  13.3  2.233  0.349  37.3  

3.6  13.6  2.382  0.377  37.5  

3.9  13.9  2.525  0.402  37.2  

4.2  14.2  2.662  0.425  37.4  

4.5  14.5  2.793  0.446  37.7  

4.8  14.8  2.919  0.465  37.9  

5.1  15.1  3.04  0.483  37.9 

5.4  15.4  3.156  0.499  37.6 

5.7  15.7  3.268  0.514  37.5 

6  16  3.375  0.528  38 

6.3  16.3  3.479  0.541  37.9 
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Table S. 4. Data for the breakpoint determination of [BMPy][LS] by surface ST  

(IC) 

Vol. 
added(mL) 

Total 
volume(mL) Conc.(mM) 

S.T.(mNm-1) 
 

0 10 0 36.9 
0.43 10.43 0.206 36.1 
0.86 10.86 0.396 36.2 
1.29 11.29 0.571 36.4 
1.72 11.72 0.734 35.3 
2.15 12.15 0.885 35.1 
2.58 12.58 1.025 34.4 
3.01 13.01 1.157 34.6 
3.44 13.44 1.28 34.3 
3.87 13.87 1.395 34.4 

4.30 14.30 
                    

1.5035                       
34.8 

4.73 14.73 1.606 33.4 
5.16 15.16 1.702 34.2 
5.59 15.59 1.793 33.5 
6.02 16.02 1.879 34.2 
6.45 16.45 1.960 34.7 
6.88 16.88 2.038 34.3 
7.31 17.31 2.112 36.7 
7.74 17.74 2.182 38.1 
8.17 18.17 2.248 38.0 

      8.60 18.6 
                     

2.3118                  
37.8 

9.03 19.03 2.373 40.5 
9.46 19.46 2.431 43.3 
9.89 19.89 2.486 45.3 

    10.32                         20.32     2.539        47.7  
   10.75                         20.75 2.59 47.9 
   11.18                         21.18 2.639 47.5 
   11.61                         21.61 2.686 49.1 
   12.04                         22.04 2.731 50 
   12.47                         22.47 2.775 50.4 
   12.90                        22.90     2.817  50.4 

 

Table S. 5: Data for the Job plot performed by UV-Vis spectroscopy for aqueous 

[BMPy][LS] -β-CD system at 298.15Ka(252 nm) 

_______________________________________________________________________________  
β-CD       G        β-CD      G          Mole fraction   Abs.            Abs. diff              R* ΔA 

 (mL)   (mL)   (µM)   (µM)                 (R)     (A)                 ΔA                    R* ΔA 

____________________________________________________________________________________________ 
          
0 2 0.0 100  1 0.32215 0.0               0.0  
      
0.2 1.8 10 90  0.9 0.29185 0.0303               0.02727 
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0.4 1.6 20 80  0.8 0.25945 0.0627               0.05016 
       
0.6 1.4 30 70  0.7 0.23135 0.0908               0.06356 
       
0.8 1.2 40 60  0.6 0.19704 0.12511  0.07507 
       
1 1 50 50  0.5 0.16333 0.15882  0.07941 
       
1.2 0.8 60 40  0.4 0.13379 0.18836 0.07534 
       
1.4 0.6 70 30  0.3 0.09963 0.22252 0.06676 
       
1.6 0.4 80 20  0.2 0.06104 0.26111 0.05222 
       
1.8 0.2 90 10  0.1  0.031              0.29115 0.02911 
       
2 0.0 100 0  0.0 -0.00151 0.32366 0.0 
____________________________________________________________________________________________ 
a Standard uncertainties in temperature are = ±0.01 K. 

b G=Guest ([BMPy][LS]) 

 

Table S. 6: Data for the Job plot performed by UV-Vis spectroscopy for aqueous 

[BMPy][LS]-β-CD system at 298.15K(220 nm) 

_______________________________________________________________________________  
β-CD       G        β-CD      G          Mole fraction   Abs.         Abs. diff                R* ΔA 

 (mL)   (mL)   (µM)   (µM)                 (R)     (A)               ΔA                    R* ΔA 

____________________________________________________________________________________________ 
     
0.0 2 0 100  1 0.75879 0.0               0.0  
      
0.2 1.8 10 90  0.9 0.68509 0.0737              0.06633 
      
0.4 1.6 20 80  0.8 0.6121  0.14669 0.11735 
       
0.6 1.4 30 70  0.7 0.54767 0.21112 0.14778 
       
0.8 1.2 40 60  0.6 0.46897 0.28982 0.17389 
       
1 1 50 50  0.5 0.39154 0.36725 0.18362 
       
1.2 0.8 60 40  0.4 0.32064 0.43815 0.17526 
       
1.4 0.6 70 30  0.3 0.23932 0.51947 0.15584 
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1.6 0.4 80 20  0.2 0.15116 0.60763 0.12153 
       
1.8 0.2 90 10  0.1 0.07512 0.68367 0.06837 
       
2 0.0 100 0  0 -0.00108 0.75987 0.0  
____________________________________________________________________________________________ 
a Standard uncertainties in temperature are = ±0.01 K. 

b G=Guest ([BMPy][LS]) 

 

Table S. 7: Data for Refractive Index  

Conc.(mM) 

([BMPy][LS]) 

Conc.(mM) ( β 

-CD) 

Temperature(K) RI values 

0.0 5 293.15  1.3324 

0.16 1.83 1.3323 

0.33 1.66 1.3323 

0.55 1.5 1.3323 

0.66 1.33 1.3322 

0.83 1.16 1.3323 

1 1 1.3322 

1.16 0.83 1.3322 

1.33 0.66 1.3323 

 1.5 0.55 1.3323 

1.66  0.33 1.3324 

1.83  0.16 1.3322 

5 0.0 1.3324 
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Fig. S. 1. a)  FTIR spectra of 1-butyl-4-methylpyridinium lauryl sulfate in KBr pellets 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S. 1. b) FTIR spectra of 1-butyl-4-methylpyridinium lauryl sulfate in EtOH 
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Fig. S. 2a. NMR spectra of 1-butyl-4-methylpyridinium lauryl sulphate in D2O 

 

 

Fig. S. 2b. NMR Spectra of 1-Butyl-4-methylpyridinium lauryl sulphate in DMSO-d6 



 
synthesis, characterization of 1-butyl-4-methylpyridinium lauryl............enhanced applications 

126 
 

 

Fig. S. 3 Mass spectrum of 1-butyl-4-methylpyridinium lauryl sulfate  

                                                           

Table S. 8. 1H NMR data of ([BMPy][LS]), β-CD and their inclusion complexes 

[BMPy][LS] (300MHz, Solvent: D2O) δ /ppm 
1H NMR (300 MHz, D2O): δ 8.60-8.62(d, 2H, J=6.6 Hz) N(CH)2 of pyridinium ring, 

7.80-7.83(d, 2H, J=6.3 Hz) N+CC(CH)2 of pyridinium ring, 4.48(t, 2H, NCH2), 3.89(t, 

2H, SOCH2), 2.55 (s, 3H, -CH3 para to N), 1.86 (m, 2H, NCCH2), 1.55 (t,  2H, NCCCH2), 

1.21 (m, SOCH2(CH2)9, 20H), 0.80(m,3H, NCCCCH3), 0.68(m,3H, SOC11CH3). 

β-CD (400 MHz, Solvent: D2O),  

δ /ppm 

β-CD+[BMPy][LS]    (400 MHz, Solvent: 

D2O), δ /ppm 

3.49-3.54 (H4, 7H, t, J = 9.2 Hz), 3.57-

3.60 (H2, 7H, dd, J = 9.6, 3.2 Hz), 3.79-

3.84 (H6, H5, 14H, m), 3.87-3.92 (H3, 

7H, t, J = 9.2 Hz), 5.00-5.01 (H1, 7H, d, J 

= 3.6 Hz). 

8.47-8.46(d, 2H) included N(CH)2 of 

pyridinium ring, 7.68-7.7(d, 2H) included 

N+CC(CH)2 of pyridinium ring, 4.92-

4.9(H1, 7H , d), 4.69(s) suppressed, 4.34-

4.37(t, 2H, NCH2), 3.88-3.9(t), 3.68-

3.76(m), 3.53-3.55(dd), 3.46-3.49(t), 

1.79-1.83(m), 1.49-1.56(m), 1.14-

1.22(m), 1.11(s), 0.75- 0.8(m). 

Shift of δ /ppm in β-cyclodextrin Shift of δ /ppm in ([BMPy][LS]) 

H3, H5 showed up field shift. H1, H2 & 

H4, H6 show considerable shift which 

Both 8.60-8.62(d, 2H)N(CH)2, 7.80-

7.83(d, 2H) N+CC(CH)2 of pyridine 



 
synthesis, characterization of 1-butyl-4-methylpyridinium lauryl............enhanced applications 

127 
 

prove inclusion for both. Shift of H6 

prove 2:1 inclusion. 

undergo up field shift due to its inclusion 

into the β–Cyclodextrin cavity. Alkyl 

chain of pyridine 4.48(t, 2H, NCH2) also 

undergo up field shift for the previously 

mentioned reason. 

 

β-CD+[BMPy][LS] inclusion complex 1H NMR after few months   (400 MHz, Solvent: 

D2O), δ /ppm 

8.457-8.440(d, 2H, included N(CH)2 of pyridinium ring), 7.682-7.667(d, 2H, included 

N+CC(CH)2 of pyridinium ring), 4.902-4.893,  4.361-4.324(t), 3.905-3.873(t),  
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Fig S. 4. a) & b)  The NMR spectra of inclusion complex consisting 1-butyl-4-
methylpyridinium lauryl sulphate & β –CD in D2O. 

Table S.9. Source and purity of the chemicals 

Chemical  

name 

CAS 

number 

Source mass fraction 

purity 

Purification 

method 

BMPyCl 112400-86-9 Aldrich >0.990 Used as procured 

SLS 151-21-3 Merck >0.980 Used as procured 

D2O 7789-20-0 Aldrich >0.999 Used as procured 

Pyrene 129-00-0 Fluka >0.990 Used as procured 

β-CD 7585-39-9 Aldrich >0.990 Used as procured 

DMSO-d6 2206-271 SRL >0.998 Used as procured 

 

Table: S.10 Hydrodynamic diameter (Dh) and PDI values of β-CD, [BMPy][LS], 
systems in water obtained by DLS studies. 
 
Parameter β-CD β-CD β-CD IC β-CD  

IC 
β-CD  

IC 
β-CD  

IC 
Β-CD 

IC 

Hydrodynamic 

diameter (nm) 

    183.7 119.7 294.3 248.5 294.8 209.5 256 

PDI                 0.58 
 
 
 

0.312 
 
 

0.701 
 
 

0.708 
 
 

0.788 0.64 0.655 

1H IC1, D2O, 23/06/17, SAIF, NEHU
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Fig.S.5: 

 

(a) A representive Intensity vs. Size distribution graph for the β-CD 

 

(b) A representive Intensity vs. Size distribution graph for the [BMPy][LS] 

 

(c) One of the few Correlagram of β-CD. 
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(d) One of the few Correlagram of [BMPy][LS] 
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CHAPTER V 

 

PHYSICOCHEMICAL STUDIES ON STRUCTURED AGGREGATES WITH 

SPECIAL REFERENCE TO IONIC LIQUID BASED SURFACTANTS  
 

5.1. Introduction 

Ionic liquids (ILs) have attracted much attention at present due to their unique 

physicochemical qualities. [1–4] 
 
Ionic liquid with long hydrocarbon chain are found to active at interface and usually 

known as surface active ionic liquids (SAILs), special kind of useful ILs with collective 

properties of ILs and surfactants. [5] 
 

ILs can be designed and tuned to optimized yield. Through the possibility of fine-tuning 

Hydrophobicity of the ILs by altering the hydrocarbon chain length, the type of counter 

group, and the nature of the anions, one can modify the structure of these molecular 

aggregates. [6-16] 

Many of the SAILs described in the literature containing halogen. Though the SAILs are 

environmentally caring compare to the organic solvents still presence of halogen can 

release corrosive HF or HCl. [17] Nowadays lot of ionic liquids without halogen already 

synthesized, moreover many of them are commercialized. 

Alkyl sulfate-based ILs from the previously mentioned is clearly categorized by their 

high practical accessibility with comparatively low cost and by their well-documented 

toxicology and biodegradability. [17], [18], [19], [20] 
 
In this work, halogen-free BMIMDS and BMPDS derived from relatively inexpensive 

chemicals were synthesized using ion exchange, a method easier than that of the earlier 

literature and described elsewhere. Characterisation of the obtained product was done 

with melting point measurement, FT-IR, FT-NMR which validates simple and 

standardized synthetic methodology as well as purity of the both products. Their 

interfacial behaviour was studied by conductivity, surface tensiometry and steady state 
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fluorimetric technique. The CMC values obtained from surface tensiometry and 

conductometry were justified further by fluorimetry.  

 

5.2. Experimental Section 

 
5.2.1. Materials 

1-Butyl-3-methylimidazolium chloride (BMIMCl), 1-Butyl-1-methylpyrrolidinium 

tetrafluoroborate (BMPyBF4), Sodium dodecyl sulfate (SDS) have been used for 

synthesis. Double distilled water specific conductance ~0.9 μScm−1, pH ∼6.8–7.0 was 

used for all experimental purposes. The probe used for the fluorescence was pyrene. All 

the samples were purchased from Sigma-Aldrich. 

5.2.2. Preparation:  

At starting, the solubility of the chosen precursor ILs and Sodium dodecyl sulfate (SDS) 

have been accurately checked in the different solvent and finally dichloromethane 

(DCM) was chosen as a suitable solvent. The easy solvent removal was also taken into 

consideration. 1-Butyl-3-methylimidazolium dodecyl sulfate (BMIMDS), 1-Butyl-1-

methylpyrrolidium dodecyl sulfate (BMPDS) were prepared by simple ion exchange 

reaction of 1-butyl-3-methylimidazoliumchloride (BMIMCl) and 1-butyl-1-

methylpyrrolidiniumtetrafluoroborate (BMPyBF4) respectively (SDS).  

Synthesis of BMIMDS
Here we use BMIMCl out of 2 options 

constant stirring.

4 hours in room 
temperature DCM

+

 
 

Scheme 1: Synthesis of 1-Butyl-3-methylimidazolium dodecyl sulfate (BMIMDS) 
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The precursors (BMIMCl and BMPyBF4) with sodium lauryl sulfate in 1:1M ratio was 

taken in DCM and continuously stirred at room temperature for 4 & 5 h respectively. As 

the secondary product was ionic in nature so it was in the solid state in the organic 

solvent, was easily separated by careful filtration. Then the immiscible (organic) phase, 

which was waxy in nature, was heated in a rotary vacuum evaporator.  

 

Scheme2: Synthesis1-butyl-1-methylpyrrolidium dodecyl sulfate (BMPDS)  

 

Used volatile solvent (DCM, boiling point about 39.6°C) was removed gently by 

maintaining required temperature by a rotary evaporator. Then obtained coloured 

highly viscous liquid was washed with water very gently until the phase becomes 

chloride-free (the presence of the chloride was tested by AgNO3 in low pH solution). 

The product was dried, stored in dark place and vacuum desiccators for 48 h. The 

aqueous 

Solution which was used for halide removal was also stored to check any product 

accumulation in the water, has been found with negligible product accumulation. 

 

 

S y n t h e s is  o f  B M P y D S
H e r e  4  h o u r s  r e a ct io n  t im e  i s  m o re  th a n  s u f f i c ie n t a s  N ( + ) ( - )B F 4  i s  w e a k e r  

th a n  N (+ ) ( - )C l. R e m o v a l o f  h a lo g e n  a ls o  n e c e s s a r y  a s  B M P y B F 4 .   

N +

SO O

O

O -

n - b u t y l - n - m e t h y l p y r r o l i d i n i u m d o d e c y ls u l f a t e

Na+

SO O

O

O-

sodiumdodecylsulfate

4  h o u rs  i n  r o o m  
te m p e ra tu re

N +

B

F

F

F

F

c o n s ta n t  
st ir r in g .

D C M

+
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5.2.3. Apparatus and procedure:  

Fourier transform Infrared spectra (FTIR) were recorded in KBr pellets with a 

PerkinElmer FT-IR spectrometer (RX-1) operating in the region of 4000 to 400 cm-1 at 

ambient temperature. [21] 

1H Nuclear magnetic resonance (NMR) & 2D NOESY experiments were performed in 

BRUKER AVANCE spectrometer operating at 300 MHz frequency. [22] The respective 

solutions were made in D2O, data was reported as a chemical shift.  

Ultraviolet-visible (UV-visible) spectra were recorded by JASCO V-530 UV-vis 

Spectrophotometer, with an uncertainty of wavelength resolution of ±2 nm. The 

measuring temperature was controlled by an automated digital thermostat. 

Spectrophotometer UVD-2950 (Labomed Inc., USA) [23] 
 

The Conductance measurements were accomplished in a Mettler Toledo Seven Multi 

conductivity meter with uncertainty 1.0 μS m−1, bearing a cell constant of about (0.1 ± 

0.001) cm−1. Temperature of the solutions were maintained to within = (298.15± 0.01) 

K using Brookfield Digital TC-550 temperature thermostat bath. The used cell was 

calibrated using a 0.01 M aqueous KCl solution. The uncertainty in temperature was 

±0.01 K. [23] 

Surface tension experiments were carried out by a platinum ring detachment method 

using du Nou¨y Tensiometer (Jencon, Kolkata, India) and also Tensiometer (K9, KRÜSS, 

Germany) at the experimental temperature. The accuracy of the surface tension 

measurement was within 0.1 mN m-1. The constant temperature was maintained during 

the experiments with Remi ultra thermostat (CB-700) with precision 0.1K. [24] 

Steady-state fluorescence emission study was carried out in bench top 

spectrofluorimeter from photon technologies international (Quantamaster-40) with 

FelixGX version 2.0 software. [22] 
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Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano ZS90 ZEN3690 light 

scattering apparatus (Malvern Instruments Ltd., Malvern, UK) with the He−Ne laser 

(632.8 nm, 4 mW) at a scattering angle of 90°. The temperature was maintained 

constant at 298.15 K. [25] 

Polarizing Optical Microscopy was performed with Polarizing Microscope (Model Nikon 

Eclipse LV100 POL) connected with Linkam U.K Heating/Freezing Stage accessories 

 
5.2.4. FTIR analysis of the products 

The observed infrared frequencies of the bond correspond to functional groups of all 

the precursors and products have been shown (Fig. 1a) within the range of 500–4000 

cm−1. 
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Fig. 1: FTIR spectra of BMIMDS, BMPDS & all in the same frame 

 

Serial 

no. 

Compou

nd 

Stretching 

frequency(Cm-1) 

Functional group with bond 

1 SDS 3460 -OH stretching 

2958 A.S. –CH3 

2921 A.S. –CH2- 

2852 S.S. –CH2- 

1660 C=C stretching 

1473 -CH2- scissoring mode 

1221 A.S. S=O 

1084 SO2 symm. vibration 

2 BMIMCl 3416 Quarternary N-atom 

3151 Aromatic C-H stretching 

3095 Aromatic C-H stretching 

2971 A.S. –CH3 

1631 C=C stretch. 

1571 C=N stretch 

1461 A.D. –CH3/S. ring stretch 

844 -C-N- stretch 
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Serial 

no. 

Compou

nd 

Stretching 

frequency(Cm-1) 

Functional group with bond 

3 BMPBF4 3425 Quarternary N type of structure 

2967 A.S. –CH3 

2878 S.S. of –CH2 group 

1467 -CH2- Def. Or scissoring, connected 

with N-atom 

1052 C-C, BF4 stretch 

1030 N-Bu, N-Me 

4 

 

 

 

BMIMDS 3373 Quarternary N+ type 

3147 Aromatic C-H stretch 

3089 Aromatic C-H stretch 

2957 A.S. –C-H of CH3 

2920 A.S. –CH2- 

2853 S.S. –CH2- 

1569 S. ring stretch 

1467 A.D. - CH3/S. ring stretch 

1213 A.S. –S=O 

1068 Sym. ring stretching 

870 Chain def. 

610 -C-S- stretch[26]-[34] 

5 BMPDS 3439 

 

Quaternary amine type in 

pyrrolidinium cation 

3031 Aromatic -C-H bond vibration 

2954 A. S. –CH3 

2919 S. S. -C-H of -CH2- 
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Serial 

no. 

Compou

nd 

Stretching 

frequency(Cm-1) 

Functional group with bond 

2851 S. S. –CH3 

1643 -C=C- stretching 

1467  

 

-C-H bending/ asymmetric 

deformation of -CH2- 

806 

 

-C-O-S- of -CH2-O-S- 

stretching 

1213   A.S. of the -SO4-1 group[26]-[34] 

Table 1: FTIR data of the BMIMCl, BMPyBF4, SDS, BMIMDS and BMPDS  

5.2.5. NMR analysis of the products 

The treated precursors, products viz. BMIMCl, BMPyBF4, SDS, BMIMDS and BMPDS 

were characterized by 1H NMR spectroscopy using D2O as a solvent on a spectrometer 

(Bruker Avance 300 MHz spectrometer) for the determination of molecular structures. 

The 1H NMR spectra data are shown in Fig. 2. in ppm (δ) from the internal reference 

(D2O: δ 4.788 ppm) in determining the proton chemical shifts. The 1H NMR of the 

precursors like that: BMIMCl in D2O (δ/ppm): 7.512(m, 2H, NCH), 4.75(residual 

solvent peak), 4.234(t, 2H, NCH2),3.93-3.89(d, appear as sharp singlet ,3H, N(+)CH3), 

1.888(m,2H,NCCH2) 1.296-1.419(m, 2H, NCCCH2), 0.959(t,3H,NCCCCH3); BMPyBF4 in 

CDCl3(δ/ppm): 3.57-3.62(t,2H, SOCH2); 3.45(ss,4H,CH2NCH2); 3.4(t,2H,NCH2C) ;  3.096 

(s,3H,CH3N);  2.2(s, 4H,CCH2CH2C), 1.763(m, 6H, NCCH2CC & 4 ring protons opposite to 

N i.e. H2CCNCCH2 ); 1.73(m, 2H,NCCH2C); 1.403(m, 2H, NCCCH2CH3); 1.2(m, 20H, 

(CH2)10);  0.978 (t,  3H, NCCCCH3 ) ; 0.92(t, 3H, NCCCCH3); SDS in D2O (7.5mM): 

(δ/ppm): 4.711(m, HOD), 3.958 (t, 2H, SOCH2), 1.188(m, appear as s, 16H, 

[CH3(CH2)8CH2CH2CH2SO], 1.579(m, appear as triplet, 4H, SOCH2CH2CH2), 0.78-0.757(t, 

CH3(CH2)10CH2SO); SDS in D2O (5mM): (δ/ppm): 4.711(m, HOD), 3.96 (t, 2H, SOCH2), 

1.181(m, appear as s, 16H, [CH3(CH2)8CH2CH2CH2 SO], 1.58(m, appear as triplet, 4H, 

SOCH2CH2CH2), 0.78-0.737(t, CH3(CH2)10CH2 SO). 
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The outcome of 1H NMR of BMIMDS and BMPDS are given as follows: BMIMDS D2O 

below CMC (δ/ppm): 7.307(doublet, 2H, NCH), 4.077(t, 2H, NCH2), 3.952(t, 2H, 

SOCH2), 3.769 [sharp singlet, 3H, N(+)CH3], 1.75 (m,2H, NCCH2), 1.55 (t,  2H, NCCCH2), 

1.21 (m, J = 9 Hz,  SOCH2(CH2)9, 20H), 0.80(m,3H, NCCCCH3 &  3H, SOC11CH3)[ below 

CMC]; CDCl3 above CMC (δ/ppm): 9.57 (s, 1H, NCHN), 7.33,7.43(d, 2H, NCH), 4.245(t, 

2H, NCH2), 4.132 (t, 2H, SOCH2), 2.795 [s, 3H, N(+)CH3], 2.051(s, 6H, acetone impurity), 

1.89 (m,2H, NCCH2), 1.665 (t, 2H, NCCCH2), 1.35 (m, J = 9,  SOCH2(CH2)9, 20H), 0.955(t, 

J = 7.35, 3H, NCCCCH3),  0.876(t, 3H, SOC11CH3). 2 signals appear together as multiplet 

as both triplets are in the same zone.  

BMPDS in CDCl3 For 1H NMR (δ/ppm): 3.94(t,2H, SOCH2), 3.45(ss,4H,CH2NCH2), 

3.4(t,2H,NCH2C), 3.2(s,3H,CH3N+), 2.2(s, 4H,CCH2CH2C), 1.73(m, 2H,NCCH2C), 1.6(m, 2H, 

NCCCH2C), 1.2(m, 20H, (CH2)10), 0.92(t, 3H, NCCCCH3), 0.83(t, 3H, CH3).  

BMIMDS in CDCl3 for 13C NMR (δ/ppm):  137.80 (1C, NCHN),  123.52(+NCHCH),  

122(+NCHCH),  77.5, 77.07, 76.65(CDCl3),  67.85(SOCH2) due to shielding after 

micellization,49.81(NCCCCH3),36.47(+NCH3),32.09(NCCCCH3),31.93(SOCH2(CH2)8CH2), 

29.66(SOCH2CH2CH2(CH2)5), 29.55(SOCH2CH2 CH2(CH2)5 CH2CH2), 29.43(SOCH2CH2), 

25.91(SOCH2CH2 CH2), 22.71(SOCH2CH2 CH2(CH2)5 CH2 CH2CH2), 19.46(NCCCCH3), 

14.16(SO(CH2)9 CH2CH2CH3), 13.44(NCCCCH3). 

BMPDS in CDCl3 for 13C NMR (δ/ppm): 77.54, 77.12, 76.69(CDCl3), 67.61(SOCH2), 

64.23,64.13(+N(CH2)2), 48.18(+NCH3), 31.87{SOCH2(CH2)8CH2}, 29.31(SOCH2CH2), 

29.60{SOCH2CH2CH2(CH2)},29.39{SOCH2(CH2)7CH2},25.88(SOCH2CH2CH2),25.68{SOCH2

(CH2)9CH2}, 22.65(NCCCCH3), 21.56(+N(CH2)2(CH2)2), 19.64(NCCCCH3), 

14.10(NCCCCH3), 13.53{SO2CH2)9 CH2CH2CH3} . 
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1H NMR of SDS in D2O below CMC

 
1H NMR of SDS in D2O below CMC
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1H NMR of BMIMCl in D2O

 

NMR of BMPyBF4 in CDCl3
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Characterization: 1H NMR of BMIMDS in CDCl3

 

Characterization: 1H NMR of BMIMDS in D2O below CMC

 



 
Physicochemical Studies on Structured Aggregates……Ionic Liquid Based Surfactants  

143 
 

C-13 NMR of BMIMDS in CDCl3

 

 

1H NMR of BMPDS in CDCl3(128S)

 

 

 

C-13 NMR of BMPDS in CDCl3
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COSY of BMPDS in CDCl3

 

 

Fig. 2. 1H NMR spectra of SDS, BMIMCl, BMPyBF4, BMIMDS and BMPDS;  13C NMR 
spectra of BMIMDS and BMPDS; 2D COSY spectra of BMPDS. 

5.2.6 Purity check by melting point: The purity of all the precursor and the products 
were also checked by melting point. The obtained data for the melting point are given 
below. 

 

Serial no.  Sample name Melting point( oC) 

1.  SDS 195-200  

 SDS R  206  

2.  BMPyBF4  158  

3.  BMIMCl  70  

4.  BMIMDS  43  

5.   BMPDS  Viscous liquid  

Table 2: Melting point of the 3 precursors & 2 synthesized compounds 
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5.3. Study of physicochemical properties of BMIMDS and BMPDS: 

5.3.1. CMC determination 

5.3.1.1. Conductance: 

The critical micelle concentration (CMC) is a thin concentration range where the 

physical properties of the solution of an amphiphile show a sudden change due to the 

cooperative formation of micelles or other type of aggregate in the bulk solution. [35] 

The CMC value is obtained from the intersection of two straight lines, which was drawn 

by the principle of best fitting from the most frequent data. From the conductometric 

curve (Fig. 3) the CMC value of BMIMDS & BMPDS obtained was 2.53 and 2.91 

milimolar was quite less than the common precursor SDS. Therefore BMIMDS & BMPDS 

has more efficient surface activity compared to its anionic surfactant (SLS).  
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Fig.3. Specific conductance vs. conc. (mM) of SDS, BMIMDS & BMPDS respectively for 
CMC determination; all the graphs in same place for comparison 

 

5.3.1.2. Surface tension: Surface tension measurements were performed to assess the 

surface activities of synthesized SAILs in aqueous solution. The plots of surface tension 

(γ) at 25oC (298K) versus log C for BMIMDS & BMPDS are depicted in Fig. 3. The surface 

tension of aqueous solutions linearly decreases with the logarithm of concentration to a 

certain value, above which a nearly constant value of surface tension (γcmc) is observed. 

The absence of a minimum around the breakpoint demonstrates the high purities of 

these SAILs. The breakpoint connecting the two regions corresponds to the critical 

micelle concentration (CMC) value. The CMC values for BMIMDS & BMPDS are listed in 

Table 3.a., together with the data reported for SDS. [36], [37], [20] 
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Fig. 4. Surface tension vs. log (conc.) (mM) of SDS, BMIMDS & BMPDS respectively for 

CMC determination; the entire graph in same place with colour caption for easy 

comparison 

5.3.2. Fluorescence, static Fluorescence Quenching and Average Aggregation 

Number: The CMC value of surfactant can be determined quite easily from the 

measurements of the fluorescence intensity in surfactant solution using polarity probe 

pyrene, where surfactant itself is fluorescence inactive. [38] 

The CMC measurement was done by steady-state fluorescence technique. Initially, 

blank pyrene solution was taken in the cuvette and gradually surfactant containing 
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pyrene solution was added. From the graph, the value of CMC obtained was 2 & 2.15 

(Fig. 5 & 6) which is quite close to the values obtained from the conductance study 

(Table 3. a.).  

 

The aggregation number (n) was obtained was 40 & 42 for BMIMDS & BMPDS 

respectively from the fluorescence. The quencher used for the fluorescence was cetyl 

pyridinium chloride (CPC). (Fig. 5 & 6) (Table 3. b.).  
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Fig. 5. Fluorimetric determination of CMC of the BMIMDS & and its ln (I0/Iq) vs. 

Conc. (mML-1) of quencher graph. 
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Fig. 6. Fluorimetric determination of CMC of the BMPDS & and its ln (I0/Iq) vs. 

Conc. (mML-1) of quencher graph. 

 
Surfactants CMC values(mM) 

Conductometrically  

CMC values(mM) 

Surface 
tensiometrically  

CMC values(mM) 

Fluorimetric 
technique  

JPC(B) 

SDS 
 

8.1  7.91(7.8)*  7.2  7.8 

BMPDS  2.53(3.8)* 2.29(2.7)*  2.15  3.8 & 2.7 

BMIMDS  2.97(2.1)*  1.87(1.8)*  2  2.1 & 1.8 

a) 
Surfactant name  CMC values  Aggregation 

number 

(n)  

BMIMDS  2 42  

BMPDS  2.15 40  

b) 
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Table 3: a) The CMC values of SDS, BMIMDS & BMPDS by three different 

techniques 

b) The CMC values & aggregation number of BMIMDS & BMPDS from fluorescence 

5.3.3. DSC study: DSC study was done in the case of SDS, given 2 significant peaks 

before and just before its melting point. (Fig. 7.). 

