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Abbreviations 

αCD - Alpha cyclodextrin 

βCD- Beta cyclodextrin 

ϒCD- Gamma cyclodextrin 

δCD- Delta cyclodextrin 

CD(s)- Cyclodextrin(s) 

BTEX- Benzene, Toluene, Ethylbenzene, 

Xylenes 

PAH(s)- polycyclic aromatic 

hydrocarbon(s) 

AH(s)- Aromatic hydrocarbon(s) 

NMR- Nuclear magnetic resonance  

PXRD- Powder X-ray Diffraction 

DSC- Differential Scanning Colorimetry 

BEN- Benzene 

FB- Fluorobenzene 

TOL- Toluene 

TFT- α,α,α trifluorotoluene 

PHE- Phenol 

BA- Benzoic acid 

NAP- Naphthalene 

2NAP- 2-Naphthol/β-Naphthol 

ANTH- Anthracene 

PYR-Pyrene 

DFT- Density Functional Theory 

E.U WFD- European Union water 

framework Directive 

U.S EPA- United States Environment 

Protection Agency 

CSD- Cambridge Structural Database 

 

 

REF- Reference 

MM- Molecular mechanics 

MD- Molecular dynamics 

QM- Quantum Mechanical 

DNA- Deoxyribonucleic acid 

HPLC- High pressure liquid 

Chromatography 

LC- Liquid chromatography 

HRGC-MS- High resolution gas 

chromatography-mass spectroscopy 

LC-FD- Liquid chromatography 

fluorescence detection 

USAEME- Ultrasound-assisted 

emulsification microextraction 

DLLME- Dispersive liquid–liquid 

microextraction 

D2O- Deuterium Oxide 

MW- Molecular weight 

TMS- Tetramethylsilane 

U.V- Ultra Violet 

RT- Room temperature 

mM-millimolar 

TGA- Thermogravimetric analysis 

FWHM- Full width half maxima 

λcu – Wavelength of copper 

Å- Angstrom 
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IR- Infrared 

HOMO- Highest occupied molecular 

orbital 

LUMO- Lowest unoccupied molecular 

orbital
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Introduction 
Aromatic hydrocarbons or Polycyclic aromatic hydrocarbons (PAHs) are released to the 

environment through natural and man-made processes. One of the consequence - 

environmental water pollution by aromatic compounds, is an ongoing worldwide issue. Today, 

chemical pollution is one of the main causes affecting environmental water. However, certain 

chemicals which induce harm to the environment or living organisms have been identified by 

international agreements or regulations as being “priority chemicals for control” depending 

on various criteria such as toxicity, bioaccumulation, persistent and carcinogens. Mono-

aromatic hydrocarbons referred as BTEX (benzene, toluene, ethylbenzene and xylenes) as well 

as polycyclic aromatic hydrocarbons (PAHs) are consistent with all these criteria. Due to their 

toxicity and carcinogenicity PAHs are listed as the priority substances to be detected in the 

environment by the E.U WFD (Water Framework Directive) and by the United States 

Environmental Protection Agency (U.S EPA) 

 The objectives of the REMANTAS project (approved by the National Research Agency under 

the ECOTECH 2011 program) were to address such issues. Initiated in 2012, it aimed in 

developing an original analytical tool allowing on-site measurements of organic contaminants 

in aquatic environments (fresh, surface, ground, coastal and transitional waters) and offering 

a better estimation of the spatial and temporal variability of water contamination. Our team1 

members were part of the REMANTAS project where they were successful in investigating 

aromatic hydrocarbon inclusion by CDs using Raman Spectroscopy and thermal analysis .The 

molecules targeted during my PhD are summarised in the table 1. 

Monocyclic aromatic compounds and 
derivatives 

Bi-/Polycyclic aromatic compounds and 
derivatives 

Benzene Naphthalene 

Fluorobenzene 2-Napthol 

Toluene Anthracene 

α,α,α,Trifluorotoluene Pyrene 

Phenol  

Benzoic acid  
 

Table 1 : List of the targeted substances for this thesis. 

The concept of this thesis is based on a communication published in 1998 by Udachin2 et al 

where the researchers prepared the crystals of βCD:Pyrene in presence of cyclohexanol and 

octanol separately. Our research team1 was successful in encapsulating two of the aromatic 

hydrocarbons namely, Naphthalene and Fluoranthene. The results were determined by 

Raman Spectroscopy and thermogravimetric analysis. 

On combining the above two ideas, the objectives of our work are: 

1. To prepare inclusion complexes of βCD and different aromatic compounds (pollutants) 

in the presence of linear aliphatic alcohols. 

2. To characterize the successful inclusion (if occurs) in liquid as well as in solid state by 

different characterization techniques like NMR, DSC, XRD and Raman Spectroscopic 

studies. 
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3. To prepare theoretical models in order to explain the phenomenon of inclusion 

complexation. 

Our thesis is basically the advancements to the research previously done which aims at the 

detection of aromatic hydrocarbons in the naturally occurring water bodies. 

The main objectives of our research were to first study in detail fundamentally and 

systematically the interaction between the different CDs and aromatic hydrocarbons or PAHs 

by combining experimental and theoretical methods. To achieve this, we need to have a better 

understanding and knowledge about the complex formation in solution as well as in the solid 

state, also the crystal structures obtained by them.  

These structures obtained in the solid state can be used as starting point for molecular 

modelling complexation and can be considered as the basis of solid state organisation. This 

solid state organisation is the following result and tri-dimensional packing of the complex units 

obtained in solution. We start our study with the analysis of complexation in solution by 1H 

NMR and determination of the stoichiometry. In the solid state, thermal analysis and powder 

x-ray diffraction are the most frequently used analytical methods which are known to verify 

the formation of new compounds based upon CD complexes. Raman spectroscopy is less 

favourable for such studies, but as it is the basic analytical method employed in the on-site 

analytical device developed by the team, it has to be considered. We are interested in the 

validity check of this method to study the solid state complexes obtained. Literature2 have 

shown that two major structural types are obtained for CD complexes in solid state: cage type 

and channel type. Alcohols are mandatory to solubilize pure PAHs compounds in water. While 

extending our literature research in Cambridge Structural Database3, only few structures 

comprising CDs and alcohols are available and most of them involve short length chain 

alcohols like methanol or ethanol. On considering PAH, only two structures2 involving a PAH, 

herein pyrene and βCD are available in the CSD. Now the prime question emerges: why lesser 

number of structures are available inspite of the frequent use of CDs? Is it possible to gather 

further explanation and understanding about those structures? Our first systematic and 

fundamental studies involving CDs and aliphatic linear alcohols indicate the predominant role 

of the alcohol chain length in the formation of either of the structural types. Channel types 

structural formation seem to be favoured for PAH inclusion by CDs. Then, we continue with 

the study of complexation of some polar aromatic derivative compounds by CDs. The 

complexation of PAHs in presence of alcohols by CDs is finally considered. 

Chapter-1 gives the detailed idea about CDs, contributions of different scientists who have 

worked with CDs, their physical and chemical properties, applications in different fields, types 

of methods that can be used to prepare inclusion complexes, a brief idea about types of 

techniques to investigate inclusion complex formation. The last part gives an introduction 

about the aromatic hydrocarbons, their sources and existence in the environment, effect on 

human health and the detection techniques used so far. 

Chapter-2 discuss in detail, the materials and methods used during this thesis. The principle 

of the analytical techniques like NMR, DSC, PXRD, Raman Spectroscopy are outlined with the 

help of mathematical theory behind their working and instrumental setup. The techniques 

differentiate the results for the liquid (in solution) and the solid (powder) states. It also 

includes the description about the first step of this thesis i.e to interpret the results obtained 
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for uncomplexed βCD by each technique for further comparison with inclusion complexation 

results in the later chapters. 

Chapter-3 is based on the studies of βCD: Linear alcohols chemistry. The different techniques 

were used to exploit the complexation phenomenon. NMR was used to check the insertion of 

aliphatic part of linear alcohol inside the βCD cavity. Furthermore, method of continuous 

variation (job’s plot) was applied on the results obtained by NMR technique to know about 

the stoichiometry of the inclusion complex formed. The next step was to confirm inclusion 

complexation by thermal (DSC) and XRD studies. Raman Spectroscopy, the next solid state 

characterization explained the vibrational behaviours the molecules before and after 

inclusion. A molecular modelling analysis concludes this chapter. 

Chapter-4 brings the addition of aromatic hydrocarbons to the βCD cavity first in the absence 

of linear alcohols to form ternary complexes while chapter-5 considers their addition in 

presence of linear aliphatic primary alcohols. Most of the samples in chapter-4 do not provide 

any result because of the poor solubility of PAH in water. We also considered the inclusion of 

some polar aromatic derivatives such as phenol, benzoic acid, 2-Naphthol etc. Different 

stoichiometries were considered for βCD: Linear alcohol: aromatic hydrocarbon. The 

characterisation of the inclusion complexes prepared are done with the same techniques as 

described in chapter-2 and the results obtained are discussed with the conclusions made. 

A part of the thesis was initially supposed to be devoted to the growing of suitable crystals for 

mono crystal X-ray diffraction analysis. We developed different methods to grow crystals 

described in the chapter 2. After a fire occurring in the laboratory on April 2017, all the crystal 

samples were destroyed and the structural determinations could not be correctly realized.  

CDs are widely studied and extended literature is available that our work can’t be considered 

as exhaustive. 
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Chapter -1 Non exhaustive state of the art 

1.1 Host-Guest Chemistry 
The phenomenon of complexation occurs when a molecule called as ‘host’ combines to 

another molecule called as ’guest’ to form one large molecule or supramolecule. Generally, 

the host is either a large molecule or aggregate such as an enzyme, or a synthetic cyclic 

compound having a central cavity whereas the guest can be a small molecule such as ‘water’ 

molecule, a monoatomic cation or an inorganic anion. To form a stable inclusion complex, the 

host must possess binding sites, which mutually contact and attract the binding sites of guests 

without the presence of any strong non-bonded repulsion. In other words, we can say, the 

guest molecule is held within the host molecule by weak Van der Waals or hydrogen bonds. 

Importantly, no covalent bonds are formed 4,5. 

The stability of the complex is related to different properties occur in the host-guest system. 

The intramolecular cavities present in the hosts like ‘cavitands’ are strictly intramolecular 

property of the host and exists in both solution and the solid state. On the contrary, clathrands 

possess extra molecular cavities, often a gap between the two or more hosts, more relevant 

in the crystalline or solid state 6,7.  

1.2 Cyclodextrins as Supramolecular Hosts 
From all other supramolecular hosts existing like Cucurbiturils, Calixarenes etc., Cyclodextrins 

(CDs) seem to be the most important 8-11 ones because of their production from natural 

material-starch, by a simple enzyme conversion, high production, low price, least toxicity and 

properties like functionalisation and derivatization. 

Cyclic glucose oligosaccharides are non-reducing sugars are commonly known as 

‘Cyclodextrins’ (CDs). They belong to the family of cage type supramolecules. The periodic 

orientation of the glucose molecules in the structure makes the interior cavity of the molecule 

as hydrophobic and the exterior as hydrophilic building them as water soluble molecules. 

Hence, the hydrophobic nature of the cavity is capable of entrapping hydrophobic molecules 

leading to the formation of a ‘host-guest’ complex. Moreover, the properties of the 

hydrophobic guest changes upon encapsulation. Due to this remarkable quality of CDs, they 

have been extensively used in various fields like pharmaceuticals 12-15, food technology 16-18, 

cosmetics 19-21, toiletries 22,23, biotechnology 24,25, textiles 23-28 and many more. 

1.3 History of CDs 
1.3.1 Discovery period 

CDs have a long history in terms of their production followed by their uses in different fields 

in today’s world. CDs were first discovered in late 19th century (1891) by Antoine Villiers, who 

termed his findings as ‘cellulosine’. He obtained this crystalline substance from a culture 

medium of Bacillus amylobactor that was grown on a medium containing starch. He 

determined the composition to be (C6H10O5)2.3H2O. After the discovery of dextrin, a decade 

later, an Austrian microbiologist Franz Schardinger11,29, observed that the role of 

microorganisms (bacillus macerans) that are responsible for the conversion of starch 

molecules into two different crystalline substances. The properties of these substances were 

found to be similar to already reported cellulosine so he named them as α- and β-dextrin. In 

those years CDs were named Schradinger dextrins in his honour. 
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1.3.2 Explanatory period 

The further development in the studies of CDs were done by many scientists all over the world 

working independently like Freudenberg and co-workers started exploration structures of 

these two dextrins and found them to be cyclic in nature. Cramer and French30,31 described all 

the basic structural and physiochemical characteristics of α-, β- and ϒ- CDs, including their 

chemical structures, cavity size, solubility, reactivity, complexing abilities, and their effect on 

the chemical stability of guest molecules. These scientists have worked on the gradual 

developmental studies about CDs in different span of years starting from their discovery and 

characterization followed by a period of doubts and dis-agreements, exploration and 

eventually the utilization in different industrial applications mainly food industry16,32, 

cosmetics, pharma industry12,33,34 and textile industry. Ongoing research are also adding on 

new directions of applications of these molecules.  

1.3.3 Utilization period 

The utilization period started right after detailed study of their toxicological behaviour. The 

different reasons responsible for their toxic effects could be: 

 Complexes impurities 

 Inadequate form of administration 

 Extreme dosing 

In 1981, the first International Symposium on CDs was organized. Derivatizations of molecules 

started leading to the production of more other CDs derivatives35-43 with applications in 

different fields. 

Table 1.1 shows the chronological summary of development of CDs. 
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Years Events 

1891 Villiers published his discovery of cellulosine (CD) 

1903 Schardinger published his first paper on α- and β-dextrins 

1924 Methylation of CDs first described, later both  Freudenberg and Meyer 
Delius (1938) and Szejtli (1980) prepared different grades of methylated 

CDs 

1928-1932 The ability of CDs to form complexes with various organic compounds 
discovered. 

1935 Freudenberg and Jacobi discovered ϒ-CD 

1938-1952 The chemical structure of α-, β-, and ϒ- CD elucidated by Freudenberg, 
Cramer, Borchert, French and Rundle 

1948-1951 Formation and structure of CD inclusion complexes discovered. 

1953 The first CD patent entitled “method of preparation of inclusion 
compounds of physiologically active organic compounds” was issued in 

Germany to Freudenberg, Cramer and Plieninger. 

1954 Cramer’s book on inclusion complexes published 

1957-1965 French described the existence of large natural CDs with upto 12 glucose 
units 

1965 Higuchi and Connors publish their article on classification of complexes 
based on their phase-solubility profiles 

1976 The parent α- and β-CDs officially approved as food additives in japan 

1976 The world’s first pharmaceutical product, prostaglandin E2/βCD 
(prostarmon ETM sublingual tablets), marketed in japan Ono 

Pharmaceutical Co. 

1981 The first international symposium on cyclodextrins was organised and 
held in Budapest by Szejtli. 

1983-1985 Brauns and Muller (Europe) and Pitha (USA) filed patents on 2-
Hydroxypropyl βCD 

1988 Piroxicam/ β-cyclodextrin tablets (Brexin) marketed by Chiesi 
Pharmaceutical (Italy) 

1990 Stella and Rajewski filed patent on sulfobutyl ether βCD 
 

Table 1.1 : Chronological summary on the development of Cyclodextrins30,44. 
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1.4 Molecular structure of CDs 
CDs are cyclic molecules made up of glucopyranose units (Figure 1.1) which are linked together 

by α-1,4 glycosidic bonds. There are predominantly three types of CDs – α, β and ϒ containing 

6, 7 and 8 glucopyranose molecules (Figure 1.2) respectively. Higher analogous members have 

also been reported namely δ CD45-48 (containing 9 glucopyranose units) but they are highly 

flexible and are less commonly used. Also, the lower analogous member (with five or less 

glucopyranose units) are highly unlikely to exist due to extensive steric strain for CDs. The 

three main CDs are crystalline, homogeneous and non-hygroscopic in nature. 

 The glucose residues in these systems are present in 4C1 conformation (chair). The cyclic 

orientation of the molecules makes the structure as donut or toroidal shape. The C1 

conformation of the glucopyranose units promotes the existence of secondary hydroxyls (C2 

and C3) on one of the two edges of the ring whereas all primary hydroxyls (C6) are present on 

the other side. The interior of the cavity is composed of hydrogens from C3 and C5 and the 

lone pairs of the glucose ring oxygen49-51 (Figure 1.4). The presence of these hydroxyl groups 

on the surface and glycosidic oxygens inside of the cavity make the interior hydrophobic and 

exterior hydrophilic (Figure 1.3). This remarkable property is the fundamental basis of vast 

areas of applications of CDs. 

 

Figure 1.1 : Glucopyranose unit. 

 

a) αCD 

 

b) βCD 

 

c) ϒCD 

 
 

Figure 1.2 : Macrocyclic structures with cavity diameters31 of parent CDs. a) αCD, b) βCD and c) 

ϒCD. 
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Figure 1.3 : Exterior and Interior of the CD cavity. 

 
Figure 1.4 : Schematic diagram of CD showing the cavity, primary and secondary faces and the 

distribution of primary and secondary hydroxyl groups on the two CD faces. 

Many researchers performed the NMR studies which indicated the formation of intra-

molecular hydrogen bonds in solution between the secondary hydroxyl group of adjacent 

glucopyranose units52,53. The studies further suggested that the rotation of the glucopyranose 

units are restricted due to presence of these bonds, hence contributing to the structural 

rigidity of CD molecules. 

The cavity diameters exist within the ranges- 4.7-5.3, 6.0-6.5 and 7.5-8.3 Å for α, β and ϒ CDs 

respectively. Cavity size variation enables CD to selectively incorporate hydrophobic guests 

based on size and geometry. ϒ CD is the most flexible among the three native CDs as the 

average bond distances between the O (2) and O (3) atoms of the adjacent glucopyranose 

units for α, β and ϒ CDs are 3.00, 2.86 and 2.81 Å respectively allowing weak intermolecular 

hydrogen bond interactions. On the contrary, the intramolecular hydrogen bond increases in 

strength for βCD resulting in decrease in aqueous solubility in comparison to α and ϒ CDs. 

Another reason for its low solubility could be its tendency to highly increase the local water 

structure in the cavity and around the molecule which eventually lead to the restrained 

macrocyclic motion25. 

The decreased solubility of CDs has restricted their use commercially. This is particularly the 

case of βCD. To overcome this problem, researchers have worked on structural modifications 

of βCD chemically. Many βCD derivatives have been synthesized because of their higher 

aqueous solubility than the native β-CD. Chemical modification of CD54,55 have produced CD 

derivatives which are amorphous, non-crystallisable CD derivatives. The advantages of these 

modifications are reduced parental toxicity, enhanced aqueous solubility, physical and 

microbiological stability. The primary and secondary hydroxyl groups are substituted by 
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different functional groups to synthesis derivatives. Some of the commonly used CD 

derivatives have been listed in the table 1.2. 

Cyclodextrin (CD) Abbreviation 
Hydroxyethyl-β-CD HE-β-CD 

Hydroxypropyl-β-CD HP-β-CD 

Sulfobutylether-β-CD  SE-β-CD 

Methyl-β-CD  M-β-CD 

Dimethyl-β-CD  DM-β-CD (DIMEB) 

Carboxymethyl-β-CD  CM-β-CD 

Carboxymethyl ethyl-β-CD  CME-β-CD 

Glucosyl-β-CD  G1-β-CD 

Maltosyl-β-CD  G2-β-CD 

Tri-O-methyl-β-CD  TRIMEB 

Tri-O-ethyl-β-CD  TE-β-CD 

Tri-O-butyryl-β-CD  TB-β-CD 

Tri-O-valeryl-β-CD  TV-β-CD 

 

Table 1.2 : List of Chemically modified CDs and their abbreviations. 

The physical properties of three CDs are shown in the table 1.3. 

CDs have different aqueous solubility due to strong binding interactions between C (2)-OH 

group of one unit to C (3)-OH of the adjacent unit. A new type of secondary belt is formed by 

these hydrogen bonds making them a rigid structure. This is the most probable reason 

observed for lowest solubility of βCD. For αCD, the hydrogen bond belt is incomplete due to 

distorted position of one of the glucopyranose unit. As a result, only four bonds are formed 

instead of 6. In case of ϒ CD, the structure is non-planar and more flexible making them the 

most soluble. 

Properties α- CD β- CD  γ- CD 

Number of glucose units 6 7 8 

Molecular weight 973 1135 1297 

Solubility in water (25°C, 
g/100ml) 

14.5 1.85 23.2 

Cavity Diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3 

Melting temperature range (°C) 255-260 255-265 240-245 

Water molecules in cavity 6 11 17 

 

Table 1.3 : Properties of natural cyclodextrins22.  
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1.5 Guest Inclusion 
CDs exhibit complexation in both solid and liquid phases. 

The cavities of CDs are never empty; water molecules or solvent molecules are present in the 

cavity if guest molecules are absent22.The presence of hydrophobic cavity results in its 

capability to include guest molecules with lower polarity than water. The molecule to be 

included must have the appropriate shape and size. During the formation of guest:CD 

complex, no covalent bonds are formed or broken. For this phenomenon to occur, the main 

driving force could be the release of high enthalpy water molecules from the CD’s cavity8,22. 

The replacement of enthalpy rich water molecules by suitable guest lowers the energy of the 

system. 

The event of complexation induces enthalpic and entropic changes driven by Van der Waals 

interactions or hydrophobic interactions. When there is no interaction between the CD and 

guest, ΔH and ΔS remain zero. But in case complexation is Van der Waal interactions driven 

the expected result would have large negative ΔH and Zero ΔS, whereas if hydrophobic 

interactions dominate the expected result is a large positive ΔS and zero ΔH56. 

1.5.1 Orientation of the Guest in the CD cavity 

The size and shape of the guest are the prime factors to determine the orientation and fit in 

the CD cavity even when it is partially included. CDs are rather flexible hosts which can adapt 

to the topologies of the guests embedded in their cavities. Some of the properties like the 

cavity diameter and number of glucose units are listed in the Table 1.3. 

1.5.2 Complexation properties (Host: guest inclusion) 

The study of CD inclusion complexes has gained interest over the past decades. An inclusion 

complex can be defined as a guest molecule occupying the interior space of the host. The 

properties of the resulting inclusion complex change from that of the native host and guest 

properties. The phenomena of complexation generally depend on the host/guest system 

where the complexation usually occurs in a manner that allows maximum exposure of the 

hydrophobic portion of the guest to the apolar host cavity. 

There are number of factors which result in effective complexation: 

a) To initiate the CD/guest interaction, favourable energetics must be present. 

b) The host and the guest must have some affinity for each other. 

c) Size compatibility between the host’s cavity and guest must exist to allow full or partial 

inclusion. 

High energy water molecules play an important role in the driving force of CD complex 

formation with hydrophobic molecules in aqueous solution. They are released from the CD 

cavity upon guest inclusion. The process of replacement of these high energy molecules is 

favoured as CD ring strain reduces. Thus, complexation takes place from this decrease in the 

CD ring strain upon inclusion of the guest molecule. 

Host: guest complexes are certain types of complexes where a host molecule recognizes and 

selectively binds a certain guest. In other words, the host must possess binding sites, which 

mutually join and attract the binding sites of guests without generating any strong non-
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bonded repulsion. The forces taking part in the complexation are weak van der Waal forces or 

hydrogen bonds. 

CD’s cavity in pure form are generally considered as empty. When no guest molecule is present 

for complexation, there are usually solvent molecules are present. Complexation takes place 

when one of the guest molecule is present partially or fully inside the cavity depending on the 

size of the guest molecule. Complexation takes place not only in the solid state but also in the 

aqueous solutions by various methods. In case of aqueous solution, the cavity is filled with 

solvent molecules, appropriate guest molecule can substitute the water molecules in the 

cavity.  

If the guest molecule fits well inside the cavity, the driving force of binding then depends on 

the thermodynamic interactions between the different component of the system: solvent, 

guest and CD. The solvent- water plays an important role in binding. The water molecules 

present inside the CD cavity, also the water molecules in the close proximity to the cavity, are 

energetically different from the bulk solvent. The second factor for binding is the guest. On 

binding to the host by weak Van der Waal forces, the highly organised water molecules 

surrounding the hydrophobic guest will be free to interact with the bulk solvent. In other 

words, there are many factors that include the force driving complexation is the release of 

high energy water molecules from the cavity and guest stabilization by weak Van der Waal 

interactions. Thus, inclusion formation in a polar solvent between the host and the guest leads 

to an increase of entropy through the hydrophobic effect. The inclusion complexes made can 

be obtained as stable crystalline product. 

In conclusion, there are four main factors that contribute to energetically favorable binding 

interactions between CD and a guest. One, dislocation of polar water molecules by a guest 

from the apolar CD environment. Two, an increase of hydrogen bonds formed as trapped 

water molecules return to the bulk solvent. Three, reduction of non-favorable interactions 

between the bulk (polar) solvent and the apolar guest. Four, increase of Dipole-Dipole 

interactions between the guest and the CD cavity. 

CDs form inclusion complexes with guest molecules having size compatible with dimensions 

of the cavity. Depending on the fit of the guest in the cavity, different stoichiometries57 can 

be formed like 1:1, 1:2 ,2:1, 2:2 (Figure 1.5) etc. The main objective of inclusion of guest is to 

change the physicochemical properties like solubility, bio-availability, decreased toxicity, 

chemical stability etc. 

The inclusion complex formation can take place in the solid state also and these complexes 

are different from those formed in solution. In solution, the hydrophobic guest molecule is 

included in the cavity and the whole complex is surrounded by a shell of water molecules. But, 

in the solid state, the guest molecule can either form a complex within the CD cavity or within 

the intra-molecular cavities formed by the crystal lattice of the CD molecule. It has been 

observed that solid CD includes water molecules in its cavity8,22. Different kinds of CDs contain 

different number of water molecules (ranging from 6 to 17) in the solid state. Water molecules 

can still be released from the CD cavity, therefore acting as driving force for CD solid complex. 

From the above discussion, it can be concluded that solid CD complex are seldom of 

stoichiometric composition. 
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Figure 1.5 : CD Inclusion compounds and Stoichiometry. 

 

The chemical kinetics of the system at equilibrium gives the stoichiometry of inclusion 

complexes of CD. The equilibrium of a 1:1 host-guest system can be written as: 

CD + Guest   CD.Guest 

Where the association binding constant, Ka, is expressed as: 

𝑲𝒂 =
[𝑪𝑫. 𝑮𝒖𝒆𝒔𝒕]

[𝑪𝑫][𝑮𝒖𝒆𝒔𝒕]
 

The Gibbs free energy can be calculated from Ka, and the entropic and enthalpic contributions 

to binding can be obtained from measuring Ka at different temperatures. The above equation 

indicates a 1:1 stoichiometry ratio between the CD and the guest, but other stoichiometric 

complexes such as 2:1 or 1:2 CD:Guest complexes also exist. 

2CD+G  CD-G +CD  CD2G 

The other stoichiometry like 2:1 is favourable for encapsulation of a longer or a bulkier guest 

molecule by two CD molecules. 
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By complex formation, there occurs a relationship between enthalpy, ΔH and entropy ΔS. If 

the heat is generated during complexation, then ΔH is small and ΔS is large implying a higher 

degree of disorder after complex formation. On the other hand, if ΔH is large, the entropy is 

negative resulting in higher order of the complexation system. Calorimetric measurements 

can be used to calculate actual values of ΔH and ΔS56,58.  

1.6 Crystal structures involving CDs 
Established in 1965, the Cambridge Structural Database3 is the world’s repository for small-

molecule organic and metal-organic crystal structures. The software Conquest59 allows 

research in the database on the basis of criteria such as molecular fragment. The software 

Mercury60 allows among other uses, representations of the structures and simulations of the 

powder X-ray patterns. The simulated X-ray patterns are used as references further in the text 

and their use is detailed in the chapter 2.  

Among the 900000 entries available today in the CSD, only 96 organic structures involve αCD 

molecules and derivatives, 226 organic structures involve βCD molecules and derivatives and 

32 organic structures involve ϒCD and derivatives. Saenger and al. have classified the 

structures involving CSD in three major structural types: channels61-68 , herringbone and brick-

type23,69-77. We have viewed and analyzed in Mercury all the structures available. Our 

observations tend to complete this description. 

a) Channel type crystal packing mode: In channel type structures, the CD molecules are 

vertically stacked on top of each other, with guest molecules embedded into these 

endless channels. The alignment of the channel can be ‘head to tail’ or ‘head to head’ 

type. Figure 1.6 represents two perpendicular views of CDs organization in such a 

structure. 

b) Herringbone and brick-type crystal packing modes: This type of crystal structure was 

initially described as cages with the cavity of one CD molecule blocked on both sides 

by adjacent CDs, thereby forming isolated cavities. In fact, only few structures present 

such isolated cavities and most of them consist in dual nested channels. In this type of 

arrangement, the molecules can be packed crosswise. E.g. –herringbone or brick type. 

In herringbone type structures, CD molecules are isolated and tilted from each other. 

Figure 1.7 represents two perpendicular views of CDs organization in herringbone 

type. In brick-type structures, CDs are arranged by dimers and can present tilted 

orientation from each other. Figure 1.8 represents two perpendicular views of CDs 

organization in brick type. 
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Figure 1.6 : Views along c axis (right) and b axis (left) of CSD organization in the channel type 

structure CSD PUKPIU2. Guest molecules are willingly hidden. Hydrogen atoms are not 

represented. Carbon atoms are represented in grey while oxygen atoms are represented in red. 

 

 

  
Figure 1.7 : Views along b axis (right) and c axis (left) of CDs organization in the herringbone  dual 

nested channel type structure CSD BCDEXD1069. Guest molecules are willingly hidden. Hydrogen 

atoms are not represented. Carbon atoms are represented in grey while oxygen atoms are 

represented in red. 
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Figure 1.8 : Views along b axis (right) and c axis (left) of CDs organization in the brick dimer type 

structure CSD BOTBES78. Guest molecules are willingly hidden. Hydrogen atoms are not 

represented. Carbon atoms are represented in grey while oxygen atoms are represented in red. 

All the structures are very similar. Repartitions in term of space groups and structural types 

are represented in Figure 1.9 αCD and ϒCD non-channels structures are in majority based upon 

isolated CDs although in the case of βCD, 98 brick-type structures on a total of 137 non-

channels structures are based upon CD dimers. 

Most of the structures involving βCD and small guests are obtained in presence of water and 

exhibit a non-channel herringbone or brick-type structural type. In presence of longer chain 

molecule, guest or co-solvent, βCD tends to form channel structural type. 