 
Fig. 7. DSC thermo gram of the SDS ( recrystallized) 

5.3.4. POM study: POM study of the BMIMDS show lamellar behavior obtained similar 

to liquid crystal. POM images of the BMPDS were taken at different temperature.  With 

increase in temperature the aggregate nature was disappear for the BMPDS. [39] 

 

 
Fig. 7. a. POM image of BMIMDS 
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Fig. 7. b. POM image of the BMPDS at different temperature 

 

5.3.5. DLS Study: In DLS the size distribution of molecules or particles is the property 

of significance. Here, the distribution explains how much material there is nearby of the 

different size “slices.” In DLS, the local distribution is the concentration distribution 

which indicates how much light is scattered from the various size “slice” or “bins”. 

Historically, a simpler forced single exponential fitting method (the cumulant method) 

has been used to find an overall mean size (by intensity) and an overall polydispersity 

(the normalized next cumulant). Traditionally, this overall polydispersity has also been 

converted into an overall polydispersity index PDI which is the square of the light 

scattering polydispersity. For a perfectly uniform sample, the PDI would be around 0.0. 

We had obtained the average PDI value of 0.711 which indicate broad poly dispersity of 

the inclusion complex, supported by HRTEM [40, 41]. Higher value of zeta potential of 

BMIMDS compare to BMPDS at comparable concentration established role of counter 

ion in monomer as well as micellar stability. Equivalent size profiles from DLS for both 

derived surfactants indicate the aggregation even far beyond CMC. [Fig.8.a)- c)] 
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Fig.8.a). Comparison of change of the Zeta potential with concentration of BMIMDS & 

BMPDS  

Fig. 8. b). Comparison of change of the size with concentration of BMIMDS & BMPDS  

Fig. 8. c). Comparison of change of the dispersity with concentration of BMIMDS & 

BMPDS 

 

5.4. Conclusions: Benign ionic liquid based surfactants were synthesized. Melting 

point, FTIR, FTNMR was confirmed about the purity of the product. The CMC value 

obtained from 3 techniques implies BMIMDS has lower CMC and higher efficiency as 

surfactant than BMPDS.  BMIMDS & BMPDS has quite similar aggregation number, 

obtained from the fluorescence quenching method.  Higher value of zeta potential of 

BMIMDS compare to BMPDS at comparable concentration established role of counter 
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ion in monomer as well as micellar stability. Equivalent size profiles from DLS for both 

derived surfactants indicate the aggregation even far beyond CMC. POM study of the 

BMIMDS show lamellar type behavior obtained similar to liquid crystal. With increase 

in temperature the aggregate nature was disappear for the BMPDS.  
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CHAPTER VI 
 

SYNTHESIS, CHARACTERIZATION OF 1-DODECYL-4-

METHYLPYRIDINIUM IODIDE AND ITS INCLUSION MECHANISM 

WITH Β-CYCLODEXTRIN AND ITS DERIVATIVE FOR SUPERIOR 

APPLICATIONS 
 

6.1.   Introduction 

ILs has a large diversity of unique physical and chemical character such as non-

flammability, negligible vapour pressure, ability of dissolving large variety of 

compounds, high electrical conductivity, widely documented liquid range etc. [1-5] 

Ionic liquids (ILs) are mainly organic nano structured molten salts having cationic 

organic part and anionic inorganic or organic part [6] 

 
The all-round and extremely useful properties of ILs have been documented in the 

current millennium; this led to an explosive growth in the number of basic research 

on ILs. Soon afterward, it was recognized that these properties should also apply to 

compounds that carry long hydrocarbon chains, that is, compounds with surface 

activity. [7, 8] 

β-cyclodextrin is made up of 7 glucopyranosyl units attached to α-1,4-glycosidic 

linkages. β-cyclodextrin have extensive uses in biomedical and pharmaceutical, 

other field of sciences etc, for the solubility, bioavailability, safety, stability and as a 

efficient carrier of the guest molecules.[9,10] 

Though β- cyclodextrin has novelty in its application but suffers from some demerits 

like low solubility and nephrotoxicity. It is essential to use as small amount of CyDs 

as likely in pharmaceutical and other formulations. In this respect, aqueous 

solubility of α-CyD and γ-CyD is more advantageous than β-CyD. [11, 12] 

 
Solubility of β-CyD can be increase by derivatization. Hydroxypropyl- β-Cyclodextrin 

(HP-β-CyD) is one of the most frequent pharmaceutical formulations. HP-β-CyD like 

other cyclodextrins can enhance the solubility of sparingly soluble drug or other 

molecular guest by making inclusion complexes. HP-β-CyD is with negligible amount 



 
Synthesis, characterization of 1-dodecyl-4-methylpyridinium......applications 

156 
 

of toxicity and may be useful in the improvement of parenteral dosage forms of 

these drugs. [13, 14] 

 
HP-β-CyD is a substitute to α, β and γ-cyclodextrin, with enhanced water solubility 

and may be further toxicologically benign, mostly when dosed orally. It is quickly 

and more or less entirely cleared from body though systemic circulation by the 

kidneys after intravenous injection, and is cleared from the lung by being absorbed 

into the systemic circulation following running in an aerosol. [15, 16] 

Amongst these CyDs, β-CyD and its hydrophilic derivative, such as HP-β-CyD are the 

first choices because of their appropriate cavity sizes and modest cost. [17] 

 
Till now inclusion complex study between pyridinium surface active ionic liquid and 

β-CyD or its hydroxypropyl derivative is very rare in the literature. 1-Dodecyl-4-

methylpyridinium iodide was synthesized using simple refluxing technique and 

characterized by UV–vis, FTIR, NMR, and LC-MS techniques.  

  

Host-guest inclusion mechanism of the synthesized product was studied with the β-

Cyclodextrin and its hydroxypropyl derivative. The stoichiometry of host guest 

inclusion complex with β-CD was studied with the help of conductivity, surface 

tension and Uv-vis job plot. Thermodynamic parameters were also derived by UV-

vis and fluorimetric techniques. FTNMR was employed to judge the included part of 

the host.  Zeta potential of the guest was checked by DLS. Change in the surface 

morphology and size was checked by scanning electron microscopy (SEM). Anti 

bacterial study of DMPI and its both inclusion complexes were done and compared. 
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Scheme 1: Molecular structure of DMPI, β-CyD & HP β-CyD respectively 

6.2. Experimental 

6.2.1 Materials 

4-methylpyridine (MPy) and 1-Iodododecane (ID) have been used for synthesis as a 

precursor. Double distilled water specific conductance ~1.2 µScm-1, pH ∼6.8–7.0 

was used for all experimental purposes. The source and purity of the chemicals have 

been given table S.1.  

6.2.2 Preparation 

Before starting the synthesis work, the solubility of the chosen precursor MPy and 

DI were precisely checked in different solvent and finally we have chosen EtOH as a 

suitable solvent. MPy and DI were taken in 1: 1.2 molar ratio in ethanol and refluxed 

for 12 hours. The product obtained was tested by TLC and separate spot was found 

with compared to the both the precursors. The product was washed with PET ether 

for several times. To remove the waxy nature, the treated product was washed with 

diethyl ether 20 times further. The used solvent (EtOH, boiling point 78.37°C) was 

removed by a rotary evaporator connected to vacuum pump by maintaining 

required temperature. The product was dried, stored in dark place and vacuum 

desiccators for 72 hours. The melting point of the sample was approximately 317K. 

Upon cooling after melting it was crystallized rapidly. Negative solvatochromism 
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(blue shift with increasing solvent polarity) was shown by sample and the colour 

was changed from bright yellow to light green from THF to H2O (order of polarity) 

respectively. Thermochromism was also visible distinctly in the sample. The colour 

of the sample was changed straw to yellowish above 317K.  

 

Scheme 2: Synthesis of DMPI 

6.2.3 Apparatus and procedure 
Fourier transform Infrared spectra (FTIR) were recorded in KBr pellets (other 

solvents) with a PerkinElmer FT-IR spectrometer (RX-1) operating in the region of 

4000 to 400 cm-1 at ambient temperature. The software connected with the 

instrument was PerkinElmer precisely version 5.3(Copyright 2005 PerkinElmer, 

Inc). A manual press was used to form the pellets. Humidity during experiments was 

approximately 40%. [18] 

 

1H Nuclear magnetic resonance (NMR) experiments were performed in Bruker 

AVANCE spectrometer operating at 300 MHz frequency. 2D ROESY spectra were 

taken in a 400 MHz Bruker AVANCE spectrometer. The respective solutions were 

made in D2O, data was reported as a chemical shift. [19-20] 

UV–vis spectra were recorded on Agilent 8543 spectrophotometer, with an 

uncertainty of wavelength resolution of ±2 nm. The measuring temperature was 
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controlled by an automated digital thermostat of Julabo F32. [21] The spectra were 

obtained & explored with UV-vis Chem station software (Revision B.04.02 [64], 

Copyright© Agilent technologies 2001-2011). 

 

The Conductance measurements were accomplished in a Mettler Toledo Seven Multi 

conductivity meter with uncertainty 1.0 μS m−1, bearing a cell constant of about (0.1 

± 0.001) cm−1. Temperature of the solutions was maintained to within (298.15± 

0.01) K using Brookfield Digital TC-550 temperature thermostat bath. The used cell 

was calibrated using a 0.01 M aqueous KCl solution. The uncertainty in temperature 

was ±0.01 K. [22] 

Surface tension experiments were carried out by a platinum ring detachment 

method using a Tensiometer (K9, KRÜSS, Germany) at the experimental 

temperature. The accuracy of the surface tension measurement was within 0.1 mN 

m-1. The constant temperature was maintained during the experiments with Remi 

ultra thermostat (CB-700) with precision 0.1K.  

Refractive index (RI) for DLS was measured with the help of a digital refractometer 

of Mettler Toledo Refracto 30GS. The light source was LED, λ=589.3 nm. The 

refractometer was calibrated using distilled water, and calibration was checked after 

every measurement. The uncertainty of the measurement was ± 0.0002 units. [23] 

Steady-state fluorescence emission study was carried out in bench top 

spectrofluorimeter from photon technologies international (Quantamaster-40). The 

software used was Felix-Gx software and Xenon lamp was used as the source of 

radiation for steady state fluorescence experiments (version 2.0). [19] The samples 

were taken in a Hellma Analytics quartz cuvette of optical path length 1.0 cm. [24] 

Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano ZS90 ZEN3690 

light scattering apparatus (Malvern Instruments Ltd., Malvern, UK) with the He-Ne 

laser (632.8 nm, 4 mW) at a scattering angle of 90°. The temperature was 

maintained within the range of 293 K to 313K. [25]  
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Gas chromatography mass spectroscopy (GC-MS) measurement was done in the 

Thermo Scientific (TRACE 1300) gas chromatography ISQ QD Mass spectrometer 

with data system is a high resolution and double focusing instrument. 

Scanning electron microscope (SEM) instrument used was of Jeol JSM-IT 100, 

connected with EDS compartment with detector input area of 20 mm2. All 

photography was taken & initially analyzed with the help of InTouchScope (Version 

1.060) software. 

6.2.4. Characterization: Spectroscopic 

6.2.4.1 FTIR analysis  

 

 
    Fig. 1: FTIR spectra of n-dodecyl iodide (one of the precursor) 

 
Fig. 2: FTIR spectrum of pure DMPI 
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    Fig 3: FTIR spectra of DMPI Crystalline 
The obtained infrared frequencies of the different bonds of functional groups of both 

the precursor and product have been shown (Fig. S 1- Fig. S 3) within the range of 

400–4000 cm−1. The broad band at 3446 cm−1 is ascribed to bond stretching of 

quaternary amine (3330–3450 cm−1) like structure of dodecylpyridinium ring. Peak 

at 3012 cm−1 is due to aromatic -C-H bond vibrations of pyridinium ring. The peaks 

of wave numbers of  2944 cm−1 and 2852 cm−1 are the aliphatic asymmetric and 

symmetric stretching (-C-H) stretching vibration is due to the methyl group (-CH3). 

The peaks at 2923 cm−1, 1450 cm−1 are due to symmetric stretching, bending 

vibration respectively of -CH2- group. -C=C- bond of pyridinium ring give absorption 

peak at 1630 cm−1 due to stretching vibration. [19], [26-31] 
  

6.2.4.2. NMR analysis:  
 
The obtained product was characterized by 1H NMR spectroscopy using D2O and 

CDCl3 as a solvent for the determination of molecular structure. The 1H NMR spectra 

data are shown in Fig. 4-6, S.2. and S.2. in ppm (δ) from the internal reference (D2O: 

δ 4.79 ppm and CDCl3: δ 7.26 ppm) in determining the proton chemical shifts. 

The results of 1H NMR of DMPI are given as follows 
1H NMR (300 MHz, D2O): δ 8.808-8.788 (d, 2H, J=6.6 Hz) N(CH)2 of pyridinium part, 

7.838 (d, 2H, J=6.3 Hz), N+CC(CH)2 of pyridinium ring, 4.564 (t, 2H, NCH2), 3.89(t, 

2H, SOCH2), 2.529 (s, 3H, -CH3 group para to N), 1.916 (m, 2H, NCCH2), 1.048-1.234 

(m, N(+)CH2(CH2)9, 20H), 0.646(m, 3H, N(+)C11CH3 & NCCCCH3). 
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Fig. 4 FTNMR spectrum of pure DMPI (1H) 
 

 

 

 

 
Fig. 5 FTNMR spectrum of DMPI+ HP-β-CyD inclusion complex (1H) 
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Fig. 6 FTNMR spectrum of DMPI+ β-CyD inclusion complex (1H) 
 

 
6.2.4.3. GC-Mass spectrum analysis: Gas chromatography mass spectroscopy was 

performed in CH3CN solvent. One of the important peaks was obtained at 391.33. 

This confirms the formation of compound. The peak at 155 was due to the formation 

undecyl cation. GC-MS was shown in the figure Fig. S.4. Surface active compounds 

usually repress the mass spectra and DMPI is itself surface active. 

 

6.2.4.4. UV-vis spectrum analysis: 
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Fig 7 a. Crude DMPI in water at 298K (Plot with standard deviation data) 
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Fig 7 b. IC of DMPI HP-b-CD (Plot with standard deviation data) 
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Fig 7 c. 50 uM pure DMPI at 298K (Plot with standard deviation data) 

 
The structure of the DMPI make cleared that there was no n-π* transition, except π -π* 

electronic transition. Pyridinium ring have three conjugated double bonds. It is expected 

that UV-vis band due to π-π* transition of the molecule. Two number of UV band appeared 

at 222 & 254 nm. The band of 222 nm was much more intense than the 254 nm band (Fig. 1) 

 

Results and Discussion 
 

Investigation of Physicochemical Properties of DMPI 

6.3.1 Solubility test: The compound was soluble in the different organic solvent as 

well as shown enhanced water solubility compared to both the precursors. The 

product’s solubility test was performed the qualitatively. 
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Solvent Hexane THF EtAc CHCl3 DCM DMSO 

Solubility       x           

Solvent CH3CN C2H5OH CH3OH Water   

Solubility       Slightly 

dispersed 

  

Tab.1.: Solubility of DMPI in different solvent 
 

6.3.2. From DLS; Zeta potential:   

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Fig. 8. (a) to (e): Zeta potential distribution of 10 mM DMPI at 5 different 

temperatures (293K to 313K)  

From the Zeta potential distribution graph (Total counts vs. Zeta potential in miliV) 

it was quite clear that DMPI has either significant value of positive or negative value. 

So Zeta potential values indicate about the stability of the colloidal system. [19] 
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Inclusion mechanism: 

6.4.1. From specific conductance: The plot of conductance with respect to the 

concentration for HP-b-CD has shown in Fig. (9). At concentration of 3.75 mM of HP-

b-CD there was sharp break point which changes the nature of the graph distinctly. 

There was only one break point, suggest the formation of 1:1 inclusion complex 

formation. The concentration is less than the ideal concentration of 1:1 inclusion (i.e. 

5 mM) as there may be less concentration of monomer molecule of DMPI due to its 

aggregation. [19] 
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Fig. 9: The variation of specific conductance with respect to the concentration 

for HP-β-CD  

 
6.4.2. From UV–vis spectroscopy: Job plot:  
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Fig. 10. (a) & (b) UV-vis graph & corresponding Job plot for DMPI and HP-β-CyD with 

maxima at 0.5 (Plot with standard deviation data) 
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Fig. 11 (a) & (b) UV-vis graph & corresponding Job plot for DMPI and β-CyD with 

maxima at 0.5 (Plot with standard deviation data) 
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An competent and thriving method for identify the stoichiometry of host−guest 

inclusion complexes is Job’s method, usually known as the continuous variation 

method. [36-37] 

We employed the absorbance data from the UV-vis spectra of a set of solutions of 

DMPI with HP-β-CyD and β-CyD with mole fractions in the range of 0−1. 

Absorbances were determined at a wavelength of λmax = 226 nm for all of the 

solutions at 298 K. The value of R at the top on the curve provides the stoichiometry 

of the ICs; thus, the ratio of guest and host is 1:2 for R ≈ 0.33, 1:1 for R ≈ 0.5, 2:1 for R 

≈ 0.66 etc. [38]  

Here, the maximum of each of the plots was found at R ≈ 0.5, indicating a 1:1 

stoichiometry of the host−guest inclusion complexes (Figure 10 & 11 a,b ). [39] 

 

Association and thermodynamic parameter: Association or binding constants of 

DMPI with either HP-β-CyD or β-CD were calculated by UV-vis data. A part of surface 

active ionic liquid was inserted inside the truncated hydrophobic cavity of the both 

HP-β-CyD & β-CyD, so there was a change in molar extinction coefficient (Δε) of the 

colour bearer of the DMPI. The changes in absorbance (ΔA) of DMPI (226 nm) was 

studied against the concentration of β-CyD and its hydroxypropyl derivative at 

diverse temperatures to establish the association constants (Ka).  

The absorption values were used in the following Benesi-Hildebrand Eq. (1). (Benesi 

& Hildebrand, 1949) [40] the 1:1 host-guest complex 
 
ퟏ
휟푨

 = ퟏ
휟ɛ[퐕]퐊퐚

 × ퟏ
[ β 	]

 + ퟏ
휟ɛ[퐕]

          (1.a.) 

ퟏ
휟푨

 = ퟏ
휟ɛ[퐕]퐊퐚

 × ퟏ
[훃 	퐂퐲퐃]

 + ퟏ
휟ɛ[퐕]

                                                                                                  (1.b.) 

The values of Ka for both the systems were evaluated by dividing the intercept by 

the slope of the straight line of the double reciprocal plot (Table 2). [41-42] 

 
The thermodynamic parameters were derived basing upon the association constants 

found at various temperatures by the above method with the help of van’t Hoff 

equation (Equation 2). 
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lnKa = -휟푯ퟎ
푹푻

 + 휟푺ퟎ
푹

           (2) 

 
On the basis of a linear relationship between lnKa and 1/T in the above equation the 

thermodynamic parameters ΔHo and ΔSo for the formation of ICs may be obtained 

(Table 2) [43] 

 Temp/Ka    
 

Ka/M−1 ΔHo /kJ 
mol−1 

ΔSo /J 
mol−1K−1 

ΔGo/ 
kJ mol-1 

HP-β-
CyD  

293 4.39x105        -44.85 265.23 -123.93 
298 1.47x106 
303 2.11x106 
308 1.71x106 
313 1.73x106 

β-CyD 293 1.29x105 -20.304 28.00 -28.65 
298 0.93x105 
303 1.045x105 
308 0.681x105 
313 0.782x105 

Tab.2: The values of the association constants and the thermodynamic 
parameters 
 

6.4.3. From fluorescence: Further justification association parameter: The 

predominant non covalent interaction of DMPI with CyDs was investigated by classy 

spectrofluorimetry. [44-46] 
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(b) 
Fig. 12 (a) & (b): Fluorescence spectra obtained from the set of solution for 

association constant determination 

As shown in Figs. 12. a) and b), with an increase in the CyDs (HP-β-CyD & β-CyD) 

concentration, though, the fluorescence intensity of DMPI was enhanced 

accompanied by a slight hypsochromic shift of the emission peak [Tables S6. a. and 

b.]. There was sudden decrease in the fluorescence intensity in the mid 

concentration range, otherwise there was gradual increase.  These findings validate 

the formation of DMPI-CyDs inclusion complexes. Molecules encapsulated in the CyD 

cavity often exhibit an increase in their fluorescence intensity. This is because the 

cyclodextrin's cavity offers a shielding microenvironment which can screen the 

excited singlet species from quenching and non radiative decay process occurring in 

the aqueous solution [47, 48]. 

cated the formation of DMPI-CyDs inclusion complexes. The association constants 

(Ka) of both the complexes were calculated from fluorescence data using the 

modified Benesi Hildebrand equation [3. a.-b.][49] 

 
ퟏ

푭 푭ퟎ
 = ퟏ

[푭′ 푭ퟎ]퐊퐚
 × ퟏ

[퐇퐏 훃 퐂퐲퐃	]
 + ퟏ

[푭′ 푭ퟎ]
          (3. a.) 

 
ퟏ

푭 푭ퟎ
 = ퟏ

[푭′ 푭ퟎ]퐊퐚
 × ퟏ

[훃 퐂퐲퐃	]
 + ퟏ

[푭′ 푭ퟎ]
         (3.b.) 

Here F and F0 represent the fluorescence emission intensities of DMPI in the 

presence and absence of either HP-β-CyD or β-CyD, Ka is the association constant of 
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the complexation and F’ denotes the fluorescence emission intensity when all DMPI 

molecules are effectively complexed with CyDs. The double reciprocal plots of ퟏ  

vs. 1/ [CyD] for surface active guest complexed with α-CD and β-CD (shown in Figs. 

7.a. and 7. b.) showed good linearity, implied that the inclusion complexes had a 

stoichiometric ratio of 1:1. 

The thermodynamics of inclusion process 

The Gibbs free energy ΔG for the binding of DMPI molecule to CyD cavity was 

calculated from the binding constant ‘Ka’ by using the following equation: 

ΔG=- RT ln Ka 

The thermodynamic constraint ΔG for the binding of DMPI molecule to HP-β-CyD 

and β-CyD were -20.59586 & -22.92565 kJ mol-1 respectively. The negative value of 

ΔG suggests that the inclusion process proceeded spontaneously at room 

temperature (298.00 K). 

 
 
6.5.5. From surface tension: 
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Fig. 13: Plot of surface tension vs. log (Conc.) of HP-β-CyD with pure water 
 

The plot of surface tension with respect to the logarithm of concentration for DMPI 

has shown in Fig. 13.  
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Fig. 14: Plot of surface tension of DMPI solution vs. Conc. of HP-β-CyD 
 
From the graph, it was clear that at 4.44 mM concentration of HP-β-CyD there is one 

break point. The concentration is little less than the ideal concentration of 1:1 

inclusion (i.e. 5 mM) as there may be little less concentration of monomer DMPI due 

to its micellization. In the case of pure HP-β-CyD, the surface tension change was 

quite irregular with its gradual addition to water as it was not surface active. HP-β-

CyDs surface activity was more than pure β-CyD, probably due to the presence of 

propyl substitute with the cyclodextrin ring. 

 

6.5.6. From 1H NMR:  
 
Compound N(CH)2 

                 δ 
(ppm)                                           

N+CC(CH)2 
                 δ 
(ppm)                                           

N(+)CH2 
                 δ 
(ppm)                                           

-CH3 group 
para to N 
 δ (ppm)                                          

N(+)CH2(CH2)9 
              
δ (ppm)                                           

DMPI 8.808-
8.788(8.7
98) 

7.838 4.564 2.529 1.048-1.234(1.141) 

IC-1 8.557 7.790 4.564-
4.458(0.0
53) 

2.563 1.049-1.199 

Shift 0.241 0.048  0.034 0.001 
IC-2 8.556 7.781 4.575-

4.463 
2.557-2.546 1.172 

Shift 0.242 0.057  0.011 0.124 
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Tab.3: The values of chemical shifts δ (ppm) of pure DMPI(Guest)  and in 
inclusion complex form. 
                   
Type of 
proton 

Spin 
multiplicity 

                 δ (ppm)                                                              
Shift(Δδ) 
       HP-β-CyD  

      
PDI /HP-β-CyD 
complex(IC-1) 

H-1 
 

d             5.170        5.147        -0.023 

H-2 
 

dd             3.514            -            - 

H-3 
 

dd             3.772        3.892         0.120 

H-4 
 

dd             3.905            -            - 

H-5 
 

m             3.514        3.736         0.222 

H-6 
 

dd             3.283            -           - 

                 
Type of 
proton 

 Spin 
multiplicity 

                 δ (ppm)                                           Shift (Δδ) 
          β-CyD  

      
PDI /β-CyD 
complex(IC-2) 

H-1 
 

d        5.167 
 

        4.977        -0.190 

H-2 
 

dd           -             -            - 

H-3 dd        3.975          3.747        -0.228 

H-4 dd           -             -            - 

H-5 m        3.760         3.564         -0.196 

H-6 dd        3.726             -            - 

Tab.4.: The values of chemical shifts δ (ppm) of pure cyclodextrins (HP-β-CyD 

and β-CyD)  and in inclusion complex form. 

From the chemical shift values it was quite clear that shift of H3 & H5 is more than 

others proton in both the molecular host. So we may easily assume that inclusion 

was successfully happen between the two molecular hosts and DMPI. In solid 

inclusion complex the shift of N (CH)2 was more than N(+)CH2(CH2)9. So we may 

assume that methyl pyridinium part was inserted within the cavities of both hosts. 

Long chain hydrocarbon and methyl pyridinium part is attached to each other; we 

can expect 1:1 inclusion here. [50] 
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In the same time it may also assume that long chain hydrocarbon was not inserted 

into the cavity of CyDs. Usually we get mixed mode of inclusion [both (1:1) and 

(2:1)] in the case of ion pair system with long chain hydrocarbon. [19] 

6.5.7. From SEM:  

 

 
 
 Fig.15. a: SEM images of the pure DMPI 
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Fig. 15. b: SEM images of the pure HP-β-CyD at different resolution, condition 
and energy (kV) 
 
 
 

  
 
Fig. 15. c: SEM images of the DMPI+HP-β-CyD inclusion complex at different 
resolution, condition and energy (kV) 
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Fig. 15. d: SEM images of the DMPI+ β-CyD inclusion complex at different 
resolution, condition and energy (kV) 
 
 
 
HP-β-CyD basically a kind of soft matter upon exposure to highly energetic 

electronic beam was deformed from its original structure. Probably during 

electronic exposure static charge was accumulated at the surface of HP-β-CyD, was 

mainly responsible for the structure deformation. Therefore extra precaution was 

taken during acquisition of the SEM images of the same compound. Finally we get 

better images by attaching the sample with carbon tape and acquire the pictures 

directly. All other samples SEM images were taken by conventionally after gold 

coating.   
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6.5.9. Antibacterial study: DMPI as expected was showing significant antibacterial 

effect with gram negative bacteria E. Coli as expected. [51] 

 

It may be assumed that pyridinium part was responsible for antibacterial property 

of the DMPI, so upon inclusion this property should reduce. We get expected result 

as the IC of the HP-β-CyD was showing less inhibition of the bacterial growth with all 

different concentration compare to the pure DMPI. IC of the β-CyD either didn’t 

show or show very less antibacterial effect. So from this result we may conclude that 

the pure DMPI had maximum antibacterial effect compare to either IC of the HP-β-

CyD or β-CyD. Antibacterial property of IC of HP-β-CyD was more than that of β-CyD, 

so it may be assumed that free concentration of the DMPI was more in the case of IC 

of the HP-β-CyD. This observation went parallel with result of FTIR, fluorescence & 

FTNMR experimental data. 

 

(a) 
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(b) 

 

(C) 

Fig.16. a-c: Zone of inhibition against E. Coli by Standard streptomycin, PDI, 
and IC-1.  

 

Conclusion: Characterisation of the compound confirm about the purity of the 

sample. Zeta potential values from DLS ensure about the stability of aqueous 

suspension of DMPI. Conductance and surface tension indicate the formation of 1:1 



 
Synthesis, characterization of 1-dodecyl-4-methylpyridinium......applications 

180 
 

inclusion complex. Job plot from the Uv-vis technique confirms the initial idea about 

the mode of inclusion obtained from conductance and surface tension. FTIR, 

fluorescence & FTNMR experimental data insist us to propose that inclusion 

complexion occur more affectively in the case β-CyD than that of HP-β-CyD. SEM 

shown a distinct changes in the surface morphology in the case β-CyD compare to 

HP-β-CyD. Anti bacterial effect was decrease in the case of β-CyD compare to HP-β-

CyD. So this plenty of innovative and original research data will help to enrich future 

research on surface active ionic liquid and cyclodextrin research. 
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Chemical 
name 

Abbreviation CAS 
number 

Source Purity 
(%) 

Purification 
method 

Molecular 
weight 

(gmol-1) 

Molecular 
formula 

4-methylpyridine MPy 108-89-
4 Aldrich 0.980 Used as 

procured 93.13 C6H7N 

1-Iodododecane ID 4292-
19-7 Aldrich 0.980 Used as 

procured 296.23 C12H25I 

Deuterium oxide D2O (Same) 7789-
20-0 Aldrich >0.999 Used as 

procured 20.027 D2O 

Hydroxypropyl β-
cyclodextrin HP-β-CD 128446-

35-5 TCI >0.980 Used as 
procured 1541.54 

 
C63H112O42 

 

β-cyclodextrin β-CD 7585-
39-9 

Sigma 
Aldrich 

 
>0.970 Used as 

procured 1134.96 C42H70O35 

1-dodecyl-4-
methylpyridinium 

iodide 
DMPI  Synthesized  

Purified 
after 

synthesis 
389.16 C18H32IN 

 

Table S.1.: Source and purity of the chemicals used  

 

 

Fig S1: FTIR spectra of DMPI in MeOH 
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Fig. S. 2: FTNMR spectrum of pure Hydroxypropyl β-cyclodextrin (1H) 

 

Fig. S. 3: FTNMR spectrum of pure β-cyclodextrin (1H) 
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Fig. S. 4: GC-Mass spectrum of DMPI in CH3CN 

 

At 20o C 10 mM 

Sample name o C 

 

mV Count rate 

PDI ZETA 1 20 -0.245 7.3 

PDI ZETA 2  -0.239  

PDI ZETA 3  -0.557  

PDI ZETA 4  -2.01  

Measure position*(mm) 2 

Attenuator: 4    (a) 

 

 mV 

Mean -0.763 

St devin 0.845 

min -2.01 

(b) 
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   Mean(mV) Area (%) Width 

Z.P.(mV) -2.01 Peak 1 90.2 14.1 7.68 

Z.D.(mV) 161 Peak 2 115 11.2 9.86 

  Peak 3 -21.4 9.9 9.90 

(c) 

Tab. S. 2. (a) to (c): Zeta potential values of 10 mM DMPI at 293 K temperature 

ASSOCIATION 
HP-β-CyD 

A0 A ΔA 1/ΔA  1/ HP-β-Cyd 1/ΔA 
17989.24 23930.69654 5941.46111 0.000168 0.00002 50000 0.000168 
17989.24 27423.49852 9434.263094 0.000106 0.00003 33333.3 0.000106 
17989.24 27752.20781 9762.972382 0.000102 0.00004 25000 0.000102 
17989.24 29561.69744 11572.46202 8.64E-05 0.00005 20000 8.64E-05 
17989.24 38795.89487 20806.65945 4.81E-05 0.00006 16666.7 4.81E-05 
17989.24 49890.50359 31901.26817 3.13E-05 0.00007 14285.7 3.13E-05 
17989.24 137256.5111 119267.2757 8.38E-06 0.00008 12500 8.38E-06 

slope intercept association constant 
3.846E-09 1.56771E-05 4.08E+03 
(a) 
 

ASSOCIATION 
β-Cyd             

A0 A ΔA 1/ΔA  1/Cyd 1/ΔA 
17989.24 29367.95 11378.71 8.78834E-05 0.00003 50000 8.79E-05 
17989.24 31495.45 13506.22 7.404E-05 0.00004 33333.3 7.4E-05 
17989.24 40094.17 22104.93 4.52388E-05 0.00005 20000 4.52E-05 
17989.24 41767.59 23778.35 4.20551E-05 0.00006 16666.7 4.21E-05 
17989.24 46945.03 28955.79 3.45354E-05 0.00007 14285.7 3.45E-05 
17989.24 47008.92 29019.69 3.44594E-05 0.00008 12500 3.45E-05 

  slope intercept association constant 
  1.52E-09 1.59E-05 1.04E+04 

(b)  
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Tab. S. 3. (a), (b): Data for obtaining association parameter from fluorescence 

  

  

 

Fig. S. 5. (a) to (b): The double reciprocal plots for obtaining association 

constants of DMPI with Hydroxypropyl β-cyclodextrin & β-cyclodextrin 

respectively 
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CHAPTER VII 
 

PROBING INCLUSION COMPLEXES OF AN ANTI-DIABETIC ALKALOID 

WITH Α AND Β CYCLODEXTRIN MOLECULES  
 

7.1. Introduction: Trigonelline (N-methylpyridinium-3-carboxylate) is a pyridine 

alkaloid known to contribute diverse regulatory functions such as plant cell cycle 

regulation, nodulation, oxidative stress, growth of the plant. The importance 

of trigonelline has also been well documented as a precursor of flavour and aroma 

compounds. It was first isolated from the fenugreek seeds (Trigonella foenum-

graecum).[1] It is also found in significant quantity in many plants like coffee 

beans, oats, potatoes, Stachys species, dahlia and many other natural resources.[2] 
 
This pyridine alkaloid has been claimed to have hypocholesterolemic activity along 

with potential hypoglycemic effect.3 This is also a natural glucosidase inhibitor, 

which may help to reduce synthetic drug dependence for diabetic treatment and 

also help reduce the resulting side effects.[4,5] 

 

To maintain original bioactivity, trigonelline alkaloid molecule has to preserve its 

structural integrity at the site of action in the biological system. Usually observed 

biological activity is influenced by its bioavailability in its native form. Moreover 

other factors like temperature, pH & light adversely influenced its biological activity. 

To prevent such drop off in bioactivity due to external stimuli, the inclusion complex 

formation would be a good option. [6,7] It may be mentioned here that molecular 

encapsulation and discharge have become remarkably significant in pharmacology 

and drug delivery in recent years.[8,9] 
 
 
Cyclodextrins (CyDs) have been the concern of great interest in the field of modern 

biochemistry since the discovery for their unique property of the controlled release 

of enormous compounds due to the formation of inclusion complexes (ICs) with 

hydrophobic guest molecules.[10] So, CyDs have immense applications in various 

industries counting pharmaceuticals, food, textiles, pesticides, cosmetics etc.[11] 
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CyDs are cyclic hexamer, heptamer and octamer of α-D-glucopyranose having 6, 7 & 

8 numbers of glucopyranose units respectively bound by α-(1–4) linkages.[12] 
 
CyD molecule adopts a rigid doughnut shape. While the exterior of CyD is 

hydrophilic, the cavity is non-polar hydrophobic. As a consequence, CyDs are usually 

water-soluble and can put up poorly water-soluble compounds inside its hollow 

space, provided that the guest molecule fits geometrically into the inside of the host 

molecule. In supramolecular chemistry, this kind of molecular incorporation is 

termed as inclusion complex formation. The guest molecule is stabilized in the 

interior of the host, by non covalent interactions. This host-guest complex 

construction is reversible; under appropriate conditions, the guest molecule can be 

free from the host. [13] Since the inclusion complex is usually water-soluble, this 

kind of encapsulation has many advantages in practice, it prevents the degradation 

of the guest, dissolution of the guest can be retarded, organic contaminants can be 

separated, it can be utilized in drug formulation, and so forth. CyDs are extensively 

used in the pharmaceutical and food industries [14] and in the field of superior oil 

recovery. [15] 

 
Nicotinic acid and ascorbic acid i.e. Vitamin B & C respectively can form inclusion 

complexes with β-CyD in aqueous medium, which may be used as regulatory 

releaser of the above two vitamins with potential applications in pharmaceutical 

industries and medical sciences. [16] Similarly trigonelline, a product of nicotinic acid 

(Niacin) metabolism inside the body along with Cyd in the form of inclusion complex may be 

used as substantial releaser of this anti-diabetic alkaloid upon inclusion complex formation. 

Trigonelline was isolated, characterized and its anti diabetic property was verified with 

priming with exogenous sources of calcium ion and nitric oxide by Gupta et al. [17] 

 
In the present work, we have attempted the inclusion of TgCl within the cavities of 

α- and β-CyDs in both solution and the solid phase. It’s anticipated that there are two 

possible mode of inclusion- in one pyridinium ring is embedded into the hydrophobic cavity 

of the cyclodextrin whereas in other methyl group of the trigonelline hydrochloride (TgCl) 

may play an important role in the inclusion complex formation and pyridinium ring 

will be placed outside of the hydrophobic cavity of the cyclodextrin molecule 
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(Scheme 2). To establish the actual mode of inclusion several physicochemical 

experiments have been done. 

Stoichiometric encapsulations have been explored by Job’s method. Association 

parameters of the inclusion processes have also been explained on the basis of 

ultraviolet-visible spectroscopy. The solid ICs have been characterized by proton 

NMR, Nuclear Overhauser Effect Spectroscopy (NOESY), Electrospray ionization 

mass spectrometry (ESI-MS), and Fourier transform infrared (FTIR) spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

              α-CyD         β-CyD 
 

Scheme 1: Molecular structure of Trigonelline hydrochloride & schematic 

presentation of α & β-CyD 
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Scheme 2: A) Probable mode of inclusion, bucket shape structure represents the 

cyclodextrin molecules (both	훂	&	훃).  

 

B) Preferable inclusion mode (-CH3 is participated in inclusion). 

2. Experimental section 

2.1. Materials 

The investigated compounds e.g., Trigonelline hydrochloride(TgCl), α-CyD and β-

CyD of puriss grade were procured from Sigma-Aldrich, Germany and used as 

purchased without any further purification. 
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The mass fraction purity of TgCl, α-CyD and β-CyD were ≥0.99, 0.99 and 0.97 

respectively. All the above salts were dried and they were stored in vacuum 

desiccator. 

2.2. Apparatus and procedure 

At the initial stage the solubility of the compounds under experiment were precisely 

checked and found the selected TgCl and α-CyD to be freely soluble in doubly 

distilled and degassed water, though β-CyD was less soluble (Water with a specific 

conductance of ~1×10-6 S∙cm-1). Diverse solutions of alkaloid for experiment were 

prepared by mass (Mettler Toledo AG-285 with uncertainty ±0.0003g), and the 

working solutions were prepared by the procedure of mass dilution at 298.15 K. 

Fourier transform Infrared spectra were recorded in KBr pellets and also in EtOH 

solvent with a PerkinElmer Spectrum FT-IR spectrometer (RX-1) operating in the 

region of 4000 to 400 cm-1 at ambient temperature. [18,19] 

1H NMR experiments were performed in Bruker AVANCE spectrometer (400 MHz 

frequency). 1H NMR peak of D2O (HOD peak, δ = 4.79 ppm) was used as the internal 

reference in determining the proton chemical shifts. Data were reported as a 

chemical shift.20 

Mass spectrum measurement was done in the Waters ZQ-4000 LC-MS with data 

system with a Single quadrupole analyzer. 

UV-visible spectra were recorded by JASCO V-530 UV-vis spectrophotometer, with 

an uncertainty of wavelength resolution of ±2 nm. The measuring temperature was 

controlled by an automated digital thermostat. [16] 

The conductance measurements were accomplished in a systronic-308 

conductivity metre (accuracy±0.01) using a dip-type immersion conductivity cell, 

CD-10, bearing a cell constant of about (0.1±0.001) cm−1. Measurements were made 

in a water bath maintained within Temperature = (298.15±0.01) K and the cell was 

calibrated by the technique proposed by Lind et al. [21] 
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Surface tension experiments were carried out by a platinum ring detachment 

method using a Tensiometer (K9, KRÜSS, Germany) at the experimental 

temperature. The accuracy of the surface tension measurement was within ±0.1 

mNm-1. Temperature of the system was maintained by circulating auto-

thermostated water through a double-wall glass vessel containing the solution. 

Constant temperature was maintained during the experiments with Remi ultra 

thermostat (CB-700) with precision 0.1K. [22] 

Refractive index was measured with the help of a digital refractometer of Mettler 

Toledo Refracto 30GS. The light source was LED, λ=589.3 nm. The refractometer was 

calibrated twice using distilled water, and calibration was checked after every 

measurements. The uncertainty of the measurement was ± 0.0002 units. [23] 

Transmission Electron Microscopy (TEM) images were obtained with a Jeol JEM 

2100 microscope operating at an accelerating voltage of 200 kV 

(80,100,120,160,200kV). Spot size availability in TEM mode was 20 to 200 nm. A 

drop of the sample solution in EtOH was added to a 200 mesh copper mess support 

grid coated with the carbon film. The excess sample was manually blotted carefully 

with a Whatman 42 filter paper for 2 s. The grid was dried at 60 °C for around 1 h 

before experimentation. Humidity during the experiment was 50-60%. [24] 

Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano ZS90 

ZEN3690 light scattering instrument (Malvern Instruments Ltd., Malvern, UK) with 

the He−Ne laser (632.8 nm, 4 mW) at a scattering angle of 90°. The DLS results of 

each sample were taken as the average of four consecutive measurements. The 

temperature was maintained constant at 293.15 K by the instruments, by providing 

sufficient equilibrium time before the experimentation.25,26 

The powder XRD patterns of the β-CyD, TgCl, and their inclusion complexes were 

obtained at ambient temperature recorded by using Cu-Kα radiation (Bruker D8 

Discover; voltage, 40 kV; current, 30 mA; target, Cu; filter, Ni). The scanning rate was 

employed for 2◦/min over a diffraction angle of 2θ ranging from 3◦ to 80◦. 

Both of the solid ICs (TgCl + α-CyD and TgCl + β-CyD) were prepared in 1:1 molar 

ratios of TgCl and CyD. For each complex, 5.0 mM of SS and 5.0 mM of CyD were 
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separately dissolved in 10 mL of water each and stirred for 4 h. Then, the aqueous 

solution of SS was added drop wise to the aqueous solution of CyD. The resulting 

mixture was then stirred for 36 h at 323−328 K and filtered at this temperature. The 

mixture was then cooled to 278 K and held at this temperature for 12 h. The 

resulting solution was filtered to obtain a white powder, which was washed with 

water and ethanol respectively and dried in air. The yields of the solid inclusion 

complexes were 88% and 90% for TgCl + α-CyD and TgCl + β-CyD respectively. 

3. Results and discussions 

3.1. Surface tension study demonstrate the inclusion and stoichiometric ratio of 

the inclusion complexes 

Surface tension (γ) experiments can be explored to tell whether inclusion can take 

place or not, also to assume the stoichiometry of inclusion complexes.[27-28]  

TgCl shows measurable value of surface tension whereas the cyclodextrin system 

due to its unique characteristic structure, hardly show any variation in γ while 

dissolved in aqueous medium for a broad series of concentration.29 In this work 

surface tension value was measured with respect to the increasing concentration of 

the cyclodextrins. In the both cases γ value was decreasing with gradual addition of 

the cyclodextrins, probably due to the encapsulation of the trigonelline cation near 

the broader cavity of the CyD molecule. Both the graphs also demonstrate that there 

were single distinct break in each curve, which not only prove the formation of IC 

but also indicate the possibility of 1:1 stoichiometry for each of the cases.[30,31] 

The values of γ and equivalent concentrations of alkaloids and α, β -CyD at each 

break have been shown in Table 1, which also point out that at both break point the 

concentration ratio of the host and guest was around 1:1, establishing the formation 

of 1:1 ICs between the studied of alkaloids and α, β-CyD.[32, 33] 

Host Conc. of 
TgCl /mM 

γa/mN·m−1 Conc. of host/mM 

α-cyclodextrin 5 61.50 5.00 
β-cyclodextrin 5 61.24 5.05 
Host Conc. of 

TgCl /mM 
γa/mN·m−1 Conc. of host/mM 
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Host Conc. of 
TgCl /mM 

mSm-1 Conc. of host/mM 

α-cyclodextrin 5 5.17 5.28 
β-cyclodextrin 5 5.14 4.74 

 
Table 1. Surface tension (γ) values at the break point with corresponding 

concentrations of α & β-CyD at 298.15 Ka.  

A Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: u(γ) 

=±0.1 mN∙m−1. 
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(a)                     (b) 

 

Figure 1. The variation of surface tension of aqueous TgCl with increasing 

concentration (a) α-CyD solution (b) β-CyD solution respectively at 298.15 K 

 

3.2 Conductivity study to elucidate the inclusion progression and their 
stoichiometric ratio: 
 
Conductivity (κ) measurement is a straightforward and useful method for studying 

the host-guest inclusion phenomenon and it can be used to explore not only whether 

the inclusion can occur but also to assume about the stoichiometry of the host-guest 

inclusion complexes (ICs) formed.[16,33-34] 
 

Here the conductivity of the solution was gradually decreased as the concentrations 

of the CyDs were increasing; probably the mono-positive alkaloid molecule was 

entered into the hydrophobic cavity of the CyDs (Tables S.3 & S.4). At a specific 
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concentration of the alkaloid and each CyD there was a distinct single break point, 

which usually indicate the formation of probable 1:1 ICs (Fig. 2).[16] 

-1 0 1 2 3 4 5 6 7
0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6 a-CyD & TgCl

C
on

d.
 (m

S
/m

)

Conc. (mM)

 

-1 0 1 2 3 4 5 6 7

0.5

1.0

1.5

2.0

2.5

 Cond. b-CyD vs TgCl

C
on

d.
 (m

S
/m

)

Conc. (mM)

 
(a)                                                                     (b) 

Figure 2. The variation of specific conductance of aqueous TgCl with increasing 
concentration (a) α-cyclodextrin solution and (b) β-cyclodextrin solution 
respectively at 298.15 K. 
 

Alkaloid and each CyDs concentration corresponding to break point from each graph 

have given in Table 1, which was also suggesting 1:1 inclusion complex formation. 

The rapid decrease of the conductivity may be due to the binding of the free 

trigonelline cation with CyDs which had a valuable contribution in the high specific 

conductance of the TgCl.   

 
3.3 Ultraviolet spectroscopy to obtain stoichiometry as well as binding 

parameters: 

Ultraviolet spectroscopy not only provides the idea about molecular transition, 

supramolecular interaction, stoichiometry etc., but association constant (Ka) was 

also calculated for both the ICs. The change in the highest intensity of absorption of 

guest molecule (264 nm approx.) was studied against the both concentration of α-

cyclodextrin & β-cyclodextrin. The study was carried out at 3 different temperatures 

to obtain the association constants (Ka). No significant isosbestic point was noticed 

in the spectra (Tab. S.5 & 6.). 

By the job (continuous variation method) molecular stoichiometry was obtained for 

the both inclusion complexes. The plot of x.ΔA vs. mole fraction (x) graph gives 

maxima at around 0.50 for both the ICs suggesting 1:1 complexation processes 
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(Here ΔA=A0-A). The association constant (Ka) has been estimated by using the 

double reciprocal plots on the basis of Benesi-Hildebrand equation.[35] 

 
Fig 3. a.: Job plot for α-cyclodextrin+ TgCl 

 
Fig 3. b.: Job plot for β-cyclodextrin+ TgCl 
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(b) 

 
(c) 

Fig. 4. a), b) & c): Double reciprocal plots for the association constant determination 

at 293, 298 and 303K respectively (For α-CyD and TgCl) 
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(e) 

 
(f) 

Fig. 4. d), e) & f): Double reciprocal plots for the association constant determination 

at 293, 298 and 303K respectively (For β-CyD and TgCl) 

 

The absorption values are used in the following Benesi-Hildebrand Eq. (1). (Benesi 

& Hildebrand, 1949)[36] 
 

ퟏ
휟푨

 = ퟏ
휟ɛ[퐕]퐊퐚

 × ퟏ
[훂 	퐂퐲퐃]

 + ퟏ
휟ɛ[퐕]          (1.a.) 

ퟏ
휟푨

 = ퟏ
휟ɛ[퐕]퐊퐚

 × ퟏ
[훃 	퐂퐲퐃]

 + ퟏ
휟ɛ[퐕]                                                                             (1.b.) 

 

By using Benesi-Hildebrand equation and subsequent double reciprocal plots, we 

get the values of equilibrium constant for binding for both of the ICs. It was observed 

that with increasing temperature the values of binding constant were increased. In 

the case of the α-CyD-TgCl system there was abrupt increase in the value of binding 

constant (Ka) with temperature (e.g. 1.59E+03 to 8.92 E+03; Table S.7 to S.9). 
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Probably thermodynamics of complexation controlled inclusion process to 

overcome the other factors at higher temperature. In the case of β-CyD the 

increment in the value of binding constant with the TgCl molecule was quite gradual 

(e.g. 4.89E+03 to 9.53 E+03; Table S.10 to S.12). Another probable explanation may 

be reducing degree of hydration with temperature. As N(+)-CH3 was perhaps 

hydrated with water molecule, with temperature the degree of hydration was 

decreased. Due to the decrease of hydration, the degree of insertion was found to 

increase. 

3.4 Electrospray Ionization (ESI) Mass Spectrometric Analysis of Inclusion 

Complexes: Electrospray ionization mass spectrometry (ESI-MS) in positive mode is 

very important method that has been used to examine the host guest complexation 

with CyDs.[37] 

The solid ICs of TgCl with both α- and β-CyD were further analyzed by ESI- MS. 

These spectra were shown in Figure S. 3. a. & b. (Table S. 13), and the observed 

peaks are listed into Table S.13 with possible ions responsible for the former. The 

peaks at m/z 1110.00 and 1273.00 correspond to [TgCl + α-CD]+ and [TgCl + β-CD] +, 

respectively, and the peaks at m/z 973.00 and 1135.00 correspond to pure α-CyD+ & 

β-CyD+ respectively. The peaks at 974.00 & 1136.00 are due to [α-CyD + H]+ &  [β-

CyD + H]+  respectively. The spectra prove that the expected ICs, namely, TgCl + α-CD 

and TgCl + β-CD, were produced in the solid state and that the stoichiometric ratio of 

the host and guest is 1:1 (Scheme 2). [38-39] 

3.5 FTIR Spectra of Inclusion Complexes: The inclusion process inside the CyD 

molecule can be suitably illustrated by FTIR spectra.[40-41] 

In our work, IR spectra of TgCl, α-CyD, β-CyD, and the ICs were obtained in the solid 

state by the KBr pellet method and in solution by using ethanol as a solvent, which 

showed characteristic changes in the IR signals of the host and guest, confirming the 

formation of ICs .[42-43] 
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Fig. 5. FTIR spectra of TgCl, and it’s ICs with both α-CyD, β-CyD (EtOH as solvent). 

The spectra are available in Figure 5, and the characteristic signals are explained 

along with the chemical bonds responsible for the resultant stretching frequencies 

in the subsequent discussion. The changes due to various interactions can be found 

for the TgCl + α-CyD IC is like: (a) The signal of -O-H of α-CyD was at 3401 cm−1 (Fig. 

S.1), whereas the IC showed a signal at 3399 cm−1 possibly due to the formation of a 

H-bond between TgCl and CyD. (b) The –C-H stretching and -C-H bending modes of 

α-CD were at 2920 and 1406 cm−1, respectively, which shifted for the IC to 2926 & 

1383 cm−1 respectively. 

(c) The >C=O (-COOH attached to pyridine ring) stretching signal was at 1640.87 

cm−1 for TgCl, which was shifted to 1649.89 cm−1 in the case of the IC, possibly as a 

result of the formation of H-bonding. 

(a) The signal of -O-H of β-CyD was at 3365.55 cm−1 (Fig.S.2), whereas the IC had 

shown signal at 3445 cm−1 probably due to formation of H-bonding between them. 

(b) The –C-H stretching and -C-H bending modes of β-CyD were at 2925 and 1424.61 

cm−1(Fig.S.1 & S.2) respectively, which shifted for the IC to 2926 & 1399 cm−1 

respectively. 

(c) The >C=O (-COOH attached to pyridine ring) stretching signal was at 1640.87 

cm−1 for TgCl, which was shifted to 1646 cm−1 in the case of the IC, possibly as a 

result of the formation of H-bonding. 

In both the IR spectrum of the ICs there was no appearance of further signal 

indicating no chemical reaction was happen.[44-45] 
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Therefore, the FTIR spectra provide important clues of formation of ICs in the solid 

form, supporting the outcomes of the other above studies. [46] 

3.6. 1H NMR and 2D NOESY: Inclusion of a guest molecule into the hydrophobic 

cavity of a cyclodextrin results in the modification of the NMR frequencies of the 

signals of the host as well the guest. 1H NMR spectra was used to verify the host-

guest interaction of ICs in the cyclodextrin based systems. [47] 

In the structure of CyD the H3 and H5 protons are located inside the conical cavity, 

mainly, the H3 are placed near the wider rim while H5 are placed near the narrower 

rim, the other H1, H2 and H4 protons are situated at the outside of the CyD 

molecule.[48-49] 

Scheme 3. This scheme showing the stereo chemical appearance of the protons of 

the cyclodextrin molecule 

Thus when a guest enters into the cavity of CyD molecule it interacts with the H3 

and H5 protons, resulting in the upfield chemical shift of these protons. The 

chemical shift is higher for H3 proton as it is located near the wider opening of CyD, 

through which usually guests prefer to enter, than that of H5 proton which is 

situated near the narrower hole at the interior of CyD molecule. The other protons 

e.g., H1, H2 and H4 also shows similar chemical shifts, but the shift is lower 

compared to H3 and H5 protons. [49] 

In this case, alkaloid’s hydrophobic part was inserted into the both α- & β-CyD 

cavity. Hence, chemical shift value of the CyD protons and protons of the alkaloid are 

support the formation of ICs (Fig. 6 a. to f.  contain NMR spectra). Thus, NMR study is 

in tune with the results of the previous investigations. 

In this work, the molecular inclusion was studied with the help of 1H NMR 

spectroscopy Figures 6. a. to f. showing the 1H NMR spectra of pure TgCl, α-CyD, and 
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β-CyD, respectively, where the signals for the aromatic protons and signals of the H3 

and H5 protons of the CyDs can be observed with corresponding chemical shift (δ) 

values (Table S. 14). In the 1H NMR spectra of the ICs, it can be observed that the 

signals of the interior H3 and H5 atoms(not in the case of α-CyD) of the CyDs also as 

that of the interacting aromatic protons of TgCl showed upfield shifts, confirming the 

formation of ICs. The characteristic peaks TgCl after inclusion showing upfield shift 

of N(+)-CH3 proton proves the inclusion of N(+)-CH3 into CyD cavity. The 1H NMR 

spectra of the pure α-CyD, β-CyD and their solid inclusion has given in Fig. S. 4(a. to 

b) to Fig. S.7(a. to b.). 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 
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(f) 

 

Fig. 6. NMR spectra of Trigonelline hydrochloride in D2O (~ 7.45 mM solution) (a) & 

(b)[7.9 to 9.2 ppm in magnified form], NMR spectra of IC(equimolar mixture) of 

Trigonelline hydrochloride & α-CyD (c) & (d)[3.4 to 9.2 ppm in magnified form]  (e) 

& (f) [2.5 to 6.0 ppm in magnified form]   NMR spectra of IC( mixing them in 

equimolar ratio) of Trigonelline hydrochloride & β-CyD 

Two-dimensional (2D) NMR spectroscopy gives most potent evidence about the 

spatial immediacy between the host and the guest atoms by observations of the 

intermolecular dipolar cross-correlations. [50-51] 

Any two protons that are sited within 400 picometre in proximity can turn out a 

Nuclear Overhauser Effect (NOE) cross-correlation in NOE spectroscopy (NOESY) or 

rotating-frame NOE spectroscopy (ROESY). [52-53] 

In the structure of CyD the H3 and H5 protons are located inside the shallow 

truncated cone of CyD with H3 near the larger cone and H1, H2 & H4 are present 

towards outside. [48-49] 

Thus the inclusion process through the opening of CyD may be confirmed by the 

appearance of NOE cross-peaks between the H3 or H5 protons of the CyD and the 

protons of the guest identifying their spatial interactions.[54-55] For this end, 2D 

NOESY have been obtained of the solid complexes of TgCl with both α & β-CyD. 
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  Fig. 7.   (a) 2D NMR (NOESY) spectra of IC of TgCl & α-CyD (Solid re dissolved in D2O)  

 (b) [2D NMR (NOESY) spectra of IC of TgCl & α-CyD from 3.2 to 5.2 ppm 

in magnified form]   

            (c) 2D NMR (NOESY) spectra of IC of TgCl & β-CyD (Solid re dissolved in D2O) 

 (d) [2D NMR (NOESY) spectra of IC of TgCl & β-CyD from 3.2 to 5.4 ppm 

in magnified form]   

 

In both the 2D-NOESY spectra [Fig.7. (a). to (d)] of ICs of TgCl has shown cross peaks 

between H3 proton of both CyD and N(+)-CH3 proton of the TgCl. This observation 

clearly established that methyl group of the trigonelline hydrochloride (TgCl) played 

an important role in the inclusion complex formation. The pyridinium ring is placed 

little outside of the hydrophobic cavity of the frustum structure of the 

cyclic oligosaccharides viz. CyD and oriented towards broad opening.  

3.7. Dynamic light scattering of Solid Inclusion Complexes: In Dynamic light 

scattering (DLS) the size distribution of microscopic particles is the property of 

significance. Here, the distribution explains how much particle there is nearby of the 

different size “slices.”  In DLS, the local distribution is the concentration distribution 

which indicates how much light is scattered from the various size “slices”. 

Historically, a simpler forced single exponential fitting method has been used to find 

an overall mean size (by intensity) and an overall polydispersity (the normalized 

next cumulant). Traditionally, this overall polydispersity has also been converted 

into an overall polydispersity index (PDI) which is the square of the light scattering 

polydispersity. For a perfectly uniform sample (“monodisperse”), the PDI would be 

smaller than ~‘0.1’.[56] We had obtained the average PDI value of >0.7(> 0.9 in 

inclusion complex with average of 0.899) (Table S.15) which indicate broad /non-

uniformity of the inclusion complex, supported by TEM.[57-59] This value may be 

due to presence of inclusion complex and individual host and guest in dynamic 

equilibrium with the former. Z-Average (r.nm) variation upon inclusion was quite 

considerable, as for guest it was 133.7, for two hosts on average it was 303.9 & 

241.85, whereas for the inclusion complex on average it was 487.6 & 445.85(Fig. 8. 

a. to e.). Therefore light scattering technique circuitously and strongly support the 

formation of inclusion complex. 
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d) 

 

 
e) 

Fig 8. a) Size distribution graph of TgCl b) Intensity vs. Size distribution graph for 

the pure α-CyD c) Intensity vs. Size distribution graph for the pure β-CyD d)Size 

distribution graph of TgCl & α-CD IC e) Size distribution graph of TgCl & β-CD IC. 
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3.8. Transmission electron microscopy (TEM): TEM is a reliable method for 

studying aggregation resulting from inclusion, was employed to investigate the 

complexation of the oligosaccharides and guest formed in aqueous solution as well 

as other protic solvents preferably at neutral condition.[60-61] Here inclusion was 

described in the light of aggregation, which may occur in the case of pure host or 

guest, as well in inclusion complexes. 

Previously in difference literature we get many instance of obtaining vesicles by 

usual aromatic and cyclic β-CyD molecule.[62-63] Trigonelline is also a hetero 

aromatic molecule expected to form vesicles in protic polar environment with both 

α & β-CyD beyond their aggregation concentration.60 TEM images have given 

reliable evidence to this assumption, though CyD molecule also may form self 

aggregate above a certain critical aggregation concentration (CAC) with nearly 

spherical morphology.[64] 

TEM has also been performed to provide supplementary insight into the size and 

shape of the aggregates on drying. TEM micrographs have been used to measure the 

length of the molecular assembly.[65] 

One of the interesting observation from TEM images of the α-CyD+ TgCl was the 

appearance of square and rectangular shaped crystal (Fig. S. 11. a-d), was totally 

different from the TEM images of the pure α-CyD. On the other hand TEM images of 

the β-CyD+ TgCl show considerable agglomeration (Fig. S. 11. a-d), can also explain 

relative insolubility of the β-CyD+ TgCl inclusion complex compare to the former.  

 

3.9. Powder X-ray Diffraction Pattern:  

The reliable idea for the inclusion complexation between guest and host molecule 

can be gathered from the analysis of powder X-ray diffraction spectrum.[66-68] 

The characteristic intense peaks of TgCl are obtained at glancing angle, 2θ (degree) 

values of 7.92(second strongest), 16.23(third strongest), 20.98, 24.67, 26.49 

(strongest) with intensity values (in CPS unit) of 4734.03, 4677.08, 2117.11, 

2657.19, 7134.43 (Fig. S. 9) respectively probably due to constructive interference. 

[69] 

In the case of pure α-CyD major characteristic peaks (2θ) were usually like that, 

11.8(strongest), 14.2, 18.1, 21.7(secondly), 27.3 (Song et al. 2006). In our 
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experiment pure α-CyD major characteristic peaks (2θ) were like   ̴11.8 (3rd 

strongest), 21.7(2rd strongest), ~ 14(strongest) (Fig. S. 9).  

The diffractogram of TgCl+ α-CyD complex exhibited the spectral lines at 2θ 

(degree) 11.72(secondly), 14.21, 21.64(strongest) & 26.78 with respective intensity 

values (in CPS unit) of 2635.05(secondly), 2261.51, 3428.08(strongest) and 

2404.77. So from the comparison it can be clearly conclude that α-CyD crystalline 

pattern was rapidly changed, TEM morphology also provide similar result. It is also 

important to mentioned that, TgCl+ α-CyD complex strongest peak correspond to 2nd 

strongest peak of pure α-CyD and vice versa. 

The characteristic peaks of β-CyD are assigned at 2θ (degree) values of around 9.04, 

10.65(2nd strongest), 12.43(strongest), 14.71, 15.30, 17.06, 19.61, 21.12, 22.64(3rd 

strongest), 24.33, 27.12, 31.94 and 34.72. 

The X-ray powder photograph of TgCl +β-CyD had shown considerable intensity at 

4366.11, 5923.82, 2814.53, 3229.10, 2711.76, 2345.65, 2399.09 for the glancing 

angle values of 10.55(2nd strongest), 12.35(Strongest), 15.43, 19.56(3rd strongest), 

20.49, 22.75 & 26.69 respectively. It was expected, as the structural dissimilarity 

between TgCl & β-CyD is even more than in between TgCl & α-CyD. Comparable case 

was found in the case of powder photograph of NaCl & KCl.[69] Another important 

point is reversal of intensity like α-CyD complex is not observed in the case of β-CyD. 

 In both the inclusion complexes the original intensity of the TgCl was quenched 

probably due to the successful incorporation of the TgCl into the molecular buckets’ 

namely of α and β-CyD. 