In the case of αCD, 7 structures involve linear primary alcohol molecules. 3 structures are 

obtained in presence of methanol (CSD REF CODE ACDMSM79, INUPEM 80 and CDEXME1081)  1 

structure in presence of 1-ethanol (CSD REF CODE VEHQAA82 ), 1 structure in presence of 1-

decanol (CSD REF CODE TEXTIB) and 2 structures in presence of 1- undecanol (CSD REF CODE 

KEZGAZ and TEXTEX83). 

In the case of βCD, 23 structures involve linear primary alcohol molecules. 3 structures are 

obtained in presence of methanol (CSD REF CODE BOTBES78, BOBPIR84, GUXZOO85), 19 

structures in presence of 1-ethanol (CSD REF CODE LONGIE86, WISREV, WISRIZ87, CACPOM88, 

UJEFEV89, BURXOC90, MAXTOW91, TAFZEG92, OFOWIQ93, BOSZEP, BOSZIT78, SADPOF94, 

OFAXID95, POHXUG96, ZUZXOH97, IJOLUO61, KOLGAU98, IQERON99, XETNIW100) and 1 structure 

in presence of 1- octanol (CSD REF CODE PUKPIU2). 

In the case of ϒCD, 6 structures involve linear primary alcohol molecules. 3 structures are 

obtained in presence of methanol (CSD REF CODE YAPROY, YAPRUE101 and NUNRIX102) and 3 

structures in presence of 1-propanol (CSD REF CODE CYDXPL103, SIBJAO and SIBJES104. 
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Figure 1.9. Repartition in term of space groups and structural types of the structures involving αCD, 

βCD and ϒCD available in the CSD version 5.39 update 3 (May 2018). 

Only 2 structures involving CDs and polycyclic aromatic hydrocarbon compounds are available 

in the CSD. They consist in the complexation of pyrene by βCD in presence of cyclohexanol or 

octanol. (CSD REF CODE PUKPOA and PUKPIU2). Both structures adopt a channel head to head 

structural type with a pyrene molecule inserted between the upper rim of two CD as 

represented on Figure 1.10 below.  
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a)  

b)  

c)  

        

Figure 1.10 : a) View along c axis of the CSD REF CODE PUKPIU involving βCD, octanol and pyrene 

molecules. Octanol molecules are disordered and not totally resolved. b) View of a channel. c) 

Detail of the complexed unit involved in a channel. Hydrogen atoms are not represented, carbon 

atoms are represented in grey and oxygen atoms are represented in red. 

Many different intermolecular forces are involved in the formation of CD inclusion complexes. 

These include Van der waals forces, hydrogen bonding and hydrophobic interactions. 

Van der Waals105,106 forces are weak attractive forces (distance dependent) which occur from 

dipole dipole interactions. Moreover, hydrogen bonding involves interaction between a 

hydrogen atom and another strong electronegative atom resulting in comparatively strong 

dipole dipole interactions. 
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Hydrophobic interactions107,108, which are relatively stronger, are contributing factors needed 

for both formation and stabilization of CD inclusion complexes in comparison to weaker van 

der Waal forces and hydrogen bonding.  

The development of these interactions results due to the entropy change by the release of 

high energy water molecules from the CD cavity. The hydrophobic character of the guest 

molecule accounts for the stability of CD inclusion complexes. More is the apolar character of 

the included molecule; more is the stability of the system. 

1.7 Molecular modelling of CDs and their inclusion complexes 
Lipkowitz109 has provided in 1998 an excellent review on the application of computational 

chemistry to the study of CDs updated in 2006 by Castro110. Two recently published reviews 

in 2017 by Zhao111and in 2018 by Quevedo112, have clearly showed the specialised expertise 

and experience required to tackle the molecular modelling of such complex molecules and 

advanced level difficulties of host-guest interactions. 

In order to get a better understanding of the binding events, many theoretical methods 
including Molecular Mechanics (MM), Molecular Dynamics (MD), and more recently, 
Quantum Mechanical (QM) methods such as ab initio and Density Functional Theory (DFT), 
have also been used to study the CD complexes. All these experimental and theoretical 
methods, when properly utilized in combination with each other, have proven to be extremely 
powerful in solving the structural, energetic, and dynamic problems associated with CDs and 
CD complexes. 
New methods based upon DFT computations are now largely used due to the new efficiency 
of computers allowing quantum modelling of larger systems. 
 
The inclusion of a hydrophobic guest molecule113,114 , compared to the polar bulk solvent in 
CDs is a consequence of an interaction based upon covalent forces. The internal cavity of CDs 
is able to accommodate solvent molecules, which means that the inclusion process requires 
the displacement of these solvent molecules. There is a great interest in the study of the 
structural and energetic properties driving the inclusion of guest molecules. Experimental 
techniques are somehow limited to provide information at a molecular level and performing 
experimental assays is expensive and time consuming. A wide range of molecular modelling 
methods are able to characterize the behaviour of such systems at molecular levels.  
Scientific computing has evolved115 to a great extent in the past years and advances are 
available for the classical and quantum ways of modelling larger molecules and inclusion 
complex systems116-118.Thus, numerous publications were published recently concerning large 
scale molecular modeling simulation studies involving CDs systems. 
The structural and energetic behavior associated with the inclusion of guest molecules in CDs 
have been described by means of molecular modeling methods, including molecular docking, 
molecular dynamics and free energy of binding analyses119-128. More advanced research efforts 
include detailed quantum calculations to assess the binding of the guest molecule and the 
stability of complexes129-131.Finding the best CD system for a specific guest molecule is also 
feasible by applying molecular modeling methods132. Moreover, molecular modeling 
techniques have been widely used to assess the chiral selection potential of CDs, which is of 
great pharmaceutical and industrial relevance133-140. 
An important aspect that needs to be assessed while preparing CDs inclusion complexes is the 
corresponding stoichiometry. Although this experimental determination is very tedious, 
molecular modeling techniques are capable of assessing the number of guest molecules that 
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may be included in the CD hydrophobic cavity141,142. It is well known that the structure of 
inclusion complexes with CDs may be considerably modified by the presence of co-solvent 
molecules and as such, it is relevant to anticipate its effect on the inclusion behavior. In this 
regard, Zhang et al. exhaustively modeled the effect of commonly used alcohol co-solvents on 
the inclusion properties of CDs143,144.  
Extensive reports have described the possibility of further enhancing the solubilization and 
complexation induced by CD through the addition of auxiliary agents able to efficiently 
interact with binary complexes and form ternary aggregates. To date, a wide range of 
chemicals have been reported as potential third compounds; among them, the most 
extensively studied are amino acids, polymers and hydroxyl agents145. The presence of any 
third agent like co-solvent affects the binary complex, so the molecular modeling methods 
arise as a very powerful screening technique by selecting the most appropriate molecule by 
large scale experimental screening and overcoming the limitation of experimental testing for 
some molecules. 
In recent years, a lot of interest has been shown in supramolecular systems in which multiple 
CDs units forms part of the supramolecular system as covalent or non-covalent moieties, 
making it possible to obtain sophisticated materials which able to comply with specific 
functions146. In the simplest example of the simulation of systems containing multiple CD 
units, Zhang et al. applied molecular modeling techniques to model the dimerization behavior 
of βCD in different solvents147-149.  
From the discussed research efforts, it can be seen that plenty of molecular modeling tools, 
including software, force fields and workflow designs are available. The details are 
summarized in Table 1.4. As can be seen, the selection of the method, calculation protocol 
and simulation workflow is highly dependent on the type of system under analysis and the 
kind of hypothesis under study. Clearly, the utilization of theoretical modeling tools is highly 
complementary with experimental techniques towards the possibility of describing CDs 
systems at an atomistic level. 
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Software Methodology Scoring 
function/forcefield 

References 

NAMD MD CHARMM27 150 

Autodock Vina, 
GAUSSIAN09 

Docking, QM Autodock scoring 151 

GAUSSIAN09, 
AMBER14 

MD GLYCAM-06j 152 

AMBER10 MD GLYCAM-04 153 

CDOCKER, 
AMBER12 

Docking, MD GLYCAM-06 154 

ROSETTA 5.98, 
AMBER12 

Docking, MD GLYCAM-06j 155 

Sybyl 7.1, 
GAUSSIAN03, 

GOLD 

Docking Tripos FF, GoldScore 156 

GAUSSIAN09, 
AMBER9 

MD GLYCAM-04 157 

GAUSSIAN09, 
CDOCKER, 
AMBER12 

Docking, MD GLYCAM-06 121 

FRED, AMBER12 Docking,MD GLYCAM-06 124 

PRESTO v.3 MD GAFF 125 

MacroModel 
v9.9 

Docking OPLS2005 126 

AMBER12 MD GAFF 158 

GROMACS 4.5.3 MD GROMOS 53a6 159 

GAUSSIAN09 Manual docking PM3 129 

Schrödinger 
Small Molecule 
Drug Discovery 

Suite 2014-
1,GAUSSIAN 09, 

AMBER12 

Docking,MD FF99SB 131 

NAMD MD GLYCAM-06 160 

TINKER Docking MMFF94 132 

Autodock 4.2, 
AMBER12 

Docking,MD Autodock 
scoring,GLYCAM-06 

133 

 

Discovery 
Studio, AMBER9 

Docking,MD GAFF 134 

GAUSSIAN03, 
Autodock 4.2, 

Material Studio 
6.0 

Docking,
 MD 

COMPASS 135 

GAUSSIAN03, 
ArgusLab, 

DL_POLY 2.17 

Docking, MD DREIDING 136 

Autodock 4.2, 
AMBER11 

Docking, MD Autodock scoring 161 

HYPERCHEM 8.0 Docking MM 142 

 

GROMACS MD Q4md-CD 143 

Maestro v8.5 Docking Glide score 162 
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Glide v5.5 Docking Glide score 163 

Autodock 4.2 Docking Autodock scoring 164 

VLifeMDS 4. Docking MMFF94 165 

GOLD 5.2 Docking ChemPLP 166 

FRED, AMBER14 Docking, MD, 
ChemGauss, 

GLYCAM06 167 

VLifeMDS 4.3 Docking MMFF 168 

YASARA MD AMBER03 169-171 

GROMACS, 
AMBER10 

MD GAFF, GLYCAM06 147 

GROMACS, 
AMBER10 

MD Q4md-CD 149 

Tinker 4.2 MD MMFF94 172 

Insight/Discover 
2000 

MD CVFF 173 

GROMACS 4.5.5 MD GROMOS96(53a6) 174,175 

 

NAMD MD CHARMM27CSFF, 
CGenFF 

176 

LAMMPS MD PCFF 177 

Autodock 
4.2/GROMACS 

4.6.2 

Docking, MD GROMOS96(53a6) 178 

 

Table 1.4 : Compilation of the molecular modeling methods used in the study cases112. 

1.8 Different Methods to prepare the complexes 
There are many different methods reported in the literature to prepare stable inclusion 

complexes. Mainly, the procedure for the preparation of CD guest complexes in water 

depends upon the guest properties9,179. One of the most common procedure is to stir or shake 

vigorously an aqueous solution of CD (cold or warm) with the guest molecule or its solution. 

equilibrium is reached with intense stirring and slow cooling in few hours but there are 

different choices of the preparation method varies among researchers. 

a) Solvent evaporation 

In this method, the host and the guest are dissolved separately into two mutually 

miscible solvents, mixing of both solutions to get molecular dispersion and finally 

evaporating the solvent. The inclusion compounds crystallize out on slow cooling or 

evaporation180-182. 

 

b) Kneading 

In this case the CD is not dissolved, it is kneaded with a small amount to make a slurry 

and then guest components added. On stirring in a mixer or mixing manually in mortar-

pestle, the viscosity of the mixture increases, giving a paste which can be dried and 

powdered183-184. 

 

c) Freeze drying and spray drying 
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To obtain fine particles of the complexes, these two methods are preferred. 

Equimolar quantities of the guest molecules are dissolved in a saturated solution 

of CDs. The guest molecules which are not soluble in water can be solubilised by 

adding a co-solvent. The solution is either freeze dried185-187 or spray dried188-190. 

1.9 Different spectroscopic techniques to analyse inclusion complexes 
The CD inclusion complexes prepared by different methods can be further studied and 

analysed by thermal and spectroscopic techniques. The typical thermal analytical techniques 

include thermal gravimetric analysis and differential scanning colorimetry. Spectral analyses 

include Fourier transform Infrared/Raman, Nuclear magnetic resonance and ultraviolet-visible 

spectroscopy. Other characterization techniques include powder x-ray diffraction and high 

performance liquid chromatography. Here, we have tried to give an introduction and briefly 

explained the techniques used in this thesis. All the techniques will be described in the 

following chapters. 

1.9.1 Nuclear magnetic resonance Spectroscopic Analysis 

Proton NMR is a robust technique that is regularly used to explore CD inclusion complexes. 

The first attempt of characterization to study inclusion complexes was made by Demar and 

Thakkar191 in 1970. They observed changes in the chemical shifts of the protons attached to 

the C3 and C5 positions of CD when various guest molecules were introduced. These protons 

are present inside the cavity of the CDs (as explained previously). This data was the first direct 

spectroscopic evidence for the formation of inclusion complexes where the guest molecule 

resides inside the CD cavity. Since then, NMR studies have been widely used to characterize 

inclusion complexes and determine stoichiometry. The method of continuous variation is used 

to determine the stoichiometry of the system. For example- The researchers192 have used this 

method to determine the stoichiometry of the β-sitosterol:βCD inclusion complexes. Briefly, 

it involves preparing a series of solutions containing both the host and the guest in varying 

proportions and the total concentration of the host and guest solutions are kept constant in 

all solutions. The observed parameter is a host or guest chemical shift that is sensitive to 

complex formation. The plot of Δδ x [β-CD] against a mole fraction of β-CD, (r=m/[m/n]), 

where m and n represent the stoichiometric ratio of βCD and β-sitosterol. From this data, it 

was determined that due to the fact that the plot shows a maximum value at r=0.5, it could 

be concluded that the β-sitosterol: βCD complex exists in a 1:1 stoichiometric ratio.  

1.9.2 Fourier Transform Raman spectroscopy 

FT-Raman technique; very similar to FTIR, spectra show characteristic wavenumber 

frequencies in the stretching and bending of the key chemical bonds of a molecule. In the 

comparison between pure drug/any guest, pure CD, CD-drug physical mixture and CD-drug 

inclusion compound, the spectrum of the physical mixture is an overlay of each pure 

component spectra. However, in the inclusion compound, there are shifts in absorbance 

bands to a lower frequency, increases or decreases in intensity, and broadening of bands 

involved in the formation of hydrogen bonds due to the CD-drug interaction193-197.  

1.9.3 Powder X-ray diffraction 

XRD is a solid-state characterization technique used to identify phases of a crystalline 
compound and can provide information on the unit cell dimensions of a crystalline lattice. 
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Changes in the crystallinity will be observed if an inclusion complex is present, although it is 
important to consider polymorphic transformations which may occur in the drug molecules 
during the complex formation processing. The diffraction pattern of a physical mixture is 
typically a sum of each component’s pattern, while diffractogram of inclusion compounds 
display a new pattern not seen in the pure components. Often in the diffraction pattern of an 
inclusion compound a smooth, broad peak is observed which indicates the presence of an 
amorphous compound devoid of crystallinity. This is generally taken as an indication of a true 
complex. 

 
1.9.4 Differential Scanning Calorimetry 

 
DSC can be used to determine the melting temperature of crystalline inclusion complexes. 
when a guest molecule is encapsulated in CD’s cavity, the complex has a melting, boiling, or 
sublimation points that are generally different from the individual components. Pandit et al198 
studied pioglitazone/CD inclusion complexes prepared by spray drying and kneading methods. 
The DSC thermograms displayed endothermic peaks at 201.9° and 68.13° for pure pioglitazone 
and methylated-β-CD, respectively. The complexes prepared by different methods displayed 
one endothermic peak. the complex prepared by the kneading method showed a peak at 
181.1°C, while those prepared by the spray-drying method showed a peak at 154.1°C. It was 
concluded that the disappearance of the pioglitazone’s endothermic peak in these systems 
indicated the formation of a true inclusion complex. Other authors181,199,200 have also reported 
that CD inclusion complexes with a variety of guest drugs/molecules exhibit the disappearance 
of the characteristic endothermic peaks of the guest molecule.  
 

 1.10 Aromatic hydrocarbons (AHs) 
Aromatic hydrocarbons are organic compounds consisting of only carbon and hydrogen. They 

are chemically composed of two or more fused aromatic rings like benzene. In simpler terms 

we can say, if the planar cyclic molecule containing certain number of 𝜋 electrons , satisfies 

the Huckel’s rule201,202 ( 4n+2, n=1,2…)  The arrangement of these rings could be linear, cluster 

or angular. They are classified into two categories – “small PAH’s” and “large” PAH’s. Small 

PAH’s contain up to six aromatic rings arranged in different fashions whereas large PAH’s have 

more than six aromatic rings. Single or double rings aromatic compounds like benzene and 

naphthalene and their derivatives such as toluene, fluorobenzene, β-naphthol respectively are 

not considered as PAH’s. They are being considered as Monocyclic or bicyclic aromatic 

hydrocarbons. 

PAH’s are generally characterized by properties like high melting and boiling points, low 

vapour pressure and very low aqueous solubility (decreases with increasing molecular 

weight). Aqueous solubility of PAH’s decreases with addition of a new aromatic ring. They are 

highly lipophilic that’s why are very soluble in organic solvents. The other properties include 

light sensitivity, heat resistance, conductivity, emit resistance and corrosion resistance. The 

most common uses of PAH’s are intermediaries in pharmaceuticals, agricultural products, 

thermosetting plastics, photographic products, lubricating materials and other chemical 

industries. 

1.10.1 Sources of Aromatic hydrocarbons in the environment  
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The main sources of aromatic hydrocarbons such as benzene203-205 and naphthalene206-208 and 

other Polycyclic aromatic hydrocarbons209,210 (PAH’s) are incomplete combustion of organic 

materials like coal, oil, wood or either by natural combustion sources like forest fires or man-

made combustion sources like automobile emissions or cigarette smoke. The major sources 

of PAH’s to the environment are of three different types namely: pyrogenic, petrogenic and 

biological.  

(a) Pyrogenic PAHs- formed when organic substances are exposed to high temperatures 

under low or no oxygen conditions. e.g- destructive distillation of coal, thermal 

cracking of petroleum, incomplete combustion of fuels in vehicles and incomplete 

burning of wood in the forest. They are generally found in urban areas with higher 

concentrations and locations near some industry or refinery. 

(b) Petrogenic PAHs- They are formed during crude oil maturation. The main sources are 

oceanic and fresh water oil spills, underground or above ground storage leakages. 

Petrogenic PAHs are common due to large scale use of transportation, use of crude oil 

and crude oil products. 

(c) Biological production- they are not very common but still synthesised by certain plants 

and bacteria or formed during degradation of vegetative matter. The mode of 

formation can be either natural or anthropogenic.  

The few examples of natural sources are forest or brush fires, bacterial or algae synthesis, 

volcanic eruptions, petroleum seepage, etc. anthropogenic sources include automotive 

emissions, cigarette and cigar smoke, aircraft exhaust, petroleum product spills, sewage 

sledge etc. 

1.10.2 Occurrence of PAH in the living environment 

PAH’s enter the food chain through terrestrial and aquatic environments. PAH’s can be added 

to soils if fill materials contain PAHs. Once they are deposited onto the earth’s surface, they 

can become mobile. The octanol-water partitioning coefficient determines the sorption of 

PAHs to soils as it is related to solubility of an organic compound in water211. Living beings 

especially mammals can absorb PAH’s by various routes like inhalation, skin contact and 

ingestion whereas plants can get exposed to PAH’s from soils through roots and can also 

translocate them to other plant parts. They are moderately persistent in the environment and 

can be bio-accumulated in aquatic plants and animals212-214. 

PAHs are lipophilic in nature and are generally have a very poor aqueous solubility but they 

can accumulate in lipid tissues of plants and animals. Heavier PAH preferentially associate with 

particulate matter, when particulates fall out into surface water the adsorbed PAH finally end 

up in fresh water or marine sediments. The main route of human exposure to sedimentary 

PAHs is through marine lives which make up part of the human diet. PAH’s contained in 

sediments and pore water are taken in by the benthic organisms215,216 such as lobsters, 

mussels and clams which are either consumed directly humans or are consumed by higher 

predators which are also a part of the human diet, such as fish, crabs, squid etc. 

1.10.3 Effect on human health 

PAHs are generally known for their carcinogenic217, mutagenic218 and teratogenic properties 

and therefore pose a serious threat to the health and wellbeing of humans. Due to these 
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reasons, PAHs are listed as the priority substances to be detected in the environment by the 

E.U. WFD219 and by the United States Environment Protection Agency220. When a person is 

exposed to PAHs, the exposure will be to the whole group and never to single PAHs. Once the 

PAHs enter the organism they require a multistep metabolic activation by specific enzymes. 

Most metabolites of PAH are excreted in faeces and urine. Mixture of PAHs are known to cause 

short term effect like skin irritation and inflammation. Anthracene, benzo(a) pyrene and 

naphthalene are direct skin irritants. The frequent exposure can cause long term health effects 

such as decreased immune function, cataracts, kidney and liver damage, breathing problems 

and lung function abnormalities. Metabolites like epoxides221 and dihydrodiols222 of some 

PAH’s can bind to cellular proteins and DNA. Occupational studies223 of workers provide the 

evidence of carcinogenic nature of PAHs to humans. 

1.10.4 Detection of Aromatic hydrocarbons in the environment 

There are many different analytical methods to detect the presence of aromatic hydrocarbons 

in the environmental samples. In 1976, a group of researchers224 published an article providing 

details about determination of PAHs in atmospheric particulate matter by high pressure liquid 

chromatography (HPLC) coupled with online fluorescence detection followed by another 

group225 that used reversed phase liquid chromatography(LC). For soil samples, the 

researchers226 have used the techniques like high resolution gas chromatography-mass 

spectroscopy (HRGC-MS) and liquid chromatography fluorescence detection (LC-FD). The 

water samples were treated by ultrasound-assisted emulsification microextraction (USAEME) 

method227 by dispersive liquid–liquid microextraction (DLLME)228, gas chromatography-mass 

spectrometry229 and also by analytical methods explained by Manoli et al.230  

After considering the literature for detection and determination of aromatic hydrocarbons in 

the environment, we can conclude that despite the benefits in sensitivity and reliability of 

these techniques they are not applicable for real-time monitoring of the chemical pollution. 

As a consequence, there is a great interest in developing alternative analytical methods such 

as chemical and biochemical sensors, noting that later approach of sensing tools could be 

applied for on-site and in-situ monitoring of environmental quality. 
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Chapter-2 Materials and Methods 

2.1 Introduction 
In this part of the thesis we have explained step by step the descriptions of the methods used 

for the preparation and analysis of the inclusion complexes between βCD and guest molecules. 

The first step was to study the interaction between βCD and linear alcohols followed by βCD 

aromatic molecule studies. The methods chosen here are appropriate, effective and widely 

used and are available in the laboratory. We have carried out the studies in liquid (solutions) 

as well as in the solid states (powders). In solutions, the formation of the complexes was 

studied using 1H NMR. The results obtained have allowed us to determine the stoichiometry 

of the complex in solutions by Job’s method. The complexation results are considered as the 

basis of complexation in condensed matter. After obtaining convincing results in liquid state, 

in the next step we prepared fine crystalline powder in the solid state and analysed them using 

Thermal analysis (DSC) and powder X-ray diffraction. The main reason to use these methods 

was to quickly check the formation of an inclusion complex. Another approach taken to 

analyse the solid samples is by Raman Spectroscopy. In order to understand the behaviour of 

molecules in the system lastly, we performed molecular modelling studies with two main 

objectives: firstly, we simulated Raman Spectra in order to help normal mode attributions and 

secondly, we applied semi empirical methods to check the stability of the complexes in 

comparison with the experimental results. 

To carry out this thesis, the prime step was to understand the role of each component taking 

part in complexation. For that, we prepared different solutions namely βCD in D2O to know 

the NMR spectrum, Linear alcohols in D2O, Mixture of βCD and linear alcohols solutions 

prepared in D2O separately to check the inclusion of their hydrophobic part inside the βCD 

cavity, mixture of βCD and aromatic compounds solutions prepared in D2O separately and also 

in ethanolic aqueous mixture (to interpret the solubility issues of aromatic hydrocarbons). 

Aromatic hydrocarbons are non-polar compounds whereas water is highly polar in nature. 

Therefore, the solubility issues came into our notice. As we know, Like dissolves like, the idea 

of adding linear alcohols to the aqueous solution resolved the solubility issue to some extent. 

βCD (Cyclolab R&D.Ltd., Budapest, Hungary MW 1135.0) was used as received. Higher linear 

alcohols (>4C) were obtained from Aldrich (Pentanol ≥99%, heptanol-98%, Nonanol-98%, 

Decanol- 99%, undecanol 99%) Merck (Methanol, Ethanol, Propanol, Butanol and Octanol). 

D20 (99.9 %) for NMR studies was purchased from euriso-top). All the chemicals were used as 

received. 

 

P.S – βCD was used as received to carry out all characterization studies. 
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2.2 Liquid state studies: 1H NMR analysis of the Stoichiometry of the Host and 

guest complexes 
2.2.1 Introduction and Principles of Nuclear Magnetic Resonance 

Nuclear magnetic resonance commonly referred as NMR was first observed in 1937 by Nobel 

prize winner physicist Isidor Issac Rabi. Since the day this technique was first introduced in the 

field of chemistry, its use has grown and become essential to study the structures, dynamics 

and chemical environment of molecules. This non-destructive technique exploits the magnetic 

properties of certain nuclei to study chemical, physical and biological properties of matter. For 

our studies, this technique has proved to be most important for structural elucidation of the 

systems in solution state. Also, another important motive to use this technique is to 

understand the driving forces and binding modes in the non-covalent associations followed 

by the ideal use of these factors for new applications. This structural depiction is essential for 

supramolecular host-guest systems for better understanding of their applications in different 

fields of medicine1-4, cosmetics, Food chemistry5-7, Pharmacy8-14, catalysis15, encapsulation of 

organic pollutants16,17 etc. 

In the previous chapter, we have given a quick overview on CDs and about the objective of 

this thesis. This section will be devoted to the first step analysis i.e evidence of inclusion 

complex formation in the liquid state by 1H NMR. Nuclear Magnetic Resonance (NMR) is the 

technique used to study the chemistry between the β-CD and the other guest molecules and 

would give us a brief idea about the stoichiometry of the complexes under observation. 

Previously, not many researchers tried to carry out this type of study with longer alcohols but 

few were able to publish results with shorter alcohols chains18. The studies with different kinds 

of alcohols have also been reported that were carried out with different objectives19-23. The 

advancements in the technique would help in better understanding of the ternary system.  

2.2.1.1 Principle of NMR 

The principle of NMR technique is based on the magnetic properties of the nuclei of atoms 

which can be utilized to yield chemical information. The subatomic particles like protons, 

neutrons and electrons have spin. In some atoms, e.g- 12C, 16O,32S the spins are paired and 

cancel each other out such that the nucleus of the atom has no overall spin. However, in many 

atoms like – 1H, 13C, 31P, 15N, and 19 F. The nucleus does possess an overall spin. In order to 

determine the spin of a given nucleus the following rules can be followed: 

If the number of neutrons and the number of protons are both even, the nucleus has no spin. 

Nuclei having both charge and mass number even (no. proton=no. of neutrons= 2n, n=1,2,3 

etc.) have zero spin quantum number. Nuclei having odd charge number and even mass 

number have integral spin quantum number. Nuclei with odd mass number have half integral 

spin. 
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Figure 2.1 : Energy levels of a nucleus with spin quantum number. 

In quantum mechanical terms, in presence of external magnetic field of strength B0, the 

nuclear magnetic moment of a nucleus will align either with or against the applied magnetic 

field B0. In other words, we can say that a nucleus of spin I (overall spin) will have 2I+1 possible 

orientation. A nucleus with spin 1/2 will have two possible orientations. In the absence of an 

external magnetic field, these orientations are degenerate i.e they possess equal energy. On 

applying the magnetic field, these energy levels will split into two, with m= - 1/2 and m= 1/2 

(Figure 2.1). Negative value of m corresponds to the orientation of the nuclei in the direction 

of magnetic field applied and for positive value vice versa. 

If a magnetic field is applied, then the energy levels spilt. Each level is given a magnetic 

quantum number, m. 

The spinning of a nucleus is equivalent to the circulation of a positive charge around the axis 

of spinning. This, in turn produces a tiny magnet placed along the spin axis resulting in 

generation of small magnetic field. The nucleus therefore is comprised of a magnetic moment, 

μ, which is proportional to its spin I. 

The relationship between μ and I can be expressed as: 

𝝁 =
𝜸𝑰𝒉

𝟐𝝅
          (1) 

 

Where, 

𝛾 = 𝑔𝑦𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 

ℎ = 𝑃𝑙𝑎𝑛𝑐𝑘′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

The constant, 𝛾, is called gyromagnetic ratio and is a fundamental nuclear constant which 

has different value for every nucleus.  

 

The energy of a nucleus placed in a magnetic field B0 is given by the relation 
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𝑬 = −
𝜸𝒉𝒎𝑩𝟎

𝟐𝝅
          (2) 

The energy difference between the two nuclear levels can be expressed as: 

∆𝑬 =
𝜸𝒉𝑩𝟎

𝟐𝝅
          (3) 

The above relation implies that ΔE and B0 are directly proportional to each other. It also means 

that if a nucleus has a relatively large gyromagnetic ratio, then ΔE is also correspondingly large 

(Figure 2.2). 

When placed in the magnetic field, the charged particle will precess (change in the orientation 

of the rotational axis of a rotating body) about the magnetic field. In NMR, the charged 

nucleus, will then exhibit precessional (Figure 2.3) motion at a characteristic frequency known 

as the Larmor Frequency, which is identical to the transition frequency. The Larmor frequency 

is specific to each nucleus. 

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 : Effect of magnetic field on the energy gap between two possible states adopted by a 

spinning nucleus. 
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 Figure 2.3 : Spinning motion of a nucleus on its axis.  

 

The potential energy of the precessing nucleus can be written as: 

𝐸 = −𝜇 𝐵 𝑐𝑜𝑠 𝜗 

Where θ = angle between the direction of the applied magnetic field and the axis of the 

nuclear rotation. 

If the nucleus absorbs some energy, then the angle of precession, Ɵ, will change. For a nuclear 

spin of 1/2, absorption of radiation ‘switch’ the magnetic moment (it goes to higher energy 

state) so that it opposes the applied field (Figure 2.4). 

 

          

 

 

 

 

 

 

 

 

Figure 2.4 : Flipping of the magnetic moment on absorption of energy. 

Transition from one level to another can take place in either directions, i.e the nucleus can be 

promoted from the lower energy level to the upper one (upward transition) with the 
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absorption of radiation and also it can come back from the upper level to the lower level 

(downward transition) with emission of radiation. It can be expected statistically, that the rate 

at which transitions from a level takes place depends on the population of the level. The occurs 

a net absorption if one type of transition is more than the other. 