We have different XRD pattern for the inclusion complex from the guest, it means 

that the alkaloid has efficient interactions with CyD. The pattern was different from 

that of the sole TgCl as well β-CyD.[70] The complex is a novel entity which has 

different structural features from either the alkaloid or CyD’s. 

 

3.10. Refractive index of the host, guest and complexes: Usually upon inclusion 

refractive index value increases compared to either pure host or guest.[71,22] Here 

we able observe decrease of refractive index value upon complex formation (Table S. 

16). Probably due to absent of ideal inclusion complex, the decrease in refractive 
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index value was observed. Partial inclusion may cause interesting decrease in the 

value of refractive index. 

 
3.10. Antidiabetic assay of inclusion complex:  

Trigonelline has certain health benefits by possessing hypoglycemic effect which is 

useful for lowering blood glucose level in diabetic patients. [72-75] There are 

reports of antidiabetic activity of trigonelline whether in vitro or in vivo.[17] In this 

study we have attempted to perform alpha glucosidase inhibiting activity of 

trigonelline encapsulated in α and β cyclodextrin while comparing it with the 

standard trigonelline hydrochloride purchased from sigma Aldrich. Alpha-D-

glucosidase in an enzyme present in our digestive system which is involved for the 

breakdown of starch, disaccharides into glucose. Thus the inhibition of this enzyme 

may reduce the post-prandial hyperglycaemic level. [76] 

Methods: 

Alpha glucosidase inhibiting activity was carried out following the method of Shai et 

al., 2011 with slight modifications.[77] Phosphate buffer (6.8 i.e. slightly acidic pH), 

0.1 ml 3 mM glutathione reduced and 0.1 ml α-glucosidase (1 U/mL) was taken in a 

test tube was incubated for 15 minutes at 310K. Enzyme inhibitor (0.5 ml) and 0.25 

ml p-NPG (p-nitrophenyl-β-D-glucopyranoside) was added as a substrate. The 

readings were taken in different time intervals for alpha and beta CyD while for 

trigonelline hydrochloride only one reading was taken after incubating the reaction 

mixture for 15 minutes at 405 nm in spectrophotometer. Percentage inhibition was 

calculated comparing the OD values with the control (enzyme and substrate without 

inhibitor).  

Result:  

The result obtained from figure S. 10. a) revealed that IC50 of trigonelline is 77.87 

mg/ mL which means that this amount of trigonelline is required for 50 % inhibition 

of the enzyme. In case of alpha (α) and beta (β) cyclodextrin complex, we observed 

zero inhibition of the enzyme initially when compared with the control (Fig. S. 10. b. 

& c.). The OD values were apparently higher than that of control as shown in figure 2 

and 3. Since the solubility of α and β CyD inclusion complex in water was limited to 

maximum value of 10 mg/mL, we were not able to increase the concentration, still α 
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CyD IC was showing better result. The α CyD IC was more soluble compared to the β 

and it was showing slow inhibition at longer time along sustain release. Thus this 

might be a suitable explanation for β complex to have not inhibited the enzyme also 

may be due to strong binding of the β-CyD with TgCl and the release mechanism was 

also slow. Though there are possibilities of further exploration of this work if the 

solubility of these complexes could be developed by the means of derivatization of 

the host cyclodextrin or changing solvent polarity by using mixed solvent etc.  

However it was observed that though the OD values were increasing rapidly at 

initial time interval up to 60 minutes, but there was stability after that and at 120 

minutes the OD values started to decrease gradually specially in the case of α CyD IC. 

Thus it may also be assumed that keeping the reaction for a longer period of time 

may show the inhibition of the enzyme and sustained gradual antidiabetic activity. 

 

Table S. 1: Data for the graph of break point determination by surface tension 
of α-CyD & TgCl system at 298.15Ka 
    

Volm. of 
α-
CyD(mL
) 

Total 
volm. 
(mL) 

Conc. of 
α-CyD 
(mM) 

Conc. of 
Trigonelline 
hydrochloride(m
M)  

Surface 
tension 
(mN m-1) 
 

                

0 10 0                10                70.2 

1 11 0.90909 9.09091 68.9 

2 12 1.66667 8.33333 67.3 

3 13 2.30769 7.69231 66.4 

4 14 2.85714 7.14286 65.2 

5 15 3.33333 6.66667 64.6 

6 16 3.75                6.25               63.4 

7 17 4.11765 5.88235 62.7 

8 18 4.44444 5.55556 62.2 

9 19 4.73684 5.26316 61.9 

10 20 5.0                5.0                61.6 

11 21 5.2381               4.7619               61.3 
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12 22 5.45455 4.54545 61.3 

13 23 5.65217 4.34783 61 

14 24 5.83333 4.16667 60.9 

15 25 6.0                4.0               60.8 

16 26 6.15385 3.84615 60.7 

17 27 6.2963                3.7037                60.5 

18 28 6.42857 3.57143 60.4 

19 29 6.55172 3.44828 60.3 

20 30 6.66667 3.33333 60.2 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table S. 2: Data for the graph of breakpoint determination by surface tension 
of β-CyD & TgCl system at 298.15Ka 
 

Volm. 
of β-
CyD(m
L) 

Total 
volm. 
(mL) 

Conc. of β-
CyD 
(mM) 

Conc. of 
Trigonelline 
hydrochlori
de(mM) 

Surface tension 
(mN m-1) 

                

 

0 10 0                10                70.2 

1 11 0.90909 9.09091 68.7 

2 12 1.66667 8.33333 67.2 

3 13 2.30769 7.69231 66 

4 14 2.85714 7.14286 64.9 

5 15 3.33333 6.66667 64 

6 16 3.75                6.25               63.2 

7 17 4.11765 5.88235 62.5 

8 18 4.44444 5.55556 61.9 

9 19 4.73684 5.26316 61.3 

10 20  5              5                61.2 

11 21 5.2381                4.7619                61.1 
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12 22 5.45455 4.54545 60.9 

13 23 5.65217 4.34783 60.8 

14 24 5.83333 4.16667 60.7 

15 25 6                4                60.7 

16 26 6.15385 3.84615 60.5 

17 27 6.2963    3.7037                60.4 

18 28 6.42857 3.57143 60.3 

19 29 6.55172 3.44828 60.2 

20 30 6.66667 3.33333 60.2 

Standard uncertainties in temperature u are: (T) =0.01K 

 

Table S. 3_ Host-guest break point by specific 
conductance of α-CyD & TgCl system at 298.15Ka 

  

Volm. of  
α-CyD 

Total volm. Conc. 
(Mm) 
α-Cyd 

Cond.              
mS/m               
α-Cyd  
 

0 
 

10 0 2.41818 

1 
 

11 0.90909 2.20909 

2 
 

12 1.66667 2.09091 

3 13 
 

2.30769 1.98182 

4 
 

14 2.85714 1.87273 

5 
 

15 3.33333 1.76364 

6 
 

16 3.75 1.68182 

7 
 

17 4.11765 1.59091 

8 
 

18 4.44444 1.54545 

9 
 

19 4.73684 1.47273 

10 
 

20 5 1.42727 

11 21 
 

5.2381 1.36364 

12 
 

22 5.45455 1.30 

13 
 

23 5.65217 1.26364 

14 24 5.83333 1.20 
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15 25 

 
6 1.16364 

16 26 
 

6.15385 1.12727 

17 
 

27 6.2963 1.09091 

18 28 
 

6.42857 1.04545 

19 
 

29 6.55172 1.00909 

20 30 6.66667 0.98182 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table S. 4__ Data of the graph for host-guest break point by specific 
conductance of β-CyD & TgCl system at 298.15Ka 
          

                       

   

   

 

 

 

 

 

 

 

 

 

 

 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

  

Volm. of  
β-CyD 

Total volm. Conc. 
(mM) β-
CyD 

Cond. 
mS/m               

0 10 0 2.42727 
1 11 0.90909 2.2 
2 12 1.66667 1.91818 
3 13 2.30769 1.77273 
4 14 2.85714 1.64 
5 15 3.33333 1.5 
6 16 3.75 1.4 
7 17 4.11765 1.34 
8 18 4.44444 1.26 
9 19 4.73684 1.2 
10 20 5 0.88 
11 21 5.2381 0.82 
12 22 5.45455 0.73 
13 23 5.65217 0.68 
14 24 5.83333 0.64 
15 25 6 0.58 
16 26 6.15385 0.54 
17 27 6.2963 0.5 
18 28 6.42857 0.46 
19 29 6.55172 0.4 
20 21 6.66667 0.35 
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Table S. 5_ Data for the Job plot performed by UV-Vis (264 nm) of α-CyD & TgCl 

system at 298.15Ka 

drug 
conc. 
[D] 

(µm) 

α-CyD  
(µm) 

[D]/ 
([D]+[α-

CyD]) 

A 
@λmax       
262 nm 

ΔA            
(0.31225-

A) 

ΔA x [D]/ 
([D]+[α-

Cyd]) 

0 100 0 0 0.31225 0 

10 90 0.1 0.0373
5 0.2749 0.02749 

20 80 0.2 0.0596
9 0.25256 0.05051

2 

30 70 0.3 0.0913
9 0.22086 0.06625

8 

40 60 0.4 0.1182
4 0.19401 0.07760

4 

50 50 0.5 0.1515
2 0.16073 0.08036

5 

60 40 0.6 0.1831
5 0.1291 0.07746 

70 30 0.7 0.2126
4 0.09961 0.06972

7 

80 20 0.8 0.2439
6 0.06829 0.05463

2 

90 10 0.9 0.2754
8 0.03677 0.03309

3 

100 0 1 0.3122
5 0 0 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table S. 6 _ Data for the Job plot performed by UV-Vis (264 nm) of β-CyD & TgCl 

system at 298.15Ka 

drug 
conc. 
[D] 

(µm) 

β-CyD  
(µm) 

[D]/ 
([D]+[β-

Cyd]) 

A 
@λmax       
262 nm 

ΔA            
(.31824-

A) 

ΔA x [D]/ 
([D]+[β-

Cyd]) 

0 100 0 0 0.31824 0 
10 90 0.1 0.02854 0.2897 0.02897 
20 80 0.2 0.06824 0.25 0.05 
30 70 0.3 0.09133 0.22691 0.068073 
40 60 0.4 0.13304 0.185201 0.0740804 
50 50 0.5 0.16594 0.1523 0.07615 
60 40 0.6 0.19897 0.11927 0.071562 
70 30 0.7 0.22977 0.08847 0.061929 
80 20 0.8 0.26209 0.05615 0.04492 
90 10 0.9 0.29386 0.02438 0.021942 

100 0 1 0.31824 0 0 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K.
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Table S. 13_ Table with observed peaks at different m/z with corresponding 
ions for the solid ICs 
___________________________________________________________________________ 
TgCl-α-CyD inclusion complex                                                        TgCl-β-CyD inclusion 
complex_______ 
m/z                                     Ion                                                          m/z                                             
Ion_________ 
1110.00                      [TgCl + α-CyD]+                              1273.00                         [TgCl + β-
CyD+H]+ 

973.00                        α-CyD    1135.00                         β-CyD 

974.00                       [α-CyD + H]+                                   1136.00                        [β-CyD + 
H]+_____ 

 

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0
7 2

7 4

7 6

7 8

8 0

W a v e n u m m b e r ( C m - 1 )

 P u r e  a - C y D

%  T

 

Fig. S. 1. FTIR spectra of pure α-CyD in EtOH 
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Fig. S. 2. FTIR spectra of pure β-CyD in EtOH 
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Fig.  S.3. a. ESI-MS of TgCl with α-CyD IC                          Fig. S.3. b. ESI-MS of TgCl 
with β-CyD IC 

 

Table S. 14_ 1H NMR data of TgCl salt, α-CyD, β-CyD and solid inclusion 
complexes 

TgCl salt (400MHz, Solvent: D2O) δ /ppm 
1H NMR (400 MHz, D2O): 9.125 (1H, S), 8.79 (1H, d, J= 8.4 Hz); 8.77(1H, d, J= 

6.4 Hz); 7.99-7.96(1H, m,); 4.31 (3H, s, N(+)CH3). 

Shift of δ /ppm in α-Cyd Shift of δ /ppm in α-CyD+ TgCl salt 

α-CyD (400 MHz, Solvated in D2O), δ 

/ppm 

Inclusion complex of α-CyD & TgCl 

salt (400 MHz, Solvated in D2O), δ 

/ppm 

3.44 (H4, 6H, t, J= 9.2 Hz), 3.49 (H2, 6H, 

dd , J1 = 10 Hz, J2=3.2 Hz), 3.82-3.65 

(H6, H5, 18H, m), 3.839 (H3, 6H, 

dd , J1 = 9.6 Hz, J2=8.8 Hz), 4.909 (H1, 

6H, d, J = 3.6 Hz) 

9.056 (1H, s), 8.751-8.734 (2H, m), 7.955 

(1H, brs), 4.926 (6H, brs), 4.299 (3H, s, 

N(+)CH3), 3.825 (H3, 6H, t, J = 9.2 Hz), 3.80 

- 3.70 (m, 18H), 3.50 (6H, d, J = 10 Hz), 

3.443 (6H, t, J = 8.6 Hz). 

 1:1 Mixture of α-CyD and TgCl salt          

( Solution) 
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 9.153 (1H, S), 8.82-8.70 (2H, m), 8.10-

7.91(1H, m),  4.89 (6H, d, J= 3.2 Hz), 

4.302(3H, s, N(+)CH3), 3.823(H3, 6H, t, J 

=9.2 Hz), 3.79-3.67(18H, m), 3.47(6H, dd, 

J1= 10 Hz, J2 = 3.2 Hz ), 3.427(6H, t, J = 9.2 

Hz). 

β-CyD (400 MHz, Solvent: D2O), δ 

/ppm 

Inclusion complex of β-CyD & TgCl salt 

(400 MHz, Solvated in D2O), δ /ppm 

3.443 (H4, 7H, t, J = 9.2 Hz), 3.506 (H2, 

7H, dd, J1 = 10 Hz, J2=3.6 Hz), 3.78-3.68 

(H6, H5, 18H, m), 3.825 (H3, 7H, t, J = 

9.2 Hz), 4.93 (H1, 7H, d, J = 3.6 Hz). 

9.166 (1H, s), 8.82-8.76 (2H, m), 8.02-

7.94 (1H, m), 4.914 (7H, d, J = 3.6 Hz), 

4.303(3H, s, N(+)CH3); 3.809 (H3, 7H, t, J = 

9.6  Hz); 3.77-3.50 (m, 21H), 3.49 (7H, dd, 

J1= 9.8 Hz, J2 =3.6 Hz), 3.43 (7H, t, J =9.2  

Hz). 

 1:1 Mixture of β-CyD and TgCl salt( 

Solution) 

 9.127 (1H, S), 8.78-8.76(2H, m), 7.99-

7.96 (1H, m), 4.92(7H, brs); 4.302(3H, s, 

N(+)CH3); 3.817 (H3, 7H, t, J = 8.4 Hz); 

3.78-3.40(m, 32H). 

 

Fig. S. 4.a. FTNMR spectra of pure α-CyD in D2O 
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Fig. S. 4. b. Extended FTNMR spectra of pure α-CyD in D2O 

 

Fig. S. 5.a. FTNMR spectra of pure β-CyD in D2O 



 
Probing inclusion complexes of an anti-diabetic alkaloid ....molecules  

225 
 

 

Fig. S. 5.b. Extended FTNMR spectra of pure β-CyD in D2O 

 

 

Fig. S. 6.a. FTNMR spectrum of solid (TgCl+ α-CyD) inclusion complex in D2O 
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Fig. S. 6.b. Extended FTNMR spectrum of solid (TgCl+ α-CyD) inclusion complex 
in D2O 

 

 

 

Fig. S. 7.a. FTNMR spectrum of solid (TgCl+ β-CyD) inclusion complex in D2O 
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Fig. S. 7.b. Extended FTNMR spectrum of solid (TgCl+ β-CyD) inclusion complex 
in D2O 

 

  

Parameter α-CyD  
 

α-
CyD  

 

β-CyD β-CyD α-CyD  
IC 

α-CyD  
IC 

β-
CyD 
IC 

β-CyD  
IC 

Hydrodynamic 
diameter (nm) 
from most intense 
peak 

    261.6 371.4     94.8 178.2 325.2 256.1 229 383.5 

PDI                 0.739 0.77 0.947 
 
 
 

   0.586 
 

0.982 0.977 0.722 0.915 

Z-Average 335.6 272.2 300 183.7 518.2 457 295.4 596.3 

Parameter TgCl (Average 
of 5 values) 

Standard 
deviation 

Hydrodynamic 
diameter (nm) 
from most intense 
peak 

183.6 37.56 

PDI                 0.8 0.123 

Z-Average(r.nm) 133.7 106.4 
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Table S.15: Hydrodynamic diameter (Dh) and PDI and Z-average values. 
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Fig. S. 8.a. UV-vis spectrum of α-CyD and TgCl mixture (Continuous variation, 
for the job plot) 
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Fig. S. 8.b. UV-vis spectrum of β-CyD and TgCl mixture (Continuous variation, 
for the job plot) 

Table S. 16: Data for Refractive Index 

Conc.(mM) 

(TgCl) 

Temperature(K) RI values 

10 301 1.3336 

10 1.3337 

10 1.3338 

10 1.3339 
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Conc.(mM) ( α 

-CyD) 

Temperature(K) RI values 

10 301 1.3333 

10 1.3333 

10 1.3334 

10 1.3334 

 

Conc.(mM) ( β 

-CyD) 

Temperature(K) RI values 

10 301 1.3332 

10 1.3333 

10 1.3334 

10 1.3334 

Conc.(mM) 

(TgCl +α-CyD) 

equal conc. 

Temperature(K) RI values 

10 301 1.3327 

10 1.3327 

10 1.3328 

10 1.3329 

 

Conc.(mM) 

(TgCl +β-CyD 

) 

equal conc. 

Temperature(K) RI values 

10 301 1.3326 

10 1.3325 

10 1.3326 

10 1.3327 
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(a) 

 

(b) 
 
 

 

 

 

 

 

 

(c) 
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Fig. S. 9. X-ray diffraction patterns of (a) Pure α-cyclodextrin, (b) Tg) Pure 

trigonelline hydrochloride, Tg+ α-CyD) Inclusion complex of trigonelline 

hydrochloride+ α-cyclodextrin Tg+ β-CyD) Inclusion complex of trigonelline 

hydrochloride+ β-cyclodextrin (c) Pure β-cyclodextrin. 

 

Figure S. 10. a): Alpha glucosidase inhibiting activity of trigonelline 

 

 

Figure S. 10. b): Graph of OD values against time interval of α-CyD complex in α-
glucosidase inhibiting assay 
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Figure S. 10. c): Graph of OD values against time interval of β-CyD complex in α-

glucosidase inhibiting assay 

 

  

Texture of α-CD (200 nm 
scale bar) 
 

Morphology of α-CD (50 
nm scale bar) 
 

Appearance of α-CD (100 
nm scale bar) 
 

Appearance of α-CD (50 
nm scale bar) 
 

a) 

    
TEM representation of α-CyD+ TgCl inclusion complexes in various scale bar 
 
b) 
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Standard texture of β-CD (50 nm 
scale bar) 
 

The woolly morphology of β-CD at 
high resolution (20 nm reference 
scale) 
 

Distributed appearance with average 
size quite comparable to the sized 
obtained from the Light scattering 
 
 

c) 

TEM micrographs of β-CyD+ TgCl inclusion complexes in various scale bar 
 
d)  
Fig. S. 11. a) TEM images formed by α-CyD, with uranyl acetate as the negative 

staining agent, b) TEM images formed by the crystalline IC of α-CyD+ TgCl, with 

uranyl acetate as the negative staining agent, c) TEM images formed by β-CyD, with 

uranyl acetate as the negative staining agent & d) TEM images formed by the 

agglomerated IC of β-CyD+ TgCl, with uranyl acetate as the negative staining agent. 
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CHAPTER VIII 

 
GOUT PAIN CAUSED BY URIC ACID MOLECULE AND ITS 

SOLUTION CAUSED BY CITRIC ACID MOLECULE: A 

PHYSICOCHEMICAL INVESTIGATION  
 

8.1. Introduction 

Gout is a very painful experience in our modern era. The underlying cause of gout is 

due to the crystallization of uric acid, often related to relatively high levels in the 

blood of human body. This can occur for number of reasons, including diet, genetic 

predisposition, or under excretion of urate, the salts of uric acid. The remedial 

methods are both lifestyle changes and medications can decrease uric acid levels. 

Doctor’s are generally advice to reduce intake of food such as meat and seafood, 

limiting alcohol and consuming citrus fruits [1].  Citric acid is one of the major 

ingredients of citrus fruits. The chemistry of solutions deals with solutes and 

solvents and how solutes interact with solvents as they move about in solutions. So 

that we choose this biologically active compound, citric acid as a solute and aqueous 

uric acid as a solvent to examine the interaction between these two. Studies on the 

apparent molar volumes and viscosity B-coefficients at infinite dilution provide 

valuable information regarding solute-solute, solute-solvent and solvent-solvent 

interactions [2]. The addition of solute could break or make the structure of a liquid 

[3-5] as viscosity being a property of the solution depending upon the 

intermolecular forces, the structural aspects of the liquid can be inferred from the 

viscosity of solutions at different concentrations and temperatures. 

Citric acid, C6H8O7 (CA), i.e. 2-hydroxypropane-1, 2, 3-tricarboxylic acid, is a tribasic, 

environmentally suitable and versatile chemicals. As it occurs in metabolism of 

almost all living beings, its interactions in an aqueous solution is of great value to the 

biological scientists. In the Pharmaceutical industry, citric acid is used as stabilizer 

in various formulations, as a drug component and as anticoagulant in blood for 

transfusions and also used as an acidifier in many pharmaceuticals. Citric acid can be 

used as flavouring and preservative in food and beverages, especially soft drinks [6]. 
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Citric acid exists in greater than trace amounts in variety of vegetables, most notably 

citrus fruits. 

Uric acid is a heterocyclic compound with the molecular formula C5H4N4O3 (UA), i.e. 

7,9-Dihydro-1H–purine-2,6,8 (3H)-trione. It is a diprotic acid. It was first isolated 

from kidney stones in 1776 by Scheele [7]. Uric acid is deprotonated at a nitrogen 

atom and uses a tautomeric keto/hydroxyl group as an electron-withdrawing group 

to increase the pKa value while most organic acids are deprotonated by the 

ionization of a polar hydrogen-to-oxygen bond. In general, the water solubility of 

uric acid is low. This low solubility is significant for the etiology of gout. Uric acid is a 

strong reducing agent and potent antioxidant. In humans, over half the anti oxidant 

capacity of blood plasma comes from uric acid [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 (citric acid) and with co-solute 

(uric acid) in w1=0.00001, 0.00002 and 0.00003 mass fraction of aqueous uric acid 

mixture at different temperatures (298.15-313.15)K with 5 interval to explain 

various non covalent interactions prevailing in the ternary systems under 

investigation. 

8.2.   Experimental Section 

8.2.1 Source and purity of materials 

Citric acid monohydrate was purchased from HiMedia. Uric acid (UA) was purchased 

from S D Fine-Chem. Ltd. 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. 

8.2.2 Apparatus and procedure 

Solubility of the uric acid in water (deionised, doubly distilled water with a specific 

conductance of 1·10-6 S·cm-1) and the citric acid in aqueous uric acid had been 

checked precisely, prior to start of the experimental work and seen that citric acid 

soluble in all proportion of aqueous uric acid solution. The mother solutions of citric 

acid were prepared by mass (Mettler Toledo AG-285 with uncertainty 0.0003g) and 
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then the working solutions (six sets) were prepared by mass dilution. The 

conversions of molarity into molality [9] had been done using experimental density 

values of respective solutions and adequate precautions were taken to reduce 

evaporation losses during mixing and throughout the experiment. 

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 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 [12a]. The uncertainty of refractive index measurement was ±0.0002 

units. 

The pH values of the experimental solutions were measured by a Mettler Toledo 

Seven Multi pH meter [12b]. The measurements were made in a thermostated water 

bath maintaining the temperature at 298.15K, 303.15K, 308.15K and 313.15K with 

the uncertainty 0.01 K. 

8.3. Result and Discussion: 

The physical parameters of binary mixtures in different mass fractions (w1=0.00001, 

0.00002, 0.00003) of aqueous uric acid (UA) solutions at four different temperatures 

(298.15K, 303.15K, 308.15K and 313.15K) and at 1.013 bar have been reported in 

table 2. The experimental measured values of density, viscosity of citric acid (CA) as 

a function of concentration (molality), in different mass fractions of aqueous uric 

acid mixture at four above mentioned temperatures have been listed in table 3. 

According to the pH data of ternary solution citric acid in different mass fraction of 

aqueous uric acid is found within the range of 5.90-6.63 (table 3); which is 

equivalent or higher than the value of pKa3 value of citric acid (pKa1=3.13 [13a]; 

pKa2=4.76 [13a]; pKa3=6.39 [13b], 6.40 [13c]). On the other hand, the estimated pKa 
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value of the solution is greater than pKa3 of citric acid (table 3), and it predicting that 

the citric acid is dissociated at and above the pH. Thus it clearly indicated that the 

citric acid is completely dissociated and exists as 3H++Cit3- form (scheme 1) in 

ternary solutions i.e., 

H Cit	 ⇌ 	3H + Cit  

8.3.1 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 ρ0 

are the density of the solution and aqueous uric acid mixture respectively. 

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 citric acid in same mass fraction of 

aqueous uric 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 

uric acid solution and varied with √m and could be least-squares fitted to the 

extended Masson equation [15] 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+ SVV≠·m                                             (2) 

Here φV0 is the apparent molar volume at infinite dilution, SV* and SVV≠ is the 

experimental slope. At infinite dilution each solute molecule is surrounded only by 

the solvent molecules and remains infinite distant from each other. As a 

consequence, that φV0 is unaffected by itself interaction of solute molecules (either 
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uric acid itself or citric acid) and it is a measure only of the solute-cosolute (uric acid 

-citric acid) interaction. 

An inspection of table 5 and fig 1 shows that φV0 are large and positive for all citric 

acid at all the studied temperatures, suggesting the presence of strong solute-

cosolute interaction (scheme 2). Comparing φV0 with SV* and SVV≠ values show that 

the magnitude of φV0 is greater than SV* and SVV≠, suggesting that solute-cosolute 

interactions dominates over itself interaction of solute molecules in all solutions at 

all studied temperatures. Moreover, SV* values are negative at all temperatures 

indicates force of itself interaction of solute molecules is very poor. Positive and 

significant magnitude of SVV≠ is indicating the ternary interaction of solute-cosolute-

solute, cosolute-solute-cosolute (scheme 3). 

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 a2 are the empirical coefficients 

depending on the solute, mass fraction of cosolute uric acid.  Values of coefficients of 

the above equation for the citric acid in aqueous uric acid mixtures are reported in 

table 6. 

The limiting apparent molar expansibilities, φE0, can be evaluated by the following 

equation, 

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 citric acid 

at (T=298.15, 303.15, 308.15 and 313.15) K are reported in table 7. 

All the values of φE0 shown in the table 7 are positive for citric acid in aqueous uric 

acid and studied temperature. This fact helps to explain the absence of caging or 

packing effect for the citric acid in solution [16]. 

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 

[17]. 

(δφE0/δT)P = (δ2φV0/δT2)P = 2a2                                       (5) 
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The positive sign or small negative of (δφE0/δT)P signifies the molecule is a 

structure-maker; otherwise, it is a structure-breaker [18]. 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 (citric acid 

and uric acid) with the formation of H-bonding, van der waal forces, dipole-dipole 

interactions etc. The plausible sites of different interactions playing in the ternary 

solution are shown in scheme 2. This symmetric arrangement is signifies the 

molecules of citric acid and uric 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 citric acid is depicting this structure–

making tendency. 

8.3.2 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 [19] for non 

electrolytes. 

(η/η0 – 1)/√m = (ηr -1)/√m= A + B ·√m + D ·m                                  (6) 

Where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities of ternary 

solutions (citric acid + aqueous uric acid) and solvent (aqueous mixture of uric acid) 

respectively and m is the molality of citric acid in ternary solutions.  Where A is 

known as Falkenhagen coefficient [20] 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-, B- and D-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 uric acid in the local vicinity of the solute (citric acid) 

molecules in solutions has been obtained from viscosity B-coefficient [21]. It is found 
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from table 4 and fig 2; 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 uric 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. 

The free energy of activation of viscous flow per mole of solvent, ∆μ10≠ as proposed 

by Eyring and co-workers [22] could be calculated from the following equation: 

η0 = (hNA/ V10) exp(∆μ10≠/RT)                                                (7) 

Where h, NA and V10 are the Planck’s constant, Avogadro’s number and partial molar 

volume of the solvent respectively. The equation (7) can be rearranged as follows we 

get 

∆μ10≠ =RT ln (η0 V10/ hNA)                                                     (8) 

Feakins et al.[23-25] suggested that if equations (6) and (8) are obeyed, then 

B = (V10 – V20) + V10 [(∆μ10≠ - ∆μ20≠)/RT]                                    (9) 

where V20 is the limiting partial molar volume (φV0) of the solute and ∆μ20≠ is the 

ionic activation energy per mole of solute at infinite dilution . Rearranging the 

equation (9) we get 

∆μ20≠ = ∆μ10≠ + (RT/ V10)[B - (V10 – V20)]                                  (10) 

From table 8, it is evident that ∆μ20≠ values are all positive and much larger than 

∆μ10≠, suggesting that interaction between solute (citric acid) and solvent (aqueous 

uric acid mixture) molecules in the ground state is stronger than in the transition 

state. According to free energy terms the salvation of solute in the transition state is 

unfavourable. 
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The entropy of activation (∆S20≠) [24] for the solution has been calculated using 

relation: 

∆S20≠ = - d(∆μ20≠)/dT                                      (11) 

Here ∆S20≠ has been obtained from the negative slope of the plots of ∆μ20≠ against T 

by using a least-squares treatment. 

The enthalpy of activation (∆H20≠) [24] has been obtained from the relation: 

∆H20≠ = ∆μ20≠ + T∆S20≠                                                        (12) 

The values of ∆S20≠ and ∆H20≠ are also reported in table 8. 

It is evident from table 9, that ∆μ10≠ is practically constant at all the mass fraction of 

the aqueous uric acid mixture, suggesting that ∆μ20≠ is mainly dependent on the 

viscosity coefficients and (V10 – V20) terms. Positive ∆μ20≠ values at all studied 

temperature and solvent composition suggests that the process of viscous flow 

becomes difficult as the temperature and mass fraction of aqueous uric acid mixture 

increases. Therefore, the formation of transition state becomes lee favourable. 

Feakins et al [24] proposed that, ∆μ20≠ > ∆μ10≠ for solutes having positive B-

coefficients and indicates a stronger solute –solvent interactions, thereby suggesting 

that the formation of transition state is accompanied by the rupture and distortion of 

the intermolecular forces in the solvent structure [24, 26]. The negative values of 

both ∆S20≠ and ∆H20≠ suggest that the formation of transition state is associated with 

bond-making and an increase in order. Although a detailed mechanism for this is not 

easily advanced, it may be suggested that the slip-plane is in the disordered state 

[24, 27]. According to Feakins et al. model, as ∆μ20≠ > ∆μ10≠, the solute (citric acid) 

behaves as structure makers. This again supports the behaviour of dB/dT for the 

solute in aqueous uric acid mixture. 

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 (fig 3). From 

the above fact it means 

B = A1 + A2 φV0                                                           (13) 
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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). 