The widest application of NMR is in the field of organic chemistry where it has been employed 

for the structural elucidation of organic compounds. The only widest distributed magnetic 

active nucleus in organic compound is the hydrogen atom whereas the other atoms like 12C 

and 16O are the magnetic inactive atoms and do not exhibit any NMR signals. 

The structure elucidation of organic compounds is based on two principles. These are the 

Chemical Shift and the spin-spin Interaction. 

2.2.1.2 Chemical Shift 

When we talk about supramolecular entities, the nuclei are not present as single nuclei but 

are associated with electronic clouds. 

The different types of nuclei (1H, 13C, 19F,31P) absorb radiation of suitable wavelength when 

exposed to external magnetic field (B0), where the electrons of the atom circulate about the 

direction of the applied magnetic field. Also, this circulation causes a small magnetic field at 

the nucleus which opposes the externally applied field. So, the magnetic field experienced at 

the nucleus is less than the applied field by a fraction σ 

𝐵 = 𝐵0(1 − 𝜎) 

Where,  

B0= external magnetic field 

B=observed magnetic field 

σ = Shielding Constant 

In practice, we define chemical shift of a sample as 

𝛿 =
𝐵𝑠𝑎𝑚𝑝𝑙𝑒−𝐵𝑟𝑒𝑓

𝐵𝑜
∗106 ppm 

Since B ∝ ט ( 𝐸 = ℎ𝑣 =
𝛾ℎ𝑚𝐵

2𝜋
) 

hence 

𝛿 =
𝑇𝑀𝑆ט− 𝑠𝑎𝑚𝑝𝑙𝑒ט

0ט

∗106 ppm 

Where the reference compound commonly used is Tetramethylsilane (TMS). TMS contains 12 

protons which are all equivalent and 4 carbons which are also equivalent. This means that it 

gives a single, strong signal in the spectrum, which turns out to be outside the range of most 

other signals, especially from organic compounds. For the analysis, the chemical shift scales 

are allocated zero value at the TMS peak, but now residual solvent peaks are used for 

calibrations of most of the spectra. For our results, deuterated solvent D2O (99.9%) is used 

which produces a peak in proton NMR. 
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2.2.1.3 Spin-Spin Interaction for 1H NMR spectroscopy 

The interaction between the spins of neighbouring nuclei in a molecule may cause the splitting 

of NMR spectrum. This phenomenon is known as spin-spin interaction. The splitting pattern is 

related to the number of equivalent hydrogen atom at the nearby nuclei. 

The magnitude of the splitting between the lines of a given multiplet is given by the spin-spin 

coupling constant J. The scalar coupling J is a thorough bond interaction, in which the spin of 

one nucleus polarizes the spins of the intervening electrons and the polarized electrons 

distresses the energy levels of the magnetic nuclei in the close proximity. This leads to a 

lowering of the energy of the neighbouring nucleus when the perturbing nucleus has one spin 

and increase in energy when it has the other spin. The J coupling (in Hertz) is always constant 

at different external magnetic field strength and is mutual (JAB=JBA) for nuclei A and B with a 

non-zero spin. The magnitude of J decreases rapidly as the number of intervening bond 

increases as the effect is usually transmitted through the bonding electrons. 

Spin-spin coupling constants can be affected by a number of factors like hybridization of the 

atoms involved in the coupling, the bond angles, the dihedral angles, the C-C bond lengths and 

substituent effects (electronegativity, neighbouring bond and lone pair effects). The signs of 

coupling constants show some consistency. 

 1JC-H and many other one-bond couplings are positive. 

 2JH-H in sp3 CH2 groups are negative, some others are positive. 

 3JH-H is always positive. 

The multiplicity of the peaks of a group of equivalent protons is determined by the 

neighbouring protons. In general, if n equivalent protons interact or couple with the protons 

on an adjacent carbon atom, the resonance peak splits into n+1 peaks or signals. Also, protons 

of the same group do not interact among themselves to cause observable splitting. 

The proton-NMR spectrum of a molecule thus gives information about 

a) The number of peaks which enables us to know about the kinds of protons present in 

a molecule. 

b) The positions of the peaks which tells us about the electronic environment of each kind 

of proton. 

c) The intensities of the peaks which tell us about the number of protons of each kind 

that are present and  

d) The splitting of the peak into several peaks which tells us about the environment of 

each kind of a proton with respect to other nearby protons in the molecule. 

 

2.2.2 Experimental Set Up 

In NMR spectrometers (Figure 2.5), the rotating secondary magnetic field if produced by 

sending the output of a radiofrequency oscillator through a helical coil (solenoid) of wire 

whose axis is perpendicular to the direction of the main magnetic field. The latter is generated 

with the help of an electromagnet. The sample under study is placed in a glass tube positioned 

along the axis of the coil. An electric current passing through such a coil produces magnetic 

field on its centre and directed along the axis. This magnetic field reverses its direction with 
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the same frequency as the current from the oscillator. This alternating magnetic field is 

equivalent to two rotating magnetic fields which are operating in opposite directions with the 

same frequency. One of these directions is the same as that of the precessional motion of the 

nucleus and this rotating field acts as a secondary magnetic field. When the frequency of the 

alternating current supplied to the coil and the magnetic field experienced by the nucleus have 

values equal to the frequency of separation between the two levels, a condition of resonance 

exists and thereby the nucleus can either absorb or emit energy from the secondary magnetic 

field. As stated earlier, there will be a net absorption of energy as the ground level is more 

populated than the excited level. 

The above resonance phenomenon can be achieved by either of the following types: 

1. By varying the frequency of the oscillator keeping the external magnetic field constant. 

2. By varying the external magnetic field keeping the frequency of the oscillator constant. 

In the former, the Larmor frequency to be kept at a constant value and varying the external 

circulating magnetic field till it becomes equal to the Larmor precessional frequency. However, 

in the latter, the frequency of the external circulating magnetic field to be kept constant and 

to vary the Larmor frequency till it becomes equal to the frequency of the external circulating 

magnetic field. 

 

 

 

Figure 2.5 : Experimental setup for NMR. 

1H NMR spectra were recorded with Bruker Ultra ShieldTM plus 400 MHz instrument at 298 K 

temperature in a deuterium oxide (D2O) solution (99.9%, Eurisotop). Tetramithylsilane (TMS) 

was used as reference for all βCD: alcohols and βCD: aromatics spectra registered. For the 

analysis, the chemical shift scales are allocated zero value at the TMS peak, but the residual 

D2O deuterated solvent water peaks are used for calibrations of most of the spectra. 

 

2.2.3 Method of Continuous Variation (Job’s method) 
2.2.3.1 Principle of the Job’s method 
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In this method, we keep the total number of moles of reactants constant throughout a series 

of mixtures and reactants, but varies the mole fraction of each reactant from mixture to 

mixture. This method can be applied theoretically as well as experimentally to show 

classification of inclusion complexes24. Many researchers have used this method to confirm 

the stoichiometry of the inclusion complexes formed by βCD with different guests by U.V 

spectroscopic studies, NMR studies or fluorescence studies11,25-35. In the recent times, 

researchers have also developed modified Job plot methodology for the host-guest 

stoichiometry determination and one such method is called MacCarthy method36,37. This 

method provides fast and easy means to determine host-guest stoichiometry or in other 

words we can say – this method uses ‘shortcuts’ in the method of continuous variation. There 

are certain limitations of job’s method38 like – it fails when more than one compounds are 

formed in the system yet it is still primarily used. The method has also been used to study the 

molecular formulas determination in case of ionic species39 or other complex formations40,41. 

The stoichiometry of the complexes formed with higher linear alcohols (6 C to 11 C) were 

determined by method of continuous variation or job’s method42. 

For the study of a reaction: 

𝑛𝐶𝐷 + 𝐺 ↔ 𝐺: 𝐶𝐷n    

The association constant of the inclusion complex can be written as: 

𝑘 =
[𝐺:𝐶𝐷𝑛]

[𝐺][𝐶𝐷]𝑛
         (1)  

          

Where, 

[G:CDn] = complex concentration 

[G] and [CD] = concentration of free G and CD in the mixture 

Let [G]t and [CD]t be the total concentration of G and CD in the sample, we can further write, 

[G]= [G]t- [G:CDn]                                                               (2) 

[CD]= [CD]t- n[G:CDn]              (3) 

The method of continuous variation imposes two conditions, 

a) The initial concentration of the solutions to be identical, and 

b) Solutions should be mixed by keeping the total volume constant 

 

This results in: 

[G]t + [CD]t = M              (4) 

Where M is the total concentration of the mixture 

 r = [G]t / [G]t + [CD]              (5) 

where r= the molar proportion of the guest molecule (0<r<1) 
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the concentrations of free species then can be deducted from the following relationships: 

[G] = rM – [G :CDn]               (6) 

[CD] = M(1 – r) – n [G:CDn]              (7) 

The complex concentration [G:CDn] is therefore a function of r and it passes through a 

maximum when the derivative d[G:CDn]/dr is zero. The derivation of equations (1), (6) and (7) 

with respective to r leads to the following relations. 

[CD]. d[G]/dr + n.[G]. d[CD]/dr = 0             (8) 

d[G]/dr = M                (9) 

d[CD] = - M               (10) 

these three equations can be combined into one: 

[CD] = n[G]                (11) 

Using equations (6), (7) and (11), we obtain, a unique solution and the maximum complex 

concentration is obtained for r=1/(1+n) 

This relationship does not depend on the association constant Ka or the value of the 

concentration M. 

For the study of inclusion complexes, we are in rapid exchange with respect to the observation 

time. We can write the following relation. 

P(G)obs.[G]t = P(G)c. [G: CDn] + P(G)f.[G]            (12) 

Where P(G)obs, P(G)f and P(G)c represent respectively, the value for the observed parameter and 

its value in the free state and in the pure complex. In all of the following studies, we will only 

consider parameter variations observed with the following conventions 

ΔPobs = Pobs - Pf 

ΔPc = Pc - Pf 

Equation (12) becomes  

ΔP(G)c. [G :CDn] = ΔP(G)obs.[G]t 

ΔP(G)obs , being proportional to [G :CDn], so  it is a function of r. The plot of the function f(r) 

= ΔP(G)obs.[G]t must then pass through a maximum of r = 1/(1 + n) and make it possible to 

determine  n. The same procedure can be followed for the compound [ CD] and thus confirm 

the stoichiometry. 

This method is applied in UV, in fluorescence, in NMR, where the parameter P is the 

absorbance, fluorescence intensity or the chemical shift variation. In NMR, the determination 

of n is done by recording a series of 1H spectra in 1D and then we follow the variations of the 

chemical shifts of the CD protons or the guest molecule that have to move with the change of 

the CD concentration and the G.  

Are: 
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δl = the chemical shift of a proton of the guest molecule or (CD) free      

δc = the chemical shift of the same proton in the mixture G:CD                                                                                                                                         

   

Δδobs = δl – δc 

Then, by comparing Δδobs x [G]0 (or [CD]0) as a function of r, we obtain a bell-shaped curve 

centered on a rmax value.  

With: 

[G]0 = initial concentration of the molecule included 

[CD]0= initial concentration of the cyclodextrin 

From rmax, we can determine n 

For example, if rmax =0.5 

                         rmax= 1/(1+n) = 0.5 
if, n=1 

so, we can say that there is formation of type 1:1 of inclusion complex 

The maximum point of the curve obtained shows the stoichiometry of the complex when the 

concentrations are high. For our studies, we have taken 10mM concentration of both the 

solutions which were mixed together in different volume ratios by keeping the total volume 

in the tube constant in all the cases. The typical shape of the job’s plot can be seen in the 

following Figure 2.6 for 1:1, 1:2 and 2:1 stoichiometry. 

The peaks obtained for βCD in D2O are taken as reference for job’s plot calculations. All the 

solutions prepared for different volume ratios of βCD and guest molecule mixture are 

compared to the reference peaks and chemical shift is calculated. The chemical shift values 

are then plotted against mole fraction of βCD. 
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Figure 2.6 : Graphical representation of job’s plot showing (a)1:1 (b) 2:1 and (c) 1:2 complexations 

respectively. 
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2.2.3.2 Sample preparation for NMR studies (βCD:Alcohols) 

10 mM solutions of βCD and alcohols were prepared separately in D2O. The two solutions 

were mixed with different volume ratios (Table 2.1) keeping the final volume of the solution 

to 500 µl for each sample. 

No. of sample Volume of 10mM 
βCD solution (µl) 

Volume of 10mM 
alcohol solution 

(µl) 

Volumetric 
fraction of βCD 

(RβCD) 

Volumetric 
fraction of 

alcohol (Ralc.) 

1 450 50 0.9 0.1 

2 400 100 0.8 0.2 

3 350 150 0.7 0.3 

4 300 200 0.6 0.4 

5 250 250 0.5 0.5 

6 200 300 0.4 0.6 

7 150 350 0.3 0.7 

8 100 400 0.2 0.8 

9 50 450 0.1 0.9 

Table 2.1 : The different mixtures of solution prepared for βCD and linear alcohols. 

2.2.3.3 Sample preparation for NMR studies (βCD:Aromatics) 

10mM solutions of βCD and Alcohols were prepared separately in D2O and 30%ethanolic D2O 

respectively. The two solutions were mixed with different volume ratios keeping the final 

volume of the solution to 500 µl for each sample (Table 2.2). 

No. of sample Volume of 10mM 
βCD solution (µl) 

Volume of 10mM 
aromatic 

solution (µl) 

Volumetric 
fraction of βCD 

(RβCD) 

Volumetric 
fraction of 

aromatic (Rarom.) 

1 450 50 0.9 0.1 

2 400 100 0.8 0.2 

3 350 150 0.7 0.3 

4 300 200 0.6 0.4 

5 250 250 0.5 0.5 

6 200 300 0.4 0.6 

7 150 350 0.3 0.7 

8 100 400 0.2 0.8 

9 50 450 0.1 0.9 

Table 2.2 : The different mixtures of solution prepared for βCD and Aromatic hydrocarbons. 

2.2.4 1H NMR in structural analysis of CDs and their inclusion complexes 

NMR is one of the major technique used for studying the structural and molecular interactions 

of biomolecules. Before studying the CD interactions, the assignment of NMR signals of the 

molecules must be achieved. The assignment of 1H resonances to their corresponding protons 

atoms is usually achieved by using different 1D or 2D NMR experiments. There are many 

hydroxyl protons in CDs and they are potentially important for conformational studies since 

they can be involved in intra- and inter molecular hydrogen bond interactions. Most of the 

structural studies of CD by NMR studies are done in D2O solutions. In this solvent, the hydroxyl 
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protons are not observed in 1H NMR spectra due to exchange with deuterium. The 

glucopyranose unit is presented in the Figure 2.7. 

Chemical shift is one of the parameter of protons which is used to investigate conformation 

of CDs. It provides information on the grade of shielding and deshielding. Upfield shifts are 

indicative of reduced hydration while downfield shifts are observed for hydrogens in proximity 

of ring oxygen or other hydroxyls. The observed chemical shift is the combined effect of 

hydrogen bonding that will give a downfield shift and reduced hydration that gives an uplift 

shift. 

H3 and H5 protons are located in the interior of the CDs cavity (Figure 2.8) and it is therefore 

likely that the interaction of the host with the βCD inside the cavity will affect the chemical 

shifts for H3 and H5 protons. This, in turn, can provide a rational for inclusion processes.  

 
Figure 2.7 : Glucopyranose unit with atoms numbering. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 : Positions of different Hydrogens in a CD molecule. 
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The technique is so much useful for structural determination that it has been used as one of 

the fundamental technique to study CD inclusion complexes 

5,0 4,8 4,18 3,96 3,74 3,52

  

 

Chemical Shift (ppm)
 

Figure 2.9 : 1 H NMR experimental spectrum of βCD (10mM) solution in D2O. 

The proton NMR studies of βCDs inclusion complexes were first successfully studied in 1970 

by Demarko and Thakkar25. This study considered as the fundamental for the NMR 

spectroscopy analysis. Scientists and Researchers are using this technique till date and 

explaining inclusion complex phenomena in different fields. A complete analysis of the NMR 

studies of cyclodextrins and cyclodextrin complexes by Schneider et al. is also available43. 

By following the previous results about the C1 shape of the glucose units (Figure 2.7), they 

explained the effect of inclusion for all different types of protons βCDs contain. There are six 

types of protons present in an un-complexed βCD. The H-3 and H-5 protons are present 

towards the interior of the molecule and H-1, H-2 and H-4 located on its exterior. If the 

inclusion occurs, protons located inside the cavity or near will be highly affected or becomes 

strongly shielded. On the other hand, if the binding of the guest molecules takes place at the 

periphery or at the exterior of the molecule the protons present there will be strongly 

affected. The phenomenon of inclusion can be seen by shifting in the peaks positions of the 

respective protons. 

The 1D NMR experiment was recorded for βCD 10mM solution in D2O (Figure 2.9). In the 1H-

NMR spectra we can see isolated peaks for H1, H2, H3 and H4 while H5 and H6 are overlapped. 

The peaks corresponding to the OH groups are not present due to the fast exchange between 

the displacing hydrogens and the deuterium atoms from D2O. 

 This spectrum shows the most shielded (H4) and the deshielded (H1) protons. The surface 

area of the absorption peak is proportional to the number of protons involved. The chemical 

shifts corresponding to all the protons for αCD, βCD and ϒCD were observed experimentally 

and are listed in the Table 2.3. 
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 H1 H2 H3 H4 H5 H6 
α – CD 4.94 3.51 3.87 3.46 3.73 3.80 

β –CD 4.94 3.52 3.84 3.46 3.73 3.75 

ϒ –CD 4.99 3.54 3.82 3.47 3.73 3.76 

Table 2.3 : Experimentally Observed 1H-NMR chemical shifts, (δ ppm), of C-H protons in 

unsubstituted CDs in D2O. 

In the first step of our research, the focus was on the insertion of linear hydrophobic chain of 

alcohols inside the CD’s cavity. This fundamental part was done to observe the behaviour of 

complexation, stoichiometry, host-guest size selectivity and dependency. The homologues 

series of linear aliphatic alcohols have been tried to make complexes with βCD. Similar method 

has been carried out with all the alcohols starting from methanol (1C) to Undecanol (11C). 

While doing the experiments with smaller alcohols (till 4C), no significant shifts in the position 

of hydrogen (H3 and H5) which are present inside the cavity have been noticed. This concludes 

that the smaller alcohol molecules act as solvent molecules. Their presence can be observed 

anywhere around or inside the cavity. No real inclusion complexation is thus observed. In the 

case of higher alcohols (≥5C till 11C), we have observed notable changes in the peak positions 

of internal hydrogens which means the alkyl chain, that has entered the cavity is long enough 

to disturb the internal orientation where some new non-covalent bonds are in the making as 

well as breaking from the uncomplexed CD. 

2.2.5 Proton NMR Spectrum of alcohols 

The spectrum of a linear alcohol (e.g for hexanol, Figure 2.10) contains different types of 

protons (in different chemical environments) such as hydroxyl (OH), methylene (CH2) and 

methyl (CH3) groups. The number of peaks and chemical shift changes with addition of new 

carbon and hydrogens as we go higher in the series. 

In general, liquid alcohols consist of hydrogen bonded chains of molecules. The results have 

been experimentally tested with X-ray technique by a group of researchers44. While forming 

an inclusion complex, the peaks observed around 3.5 ppm are superimposed with H2 and H4 

peaks of the βCD entity. Furthermore, the peaks around 1.5 ppm are related to the aliphatic 

part of the linear alcohol are specific to these compounds. Table 2.4 lists the position and 

multiplicity of the proton NMR peak in all higher alcohols studied. 



69 
 

3,6 3,4 1,50 1,25 1,00 0,75

OH

 

 

Chemical Shift (ppm)  
Figure 2.10 : Observed proton NMR spectrum of Hexanol. 

 

Alcohol Chemical shift 
(ppm) 

Multiplicity 
 

Methanol 3.22 Singlet 

Ethanol 3.53 
1.05 

Quartet 
Triplet 

Propanol 3.43 
1.43 
0.77 

Triplet 
Sextet 
Triplet 

Butanol 3.48 
1.40 
1.23 
0.77 

Triplet 
Quintet 
Sextet 
Triplet 

Pentanol 3.46 
1.42 
1.19 
0.76 

Triplet 
Quintet 

Multiplet 
Triplet 

Hexanol 
 
 
 

3.45 
1.39 
1.18 
0.72 

Triplet 
Quintet 

Multiplet 
Triplet 

Heptanol 3.45 
1.40 
1.16 
0.72 

Triplet 
Quintet 

Multiplet 
Triplet 

Octanol  3.45 
1.40 
1.16 
0.72 

Triplet 
Quintet 

Multiplet 
Triplet 

Nonanol 3.45 
1.40 

Triplet 
Quintet 
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Table 2.4. The position and multiplicity of the proton NMR peak in all alcohols studied. 

2.3. Sample preparation by Co-precipitation for solid state characterization  
2.3.1 βCD:alcohol powders 

The solutions of different stoichiometry (1:1, 1:2) were prepared.  

The βCD was dissolved in double distilled water by constant stirring on agitator (15 min) 

followed by sonication (10-12 min) to dissolve completely. The solutions were kept at 40°C in 

a thermostat for about 10 min. The next step was heating the solution at 85°C for about 15 

min in a water bath with shaking at regular intervals. The solution was cooled down to 60°C 

and preheated alcohol was added. The solution was again heated for 10 min with shaking. The 

final solution was kept at different temperatures for gradual cooling (60°C, 45°C, RT and 2-

3°C). The solution was cooled in fridge for 48 hours at least. 

After cooling, White coloured solid product was obtained in all the cases. The samples were 

them transferred to centrifuge tube, were shaken vigorously and were washed with distilled 

water and ethanol separately. The solid product obtained was put in the desiccator overnight 

to remove the moisture. The dried powder obtained was further stored at 40°C (2h) to dry 

completely. Once the samples were dried; different characterizations were performed. 

2.3.2 βCD:Alcohol:Aromatic compound 

The solutions of different stoichiometry were prepared (1:1:1, 1:2:1, 1:1:2) 

The βCD was dissolved in 30% ethanolic double distilled water by constant stirring on agitator 

(15 min) followed by sonication (10-12 min) to dissolve completely. The solutions were kept 

at 40°C in a thermostat for about 10 min. The next step was heating the solution at 85°C for 

about 15 min in a water bath with shaking at regular intervals. the solution was cooled down 

to 60°C and preheated alcohol was added. The solution was again heated for 10 min with 

shaking. Again after cooling to 60°C, aromatic compound was added to the solution and was 

heated again at 85°C for 10 min. 

 The final solution was kept at different temperatures for gradual cooling (60°C, 45°C, RT and 

2-3°C). The solution was cooled in fridge for 48 hours at least. 

After cooling, white coloured solid product was obtained in all the cases. The samples were 

them transferred to centrifuge tube, were shaken vigorously and was washed with distilled 

water and ethanol separately. The solid product obtained was put in the desiccator overnight 

1.16 
0.72 

Multiplet 
Triplet 

Decanol  3.45 
1.40 
1.16 
0.76 

Triplet 
Quintet 

Multiplet 
Triplet 

Undecanol 3.45 
1.40 
1.16 
0.83 

Triplet 
Quintet 

Multiplet 
Triplet 
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to remove the moisture. The dried powder obtained was further stored at 40°C (2h) to dry 

completely. One the samples were dried; different characterizations were performed. 

2.3.3 Crystallisation Assays 

All solutions have been prepared by the same general protocol45,46: 10 mM of aromatic guest 

dissolved in alcohol has been added slowly along the side of the test tube to the aq. solution 

of βCD of same molar concentration to obtain an interface between the two solutions. 

Crystals were obtained by liquid diffusion after several weeks at room temperature by keeping 

the test tube undisturbed (Figure 2.11). The crystals obtained at the bottom of the test tube 

were quite large in size and were suitable for single Crystal X-ray diffraction studies. 

 

 

 

 

 

 

 

 

 

Figure 2.11 : Schematic of crystal formation at liquid-liquid interface. 

 

2.4 Solid State studies: Part 1: Thermal Characterization of the complexes 

Thermogravimetric analysis (TGA) and Differential Scanning Colorimetry (DSC) have proved as 

remarkable techniques to investigate quantitative and qualitative information about physical 

and chemical changes that involve endothermic or exothermic processes or changes in the 

heat capacity of the sample. For our studies, the samples prepared were characterized by DSC 

technique to carry out thermal studies. 

DSC measurements were performed on SETARAM DSC 92 instrument, at the heating rate of 

10K/min in the range 30-330°C. The powder samples were weighed (8-10 mg) and were set to 

measurements using aluminum crucibles. Each measurement has been done in doublet. 

2.4.1 Principle of Power compensation DSC technique 

The principle of power compensation DSC47 is based on keeping the temperatures of the 

sample and reference as equal to each other while both temperatures are increased or 

decreased linearly. To carry out the measurement two independent heating units are 

employed. The power needed to maintain the sample temperature equal to the reference 

temperature is measured. The small heating units enable faster heating, cooling and 

equilibration rates. They are fixed to a large temperature-controlled heat sink. The platinum 

resistance thermometers acting as temperature sensors, which are present in sample and 

Crystallization at 
Interface 

Aromatic hydrocarbons 
in different alcohols 

Saturated βCD solution 
in water 

Crystal growth by 
Interfacial diffusion 
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reference holders to continuously monitor the temperature of the materials. Both sample and 

reference are kept at the programmed temperature by supplying power to the sample and 

reference heaters. The instrument records the power difference needed to maintain the 

sample and reference at the same temperature as a function of programmed temperatures 

(Figure 2.12). The response time is rapid for power compensated DSC in comparison to other 

forms of DSC instruments. 

Whether more or less heat must flow to the sample depends on if the process is exothermic 

or endothermic. This technique also provides access to accurate thermodynamic data as well 

as information regarding reactivity and phase transformations. 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 : Power Compensated DSC.  

The appearance of endothermic curve occurs when heat flows into the sample as a result of 

different thermal processes like heat capacity (heating), glass transition, melting, evaporation 

or any other endothermic processes. On the other hand, exothermic curve occurs when heat 

flows out of the sample due to various reasons like heat capacity (cooling), crystallization, 

curing, oxidation or any other exothermic processes. The variation observed above the zero 

line (base) and below are termed as exothermic and endothermic transition respectively. The 

area under the peaks or the curves reveals to the amount of heat evolved and absorbed or in 

other words we can say that they are directly proportional. Also, the height of the curve 

corresponds to the rate of the reaction. 

2.4.2 DSC analysis of βCD  

These thermal methods are widely used to characterize CDs and their inclusion compounds. 

CDs generally formed hydrates (depending on the crystallization conditions). βCD exists either 

as undecadydrate or dodecahydrate where the difference is only of the distribution of these 

water molecules in the cavity. The native CDs are known to show similar thermal behaviour. 

Differences can be found in water content, onset temperatures of thermal degradation and 

the mass loss values at given temperatures. βCD is by far the most widely used, among the 

other types available. The observed thermogram of native βCD is shown in the Figure 2.13. 

Heat Sink 

Sample Reference 

Heaters 
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The thermoanalytical profile have been studied by many researchers48,49 can be divided into 

three different parts:  

1. Water loss from ambient temperature upto 120°C (temperature is shifted on the 

higher side as high energy is needed to remove the tightly bound water molecules 

inside the cavity). 

2. Above 250°C thermal degradation followed by oxidation in air, in solid state at first and 

continuing in liquid state (300°C). 

3. Lastly, ignition takes place in air above 300°C. 
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Figure 2.13 : Observed DSC thermogram of βCD. 

 

2.4.3 Thermal characterization of Inclusion compounds 

DSC technique is useful to determine the encapsulation of guest molecule by the βCD cavity 

or if the inclusion complex has formed. According to the principle of the technique, thermal 

transitions like melting point (MP) or boiling point (BP) of the guests would be observed 

indicating uncomplexed guest molecules in the solid complex. If no guests melting peaks are 

observed in the DSC scans for any of the guest in the sample suggests successful inclusion of 

guest molecule in the βCD. 

For multicomponent system such as inclusion compounds, thermal characterization methods 

are the prime consideration. This type of analysis is frequently used as standard method for 

quick initial stage investigation. The method of carrying out thermal studies of inclusion 

complexes is generally similar: comparison of thermal behaviours of single components, their 

physical mixture and the complexes prepared by following a standard procedure.  

For the study of CDs, DSC is often used to study the formation of inclusion complex. The CD: 

guest thermogram generally consists of endothermic effects at the melting/boiling 

temperatures of the guest molecules. If the melting temperature appears to be same as the 
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melting temperature of the guest molecule, then one can confirm the presence of guest in the 

solid state but it does not indicate the inclusion. If a new curve is observed at a new 

temperature, then it might be due to inclusion complex formation. 

For CD:guest inclusion complexes thermal investigations, this technique has been again used 

by different researchers for determining the behaviour in various fields of applications50,51-67. 

2.5 Solid State studies: Part 2: X-ray diffraction analysis of CDs 

Among the numerous techniques available for solid state characterization, X-ray diffraction 

technique plays an important role due to non-destructive nature and its ability to produce a 

unique pattern for any given crystalline phase. The diffraction pattern obtained can be viewed 

as ‘fingerprint’ of the phase under observation. 

XRD analysis of the powders obtained after co-precipitation in solution and under vacuum 

drying were carried out at ambient temperature using θ/2θ RIGAKU MINIFLEX diffractometer 

with CuKα radiation (1.5405 Å). Data were systematically collected from 14° to 4° in 2θ with a 

scan speed of 2°/ min in 2θ and a step size of 0.02°. Each analysis has been done in triplicate. 

2.5.1 Principle 

X-ray diffraction is based on constructive interference of monochromatic x-rays to determine 

the arrangements of atoms in a crystalline sample. Cathode ray tube are used to generate x-

rays followed by filtration of rays to produce monochromatic radiation. This radiation is 

further parallelized to concentrate and directed towards the sample. The rays reflected from 

the sample have the maximum intensity when Bragg’s law (Figure 2.14) is obeyed.  

  

 

Figure 2.14 : Bragg’s Law reflection. 

Where, n is an integer, λ is the wavelength of the incident light, d is the inter planar distance 

and θ is the angle of diffraction. The x-ray crystallographic pattern between twice the angles 

of diffraction (2θ) against intensity of diffraction is very useful for the analysis. 

For our systems, we have obtained final results in the form of powders so they may be 

composed of many small and finely ground crystals, known as crystallites. The orientation of 

these crystallites are presumed to be random. If X-ray analysis would be carried out on these 

crystallites, diffraction would occur from those oriented at the right angles (Bragg’s law). The 

diffracted beams make an angle of 2θ with the incident beam. 