It is evident from this study, that there is a strong interaction between citric acid and 

uric acid and it becomes stronger with rise in temperature. As molecules of uric acid 

are engaged with the citric acid’s molecules, the accumulation among the uric acid 

molecules becomes less effective. Therefore, the process of crystallization and 

deposition of uric acid gets hampered in presence of citric acid (Scheme 3). The 

above fact suggests that the relief of painful effect of gout can be achieved by 

consumption of more citrus fruits and by making warmth the affected area. 

As we know that the gout is the disease occurred due to the crystallization of uric 

acid in the joint of human body.  Therefore the interaction of citric acid with uric 

acid in aqueous solution at human body temperature (37oC or 310.15K) is 

important. 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 citric acid, which indicates the positive 

effect of hampering in crystallization and deposition of uric acid in joint of the 

human body, as a result presence of citric acid relief the painful effect of gout. The 

effect also evidence from the values of free energy of activation (∆μ10≠ and (∆μ20#), 

entropy (∆S20≠) and enthalpy (∆H20≠) (table 9). The positive values and increasing 

order of free energy of activation and negative magnitude and decreasing degree of 

entropy (∆S20≠) and enthalpy (∆H20≠) also suggesting the positive effect for pain relief 

of gout in presence of citric acid. 

8.3.3 Refractive Index: 

The measurement of refractive index is also a suitable method for investigating the 

molecular interaction existing in solution. The molar refraction (RM) (fig 4) can be 

evaluated from the Lorentz-Lorenz relation [28]. 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 
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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 

[29]. As stated by Deetlefs et al. [30] 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 10 we found that the refractive index and the molar 

refraction are higher for the studied citric acid in all the mass fraction of aqueous 

uric 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 10. 

RM = RM0 + RS √m                                                       (14) 

Accordingly, we found that the higher values of refractive index and RM0 which 

representing the fact that the molecules of citric acid are more tightly packed and 

greater solute-solvent interaction with uric 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. 

All the above derived parameters suggest that there is strong interaction between 

citric acid (solute) and uric acid (solvent) and these increases with rise in 

temperature. The solute-solvent interaction is much greater than the solute-solute 

and solvent-solvent interactions. 

8.4. Conclusion: 

It is evident from this study, that there is a strong interaction between citric acid and 

uric acid and it becomes stronger with rise in temperature. As molecules of uric acid 

are engaged with the citric acid molecules, the accumulation among the uric acid 

molecules becomes less effective. The table S1 was given a strong evidence of 

enhances solubility of uric acid in the presence of citric acid. Therefore, the process 

of crystallization and deposition of uric acid gets hampered in presence of citric acid 

(Scheme 3). The above fact suggests that the relief of painful effect of gout can be 

achieved by consumption of more citrus fruits and by making warmth the affected 

area. 
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Tables 

Table 1: Source and purity of the chemicals 

Chemical name Source mass fraction 

purity 

Purification 

Method 

Citric acid monohydrate HiMedia ≥0.99 Used as procured 

Uric acid SD Fine-Chem Ltd. ≥0.99 Used as procured 

 

Table 2: Experimental values of density (ρ), viscosity (η) and pH at different 

temperatures, refractive index (nD) at 298.15 K  and at pressure 1.013 bar of 

different mass fraction (w1) of aq. uric acid mixtures*  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

*Standard uncertainties u are: u (ρ) =0.00002 kg∙m-3, u (η) =0.02 mP∙s, u (nD) 

=0.0002, u (pH) = 0.01 and u (T) =0.01K, (0.68 level of confidence) 

 

  

Aq. Uric acid 

Mixture (w1) 

Temperature 

(K) 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

0.00001 298.15 0.99698 0.90 1.3316 6.58 

303.15 0.99558 0.82  6.50 

308.15 0.99401 0.73  6.41 

 313.15 0.99209 0.63  6.33 

0.00002 298.15 0.99704 0.90 1.3321 6.60 

303.15 0.99566 0.83  6.52 

308.15 0.99407 0.75  6.43 

 313.15 0.99239 0.65  6.35 

0.00003 298.15 0.99712 0.91 1.3327 6.63 

303.15 0.99573 0.84  6.53 

308.15 0.99414 0.76  6.44 

313.15 0.99244 0.66  6.36 
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Table 3: Experimental values of density (ρ) and viscosity (η), pH and pKa of citric 

acid in different mass fractions of aqueous uric acid mixture (w1) at three different 

temperatures at pressure 1.013 bar* 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
pH pKa 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
pH pKa 

am 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
pH pKa 

w1=0.00001 w1=0.00002 w1=0.00003 

T = 298.15 K T = 298.15 K T = 298.15 K 

0.0100 0.99721 0.91 6.51 6.87 0.0100 0.99723 0.92 6.53 6.92 0.0100 0.99727 0.92 6.56 6.99 

0.0252 0.99789 0.92 6.42 7.17 0.0252 0.99791 0.93 6.44 7.21 0.0252 0.99794 0.93 6.47 7.27 

0.0404 0.99896 0.93 6.32 7.20 0.0404 0.99894 0.94 6.34 7.24 0.0404 0.99894 0.95 6.37 7.30 

0.0556 1.00021 0.93 6.23 7.16 0.0556 1.00021 0.95 6.25 7.20 0.0556 1.00014 0.96 6.28 7.26 

0.0709 1.00149 0.94 6.14 7.09 0.0709 1.00155 0.96 6.16 7.13 0.0709 1.00152 0.97 6.19 7.19 

0.0863 1.00303 0.95 6.06 7.01 0.0863 1.00307 0.97 6.08 7.05 0.0863 1.00312 0.98 6.10 7.10 

T = 303.15 K T = 303.15 K T = 303.15 K 

0.0101 0.99578 0.83 6.43 6.68 0.0101 0.99582 0.84 6.45 6.73 0.0101 0.99584 0.85 6.48 6.80 

0.0252 0.99647 0.84 6.34 6.99 0.0252 0.99649 0.85 6.36 7.04 0.0252 0.99645 0.86 6.39 7.10 

0.0404 0.99751 0.85 6.25 7.03 0.0404 0.99748 0.86 6.27 7.08 0.0404 0.99745 0.87 6.30 7.14 

0.0557 0.99874 0.86 6.16 7.00 0.0557 0.99873 0.87 6.18 7.04 0.0557 0.99862 0.88 6.20 7.10 

0.0710 1.00004 0.86 6.07 6.93 0.0710 1.00010 0.88 6.09 6.97 0.0710 1.00004 0.89 6.12 7.03 

0.0864 1.00155 0.87 5.98 6.85 0.0864 1.00161 0.88 6.00 6.89 0.0864 1.00164 0.90 6.03 6.95 

T = 308.15 K T = 308.15 K T = 308.15 K 

0.0101 0.99416 0.74 6.35 6.44 0.0101 0.99419 0.76 6.37 6.49 0.0101 0.99421 0.77 6.39 6.55 

0.0253 0.99481 0.75 6.25 6.80 0.0253 0.99482 0.77 6.27 6.84 0.0253 0.99477 0.78 6.29 6.88 

0.0405 0.99577 0.75 6.16 6.84 0.0405 0.99580 0.77 6.18 6.89 0.0405 0.99573 0.79 6.20 6.93 

0.0558 0.99706 0.76 6.07 6.82 0.0558 0.99703 0.78 6.09 6.86 0.0558 0.99693 0.80 6.11 6.90 

0.0712 0.99839 0.77 5.98 6.75 0.0712 0.99842 0.79 6.00 6.79 0.0712 0.99836 0.80 6.02 6.83 

0.0866 0.99990 0.77 5.90 6.67 0.0866 0.99995 0.80 5.92 6.71 0.0866 0.99991 0.81 5.94 6.75 

T = 313.15 K T = 308.15 K T = 308.15 K 

0.0101 0.99219 0.64 6.29 6.26 0.0101 0.99246 0.66 6.31 6.32 0.0101 0.99247 0.67 6.33 6.38 

0.0253 0.99277 0.65 6.19 6.66 0.0253 0.99302 0.66 6.21 6.71 0.0253 0.99304 0.67 6.23 6.75 

0.0406 0.99374 0.65 6.10 6.72 0.0406 0.99398 0.67 6.12 6.76 0.0406 0.99393 0.68 6.14 6.80 

0.0559 0.99501 0.66 6.01 6.69 0.0559 0.99527 0.68 6.03 6.73 0.0559 0.99511 0.69 6.05 6.77 

0.0713 0.99639 0.67 5.93 6.63 0.0713 0.99655 0.68 5.95 6.67 0.0713 0.99649 0.70 5.96 6.71 

0.0867 0.99794 0.67 5.84 6.54 0.0867 0.99817 0.69 5.86 6.59 0.0867 0.99809 0.71 5.88 6.63 

* 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 kilogram of (uric acid + water) solvent mixture 
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Table 4: Apparent molar volume (φV) and (ηr-1)/√m of citric acid in different mass 

fraction (w1) of aqueous uric 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=0.00001 w1=0.00002 w1=0.00003 

T = 298.15 K T = 298.15 K T = 298.15 K 

0.0100 188.21 0.12 0.0100 191.71 0.13 0.0100 195.70 0.13 

0.0252 174.27 0.14 0.0252 175.86 0.16 0.0252 177.85 0.16 

0.0404 161.13 0.17 0.0404 163.12 0.18 0.0404 165.12 0.19 

0.0556 151.87 0.18 0.0556 152.96 0.20 0.0556 155.68 0.21 

0.0709 146.15 0.20 0.0709 146.14 0.23 0.0709 147.71 0.24 

0.0863 139.38 0.22 0.0863 139.61 0.24 0.0863 139.95 0.26 

T = 303.15 K T = 303.15 K T = 303.15 K 

0.0101 190.98 0.08 0.0101 194.99 0.08 0.0101 199.99 0.08 

0.0252 175.40 0.11 0.0252 177.71 0.11 0.0252 182.12 0.12 

0.0404 162.61 0.14 0.0404 165.36 0.14 0.0404 167.86 0.16 

0.0557 153.36 0.15 0.0557 154.99 0.17 0.0557 158.27 0.18 

0.0710 147.08 0.17 0.0710 147.35 0.19 0.0710 149.21 0.20 

0.0864 140.53 0.19 0.0864 140.75 0.20 0.0864 141.21 0.23 

T = 308.15 K T = 308.15 K T = 308.15 K 

0.0101 196.32 0.07 0.0101 199.32 0.06 0.0101 204.34 0.08 

0.0253 179.13 0.10 0.0253 181.21 0.10 0.0253 186.03 0.12 

0.0405 167.14 0.13 0.0405 167.89 0.13 0.0405 171.39 0.16 

0.0558 155.62 0.15 0.0558 157.25 0.16 0.0558 160.35 0.19 

0.0712 148.46 0.17 0.0712 148.88 0.18 0.0712 150.74 0.21 

0.0866 141.69 0.18 0.0866 141.80 0.20 0.0866 143.10 0.23 

T = 313.15 K T = 313.15 K T = 313.15 K 

0.0101 201.74 0.07 0.0101 204.70 0.04 0.0101 208.72 0.02 

0.0253 184.40 0.11 0.0253 186.36 0.09 0.0253 187.56 0.08 

0.0406 170.24 0.14 0.0406 171.70 0.12 0.0406 174.21 0.12 

0.0559 158.30 0.17 0.0559 158.99 0.14 0.0559 162.83 0.15 

0.0713 149.90 0.19 0.0713 151.87 0.17 0.0713 153.44 0.18 

0.0867 142.44 0.21 0.0867 143.23 0.19 0.0867 144.76 0.22 

* Standard uncertainties u are: u (T) =0.01K, the accuracy of φV is 1.75×10-6 m3 mol-1 

and (ηr-1)/√m is 0.005 kg1/2mol -1/2 (0.68 level of confidence) 

amolality has been expressed per kilogram of (uric acid + water) solvent mixture 
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Table 5: Limiting apparent molar volume (φV0), experimental slope (SV*), viscosity A- 

and B-coefficient of Citric acid in different mass fraction (w1) of aqueous uric acid 

mixtures at five different temperatures* 

Mass fraction (w1) T /K 
φV0 ×106 

/m3 mol-1 

SV*×106 

/m3 mol- 3/2 kg1/2 

Svv# 

/m3 mol-2 kg 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

D 

/kg3/2 mol-3/2 

 

0.00001 

298.15 218.20 -307.10 129.83 0.30 0.08 0.56 

303.15 223.44 -339.72 194.74 0.48 0.03 0.14 

308.15 229.27 -339.97 139.42 0.59 0.01 0.03 

 310.15 232.33 -339.53 100.13 0.70 0.00 -0.06 

 313.15 235.52 -339.19 72.33 0.80 -0.01 -0.15 

 

0.00002 

298.15 223.89 -332.69 151.99 0.43 0.07 0.40 

303.15 228.36 -347.48 165.08 0.59 0.02 0.15 

308.15 234.17 -360.97 156.76 0.71 -0.01 0.08 

 310.15 237.36 -366.01 141.98 0.78 -0.02 -0.05 

 313.15 241.18 -372.21 132.41 0.84 -0.04 -0.17 

 

0.00003 

298.15 228.79 -344.90 147.05 0.51 0.07 0.39 

303.15 233.57 -343.32 99.36 0.73 0.01 0.05 

308.15 239.03 -350.76 79.37 0.82 -0.01 -0.01 

 310.15 242.11 -371.00 60.01 0.93 -0.05 -0.10 

 313.15 246.19 -390.71 59.69 1.08 -0.09 -0.19 

* Standard uncertainties values of u are: u (T) =0.01K 

 

Table 6: Values of various coefficients and standard deviation of equation-3 for citric 

acid in different aqueous uric acid solutions* 
Aq. Uric 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 
σ 

0.00001 814.79 -5.01 0.01 0.02 0.0002 

0.00002 2249.69 -14.36 0.03 0.06 0.0003 

0.00003 2102.48 -13.37 0.02 0.04 0.0001 

Average standard 

deviation 
4.2 0.013 0.0003 0.0001  

 

Table 7: Limiting apparent molar expansibilities (φE0) for citric acid in different mass 

fraction of aqueous uric acid (w1) at different temperature 
Aq. Uric acid 

Mixture (w1) 
φE0×106/ m3 mol-1 K-1 

 
σ 

T/ K 298.15 303.15 308.15 310.15 313.15 0.01 

0.00001 0.953 1.053 1.153 1.201 1.253 0.0001 

0.00002 3.529 3.829 4.129 4.277 4.429 0.0003 

0.00003 -1.444 -1.244 -1.044 -0.941 -0.844 0.0002 

Average standard 

deviation 
0.003 0.003 0.002 0.002 0.001 
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Table 8: Values of dB/dT, A1 , A2 coefficients and standard deviation (σ ) for the citric 

acid in different mass fraction of aqueous uric acid (w1) at studied temperatures* 
Aq. Uric acid 
Mixture (w1) dB/dT A1 A2 σ 

0.00001 0.031 -5.674 0.027 0.0003 
0.00002 0.026 -4.676 0.022 0.0002 
0.00003 0.035 -6.529 0.030 0.0002 

Average standard 
deviation 0.002 0.015 0.003  

* Standard uncertainties values of u are: u (T) =0.01K 

 

Table 9: Values of V10, (V10–V20), ∆μ10≠, ∆μ20≠, T∆S20≠ and ∆H20≠ and standard deviation 

(σ) for citric acid in different mass fraction (w1) of aqueous uric acid mixture at 

different temperatures* 

Mass  
fraction T/ K 

V10.106 
/m3.mol-1 

(V10–V20).106 
/m3.mol-1 

∆μ10≠ 
/KJ.mol-1 

∆μ20≠ 
/KJ.mol-1 

T∆S20≠ 
/ KJ.mol-1 

∆H20≠ 
/KJ.mol-1 

w1=0.00001 298.15 18.05 -200.15 9.19 78.41 -1468.09 -1389.68 

 
303.15 18.08 -205.36 9.11 104.93 -1492.71 -1387.78 

 
308.15 18.11 -211.17 8.97 121.61 -1517.33 -1395.72 

 310.15 18.13 -214.27 8.85 138.02 -1527.18 -1389.16 

 
313.15 18.14 -217.38 8.73 154.44 -1541.95 -1387.51 

w1=0.00002 298.15 18.05 -205.84 9.20 96.77 -416.00 -319.23 

 303.15 18.08 -210.28 9.14 120.99 -520.14 -399.15 

 
308.15 18.11 -216.06 9.04 139.50 -599.70 -460.20 

 310.15 18.12 -219.55 8.93 150.52 -647.09 -496.57 

 
313.15 18.14 -223.04 8.82 161.55 -694.49 -532.94 

w1=0.00003 298.15 18.05 -210.74 9.22 108.18 -603.12 -494.94 

 303.15 18.08 -215.49 9.17 141.55 -789.16 -647.61 

 
308.15 18.11 -220.92 9.07 155.65 -867.75 -712.10 

 310.15 18.12 -224.49 8.96 175.92 -980.76 -804.84 

 
313.15 18.14 -228.05 8.85 196.19 -1093.76 -897.57 

σ 0.01 0.03 7.22 0.08 10.85 10.57 0.65 
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Table 10: Refractive index (nD), molar refraction (RM) and limiting molar refraction 
(RM0) citric acid in different mass fraction of aqueous uric 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=0.00001 

0.0100 1.3319 43.22  
0.0252 1.3322 43.22  
0.0404 1.3327 43.23 43.19±0.03 
0.0556 1.3332 43.24  
0.0709 1.3337 43.24  
0.0863 1.3343 43.25  

w1=0.00002 
0.0100 1.3323 43.26  
0.0252 1.3326 43.27  
0.0404 1.3331 43.29 43.23±0.03 
0.0556 1.3337 43.29  
0.0709 1.3342 43.30  
0.0863 1.3348 43.30  

w1=0.00003M 
0.0100 1.3331 43.35  
0.0252 1.3335 43.37  
0.0404 1.3342 43.41 43.28±0.02 
0.0556 1.3349 43.43  
0.0709 1.3355 43.45  
0.0863 1.3362 43.47  

*Standard uncertainties u are:  u(nD) =0.0002 and u(T) =0.01K (0.68 level of 

confidence) 
amolality has been expressed per kilogram of (uric acid + water) solvent mixture 

 

Figures: 

 
Fig 1: Plot of φV0 as a function of different mass fraction (w1) of aqueous uric acid 

solutions at different temperature 
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Fig 2: Plot of viscosity B-coefficient as a function of different mass fraction (w1) of 

aqueous uric acid solutions at different temperature 

 
Fig 3: Plot of B against φV0 of different mass fraction (w1) of aqueous uric acid 

solutions at different temperature  

 
Fig 4: Plot of molar refractive index (RM) against square root of concentration (√m) 

for citric acid in different mass fraction (w1) at different temperature 
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 Schemes 

 

Scheme 1. 3H++ Cit3- form of the citric acid in aqueous uric acid solutions. 

 Scheme 2. Plausible sites of interactions between solute-solute (citric acid-citric 

acid), cosolute-cosolute (uric acid-uric acid) and solute-cosolute molecules (citric 

acid-uric acid) 
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Scheme 3. Deposition of uric acid in joints in absence of citric acid (top) and in 

presence of citric acid (bottom) 
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CHAPTER IX 
 

HOLLOW TORUS BASED ON INCLUSION OF BIOACTIVE MOLECULE 

INVESTIGATED BY SURFACE TENSION, CONDUCTANCE AND NMR 
 

9.1. Introduction 

In modern day cyclodextrin (CD) are used for the controlled release of various 

compounds and drugs [1]. Due to the exceptional truncated conical shape it has the 

capability to form inclusion complex with a variety of guest molecules including 

drug, vitamins, ionic liquids, neurotransmitters etc [2]. Cyclodextrin is a cyclic 

oligosaccharides having glucopyranose units six (α-CD), seven (β-CD) and eight (γ-

CD) linked by α-(1-4) bonds [3] (scheme 2). The conical structure of CD have 

hydrophobic interior and hydrophilic rim with primary and secondary –OH groups. 

These hydroxyl groups are responsible of forming hydrogen bonding with guest 

molecules [4]. CD is considered safe for human body. In order to be biologically 

active a molecule should retain its integrity and should be able to cross the lipophilic 

membrane. CD has the ability to encapsulate the guest without any chemical 

modification of it. Sometimes it also increases the solubility of guest. The controlled 

release of CD is also used in food cosmetic, paint industry and removal of different 

toxic materials, pollutants, waste products without any chemical change [5] 

L-Cysteine is an amino acid which is building block of protein (Scheme 1). It is a 

powerful anti oxidant. It is also used to metabolize of lipid, boosting the immune 

system. L-cysteine increase male fertility, reduce inflammation and combats 

decrease osteoporosis. In the body, cysteine is also used to produce the amino acid 

taurine as well as coenzyme A, biotin and heparin. Cysteine is component in beta 

keratin and it is proved that it preserve skin elasticity. It also protects the lining of 

digestive system [6-7]. 

In the present study we investigate the nature of formation and stoichiometry of 

inclusion complex of α and β-CD with natural amino acid L-cysteine in aqueous 

media .Aim of this work is the formation, carrying and controlled release of L-
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cysteine by forming inclusion complex with host cyclodextrin molecules without 

chemical and biological modification of the guests. 

9.2. Experimental Section 

2. 1. Source and Purity of Samples 

The amino acid L-cysteine and CDs of puriss grade were purchased from Sigma-

Aldrich, Germany. The mass fraction purity of L-cysteine, α-CD and β-CD were 0.97, 

0.98, and 0.98 respectively. 

2. 2. Apparatus and Procedure 

Conductance measurement was carried out in Mettler Toledo seven multi 

conductivity meter having uncertainty 1.0 µSm-1. The conductivity of solution was 

studied in a thermo stated water bath at 298.15K with accuracy ±0.001K. HPLC 

grade water was used with specific conductance 10µSm-1. The 0.01M aqueous KCl 

solution using for calibrated of the conductivity cell. 

Surface tension of the solution was studied by platinum ring detachment technique 

using a tensiometer (K9, Krüss; Germany) at 298.15K with uncertainty ±0.1mN.m-1. 

The temperature of the system was maintained by circulating thermo stated water 

through a double- wall glass vessel holding the solution. 

NMR spectra were recorded using D2O as a solvent. 1H NMR spectra were recorded 

at 298.15K in 400 MHz and 500 MHz respectively using Bruker Avance 400MHz and 

500MHz instrument. Residual protonated solvent Signals are quoted as δ values in 

ppm using internal standard (D2O: δ 4.79ppm). Data are reported as chemical shifts. 

3. Result and Discussion 

3.1 1H NMR study establishes inclusion 

1H-NMR study confirms the inclusion phenomenon between the host CDs and the 

above mentioned amino acid cysteine [8-9] In the present work the molecular 

interactions of L-cysteine with α and β-cyclodextrins have been studied using the 1H 

NMR spectra by taking a 1: 1 molar ratio of the amino acid and CDs in D2O at 298.15 

K. Insertion of L- cysteine in the hydrophobic cavity of CDs results chemical shifts of 

both the acid and CDs due to interaction between them. From scheme 3 it can be 

observed that the H3 and H5 protons of CD are located inside the cavity, 
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Table 1. Data for surface tension study of aqueous L-cysteine with α-CD and β-CD 

system at 298.15Ka 

Volm. of 

CD 

(mL) 

Total volm. 

(mL) 

Conc. of 

L-cysteine 

(mM) 

Conc. of CD 

(mM) 

Surface tension in 

α-CD 

(mN m-1) 

Surface tension 

in 

β-CD 

(mN m-1) 

0 10 10.000 0.000 64.2 64.2 

1 11 9.091 0.909 65.3 65.3 

2 12 8.333 1.667 66.2 66.2 

3 13 7.692 2.308 67.0 66.9 

4 14 7.143 2.857 67.7 67.6 

5 15 6.667 3.333 68.3 68.2 

6 16 6.250 3.750 68.8 68.7 

7 17 5.882 4.118 69.3 69.1 

8 18 5.556 4.444 69.7 69.5 

9 19 5.263 4.737 70.1 69.9 

10 20 5.000 5.000 70.6 70.1 

11 21 4.762 5.238 70.8 70.2 

12 22 4.545 5.455 70.9 70.3 

13 23 4.348 5.652 71.0 70.4 

14 24 4.167 5.833 71.2 70.5 

15 25 4.000 6.000 71.3 70.6 

16 26 3.846 6.154 71.4 70.7 

17 27 3.704 6.296 71.5 70.8 

18 28 3.571 6.429 71.7 70.9 

19 29 3.448 6.552 71.8 71.0 

20 30 3.333 6.667 71.9 71.1 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

  



 
Hollow torus based on inclusion of.....NMR 

256 
 

Table 2. Data for conductivity study of aqueous L-cysteine with α and β-CD system at 

298.15Ka 

Volm. of 

CD 

(mL) 

Total volm. 

(mL) 

Conc. of 

L-Leucine 

(mM) 

Conc. of -CD 

(mM) 

Conductivity in α-CD 

(mN m-1) 

Conductivity 

in β-CD (mN m-

1) 

0 10 10.000 0.000 130 130 

1 11 9.091 0.909 127 128 

2 12 8.333 1.667 124 125 

3 13 7.692 2.308 122 123 

4 14 7.143 2.857 120 122 

5 15 6.667 3.333 118 120 

6 16 6.250 3.750 116 119 

7 17 5.882 4.118 115 118 

8 18 5.556 4.444 114 117 

9 19 5.263 4.737 113 116 

10 20 5.000 5.000 112 115 

11 21 4.762 5.238 112 115 

12 22 4.545 5.455 112 114 

13 23 4.348 5.652 111 114 

14 24 4.167 5.833 111 114 

15 25 4.000 6.000 111 114 

16 26 3.846 6.154 111 114 

17 27 3.704 6.296 111 114 

18 28 3.571 6.429 110 114 

19 29 3.448 6.552 110 114 

20 30 3.333 6.667 110 114 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table 3: Values  of  surface  tension  (γ)  at  the  break  point  with  

corresponding  concentrations  of  cyclodextrins  and  amino  acids  and  values  

of  conductivity  (µSm-1)  at  the  break  point  with corresponding  

concentrations  of  cyclodextrins  and  amino  acids  at  298.15  K 

Amino acid Conc. of α-CD/mM Conc. of amino 

acid/mM 

Surface tension γa 

/mNm-1 

cysteine 

 

5.27 4.73 70.77 

Conc. of β-CD/mM Conc. of amino 

acid/mM 

γa 

/mNm-1 

4.79 5.20 69.91 

Conc. of α-CD/mM Conc. of amino 

acid/mM 

κa 

/µSm-1 

4.72 5.28 112.76 

Conc. of β-CD/mM Conc. of amino 

acid/mM 

κa 

/µSm-1 

5.20 4.8 114.52 

 

(a) 
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(b) 

 

 (c) 

Figure 1: 1H NMR spectra of (a) cysteine (b) α-CD and (c) 1:1 M ratio of α-CD & 

cysteine in D2O at 298.15 K. 

whereas H1, H2 and H4 are situated in the exterior of CD molecules. Among H3 and 

H5, H3 are near to the wider rim and H5 are closer to the narrower rim (Caso. et al., 

2015). As most of the guest molecules are inserted through the wider rim, the H3 

proton is more shifted compared to H5. In the present study the 1H-NMR spectra of 

the CDs, L-cysteine inclusion complexes, the H3 and H5 protons of CD and the 

protons of acid show considerable shift. (Figure 1 and Figure 2) The other protons of 

CD show little shift in the spectra. This fact is in agreement with the formation of 

inclusion complex [11]. As indicated by chemical shift data the interaction of the H3 

proton with cysteine is much higher than H5 probably due to insertion of the amino 

acid through the wider rim. 
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3.2 Surface tension study supports inclusion 

Surface tension gives valuable information about the nature and formation of 

inclusion complex [12]. The aqueous solution of CD does not show any considerable 

change of surface tension. The amino acid shows the existence of NH3+ and COO− in 

their zwitterionic forms [13]. Thus side group being non polar L- cysteine show 

surfactant like behaviour and it has a tendency to decrease the surface tension of 

aqueous solutions like other surfactants [14]. 

Here surface tension (γ) is measured for a series of solution with increasing 

concentration of both host α and β cyclodextrin at 298.15K. The γ values shows 

increasing trend in case of both the guests. (Table 1)  Perhaps it is due to the 

formation of inclusion complex between L- cysteine and CD because due to the 

removal of the surface active type L-cysteine molecule from the surface of the 

solution into the hydrophobic cavity α and β cyclodextrin. In the two surface tension 

plots appearance of single break point indicates formation of inclusion complex 

(Figure 3).The values of surface tension with corresponding concentration of α and 

β cyclodextrin and concentration of cysteine at each break has been listed in table 1 

.Over all variation of γ and one beak point clearly show that at certain concentration 

of amino acid and CD where their concentration ratio in solution was almost 1:1, 

thus the study proves  1:1 ratio in both α and β CD[15] (table 3) 

3.3 Conductivity study informs inclusion 

The conductivity measurement also gives valuable information not only about the 

inclusion phenomena but also the stoichiometry of the inclusion complex formed 

[16-17]. If inclusion complex is formed by L-cysteine with α and β CD, the 

conductivity of the solutions distinctly affected. The amino acid L- cysteine exists as 

zwitterions and due to the existence of this charged structure, it shows considerable 

conductivity. With addition of both the host α and β-CD the conductivity gradually 

decrease indicating the amino acid molecule enters into the hydrophobic cavity of α 

or β CD. (Table 2) The conductivities of a series of solution having 10 mmolL-1 

concentration of aqueous solution of cysteine with increasing concentration of 

cyclodextrins have been measured. The trend of conductivity regularly declining 

which indicates formation of the inclusion complex between CD and amino acid. 
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A sharp single break is found in the conductivity curve in each case. (Figure 4). This 

is again in agreement with the fact that 1:1 host – guest inclusion complex is formed 

between L-cysteine and CD’s [18-20] a dynamic equilibrium is attained between the 

guest amino acid and host CD molecules. The break point is that at which maximum 

inclusion takes place. 

3.4 Structural influence of cyclodextrin 

Cyclodextrins are molecules with inner hydrophobic cavity and hydrophilic rims 

which provide an opportunity to act as host molecules. The guest molecule’s apolar 

part resides inside the cavity and polar part of the guest molecule makes association 

with the polar rims, thereby forming stable inclusion complex. The apolar cavity 

diameter of α -CD is 4.7-5.3Å and β- CD is 6-6.5 Å respectively [21]. The size of 

natural amino acid L-Cysteine is within the range which can be easily encapsulated 

inside the cavity of CD. There is no covalent bond formation or breaking during the 

formation of inclusion complex [21]. The polar water molecules are present inside 

the slightly apolar cavity of cyclodextrin. This is generally energetically unfavoured. 

So the polar water molecules are readily substituted by hydrophobic chains of the 

amino acids. This results a more stable energy state. The stoichiometry of the 

inclusion complex is found as 1:1, which is supported by conductivity and surface 

tension measurements. So after inclusion of one amino acid molecule the 

zwitterionic part blocks the rim by making hydrogen bonding with the rim –OH 

groups, so second molecule cannot enter. Hydrophobic part of L- cysteine was found 

to be inserted through the wider rim of cyclodextrin. 

4. Conclusion 

The 1H-NMR spectra, surface tension and conductivity study shows that the natural 

amino acid L-cysteine forms host-guest inclusion complex with both the CDs. The 

surface tension and conductivity study suggests the inclusion complex formation 

and 1:1 stoichiometry of the complex while the NMR data confirms the inclusion. 

These two inclusion complexes have vast applications in the field of bio-chemistry.  