The diffraction pattern obtained provides information like: 

1. Peak positions determined by size and symmetry of the unit cell- the lattice. 

2. Peak intensities determined by the positions of the atoms in the unit cell- the motif. 
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3. Peak widths influenced by size/strains of crystallites- the texture. 

 

2.5.2 Reference CSD structures of βCD inclusion complexes available in the Cambridge 

Structural Database68 and their simulated diffraction patterns 

With its establishment in 1965, the CSD is one of the largest storehouse for crystal structures 

where small organic and metal organic crystals structure are being submitted each day. So far, 

only 226 organic structures involving βCD molecules and their derivatives are available out of 

900000 entries already deposited. As already explained in the state of the art chapter 1, those 

structures can be classified in two major structural types: channels and herringbone or dimer 

brick cages69. Those structures are very similar with the repartitions in term of space groups, 

volumes and parameters as exposed in chapter 1.  

On comparing the positions of the principal diffraction peaks, we are able to assign the 

structural type for the phases (in good probability) constituting the powders analysed. Some 

structures referenced in CSD with a reference code (REFCODE) are taken as references for the 

following study. Their principal characteristics are given in Table 2.5. 

CSD REFCOD chemical 
diagram 

Crystallographic parameters   
Spacegroup 

 
Cell parameters  

(Å) 

Structure type 

BCDEXD1070 

 

P 21 

 
a=21.29, b= 10.33, c=15.1 
(α=90°, β=112.3°, ϒ=90°) 

 
3072.509 

Herringbone 
 

dual channels along 
b axis 

BOBPIR71 

 

P 21 

 
a=21.03 ,b= 10.11, c=15.33 
(α=90°, β=111.02°, ϒ=90°) 

 
3042.469 

Herringbone 
 

dual channels along 
b axis 

 
Ethanol molecules 

are distributed 
anywhere in the 

structure. 
CACPOM72 

 

P 1 

 
a=18.2423, b= 15.4915, c=15.4362 

(α=102.755°, β=113.0096°, ϒ=99.78°) 
 

3753.311 

Dimer Brick type 
 

dual channels along 
a axis 

 
Guest molecules are 

inserted in the 
channels 
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PUKPIU73 

 

C 2 
 

a=19.3267 ,b= 24.4409, c=15.9220 
(α=90°, β=109.0°, ϒ=90°) 

 
7111.27 

Channels along c 
axis 

Disordered octanol 
molecules are 
inserted in the 

channel. 
 

Pyrene guest 
molecules are 

inserted between 
two cyclodextrin 
molecules in the 

channel 
ZUZXOH74 

 

C 2 

 
a=19.238 ,b= 24.477, c=15.79 

(α=90°, β=109.52°, ϒ=90°) 
 

7007.984 

Channels (tilted 
molecules) along c 

axis 

 
Ethanol molecules 

are anywhere in the 
structure. 

 
Guest molecules are 

inserted in the 
channel 

POHXUG75 

 

P 1 
 

A=15.189, b =15.230, c= 16.293  
(α =91.07°, β= 91.05°, γ= 100.71°) 

 
3701.822 

 

channels along c 
axis 

 
Ethanol molecules 

are anywhere in the 
structure. 

 
Guest molecules are 

inserted in the 
channel 

 

Table 2.5 : Principal structural characteristics of the CSD structures used further as references. 

Simulated patterns are calculated for 4° to 14° in 2 theta with the help of the CSD Mercury 

software and are represented in Figure 2.15. By default, the FWHM parameter has been set 

to 0,1 and the lambda value to 1.5405 Å. Tables 2.6 to 2.10 give the principles features and 

peaks in the simulated diffractograms.  

Peak positions are relative to the cell parameters although intensity is related to the 

composition of the motif and width to the crystallinity of the sample. For example, in the case 

of BOBPIR and BCDEXD10, the cell parameters, the CD’s tridimensional packing are very 

similar and the only difference is the presence of some methanol molecules instead of water 

molecules in BOBPIR. The two patterns are very similar with only some small differences 

between some corresponding peak intensities. 
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Figure 2.15 : Types of diffraction patterns obtained by different style arrangements of βCD while 

forming an inclusion complex. Simulation done with the Mercury software (Cu=1.5405 Å, FWHM = 

0.1). 

2theta Relative 
intensity 

d-spacing 
(Å) 

h k l 

4,5 22 19,6977 1 0 0 

6,3 8 13,9707 0 0 1 

8,8 3 10,0416 2 0 -1 

9,0 5 9,84886 2 0 0 

9,77831 1 0 1 

9,7 10 9,14832 1 1 0 

10,6 61 8,35824 1 1 -1 

8,30604 0 1 1 

11,7 12 7,54728 1 0 -2 

12,3 50 7,2003 2 1 -1 

12,4 100 7,12822 2 1 0 

7,10134 1 1 1 

7,06294 3 0 -1 

12,7 29 6,98533 0 0 2 

6,90916 2 0 1 

13,5 4 6,5659 3 0 0 

 

Table 2.6 : Simulated X-ray pattern of CSD refcode BCDEXD1070 for 4°< 2theta <14°: Dual channel 

Herringbone structural type. (Cu=1.5405 Å , FWHM = 0.1). 

Dual channel herringbone type simulated patterns, like those of BCDEXD10, are characterized 

by the presence of a peak at a low 2 theta angle around 4.5°and at least two intensive peak 

around 10.6° and 12.4° in 2theta.  
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2theta Relative intensity d-spacing 

(Å) 

h k l 

5,5 44 16,0928 1 0 0 

6,1 29 14,481 0 1 0 

6,4 46 13,7923 1 0 -1 

6,5 32 13,4772 0 0 1 

6,9 19 12,7194 1 -1 0 

7,4 7 11,927 0 1 -1 

8,5 0 10,4088 1 1 -1 

9,2 8 9,6131 1 -1 -1 

9,50059 1 1 0 

9,9 10 8,92566 1 -1 1 

8,86284 2 0 -1 

10,3 23 8,614 1 0 1 

8,60065 0 1 1 

10,9 100 8,08026 2 -1 0 

8,04641 2 0 0 

7,94399 2 -1 -1 

11,8 7 7,52423 1 0 -2 

7,44564 1 -2 0 

7,43471 0 2 -1 

7,37368 1 1 -2 

12,2 5 7,24051 0 2 0 

7,22576 2 1 -1 

12,6 2 7,01829 0 1 -2 

12,8 7 6,89616 2 0 -2 

6,87372 1 -2 1 

13,1 3 6,73859 0 0 2 

6,63131 1 2 -1 

13,7 2 6,46318 1 1 1 

6,42759 2 1 -2 

13,9 2 6,35971 2 -2 0 

6,31045 2 1 0 

 

Table 2.7: Simulated X-ray pattern of CSD refcode CACPOM72  for 4°< 2theta < 14° : dual channels 

made with dimer brick structural type. (Cu=1.5405 Å , FWHM = 0.1). 

Dual channel made with dimer brick structural type simulated patterns, like those of CACPOM, 

are characterized by the presence of a broad non intensive doublet at a low 2 theta angle 

around 5.5° and 6.1° and at least one intensive peak around 10.9° in 2theta.  
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2theta Relative intensity d-spacing 

(Å) 

h k l 

5,9 61 15,0545 0 0 1 

6,0 63 14,6353 1 1 0 

7,2 68 12,2204 0 2 0 

12,2041 1 1 -1 

9,3 89 9,48797 0 2 1 

9,34626 1 1 1 

9,262 2 0 -1 

9,7 73 9,13688 2 0 0 

11,7 34 7,54119 1 1 -2 

7,52727 0 0 2 

11,9 100 7,44096 1 3 0 

7,38148 2 2 -1 

7,31767 2 2 0 

12,5 37 7,05233 1 3 -1 

7,04291 2 0 -2 

12,9 37 6,88027 2 0 1 

13,8 29 6,40903 0 2 2 

6,34487 1 3 1 

 

Table 2.8 : Simulated X-ray pattern of CSD refcode PUKPIU73  for 4°<2theta<14° : Channel structural 

type. (Cu=1,5406. Å m, FWHM = 0.1). 

Channel structural type simulated patterns, like those of PUKPIU, are characterized by the 

presence of broad medium intensive peaks at 2theta angle around 6°, 7.2°, 9.7°and 12° and a 

doublet around 12.5° and 13° in 2 theta.  

 

2 theta (°) Relative intensity d-spacing 

(Å) 

h k l 

5,4 11 16,2861 0 0 1 

5,9 7 14,9609 0 1 0 

14,9207 1 0 0 

7,5 6 11,7115 1 -1 0 

7,9 34 11,1432 0 1 -1 

11,1253 1 0 -1 

8,1 100 10,8964 0 1 1 

10,8821 1 0 1 

9,1 10 9,7 1 1 0 

9,3 11 9,5091 1 -1 1 

9,50748 1 -1 -1 

10,5 2 8,44213 1 1 -1 

10,8 29 8,22958 1 1 1 

8,14307 0 0 2 
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11,8 4 7,48046 0 2 0 

7,46037 2 0 0 

12,2 19 7,24994 1 -2 0 

7,23621 2 -1 0 

7,22074 0 1 -2 

7,2155 1 0 -2 

12,5 2 7,08571 0 1 2 

7,0821 1 0 2 

12,9 2 6,85639 0 2 -1 

6,84031 2 0 -1 

13,1 8 6,74048 0 2 1 

6,72634 2 0 1 

6,68633 1 -1 2 

6,68521 1 -1 -2 

13,3 34 6,65056 1 -2 1 

6,63913 2 -1 -1 

6,59641 1 -2 -1 

6,58687 2 -1 1 

 

Table 2.9 : Simulated X-ray pattern of CSD refcode POHXUG75  for 4°<2theta<14° : Channel 

structural type. (Cu=1.5405 Å, FWHM = 0.1). 

Channel structural type simulated patterns, like those of POHXUG, are characterized by the 

presence of an intensive peak at 2 theta angle around 8°.   

2theta (°) Relative intensity d-spacing 

(Å) 
h k l 

5,9 14 14,8825 0 0 1 

6,1 21 14,57 1 1 0 

7,2 100 12,2385 0 2 0 

12,1724 1 1 -1 

9,3 15 9,45277 0 2 1 

9,6 18 9,24421 1 1 1 

9,23386 2 0 -1 

9,7 68 9,06615 2 0 0 

11,8 19 7,49164 1 1 -2 

7,44123 0 0 2 

7,44045 1 3 0 

7,37116 2 2 -1 

12,1 21 7,285 2 2 0 

12,5 9 7,05311 1 3 -1 

7,01514 2 0 -2 

13,0 0 6,7988 2 0 1 

13,9 5 6,3582 0 2 2 

6,31763 1 3 1 
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Table  2.10 : Simulated X-ray pattern of CSD refcode ZUZXOH74  for 4°<2theta<14°: Channel 

structural type. (Cu=1.5405 Å , FWHM = 0.1). 

Channel structural type made with slightly tilted CD molecules simulated patterns, like those 

of ZUZXOH, are characterized by the presence of an intensive peak at 2 theta angle around 

7.2°and a less intensive peak around 9.7° in 2 theta.   

2.5.3 Structural characterization of βCD powder (as received) 

In Figure 2.16 are superposed the experimental pattern for βCD powder as received and the 

simulated pattern of BCDEXD10 consisting in the crystal structure of a cyclohepta-amylose 

dodecahydrate clathrate. Crystals presenting a herringbone structure type must be in majority 

present in the powder while a small amount of crystals presenting a channel structure, like 

those of ZUZXOH, in relation with the presence of a supplementary small peak around 7,2° 

must be also present in the sample. Table 2.11 gives the principal features for the 

experimental pattern of βCD powder (as received). 

2theta (°) Relative intensity Assignment 

4.5 100 BCDEXD10 

6.1 11 BCDEXD10 +ZUZXOH  

7.2 12 ZUZXOH 

9 85 BCDEXD10 +ZUZXOH  

9.8 20 BCDEXD10 +ZUZXOH  

10 13 BCDEXD10 

10.7 50 BCDEXD10 

11.6 15 BCDEXD10 

12 70 ZUZXOH 

12.5 68 BCDEXD10 

12.7 30 BCDEXD10 +ZUZXOH  

13.4 6 BCDEXD10 

13.6 9 BCDEXD10 

 

Table 2.11 : Experimental X-ray pattern of βCD (as received) and CSD refcode reference 

assignment. 
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Figure 2.16 comparison of diffraction patterns of experimentally observed and simulated 

herringbone structure (BCDEXD10) from literature of βCD. The CSD reference are BCDEXD10 and 

ZUZXOH. The experimentally observed βCD pattern can be seen to show peaks corresponding to 

both these structures. 

 

2.5.4 Structural characterization of Inclusion compounds 

X-ray diffraction method is a very useful technique for the detection of CD complexation in 

powder or microcrystalline states. Moreover, it is also used to measure the crystallinity of the 

formed complexes. The diffraction pattern obtained of the inclusion complex is expected to 

be different from that of each component if a true inclusion complex is formed76-99. 

Generally, CD aggregates can possess two types of crystal structures: cages and channels 

(explained in the first chapter). Depending on the nature and size of the guest molecule, 

different crystal structures can be formed. For example- when the guest molecules are small 

like water or methanol, cage like structures are usually formed by CD molecules i.e both the 

opening of CDs are blocked by adjacent CD molecules present, leading to entrapping of the 

guest molecule in cage like fashion. On the other hand, if longer (Octanol) or bulkier molecules 

enter the cavity, the alignment of CDs can be in the fashion of channels (head to tail or head 

to head fashion). Therefore, the crystal structure can modify the solid state arrangement.  

We have carried out the X-ray studies on the samples prepared to characterized the type of 

crystal structures they have formed for the ternary systems. The main expectation from this 

type of studies is to confirm whether the solid crystals obtained show channel type 

arrangement in a unit cell i.e they show the diffraction pattern with the peaks similar to that 

of channel type arrangements. Inclusion complex formation generally results in changes in the 

characteristic peaks of the βCD which can disappear and new peaks can appear. Also, effective 

drying of the samples can eliminate the water molecules resulting in decreased intensity of 

reflections and results finally in an amorphous structure. 
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CD inclusion complexes represent a multicomponent system for which PXRD approach is a 

crucial technique. Each crystalline phase exhibits a unique diffraction pattern, a mixture of 

two or more crystalline phases is sum of the individual patterns. The CSD reference are 

BCDEXD10 and ZUZXOH. The experimentally observed βCD pattern can be seen to show peaks 

corresponding to both these structures. 

For a herringbone type arrangement for βCD (CSD BCDEXD10), the diffraction pattern show 

major peaks at 4.5°, 6.3°, 8.9°, 9.6°, 10.6°,11.7°, 12.4° and 12.7° from 4°to 14° in 2 theta . These 

mentioned peaks are in accordance with our result obtained for βCD. The important peaks 

can be seen at the positions- 4.5°, 7.2°,8.9°, 10.7°, 11.9° and 12.4°. 

 In case of channel type arrangement (CSD PUKPIU), the pattern shows peaks at: 5.8°, 6.0°, 

7.2°, 9.3°, 9.6°, 11.9°, 12.5° and 12.8° and 13.8° from 4°to 14° in 2 theta. Table 2.12 lists the 

peak positions corresponding to these crystal structures and experimentally observed βCD. 

Experimental patterns for less crystalline samples, as inclusion compounds based, show in 

general, larger peak corresponding to a bigger value of FWHM. In this case, for example, two 

peaks showing 2 theta values next to each other (close vicinity) appear like one broad peak. 

Experimental intensities can also be influenced by the preparation of the analysed sample, 

e.g. privileged orientation can increase some family planes intensities.  

 

βCD 
herringbone 

type 
arrangement 
(Observed) 

Herringbone 
(BCDEXD10) 

ZUZXOH 
(tilted 

channel) 

PUKPIU 
(channel) 

CACPOM 
(Brick type 

dimers) 

4.5° 4.5° 6.0 5.8 5.4 

7.2° 6.3° 7.2 6.0 6.0 

8.9° 8.9° 9.3 7.2 6.4 

9.7° 9.6° 9.5 9.3 6.5 

10.7° 10.6° 9.7 9.6 6.9 

11.9° 11.7° 11.8 11.9 7.4 

12.4° 12.4° 12.1 12.5 9.1 

 12.7° 12.5 12.8 9.9 

   13.8 10.2 

    10.9 
 

Table 2.12 : XRD peaks corresponding to different types of βCD Crystals. 

 

The complexes prepared with octanol exhibited brick type dimers structural type. The 

comparision of the X ray patterns are plotted in Figure 2.17 for experimentally observed βCD: 

Octanol and simulated brick type dimers data (CACPOM72) from literature. 



84 
 

4 5 6 7 8 9 10 11 12 13 14

CACPOM (brick type dimers)

 

 

In
te

n
s
it

y
 (

a
.u

)

2 theta(°)

CD:Octanol exp

 

Figure 2.17 : Observed powder XRD pattern of βCD co-precipitated in presence of octanol in 

comparision with the powder xray simulated pattern from 4° to 14° in 2theta for CSD CACPOM 

exhibiting a brick type dimers structural type. 

2.6 Solid state studies: Part-3. Raman Spectroscopy analysis of the inclusion 

complexes 
Raman spectroscopy – one of the spectroscopic techniques that deals with the infrared region 

of the electromagnetic spectrum is used to provide information about different vibrational, 

rotational and other low-frequency modes in a system. Unlike other techniques, it deals with 

the scattering of light and not the absorption. Raman spectroscopy differentiates chemical 

structures, even if they contain the same atoms in different arrangements. Other positive 

aspects of the technique include non-contacting and non- destructive nature. 

The objectives of this study were to verify the inclusion complexation and then to characterize 

the complexes and to use this methodology to identify and analyse the chemical effects 

occurred in the inclusion complexes prepared. 

Raman spectra of all the precursors and the inclusion compounds obtained in the solid state 

were recorded using Xplora One (Horiba scientific) micro spectrometer. The wavelength of 

680 nm and 780 nm for laser excitation was focused on the sample with 80x objective. Spectra 

were collected in the wavenumber ranges 200-3600 cm-1. Integration time for signal collection 

was set to 60s for all the measurements. Each spectrum obtained is the average of three 

repetitive measurements observed. 

2.6.1 Principle 

Let a beam of monochromatic light from the visible portion of the spectrum be chosen to such 

that it is not absorbed by the substance under study. If such a light is passed through the 

substance, nearly all of it is transmitted and a very small fraction of it is scattered in all 

directions. If the scattered light in a direction perpendicular to the incident beam is recorded, 

it is found not only to contain a line corresponding to the frequency of incident light, but also 
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a pattern of relatively weak lines on the low- frequency side of the incident light and a similar 

pattern of still more weak lines on the high frequency side. The line at the incident frequency 

is known as Rayleigh line. The other weak lines are called the Raman lines (after C.V Raman, 

discoverer of these lines). The difference between the frequencies of the Rayleigh line and a 

Raman line is known as the Raman shift. 

In other words, we can explain as- when the molecule, excited to the higher unstable 

vibrational state, returns to the original vibrational state, we get Rayleigh scattering. If it 

returns to a different vibrational state, this gives rise to Raman scattering (stokes and 

antistokes) (Figure 2.18). 

Δט = Iט-0טRI 

where, the subscripts 0 and R stand for incident and Raman lines, respectively. 

Raman spectra are comparable to infrared spectra, they have different regions that are helpful 

for functional groups detection and fingerprint regions that allow the identification of specific 

compounds. Raman spectra provide more information about certain types of organic 

compounds than do their infrared equivalents. 

 

 

Figure 2.18 : "Jablonski" style diagram of energetic transitions involved in Raman scattering100. 

Rayleigh scattering is elastic; the incident photon is of the same energy as the scattered photon. 

Raman scattering is inelastic; in Stokes scattering, the incident photon is of greater energy than the 

scattered photon, while in anti-Stokes scattering, the incident photon is of lower energy. 
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2.6.2 Theory 

The Raman spectroscopy is observed only when a periodic change in the polarizability of 

molecule due to its vibrational and rotational oscillations. 

When a molecule is placed in static electric field, it becomes polarized. Consequently, the 

molecule acquires an induced dipole moment that can be written as, 

Pind= αE 

where α is the polarizability of the molecule. 

In the presence of a beam of radiation, the molecule also acquires an induced dipole moment 

due to the electrical component of the incident light. This electrical component is not static 

but varies as the sine (or cosine) wave according to the equation: 

E= E0 sin (2πטt) 

Where ט is the frequency of the radiation and t is the time. Therefore, the induced dipole 

moment also oscillates according to the equation 

Pind= αE = α E0 sin (2πטt) 

According to the electromagnetic theory, an oscillating dipole emits radiation of its own 

frequency. This explains the occurrence of Rayleigh line in the light scattered by the substance. 

The presence of Raman lines is due to the periodic change in the value of α due to the internal 

vibrational or rotational motion. 

According to the equation, 

α= α0 +( 
𝜕𝛼

𝜕𝜀
) ε0 sin (2πטit) 

where (
𝜕𝛼

𝜕𝜀
)  is the change in polarizability with displacement coordinate ε, טi  the frequency of 

internal motion , and α0 is the polarizability in the equilibrium position ε0 . 

The periodic change in the polarizability will also change periodically the induced dipole 

moment. When this periodic change is superimposed upon the periodic oscillation due to the 

electrical component of light, we get 

Pind= {α0 +(
𝜕𝛼

𝜕𝜀
)  (ε0 sin 2πטit} E0 sin (2πטt) 

= α0 E0 sin (2πטt) +( 
𝜕𝛼

𝜕𝜀
) ε0  E0 sin (2πטit) sin (2πטt) 

Since, 

2 sin Φ Sin Ψ= cos (Φ-Ψ) – cos (Φ+Ψ), we get 

Pind= α0 E0 sin (2πטt)+ 1/2( 
𝜕𝛼

𝜕𝜀
)  (ε0  E0 cos {2π(ט-טi)t} – 1/2( 

𝜕𝛼

𝜕𝜀
)  (  ε0  E0 cos 

{2π(ט+טi)t} 
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That is, induced dipole moment of the molecule not only oscillates with frequency ,but also 

with frequencies טi (stokes) and ט i (anti-stokes) it is thus expected that besides the frequency, 

the oscillating dipole will also emit radiations of frequencies טi and טi these radiations appear 

as the Raman lines in the light scattered by the substance. 

Conditions for observing Raman lines 

1. The molecule must have a permanent dipole moment.  

2. There should be a change in dipole moment during the vibrational motion 

2.6.3 Molecular theory   

When a photon interacts with a complex molecule, energy is either absorbed or emitted. This 

type of interaction leads to excitation of molecules to higher vibrational states. These 

vibrations are quantized and are called normal modes of vibrations of a molecule. The 

vibrational modes of a linear molecule are defined as 3N-5 normal modes while a non-linear 

molecule has 3N-6 normal modes (N= number of atoms). The motion characterized by normal 

modes could be: 

1. Bending motion between three atoms connected by two bonds. 

2. Stretching motion between two bonded atoms. 

3. Out of plane deformation modes. 

The observed vibrational spectrum of a compound or molecule contains different bands. The 

normal vibrations of the molecules are associated with appropriate Raman frequencies. The 

assignment of Raman spectra is generally based on the group frequency concept. By 

comparing the spectra of large number of different compounds, the presence of certain 

groups has been observed (C-H, C=O, O-H, C=C, C=N etc.) and can be correlated with repeated 

occurrence of the absorption bands in the vibrational spectra where the positions changes 

slightly from going from one compound to another. The different atomic groups vibrate at 

their own frequencies and are independent of the other groups present in the same molecule. 

These frequencies are called as characteristic group frequencies. The group frequency studies 

are extremely useful in the interpretation of vibrational spectra. If certain vibrations possess 

the constant spectral positions, they can be considered as good group frequencies. 

Frequency shifts can also occur due to mechanical or electronic effects. Mechanical effects 

come into picture when there is change in mass or coupling of the vibrations. In this case, the 

force constant of the bond remains unaffected. The electronic effects are generally 

transferred by chemical bonds. For example- inductive, conjugative etc; also alteration in the 

force constant can occur. There are many other factors that can influence the correct 

frequency of the molecular vibration. There could be a combination of different effects and it 

is impossible to isolate them. A molecular group is always under the influence of different 

electronic environments. There are some important factors like coupled interactions, fermi 

resonance, hydrogen banding, electronic structure etc. which are liable for shifting the 

vibrational frequencies of certain groups from their usual values. 

The energy and also the wavelength of the absorption peak may be impacted by the other 

vibrations in the molecule. When the vibrations contain a common atom strong coupling 

occurs between stretching vibrations. Moreover, Interactions between bending vibrations 

occurs only when the common bond is present between the vibrating groups. 
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Hydrogen bonding exists in a system containing a proton donor (X) and proton acceptor (Y), if 

there occurs and effective overlap between the s orbital of the donor and p- or - orbital of the 

acceptor group. Carboxyl, hydroxyl, amine or amide group are common proton donors in 

organic compounds whereas the common protons acceptor are electron deficient atoms like 

oxygen, nitrogen and halogens. 

The X-H stretching bands move to lower frequencies usually with increased intensity and band 

widening. On the contrary, X-H bending vibration usually shift to higher frequencies or shorter 

wavelengths. The different types of hydrogen bonding namely Intramolecular and 

intermolecular also effect the spectral features. The intermolecular hydrogen bonds 

(association of two or more molecules of same or different compounds, a dimer) give rise to 

sharp and well defined bonds whereas intramolecular (interaction of proton donor and 

acceptor, mainly present in the single molecule) results in broad bands. The hydrogen bonding 

can also take place between the solvent and molecular entities of a reaction. 

There could be other internal factors to influence vibrational frequencies which come into 

picture such as electronic structure of the carbonyl group. The nature of the substituent group 

X in carbonyl compounds of the formula R–C=O–X may influence the frequency of C=O 

stretching by inductive and mesomeric effects. Due to the electro-negativities difference 

between the carbonyl carbon and the substituent group X in RCOX compounds, Inductive 

effect arises. Also, this effect involves the sigma bonds electrons. On the other hand, 

Mesomeric effect which is opposite to inductive effect includes electrons in the and non- 

bonding orbitals. These two effects cannot be separated from each other instead their 

contribution can only be estimated approximately.  

Organic compounds are made up of certain kinds of atoms connected by different types of 

bonds. Hence, the vibrational spectrum of organic compounds can be divided into different 

typical regions: The A-X stretching vibrations are located in the highest frequency region, 

between 3700 and 2500 cm-1. The region between 2500 and 2000 cm-1 exhibits stretching 

vibrations of groups with triple bonds as well as the antisymmetric stretching vibrations of 

groups with accumulative double bonds, A=B=C (atoms of typical organic molecules). On 

moving ahead in the region 2000 and 1500 cm-1, corresponds to stretching vibrations of 

double bonded A=B groups. A-X deformation vibrations are observed between 1500 and 100 

cm-1. The region between 1300 and 600 cm-1 shows stretching vibrations of single bonds of 

atoms. The next region shows bending vibrations of these groups and stretching vibrations of 

groups with heavier atoms. Lastly, between 200 and 20 cm-1 the lattice vibrations of crystalline 

molecules are found. This aspect sets these spectra apart from the spectra of aliphatic 

compounds, which possess bands of broader width. Table 2.13 lists all common characteristic 

frequencies of organic compounds.  

The aromatic ring system are the class of hydrocarbons where the centre of discussion is 

benzene ring and the higher members of the groups can be explained on basis of the results 

obtained for the monocyclic member i.e benzene. The vibrational spectra of aromatic systems 

have been found to possess many needle-sharp bands. The reason behind the sharpness of 

the aromatic absorption bands arises from the fact that aromatic systems are rigid molecules 

having little possibility for rotational isomerism. 

The different vibrational modes that could be present in aromatic systems could be: 
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1. Carbon-hydrogen stretching and bending vibrations.  

The bending modes are further classified as: 

a) In-plane bending 

b) Out-of-plane bending (where the plane of reference is the plane of the aromatic ring) 

2. Carbon-carbon ring stretching and bending modes (in-plane and out-of plane) 

3. The ring substituent C6H5-X (where the hydrogen of benzene has been replaced by –X) 

will introduce additional modes: 

a) C-X stretching 

b) C-X bending (in-plane and out-of plane). 

4. If the X- group is multiatomic, such as –CH3, -CN, -NO2, -OH or –COOH, then the internal 

vibrations of –X (including its group frequencies) will be present in the spectrum of 

that particular substance. 

Region Functional group/ 
vibration 

Compound 

480-510 SS stretch Dialkyl disulphides 

616-630 Ring deformation Monosubstituted benzenes 

650-660 CCl stretch Primary choloalkanes 

620-715 CS stretch Dialkyl disulphides 

585-740 CS stretch Alkyl sulphides 

820-825 C3O skeletal stretch Secondary alcohols 

720-830 Ring vibration Para-disubstituted benzenes 

749-835 Skeletal stretch Isopropyl group 

877 OO stretch Hydrogen peroxide 

850-900 Symmetric CNC stretch Secondary amines 

837-905 CC skeletal stretch n-alkanes 

830-930 Symmetric COC stretch Aliphatic ethers 
 

990-1010 Trigonal ring breathing Mono-substituted benzenes 

990-1010 Trigonal ring breathing Meta-substituted benzenes 
 

1015-1030 In-plane CH deformation Mono-substituted benzenes 

1020-1060 Ring vibration Ortho-disubstituted benzenes 

950-1150 C-C stretches n-alkanes 

1188-1196 Symmetric SO2 stretch Alkyl sulphates 

1205 C6H5-C vibrations Alkyl benzenes 

1200-1230 Ring-vibration Para-disubtituted benzenes 

1251-1270 In-plane CH deformation Cis-dialkyl ethylenes 

1295-1305 CH2 in phase twist n-alkanes 

1175-1310 CH2 twist and rock n-alkanes 

1290-1314 In-plane CH deformation Trans di-alkyl ethylenes 

1330-1350 CH deformation Isopropyl group 

1368-1385 CH3 symmetric 
deformation 

n-alkanes 

1370-1390 Ring stretch Napthalenes 

1385-1415 Ring Stretch Anthracenes 
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1465-1466 CH3 deformation n-alkanes 

1446-1473 CH3, CH2 deformations n-alkanes 

1550-1630 Ring stretches (doublet) Benzene derivatives 

1590-1650 NH2 scissors Primary amines 

1649-1654 Symmetric C=O stretch Carboxylic acids (cyclic dimer) 

1700-1725 C=O stretch Aliphatic ketons 

1720-1740 C=O stretch Aliphatic aldehydes 

2100-2160 CC stretch Alkyl acetylenes 

2232-2251 CN stretch Aliphatic nitriles 

2231-2301 CC stretch Dialkyl acetylenes 

2560-2590 SH stretch Thiols 

2849-2861 Symmetric CH2 stretch n-alkanes 

2883-2884 Symmetric CH3 stretch n-alkanes 

2912-2929 Anti-symmetric CH2 

stretch 
n-alkanes 

2965-2969 Anti-symmetric CH3 
stretch 

n-alkanes 

3000-3100 Aromatic CH stretch Benzene derivatives 

3330-3400 Bonded antisymmetric 
NH2 stretch 

Primary amines 

 

Table 2.13 : Common characteristic frequencies of organic compounds101.  