  



 
Hollow torus based on inclusion of.....NMR 

261 
 

Figures: 

 

(a) 

 

(b) 

 

(c) 

Figure 2: 1H NMR spectra of (a) cysteine (b) β-CD and (c) 1:1 M ratio of β-CD & 

cysteine in D2O at 298.15 K. 
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Figure 3: Variation of surface tension of aqueous (a) cysteine-α-CD and (b) cysteine-

β-CD systems respectively at 298.15 K. 

 

    

Figure 4. Variation of conductivity of aqueous (a) cysteine-α-CD and (b) cysteine-β-

CD systems respectively at 298.15 K. 
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Schemes: 

   

Scheme1.  Molecular (a) Three dimensional and (b) Two dimensional structure of amino 

acid cysteine. 

                           

 

Scheme 2.  Structure of cyclodextrin molecules. 
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Scheme 3: Truncated conical structure of α and β-cyclodextrin 

 

 

Scheme 4 Plausible Schematic representation of mechanism for the formation of (1: 

1) inclusion complex of cysteine with both α and β-cyclodextrin. 
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CHAPTER X 

CONCLUDIGNG REMARKS 

 

In this thesis, I have endeavoured to ascertain the various non-covalent interactions 

of ionic liquids, ionic liquid based surfactants and some bioactive molecules in 

aqueous system. Four benign and novel ionic liquid based surfactants, surface active 

ionic liquids were synthesized, purified, and studied in diverse way. This study was 

important from the point of basic, high level of fundamental as well as application 

based research. Biologically active molecules were not only explored in 

physicochemical method but also their biologically activity was assessed in the light 

of physicochemical interactions, either inclusion or its related substance release 

mechanism and anti-bacterial study. 

Different types of interactions exist between the ions in solutions. These types of 

non-covalent interactions are of current interest in surface, solution, and especially 

in supra-molecular chemistry. These interactions help in better understanding of 

salvation consequences of ionic liquid and bio-molecules in various liquid 

environments. Volumetric, viscosity, conductometric, refractive index and surface 

tension studies confirm the extent of molecular interactions in a particular solution 

system. Spectroscopic investigation such as, uv-visible, fluorescence, FT-IR, SEM EDS 

and NMR method indicates an insight into the molecular interaction occurring in 

particular group or site of a given system. It also given idea about stoichiometry of 

the supramolecular species formed in the solution.  

In Chapter IV, from the spectroscopic studies (FTIR, NMR, and Mass), it was 

confirmed that the synthesized ionic liquid-based surfactant was 1-butyl-4-

methylpyridinium lauryl sulfate. It can be used as a fluorescence quencher, a benign 

& efficient surfactant. Further, in the presence of β-Cyclodextrin, it becomes more 

efficient surfactant which was confirmed by the critical studies of micellization. 

Conductivity, surface tension, and fluorescence study confirm the formation of a well 

fitted 1:1 host-guest as well as 2:1 inclusion complex with β-Cyclodextrin. From the 

UV-vis job plot and HRTEM, the formation of the mixed inclusion complexes was 

undoubtedly established. The HRTEM also had given unique morphology of the 
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inclusion complex along with the simultaneous presence of both micelle and vesicle 

which was further supported by Dynamic light scattering result. Therefore this work 

and novel data from this work may give a new insight of molecular interaction, 

supramolecular delivery system, and much more applications. 

In Chapter V, Benign ionic liquid based surfactants were synthesized. Melting point, 

FTIR, FTNMR was confirmed about the purity of the product. The CMC value 

obtained from 3 techniques implies BMIMDS has lower CMC and higher efficiency as 

surfactant than BMPDS.  BMIMDS & BMPDS has quite similar aggregation number, 

obtained from the fluorescence quenching method.  Higher value of zeta potential of 

BMIMDS compare to BMPDS at comparable concentration established role of 

counter ion in monomer as well as micellar stability. Equivalent size profiles from 

DLS for both derived surfactants indicate the aggregation even far beyond CMC. POM 

study of the BMIMDS show lamellar behavior obtained similar to liquid crystal. With 

increase in temperature the aggregate nature was disappear for the BMPDS. 

Chapter VI  

Chapter VII The existence of inclusion complex between planar, six membered 1-

methylpyridinium-3-carboxylate cation and cyclodextrins stabilised by different 

types of non-covalent interactions, were established by the means of multifarious 

techniques. Solubility enhancement upon was not observed here and later was also 

not our target. 

The conductance as well surface tension results indicates about the existence of 

inclusion and a preliminary idea about the probable stoichiometry. FTIR has given 

idea about the interaction pattern of inclusion. ESI-MS fragmentation patter further 

confirm about inclusion. Job plot obtained from the UV-vis also confirm about 1:1 

stoichiometry. The role of methyl group in inclusion was also established by 2D-

NOESY, TEM and DLS have given trustworthy idea about the size and structural 

variation upon inclusion in dry and solution state respectively. Our observation from 

the fluctuation of the OD values encourage us to assume that keeping the reaction 

for a longer period of time, inclusion complexes may show the inhibition of the 

enzyme indicating sustained antidiabetic activity. Also the derivative of cyclodextrin 

or their inclusions complexes can show enhance solubility and consequently may 

show enhance anti diabetic activity along with substance release. So this study not 
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only describes a systematic broad approach for studying inclusion phenomenon of 

alkaloid with cyclodextrin, but also explores the possibility of better application 

from an anti diabetic alkaloid in different ways.  

Chapter VIII, It is evident from this study, that there is a strong interaction between 

citric acid and uric acid and it becomes stronger with rise in temperature. As 

molecules of uric acid are engaged with the citric acid molecules, the accumulation 

among the uric acid molecules becomes less effective. The table S1 was given a 

strong evidence of enhances solubility of uric acid in the presence of citric acid. 

Therefore, the process of crystallization and deposition of uric acid gets hampered in 

presence of citric acid. The above fact suggests that the relief of painful effect of gout 

can be achieved by consumption of more citrus fruits and by making warmth the 

affected area.  

Chapter IX, The 1H-NMR spectra, surface tension and conductivity study shows that 

the natural amino acid L-cysteine forms host-guest inclusion complex with both the 

CDs. The surface tension and conductivity study suggests the inclusion complex 

formation and 1:1 stoichiometry of the complex while the NMR data confirms the 

inclusion. These two inclusion complexes have vast applications in the field of bio-

chemistry.  

In conclusion ionic liquid based surfactants are quite advance from different point of 

view. it is also generalised that inclusion complexation and solvation consequences 

of ionic liquid based surfactants and bio active molecules would be of immense 

helpful in understanding the nature of various interactions existing in liquid 

environments. This novel research work leads to various important outcomes which 

will help to promote future application based research to a great extent.  
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1. INTRODUCTION

Gout is a very painful experience in our modern era. The underlying 
cause of gout is due to the crystallization of uric acid (UA), often 
related to relatively high levels in the blood of the human body. This 
can occur for number of reasons, including diet, genetic predisposition, 
or underexcretion of urate, the salts of UA. The remedial methods 
are both lifestyle changes and medications can decrease UA levels. 
Doctors are generally advised to reduce intake of food such as meat 
and seafood, limiting alcohol and consuming citrus fruits [1]. Citric 
acid (CA) is one of the major ingredients of citrus fruits. The chemistry 
of solutions deals with solutes and solvents and how solutes interact 
with solvents as they move about in solutions. So that we choose this 
biologically active compound, CA as a solute and aqueous UA as a 
solvent to examine the interaction between these two. Studies on the 
apparent molar volumes and viscosity B-coefficients at infinite dilution 
provide valuable information regarding solute-solute, solute-solvent, 
and solvent-solvent interactions [2]. The addition of solute could break 
or make the structure of a liquid [3-5] as viscosity being a property 
of the solution depending on the intermolecular forces, the structural 
aspects of the liquid can be inferred from the viscosity of solutions at 
different concentrations and temperatures.

CA, C6H8O7 (CA), i.e., 2-hydroxypropane-1, 2, 3-tricarboxylic acid, 
is a tribasic, environmentally suitable and versatile chemicals. As it 
occurs in the metabolism of almost all living beings, its interactions 
in an aqueous solution are of great value to the biological scientists. 
In the pharmaceutical industry, CA is used as stabilizer in various 
formulations, as a drug component and as anticoagulant in blood for 
transfusions and also used as an acidifier in many pharmaceuticals. 
CA can be used as flavoring and preservative in food and beverages, 
especially soft drinks [6]. CA exists greater than trace amounts in a 
variety of vegetables, most notably citrus fruits.

UA is a heterocyclic compound with the molecular formula C5H4N4O3 
(UA), i.e., 7,9-Dihydro-1H –purine-2,6,8 (3H)-trione. It is a diprotic 
acid. It was first isolated from kidney stones in 1776 by Scheele [7]. UA 
is deprotonated at a nitrogen atom and uses a tautomeric keto/hydroxyl 
group as an electron-withdrawing group to increase the pKa value 
while most organic acids are deprotonated by the ionization of a polar 
hydrogen-to-oxygen bond. In general, the water solubility of UA is 
low. This low solubility is significant for the etiology of gout. UA is a 
strong reducing agent and potent antioxidant. In humans, over half the 
anti-oxidant capacity of blood plasma comes from UA [8].

To the best of our knowledge, the studies in the present ternary solution 
systems have not been reported earlier. Therefore, in the present study, 
we have endeavored to make certain nature of interaction of solute 
itself (CA) and with cosolute (UA) in w1=0.00001, 0.00002, and 
0.00003 mass fraction of aqueous UA mixture at different temperatures 
(298.15–313.15) K with 5 intervals to explain various non-covalent 
interactions prevailing in the ternary systems under investigation.

2. EXPERIMENTAL SECTION

2.1. Source and Purity of Materials
CA monohydrate was purchased from HiMedia. UA was purchased 
from S D Fine-Chem. Ltd. The mass fraction purity of both was ≥0.99. 
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ABSTRACT
The effect of relief from gout pain due to the restriction of precipitation of uric acid (UA) by citric acid (CA) has been studied 
through physicochemical study. Here, we have carried out the density (ρ) and viscosity (η) measurements of CA in w1=0.00001, 
0.00002, and 0.00003 mass fraction of aqueous UA binary mixtures at T=298.15K, 303.15K, 308.15K, and 313.15K and at 
pressure 1.013 bar. These measurements have been performed to ternary mixture (CA + UA + water) to derive some important 
parameters, namely, limiting apparent molar volume (φV

0), viscosity B-coefficients from extended Masson equation, and 
Jones–Dole equation, respectively. The refractive index (nD) has been done on the same ternary mixtures at T=298.15K. 
Lorentz–Lorenz equation has used to evaluate molar refractive index (RM) and limiting molar index (RM

0). These parameters 
have been interpreted in terms of interactions of solute itself and with solvent.
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The reagents were always placed in the desiccators over P2O5 to keep 
them in a dry atmosphere. These chemicals were used as received 
without further purification. The provenance and purity of the chemical 
used have been depicted in Table 1.

2.2. Apparatus and Procedure
Solubility of the UA in water (deionized, doubly distilled water with 
a specific conductance of 1.10−6 S.cm−1) and the CA in aqueous UA 
had been checked precisely, before start of the experimental work 
and seen that CA soluble in all proportion of aqueous UA solution. 
The mother solutions of CA 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 conversions of 
molarity into molality [9] had been done using experimental density 
values of respective solutions, and adequate precautions were taken 
to reduce evaporation losses during mixing and throughout the 
experiment.

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 deionized, triple 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 earlier [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 the 
calibration was checked after every few measurements [12a]. The 
uncertainty of refractive index measurement was ±0.0002 units.

The pH values of the experimental solutions were measured by a 
Mettler Toledo SevenMulti pH meter [12b]. The measurements were 
made in a thermostated water bath maintaining the temperature at 
298.15K, 303.15K, 308.15K, and 313.15K with the uncertainty 
0.01 K.

3. RESULT AND DISCUSSION

The physical parameters of binary mixtures in different mass fractions 
(w1=0.00001, 0.00002, and 0.00003) of aqueous UA solutions at four 
different temperatures (298.15K, 303.15K, 308.15K, and 313.15K) 
and at 1.013 bar have been reported in Table 2. The experimental 
measured values of density, viscosity of CA as a function of 
concentration (molality), in different mass fractions of aqueous UA 
mixture at three above mentioned temperatures have been listed in 
Table 3. According to the pH data of ternary solution, CA in different 
mass fraction of aqueous UA is found within the range of 5.90–6.63 
(Table 3), which is equivalent or higher than the value of pKa3 value 
of CA (pKa1=3.13 [13a]; pKa2=4.76 [13a]; and pKa3=6.39 [13b] and 
6.40 [13c]). On the other hand, the estimated pKa value of the solution 
is greater than pKa3 of CA (Table 3), and it predicts that the CA is 
dissociated at and above the pH. Thus, it clearly indicated that the CA 

is completely dissociated and exists as 3H++Cit3- form (Scheme 1) in 
ternary solutions, i.e.,

H3Cit � 3H++Cit3-

3.1. Apparent Molar Volume
Volumetric properties such as 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 central solute molecule and changes in the solvent volume due 
to its interaction with the solute around the peripheral or cosphere. 
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, and ρ and ρ0 are the density of the solution and aqueous UA 
mixture, respectively.

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 
CA in the same mass fraction of aqueous UA at the same temperature. 
It is also found that apparent molar volumes (φV) increase with both 
increasing temperature as well as mass fraction of aqueous UA solution 
and varied with √m and could be least-squares fitted to the extended 
Masson equation [15] from where limiting molar volume and φV

0 
(infinite dilution partial molar volume) have been estimated and the 
values have been represented in Table 5.

φV = φV
0+SV*√m+SVV

≠m (2)

Here, φV
0 is the apparent molar volume at infinite dilution, and SV* 

and SVV
≠ are the experimental slope. At infinite dilution, each solute 

molecule is surrounded only by the solvent molecules and remains 
infinite distant from each other. As a consequence, that φV

0 is unaffected 
by itself interaction of solute molecules (either UA itself or CA), and it 
is a measure only of the solute-cosolute (UA-CA) interaction.

An inspection of Table 5 and Figure 1 shows that φV
0 is large and positive 

for all CA at all the studied temperatures, suggesting the presence of 
strong solute-cosolute interaction (Scheme 2). Comparing φV

0 with SV* 
and SVV

≠ values shows that the magnitude of φV
0 is greater than SV* and 

SVV
≠, suggesting that solute-cosolute interactions dominate over itself 

interaction of solute molecules in all solutions at all studied temperatures. 
Moreover, SV* values are negative at all temperatures indicating that 
the force of itself interaction of solute molecules is very poor. Positive 
and significant magnitude of SVV

≠ is indicating the ternary interaction of 
solute-cosolute-solute and cosolute-solute-cosolute (Scheme 3).

The variation of φV
0 with temperature is fitted to a polynomial of the 

following:

φV
0 = a0+a1T+a2 T2 (3)

Table 1: Source and purity of the chemicals.

Chemical name Source Mass fraction purity Purification method
Citric acid monohydrate HiMedia ≥0.99 Used as procured
UA SD Fine-Chem Ltd. ≥0.99 Used as procured
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Where T is the temperature in K and a0, a1, and a2 are the empirical 
coefficients depending on the solute and mass fraction of cosolute UA. 
Values of coefficients of the above equation for the CA in aqueous UA 
mixtures are reported in Table 6.

The limiting apparent molar expansibilities, φE
0, can be evaluated by 

the following equation:

φE
0 = (δφV

0/δT)P = a1+2a2T (4)

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 CA at T=298.15, 303.15, 308.15, and 313.15 K are 
reported in Table 7.

All the values of φE
0 as shown in the Table 7 are positive for CA in 

aqueous UA and studied temperature. This fact helps to explain the 
absence of caging or packing effect for the CA in solution [16].

Table 2: Experimental values of density (ρ), viscosity (η), and pH at different temperatures, refractive index (nD) at 298.15 K , and 
at pressure 1.013 bar of different mass fraction (w1) of Aqueous UA mixtures*.

Aqueous UA mixture (w1) Temperature (K) ρ×10−3/kg∙m− 3 η/mP∙s nD pH
0.00001 298.15 0.99698 0.90 1.3316 6.58

303.15 0.99558 0.82 6.50
308.15 0.99401 0.73 6.41
313.15 0.99209 0.63 6.33

0.00002 298.15 0.99704 0.90 1.3321 6.60
303.15 0.99566 0.83 6.52
308.15 0.99407 0.75 6.43
313.15 0.99239 0.65 6.35

0.00003 298.15 0.99712 0.91 1.3327 6.63
303.15 0.99573 0.84 6.53
308.15 0.99414 0.76 6.44
313.15 0.99244 0.66 6.36

*Standard uncertainties u are: u (ρ) =0.00002 kg∙m− 3, u (η) =0.02 mP∙s, u (nD) =0.0002, u (pH) = 0.01 and u (T) =0.01K, (0.68 level of 
confidence)

Scheme 1: 3H++ Cit3- form of the citric acid in aqueous uric acid solutions.

Scheme 2: Plausible sites of interactions between solute-solute (citric acid-citric acid), cosolute-cosolute (uric acid-uric acid), and 
solute-cosolute molecules (citric acid-uric acid).
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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 [17].

(δφE
0/δT)P = (δ2φV

0/δT2)P = 2a2 (5)

The positive sign or small negative of (δφE
0/δT)P signifies that the 

molecule is a structure-maker; otherwise, it is a structure-breaker [18]. 
The perusal of Table 6 shows that (δφE

0/δT)P values of CA are all positive 
under investigation. It shows the more symmetric rearrangement of the 
interacting molecules (CA and UA) with the formation of H-bonding, 
Van der Waal forces, dipole-dipole interactions, etc. The plausible sites 
of different interactions playing in the ternary solution are shown in 
Scheme 2. This symmetric arrangement is signified the molecules of 
CA, and UA is definitely interacting with structure-making tendency in 

all of the studied solution systems. Table 6 also shows that the positive 
magnitude of (δφE

0/δT)P values of CA 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 [19] for non-electrolytes.

(η/η0–1)/√m = (ηr-1)/√m= A+B.√m+Dm (6)

Where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities 
of ternary solutions (CA + aqueous UA) and solvent (aqueous mixture 
of UA) respectively, and m is the molality of CA in ternary solutions. 

Table 3: Experimental values of density (ρ) and viscosity (η), pH, and pKa of citric acid in different mass fractions of aqueous UA 
mixture (w1) at three different temperatures at pressure 1.013 bar*.

am/mol∙kg−1 ρ×10−3/
kg∙m − 3

η/mP∙s pH pKa am/mol∙kg−1 ρ×10−3/kg∙m− 3 η/mP∙s pH pKa am/mol∙kg−1 ρ×10−3/kg∙m− 3 η/mP∙s pH pKa

w1=0.00001 w1=0.00002 w1=0.00003
T=298.15 K T=298.15 K T=298.15 K

0.0100 0.99721 0.91 6.51 6.87 0.0100 0.99723 0.92 6.53 6.92 0.0100 0.99727 0.92 6.56 6.99
0.0252 0.99789 0.92 6.42 7.17 0.0252 0.99791 0.93 6.44 7.21 0.0252 0.99794 0.93 6.47 7.27
0.0404 0.99896 0.93 6.32 7.20 0.0404 0.99894 0.94 6.34 7.24 0.0404 0.99894 0.95 6.37 7.30
0.0556 1.00021 0.93 6.23 7.16 0.0556 1.00021 0.95 6.25 7.20 0.0556 1.00014 0.96 6.28 7.26
0.0709 1.00149 0.94 6.14 7.09 0.0709 1.00155 0.96 6.16 7.13 0.0709 1.00152 0.97 6.19 7.19
0.0863 1.00303 0.95 6.06 7.01 0.0863 1.00307 0.97 6.08 7.05 0.0863 1.00312 0.98 6.10 7.10

T=303.15 K T=303.15 K T=303.15 K
0.0101 0.99578 0.83 6.43 6.68 0.0101 0.99582 0.84 6.45 6.73 0.0101 0.99584 0.85 6.48 6.80
0.0252 0.99647 0.84 6.34 6.99 0.0252 0.99649 0.85 6.36 7.04 0.0252 0.99645 0.86 6.39 7.10
0.0404 0.99751 0.85 6.25 7.03 0.0404 0.99748 0.86 6.27 7.08 0.0404 0.99745 0.87 6.30 7.14
0.0557 0.99874 0.86 6.16 7.00 0.0557 0.99873 0.87 6.18 7.04 0.0557 0.99862 0.88 6.20 7.10
0.0710 1.00004 0.86 6.07 6.93 0.0710 1.00010 0.88 6.09 6.97 0.0710 1.00004 0.89 6.12 7.03
0.0864 1.00155 0.87 5.98 6.85 0.0864 1.00161 0.88 6.00 6.89 0.0864 1.00164 0.90 6.03 6.95

T=308.15 K T=308.15 K T=308.15 K
0.0101 0.99416 0.74 6.35 6.44 0.0101 0.99419 0.76 6.37 6.49 0.0101 0.99421 0.77 6.39 6.55
0.0253 0.99481 0.75 6.25 6.80 0.0253 0.99482 0.77 6.27 6.84 0.0253 0.99477 0.78 6.29 6.88
0.0405 0.99577 0.75 6.16 6.84 0.0405 0.99580 0.77 6.18 6.89 0.0405 0.99573 0.79 6.20 6.93
0.0558 0.99706 0.76 6.07 6.82 0.0558 0.99703 0.78 6.09 6.86 0.0558 0.99693 0.80 6.11 6.90
0.0712 0.99839 0.77 5.98 6.75 0.0712 0.99842 0.79 6.00 6.79 0.0712 0.99836 0.80 6.02 6.83
0.0866 0.99990 0.77 5.90 6.67 0.0866 0.99995 0.80 5.92 6.71 0.0866 0.99991 0.81 5.94 6.75

T=313.15 K T=308.15 K T=308.15 K
0.0101 0.99219 0.64 6.29 6.26 0.0101 0.99246 0.66 6.31 6.32 0.0101 0.99247 0.67 6.33 6.38
0.0253 0.99277 0.65 6.19 6.66 0.0253 0.99302 0.66 6.21 6.71 0.0253 0.99304 0.67 6.23 6.75
0.0406 0.99374 0.65 6.10 6.72 0.0406 0.99398 0.67 6.12 6.76 0.0406 0.99393 0.68 6.14 6.80
0.0559 0.99501 0.66 6.01 6.69 0.0559 0.99527 0.68 6.03 6.73 0.0559 0.99511 0.69 6.05 6.77
0.0713 0.99639 0.67 5.93 6.63 0.0713 0.99655 0.68 5.95 6.67 0.0713 0.99649 0.70 5.96 6.71
0.0867 0.99794 0.67 5.84 6.54 0.0867 0.99817 0.69 5.86 6.59 0.0867 0.99809 0.71 5.88 6.63
*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 kilogram of UA+water solvent mixture
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Where A is known as Falkenhagen coefficient [20] 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-, B-, and D-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 that 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 UA in the local vicinity 
of the solute (CA) molecules in solutions has been obtained from 
viscosity B-coefficient [21]. It is found from Table 4 and Figure 2; the 
values of B-coefficient are positive and much higher than A-coefficient 

which signifies that 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 UA mixture which suggests that solute-cosolute interaction is 
strengthened with the rise in temperature as well as the mass fraction of 
aqueous UA 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 CA 
increase with temperature, i.e., the dB/dT values are positive. From 
Table 8, the small positive dB/dT values for the CA behave almost as 
structure-maker.

The free energy of activation of viscous flow per mole of solvent, 
∆μ1

0≠, as proposed by Glasstone et al. [22] could be calculated from 
the following equation:

Table 4: Apparent molar volume (φV) and (ηr−1)/√m of citric acid in different mass fraction (w1) of aqueous UA 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=0.00001 w1=0.00002 w1=0.00003
T=298.15 K T=298.15 K T=298.15 K

0.0100 188.21 0.12 0.0100 191.71 0.13 0.0100 195.70 0.13
0.0252 174.27 0.14 0.0252 175.86 0.16 0.0252 177.85 0.16
0.0404 161.13 0.17 0.0404 163.12 0.18 0.0404 165.12 0.19
0.0556 151.87 0.18 0.0556 152.96 0.20 0.0556 155.68 0.21
0.0709 146.15 0.20 0.0709 146.14 0.23 0.0709 147.71 0.24
0.0863 139.38 0.22 0.0863 139.61 0.24 0.0863 139.95 0.26

T=303.15 K T=303.15 K T=303.15 K
0.0101 190.98 0.08 0.0101 194.99 0.08 0.0101 199.99 0.08
0.0252 175.40 0.11 0.0252 177.71 0.11 0.0252 182.12 0.12
0.0404 162.61 0.14 0.0404 165.36 0.14 0.0404 167.86 0.16
0.0557 153.36 0.15 0.0557 154.99 0.17 0.0557 158.27 0.18
0.0710 147.08 0.17 0.0710 147.35 0.19 0.0710 149.21 0.20
0.0864 140.53 0.19 0.0864 140.75 0.20 0.0864 141.21 0.23

T=308.15 K T=308.15 K T=308.15 K
0.0101 196.32 0.07 0.0101 199.32 0.06 0.0101 204.34 0.08
0.0253 179.13 0.10 0.0253 181.21 0.10 0.0253 186.03 0.12
0.0405 167.14 0.13 0.0405 167.89 0.13 0.0405 171.39 0.16
0.0558 155.62 0.15 0.0558 157.25 0.16 0.0558 160.35 0.19
0.0712 148.46 0.17 0.0712 148.88 0.18 0.0712 150.74 0.21
0.0866 141.69 0.18 0.0866 141.80 0.20 0.0866 143.10 0.23

T=313.15 K T=313.15 K T=313.15 K
0.0101 201.74 0.07 0.0101 204.70 0.04 0.0101 208.72 0.02
0.0253 184.40 0.11 0.0253 186.36 0.09 0.0253 187.56 0.08
0.0406 170.24 0.14 0.0406 171.70 0.12 0.0406 174.21 0.12
0.0559 158.30 0.17 0.0559 158.99 0.14 0.0559 162.83 0.15
0.0713 149.90 0.19 0.0713 151.87 0.17 0.0713 153.44 0.18
0.0867 142.44 0.21 0.0867 143.23 0.19 0.0867 144.76 0.22
*Standard uncertainties u are: u (T) = 0.01K, the accuracy of φV is 1.75×10−6 m3 mol−1 and (ηr−1)/√m is 0.005 kg1/2mol−1/2 (0.68 level of 
confidence). aMolality has been expressed per kilogram of (UA+water) solvent mixture



Indian Journal of Advances in Chemical Science 2018; 6(2): 59-70

 KROS Publications 64 www.ijacskros.com

Scheme 3: Deposition of uric acid in joints in the absence of citric acid (top) and in the presence of citric acid (bottom). 
Highlights 
• Effect of relief from gout pain has been studied through physicochemical study study. 
• Restriction of precipitation of uric acid by citric acid is causes relief from gout pain. 
• A strong solute-cosolute interactions existss between citric acid and uric acid. 
• Solute-cosolute interactions becomes stronger with increasing temperature. 
• The process of crystallization and deposition of uric acid gets hampered in the presence of citric acid.

Table 5: Limiting apparent molar volume (φV
0), experimental slope (SV*), and viscosity A- and B-coefficient of citric acid in 

different mass fraction (w1) of aqueous UA mixtures at three different temperatures*.

Mass 
fraction (w1)

T/K φV
0×106/m3 mol−1 SV*×106/m3 mol−3/2 kg1/2 Svv#/m3 mol−2 kg B 

/kg mol−1
A 

/kg1/2 mol−1/2
D 

/kg3/2 mol−3/2

0.00001 298.15 218.20 −307.10 129.83 0.30 0.08 0.56
303.15 223.44 −339.72 194.74 0.48 0.03 0.14
308.15 229.27 −339.97 139.42 0.59 0.01 0.03
310.15 232.33 −339.53 100.13 0.70 0.00 −0.06
313.15 235.52 −339.19 72.33 0.80 −0.01 −0.15

0.00002 298.15 223.89 −332.69 151.99 0.43 0.07 0.40
303.15 228.36 −347.48 165.08 0.59 0.02 0.15
308.15 234.17 −360.97 156.76 0.71 −0.01 0.08
310.15 237.36 −366.01 141.98 0.78 −0.02 −0.05
313.15 241.18 −372.21 132.41 0.84 −0.04 −0.17

0.00003 298.15 228.79 −344.90 147.05 0.51 0.07 0.39
303.15 233.57 −343.32 99.36 0.73 0.01 0.05
308.15 239.03 −350.76 79.37 0.82 −0.01 −0.01
310.15 242.11 −371.00 60.01 0.93 −0.05 −0.10
313.15 246.19 −390.71 59.69 1.08 −0.09 −0.19

*Standard uncertainties values of u are: u (T) = 0.01K
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B = (V1
0–V2

0)+V1
0[(∆μ1

0≠–∆μ2
0≠)/RT] (9)

Where V2
0 is the limiting partial molar volume (φV

0) of the solute 
and ∆μ2

0≠ is the ionic activation energy per mole of solute at infinite 
dilution. Rearranging the equation (9), we get

∆μ2
0≠ = ∆μ1

0≠+(RT/V1
0)[B-(V1

0–V2
0)] (10)

From Table 8, it is evident that ∆μ2
0≠ values are all positive and much 

larger than ∆μ1
0≠, suggesting that interaction between solute (CA) 

and solvent (aqueous UA mixture) molecules in the ground state is 
stronger than in the transition state. According to free energy terms, the 
salvation of solute in the transition state is unfavorable.

The entropy of activation (∆S2
0≠) [24] for the solution has been 

calculated using relation:

∆S2
0≠ = -d(∆μ2

0≠)/dT (11)

Here, ∆S2
0≠ has been obtained from the negative slope of the plots of 

∆μ2
0≠ against T using a least-squares treatment.

The enthalpy of activation (∆H2
0≠) [24] has been obtained from the 

relation:

∆H2
0≠ = ∆μ2

0≠+T∆S2
0≠ (12)

The values of ∆S2
0≠ and ∆H2

0≠ are also reported in Table 8.

It is evident from Table 9 that ∆μ1
0≠ is practically constant at all the mass 

fraction of the aqueous UA mixture, suggesting that ∆μ2
0≠ is mainly 

dependent on the viscosity coefficients and V1
0–V2

0 terms. Positive 
∆μ2

0≠ values at all studied temperature and solvent composition suggest 
that the process of viscous flow becomes difficult as the temperature 
and mass fraction of aqueous UA mixture increases. Therefore, the 
formation of transition state becomes less favorable. Feakins et al. [24] 
proposed that ∆μ2

0≠ > ∆μ1
0≠ for solutes has positive B-coefficients and 

indicates stronger solute-solvent interactions, thereby suggesting that 
the formation of transition state is accompanied by the rupture and 
distortion of the intermolecular forces in the solvent structure [24,26]. 

Table 6: Values of various coefficients and standard deviation of equation-3 for citric acid in different aqueous UA solutions*.

Aqueous UA 
mixture (w1)

a0×106/m3 mol−1 a1×106/m3 mol−1K−1 a2×106/m3 mol−1K−2 (δφE
0/δT)P×106/m3 mol−1 K−2 σ

0.00001 814.79 −5.01 0.01 0.02 0.0002
0.00002 2249.69 −14.36 0.03 0.06 0.0003
0.00003 2102.48 −13.37 0.02 0.04 0.0001
Average 
standard 
deviation

4.2 0.013 0.0003 0.0001

Table 7: Limiting apparent molar expansibilities (φE
0) for citric acid in different mass fraction of aqueous UA (w1) at different 

temperature.

Aqueous UA mixture (w1) φE
0×106/m3 mol−1 K−1 σ

T/K 298.15 303.15 308.15 310.15 313.15 0.01
0.00001 0.953 1.053 1.153 1.201 1.253 0.0001
0.00002 3.529 3.829 4.129 4.277 4.429 0.0003
0.00003 −1.444 −1.244 −1.044 −0.941 −0.844 0.0002
Average standard deviation 0.003 0.003 0.002 0.002 0.001

Table 8: Values of dB/dT, A1, A2 coefficients and standard 
deviation (σ) for the citric acid in different mass fraction of 
aqueous UA (w1) at studied temperatures*.

Aqueous UA mixture (w1) dB/dT A1 A2 σ
0.00001 0.031 −5.674 0.027 0.0003
0.00002 0.026 −4.676 0.022 0.0002
0.00003 0.035 −6.529 0.030 0.0002
Average standard deviation 0.002 0.015 0.003
*Standard uncertainties values of u are: u (T)=0.01K

Figure 1: Plot of φV
0 as a function of different mass fraction 

(w1) of aqueous uric acid solutions at different temperatures.

η0 = (hNA/V1
0) exp(∆μ1

0≠/RT) (7)

Where h, NA, and V1
0 are the Planck’s constant, Avogadro’s number, 

and partial molar volume of the solvent, respectively. The equation (7) 
can be rearranged as follows, we get

∆μ1
0≠ =RTln (η0V1

0/hNA) (8)

Feakins et al. [23-25] suggested that if equations (6) and (8) are 
obeyed, then,
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The negative values of both ∆S2
0≠ and ∆H2

0≠ suggest that the formation 
of transition state is associated with bond-making and an increase in 
order. Although a detailed mechanism for this is not easily advanced, it 
may be suggested that the slip-plane is in the disordered state [24,27]. 
According to Feakins et al. model, as ∆μ2

0≠ > ∆μ1
0≠, the solute (CA) 

behaves as structure makers. This again supports the behavior of dB/dT 
for the solute in aqueous UA mixture.

Furthermore, it is attractive to observe that there is a linear correlation 
between viscosity B-coefficients of the studied CA with the limiting 
apparent molar volumes (φV

0) in a different mass fraction of aqueous 
UA solutions (Figure 3). From the above fact, it means:

B = A1+A2φV
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).

It is evident from this study that there is a strong interaction between 
CA and UA and it becomes stronger with the rise in temperature. 
As molecules of UA are engaged with the CA’s molecules, the 
accumulation among the UA molecules becomes less effective. 
Therefore, the process of crystallization and deposition of UA gets 
hampered in the presence of CA (Scheme 3). The above fact suggests 
that the relief of painful effect of gout can be achieved by consumption 
of more citrus fruits and by making warmth the affected area.

As we know that the gout is the disease occurred due to the crystallization 
of UA in the joint of human body. Therefore, the interaction of CA 
with UA in aqueous solution at human body temperature (37°C or 
310.15K) is important. We have obtained the derived parameters such 
as limiting apparent molar volume (φV

0) and viscosity B-coefficient 

Table 9: Values of V1
0, (V1

0–V2
0), ∆μ1

0≠, ∆μ2
0≠, T∆S2

0≠, and ∆H2
0≠ and standard deviation (σ) for citric acid in different mass 

fraction (w1) of aqueous UA mixture at different temperatures*.

Mass 
fraction

T/K V10.106/m3.mol−1 (V1
0–V2

0).106 
/m3.mol−1

∆μ1
0≠/KJ.mol−1 ∆μ2

0≠/KJ.mol−1 T∆S2
0≠/KJ.mol−1 ∆H2

0≠/KJ.mol−1

w1=0.00001 298.15 18.05 −200.15 9.19 78.41 −1468.09 −1389.68
303.15 18.08 −205.36 9.11 104.93 −1492.71 −1387.78
308.15 18.11 −211.17 8.97 121.61 −1517.33 −1395.72
310.15 18.13 −214.27 8.85 138.02 −1527.18 −1389.16
313.15 18.14 −217.38 8.73 154.44 −1541.95 −1387.51

w1=0.00002 298.15 18.05 −205.84 9.20 96.77 −416.00 −319.23
303.15 18.08 −210.28 9.14 120.99 −520.14 −399.15
308.15 18.11 −216.06 9.04 139.50 −599.70 −460.20
310.15 18.12 −219.55 8.93 150.52 −647.09 −496.57
313.15 18.14 −223.04 8.82 161.55 −694.49 −532.94

w1=0.00003 298.15 18.05 −210.74 9.22 108.18 −603.12 −494.94
303.15 18.08 −215.49 9.17 141.55 −789.16 −647.61
308.15 18.11 −220.92 9.07 155.65 −867.75 −712.10
310.15 18.12 −224.49 8.96 175.92 −980.76 −804.84
313.15 18.14 −228.05 8.85 196.19 −1093.76 −897.57

σ 0.01 0.03 7.22 0.08 10.85 10.57 0.65

Figure 2: Plot of viscosity B-coefficient as a function of 
different mass fraction (w1) of aqueous uric acid solutions at 
different temperatures.

Figure 3: Plot of B against φV
0 of different mass fraction (w1) 

of aqueous uric acid solutions at different temperatures.
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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 (φV0), viscosity B-coefficient is 
increases with increasing mass fraction of citric acid, which indicates 
the positive effect of hampering in crystallization and deposition of UA 
in joint of the human body, and as a result, the presence of CA relieves 
the painful effect of gout. The effect also evidences from the values 
of free energy of activation (∆μ1

0≠ and (∆μ2
0#), entropy (∆S2

0≠), and 
enthalpy (∆H2

0≠) (Table 9). The positive values and increasing order of 
free energy of activation and negative magnitude and decreasing degree 
of entropy (∆S2

0≠) and enthalpy (∆H2
0≠) also suggest the positive effect 

for pain relief of gout in the presence of CA.

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) (Figure 4) can be evaluated from the Lorentz–Lorenz 
relation [28]. The refractive index of a substance is defined as the ratio 
co/c, where c and co are the velocity of light in the medium and 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 [29]. As stated by Deetlefs et al. [30], the refractive index of 
a substance is higher when its molecules are more tightly packed or in 
general when the compound is denser. Hence, as summarized in Table 10, 
we found that the refractive index and the molar refraction are higher for 
the studied CA in all the mass fraction of aqueous UA, indicating to the 
fact that the molecules are more tightly packed in the solution.

The limiting molar refraction (RM
0) is estimated from the following 

equation (14) and presented in Table 10.

RM = RM
0+RS√m (14)

Accordingly, we found that the higher values of refractive index and 
RM0 which representing the fact that the molecules of citric acid are 
more tightly packed and greater solute-solvent interaction with uric 
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.

All the above-derived parameters suggest that there is a strong 
interaction between CA (solute) and UA (solvent) and these increases 
with a rise in temperature. The solute-solvent interaction is much 
greater than the solute-solute and solvent-solvent interactions.

4. CONCLUSION

It is evident from this study, that there is a strong interaction 
between citric acid and uric acid and it becomes stronger with rise 
in temperature. As molecules of uric acid are engaged with the citric 
acid molecules, the accumulation among the uric acid molecules 
becomes less effective. The Table S1 was given a strong evidence 
of enhances solubility of uric acid in the presence of citric acid. 
Therefore, the process of crystallization and deposition of uric acid 
gets hampered in presence of citric acid (Scheme 3). The above fact 
suggests that the relief of painful effect of gout can be achieved 
by consumption of more citrus fruits and by making warmth the 
affected area.
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Table 10: Refractive index (nD), molar refraction (RM), and 
limiting molar refraction (RM

0) citric acid in different mass 
fraction of aqueous UA solutions at 298.15 K and at pressure 
1.013 bar*.

aMolality/
mol∙kg−1

nD RM×106/m3 mol−1 RM
0×106/m3 mol−1

w1=0.00001
0.0100 1.3319 43.22
0.0252 1.3322 43.22
0.0404 1.3327 43.23 43.19±0.03
0.0556 1.3332 43.24
0.0709 1.3337 43.24
0.0863 1.3343 43.25
w1=0.00002
0.0100 1.3323 43.26
0.0252 1.3326 43.27
0.0404 1.3331 43.29 43.23±0.03
0.0556 1.3337 43.29
0.0709 1.3342 43.30
0.0863 1.3348 43.30
w1=0.00003M
0.0100 1.3331 43.35
0.0252 1.3335 43.37
0.0404 1.3342 43.41 43.28±0.02
0.0556 1.3349 43.43
0.0709 1.3355 43.45
0.0863 1.3362 43.47
*Standard uncertainties u are: u (nD)=0.0002 and u (T)=0.01K (0.68 
level of confidence). aMolality has been expressed per kilogram of 
UA+water solvent mixture
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SUPPORTING INFORMATION:

Table S1: Solubility chart.

Mass fraction of uric acid (w1) in water Solubility at different temperature (K)
298.15 303.15 308.15 310.15

0.1 Insoluble Insoluble Insoluble Insoluble
0.01 Insoluble Insoluble Insoluble Insoluble
0.001 Insoluble Insoluble Insoluble Insoluble
0.0001 Insoluble Insoluble Insoluble Insoluble
0.00001 Soluble Soluble Soluble Soluble
0.00002 Soluble Soluble Soluble Soluble
0.00003 Soluble Soluble Soluble Soluble
0.00004 Partially soluble Partially soluble Partially soluble Partially soluble
0.00005 Partially soluble Partially soluble Partially soluble Partially soluble
0.00006 Insoluble Insoluble Partially soluble Partially soluble
0.00007 Insoluble Insoluble Insoluble Insoluble
0.00008 Insoluble Insoluble Insoluble Insoluble
0.00009 Insoluble Insoluble Insoluble Insoluble
Molal concentration of citric acid in (uric acid+water)
w1=0.00001
0.010 Soluble Soluble Soluble Soluble
0.025 Soluble Soluble Soluble Soluble
0.040 Soluble Soluble Soluble Soluble
0.055 Soluble Soluble Soluble Soluble
0.070 Soluble Soluble Soluble Soluble
0.086 Soluble Soluble Soluble Soluble
w1=0.00002
0.010 Soluble Soluble Soluble Soluble
0.025 Soluble Soluble Soluble Soluble
0.040 Soluble Soluble Soluble Soluble
0.055 Soluble Soluble Soluble Soluble
0.070 Soluble Soluble Soluble Soluble
0.086 Soluble Soluble Soluble Soluble
w1=0.00003
0.010 Soluble Soluble Soluble Soluble
0.025 Soluble Soluble Soluble Soluble
0.040 Soluble Soluble Soluble Soluble
0.055 Soluble Soluble Soluble Soluble
0.070 Soluble Soluble Soluble Soluble
0.086 Soluble Soluble Soluble Soluble
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INTRODUCTION 
 
In modern day cyclodextrin (CD) are used for the controlled 

release of various compounds and drugs (Roy et al., 2016). 

Due to the exceptional truncated conical shape it has the 

capability to form inclusion complex with a variety of guest 

molecules including drug, vitamins, ionic liquids, 

neurotransmitters etc (Yang et al., 2013). Cyclodextrin is a 

cyclic oligosaccharides having glucopyranose units six (α-

CD), seven (β-CD) and eight (γ-CD) linked by α-(1-4) bonds 

(Szejtli, 1998) (scheme 2) The conical structure of CD have  

hydrophobic interior and hydrophilic rim with primary and 

secondary –OH groups. These hydroxyl groups are responsible 
of forming hydrogen bonding with guest molecules (Szejtli, 

1996) CD is considered safe for human body. In order to be 

biologically active a molecule should retain its integrity and 

should be able to cross the lipophilic membrane. CD has the 

ability to encapsulate the guest without any chemical 

modification of it. Sometimes it also increases the solubity of 

guest. The controlled release of CD is also used in food 

cosmetic, paint industry and removal of different toxic 

materials, pollutants, waste products without any chemical 

change (Connors, 1997). L-Cysteine is an amino acid which is 

building block of protein. (Scheme 1) It is a powerful anti 
oxidant. It is also used to metabolize of lipid, boosting the  
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immune system. L-cysteine increase malie fertility, reduce 

inflamination and combarts decrease osteoporosis. In the body, 

cysteine is also used to produce the amino acid taurine as well 

as coenzyme A, biotine and heparin. Cysteine is component in 
beta karatin and it is proved that it preserve skin elasticity. It 

also protects the lining of digestive system (Grunberger et al., 

2007; Safarinejad, 2009). In the present study we investigate 

the nature of formation and stoichiometry of inclusion 

complex of α and β-CD with natural amino acid L- cysteine in 

aqueous media. Aim of this work is the formation, carrying 

and controlled release of L- cysteine by forming inclusion 

complex with host cyclodextrin molecules without chemical 

and biological modification of the guests. 

 

Experimental Section 
 

Source and Purity of Samples 

 

The amino acid L-cysteine and CDs of purists grade were 

purchased from Sigma-Aldrich, Germany. The mass fraction 

purity of L-cysteine, α-CD and β-CD were 0.97,0.98,0.98 

respectively. 

 

Apparatus and Procedure 

 

Conductance measurement were carried out in Mettler toledo  

seven  multi conductivity meter having uncertainty 1.0               
µSm-1.The conductivity of solution were studied in a thermo 
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stated  water bath  at 298.15K with accuracy 0.001K.HPLC 

grade water was used with specific conductance 10µSm-1. The 

0.01M aqueous  KCL solution using for calibrated of the 

conductivity cell. Surface tension  of the solution were  studied 

by platinum ring detachment  technique  using  a tensiometer 

(K9, KRUSS; Germany) at 298.15K with uncertainty 

0.1mN.m-1. The temperature of the system was maintained by 

circulating  thermo stated water through a double- wall glass 

vessel holding the solution. NMR spectra were recorded using 

D2O as a solvent. 1H NMR spectra were recorded at 298.15K 
in 400 MHz and 500 MHz respectively using Bruker 

ADVANCE 400MHz and 500MHz instrument. Residual 

protonated solvent Signals are quoted as δ values in ppm using 

internal standard (D2O:δ 4.79ppm). Data are reported as 

chemical shifts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS AND DISCUSSION 
 
1
H NMR study establishes inclusion 

 
1H-NMR study confirms the inclusion phenomenon between 

the host CDs and the above mentioned amino acid cysteine 
(Roy et al., 2016; Roy et al., 2016) In the present work the 

molecular interactions of L-cysteine with α and β-

cyclodextrins have been studied using the 1H NMR spectra by 

taking a 1 : 1 molar ratio of the amino acid and CDs in D2O at 

298.15 K. Insertion of L- cysteine in the hydrophobic cavity of 

CDs results chemical shifts of both the acid and CDs due to 

interaction between them. From scheme 3 it can be observed 

that the H3 and H5 protons of CD are located inside the cavity 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Table 1. Data for surface tension study of aqueous L-Cystein with α-CD and β-CD system at 298.15K
a 

 

Volm of CD (mL) Total volm (mL) Conc of L-cysteine (mM) Conc of CD (mM) Surface tension in α-CD (mN m
-1

) Surface tension in β-CD (mN m
-1

) 

0 10 10.000 0.000 64.2 64.2 

1 11 9.091 0.909 65.3 65.3 

2 12 8.333 1.667 66.2 66.2 

3 13 7.692 2.308 67.0 66.9 

4 14 7.143 2.857 67.7 67.6 

5 15 6.667 3.333 68.3 68.2 

6 16 6.250 3.750 68.8 68.7 

7 17 5.882 4.118 69.3 69.1 

8 18 5.556 4.444 69.7 69.5 

9 19 5.263 4.737 70.1 69.9 

10 20 5.000 5.000 70.6 70.1 

11 21 4.762 5.238 70.8 70.2 
12 22 4.545 5.455 70.9 70.3 

13 23 4.348 5.652 71.0 70.4 

14 24 4.167 5.833 71.2 70.5 

15 25 4.000 6.000 71.3 70.6 

16 26 3.846 6.154 71.4 70.7 

17 27 3.704 6.296 71.5 70.8 

18 28 3.571 6.429 71.7 70.9 

19 29 3.448 6.552 71.8 71.0 

20 30 3.333 6.667 71.9 71.1 
         a 

Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
 

Table 2. Data for conductivity study of aqueous L-cysteine with α and β-CD system at 298.15K
a 

 

Volm of β-CD (mL) Total volm (mL) Conc of L-Leucine (mM) Conc of –CD (mM) Surface tension (mN m
-1

) Surface tension (mN m
-1

) 

0 10 10.000 0.000 130 130 

1 11 9.091 0.909 127 128 

2 12 8.333 1.667 124 125 
3 13 7.692 2.308 122 123 

4 14 7.143 2.857 120 122 

5 15 6.667 3.333 118 120 

6 16 6.250 3.750 116 119 

7 17 5.882 4.118 115 118 

8 18 5.556 4.444 114 117 

9 19 5.263 4.737 113 116 

10 20 5.000 5.000 112 115 
11 21 4.762 5.238 112 115 

12 22 4.545 5.455 112 114 

13 23 4.348 5.652 111 114 

14 24 4.167 5.833 111 114 

15 25 4.000 6.000 111 114 

16 26 3.846 6.154 111 114 

17 27 3.704 6.296 111 114 

18 28 3.571 6.429 110 114 

19 29 3.448 6.552 110 114 

20 30 3.333 6.667 110 114 
a 
Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

Table 3. Values  of  surface  tension  (γ)  at  the  break  point  with  corresponding  concentrations  of  cyclodextrins  and  amino  

acids  and  values  of  conductivity  ()  at  the  break  point  with corresponding  concentrations  of  cyclodextrins  and  amino  acids  

at  298.15  K 
 

Amino acid Conc. of α-CD/mM Conc. of amino acid/mM γ
a
/mNm

-1
 

Cystine 

 

5.27 4.73 70.77 

Conc. of β-CD/mM Conc. of amino acid/mM γ
a 
/mNm

-1
 

4.79 5.20 69.91 

Conc. of α-CD/mM Conc. of amino acid/mM κ
a
/µSm

-1
 

4.72 5.28 112.76 

Conc. of β-CD/mM Conc. of amino acid/mM κ
a
/µSm

-1
 

5.20 4.8 114.52 

 



whereas H1, H2 and H4 are situated in the exterior of CD 

molecules. Among H3and H5, H3 are near to the wider rim 

and H5 are closer to the narrower rim (Caso et al., 2015). As 

most of the guest molecules are inserted through the wider rim, 

the H3 proton is more shifted compared to H5. In the present 

study the 1H-NMR spectra of both the CD, L-cysteine 

inclusion complexes, the H3 and H5 protons of CD and the 

protons of acid show considerable shift. (Figure 1 and Figure 

2) The other protons of CD show little shift in the spectra. This 

fact is in agreement with the formation of inclusion complex 
(Wang et al., 2014). As indicated by chemical shift data the 

interaction of the H3 proton with cysteine is much higher than 

H5 probably due to insertion of the amino acid through the 

wider rim. 
 

 

 
 

Figure 1. 
1
H NMR spectra of (a)cysteine (b) α-CD and (c) 1:1 M ratio of α-

CD & cysteine in D2O at 298.15 K 
 

 
 

Figure 2. 
1
H NMR spectra of (a)cysteine (b) β-CD and (c) 1:1 M 

ratio of β-CD & cysteine in D2O at 298.15 K 

Figure 3. Variation of surface tension of aqueous (a) cystein-α-CD 

and (b) cystein-β-CD systems respectively at 298.15 K 

 

Figure 4. Variation of conductivity of aqueous (a) cystein-α-CD 

and (b) cystein-β-CD systems respectively at 298.15 K 

 

Scheme 1.  Molecular (a) Three dimentional  and (b) Two 

dimentional structure of amino acid cystein 

 

Scheme 2.  Structure of cyclodextrin molecules 

 

Scheme 3. Truncated conical structure of α and β-cyclodextrin 

 

Scheme 4. Plausible Schematic representation of mechanism for 

the formation of 1 : 1 inclusion complex of cystein with both α 

and β-cyclodextrin 

 

Surface tension study supports inclusion 

 

Surface tension gives valuable information about the nature 

and formation of inclusion complex (Roy et al., 2014). The 

aqueous solution of CD do not show any considerable change 

of surface tension. The amino acid show the existence of 

NH3
+and COO− in their zwitterionic forms (Roy et al., 

2015).Thus side group being non polar L- cysteine show 
surfactant like behavior and it has a tendency to decrease the 

surface tension of aqueous solutions like other surfactants 

(Pineiro, 2007). Here surface tension (γ) is measured for a 

series of solution with increasing concentration of both host α 

and β cyclodextrin at 298.15K. The γ values shows increasing 

trend in case of both the guests. (Table 1)  Perhaps it is due to 

the formation of inclusion complex between L- cystein and CD 

because due to the removal of the surface active L- cysteine  

molecules from the surface of the solution into the 

hydrophobic  cavity α and β cyclodextrin. In the two surface 

tension plots appearance of single break point indicates 
formation of inclusion complex (Figure 3). The values of 

surface tension with corresponding concentration of α and β 

cyclodextrin and concentration of cystine at each break has 

been listed in Table 1. Over all variation of γ and one beak 

point clearly show that at certain concentration of amino acid 

and CD where their concentration ratio in solution was almost 

1:1, thus the study proves  1:1 ratio in both α and β CD (Gao 

2006) (Table 3). 

 

Conductivity study informs inclusion 

 

The conductivity measurement also gives valuable information 
not only about the inclusion phenomena but also the 

stoichometry of the inclusion complex formed (Apelblat et al., 

2007; Qian et al., 2013). If inclusion complex is formed by L-

cystein with α and  β CD, the conductivity of the solutions  

distinctly affected. The amino acid L- cystein exists as 

zwitterions and due to the existence of this charged structure, it 

shows considerable conductivity. With addition of both the 

host α and β-CD the conductivity gradually decrease indicating 

the amino acid molecule enters into the hydrophobic cavity of 

α or β CD.(Table 2) The conductivities of a series of solution 

having 10 mmolL-1 concentration of aqueous solution of 
cystein with increasing concentration of cyclodextrins have 

been measured. The trend of conductivity regularly declining 

which indicates formation of the inclusion complex between 

CD and amino acid. A sharp single break is found in the 

conductivity curve in each case (Figure 4). This is again in 

agreement with the fact that1:1 host – guest inclusion complex 

is formed between L- cystine and CD’s (Roy et al., 2016; Saha 



et al., 2016) a dynamic equilibrium is attained between the 

guest amino acid and host CD molecules. The break point is 

that at which maximum inclusion takes place. 

 

Structural influence of cyclodextrin 

 

Cyclodextrins are molecules with inner hydrophobic cavity 

and hydrophilic rims which provide an opportunity to act as as 

host molecules. The guest molecule’s apolar part reside inside 

the cavity and polar part of the guest molecule makes 
association with the polar rims, thereby forming stable 

inclusion complex .The apolar cavity diameter of α -CD is 4.7-

5.3Ǻ and β- CD is6-6.5Ǻrespectively (Saha et al., 2016) The 

size of natural amino acid L-Cysteine is within the range 

which can be easily encapsulated inside the cavity of CD. 

There is no covalent bond formation or breaking during the 

formation of inclusion complex (Saha et al., 2016). The polar 

water molecules are present inside the slightly apolar cavity of 

cyclodextrine. This is generally energetically unfavoured. So 

the polar water molecules are readily substituted by 

hydrophobic chains of the amino acids. This results a more 
stable energy state. The stoichiometry of the inclusion 

complex is found as 1:1, which is supported by conductivity 

and surface tension measurements. So after inclusion of one 

amino acid molecule the zwitterionic part blocks the rim by 

making hydrogen bonding with the rim –OH groups, so second 

molecule cannot enter. Hydrophobic part of L- cysteine was 

found to be inserted through the wider rim of cyclodextrin. 

 

Conclusion 

 

The 1H-NMR spectra, surface tension and conductivity study 
shows that the natural amino acid L-cysteine forms host-guest 

inclusion complex with both the CDs. The surface tension and 

conductivity study suggests the inclusion complex formation 

and 1:1 stoichiometry of the complex while the NMR data 

confirms the inclusion. These two inclusion complexes have 

vast applications in the field of bio-chemistry.  
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Synthesis,characterization of 1-butyl-4-methylpyridinium lauryl sulfate and
its inclusion phenomenon with β-cyclodextrin for enhanced applications

Raja Ghosha, Deepak Ekkaa,b, Biplab Rajbanshia, Ananya Yasmina, Mahendra Nath Roya,⁎

a Department of Chemistry, University of North Bengal, Darjeeling, 734013, India
bDepartment of Chemistry, Cooch Behar Panchanan Barma University, West Bengal 736101, India

G R A P H I C A L A B S T R A C T

Proposed micellization behaviour of an benign environment friendly ionic liquid based surfactant. Here supramolecular interaction is predominant over hydrophobic
interaction inside the micellar core, resulting the formation of vesicle like structure.

A R T I C L E I N F O

Keywords:
1-Butyl-4-methylpyridinium lauryl sulfate
([BMPy]Cl)
β-cyclodextrin(β-CD)
Inclusion complex
Job plot
2D-NOESY
High resolution transmission electron
microscopy (HRTEM)

A B S T R A C T

1-Butyl-4-methylpyridinium lauryl sulfate was synthesized and a number of spectroscopic techniques were used
for the characterization. The surface active property was explored in different ways. The Host Guest inclusion
complex formation with the synthesized compound inside the β-Cyclodextrin has been studied qualitatively as
well as quantitatively with physicochemical, spectroscopic and advanced microscopic techniques. The Job plot
from the UV–vis spectroscopy indicates the formation of both 1:1 and 2:1 inclusion. The inclusion complex has
given the determining morphology with further evidence of 2:1 inclusion in HRTEM supported by DLS. Lastly,
the 2D-NOESY has provided a conclusive mechanism for the inclusion phenomenon.

1. Introduction

Ionic liquids (ILs) have attracted much attention at present due to

their unique physicochemical traits such as considerable ionic con-
ductivity and formidable catalytic property [1–4]. Solution properties,
as well as the host-guest inclusion complex of the ionic liquids,
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biologically active molecules with molecular host e.g. cyclodextrin,
were extensively studied by Roy et. al. [5–9]. Inclusion complex of β-CD
with ionic liquid surfactant had also been studied by Yan’an Gao and his
co-workers [10].

Imidazolium and pyrrolidinium-based ionic liquids were derived
from conventional anionic surfactant sodium lauryl sulfate and
their physicochemical properties were studied thoroughly by
Jingjing Jiao et. al. [11]. The Critical micelle concentration(CMC)
value comparison of two derived ionic liquid-based surfactants, it
was established that the CMC value of imidazolium ionic liquid
based surfactant was lesser than pyrrolidinium based surfactant;
again both were much lesser than the precursor sodium lauryl sul-
fate. Therefore if we can replace the ionic head part by the more
hydrophobic organic charge group then resulting product would be
a much better surface active agent, this was the underlying concept
of the synthesis work.

Conjugation of pyridinium ionic liquid and anionic surfactant so-
dium lauryl sulfate in equimolar ratio can give a benign model system,
which is still unavailable in the literature. This type of system would be
neoteric & environmentally friendly as the precursor ionic liquid is also
benign to nature as well as removal of metal ion involved in the stra-
tegic preparative methodology [12–14] and also made halogen-free to
make it environmentally affectionate [15].

There will be a chance of competitive & mixed inclusion which
might give some new insight of supramolecular recognition within
the solution which was seldom available in the related literature.
Surfactant ability with this special type of inclusion also gives some
interesting and important information with specific applications.
Pyridinium ionic liquid which was used as the precursor is a bulkier
aromatic counterion than even imidazolium ion and expected to
show more effectiveness than the former as surfactant [11]. The ionic
liquid based surfactant is expected to have more comprehensive
applications in many fields, such as materials science, drug delivery,
and supramolecular science [16]. Sodium lauryl sulfate & β-CD
containing vesicle was previously used to transport protein (peptide)
hormone with high encapsulation capacity. The insulin-loaded ve-
sicle was shown high physical stability and protects insulin from
proteolytic degradation where the Sodium lauryl sulfate was used as
the anionic surfactant [17].

The outcome of the fluorimetric measurement of J. W. Park had
proposed the formation of the 2:1 (β-Cyclodextrin-surfactant) com-
plexes with alkane sulfonates and alkyl sulfates with chain length equal
or greater than 10 & 8 respectively [18], but the detailed mechanism as
well as the spectroscopic and microscopic information and related
evidence of the previously mentioned (β-CD-surfactant) inclusion
complexes was quite rare in the literature. Similarly, such counterion
modified surfactant, quite similar to ion-pair amphiphile and their in-
clusion complex with Cyclodextrin is also quite unavailable in latest
literature.

In the present work we have synthesized the 1-butyl-4-methyl-
pyridinium lauryl sulfate by simple ion exchange technique from
sodium lauryl sulfate and 1-butyl-4-methylpyridinium chloride;
and characterized by UV–vis, FTIR, NMR, and Mass spectroscopy
(ESI-MS). The CMC value, host-guest inclusion complex of the
synthesized product has been studied. Other thermodynamic para-
meters were also derived by various techniques. The host guest
inclusion complex with β-CD has been studied with the help of
conductivity, surface tension, UV–vis, FTNMR, Refractive index
(RI) and fluorescence study. The nature of the Host-Guest inclusion
complex with β-CD was further justified and characterized by HR-
TEM, which given a new and mixed mode supramolecular re-
cognition pattern.

2. Experimental

2.1. Materials

1-Butyl-4-methylpyridinium chloride (BMPyCl), Sodium lauryl sul-
fate (SLS) have been used for synthesis. Double distilled water specific
conductance 1 μScm−1, pH ∼6.7–7.0 was used for all experimental
purposes. The probe used for the fluorescence was pyrene. The source
and purity of the chemicals have been given Table S9.

2.2. Preparation

Before the start of the synthesis work, the solubility of the chosen
precursor ILs and SLS have been precisely checked in the different
solvent and finally dichloromethane (DCM) was chosen as a suitable
solvent. The 1-butyl-4-methylpyridinium lauryl sulfate [BMPy][LS] was
prepared by simple ion exchange reaction of 1-butyl-4-methylpyr-
idinium chloride [BMPy]Cl and sodium lauryl sulfate [SLS]. The pre-
cursor 1-butyl-4-methylpyridinium chloride and sodium lauryl sulfate
in 1:1 M ratio was taken in DCM and continuously stirred at room
temperature for 5 h. As the by-product precipitate was ionic in nature so
it was in the solid state in the organic solvent, was removed by filtra-
tion. Then the immiscible (organic) phase was washed with water very
gently until the phase becomes chloride-free (the presence of the
chloride was tested by AgNO3 in acidic solution). Used volatile solvent
(DCM, boiling point about 39.6°C) was removed gently by maintaining
required temperature by a rotary evaporator. The product was dried,
stored in dark place and vacuum desiccators for 72 h. The aqueous
solution which was used for chloride removal was also stored to check
any product accumulation in the water, has been found with negligible
product accumulation.

2.3. Apparatus and procedure

Fourier transform Infrared spectra (FTIR) were recorded either in
solid KBr pellet or ethanol solvent with a PerkinElmer FT-IR spectro-
meter (RX-1) operating in the region of 4000 to 400 cm−1 at ambient
temperature [19].

1H Nuclear magnetic resonance (NMR) experiments were performed
in Bruker AVANCE spectrometer operating at 300MHz frequency [20].
400MHz Bruker AVANCE spectrometer was used for inclusion complex
study (1H and 2D NOESY). The respective solutions were made in D2O,
data was reported as a chemical shift [21].