The Raman spectroscopy provides a fingerprint of a biological or chemical compound. The 

vibrations are highly related with the molecular structure and the frequencies of vibration 

depend on the mass of the atoms, on the nature and the strength of the chemical bonds. 

Raman spectra of αD glucose unit102,103 contains different bands corresponding to C-O-H 

group, number of modes of vibration for C-H, CH2 and OH. Therefore, for studying Raman 

spectra of CDs, one has to look for the position of above mentioned bands. 

2.6.4 Raman spectrum of βCD 

βCD consists of 7 glucopyranose units which are joined together by glycosidic bonds. Raman 

spectra of CDs contain different regions full of bands that can be used as windows for 

monitoring relevant modes, such as the stretching vibration of double bonds (C=C, C=O etc) 

and of aromatic C-H bonds. The region of the spectrum below 1500 cm-1 contains maximum 

of the information or the peaks due to complex vibrational modes. Since β-CD is a large 

molecule, many researchers have studied the normal modes based on the assignment 

obtained from the calculations done on the smaller analogous compounds such as α-D 

glucopyranose (monosaccharide) and amylose (polysaccharide). Many have also compared 

the spectra obtained from molecular modelling analysis and physical measurement. 

The structure of crystalline α-anomer form of glucopyranose unit shows the presence of OH 

group below the ring plane. This information can be easily confirmed by Raman spectroscopy. 

Moreover, the bands assigned for the complex modes of the CH2OH are 1335 and 1250 cm-1. 

For specific anomeric band of C-1-H, 860 cm-1 has been assigned for deformation coupled with 

other motions. The other lines at 1349, 1071, 1020 and 913 cm-1 is due to bending of C-O-H 
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groups. CH2 vibrations can be observed at 1457, 1337, 1219 and 1011 cm-1 corresponding to 

different vibration modes bending, wagging, twisting and rocking modes respectively. 

The other bands to specific vibrational modes for X-C1-H (X=C2, O1 or O5) are at 1360, 1250, 

1076, 1047 and 913 cm-1. The band at 836 cm-1 has generally been considered typical of 

anomeric configurations having C-1-H equatorial position. Another band assigned to Y-C2-H 

related mode (Y=C3, C1 or O2). In the frequency range below 1300 cm-1, additional 

contribution due to C-O and C-C stretching modes are expected. 

βCD has 147 atoms and can produce 435 normal vibration modes. linked through 1, 4- 

glyosidic bonds. The Raman spectrum obtained for βCD shows different modes of vibrations. 

The scissoring of OH appears at 1408 cm-1, the out of plane bending vibrations are observed 

at 649, 579, 531, 438 and 356 cm-1. The stretching vibrations of CH2 and CH can be observed 

at 2939, 2901 cm-1. Its scissoring vibrations appears at 1450, 1386, 1334and 1251 cm-1. The 

asymmetric and symmetric stretching of C-O-C appears at 945 cm-1. The C-C stretching 

vibration occurs at 1125 cm-1. The c-o stretching vibration occurs at 1085 and 1046 cm-1. 

The in-plane and out-of-plane deformation vibrations of glucose can also be observed. The 

breadth vibration of glucose ring appears at 927 and 852 cm-1. The in-plane deformation 

vibration of glucose ring appears at 753 and 711 cm-1 in the Raman spectrum. The bending 

vibration of C-C-C links appears at 317 cm-1 in the Raman spectrum (Figure 2.19). 
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Figure 2.19 : Observed Raman Spectrum of βCD. 
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2.7 Molecular Modelling studies 
Two methods of molecular modelling are used to obtain different level of result. These studies 

showed increased stability of the inclusion complex prepared with long chain aliphatic 

alcohols (≥5C). The first method - Simulation of RAMAN spectra and normal modes attribution 

by DFT calculations helped in band assignment in the Raman Spectra and the second method 

of manual docking was used to check the relative stability of 1:1 βCD: Alcohol complexes in 

aqueous solutions. 

2.7.1 Simulation of RAMAN spectra and normal modes attribution by DFT calculations: 
For solid state analysis, Raman104,105 spectroscopy is a used technique to gain important 

evidences on the complex formation, thanks to changing in the molecular vibrational modes 

(frequency and relative intensity) due to the molecular interaction between the host and the 

guest molecules. However, literature reveals, that complexes formed between CDs and non-

polar aromatic compounds are still undergoing difficulties in spectroscopic based analysis106, 

due to very weak molecular interactions. 

It has already been observed that small shifts and variation in intensities for some bands in 

Raman spectra of guest molecules appear upon formation of inclusion complexes107. The 

moieties of guest molecules that suffer from intermolecular interactions can be identified by 

assigning the shifted bands using DFT calculation. Starting from the nature of vibrations 

modified upon complexation, it becomes also possible to discuss the orientation of the guest 

molecules in the inclusion complexes. In experimental IR absorption spectra of inclusion 

complexes, bands due to CD are prominent107, while it is not so obvious with Raman spectra. 

So, it becomes easier to observe Raman bands attributed to the guest molecules. 

Quantum chemical computations predicting harmonic frequencies and spectral intensities are 

essential for interpretation of experimental spectra, particularly for large molecules108. 

Accurate computation of IR and Raman intensities is difficult because of their dependence on 

dipole moment and polarizability derivatives. That’s why it is invariably the relative, rather 

than absolute, band intensities that are used because experimental determination of absolute 

band intensities, especially for Raman bands, is difficult. Accordingly, the intensity of some 

bands is enhanced in experimental data in comparison with the calculated ones, especially for 

the more intensive ones, but the order of magnitude is kept on the whole spectra109.  

All calculations were carried out using the Gaussian09 suite of programs110. Following full 

geometry optimization of aromatic hydrocarbon with correct symmetry using the density 

functional three-parameter hybrid model B3LYP111,112 with the 6-311G(d,p) basis set, 

vibrational frequencies and Raman activities were calculated. The B3LYP method with the 6-

311G(d,p) basis set  is frequently used in predicting vibrational spectra of polyaromatic 

molecules. Raman intensities were computed from activities with GaussSum 3.0113 using an 

excitation wavelength of 785nm. The calculated harmonic frequencies of CH stretching 

vibrations were scaled by a factor and all the other frequencies by other scale f to allow a good 

agreement with observed ones for fluoranthene alone within almost 10 cm-1 on the whole 

spectra. Gaussview 5114 was used to visualize the participation and direction of atoms in 

vibrational normal modes in order to make bands assignments easier. 
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2.7.2 Manual docking of guest molecules in βCD by semi empirical PM3 method 

Molecular modeling can help to characterize the binding behavior between CD as host and 

molecular guests. Our protocol is largely inspired by the publications of Sahra115 and of 

Zhang2,116 . The semi-empirical PM3 method has been shown to be a powerful tool in the study 

of CD complexes and combines high computational efficiency in calculating CD systems117,118. 

The starting geometries of the guests were constructed with the help of Chem3D Ultra 

(version 10,Cambridge soft com.) and were fully optimized with the PM3 method before 

inclusion into the CD cavity using Gaussian09 quantum mechanical package110 . 

The βCD structure was obtained from the crystallographic parameters provided from the 

Cambridge structural database (CSD). The optimization of the host molecule was performed 

using semi-empirical PM3 level of the theory without imposing any restrictions. 

The coordinate system used to define the inclusion process of a guest in βCD is based on 

placing the glycosidic oxygen atoms of the CD onto the XY plane, and their center of mass was 

defined as the origin of the coordination system. Hydroxyl atoms from the lower (smaller, less 

open) rim containing in particular the CH2-OH function are considered as positive while 

hydroxyl atoms from the upper rim (larger, more open) are considered as negative for the Z 

coordinates.  The distance with the center of the host molecule is considered from the mass 

center of the guest molecule. We consider two possible orientations in the case of alcohol 

inclusion from approaching direction starting from a positive distance: (1) hydroxyl oriented 

to the center of CD cavity, namely A orientation and (2) aliphatic chain oriented to the center 

of CD cavity, namely B orientation. 

The docking was emulated by keeping βCD at a fixed position (center) and approaching the 

guest along the Z-axis from at least +8 Å to -8 Å at 0.5 Å intervals by steps (Figure 2.20). Each 

resulting geometry guest/βCD complex obtained was further optimized by PM3 method 

optimization. Avogadro software has been used for the complex structures construction119. 
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Figure 2.20 : Manual docking procedure of a guest (herein a pentanol molecule) in βCD with the 

two orientations A and B. Carbon, oxygen and hydrogen atoms are respectively represented in 

grey, red and white. 

In order to investigate the binding energy changes upon complexation between the guest and 

βCD, calculation for the minimum energy structures is defined in Eq. (1) respectively120  

Ebind = E(complex)opt- [E(host)opt+E(guest)opt ]      (1) 

where E(complex)opt, E(host)opt and E(guest)opt represent the total optimized energy of 

the complex, the free host and the free guest, respectively.  

Enthalpy changes (H), Gibbs energy changes (G) and entropy changes (S) are computed 

with the following equations : 

H = H(complex)opt- [H(host)opt+H(guest)opt ]      (2) 

where H(complex)opt, H(host)opt and H(guest)opt represent the enthalpy changes of the 

complex, the free host and the free guest, respectively.  

 

G = G(complex)opt- [G(host)opt+G(guest)opt ]       (3) 

where G(complex)opt, G(host)opt and G(guest)opt represent the Gibbs energy changes of 

the complex, the free host and the free guest, respectively.  

 

S = S(complex)opt- [S(host)opt+S(guest)opt ]       (4) 

Orientation A 

Hydroxyl oriented 

towards the centre of CD 

cavity 

Orientation B 

Aliphatic chain oriented 

towards the centre of CD 

cavity 
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where S(complex)opt, S(host)opt and S(guest)opt represent the entropy changes of the 

complex, the free host and the free guest, respectively.  

The thermodynamic analysis was performed using water ( =  78.39) with the polarizable 

continuum implicit solvent model IEFPCM as implemented in GAUSSIAN09121. 

The more negative binding energy change Ebind is the more thermodynamically favorable in 

the inclusion complexation. The thermodynamic parameters such as enthalpy change (H), 

entropy change (S), and Gibbs free energy change (G) of the complexation reaction were 

studied at 1 atm and 298.15 K. Enthalpy driven in nature exothermic processes are justified 

by a negative enthalpy change (H). Furthermore, a more negative enthalpy change indicates 

the most thermodynamically favorable conformation. Negative values for the standard Gibbs 

energy changes G indicate that inclusion reactions are spontaneous.  

On the contrary, positive values for H and G indicate that the formation of the complexes 

are endothermic and non-spontaneous processes. 

However, since the inclusion reaction happened in aqueous solution, the influence of water 

molecules on the inclusion process is be very important, and the effect of H2O molecules 

mainly concentrates on S by our calculation. A negative entropy effect can be the result of 

the combination of the host-guest reaction and the release of water molecules from the 

cavity. It has been shown that inclusion complexation process is enthalpy-entropy 

synergistically driven.   

In basic molecular orbital theory approach, The LUMO as an electron acceptor represents the 

ability to receive an electron while HOMO represents the ability to give an electron122 .So, the 

HOMO energy (EHOMO) is related to the IP by Koopmann’s theorem and the LUMO energy 

(ELUMO) as electron affinity (EA)123 is used for calculating the electronic chemical potential (), 

which is half the sum of energies of the HOMO and LUMO: 

 = (EHOMO + ELUMO)/2         (5) 

A negative chemical potential () indicates a spontaneous inclusion process. 

The gap energy (G) is the difference between the HOMO and LUMO; the hardness () is half 

of the energy gap between LUMO and HOMO. 

G = EHOMO - ELUMO         (6) 

 = (EHOMO - ELUMO)/2         (7) 

Chemicals with large gap energy (G) value tend to have higher stability124  

The electrophilicity () of molecules and their complexes is calculated using the following 

equation  

 = 2/2          (8) 

Large values of electrophilicity () are the characteristics of the most electrophilic systems. 
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2.8 Conclusion 
The chapter comprises of the materials used to prepare the samples and different methods 

used to characterize the complexes in solid as well as in the liquid state. The different 

principles of the respective techniques enable us the understand the basic idea behind the 

results obtained.  

The solution studies obtained us the NMR spectrum of native βCD dissolved in D2O. On 

inclusion complex formation, the shifting of H3 and H5 peaks indicated interaction between 

the host and guest molecules. The stoichiometry of the complex was calculated by job’s plot 

method. 

For characterization in solid state, different techniques have been used. The DSC curve of βCD 

showed the thermal characteristics of the system. The removal of tightly bound water 

molecules and decomposition at higher temperature are classical features of the curve.  

Distinctive Powder XRD pattern of βCD indicates the type of crystal structure possessed when 

small molecules like water are present inside the cavity. βCD tend to form cage like crystals 

when complexed with smaller guest molecules.   

Raman Spectroscopy provided details about the particular vibrational modes which occur 

when the cavity is occupied only by water molecules. 

Any changes in these standard results of βCD obtained by using different techniques would 

indicate complexation. 
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Chapter-3 Inclusion complexation studies of βCD: Alcohols 

3.1 Introduction 
This important chapter provides details about all the results obtained and the analysis done 

for the complexes obtained for βCD and linear aliphatic primary alcohols. Our studies are done 

with a systematic and fundamental approach in order to gather the maximum information 

from them. Understanding alcohol’s role on inclusion in complexation with βCD is important 

because their use is mandatory to solvate pure aromatic compounds in the further analysis. 

Usually people have used only smaller alcohols like methanol and ethanol molecules as co-

solvent but using longer alcohol may be a key parameter to allow complexation of new 

hydrophobic compound. The effect of the nature and length of alcohols on complexation can 

further be considered as the benchmark of this thesis as this step has to be understood and 

examined clearly. During literature studies, we found that scientists were focussing on the 

effect of alcohols (smaller) on the formation of CDs inclusion complexes 1-6 and some studied 

CD : ethanol inclusion complexes 7-9. So far, only one research article talks about αCD : 

Undecanol inclusion complex10.We also found structural data in CSD comprising linear 

aliphatic primary alcohols which will be discussed in the chapter. To obtain these results, we 

performed the synthesis of the complex in both solutions (liquid) and solid state. The methods 

and materials used to prepare and characterize the samples are already being discussed in the 

second chapter. The first step for this part was to check the phenomenon of inclusion of the 

hydrophobic part of the linear alcohol inside the βCD cavity by NMR characterization in 

solutions. The solutions were prepared in the similar fashion as explained before. The spectra 

were recorded multiple times with fresh solutions prepared each time just to avoid errors and 

accidental results. The results were further exploited by Job’s method to have knowledge 

about the stoichiometry of the system for each alcohol when inclusion is observed. We 

proceeded further after getting impressive results in the liquid state. The next step was the 

preparation of solid complexes by co-precipitation as already explained. The solid complexes 

were further treated for their thermal behaviour by DSC technique followed by obtaining 

Powder X-ray diffraction patterns to know about the crystallization properties. The change in 

vibrational modes occurring due to inclusion complexation (if any) were analysed by Raman 

Spectroscopy. At last, to have knowledge about the behaviour of molecules in the system, 

molecular modeling studies were done. Our purpose is to determine which alcohols have to 

be used in order to obtain inclusion complexes in solution and further channel structures in 

solid state as we consider that they are most likely to induce pure aromatic guest. 

In this chapter, the role of the guest is played by alcohol molecules. The expected results 

obtained from each technique as concluded from literature listed in the previous chapter for 

βCD: Guest inclusion complexes: 

1. NMR (in solution) :-If there occurs some change in the characteristic position of H3 and 

H5 protons which are present inside the βCD cavity. To check the extent of 

displacement occurring. 

2. DSC (thermal studies):- The curve obtained for an inclusion complex should have 

shown appearance of exothermic or endothermic curves due to the properties of the 

guests in addition to the properties of the newly formed complexed in comparison to 

the curve of uncomplexed βCD. 
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3. Powder X-ray Diffraction :- The diffraction pattern obtained for the inclusion complex 

would reveal the type of crystal structure being possessed by comparing with some 

reference patterns. The prime focus is on obtaining either cage type crystal formation. 

as observed in presence of water or/ methanol1, or channel type in presence of 

octanol2 molecule depending on the size of guest molecule included. 

4. Raman Spectroscopy- The vibrational modes of uncomplexed βCD are unique in terms 

of peak positions and intensity. Any change in the spectrum of an inclusion complex 

like appearance of guest peaks, absence of peaks corresponding to βCD, change in 

intensity would indicate complexation. 

After interpreting all the results obtained from different techniques, optimized models of the 

system will be prepared to have better understanding of the behaviour of the molecules 

during inclusion phenomenon. 

3.2 NMR studies of βCD:alcohol complexation 
The NMR studies for βCD: alcohol inclusion were performed on the solutions prepared as 

explained in the previous chapter. The main motive behind this step was to know the ability 

of linear alcohols to form an inclusion complex inside the cavity by showing the displacement 

of the H3 (3.84 ppm) and H5 (3.73 ppm) located inside βCD cavity. We prepared solutions with 

a concentration of 10mM in D2O with each alcohol separately. For each βCD: alcohol solution, 

the results were recorded in multiples, every time with freshly prepared solutions. Another 

reason to perform these studies is to emphasize the behaviour of the different alcohols in 

relation with their aliphatic chain length in order to choose the ones that will be used to 

forward our studies. For our convenience and in relation with the first results obtained in 

solutions, we have divided the homologous series of alcohols into two parts – lower alcohols 

(<5C) and higher alcohols (≥ 5C). This terminology will be used throughout this chapter. In the 

literature, researchers were able to find the stoichiometry of the βCD: alcohol inclusion 

complexes by other techniques like Fluorescence measurements11. 

3.2.1 NMR studies of βCD: Lower alcohols Complexation (from methanol to n-butanol) 
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Figure 3.1 : The spectra obtained for βCD: Lower Alcohol for 1:1 volume ratio.  

Figure 3.1 shows the spectra obtained for βCD: Lower Alcohol for 1:1 volume ratio. The results 

shown for lower alcohols do not contain any interesting peak shifts for H3 and H5 protons 

which are present inside the CD’s cavity. 
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Figure 3.2 : NMR spectra obtained for βCD: Propanol mixture solutions prepared in D2O.  

Figure 3.2 shows as an example the spectra of all the mixtures prepared for βCD and Propanol. 

The spectra are numbered 1 to 9 in relation with the composition of the mixture. 1St is the 

spectrum of βCD with volume ratio 0.9 in solution. 9th is the spectrum of βCD with volume 

ratio 0.1. One can also observe a small shift of the triplet H4 (at 3.4 ppm) located outside the 

cavity. The same solutions were prepared for other lower alcohols and different results are 

obtained. The different volume mixtures prepared for this set are shown in the table 3.1. The 

spectrum number written for each mixture in the Figure 3.2 corresponds to the Sample 

number in the table.3.1. In presence of lower alcohols, no significant shift of H3 and H5 in βCD 

are observed indicating a non-inclusion complexation. Those alcohols are small and polar 

enough to act as water solvent molecules and are randomly present in solution and their 

molecular organisation in solution is very similar to what is observed in presence of water. 
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Sample 
Number 

Vol.of βCD (10mM) 
(μl) 

Vol.of Alcohol 
(10mM) 

(μl) 

βCD volume ratio 
in solution 

1 450 50 0.9 

2 400 100 0.8 

3 350 150 0.7 

4 300 200 0.6 

5 250 250 0.5 

6 200 300 0.4 

7 150 350 0.3 

8 100 400 0.2 

9 50 450 0.1 

 

Table 3.1. Volume of βCD and Alcohols solutions mixed together to form inclusion complexes in 

D2O to carry out NMR studies. 

3.2.2 NMR studies for βCD: Higher alcohols Complexation 
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Figure 3.3 : NMR spectra obtained for βCD: Higher alcohols for volume ratio 1:1 prepared in D2O. 

Figure 3.3 shows the spectra obtained for βCD: Higher Alcohol for 1:1 volume ratio. All higher 

alcohols were able to displace the peaks for H3 and H5 βCD protons. The spectrum for βCD: 

Pentanol shows the least shift in comparison to others The appearance of spectra indicate 

that βCD: Hexanol and βCD:Heptanol and βCD: Decanol show same extent of peak shift, the 

triplet observed for H3 proton is seen merging with H6 proton peak. The spectra showing same 

behaviour are also observed for βCD: Octanol and βCD:Nonanol and βCD: Undecanol.  
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Figure 3.4 : NMR spectra obtained for βCD: Heptanol mixture solutions prepared in D2O. 

Figure 3.4 shows as an example the spectra of all the mixtures prepared for βCD and Heptanol. 

The same solutions were prepared for other Higher alcohols. The Different volume mixtures 

prepared for this set are shown in the table 3.1. The spectrum number written for each 

mixture in the figure corresponds to the sample number in the table. 

An important shift of H3 and H5 peaks indicates a variation in the chemical neighbouring of 

H3 and H5 located in the βCD cavity obtained in the case of the formation of an inclusion 

complex. The non-polar effect of the aliphatic chain of longer alcohols enforces them to act as 

guest molecules by inclusion inside the βCD cavity in contrary to what was observed with 

smaller alcohols. The role herein played by the water molecules is solvation while the alcohols 

are specifically complexed inside the cavity. The nature of the interaction between longer 

alcohols starting from n-pentanol is different considering the non-polar behaviour of their 

aliphatic chain in comparison with smaller alcohol guided by their polar properties. 

3.2.3 Criterion to choose appropriate alcohol on the basis of chemical shift 

The criterion to choose the appropriate alcohols for inclusion complex formation is based on 

value of chemical shift (considered in Hertz to give more accurate values) difference obtained 

for H3 and H5 protons in complex spectrum from the uncomplexed βCD spectrum observed 

under similar conditions.A significant experimental border value of difference is ≥ 10 Hz. In 

case of lower alcohols for each solution prepared, the values difference obtained for positions 

of H3 and H5 are less than 5 Hz in both cases.  

The table.3.2 (a) and (b) show the difference obtained for the volume ratio 1:1 (βCD:Lower 

alcohol) protons present inside the cavity. The further investigation of stoichiometry of the 

complex by job’s plot is based on these values. 
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Table 3.2 : The significant shifts for the peak positions of (a) H5 and (b) H3 for lower alcohols for 

the stoichiometry 1:1. 

In case of higher alcohols. the value difference observed is always more than 25 Hz. The 

values are listed in the table 3.3. 
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Alcohol Difference 
between H2O and 

H5 positions in  
βCD spectrum (Hz) 

Difference 
between H2O and 

H5 positions in  
βCD: alcohol 

spectrum (Hz) 

Difference 
(Hz) 

Methanol 386.01 386.05 0.04 

Ethanol 386.01 386.13 0.12 

Propanol 385.2 385.34 0.14 

Butanol 386.01 389.89 3.88 

Alcohol Difference 
between H2O and 

H3 positions in  
βCD spectrum (Hz) 

 

Difference 
between H2O and 

H3 positions in  
βCD: alcohol 

spectrum (Hz) 

Difference 
(Hz) 

Methanol 341.44 341.42 0.02 

Ethanol 341.44 342.39 0.95 

Propanol 341.44 343.5 2.06 

Butanol 341.44 344.95 3.51 

Alcohol Difference 
between H2O and 

H5 positions in  
βCD spectrum (Hz) 

Difference 
between H2O and 

H5 positions in  
βCD: alcohol 

spectrum (Hz) 

Difference 
(Hz) 

Pentanol 386.01 408.58 22.57 

Hexanol 386.01 425.9 39.89 

Heptanol 386.01 426.51 40.5 

Octanol 386.01 440.35 54.34 

Nonanol 386.01 424.61 38.6 

Decanol 386.01 436.04 50.03 

Undecanol 386.01 467.81 81.8 
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(b) 

Table 3.3 : The significant shifts for the peak positions of (a) H5 and (b) H3 for higher alcohols for 

the stoichiometry 1:1. 

3.2.4 Job’s plot: Stoichiometry of the complex 

Based on the values of difference in peak positions as explained earlier, the stoichiometry of 

each βCD: Higher alcohol were calculated by Job’s plot 12-16 method using curve fitting by third 

degree polynomial method. The method of continuous variation to obtain job’s plot are 

already discussed in the previous chapter. On the basis of the concept of continuous variation, 

the curve should possess ‘bell shape’. Depending on the type of bell shape the real 

stoichiometry of the complex system in solutions can be determined. The system acquires 1:1 

stoichiometry when the highest point on the curve falls at 0.5 value on the x-axis of the curve. 

The other achieved stoichiometry can be 1:2 (0.3 value on the x-axis) corresponding to 1 βCD 

molecule in complexation with 2 molecule of a guest or 2:1 (0.7 value on the x-axis), 

corresponding to 2 βCD molecule in complexation with 1 molecule of a guest depending on 

the system. We have also obtained job’s plot for all βCD: Higher alcohols for H3 and H5 

protons. They are represented in the Figure 3.5. 

 

 

 

Alcohol Difference 
between H2O and 

H3 positions in  
βCD spectrum (Hz) 

Difference 
between H2O and 

H3 positions in  
βCD: alcohol 

spectrum (Hz) 

Difference 
(Hz) 

Pentanol 341.44 357.83 16.39 

Hexanol 341.44 367.66 26.22 

Heptanol 341.44 367.38 25.94 

Octanol 341.44 377.75 36.31 

Nonanol 341.44 367.85 26.41 

Decanol 341.44 373.35 31.91 

Undecanol 341.44 403.15 61.71 
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         (e)                                                                                   (f) 

Figure 3.5 : Job’plot obtained for βCD: Higher alcohol H3 and H5 protons complexes (a) βCD: 

Hexanol ,(b) βCD: Heptanol, (c) βCD: Octanol , (d) βCD: Nonanol, (e) βCD: Decanol (f) βCD: 

Undecanol. 
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Alcohol Rmax Stoichiometry (βCD: Higher 
Alcohol) 

Hexanol 0.6 2:1 

Heptanol 0.54 1:1 

Octanol  0.42 1:2 or1:1 

Nonanol 0.66 2:1 

Decanol 0.59 2:1 

Undecanol 0.64 2:1 

 

Table 3.4 : show the observed medium H3 and H5 Rmax values for each βCD: Higher alcohols and 

the corresponding stoichiometry. 

The values obtained by NMR studies were plotted using polynomial curve fitting method and 

values of Rmax were calculated by finding 2nd order derivatives. The Rmax values and the 

stoichiometry of the different βCD:  Higher Alcohol are given in the table 3.4. It can be 

observed that the alcohols are behaving differently to each other while forming inclusion 

complexes with βCD, βCD: Hexanol, βCD: Nonanol, βCD: Decanol and βCD: Undecanol are 

observed to form 2:1 stoichiometry. βCD: Heptanol and βCD: Octanol form 1:1 and 1:2 

stoichiometry respectively. 

It is also very evident from plots that the stoichiometry of the complexes is dependent on the 

length of the hydrophobic chains. The greater curvature in the peaks also leads to evenly 

distributed equilibrium. This behaviour of the chains adds to the perspectives of our 

research21. 

3.3 DSC analysis of the inclusion complexes in the solid state 
When we summarize the DSC curve for uncomplexed βCD, the endothermic feature relative 

to dehydration appears at 115°C in two phases. It can be concluded as the removal of tightly 

bound water molecules from the βCD cavity. The melting point of βCD is reference as above 

260°C but in fact, a decomposition is observed above 280°C. In the case of uncomplexed mixed 

samples of two compounds, the DSC curve is supposed to be in exact superposition of the two 

curves of the compounds alone. 

3.3.1 DSC studies for βCD: Lower alcohols inclusion complexes 

The DSC studies performed on βCD:Lower alcohol are presented in the figure.3.6. In case of 

βCD: Lower alcohol, the complexes prepared with different alcohols show different 

endothermic curves indicating the formation of complexed forms. The boiling points for all 

alcohols are listed in the table 3.5. 

Alcohol Boiling point (°C) 
Methanol 65 

Ethanol 78 

Propanol 97 

Butanol 118 
 

Table 3.5 : List of boiling point temperatures of different linear alcohols (from methanol to 

Butanol) (Source:Wikipedia) 
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βCD: Lower alcohols DSC curve show endothermic peaks at higher temperature than βCD 

(Figure 3.6). For βCD, the removal of tightly bound high energy water molecules occurs at 

temperature upto 120°C. It can be assumed that few of the alcohol molecules have replaced 

tightly bound water molecules inside the cavity. On forming complexes with methanol, an 

endothermic peak is observed at temperature 131°C. Similarly, for other lower alcohols the 

endothermic curves can be seen at temperatures higher than 120°C. None of these 

temperatures represent the respective boiling points of the alcohol used. The shifts in water/ 

solvent removal peak observed are in relation with the role of co-solvent played by the lower 

alcohol molecule in direct comparison with the role of water molecules. 

At higher temperatures, the curves obtained do not show not any significant difference in 

comparison with the DSC curve obtained with βCD alone.   
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Figure 3.6 : DSC curves for inclusion complex of βCD: lower alcohols in molar ratio 1:1. 

3.3.2 DSC studies for βCD: Higher alcohols inclusion complexes 

The DSC curves observed for βCD: Higher alcohols complexes show noticing points (figure 

3.7). The different boiling temperatures of linear alcohols are listed in the table 3.6. 

Alcohol Boiling Point (°C) 

Pentanol 138 

Hexanol 157 

Heptanol 175 

Octanol 195 

Nonanol 214 

Decanol 230 

Undecanol 243 
 

Table 3.6 : List of boiling point temperatures of different linear alcohols (from pentanol to n-

Undecanol). 
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For βCD: pentanol case. we see two endothermic peaks at 104°C and 118°C corresponding to 

solvent removal in two stages. The curve observed for βCD: Hexanol shows two endothermic 

patterns at 107°C and 166°C.  The value corresponds to the optimum temperature of the peak; 

the starting temperature of the phenomenon corresponds to the boiling temperature. The 

βCD: Heptanol curve show multiple endothermic behaviours at 96°C, 109°C, 146°C, 156°C and 

186°C. The dips below 120°C corresponds to removal of water molecules relative to their 

binding inside the cavity. The boiling point of Heptanol is 175°C. The 186°C peak might belong 

to the boiling point of Heptanol which failed to form the inclusion complex but are still present 

in the powder sample. At 146°C and 156°C, the melting of different crystalline forms of the 

inclusion complexes formed might exist. 

The βCD: Octanol curve shows only two endothermic curves at 112°C and 127°C 

corresponding to removal of water molecules in the inclusion complex. No dip is observed at 

its boiling point temperature around 195°C.  

Again, two endothermic dips are observed in case of βCD: Nonanol. The typical removal of 

water molecules can be seen at 115°C and melting of the inclusion complex formed at 187°C. 

 The curve for βCD: Decanol shows two endothermic process temperatures at 114°C and 130°C 

for removal of water molecules in two stages and 176°C for the melting of a new crystalline 

structures. 

 In the end, βCD: Undecanol curve has shown two endothermic temperatures, at 124°C and 

174°C corresponding to removal of water molecules and melting of inclusion complex formed 

respectively.  

For all those complexes, an endothermic peak is obtained that can be attributed to the melting 

of a new crystalline form different from the initial form of βCD alone. 
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Figure 3.7 : DSC curves for inclusion complex of βCD: Higher alcohols in molar ratio 1:1. 
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3.4 Powder X-ray diffraction studies of βCD: Alcohol inclusion complexes 
3.4.1 For βCD: Lower alcohols Inclusion complexes 

The powder X-ray diffraction studies were performed on βCD: Lower alcohols in order to know 

the type of crystals structure their inclusion forms. Till date, only one group of researchers 

have studied crystal structures of alcohol inclusion complexes22. On obtaining the patterns, 

we have noticed them to be very similar to that obtained for βCD (figure 3.8). On comparison 

with patterns in the literature, they all found to resemble BCDEXD1023.The position of peaks 

is same in all the cases. The only change arises due to reduced intensity of some of the peaks.  

Variations in intensity are directly related to the atomic positions in the crystalline planes 

whereas the 2 theta position is in relation with the geometric characteristics of the crystalline 

cell. CD’s spatial organisation in the cell determines its geometry.  

The crystal structures obtained in presence of lower linear primary alcohols. From methanol 

to 1-butanol, the curves present the same herringbone structural type as observed for βCD in 

the structure CSD REFCODE BCDEXD10 and for βCD (as received). It confirms the solvation role 

of the alcohol molecules in those structures. 
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Figure 3.8 : Powder x-ray diffraction for inclusion complex of βCD: lower alcohols in molar ratio 1:1 

compared with reference (BCDEXD10). 

3.4.2 For βCD: Higher alcohols Inclusion complexes 

The diffraction patterns obtained for βCD: higher alcohols complexes are presented in the 

figure 3.9 and 3.10 in comparison found in the literature with different diffraction patterns as 

explained in chapter 2.  

Complexes pattern obtained for βCD: Pentanol and βCD: Hexanol produced similar pattern to 

the one already present in the literature, named as PUKPIU24. For these complexes, we 
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proposed channel type structure which is in accordance with the conclusion made from the 

proton NMR studies in solution. 

The other βCD: higher alcohols patterns resembled CACPOM25. We propose for these 

complexes, a structure based upon a dimer brick organisation with stoichiometry of 2 CD for 

1 alcohol molecule in accordance with the results obtained by proton NMR. This result sustains 

if we consider that the molecular organisation in the solution constructs the premises of the 

solid state packing. 

The powders seem to have lost their crystalline character and acquired amorphous 

character26-28 in comparison to crystalline pattern obtained for uncomplexed βCD. Only 

selective sharp peaks are observed for example-The peak at 5.6° and 11.9°. In rest of the 

pattern, many superimposed peaks are present creating ‘a hump’ kind of appearance. These 

superimposed peaks are difficult to be distinguished. This appearance is generally 

characteristic of a disordered inclusion complex present in the system. 
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Figure 3.9 : Powder x-ray diffraction for inclusion complex of βCD: Higher alcohols in molar ratio 

1:1 compared with PUKPIU. 
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Figure 3.10 : Powder x-ray diffraction for inclusion complex of βCD: Higher alcohols in molar ratio 

1:1 compared with reference CACPOM. 

 

3.5 Raman spectroscopic analysis of βCD: Linear alcohol complexes 
When inclusion takes place, the spectrum contains the peaks corresponding to both the host 

and the guest which can be generally shifted in their positions or intensity may be altered. In 

the solid form of inclusion, the different types of non-covalent interactions such as 

hydrophobic, Van der Waals interactions and hydrogen bonding lower the energy of the 

included guest leading to the reduced intensities of the corresponding bands. We have 

observed Raman Spectra for  all βCD: Linear alcohol complexes prepared. All linear alcohols 

show similar type of Raman Spectra with typical peak positions. They are quickly summarized 

in the table 3.7. 

Alcohol (O-H) Wavenumber (cm-1) Vibrational mode 
O-H (free) 3600-3650 Stretch 

O-H (H-bond) 3300-3400 Stretch 

C-H 2850-3000 Stretch 

CH2 2864 Stretch  

CH2 1400-1450 Bend  

C-O-H 1220-1440 Bend 

C-O (primary alcohol) 1050 (base value) Stretch 

 

Table 3.7 : Vibrational regions assigned to alcohols. 
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3.5.1 Raman Spectral Studies βCD: Lower alcohols 
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Figure 3.11 : Raman Spectra for inclusion complex of βCD: Lower alcohols in molar ratio 1:1. 

The figure 3.11 shows the Raman spectra of all the complexes prepared with lower alcohols. 

It can be seen that all the spectra obtained are very similar to that of the spectrum obtained 

for uncomplexed βCD. Appearance of new peaks or disappearance of the characteristic peaks 

have not been observed. Moreover, the intensity of the peaks remains same. The reason 

behind this observation is the superposition of βCD and alcohols peaks.  

3.5.2 Raman Spectral Studies βCD: Higher alcohols 

On moving towards longer alcohols, the spectra have changed at two positons for each βCD: 

Higher alcohol complex. The changes can be observed between regions 1357-1488 cm-1 and 

2814-2879 cm-1 of the spectra (Figure 3.12). These regions fall in the same vibrational regions 

active for linear alcohols as shown in the table above. Other peaks corresponding to alcohols 

might be present in the spectra but they remain undetected due to superposition of βCD 

peaks. 
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Figure 3.12 : Raman Spectra for inclusion complex of βCD: higher alcohols in molar ratio 1:1. 

 

3.6 Molecular modelling studies of βCD: Alcohol complexes 
3.6.1 Stability study of the βCD: alcohol complexes by manual docking 
 
We have investigated systematically the stability of the alcohol-cyclodextrin complexes in 
water by manual docking using the semi empirical PM3 level of theory as explained in the 
chapter 2. Convergence of the optimised structures has been checked by computation of 
positive frequencies. All calculations were done on the MAGI supercomputer of the PARIS 13 
university located at Villetaneuse. 
 
The results of inclusion in function of the center mass position along the Z-axis have been 
compared with the lengths L of the alcohol molecules (from approximately 1.7 Å for methanol 
to 16 Å for dodecanol with an increment of 1.3 Å for each carbon added) and the thickness T 
of the βCD molecule  (approximately 5 Å along the Z-axis). 
We can consider that an alcohol molecule enters in the cavity for the position ½ (L+T) along Z-
axis and exists for the position -½ (L+T) along Z-axis. The zone is highlighted in each graphs 
presented below. We can consider that the system increases its stability by inclusion when 
there is a significant decrease of the value of the negative binding energy in this region. 
 
The results obtained with molecular modeling are directly in relation with our experimental 
observations in solutions by NMR and powder diffraction analysis in the solid state with two 
major classes : smaller alcohols from methanol with butanol and longer alcohols from 
pentanol to undecanol. 
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3.6.1.1 βCD: Methanol complex : 
Considering that the length L of the methanol molecule is approximately 1.7 Å, we can 
consider that a methanol molecule enters in the cavity for the position +3.4 Å along Z-axis and 
exits for the position -3.4 Å along Z-axis (Figure 3.13). Table 3.8 lists all thermodynamic and 
electronic features of the two orientations considered. 
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Figure 3.13 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of methanol along Z-axis for the two orientations. 

 

  βCD Methanol Complex βCD :Methanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 -20.205 -718.486 -717.707 

bind (kcal/mol)     -3.097 -2.319 

H (kcal/mol) -694.591 -19.613 -717.893 -717.115 

H (kcal/mol)     -3.690 -2.911 

G (kcal/mol) -815.265 -36.699 -844.185 -844.869 

G (kcal/mol)   7.780 7.095 

S (kcal/mol.K) 0.405 0.057 0.424 0.428 

S (kcal/mol.K)   -0.038 -0.034 

EHOMO(Ha) 0.057 0.130 0.057 0.057 

ELUMO(Ha) -0.395 -0.412 -0.395 -0.395 

EHOMO(eV) 1.542 3.535 1.545 1.549 

ELUMO(eV) -10.755 -11.207 -10.750 -10.750 
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G(eV) 12.297 14.742 12.295 12.300 

 (eV) -4.607 -3.836 -4.602 -4.600 

 (eV) 6.149 7.371 6.148 6.150 

 (eV) 1.726 0.998 1.723 1.721 

Dipole moment 
(D) 

10.953 1.663 10.786 11.871 

 
Table 3.8: Energies features.  thermodynamic and electronic parameters  of βCD:methanol 
complexes by PM3 method for the more thermodynamically favorable complex of each orientation. 

 

3.6.1.2 βCD: ethanol complex: 
Considering that the length L of the ethanol molecule is approximately 3 Å, we can consider 
that an ethanol molecule enters in the cavity for the position +4 Å along Z-axis and exits for 
the position -4 Å along Z-axis (Figure 3.14). Table 3.13 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.14 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of ethanol along Z-axis for the two orientations.  

 

 βCD Ethanol Complex βCD :Ethanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 -8.623 -709.398 -708.728 

bind (kcal/mol)     -5.592 -4.922 

H (kcal/mol) -694.591 -8.030 -708.805 -708.136 

H (kcal/mol)     -6.184 -5.515 
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G (kcal/mol) -815.265 -27.379 -835.341 -834.450 

G (kcal/mol)     7.304 8.195 

S (kcal/mol.K) 0.405 0.065 0.424 0.424 

S (kcal/mol.K)     -0.045 -0.046 

EHOMO(Ha) 0.057 0.124 0.057 0.057 

ELUMO(Ha) -0.395 -0.413 -0.395 -0.395 

EHOMO(eV) 1.542 3.372 1.548 1.545 

ELUMO(eV) -10.755 -11.247 -10.750 -10.751 

G(eV) 12.297 14.619 12.298 12.296 

 (eV) -4.607 -3.938 -4.601 -4.603 

 (eV) 6.149 7.310 6.149 6.148 

 (eV) 1.726 1.061 1.722 1.723 

Dipole moment 
(D) 

10.953 1.776 11.364 12.216 

 
Table 3.9: Energies features.  thermodynamic and electronic parameters  of βCD:ethanol 
complexes by PM3 method for the more thermodynamically favorable complex of each 

orientation. 

 
3.6.1.3 βCD: propanol complex: 
Considering that the length L of the propanol molecule is approximately 4.3 Å, we can consider 
that a propanol molecule enters in the cavity for the position +4.7 Å along Z-axis and exits for 
the position -4.7 Å along Z-axis (Figure 3.15). Table 3.10 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.15 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of propanol along Z-axis for the two orientations. 

 

 

  βCD Propanol Complex βCD :Propanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 4.403 -697.645 -698.532 

bind (kcal/mol)     -6.865 -7.752 

H (kcal/mol) -694.591 4.996 -697.053 -697.940 

H (kcal/mol)     -7.457 -8.345 

G (kcal/mol) -815.265 -16.761 -826.723 -824.716 

G (kcal/mol)     5.303 7.310 

S (kcal/mol.K) 0.405 0.073 0.435 0.425 

S (kcal/mol.K)     -0.043 -0.053 

EHOMO(Ha) 0.057 0.119 0.057 0.057 

ELUMO(Ha) -0.395 -0.411 -0.395 -0.395 

EHOMO(eV) 1.542 3.247 1.543 1.552 

ELUMO(eV) -10.755 -11.184 -10.749 -10.751 

G(eV) 12.297 14.431 12.292 12.303 

 (eV) -4.607 -3.969 -4.603 -4.600 

 (eV) 6.149 7.215 6.146 6.151 

 (eV) 1.726 1.091 1.724 1.720 

Dipole moment 
(D) 

10.953 1.771 9.971 10.894 

 
Table 3.10: Energies features.  thermodynamic and electronic parameters  of βCD:propanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.4 βCD: Butanol complex : 
Considering that the length L of the butanol molecule is approximately 5.6 Å, we can consider 
that a butanol molecule enters in the cavity for the position +5.3 Å along Z-axis and exits for 
the position -5.3 Å along Z-axis(Figure 3.16). Table 3.11 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.16 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Butanol along Z-axis for the two orientations. 

 

  βCD Butanol Complex βCD :Butanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 17.341 -685.336 -686.204 

bind (kcal/mol)     -7.494 -8.362 

H (kcal/mol) -694.591 17.934 -684.744 -685.612 

H (kcal/mol)     -8.087 -8.955 

G (kcal/mol) -815.265 -6.068 -815.578 -815.038 

G (kcal/mol)     5.756 6.296 

S (kcal/mol.K) 0.405 0.081 0.439 0.434 

S (kcal/mol.K)     -0.046 -0.051 

EHOMO(Ha) 0.057 0.116 0.057 0.057 

ELUMO(Ha) -0.395 -0.412 -0.395 -0.395 

EHOMO(eV) 1.542 3.169 1.550 1.546 

ELUMO(eV) -10.755 -11.208 -10.748 -10.752 

G(eV) 12.297 14.376 12.298 12.298 

 (eV) -4.607 -4.019 -4.599 -4.603 

 (eV) 6.149 7.188 6.149 6.149 

 (eV) 1.726 1.124 1.720 1.723 

Dipole moment 
(D) 

10.953 1.776 10.484 12.074 
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Table 3.11: Energies features.  thermodynamic and electronic parameters  of βCD:Butanol 
complexes by PM3 method for the more thermodynamically favorable complex of each 

orientation. 

 
3.6.1.5 βCD:Pentanol complex: 
Considering that the length L of the pentanol molecule is approximately 6.9 Å, we can consider 
that a pentanol molecule enters in the cavity for the position +6 Å along Z-axis and exits for 
the position -6 Å along Z-axis(Figure 3.17). Table 3.12 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.17 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 

position of pentanol along Z-axis for the two orientations. 

 

  βCD Pentanol Complex βCD :Pentanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 30.235 -676.567 -674.195 

bind (kcal/mol)     -11.618 -9.246 

H (kcal/mol) -694.591 30.827 -675.975 -673.603 

H (kcal/mol)     -12.211 -9.839 

G (kcal/mol) -815.265 4.494 -804.589 -803.913 

G (kcal/mol)     6.183 6.859 

S (kcal/mol.K) 0.405 0.088 0.431 0.437 

S (kcal/mol.K)     -0.062 -0.056 

EHOMO(Ha) 0.057 0.115 0.057 0.057 

ELUMO(Ha) -0.395 -0.412 -0.396 -0.395 

EHOMO(eV) 1.542 3.117 1.539 1.542 
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ELUMO(eV) -10.755 -11.206 -10.771 -10.758 

G(eV) 12.297 14.323 12.310 12.300 

 (eV) -4.607 -4.045 -4.616 -4.608 

 (eV) 6.149 7.161 6.155 6.150 

 (eV) 1.726 1.142 1.731 1.726 

Dipole moment 
(D) 

10.953 1.779 10.045 11.435 

 
Table 3.12: Energies features.  thermodynamic and electronic parameters  of βCD:pentanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.6 βCD:Hexanol complex: 

Considering that the length L of the hexanol molecule is approximately 8.2 Å, we can consider 
that a hexanol molecule enters in the cavity for the position +6.6 Å along Z-axis and exits for 
the position -6.6 Å along Z-axis (Figure 3.18). Table 3.13 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.18 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Hexanol along Z-axis for the two orientations.  
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  βCD Hexanol Complex βCD :Hexanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 43.139 -666.239 -663.836 

bind (kcal/mol)   -14.196 -11.792 

H (kcal/mol) -694.591 43.732 -665.646 -663.244 

H (kcal/mol)   -14.787 -12.385 

G (kcal/mol) -815.265 15.110 -796.530 -794.790 

G (kcal/mol)   3.624 5.365 

S (kcal/mol.K) 0.405 0.096 0.439 0.441 

S (kcal/mol.K)   -0.062 -0.060 

EHOMO(Ha) 0.057 0.113 0.056 0.056 

ELUMO(Ha) -0.395 -0.412 -0.396 -0.395 

EHOMO(eV) 1.542 3.081 1.524 1.535 

ELUMO(eV) -10.755 -11.208 -10.782 -10.752 

G(eV) 12.297 14.288 12.306 12.287 

 (eV) -4.607 -4.063 -4.629 -4.608 

 (eV) 6.149 7.144 6.153 6.144 

 (eV) 1.726 1.156 1.741 1.728 

Dipole moment 
(D) 

10.953 1.779 11.197 10.520 

 
Table 3.13: Energies features.  thermodynamic and electronic parameters  of βCD:Hexanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.7 βCD:Heptanol complex: 

Considering that the length L of the heptanol molecule is approximately 9.5 Å, we can consider 
that a heptanol molecule enters in the cavity for the position +7.3 Å along Z-axis and exits for 
the position -7.3 Å along Z-axis (Figure 3.19). Table 3.14 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.19 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 

position of Heptanol along Z-axis for the two orientations. 

 

  βCD Heptanol Complex βCD :Heptanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 56.023 -651.083 -652.211 

bind (kcal/mol)   -11.923 -13.051 

H (kcal/mol) -694.591 56.616 -650.490 -651.618 

H (kcal/mol)   -12.516 -13.644 

G (kcal/mol) -815.265 25.676 -783.269 -784.592 

G (kcal/mol)   6.320 4.997 

S (kcal/mol.K) 0.405 0.104 0.445 0.446 

S (kcal/mol.K)   -0.063 -0.063 

EHOMO(Ha) 0.057 0.112 0.057 0.053 

ELUMO(Ha) -0.395 -0.412 -0.395 -0.396 

EHOMO(eV) 1.542 3.056 1.550 1.435 

ELUMO(eV) -10.755 -11.206 -10.758 -10.778 

G(eV) 12.297 14.262 12.308 12.214 

 (eV) -4.607 -4.075 -4.604 -4.672 

 (eV) 6.149 7.131 6.154 6.107 

 (eV) 1.726 1.164 1.722 1.787 

Dipole moment 
(D) 

10.953 1.781 10.084 11.669 
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Table 3.14: Energies features.  thermodynamic and electronic parameters  of βCD:Heptanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.8 βCD:Octanol complex: 

Considering that the length L of the octanol molecule is approximately 10.8 Å, we can consider 
that an octanol molecule enters in the cavity for the position +7.9 Å along Z-axis and exits for 
the position -7.9 Å along Z-axis (Figure 3.20). Table 3.15 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.20 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Octanol along Z-axis for the two orientations. 

 

  βCD Octanol Complex βCD :Octanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 68.924 -639.429 -638.439 

bind (kcal/mol)   -13.170 -12.180 

H (kcal/mol) -694.591 69.517 -638.836 -637.847 

H (kcal/mol)   -13.762 -12.773 

G (kcal/mol) -815.265 36.284 -771.660 -775.514 

G (kcal/mol)   7.321 3.467 

S (kcal/mol.K) 0.405 0.111 0.445 0.462 

S (kcal/mol.K)   -0.071 -0.054 

EHOMO(Ha) 0.057 0.112 0.056 0.056 
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ELUMO(Ha) -0.395 -0.412 -0.396 -0.395 

EHOMO(eV) 1.542 3.038 1.523 1.534 

ELUMO(eV) -10.755 -11.206 -10.763 -10.756 

G(eV) 12.297 14.244 12.286 12.291 

 (eV) -4.607 -4.084 -4.620 -4.611 

 (eV) 6.149 7.122 6.143 6.145 

 (eV) 1.726 1.171 1.737 1.730 

Dipole moment 
(D) 

10.953 1.780 9.844 11.724 

 
Table 3.15: Energies features.  thermodynamic and electronic parameters  of βCD:Octanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

 

3.6.1.9 βCD:Nonanol complex: 

Considering that the length L of the nonanol molecule is approximately 12.1 Å, we can 
consider that a nonanol molecule enters in the cavity for the position +8.6 Å along Z-axis and 
exits for the position -8.6 Å along Z-axis(Figure 3.21). Table 3.16 lists all thermodynamic and 
electronic features of the two orientations considered. 
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Figure 3.21 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 

position of Nonanol along Z-axis for the two orientations.  
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  βCD Nonanol Complex βCD :Nonanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 81.809 -626.155 -626.514 

bind (kcal/mol)   -12.780 -13.139 

H (kcal/mol) -694.591 82.401 -625.562 -625.921 

H (kcal/mol)   -13.373 -13.732 

G (kcal/mol) -815.265 46.859 -763.200 -763.038 

G (kcal/mol)   5.206 5.368 

S (kcal/mol.K) 0.405 0.119 0.462 0.460 

S (kcal/mol.K)   -0.062 -0.064 

EHOMO(Ha) 0.057 0.111 0.057 0.057 

ELUMO(Ha) -0.395 -0.412 -0.396 -0.396 

EHOMO(eV) 1.542 3.024 1.561 1.560 

ELUMO(eV) -10.755 -11.206 -10.769 -10.780 

G(eV) 12.297 14.230 12.329 12.339 

 (eV) -4.607 -4.091 -4.604 -4.610 

 (eV) 6.149 7.115 6.165 6.170 

 (eV) 1.726 1.176 1.719 1.722 

Dipole moment 
(D) 

10.953 1.781 9.873 11.701 

 
Table 3.16: Energies features.  thermodynamic and electronic parameters  of βCD:Nonanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.10 βCD: Decanol complex: 

Considering that the length L of the decanol molecule is approximately 13.4 Å, we can consider 
that a decanol molecule enters in the cavity for the position +9.2 Å along Z-axis and exits for 
the position -9.2 Å along Z-axis(Figure 3.22). Table 3.17 lists all thermodynamic and electronic 
features of the two orientations considered. 
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Figure 3.22 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Decanol along Z-axis for the two orientations. 

 

  βCD Decanol Complex βCD :Decanol 

Orientation A Orientation B 

E (kcal/mol) -695.183 94.706 -610.027 -614.914 

bind (kcal/mol)   -9.550 -14.437 

H (kcal/mol) -694.591 95.299 -609.435 -614.322 

H (kcal/mol)   -10.142 -15.029 

G (kcal/mol) -815.265 57.454 -752.316 -751.178 

G (kcal/mol)   5.495 6.633 

S (kcal/mol.K) 0.405 0.127 0.479 0.459 

S (kcal/mol.K)   -0.052 -0.073 

EHOMO(Ha) 0.057 0.111 0.057 0.056 

ELUMO(Ha) -0.395 -0.412 -0.396 -0.396 

EHOMO(eV) 1.542 3.013 1.552 1.513 

ELUMO(eV) -10.755 -11.207 -10.769 -10.763 

G(eV) 12.297 14.220 12.321 12.277 

 (eV) -4.607 -4.097 -4.608 -4.625 

 (eV) 6.149 7.110 6.160 6.138 

 (eV) 1.726 1.180 1.724 1.742 

Dipole moment 
(D) 

10.953 1.780 10.996 11.649 
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Table 3.17: Energies features.  thermodynamic and electronic parameters  of βCD:Decanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.11 βCD: Undecanol complex: 

Considering that the length L of the undecanol molecule is approximately 14.7 Å, we can 
consider that an undecanol molecule enters in the cavity for the position +9.9 Å along Z-axis 
and exits for the position -9.9 Å along Z-axis (Figure 3.23). Table 3.18 lists all thermodynamic 
and electronic features of the two orientations considered. 
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Figure 3.23 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Undecanol along Z-axis for the two orientations.  

 
 

  βCD Undecanol Complex βCD :Undecanol 

Orientation A Orientation B 

E (kcal/mol) -695.18 107.59341 -599.96 -601.20 

bind (kcal/mol)   -12.37 -13.61 

H (kcal/mol) -694.59 108.18578 -599.37 -600.61 

H (kcal/mol)   -12.96 -14.20 

G (kcal/mol) -815.27 68.045248 -744.78 -741.51 

G (kcal/mol)   2.44 5.71 

S (kcal/mol.K) 0.40 0.13 0.49 0.47 

S (kcal/mol.K)   -0.05 -0.07 
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EHOMO(Ha) 0.06 0.11 0.06 0.06 

ELUMO(Ha) -0.40 -0.41 -0.40 -0.40 

EHOMO(eV) 1.54 3.01 1.53 1.55 

ELUMO(eV) -10.76 -11.21 -10.76 -10.78 

G(eV) 12.30 14.21 12.30 12.34 

 (eV) -4.61 -4.10 -4.61 -4.62 

 (eV) 6.15 7.11 6.15 6.17 

 (eV) 1.726 1.183 1.732 1.726 

Dipole moment 
(D) 

10.95 1.78 10.6396 11.75 

 
Table 3.18: Energies features.  thermodynamic and electronic parameters  of βCD: Undecanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.12 βCD:dodecanol complex: 

Considering that the length L of the dodecanol molecule is approximately 16 Å, we can 
consider that a dodecanol molecule enters in the cavity for the position +10.5 Å along Z-axis 
and exits for the position -10.5 Å along Z-axis (Figure 3.24). Table 3.19 lists all thermodynamic 
and electronic features of the two orientations considered. 
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Figure 3.24 : Evolution of the binding energy changes Ebind (kcal/mol) in function of the starting 
position of Dodecanol along Z-axis for the two orientations.  
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  βCD Dodecanol Complex βCD :Dodecanol 

Orientation A Orientation B 

E (kcal/mol) -695.18 120.4881 -592.05 -589.76 

bind (kcal/mol)   -17.36 -15.06 

H (kcal/mol) -694.59 121.08 -591.46 -589.16 

H (kcal/mol)   -17.95 -15.65 

G (kcal/mol) -815.27 78.63 -732.91 -730.59 

G (kcal/mol)   3.72 6.05 

S (kcal/mol.K) 0.40 0.14 0.47 0.47 

S (kcal/mol.K)   -0.07 -0.07 

EHOMO(Ha) 0.06 0.11 0.06 0.06 

ELUMO(Ha) -0.40 -0.41 -0.40 -0.40 

EHOMO(eV) 1.54 3.00 1.53 1.52 

ELUMO(eV) -10.76 -11.21 -10.78 -10.76 

G(eV) 12.30 14.21 12.31 12.28 

 (eV) -4.61 -4.10 -4.63 -4.62 

 (eV) 6.15 7.10 6.15 6.14 

 (eV) 1.726 1.186 1.739 1.739 

Dipole moment 
(D) 

10.95 1.78 11.9769 12.80 

 
Table 3.19: Energies features.  thermodynamic and electronic parameters  of βCD: Dodecanol 

complexes by PM3 method for the more thermodynamically favorable complex of each 
orientation. 

 

3.6.1.13 Discussion 
 

Table 3.20 and figure 3.25 give a synthesis of the energetic features of the more stable 
complexes obtained during the theoretical study.  
 

Negative values for ΔH and positive values for ΔG indicate that the formation of the complexes 
are exothermic and non-spontaneous processes. The ΔS for the complexation process makes 
a very small contribution to the positive value of ΔG in comparison to the heat effect. The 
entropy effect is generally in relation with the replacement of water molecules by guest 
molecules, their release outside the cavity and a reorganization in the structures. Our study 
uses an implicit solvation model that can reduce the energetic effect of this molecular 
reorganization. Moreover, the docked molecules tend to stay linear after computation 
although a complete docking process should include entropic variation in the guest 
conformation. However, this study gives results in accordance with experimental 
observations. 
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The electronic energetic and chemical parameters are all very similar in all the complexes and 
thus their evolution is not significant to a better understanding of the inclusion process. 
 

 
Complex 
betaCD 

with 

methano
l 

ethano
l 

propano
l 

butano
l 

pentano
l 

hexano
l 

heptano
l 

octano
l 

nonano
l 

decano
l 

undecano
l 

dodecano
l 

1 2 3 4 5 6 7 8 9 10 11 12 

E (kcal/mol) -718.49 -709.40 -698.53 -686.20 -676.57 -666.24 -652.21 -
639.43 

-626.51 -614.91 -601.20 -592.05 

bind 
(kcal/mol)

-3.10 -5.59 -7.75 -8.36 -11.62 -14.20 -13.05 -13.17 -13.14 -14.44 -13.61 -17.36 

H 
(kcal/mol) 

-717.89 -708.81 -697.94 -685.61 -675.97 -665.65 -651.62 -
638.84 

-625.92 -614.32 -600.61 -591.46 

H 
(kcal/mol)

-3.69 -6.18 -8.34 -8.95 -12.21 -14.79 -13.64 -13.76 -13.73 -15.03 -14.20 -17.95 

G 
(kcal/mol) 

-844.18 -835.34 -824.72 -815.04 -804.59 -796.53 -784.59 -
771.66 

-763.04 -751.18 -741.51 -732.91 

G 
(kcal/mol)

7.78 7.30 7.31 6.30 6.18 3.62 5.00 7.32 5.37 6.63 5.71 3.72 

S 
(kcal/mol.K

) 

0.42 0.42 0.43 0.43 0.43 0.44 0.45 0.45 0.46 0.46 0.47 0.47 

S 
(kcal/mol.K

)

-0.04 -0.05 -0.05 -0.05 -0.06 -0.06 -0.06 -0.07 -0.06 -0.07 -0.07 -0.07 

 
Table 3.20 : Energetic features and thermodynamic parameters for linear alcohol inclusion 

complexes by PM3 manual docking method. 
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Figure 3.25 : Binding energy ΔEbind (kcal/mol) (in green), ΔH (kcal/mol) (in blue) and ΔG (kcal/mol) 
(in orange) results from PM3 manual docking of a linear primary alcohol molecule in βCD. Energy 

axis is inverted to allow a better visualization of the results 
 

Typically, the more negative the binding energy is, the stronger the interaction is between the 
host and the guest considered. Thus, the stabilty of the inclusion complexes tends to increase 
from methanol to hexanol and is then quite similar for hexanol to dodecanol.  
 
The inclusion complexation of the methanol molecule do not change significantly the energy 
of the system. It confirms that the methanol molecule can randomly replace any water 
molecule inside or outside the cavity. In all the structures obtained by manual docking, the 
methanol molecule stay centered in the cavity as in the starting job files. 
 

Behaviours of methanol, ethanol, propanol and butanol are very similar with no significant 
gain in energy due to the inclusion process in βCD and inclusion of the alcohol molecule 
aligned with the center of the cavity.  
 
Our experimental results indicating that methanol to butanol tend to have a behaviour 
comparable to a molecule of water solvent with no choice between a position inside or outside 
the cyclodextrin cavity. A value of binding energy above -10 kcal/mol may indicate a non 
significant interaction. 
 