Ultraviolet–visible (UV–vis) spectra were recorded by JASCO V-530
UV/VIS Spectrophotometer, with an uncertainty of wavelength re-
solution of± 2 nm. The measuring temperature was controlled by an
automated digital thermostat [21].

High-Resolution Transmission Electron Microscopy (HRTEM)
images were obtained with a Jeol JEM 2100 microscope operating at an
accelerating voltage of 200 kV. The spot size availability in TEM mode
was 20–200 nm. A drop of the sample solution (EtOH as dispersant) was
added to a FormverTM 200 mesh copper mess support grid coated with
the carbon film. The excess sample was manually blotted carefully with
a Whatman 42 filter paper for 2 s. The grid was dried at 333.15 K for
around 1 h before experimentation. Humidity during the experiment
was 50–60%. In order to provide better contrast, uranyl acetate (ne-
gative staining) was used [22].

The Conductance measurements were accomplished in a Mettler
Toledo Seven Multi conductivity meter with uncertainty 1.0 μSm−1,
bearing a cell constant of about (0.1 ± 0.001) cm−1. Temperature of
the solutions were maintained to within= (298.15 ± 0.01) K using
Brookfield Digital TC-550 temperature thermostat bath. The used cell
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was calibrated using a 0.01M aqueous KCl solution. The uncertainty in
temperature was ± 0.01 K [21].

Surface tension experiments were carried out by a platinum ring
detachment method using a Tensiometer (K9, KRUSS, Germany) at the
experimental temperature. The accuracy of the surface tension mea-
surement was within 0.1 mNm−1. The constant temperature was
maintained during the experiments with Remi ultra thermostat (CB-
700) with precision 0.1K [23].

Refractive index (RI) was measured with the help of a digital re-
fractometer of Mettler Toledo Refracto 30GS The light source was LED,
λ=589.3 nm The refractometer was calibrated using distilled water,
and calibration was checked after every measurement. The uncertainty
of the measurement was ± 0.0002 units [24].

Steady-state fluorescence emission study was carried out in bench
top spectrofluorimeter from photon technologies international
(Quantamaster-40) with excitation and emission slit widths fixed at
0.7 nm and 10 nm respectively [20].

Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano
ZS90 ZEN3690 light scattering apparatus (Malvern Instruments Ltd,
Malvern, UK) with the He−Ne laser (632.8 nm, 4mW) at a scattering
angle of 90° The temperature was maintained constant at 298.15 K
[25].

Electrospray Ionization (ESI) mass spectrum measurement was done
in the JEOL GCMATE II GC–MS with data system is a high resolution
and double focusing instrument.

3. Characterization

3.1. FTIR analysis

The observed infrared frequencies of the bond of functional groups
of both the precursor and product have been shown (Fig. S1a) within
the range of 500–4000 cm−1. The IR spectra showing at 3439 cm−1 is
ascribed to bond stretching of quaternary amine
(3330–3450 cm−1) like structure of butylpyridinium ring due to ion
pair formation with dodecyl sulfate. The peak at 3052 cm−1 is showing
the stretching frequency of aromatic eCeH bond vibrations of pyr-
idinium ring. The peaks of wave numbers of 2954 cm−1 and 2851 cm−1

are the aliphatic asymmetric and symmetric stretching (eCeH)
stretching vibration is due to the methyl group (eCH3). The peaks at
2919 cm−1, 1467 cm−1, and 1380 cm−1 are for symmetric stretching,
bending or deformation and wagging (umbrella mode) vibration re-
spectively due to eCH2e group. Wave number 1643 cm−1 and
1605 cm−1 are due to C]C and C]N bond stretching vibration of
pyridinium ring. The peak at wave number 806 cm−1 is due to eCeN
stretching vibration. 1213 cm−1 and 1084 cm−1 is asymmetric
stretching of eSO4

−1( ), and symmetric stretching of eSO2e
( ) respectively. Peaks at 625 cm−1 and 581cm−1 are pyridine
like in plane ring deformation. Based on FTIR analysis it was observed
that synthesized ionic liquid was 1-butyl-4-methylpyridinium lauryl
sulfate [BMPy][LS] [26–34].

3.2. NMR analysis

The product [BMPy][LS] was characterized by 1H NMR spectro-
scopy using D2O and DMSO-d6 as a solvent on a spectrometer (Bruker
Avance 300 spectrometer) for the determination of molecular structures
and conformations. The 1H NMR spectra data are shown in Fig. S.2.a)
and S.2.b) in ppm (δ) from the internal reference (D2O: δ 4.79 ppm and
DMSO-d6: δ 3.39ppm) in determining the proton chemical shifts.

The results of 1H NMR of [BMPy][LS] are given as follows
1H NMR (300MHz, D2O): δ 8.60–8.62(d, 2H, J=6.6 Hz) N(CH)2 of

pyridine, 7.80–7.83(d, 2H, J=6.3 Hz), N+CC(CH)2 of pyridine ring,
4.48(t, 2H, NCH2), 3.89(t, 2H, SOCH2), 2.55 (s, 3H, -CH3 para to N),
1.86 (m, 2H, NCCH2), 1.55 (t,2H, NCCCH2), 1.21 (m, SOCH2(CH2)9,
20H), 0.80(m,3H, NCCCCH3), 0.68(m,3H, SOC11CH3).

1H NMR (300MHz, DMSO-d6): δ 8.93-8.90(d, 2H, J=9Hz) N(CH)2
of pyridine ring, 7.99–7.97(d, 2H, J=6Hz), N+CC(CH)2 of pyridine
ring, 4.54–4.51(t,2H,NCH2,J=4.5 Hz), 3.65(t,2H,SOCH2, j=3.3 Hz),
2.51 (s,3H, -CH3 para to N), 1.86 (m,2H,NCCH2, j=2.6 Hz), 1.46 (t,
2H, NCCCH2), 1.24(m, SOCH2(CH2)9,20H), 0.90(m,3H, NCCCCH3,
j=2.4 Hz), 0.85(m,3H, SOC11CH3).

3.3. Mass spectrum analysis

The calculated molecular weight of the product [BMPy][LS] was
403.41 gmol−1 and mass spectrum has confirmed the molecular ion
peak (Fig. S3). The intense peak at 169.98 and 149.85 is due to n-do-
decyl cation (primary carbocation) and 1-butyl-4-methylpyridinium
ion. The peak showing at 15, 57.12, 93.08, 96.06, and 136 is for me-
thyl, n-butyl, 4-methylpyridinium, and 1-butylbenzopyridinium ion
respectively. Other probable peak assignments are like that 126.03
(Nonyl cation), 112.85(Octyl ion), 98.41(Heptyl cation), 92.02(4-
Methylpyridinium ion), 84.19(Hexyl cation), 70.16(Pentyl cation).
Surface active agents usually suppress the electrospray ionization and
[BMPy][DS] is itself a surface active agent.

3.4. UV–vis study

From the structure of the [BMPy][LS], it was quite clear that there
was no chance of n-π* transition. Pyridinium ring with disturbed

Fig. 1. Absorption vs. wavelength graph in UV-VIS spectrum showing two characteristic
bands at 222 and 254 nm respectively (0.003mM).

Table 1
(a) Solubility of [BMPy][LS] in different solvent (b): Theoretically obtained physical
quantity.

(a) Solubility of [BMPy][LS]

Solvent Water CHCl3 DMSO DCM CH3OH C2H5OH

Solubility Soluble Soluble Soluble Soluble Soluble Sparingly Soluble

(b) Physical quantity

Physical parameter with unit Numerical value

Nagg 30
Δμ°(M=1) (J/mol) −8500
β (L/mol) 20000
Γmax (μmol/m2) 5
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Fig. 2. a., b. The plot of conductivity vs. conc. (mM) of SLS and [BMPy][LS] respectively; c. The plot of molar conductance vs. conc. of [BMPy][LS] d. Variation in the surface tension vs.
log (conc.) of [BMPy][LS] e. Variation in the surface tension with log (conc.) for SLS f. Steady-state fluorescence spectra of [BMPy][LS] g. Plot of the I1/I3 ratio of pyrene vs. conc. of
[BMPy][LS].
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aromaticity having three conjugated double bonds. So we can expect
UV band due to π -π* transition within the molecule. Two number of UV
band appeared at 222 & 254 nm. The band of 222 nm was more intense
than the 254 nm band (Fig. 1).

4. Study of physicochemical properties of [BMPy][LS]

4.1. Solubility test

The compound was soluble in the different organic solvent as well
as shown enhanced water solubility compared to the precursor surfac-
tant. The product obtained was performed the solubility test qualita-
tively.

4.2. Aggregation number

The average aggregation number (Nagg) is a fundamental and im-
portant parameter of micellar aggregation has been determined theo-
retically from STAND MODEL [35]. The aggregation number of [BMPy]
[LS] was found 30 (Table 1a) is smaller than those of precursor SDS
(Nagg =55). This was probably due to the larger size of the counter ion
compared to the smaller size counter ion of the precursor. The negative
value of the chemical potential (Δμ°, Gibbs free energy/mole) clearly
indicates that the micellization process was thermodynamically con-
trolled. This was also a clear indication for the product formation [36].
The interaction parameter (β) was in the L/mol unit. it’s also important
to mention that this model is best applicable to non-ionic surfactant.
Therefore there would be some obvious deviation of the physical
parameter if you apply this model to the case of the ionic surfactant like
[BMPy][LS].

4.3. Conductance study

The critical micelle concentration (CMC) is a narrow concentra-
tion range where the physical properties of the solution of an am-
phiphile show an abrupt change due to the cooperative formation of
micelles in the bulk solution [37]. The CMC value can be obtained by

the breakpoint of conductance curve and the dependence of physical
properties was observed from there. The CMC value of sodium lauryl
sulfate (SLS) was at 8 mM/dm3. From the conductometric curve
(Fig. 2b) the CMC value of [BMPy][LS] obtained at 1.53 mM.
Therefore the [BMPy][LS] compound has more efficient surface ac-
tivity compared to its anionic surfactant (SLS). Upon reconsidering
the result by the plot the molar [conductance] vs. [conc.] graph
(Fig. 2c), the result would be more self-supporting. It had shown a
breakpoint at around 1.52 mM.

The fraction of the counter ions bound to the micelle has been
evaluated by conductometry from the ratio of the post-micellar and
premicellar slopes of the plot of molar conductance vs. concentration
curve (Fig. 2b) of the surfactant solution. This fraction of the binding
counter ions is represented by fb=m/n where m is the number of the
counter ions bound per micelle and n is the aggregation number. The
ratio of the post-micellar and premicellar was around 0.51. On the other
hand, the theoretical value of the aggregation number was 30, which
was an approximate value.

The standard free energy of micellization per mole of the monomer
unit (ΔG°m) for this system was evaluated by applying the equation
[38].

ΔG°m= (1+ fb) RT ln(CMC) (1)

By putting the variables and constant in this equation the free en-
ergy of micellization per mole of the monomer unit of [BMPy][LS] was
−39.28 Kjmol−1.

4.4. Surface tension & surface parameters

The plot of surface tension with respect to the logarithm of con-
centration for [BMPy][LS] and SLS have been shown in Fig. 2(d) & (e).
From the breakpoint of the graph, the CMC value obtained by the
surface tension measurement was 1.56mM, much lesser than precursor
surfactant SLS’s CMC. [37]. The result is in good agreement with the
conductance study.

The maximum surface excess concentration (Γmax) and the
minimum area of exclusion per molecule at the air-liquid interface

Fig. 3. (a) Specific conductance vs. conc. (mM) of [BMPy][LS] & β-CD at 10mM conc. of both (b) 2mM of the both.
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(Amin) were estimated for the [BMPy][LS] from the inclination of the
tensiometric profile near the CMC, is estimated by applying the Gibbs
adsorption isotherm [39]. Two important parameters, i.e., saturation
adsorption (τmax) and minimum surface area per molecule (Amin) has

been calculated from surface tension values using the following re-
lationship [40,41]

τmax= 1023 / NA× Amin=− nRT (∂γ / ∂ln c)T (2)

Fig. 4. (a) Fluorescence of pyrene in various concentrations of β-CD and ILBS (Gradual decrease in the conc. of β-CD & increase in the conc. of the ILBS) & (b) corresponding 3D plot. (c)
The plot of the surface tension of [BMPy][LS] vs. conc. (mM) of β-CD.

Table 2
The comparison of different surface parameter of [BMPy][LS] alone & in presence of equimolar β-CD with some surfactants(Ionic liquid based surfactants, surface active ionic liquid and
common anionic surfactant precursor).

Compound cmc (mmol/L) pC20 γcmc (mN/m) Amin (nm2) Γmax (μmol/m2) πcmc (mN/m)

[C4mim][C12SO4][11,66] 1.80 ± 0.10 & 1.94 3.40 ± 0.11 31.90 ± 0.10 0.66 ± 0.07 2.53 ± 0.27 40.30 ± 0.10
[C4MP][C12SO4][11,66] 2.70 ± 0.10 & 2.22 3.50 ± 0.14 34.30 ± 0.10 0.74 ± 0.03 2.27 ± 0.08 37.9 ± 0.10
[BMPy][LS] 1.53 ± 0.10 – 36.50 ± 0.10 0.34 4.91 35.70 ± 0.10
[BMPy][LS] in presence of equimolar β-CD – – 33.80 ± 0.10 – – 38.40 ± 0.10
C12mimBr [46] 10.90 2.60 39.40 0.87 1.91 33.60
C12MPB[47] 13.50 _ 42.40 0.55 3.03 30.30
SDS[48,69] 7.80 & 7.90 2.40 39.60 0.48 3.45 32.50

[C4mim][C12SO4] →1-butyl-3-methylimidazolium dodecyl sulfate.
[C4MP][C12SO4] → N-butyl-N-methylpyrrolidinium dodecyl sulfate.
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For a dilute solution, the Gibbs equation could be expressed as [42]

−dγ= Гexc dμ (3)

Here γ and μ is the surface tension and the chemical potential respec-
tively. Change in γ with the logarithm of surfactant concentration (c)
can be used to determine the total surface excess as [43]

−dγ=RT Гtot dlnC (4)

Subsequently,

Гtot =− (1/RT) dγ/ d lnC (5)

Here R and T are the universal gas constant and temperature in absolute
scale respectively. The Гtot value near the CMC was termed as Гmax.
Thus,

Г max=1/ 2.303RT (−dγ/d logC) (6)

The value of the surface excess concentration for [BMPy][LS] was
4.91 μmol/m2 (by the linear fitting of surface tension values before the
CMC of [BMPy][LS] in Fig. 4. Using the surface excess value, Amin

which represents the minimum area per surfactant molecule at the air-
liquid interface has been estimated by the following relation [44]

Amin= 1018/NA Гmax (7)

The Amin value of [BMPy] [LS] in the aqueous system was found to
be 0.34 nm2 molecule−1.

4.5. Fluorescence

The critical micellar concentration (CMC) of the anionic surfactant
or identical species can be determined quite easily from the measure-
ments of the fluorescence intensity in surfactant solution using polarity
probe pyrene [45].

The CMC measurement was done here by Steady-state fluorescence
technique. Initially, blank pyrene solution was taken in the cuvette and
surfactant containing pyrene solution was continuously added. From
the graph, the value of CMC obtained was 1.56mM (Fig. 2f & g) which
is quite close to the value 1.53mM obtained from the conductance
study (Table 2).

5. Inclusion phenomenon and microscopic morphology

5.1. From specific conductance

Conductivity is a ingenuous method for studying the host-guest in-
clusion and it can be used to unravel whether the inclusion can occur
[49,50], also the stoichiometry of the host-guest inclusion complexes
(ICs) formed [51,52].

Here the conductivity experiment was performed at some conven-
tional concentration and also in the unparalleled concentration of the
host and guest. It was a distinctive fact that the indicating breakpoint of
the ICs usually 5 times lesser than mother concentration of each solu-
tion. The experiment was carried out at two different concentrations of
both the host as well as the guest e.g. 10mM and 2mM and the ex-
pected breakpoint was appear in 1.66mM and 0.41(Fig. 3a & b) mM of
β-CD respectively also obtained experimentally. Another important
point regarding the conductance graph was that(1st inclusion graph)
except the breakpoint at 1.66mM there also a breakpoint at 3.33,
5.1 mM thought it is not prominent like those at 1.66mM. So the in-
clusion stoichiometry of the Host & guest may be both (1:1 & 2:1) or
1:2.

5.2. From fluorescence

As already stated pyrene (polarity probe) I1/I3 method is helpful
in determining the CMC of many surfactants. The surfactant [BMPy]
[LS] itself was fluorescence inactive so it’s Host-Guest interaction
with β-CD was preferably studied with the help of pyrene very
briefly. The pyrene I1/ I3 ratio vs. Conc. is very convenient and
reliable method to get an idea about the surrounding polarity
around the probe molecule. If we carefully investigate the I1 /I3
ratio throughout the set of a solution it can be observed that in the
presence of cyclodextrin only, it was more than 0.8 (I1/I3 > 0.8)
(Fig. 4). It’s an indication of significant polarity around the pyrene
molecules, probably due to free as well as some included pyrene
molecule into the hollow cavity of cyclodextrin. Upon gradual in-
crease of [BMPy][LS]’s concentration, the formation of inclusion
complex increases and the pyrene I1/I3 ratio gradually decreases.
These might be due to the preferable inclusion of a more hydro-
phobic group of [BMPy][LS], into the cage of cyclodextrin

Fig. 5. a) & b) Job’s plot of [BMPy][LS]-β-CD systems at 298.15 K at λ max=252 & 220 nm respectively.
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molecules which should gradually depart the pyrene from the host
molecules.

It is also interesting to note that the set of solutions with more
[BMPy][LS] concentration shows a gradual increase of I1/I3 ratio which
may be due to excess concentration of the [BMPy][LS], provide some
free long lipophilic chain may increases the polarity with compare to
the pyrene. The solution with highest [BMPy][LS] concentration shows
the maximum value of the ratio of first and third vibronic coupling due
to the formation of aggregates with a lipophilic core which encourages
the pyrene molecule to enter that core, remaining sufficient but excess
pyrene face the solution polarity. The I1/I3 ratio is the utmost in the
higher concentration of [BMPy][LS] with nearly zero concentration of
β-cyclodextrin, probably due to lack of supramolecular interaction and
resulting micellar structure disruption. It also need to mention that this
concentration is considerably greater than the CMC value of the sur-
factant [BMPy][LS]. So this differential encapsulation of pyrene inside
into the β-CD & [BMPy][LS] may be used to separate analytically im-
portant but toxic pyrene.

Another important part of the fluorescence graph was a significant
shift in the λmax position during the study. These bathochromic shifts
appear after that set which had 1:1M ratio of the [BMPy][LS] and
cyclodextrin. This mixed concentration perhaps produces the initial
occurrence of the inclusion which might be responsible for changes of
solution thermodynamics and λmax.

Another pertinent finding was, pyrene fluorescence intensity was
spectacularly reduced in the presence of [BMPy][LS], which claims it
may be used as the fluorescence quencher in fluorescent experiments.
Many compounds containing the pyridinium ring usually being used as
the probe as well as a quencher in the field of micellar and micro-
emulsion research e.g. component with dodecyl, tetradecyl and hex-
adecyl attachment on the pyridinium ring [53].

5.3. From surface tension

The surface tension graph had shown usual breakpoint along with
some notability in the host-guest study. From the graph, it was clear
that at 10 mM concentration of [BMPy][LS] (much higher than the
experimental CMC value) the minimum surface tension value was
37mNm−1 [Fig. 4(c)]. In Sober fact for the utility of the inclusion, in
this case, was the minimum surface tension value in the presence of β-
CD was 34mNm−1. This value was perfectly before the breakpoint for
the inclusion. So it can be concluded that replacing the head group of
the surfactant with the substituted pyridinium ring had enhanced sur-
face activity which further can be ameliorated with the host β-Cyclo-
dextrin. In the meantime, unintentional excess use and resulting loss of
worthy and useful surfactant system can be avoided by the help of this
systematic inclusion. Further β-CD can help in the sustained release of
the surfactant, as well in its long term protection. The appearance of the
multiple breakpoints also supports the possibility of inclusion other
than 1:1 stoichiometry.

5.4. From UV–vis spectroscopy

Job’s method is one of the peerless methods used to identify the
stoichiometry of the host-guest inclusion complexes, known as the
continuous variation method, which has been used here by using
UV–vis spectroscopy [54]. A set of solutions for each [BMPy][LS] and
β-CD was formulated varying the mole fraction (x) of the guest in the
range x=0 to x= 1. Job’s plots were generated by plotting (x.ΔA
versus mole fraction (x), where ΔA is the difference in absorbance of the
[BMPy][LS] without and with β-CD and x= [BMPy][LS]/([BMPy]
[LS]+ [β-Cyclodextrin]) [55,56]. x.ΔA vs. mole fraction (x) graph
given highest point at 0.50 if we consider the absorption maxima at

Fig. 6. (a) 2D-NOESY spectrum of [BMPy][LS]+ [β-CD] inclusion complex. (b) Extended
part of the region enriched with β-CD peaks of the same (excluding aromatic part). (c)
Extended part of the region enriched with aliphatic peaks of the [BMPy][LS]+ [β-
Cyclodextrin] inclusion complex (excluding aromatic part). (d) 1H NMR spectrum of
[BMPy][LS]+ [β-Cyclodextrin] inclusion complex for getting 2D NOESY.
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252 nm. The value of mole fraction (x) at the topmost deviation gives
the stoichiometry of the inclusion complex (IC), i.e., proportion of guest
and host is 1:2 if x= 0.33; 1:1 if x= 0.5; and 2:1 if x= 0.66 etc. In the
present work also the value of maxima of job plot was found at
R= 0.367(near to 0.33) which suggest an approximate 2:1 stoichio-
metry (the absorption maxima at 220 nm) of the inclusion complexes
[Fig. 5(a) & (b)]. Most probably there was both the 1:1 & 2:1 mode of
inclusion. The alkyl chain of [BMPy] [LS] form 2:1 inclusion with β-CD
& pyridinium part probably make 1:1 inclusion was already assumed by
T. Ray and her fellow colleagues [57].

5.5. From refractive index

With the variation in concentration of [BMPy][LS]-β-CD system
(Table S7) solution with highest and lowest β-CD concentration, the
refractive index value was highest. This result was probably due to
maximum inclusion & micellization with reverse equilibrium made the
solution optically dense.

5.6. From NMR & 2D NOESY spectra

NMR is a very sensitive technique to establish the occurrence of
inclusion as well as its mode [58]. The inclusion of a guest molecule
inside into the cage of β-CD results in the chemical shift of the in-
teracting protons of both the guest and β-CD in 1H NMR spectra, due
to their mutual screening through space [59]. Due to its unique
truncated shape cyclodextrin cavity are non-uniform at the two side.
The guest molecules usually like to approach the β-CD from the
broader cone and as a result, the H1 & H3 protons undergoes the
maximum shift in its δ values whereas H6 usually remains unaffected
[60]. In our present study, we get a considerable shift in the δ value

of H6 proton which again supports the formation of 2:1 inclusion.
Other physicochemical techniques already given the indication of
both 1:1 & 2:1 inclusion which was further confirmed by UV–vis Job
plot & also by FTNMR [Fig. S2a, b; Fig. S6a, b] Both the Pyridinium &
dodecyl part of surfactant had shown in the shift of δ values which
also confirm 1:1 & 2:1 mode of inclusion into the β-CD molecule. One
of the most significant shift was observed for the singlet peak to the H
(-CH3 para to N of pyridinium ring). This was probably due to the
symmetrical existing of -CH3 group in between the narrower rim of
the two cyclodextrin molecule, which provides maximum shielding.
The same condition may be probable in the case of 2:1 inclusion
proposed by Ray et al. [57].

Two-dimensional (2D) NMR spectroscopy provides certain evi-
dence about the spatial immediacy of the approaching atoms of the
host and the guest by observing the intermolecular dipolar cross-
correlations. Two protons are able to create a nuclear Overhauser
effect (NOE) cross-correlation in NOE spectroscopy (NOESY) inter-
acting through space, when they situated within 0.4 nm in space
[61–63].

2D NOESY showed correlation peak between H1 [4.893–4.902
(H1, 7H, d)] proton of β-CD with NCH2 of pyridinium ring
[4.324–4.361(NCH2, 2H, t)] (Fig. 6B). It may indirectly reject the
possibility of the insertion of N(+)butyl inside the β-CD cavity.
There was significant cross peak between H5, H6 [3.667–3.746 (H6,
H5, 14H, m)] protons and H1 proton [4.893–4.902 (H1, 7H, d)] of β-
CD molecule(Fig. 6B). Probably upon inclusion β-CD molecules
orient with each other in head to tail manner. A strong cross peak
between H1 proton and H4 [3.441–3.66 (H4, 7H, t), proton of β-CD
(Fig. 6B) molecule again strongly supports head to tail manner or-
ientation of the β-CD. Here we able to see cross peaks between NCH2

of pyridinium ring and between all other proton of β-CD (except H1),

Fig. 7. TEM representation of β-CD at 1) Different size structures are spread out with maximum size within 100 nm 2) Typical morphology of β-CD (100 nm scale) 3) Usual texture of β-
CD(50 nm scale) 4) Morphology of β-CD at high resolution (20 nm reference scale) 5) Distinct shape with unique morphology 6) Dispersed appearance with average size quite comparable
to obtained from the DLS.

R. Ghosh et al. Colloids and Surfaces A 548 (2018) 206–217

214



but weaker than those obtained with H1. One of the most important
and interesting strong cross peak was between SOCH2 3.875–3.905(t,
2H, SOCH2) of lauryl sulfate and between H5, H6 [3.667–3.746 (H6,
H5, 14H, m)] protons of the β-CD molecule (Fig. 6B) strongly sug-
gests insertion of alkane chain through narrower cavity of the β-CD.
This kind of insertion is only possible during 2:1 mode of inclusion. A
very feeble cross peak between H3 proton of β-CD [3.873–3.905(H3,
7H, t)] and NCH2 of pyridinium ring [4.324–4.361(NCH2, 2H, t)]
said about (Fig. 6B) disfavor mode inclusion between broader β-CD
cavity and butyl chain of the [BMPy][LS]. 2D NOESY at the aliphatic
region also supports the inclusion complex formation. The cross peak
between NCCCH2 [(1.476–1.529) 2H, t] and SO(CH2)10
[(1.107–1.207)20H, m] (Fig. 6C) suggests disruption of micellar
structure in the presence of inclusion complex.

5.7. From DLS

In DLS the size distribution of molecules or particles is the
property of significance. Here, the distribution explains how much
material there is nearby of the different size “slices.” In DLS, the local
distribution is the concentration distribution which indicates how
much light is scattered from the various size “slice” or “bins”.
Historically, a simpler forced single exponential fitting method (the
cumulant method) has been used to find an overall mean size (by
intensity) and an overall polydispersity (the normalized next cumu-
lant). Traditionally, this overall polydispersity has also been

converted into an overall polydispersity index PDI which is the
square of the light scattering polydispersity. For a perfectly uniform
sample, the PDI would be around 0.0. We had obtained the average
PDI value of 0.711 which indicate broad poly dispersity of the in-
clusion complex, supported by HRTEM [64,65]. If only 1:1 inclusion
complex were formed, and then the values of PDI (Table S10) for this
system should be less than 0.50 consistently, is usually due to the
homogeneous distribution of the host-guest systems. Therefore light
scattering tool indirectly but strongly support the formation of both
1:1 and 2:1 mode of inclusion.

5.8. From HRTEM

To visualize the structural modification at the microscopic level the
solution was taken in the moderate concentration for both the β-
Cyclodextrin & its inclusion complex (Fig. 7 and 8). The High resolution
transmission electron microscopy (HRTEM) images of β-CD were classic
in nature. The occurrence of the 2:1 inclusion was confirmed from the
vesicle type of structure obtained from HRTEM, as such bulkier mor-
phology is possible only when the 2:1 inclusion complex is formed.
Large amount of spherical poly-disperse aggregates ranging from 50 to
445 nm in diameter was found, which were certified to be hollow ve-
sicles rather than solid spheres. This also an indication of dynamic
equilibrium previously proposed [57] also prove possibilities of another
mode of inclusion as shown in scheme 1 & assumed earlier by Li et al.
[17]. The few inconsistencies with the DLS size may be accounted for

Fig. 8. TEM representation of β-CD+ [BMPy][LS] inclusion complex at 1) Aggregated form with two smaller out growths 2) Randomly aggregated structure with 200 nm scale, probably
of inclusion complex 3) Cluster of different sizes structure 4) Medium size vesicle with non-uniformly distributed large micelle and probably randomly distributed inclusion complex
(100 nm scale) 5) Large vesicular aggregate of diameter around 251 nm consisting β-Cyclodextrin+ [BMPy][LS] IC (50 nm scale bar calibration) 6) Some more unique morphology of the
Inclusion complex, which further justified size obtained by the Dynamic light scattering. On careful observation homogenously distributed micellar aggregates also observable (around
the big cluster).
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by noting that HRTEM and DLS show solid and swollen vesicles, cor-
respondingly [66]. So the formation of vesicles due to 2:1 inclusion was
proved with direct evidence namely HRTEM, only the presence of mi-
celle of homogeneous 1:1 inclusion complex can’t produce such broader
morphology alone [67,68].

5.9. Table of inclusion complexes of some C12 surfactant and cyclodextrin
and comparison between them

Compound
(Host)

Compound
(Guest)

Techniques Parameters
obtained

Presence
of 2:1
inclusion
(Host:
Guest)

β-CD bis-(dodecyl
dimethylammo-
nium)diethyl
ether dibromide.
This is a C-12
gemini
surfactant.

1H-NMR,
DOSY,
ROESY

Aggregation
number,
Binding
constant,
Self-
diffusion
Coefficients
[70]

Yes

β-CD 1-dodecyl-3-
methylimidazo-
lium
hexafluoropho-
sphate

Surface
tension,
FT-IR,
XRD,
NMR, 2D
1H-1H
COSY, TGA

Crystal
structure,
Thermal
stability,
mode of
inclusion
and its
mechanism
[71]

Yes

β-CD Sodium lauryl
sulfate (SLS)

surfactant-
selective
electrodes

Binding
constant
[72]

Yes

α-CD Sodium lauryl
sulfate (SLS)

surfactant-
selective
electrodes

Binding
constant
[72]

Yes

α-CD dodecyltrime-
thylammonium
bromide

surfactant-
selective
electrodes

Binding
constant
[72]

No

β-CD dodecyltrime-
thylammonium
bromide

surfactant-
selective
electrodes

Binding
constant
[72]

No

6. Conclusion

From the spectroscopic studies (FTIR, NMR, and Mass), it is con-
firmed that the synthesized ionic liquid-based surfactant was 1-butyl-4-
methylpyridinium lauryl sulfate. It can be used as a fluorescence
quencher, a benign & efficient surfactant. Further, in the presence of β-
Cyclodextrin, it becomes more efficient surfactant which was confirmed
by the critical tensiometric studies of micellization. Conductivity, sur-
face tension, and fluorescence study confirm the formation of a well
fitted 1:1 host-guest as well as unique 2:1 inclusion complex with β-
Cyclodextrin. From the UV–vis job plot, 2D-NOESY and HRTEM, the
formation of the mixed inclusion complexes was undoubtedly estab-
lished. The HRTEM also had given unique morphology of the inclusion
complex along with the simultaneous presence of both micelle and
vesicle which was further supported by Dynamic light scattering result.
Therefore obtained observations and novel data from this work may
give a new insight of molecular interaction, supramolecular delivery
system, and analytical applications.
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