The thickness of the cyclodextrin ring can almost insert the aliphatic chain of the primary 
alcohol starting from pentanol. In case of inclusion of pentanol in the cavity, there is a little 
increase of stability with a significant value of the binding energy below -10 kcal/mol . The 
inside hydrophobic cyclodextrin cavity stabilizes the aliphatic part of the guest molecule from 
the effect of the polar implicit solvent outside. The optimised docked structures present a 
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slightly tilted pentanol molecule in the cavity. We have observed inclusion of pentanol with a 
stoichiometry of 1:1 by NMR and channel structural type by PXRD in accordance with the 
theoretical result. 
 
In the case of heptanol and longer alcohol molecules, there are more than one starting 
positions to obtain a minimum value for the binding energy because there are many different 
possibilities to insert the aliphatic chain in the cavity as it is longer than the thickness of the 
cyclodextrin cavity. This observation can be put in relation with two facts observed in the solid 
state structures availables: (i) Molecules presenting long length chains are frequently 
described with a high level of disorder as there are many energetic equivalent possibilities to 
insert them in the cavity and (ii) Molecules presenting long length chains are frequently 
complexed by cyclodextrin dimers in brick type structures.  
 
The values obtained for binding energies are equivalent in the case of the inclusion of heptanol 
and longer alcohol molecules in a βCD when considering an implicit water solvent 
environment. An interesting extension of this work would consist in the complexation of 
alcohol by cyclodextrin dimers. 
 

3.7 Conclusion 
All the work explained in this chapter has marked as the first step of this thesis. The inclusion 

complexes of βCD and alcohols have shown interesting results. We have tried to form 

complexes of βCD along with the homologous series of aliphatic linear alcohols. The 

complexes prepared were further characterized with different characterization techniques to 

understand the behaviour and complexation forming ability of each alcohol used. The 

objective was to know which of the following alcohols form channel type crystal structure 

arrangement such that the arrangement allows us to capture aromatic hydrocarbons which 

are generally termed as ‘Water Pollutants’. 

It has been concluded from all the results obtained in the liquid state as well as the solid state 

that lower alcohols up to Butanol (=4C) do not show interesting inclusion complexes results 

with βCD. On interpreting NMR results, it can be concluded that lower alcohols are unable to 

displace H3 and H5 protons peak because they are not included in the cavity but distributed 

randomly in the structure to replace solvent water molecules. Therefore, their use to form 

complexes with aromatic hydrocarbons exhibiting a channel type opened structure is 

doubtful. On the contrary, the higher alcohols were successful in showing positive 

displacement results for H3 and H5 protons which is a spontaneous phenomenon while 

forming inclusion complex. The use of job’s plot also revealed the stoichiometry of the 

systems. 

DSC results for lower alcohols showed only one endothermic curve corresponding to removal 

to tightly bounded water molecules. No other information could be revealed on detailed 

analysis. The results for higher alcohols have shown multiple endothermic curves for each 

alcohol which are not related to their respective boiling points. It can be assumed that they 

occur due to melting of crystals of inclusion complex. In cases, where there are more than two 

endothermic depths are present indicates the formation of different crystalline structures of 

the inclusion complexes formed. 
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On exploitation of XRD results, it can be concluded that the complexes formed with lower 

alcohols have formed same type of crystal structure as all the diffraction pattern obtained are 

similar. The complexes prepared with higher alcohols have shown two different pattern types 

which are different pattern obtained with lower alcohols. Depending on the length of the 

aliphatic chain in primary linear alcohol, the weak interaction between βCD and alcohol gives 

rise to different structural types. Lower alcohols, up to butanol, act as water molecules in a 

herringbone structural type comparable to the structure obtained with βCD (as received). 

Intermediate alcohols, like 1-pentanol and 1-hexanol, present a channel structure in 

accordance with the structure obtained in PUKPIU, based upon βCD, pyrene and octanol. 

Finally, longer alcohols such as 1-heptanol up to 11-undecanol exhibit a dimer brick structural 

type in accordance with the stoichiometry determined previously by proton NMR. 

Inclusion complexes prepared with lower alcohols have shown unnoticeable changes in their 

vibrational modes as the bands from alcohol molecules and βCD are superimposed. The 

spectra obtained resemble exactly to βCD spectrum. On moving to higher alcohols, the spectra 

of the complexes show slight changes in their vibrational modes. Peaks corresponding to 

alcohols are present in all spectra. 

Detailed Molecular modelling studies indicated that lower alcohols behave like water 

molecule indicating non-significant interaction. Higher alcohols possess lower binding energy 

values and hence undergoing significant interactions. 

At last, on considering all the finding, it can be finally concluded that the higher alcohols should 

be used for further studies of this thesis in favour to obtain opened channel type structures. 
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Chapter 4 : Inclusion complexes of βCD: Aromatic Hydrocarbons 

4.1 Introduction 
In the present chapter, we have studied the behaviour of only selected aromatic compounds 

to form inclusion complexes in absence of linear alcohols. The first information obtained 

revealed their nature while forming an inclusion complexation. The main idea behind this step 

is to see their existence in the final solutions prepared or in the crystalline powders. For this 

purpose, we followed the same procedure of performing NMR studies in the liquid state. The 

results have cleared the picture about the aromatic compounds which are able to form the 

inclusion complexes in absence of linear alcohols and the one which failed to do the act. It has 

been found out that derivatives of BEN and NAP with a polar part like PHE, BA and 2-NAP were 

able to form complexes with βCD without alcohols. On the other hand, for few aromatic 

compounds like BEN and TFT, solubility issues of PAH in water do not allow the study of 

inclusion complexation in solution. Experimental methods are still those explained in the 

chapter 2. 

By preparing co-precipitated crystalline powders, solubility issues are partially raised by the 

increase of the temperature applied in the sample preparation protocol. After washing of the 

powders, we are able to detect PAH in some solid state complexes that could not be studied 

in solution in D2O by proton NMR. 

Here, we have also discussed the solid state studies for these compounds. Thermal studies 

were performed to observe new events of endothermic or exothermic curves corresponding 

to inclusion complexes. For the aromatics, already forming inclusion complexes in solution 

with βCD without the use of linear alcohols show additional curves for melting of the inclusion 

complexes formed at the respective temperatures. Furthermore, the aromatics considered of 

not forming inclusion complexes show curves showing the melting/boiling of the 

uncomplexed guest molecules. Another information revealed here which was not available by 

NMR studies in solution is the inclusion solid state complex formation by TOL without addition 

of alcohols. 

The XRD studies indicated the types of crystal structures formed by the βCD on inclusion with 

different aromatic hydrocarbons. The aromatics already showing complexation as interpreted 

by the other techniques have shown typical XRD pattern as obtained when inclusion 

complexation occurs. All the patterns are compared with XRD pattern obtained for βCD: 

Octanol and many others structures from the literature which are used as references for 

channel inclusion complex structure. 

In the last part, the Raman Studies are done to further investigate the vibrational motions of 

the molecules affected while forming an inclusion complex. The vibrational modes of the guest 

molecules were calculated by theoretical studies to check the mode of the guest appearing in 

the inclusion complex system (if occurs) for better understanding. 

Our group has previously investigated the inclusion structure of some PAH by βCD1. In the 

literature, complexation of derivatives of benzoic acid, phenol and 2-napthol by βCD have 

been extensively studied2–7. A very interesting studies about crystalline alpha and gamma CDs 

inclusion compounds formed with aromatics guests is also available8. Soluble inclusion 

complexes of aromatic molecules, i.e. styrene9, aniline10, phenol11 and their derivatives12 with 

CDs have been reported in the literature. These studies have found that the inclusion of 
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substituted benzene derivatives in the CD cavities depends on a variety of factors, including 

their sizes, shapes, substitution position (ortho, meta or para), ionic strength, etc. 

4.2 NMR studies of βCD: aromatic hydrocarbons 

1D proton NMR studies were also carried out for some aromatic pollutants in order to have 

some basic idea about inclusion complex formation. The samples were prepared and analysed 

as explained in chapter 2. The objective for carrying out these studies was to know about any 

inclusion process occurring when the two compounds were mixed and also to know the 

stoichiometry of the inclusion complex formed by method of continuous variation (Job’s Plot). 

Aromatic hydrocarbons are slightly soluble in water, but are highly lipophilic. Their solubility 

in water varies with increase in temperature. Here, we have carried out studies in solution in 

presence of D2O at ambient temperature. 

For inclusion complex formation, another finding which is very important for the studies is the 

evolution of proton peaks for aromatic hydrocarbons guest for different solutions prepared. 

We have also focussed on the same studies for few of our sample in order to understand 

complexation phenomenon better. 

4.2.1 Monocyclic Aromatic hydrocarbons 

4.2.1.1 βCD: BEN, βCD: FB and βCD: TFT NMR studies in D2O 

The solutions for those analysis were prepared in D2O. For each set of solutions, the studies 

were carried out for a minimum of two times. 

In the past, fewer research articles have been published about βCD:BEN13–15 complexes but 

no such type of NMR studies were done. For βCD:BEN (D2O), the non-existence of BEN in the 

solution is confirmed by absence of benzene peak at 7.26 ppm due to poor solubility in water 

(1.84 g/L at 30°C). 

Similar results were obtained with FB and TFT. The previously done studies on complexation 

of FB11,16,17 do not reveal any NMR studies for stoichiometry confirmation. TFT does not form 

any inclusion complex with βCD because of the solubility issues (< 0.1 g/100 ml at 21°C). 

For the same reason of poor solubility, we are not able to solubilize other PAH like NAP, TOL, 

PYR and ANTH in D2O avoiding the study of their complexation by βCD by proton NMR in 

solution. 

4.2.1.2 βCD: B.A NMR studies in D2O 

Benzoic acid (Figure 4.3) is one such aromatic molecule that forms inclusion complex in 

solution (D2O) with βCD. This observation can be confirmed before by the NMR18,19 studies. 

The results obtained during our studies show the formation of 1:1 stoichiometry by job’s plot 

method (Figure 4.2). The Figure 4.1 presents the shifts for H3 and H5 positions due to BA 

molecule inclusion. The evolution in the peaks due to BA protons is also observed at higher 

ppm values (Figure 4.4). The stoichiometry was found to be 1:1 when the Rmax was calculated 

by polynomial curve fitting method. 
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Figure 4.1 : Comparison of NMR spectra of βCD and βCD:BA complex showing shift in H3 and H5 

positions. 
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Figure 4.2 : Job’s plot for βCD:BA complex in D2O for βCD protons. 
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Figure 4.3 : BA molecule with proton labelling. 
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Figure 4.4 : Displacement of peaks of Benzoic acid. 

The BA proton peaks at higher ppm value have also shown the deviation from their original 

positions. The H3 proton of B.A showed the maximum deviation. The job’s plot confirmed the 

stoichiometry of the complex as 1:1 with Rmax =0.49 (Figure 4.5) which are in accordance with 

the previous studies2,20 done. The stoichiometry of the complex is found to be 1:1 on 

considering the job’s plot from the different molecules protons study. The number of the 

spectra in the figure correspond to the series of solution preparation discussed in the previous 

chapter. 
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Figure 4.5 : Job’s plot for βCD:BA complex in D2O for BA protons. 

4.2.1.3 βCD: PHE NMR studies in D2O 

Phenol (Figure 4.8), being an aromatic alcohol is expected to certainly form inclusion complex 

with βCD. The behaviour of complex formation can be seen in the Figure 4.6. The results 

presented in the Figure 4.7 as job’s plot suggest formation of 1:1(Rmax=0.5) inclusion complex. 

The peaks for H3 and H5 show apparent shifts indicating insertion of phenol molecule inside 

the βCD cavity.  
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Figure 4.6 : Comparison of NMR spectra of βCD and βCD:PHE complex showing shift in H3 and H5 

positions. 
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Figure 4.7 :  Job’s plot for βCD:PHE complex in D2O. 

 

 

Figure 4.8 : PHE molecule with proton labelling.  
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Figure 4.9 : Displacement of peaks of Phenol. 

The peaks evolution due to phenol protons can be seen in the Figure 4.9. The number of the 

spectra in the figure correspond to the series of solution preparation discussed in the previous 

chapter. They show slight deviation from their original position indicating that phenol is surely 

inserted in the cavity via its hydroxyl functions not observable in D2O. These results are in 

accordance with the theoretical studies21 done before. 

4.2.2 Bicyclic Aromatic hydrocarbons 

4.2.2.1 βCD: 2-NAP NMR studies in D2O 

2-napthol (Figure 4.12), another bicyclic aromatic alcohol molecule tends to show formation 

of inclusion complex with βCD. The stoichiometry of the system shows 2:1 ratio (Figure 4.11). 

The literature finding does not reveal any details about NMR studies of 2-napthol with βCD. 

The comparison of the βCD and βCD: 2NAP peaks clearly show the shifting of H3 and H5 (Figure 

4.10). From these results we can conclude that 2-napthol forms inclusion complex with βCD. 

The value of Rmax is observed at 0.3 indicating formation of 2:1 stoichiometry. 
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Figure 4.10 : Comparison of NMR spectra of βCD and βCD:2NAP complex showing shift in H3 and 

H5 positions. 
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Figure 4.11 : Job’s plot for βCD:2NAP complex in D2O. 

 

 

 

Figure 4.12 : 2-NAP molecule with proton labelling. 
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Figure 4.13 : Displacement of peaks of 2-Napthol. 

The 2-napthol protons, like other molecules discussed above, have tend to show progressive 

evolution which is shown in the Figure 4.13. The number of the spectra in the figure 

correspond to the series of solution preparation discussed in the previous chapter. As depicted 

from the figure, the shift for aromatic protons can be seen only for selected protons like H8, 

H5, H4 and H3. They show similar amount of shift indicating horizontal encapsulation of the 

molecule by βCD cavity. 

4.3 Thermal studies of βCD: Aromatic hydrocarbons 
The powder samples are prepared by co-precipitation, then washed and dried under vacuum 

as explained in chapter 2. The thermal studies for βCD: Aromatic hydrocarbons were 

performed for most of the powdered compounds in order to check their complexation ability. 

Thermal analysis reveals existence of inclusion complex by showing an endothermic peak 

corresponds to its melting point at a temperature different from the melting temperatures of 

the host and the guest. For comparison, Table 4.1 provides the melting and boiling point 

values of all the guests used to carry out thermal studies. 

 

 

 

 

 

 

R2NAP 

RβCD 



152 
 

 

Aromatic 
hydrocarbon 

Physical State Melting/Boiling 
Point (°C) 

Fluorobenzene Colorless liquid 85 

Toluene Colorless liquid 110.6 

Trifluorotoluene Colorless liquid 102 

Phenol White crystalline soild 40.5 

Benzoic Acid Colorless crystalline solid 122 

Naphthalene White crystalline solid 80.2 

2-Naphthol Colorless crystalline solid 121-123 

Anthracene Colorless solid 215.7 

Pyrene Colorless solid 145-148 

 

Table 4.1 : list of melting and boiling point values of all the guests  

4.3.1 Monocyclic aromatic hydrocarbons 

4.3.1.1 Thermal studies of βCD:FB complexes 

The thermal studies were carried out for βCD: FB in the molar ratio 1:1 (Figure 4.14). The curve 

for the complex shows an endothermic curve at temperature 147°C which corresponds to the 

removal of tightly bound water molecules from the host cavity. The energy involved in this 

phenomenon is smaller in compared to βCD curve indicating fewer water molecules removal 

at higher temperature and smaller area involved. There exists exothermic effect which can be 

observed around 255°C, that hints about crystallization of a new phase. Another features 

appearing at 273°C corresponds to the onset of decomposition of uncomplexed βCD while 

rest of the curves remain smooth. 
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Figure 4.14. DSC curve of βCD and βCD:FB (1:1) 

4.3.1.2 Thermal studies of βCD:TOL complexes 

The thermal studies carried out for βCD:TOL complexes showed an endothermic peak 

corresponding to the inclusion complex formed at 158°C apart from the other details like peak 

at 90°C due to removal of water molecules with different organization in the cavity. This 

argument is supported by smaller temperature and area involved than in βCD curve.  The 

boiling point of TOL is 110.6 °C which does not appear in the curve obtained (Figure 4.15). An 

exothermic curve is appeared at 260°C indicating formation of new crystalline phase followed 

by decomposition of uncomplexed βCD around 290°C. 
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Figure 4.15 : DSC curve of βCD and βCD:TOL (1:1). 

4.3.1.3 Thermal studies of βCD:TFT complexes 

The results obtained by NMR studies of βCD:TFT have not revealed any complex formation 

details. On performing thermal studies (Figure 4.16), a small endothermic peak is observed at 

167°C which does not correspond to the boiling point of TFT. It could be due to formation of 

inclusion complex or some impurity in the system. The curve also contains the standard 

features of removal of water molecules at 110°C that were differently organised in the system, 

indicated by lower temperature and smaller area. The decomposition of uncomplexed βCD at 

271°C has followed another exothermic phenomenon at 251°C. It can be described as 

formation of new crystalline phase. 
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Figure 4.16. DSC curve of βCD and βCD:TFT (1:1) 

 

4.3.1.4 Thermal studies of βCD:PHE complexes 

PHE is one of molecules for which positive NMR results are obtained. It does not require use 

of any alcohol molecule to form inclusion complex. Thermal studies (Figure 4.17) have also 

showed the existence of inclusion complex whose melting temperature is observed at 144°C. 

The removal of water molecules from the cavity did not require lot of energy in comparison 

to βCD and the corresponding peak can be seen at 104 °C. 
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Figure 4.17 : DSC curve of βCD and βCD:PHE (1:1). 

4.3.1.5 Thermal studies of βCD:BA complexes 
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Figure 4.18 : DSC curve of βCD:BA (1:1). 

The thermal studies show difference in behaviour for the complexes prepared with 

βCD:BA22,23. The curve (Figure.4.18) obtained for βCD:BA has many thermal features 

appearing at different temperatures like 92°, 124°, 136°C and 256°C. The reasons for 

appearance of each endothermic curve are the removal of tightly bound water molecules, the 

melting of uncomplexed B.A, melting of different crystal forms of inclusion complexes at 136° 

and the temperature degradation and oxidation of uncomplexed CDs which have appeared at 
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relatively lower temperature respectively. The results obtained here are in accordance with 

NMR studies confirming inclusion complex formation. 

4.3.2 Bicyclic aromatic hydrocarbons 

4.3.2.1 Thermal studies of βCD:NAP complexes 
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Figure 4.19 : DSC curve of βCD and βCD:NAP (1:1). 

The melting point of naphthalene is 80.26°C. The endothermic peak for removal of lesser 

number of water molecules can be seen at 94°C followed by another endothermic curve at 

163°C. This peak may be due to the inclusion complex formed. At 260°C, an exothermic effect 

can be observed which can be explained as formation of new crystalline system. The 

decomposition of βCD crystals can be seen at temperature at 277°C (Figure 4.19). 

4.3.2.2 Thermal studies of βCD:2-NAP complexes 

2-NAP has already proved to form inclusion complex with βCD by NMR studies. The results 

(Figure 4.20) observed for thermal studies are seem to have in an agreement with NMR 

results. The melting of the inclusion complex is observed at 260°C which does not correlate 

with the melting point of neither 2-NAP (m.p-121-123°C) nor βCD. The water molecules 

removal peak is observed at 106 °C which are lesser in number in comparison to βCD curve. 

Moreover, additional information that can be revealed is that the structure obtained with 

βCD:2-NAP is different from βCD containing water molecules inside the cavity. 
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Figure 4.20 : DSC curve of βCD and βCD:2-NAP (1:1). 

 

4.3.3 Polycyclic aromatic hydrocarbons 

4.3.3.1 Thermal studies of βCD:PYR complexes 
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Figure 4.21 : DSC curve of βCD and βCD:PYR (1:1). 
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The DSC curve obtained for the βCD:PYR (Figure 4.21) contains the peaks for multistage 

removal of water molecules at 91°C and 127°C. The melting of uncomplexed PYR represented 

by a sharp peak can be seen at 156°C. The thermal behaviour of βCD:PYR seems very different 

from βCD. The features observed are very different in terms of the number of water molecules 

inside the cavity and the area of energy involved for their removal. It can concluded that 

presence of PYR has some influence on the βCD structural organisation. 

4.4 Powder X ray diffraction studies of βCD: aromatic hydrocarbon complexes 
4.4.1 Monocyclic aromatic hydrocarbons 

The XRD patterns (Figure 4.22) obtained for βCD: BEN and βCD:FB look similar to each other 

in terms of the peak intensities and positions. On considering the literature, they found to 

follow the diffraction patterns obtained by the CSDCODE PUKPIU24  and POXHUG25 (both have 

channels along c axis structural arrangement) that are two channel organised structures. The 

important peaks are observed at positions :6.0°, 7.5°, 9.0°, 9.7°, 11.2°, 11.8°, 12.3° and 13.0°. 

The peak at 5.2° is seen only in βCD:FB XRD pattern which also existed in reference POXHUG. 

Table 4.2 lists the assignment of CSD REFCODE to the experimental pattern obtained for βCD: 

BEN and βCD:FB. 
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Figure 4.22. Comparison of diffraction patterns of experimentally observed and simulated 

structures (PUKPIK and POXHUG) from literature of βCD inclusion complexes. The experimentally 

observed βCD: aromatic hydrocarbon pattern can be seen to show peaks corresponding to both of 

these structures. 
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2theta (°) Relative intensity Assignment 

6.0 31 PUKPIU 

7.5 22 POXHUG 

9.0 25 PUKPIU+POXHUG 

9.7 100 PUKPIU 

11.2 82 POXHUG 

11.8 64 PUKPIU 

12.3 60 POXHUG 

13.0 87 POXHUG 

 

Table 4.2. Experimental X-ray pattern of βCD:BEN and βCD:FB with CSD refcode reference 

assignment. 

The aromatics PHE, BA and 2-NAP have hinted formation of inclusion complex in NMR studies. 

the XRD patterns (Figure 4.23) observed in case of βCD: BA and βCD: PHE are similar whereas 

βCD: 2-NAP show minor differences. The important peaks are observed at 5.8°, 6.9°, 9.3°, 9.7° 

and 11.8 ° for βCD: BA and βCD: PHE (approx.). For βCD: 2-NAP, the peaks can be seen at 5.4°, 

6.2°, 6.5°, 10.6°, 11.2° and 11.6°. The literature comparison has revealed their resemblance to 

CSDCODE PUKPIK24. 
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Figure 4.23. Comparison of diffraction patterns of experimentally observed and simulated 

structures (PUKPIK) from literature of βCD inclusion complexes. The experimentally observed βCD: 

aromatic hydrocarbon pattern can be seen to show peaks corresponding to the structure. 
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The XRD results obtained with βCD:TOL, βCD:TFT, βCD:NAP and βCD:PYR (Figure 4.24) 

complexes look similar to reference CACPOM26 (dimer brick type structural organisation) from 

the literature. The group of peaks between 6° to 7° in CACPOM are present in the patterns of 

complexes as a single broad ‘hump’ indicating merging of the peaks. The peak appearing at 

11.4° in βCD:TOL, βCD:TFT and βCD:NAP is the shifted version of peak at 11° in CACPOM 

whereas the same peak appears as a doublet in βCD:PYR pattern. Moreover, an additional 

peak at 9.8° which is similar to the reference appears in this case only. 
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Figure 4.24 . Comparison of diffraction patterns of experimentally observed and simulated 

structures (CACPOM) from literature of βCD inclusion complexes. The experimentally observed 

βCD: aromatic hydrocarbon pattern can be seen to show peaks corresponding to the structure. 

 

4.5 Raman Spectroscopy based analysis of βCD: Aromatic hydrocarbon 

complexes 
The complexes at first, were synthesised in molar ratio (1:1) between the two precursors used 

namely βCD and aromatic hydrocarbon. During the course of the research, the first and the 

foremost idea was to study the encapsulation behaviour without the addition of long aliphatic 

chain alcohols. The reason behind these studies was to understand the basic nature of 

interaction between βCD and AH under consideration. Raman spectra of complexes without 

addition of alcohols were obtained and studied to determine if there is any kind of 

encapsulation occurring.  

The vibrational properties of organic compounds and cyclic aromatic hydrocarbons have been 

extensively studied. Infrared and Raman spectra of many monocyclic and PAHs with different 

functional groups have been obtained with quantum chemical calculations.  

Due to advancements in computational chemistry methods and increasing ability of 

computing hardware, it is now possible to perform theoretical investigation of any type of 

molecules.  
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The Raman spectral studies were carried out for βCD: Aromatic hydrocarbon for the molar 

ratio 1:1. For better understanding of the Raman vibrational modes of the guest molecules, 

theoretical studies were also performed. The computation of Raman spectrum allows 

attribution of aromatic peaks. The studies involved two steps, (1) the Optimization of the guest 

molecule and (2) Frequency calculations. Both the steps were performed using DFT (B3LYP, 3-

21G). The Raman activities of the aromatics were calculated again by B3LYP method of DFT 

with the 6-311G (d,p) basis set. The Raman intensities were computed from activities with 

GaussSum27 3.0 using an excitation wavelength of 660 nm for monocyclic aromatics and 785 

nm for bicyclics or polycyclics. In order to obtain good agreement with observed frequencies, 

the calculated harmonic frequencies of C-H vibrations and all other vibrations were scaled by 

different factors in each case. Gaussview28 5.0 was used to visualise the participation and 

direction of atoms in vibrational normal modes for easier band assignments. 

4.5.1 Monocyclic aromatic hydrocarbons 

4.5.1.1 βCD:BEN Raman studies 

The first monocyclic aromatic carbon to be studied was benzene. Benzene has cyclic 

continuous 𝜋 𝑏𝑜𝑛𝑑𝑠 between the carbon atoms. It is used as a precursor to manufacture 

complex structures. For our investigation of complexation13–15 between benzene and βCD, the 

first step was to understand the Raman vibrational modes of the pure precursors followed by 

the Raman spectral studies of the complexes prepared. The calculated harmonic frequencies 

of C-H vibrations were scaled by a factor of 0.96 and all other frequencies by 0.98 to allow a 

good agreement with observed one for BEN alone. 

The Raman spectrum of benzene show the important peaks at 606, 990, 1175, 1585, 1605, 

2945 and 3057 cm-1. The peak at 606 cm-1 represents the C-C-C deformation of the plane, 990 

cm-1 represents the benzene ring breathing vibration. 1175 cm-1 represents the C-H shear 

vibration mode. The peak at 1585 cm-1 represents the CCC stretching vibration mode. The 

peak at 2945 cm-1 represents C-H antisymmetric stretching mode and for the one at 3057 cm-

1 represents the CH symmetrical stretching vibration mode. 
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Figure 4.25 : Raman Spectrum of the βCD, BEN and of the inclusion complex obtained after mixing 

βCD with BEN in the molar ratio of 1:1. 

The Raman spectrum (Figure 4.25) of βCD:BEN (1:1) complex does not clearly show any of the 

benzene peaks, in fact it is very similar to βCD spectrum with slight variations in terms of 

intensities for example- the peaks at 436 and 478 cm-1 in βCD spectra show intensity changes 

in the complex spectrum, the singlet at 850 cm-1 has changed to doublet, the peak at 1000 cm-

1 is more intense and sharp, the peaks between the range 1300-1500 cm-1 have reduced in 

intensities. The shape of the peak above 3000 cm-1 is changed in the spectrum of complex 

formed. These small changes indicate a complex formation which are in accordance with 

results obtained by XRD analysis for the same complex. If the inclusion had occurred, the most 

probable impacted peaks would be the most intense peak in the BEN spectrum i.e the peaks 

at 990 cm-1 and 3057 cm-1. Their expected vibrational modes are shown in the Figure 4.26. 
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Figure 4.26 : The vibrational modes of BEN which are most intense and have been impacted by the 

interaction with βCD. 

4.5.1.2 βCD:FB Raman studies 

Fluorobenzene (FB) is another derivative of benzene where a single fluorine atom is attached 

to the benzene ring. It is used as an insecticide and as a reagent for plastic and resin polymer. 

It has been added to the hazardous substance. The literature studies11,16,17 show limited 

investigation about their encapsulation behaviour by βCD.  

In the present case, it is used as guest to be encapsulated by the βCD cavity. We have studied 

the Raman spectrum of FB in order to understand the inclusion complex spectra. The 

calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all other 

frequencies by 0.98. Several peaks are observed corresponding to different vibrational modes 

such as: 3074 cm-1 corresponding to C-H stretching mode. 1601 cm-1 corresponds to C-C in 

plane stretching. 1217 and 1153 cm-1 corresponds to C-H in plane bending. 1004 cm-1 

corresponds to C-H out of plane bending. 803 cm-1 C-H out of plane bending. 611 cm-1 

corresponds to ring deformation out of plane bending and 517 cm-1 matching to C-H out of 

plane bending 

The first step in understanding the encapsulation was to study interaction between βCD and 

FB. For that, the samples of stoichiometry 1:1 were prepared. The Raman spectra were 

recorded and are presented in Figure 4.27. Several features corresponding to FB are observed 

in the spectra with moderate intensities. The peaks found at the positions: 1000, 1606 and 

3065 cm-1. The appearance of features corresponding to FB in the inclusion complex spectrum 

reveals that the vibrational modes of the βCD have changed in presence of FB. 

                                                                                                      
    3057 cm-1          990 cm-1      
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Figure 4.27 : Raman Spectrum of the βCD, FB and of the inclusion complex obtained after mixing 

βCD with FB in the molar ratio of 1:1 

The most impacted vibrational modes are shown in the Figure 4.28. A comparison was made 

for the FB peaks appearing in the complex and of the same peaks in the observed FB spectrum. 

It can be concluded that the peaks have changed their positions as well as intensities on 

complex formation as can be seen in the table 4.3. 

 

FB  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

1004 1.00 1000 0.26 

1601 0.08 1606 0.05 

3074 0.68 3065 0.05 
 

Table 4.3 : Comparison of FB peak shifts and relative intensities (free FB and inclusion complex 

with βCD). 
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  3065 cm-1 

 

Figure 4.28. The vibrational modes of FB which are most impacted on interaction with βCD.  

4.5.1.3 βCD:TOL Raman studies 

Toluene29,30- a monosubstituted benzene derivative31 consists of a CH3 group attached to a 

phenyl group. Because of methyl group, toluene is more reactive than benzene towards 

electrophiles. It is mostly used as industrial feedstock and solvent. The calculated harmonic 

frequencies of C-H vibrations were scaled by a factor of 0.96 and all other frequencies by 0.97 

in order to get a good agreement to the observed one. 

When the complexes were synthesised with toluene, some peaks attributed to TOL were 

observed in the Raman spectra (Figure 4.29).  
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Figure 4.29. Raman Spectrum of the βCD, TOL and of the inclusion complex obtained after mixing 

βCD with TOL in the molar ratio of 1:1. 

The Raman spectrum of toluene show important peaks at positions 618, 780, 996, 998,1200, 

1576, 1596 and 3048 cm-1. The peak at 513 cm-1 corresponds to in-plane C-C stretch and ring 

deformation. The peak around 780 cm-1 corresponds to out of plane bending of aromatic C-H. 

The peaks in the region n 1300-1050 cm-1 corresponds to aromatic C-H in plane bending. On 

moving forward, the peaks in the region 1350-1500 cm-1 and 1585 to 1600 cm-1 correspond to 

aromatic C-C stretching. In the functional group region, the peaks can be seen at 3048 cm-1 

shows aromatic C-H stretches. The complexation of TOL inside the βCD cavity has taken place 

without the presence of linear alcohol. On referring to the Raman spectrum of βCD: TOL 

complex, presence of many toluene peaks can be seen.  

The peak positions which are evidently seen on complexation with βCD are 597, 785, 998, 

1206,1601 and 3045 cm-1. The peaks are moderately intense giving a hint of interaction 

between the host and the guest. The vibrational modes of the most affected peaks are shown 

in the Figure 4.30. The comparison of the TOL peaks in the observed spectrum and peaks 

observed in the complex formed can be seen in the table 4.4. 
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TOL  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

618 0.12 597 0.31 

780 1.00 785 0.22 

998 0.92 998 0.45 

1200 0.42 1206 0.15 

1596 0.19 1601 0.04 

3048 0.88 3045 0.07 

 

Table 4.4 : Comparison of TOL peak shifts and relative intensities (free TOL and inclusion complex 

with βCD). 

 

            

 

                     

 

 

 

Figure 4.30 : The vibrational modes of TOL which are most impacted by the interaction with βCD. 
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4.5.1.4 βCD:TFT Raman studies 

Another derivative of toluene, α,α,α –trifluorotoluene (TFT) with the formula C6H5CF3 has 

been used to study complexation with βCD. Similar to toluene, TFT used mostly as solvent in 

organic synthesis and also as intermediate in the production of pesticides and 

pharmaceuticals. 

The case of TFT is very similar to toluene as the only difference is of replacement of three 

methyl hydrogen by electronegative and heavier element fluorine. The vibrations belong to C-

X (X=F, Cl etc.) bonds which are formed between the ring and the halogen atoms, are 

interesting as mixing of vibrations are possible due to the lowering of molecular symmetry 

and the presence of heavy atoms. For other heavier halogen atoms like Cl, Br and I, the Raman 

vibration bands result in strong bands, but for F the bands are comparatively weaker.  

The calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all 

other frequencies by 0.99. In the case of CF3 group, the stretching vibrations are usually 

observed between 1400 and 1110 cm-1. The C-F symmetric stretching of the molecule is 1163, 

1184 and 1322 cm-1 and it is assigned to stretching vibration of C-F bond. The bending 

deformations corresponding to CF3 group are not active in recorded Raman spectra but can 

be predicted by theoretical studies. 

The C-H stretching vibrations of aromatic ring are observed at 3075 cm-1. The plane due to C-

H in-plane bending vibrations are observed in the region 1000-1300 cm-1. The vibrations 

identified at 1003, 1025, 1063, 1158, 1184 and 1322 cm-1 are assigned to C-H in plane bending. 

C-H out-of-plane bending vibrations are appeared in the region 650-980 cm-1. The C-H out of 

plane bending vibrations at 757, 663 and 618 cm-1 are also present in the characteristic region. 

The bands between 1400 and 1650 cm-1 in benzene derivatives are usually assigned to C=C 

stretching modes. The C=C stretching vibrations are found at 1594 and 1611 cm-1. The C-C 

stretching vibration can be found in the region 1100-1350 cm-1 region. The in-plane (CCC) 

carbon bending vibrations are obtained from the non-degenerate (1010 cm-1) and degenerate 

(606 cm-1) modes of benzene. The bands assigned for CCC out-of-plane bending vibrations 

are observed at 492, 398 and 338 cm-1. 

On obtaining the Raman spectral studies, simpler spectrum of TFT is obtained in correlation 

with toluene. On recording the spectrum of inclusion complex formed between TFT and βCD 

(Figure 4.31) only, some differences of the peaks can be seen. Some kind of interaction is 

occurring between the two molecules. The most impacted vibrational modes of TFT obtained 

by theoretical means can be seen in the Figure 4.32. 

The appearance of new peaks at different positions: 767, 1002, 1611 and 3065 cm-1 are 

noticed. All these vibrations are mostly due to stretching of the aromatic ring molecules. The 

comparison of relative intensities of the free TFT and complex peaks can be seen in the table 

4.5. 
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Figure 4.31 : Raman Spectrum of the βCD, TFT and of the inclusion complex obtained after mixing 

βCD with TFT in the molar ratio of 1:1.  

 

TFT  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

770 0.64 767 0.21 

1003 1.00 1002 0.41 

1611 0.10 1611 0.05 

3075 0.44 3065 0.08 

 

Table 4.5 : Comparison of TFT peak shifts and relative intensities (free TFT and inclusion complex 

with βCD). 
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                          767 cm-1                  1002 cm-1                                                           

                                                 

                           1611 cm-1                                                                                                              3065 cm-1            

  Figure 4.32 : The vibrational modes of TFT which are most impacted by the interaction with βCD. 

 

4.5.1.5 βCD:PHE  Raman studies 

Phenol (PHE) is an aromatic organic compound where a phenyl group is bonded to a hydroxyl 

group. It is a derivative of benzene and limited studies have been done for them. Fluorescence 

studies14 of native phenol and of derivatives32,33 are reported in the literature. 

In order to compare our studies, the spectrum of PHE was calculated theoretically. The 

calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all other 

frequencies by 0.97 to allow a good agreement with observed one for PHE alone.  

The Raman spectrum of phenol shows the presence of C–H stretching vibrations in the region 

3100–3000 cm−1 which is the predictable region for spotting C–H stretching vibrations. 

According to the present study, the C–H stretching vibrations are observed at 3060 cm-1. The 

peaks obtained for the Raman spectrum of phenol are obtained due to mixture of different 

vibrational modes. For example- the peak at 1606 cm-1 is dominated by C-C stretching but also 

belongs to C-C-H in plane bending and C-C-C bending by some factor. 1503 cm-1 is the mixture 

of C-C-H in plane bending and C-C stretching. 1252 cm-1 occurred due to blending of C-O 

stretch, C-C stretch and C-C-H in-plane bending. 1172 cm-1 corresponds to C-C stretching and 

OH in plane bending.1026 cm-1 is again due to C-C stretching and C-C-H in-plane bending. The 

combination of C-C-C bending and C-C stretching appeared at 998 cm-1 as the most intense 

peak. The following peaks at 810 and 618 cm-1 are due to C-C stretching, C-C-C bending and C-

O stretching. For 537 cm-1, there occurs C-C-C bending, C-O and C-C stretching. 243 and 456 

cm-1 are predominantly due to ring torsion, out of plane deformation of C-O and C-H bonds. 
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The complex prepared for the molar ratio 1:1 (Figure 4.33), after undergoing investigation 

show some of the phenol peaks. These peaks can be noted at: 233, 527, 815, 1000, 1026, 1596 

and 3057 cm-1. The most intense and sharp peak in the complex spectrum is present at 

position 1000 cm-1. This band corresponds to combined effect of C-C-C bending and C-C 

stretching of the phenyl ring. Few of the peaks are present with moderate intensity like: 3057, 

1596, 815 and 233 cm-1. The peaks at positions 1172 and 1252 cm-1 have completely removed 

from the spectrum. The most influenced vibrational modes of PHE are presented in the Figure 

4.34 whereas the comparison of the relative intensities of the PHE peaks in the complex with 

respect to free PHE are presented in the table 4.6. 
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Figure 4.33. Raman Spectrum of the βCD, PHE and of the inclusion complex obtained after mixing 

βCD with PHE in the molar ratio of 1:1  

BA  Complex  

Peak  Rel.Int. Peak  Rel.Int. 

243 0.15 233 0.11 

537 0.04 527 0.25 

810 0.43 810 0.33 

998 1.00 1000 0.69 

1606 0.14 1596 0.09 

3060 0.45 3057 0.16 

 

Table 4.6: Comparison of PHE peak shifts and relative intensities (free PHE and inclusion complex 

with βCD). 
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Figure 4.34 : The vibrational modes of PHE which are most impacted by the interaction with βCD.  

4.5.1.6 βCD:BA Raman studies 

The complexation of benzoic acid (BA) and βCD have already been studied by many 

scientists3,4,18,34–37. Benzoic acid is the derivative of benzene when a hydrogen of the aromatic 

ring is replaced by carboxylic group. So the Raman spectrum of benzoic acid shows peaks 

corresponding to vibrational modes of carboxylic group additionally in comparison to Raman 

spectrum of benzene. 

We calculated the spectrum of BA by theoretical means for further comparison. The calculated 

harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all other 

frequencies by 0.98. Raman spectrum of benzoic acid contains a band of aromatic ring C–H 

stretching vibrations (3073 cm–1) and several bands at 1800–1400 cm–1 related to carbonyl 

group C=O (1793 cm–1) and benzene ring C=C (1601, 1545, and 1453 cm–1) stretching 

vibrations.  

For instance, the band at 420 cm-1 corresponds to C-C stretching of the benzene ring, while 

the bands at 614, 1000, 1026 and 1438 cm-1 are all assigned to ring deformations. And the 

band at 787 cm-1 can also be attributed to the ring deformation, along with the O-C-OH in-

plane scissoring. The O-H in-plane bending would be observed in the couple weak bands at 

1130 and 1180 cm-1. Both of the bands at 1284 and 1319 cm-1 correspond to the combination 

of O-H and C-H in plane bending. The band at 1602 cm-1 can be attributed to the C-C stretching 

of the benzene ring, whereas the band at 1631 cm-1 is assigned to the C=O stretching (ט(C=O)) 

with accompany of the O-H in-plane bending.  



174 
 

For the complex (1:1) prepared in the absence of alcohols (Figure 4.35), there are several 

peaks observed for benzoic acid. Those peaks can be found at the positions: 787, 1000, 1602 

and 3066 cm-1. The significantly intense peaks are observed at 1000 and 1602 cm-1. The other 

peaks also show their existence but are very less intense. Few of the βCD peaks also show 

changes like the intensity of the peak at 478 cm-1 has fairly increased. The peaks at 851, 948, 

1123, 1335 and 2905 cm-1 have decreased in intensity. Very few peaks like 315 and 1408 cm-1 

have completely vanished or may be only traces are left. The most affected vibrational modes 

during complexation are shown in the Figure 4.36. Table 4.7 presents the comparison of the 

free BA and complex peaks in terms of their relative intensities. 
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Figure 4.35. Raman Spectrum of the βCD, BA and of the inclusion complex obtained after mixing 

βCD with BA in the molar ratio of 1:1.  

BA  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

790 0.43 787 0.23 

998 1.00 1000 0.76 

1600 0.26 1602 0.42 

3075 0.19 3066 0.19 

 

Table 4.7 : Comparison of BA peak shifts and relative intensities (free BA and inclusion  complex 

with βCD). 
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Figure 4.36. The vibrational modes of BA which are most impacted by the interaction with βCD 

4.5.2 Bicyclic aromatic hydrocarbons 

4.5.2.1  βCD:NAP  Raman studies 

Naphthalene (NAP) ball commonly known as ‘mothballs’ are used as chemical pesticides and 

deodorant for storing clothes. They have been classified as carcinogens and are banned in EU. 

Due to their carcinogenic properties, they are added to the list of PAHs. NAP can also be used 

as a precursor to other chemical reactions. This versatile nature has been continuously studied 

by researchers from the past decades and still, the studies are ongoing. Focussing on the 

complexation studies have revealed the formation of 1:1 complexes with βCD38,39. The 

advancement in the complexation studies has acquired the detailed information about photo 

physical properties40,41. The research did not remain limited to native NAP only, many 

derivatives have also been studied 42–44. 

The following figure 4.37 represents the Raman spectra of the native βCD, naphthalene and 

the of the inclusion complex prepared. To compare the observed spectrum, theoretical 

calculation was done to obtain spectrum of NAP. The calculated harmonic frequencies of C-H 

vibrations were scaled by a factor of 0.96 and all other frequencies by 0.98 to allow a good 

agreement with observed one for NAP alone. 
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Figure 4.37 Raman Spectrum of the βCD, NAP and of the inclusion complex obtained after mixing 

βCD with NAP in the molar ratio of 1:1.  

 

NAP  Complex  

Peak  Rel.Int. Peak  Rel.Int. 

507 0.29 507 0.47 

760 1.00 755 0.49 

1018 0.54 1018 0.31 

1378 0.86 1378 1.00 

1572 0.18 1576 0.12 

3050 0.39 3055 0.09 

 

Table 4.8 : Comparison of NAP peak shifts and relative intensities (free NAP and inclusion  complex 

with βCD). 

The peaks corresponding to naphthalene can be easily seen for the inclusion complex 

spectrum. Furthermore, the relative intensities of the naphthalene peaks observed for the 

complex, on comparison to that of isolated ones give the proof of molecular interaction and 

inclusion within the CD cavities clearly (Table 4.8). Also, significant differences in intensities 

can be observed for several peaks. 

The peak located at 760 cm-1, corresponding to ring breathing mode and C-C central stretch, 

appears as the most intensive peak in the NAP spectrum whereas it is remarkably diminished 

in the spectra of complexes (755 cm-1). On the contrary, the peak at 1378 cm-1, assigned to a 

C-C stretching and ring deformation, is becoming the most intense mode when the NAP is 

embedded into the cavity of the CD. Other modes which are varying after the complex 

formation are less obvious in the presented graph. An increase of the relative intensity is 

clearly observed for the C-C-C bending at 507 cm-1. On the contrary, the C-H out of plane 

stretching mode at 3050 cm-1 (3055 cm-1 in complex) as well as in plane C=C stretching at 1572 
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cm-1 were less visible when NAP is included into CD (1576 cm-1). The observed change indicates 

that the stretching mode inducing a potential interaction of H atoms with the CD as well as 

the radial mode or the C-H stretching exhibit a lower intensity compared to the other modes, 

which is an evidence of the inclusion of the NAP in the βCD cavity. The most impacted modes 

during complex formation are presented in the Figure 4.38. 

 

                                         

                         755 cm-1                                                                                                        1018 cm-1 

                                 

                                        

                       1378 cm-1                                                                         1576 cm-1                            

 

         
 

 

 

                                                                                 3055 cm-1 

 

Figure 4.38 : The vibrational modes of NAP which are most impacted by the interaction with βCD. 
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4.5.2.2  βCD:2-NAP  Raman studies 

When a hydroxyl group gets attached at beta position of naphthalene ring, 2-napthol (2-NAP) 

is formed. They are homologues to phenols but more reactive. In the literature, the research 

done on βCD:2-NAP complexes focussed mainly on their absorption, fluorescence45 properties 

to study their orientation inside the cavity.  

The calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all 

other frequencies by 0.99 to allow a good agreement with observed 2-NAP spectrum. 

In case of 2- NAP46, the main important bands were observed at 3060,1636, 1581, 1383, 1013, 
770 and 527 cm-1. The strong bond at 3056 cm-1 is assigned to the C-H stretching modes. The 
band at 1581 cm-1 is assigned to C-C stretching and C-H in plane bending. The second most 
intense band observed at 1383 is assigned to the ring C-C and C-O stretching mode. The 
following bands 1170 and 1139 cm-1 are attributed to the OH and C-H in-plane bending modes. 
The 1013 cm-1 band is assigned to the C-C-C in-plane bending modes. The very strong peak at 
770 cm-1 correspond to the OH out-of-plane deformations, whereas the Raman signal at 718 
cm-1 was assigned to C-C-C in-plane bending mode. Other peak for the C-C-C in-plane 
deformation appear at 527 cm-1. The in-plane C-OH deformation and C-C-C deformation 
modes appear at 474, 445 and 406 cm-1. 
 
The spectrum obtained for βCD and 2-NAP shows presence of several peaks corresponding to 

2NAP (Figure 4.39). These peaks are present at: 521, 764, 1013, 1378, 1576, 1631 and 3050 

cm-1. The two most intense peaks at 764 and 1378 cm-1 corresponding to OH out of plane 

deformation and combination of C-C and C-O stretching modes respectively are present. Other 

peaks at positions: 521, 1013, 1576, 1631 and 3050 cm-1 are moderately intense, clearly 

justifying their presence. The vibrational modes attributed to these peaks are shown in the 

Figure 4.40. Table 4.9 presents comparison of relative intensities of the 2-NAP in free state 

and in complex form. 
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Figure 4.39 : Raman Spectrum of the βCD , 2-NAP  and of the inclusion complex obtained after mixing βCD 

with 2-NAP in the molar ratio of 1:1. 

 

2-NAP  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

527 0.20 521 0.28 

770 1.00 764 1.00 

1013 0.30 1013 0.33 

1383 0.67 1378 0.95 

1581 0.14 1576 0.15 

1636 0.05 1631 0.06 

3060 0.15 3050 0.13 
 

Table 4.9 : Comparison of 2-NAP peak shifts and relative intensities (free 2-NAP and inclusion  

complex with βCD). 
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Figure 4.40 : The vibrational modes of 2-NAP which are most impacted by the interaction with βCD  
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4.5.3 Polycyclic aromatic hydrocarbons  

4.5.3.1 βCD: ANTH  Raman studies 

Anthracene (ANTH), a PAH consists of three fused benzene rings. The main reason behind its 

occurrence is coal tar and combustion processes. The inclusion complexation have been 

studied by different techniques namely chromatography47 electrochemical methods48 etc. 

Anthracene complexes have also been part of the remediation studies49,50 for soil 

contamination. 

The theoretical calculation for ANTH spectrum were performed for further comparison. The 

calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.96 and all other 

frequencies by 0.98. 

The Raman spectrum for anthracene51–53 has five distinctive bands which allow the 

identification of the molecules: 401, 756, 1164, 1403 and 1563 cm-1 . The assignment of these 

bands can be divided into different regions: (1) 1650–1500 cm-1, C–C stretching mode mixed 

with some CH in-plane bending vibrations; (2) 1500– 1350 cm-1, bands are mainly attributed 

to strong C–C stretching coupled with weak ring-breathing vibrations; (3) 1300– 1000 cm-1, 

bands are mostly CH in-plane bending vibrations; and (4) 1000–600 cm-1, generally CH out-of-

plane bends; and (5) bands below 550 cm-1 may be due to out-of-plane skeletal deformation 

vibrations.  
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Figure 4.41 : Raman Spectrum of the βCD, ANTH and of the inclusion complex obtained after 

mixing βCD with ANTH in the molar ratio of 1:1. 

The Raman spectrum of the complexes prepared with only βCD and ANTH in the molar ratio 

1:1 does not show any of the peaks corresponding to ANTH (Figure 4.41). The spectrum 

obtained is exactly similar to what we have obtained for βCD. The following result gives a clear 

indication of failure of inclusion phenomenon. We can thus report that, βCD and anthracene 
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alone do not form any complex. If the inclusion had occurred the most probable affected 

peaks corresponding to vibrational modes are present in the Figure 4.42. 
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Figure 4.42 : The vibrational modes of ANTH which are most probably impacted by the interaction 

with βCD. 
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4.5.3.2 βCD: PYR Raman studies 

Pyrene (PYR) consists of four fused benzene rings. It is formed during incomplete combustion 

of organic compounds. In the past, scientists have tried to study the complexation 

behaviour54,55 of PYR and βCD by different spectroscopic studies56. Absorption studies57 

indicated formation of 1:1:1 inclusion complex with lower primary and cyclic alcohols. 

Fluorescence studies58–61 indicated the size dependency of the components to obtain larger 

equilibrium constants for the ternary complexes. Some of the scientists from the same groups 

have also studied the chromatographic studies47,62,63 focusing on linear and cyclic alcohols as 

mobile phase co-modifiers.  

FT-Raman spectroscopic studies have not yet been done for βCD:PYR complexes. The 

complexes reported are studied by different techniques like Surface enhanced Raman 

Scattering (SERS)64 for sensing Polycyclic aromatics. UV Resonance Raman65 have also been 

done to further characterize PAHs. 

On Raman Spectroscopy investigation of complexes, peaks corresponding to PYR can be seen 

in the spectra of all the complexes prepared with βCD (Figure 4.43). The relative intensities of 

the peaks of native PYR and of the complex formed (Table 4.10), on comparison can further 

direct towards the hint of molecular interaction and inclusion with the CD cavity. The 

calculated harmonic frequencies of C-H vibrations were scaled by a factor of 0.95 and all other 

frequencies by 0.98. 

The Raman spectrum of PYR53 can be divided into four important regions (1) 1650-1550 cm-1, 

the ring stretching mode mixed with little CH in-plane bending; (2) 1500-1350 cm-1 bands 

mainly attributed to strong CH in-plane bending coupled with weak ring breathing. Also (1050-

1000 cm-1) belong to the same mode of vibrations. (3) 1300-1000 cm-1, bands are mostly CH 

bending; and (4) 1000-600 cm-1, generally CH out-of-plane bends. All the bands below 550 cm-

1 may due to out-of-plane ring bending vibrations. The intense peaks are observed at the peaks 

positions: 407, 587, 1067, 1247, 1407, 1587 ,1629 cm-1 in the PYR Raman Spectrum. 

The Raman spectrum of the complex prepared in the solid state shows the appearance of new 

peaks other than β-CD peaks with different intensities. They can be clearly seen at the 

positions: 409, 594, 1065, 1242, 1412, 1597 and 1630 cm-1. 

The different peaks with good intensities like the one located at 409 and 594 cm-1 

corresponding to out of plane ring bending vibrations and C-H out of plane bending 

respectively, appear as the most noticeable intensive peak in the PYR spectrum whereas 

equally intense in the spectra of complex prepared without alcohols. On moving ahead, other 

peaks like the ones at 1242, 1412, 1597 and 1630 cm-1 are dominating the spectrum of the 

complex. These peaks correlate to different vibrational modes like ring stretching, CH in plane 

bending and ring breathing modes. The other modes which are varying during complex 

formation are less obvious. 
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Figure 4.43 : Raman Spectrum of the βCD, PYR and of the inclusion complex obtained after mixing 

βCD with PYR in the molar ratio of 1:1  

Some changes can also be seen in the CD vibrational modes after inclusion complex formation. 

The relative intensities of many peaks corresponding to different modes of vibrations have 

significantly reduced. For example- the bending vibration of C-C-C link at 317 cm-1 has 

diminished for the complex. The peaks at 852 cm-1 and 1125 cm-1 showing breathing vibration 

of glucose ring and C-C stretching vibration have reduced in intensity. The stretching vibrations 

of CH and CH2 in the functional group detection region have also reduced in intensity. The 

vibrational modes of PYR which are most impacted by the interaction with βCD are shown in 

the Figure 4.44. 

PYR  Complex  

Peak  Relative Intensity Peak  Relative Intensity 

407 0.69 409 0.69 

587 0.48 594 0.89 

1067 0.23 1065 0.38 

1247 1.00 1242 0.97 

1407 0.91 1412 1.00 

1587 0.26 1597 0.48 

1629 0.35 1630 0.28 

 

Table 4.10 : Comparison of PYR peak shifts and relative intensities (free PYR and inclusion  complex 

with βCD) 
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Figure 4.44 : The vibrational modes of PYR which are most impacted by the interaction with βCD. 
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4.6 Conclusion 
The different investigations carried out to check complexation phenomenon by different 

techniques for βCD: aromatic hydrocarbons in absence of linear alcohols have produced 

different results. Due to unavailability of some techniques like NMR, the results were not 

obtained for all aromatic hydrocarbons. Hence for all the cases studied, it can be concluded 

that BEN, FB and TFT were failed to show any shift for the positions of H3 and H5 peaks on 

inclusion. Moreover, the bell shape curve from job’s plot was violated. On the other hand, 

aromatics like BA, PHE and 2-NAP (derivatives with polar groups) were able to show the shifts 

and followed the bell shaped curve.  The results obtained by our studies are in accordance 

with the work done previously. We also investigated the proton peaks corresponding to the 

aromatics and found progressive evolution in the pattern confirming inclusion complex 

formation. 

The thermal studies were performed for almost all the βCD: Aromatic compounds complexes 

for the molar ratio 1:1. The results obtained revealed the formation of inclusion complexes 

in some cases where we observed the endothermic curves corresponding to melting of the 

inclusion complex formed. Few of the curve which failed to form any successful inclusion 

showed the melting/boiling curves for the guest molecules used. 

On comparison with the literature, the XRD patterns of different βCD: Aromatics shown 

similarities. Few of patterns showed peaks corresponding to different references indicating 

existing in two different crystal formation. 

The Raman Spectroscopic study has revealed the interesting behaviour of different aromatic 

molecules under observation. Most of the results obtained have positive aspects, in the sense, 

the aromatic molecules are forming inclusion complexes with βCD. For better understanding, 

the computed spectra of aromatic molecules have produced the vibrational modes of 

molecules for each peak appearing in the spectra of the complexes formed. It can also be 

concluded that Raman Spectroscopy can be used to check the aromatic inclusion 

complexation in βCD so this technique can be further used to design new analysis methods. 
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Chapter 5. Inclusion complexes of βCD:Linear alcohols:aromatic 

hydrocarbons 

5.1 Introduction  
The studies performed in this chapter aimed at encapsulation of aromatic hydrocarbons in 

βCD cavity in presence of linear alcohols (Figure 5.1). The inspiration to perform this research 

came from the previously published work1 on inclusion of PYR molecules inside the cavity with 

n-octanol and also is the continuation of  the similar work done in our team2 focussing on 

inclusion of other aromatic hydrocarbons inside the cavity in absence of linear alcohols. Other 

studies were also performed with αCD to understand the αCD: undecanol3 complexation 

behaviour but the techniques used for further investigation are completely different from the 

techniques available in our lab. After evaluating the results obtained for the different 

complexes preparation and interpretation about βCD: linear alcohols and βCD: Aromatics as 

explained in the previous chapters, the next step was to add aromatic hydrocarbons. The 

reason for using linear alcohols as part of the studies because of the two reasons: 

1. The solubility of aromatic hydrocarbons is very low in water. Therefore, alcohols were 

used to increase their solubility. 

2. Most of the linear alcohols are water soluble. The solubility decreases as the 

hydrophobic carbon chain length increases. The higher alcohol molecules can be 

present in ground water4,5 and can be treated as ‘pollutant’. So, these linear alcohols 

acting as pollutants can also be entrapped inside the CD cavity. 

 

 

 

 

 

 

Figure 5.1 : Chronological order representation of aims and objectives of the thesis. (P.S- the 

images used are only for better understanding of the reader about the concept). 

In continuation with the studies performed in the previous chapter in the absence of alcohols, 

firstly the NMR studies were performed with EtOD (deuterated ethanol) as co-solvent. We 

were not able to perform the studies for each aromatic hydrocarbon because of availability 

issues of the NMR instrument in the lab. To have better knowledge about the inclusion 

phenomenon, the thermal studies were done using DSC technique. Because of time and 

instrument unavailability, we were able to focus only on the results of ternary complexes 

prepared with Octanol and Nonanol for most of the samples. The reason for choosing only the 

complexes prepared with only these two alcohols is the similar studies done with different 

techniques in the literature which were used as base of this thesis. The next step was to study 

the ternary complexes by powder XRD studies to confirm their inclusion. The last 

characterization technique used was the Raman spectroscopy to check the vibrational 
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Supramolecular 
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motions of the molecules in collaboration with theoretical studies. Furthermore, to check the 

possibility of using this technique for detection of aromatic pollutants in presence of alcohols. 

As we have already seen in the previous chapter, that some of the aromatic hydrocarbons do 

not require linear alcohols to form inclusion complexes we still continued their studies in the 

presence of linear alcohols in order to check their behaviour in presence of linear alcohols. 

Moreover, as these kinds of studies are not done in the past it would have been interesting to 

know if they form new kind of inclusion complex with different crystal structures when linear 

alcohols are added. 

The conclusion from the results will be summarised at the end of the chapter. 

5.2 NMR studies: Ternary complexation in presence of co-solvent 
5.2.1 βCD: BEN NMR studies in EtOD as co-solvent 

On adding the EtOD as co-solvent (50%), the results (Figure 5.2) show appearance of 

remarkable shift for the hydrogens present inside the βCD’s cavity. The same results have 

produced the deviation for the benzene peak (7.26 ppm indicating inclusion complex 

formation. The Figure 5.3 shows the evolution of H3 and H5 peaks on addition of 50% EtOD. 

The solutions prepared with different volume mixtures of βCD and BEN are presented the 

table 5.1 and correspond to each serial number for each H3 and H5 evolution BEN peak 

evolution. 

Serial 
number 

Vol.of βCD solution 
(10mM) 

(μl) 

Vol.of Aromatic 
hydrocarbon 

solution (10mM) 
(μl) 

βCD volume ratio 
in solution 

1 450 50 0.9 

2 400 100 0.8 

3 350 150 0.7 

4 300 200 0.6 

5 250 250 0.5 

6 200 300 0.4 

7 150 350 0.3 

8 100 400 0.2 

9 50 450 0.1 

 

Table 5.1 : Volume of βCD and Aromatic hydrocarbons solutions mixed together to form inclusion 

complexes in EtOD as co-solvent to carry out NMR studies. 

The job’s plot results (Figure 5.4) could be obtained only for H3 peaks deviation as the H5 peak 

was difficult to distinguish from the other protons existing during inclusion complexes 

formation due to superposition with hydrogen residual deuterated ethanol peaks. Moreover, 

the aromatic hydrogen peaks are highly influenced by the complexation indicating their 

neighbouring evolution in presence of βCDs by insertion inside the cavity. The Rmax is observed 

at 0.69 in this case. The stoichiometry of the complex is found to be 2:1 (βCD:BEN). 
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Figure 5.2 : Evolution of H3 and H5 peaks of βCD:BEN complexes when dissolved in 50% EtOD. 
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Figure 5.3 : Evolution of BEN peak when dissolved in 50% EtOD. 
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Figure 5.4 : job’s plot for βCD: BEN complex in EtOD as co-solvent. 

 

5.2.2 βCD: TFT NMR studies in ETOD as co-solvent 

The solutions prepared with 30 % EtOD as co-solvent have obtained different results from 

solutions prepared in D2O. The hydrogens present inside the CD’s cavity (H3 and H5) have 

undergone deviation from their original position (Figure 5.5). The peak corresponding to TFT 

(Figure 5.6) have also shown deviation indicating inclusion complex formation.  

The job’s plots studies (Figure 5.7) were only performed for H3 peak deviation as the 

environment of H5 peak changed during complex formation and proton identification became 

difficult. The Rmax is observed at 0.63. It further indicates the formation of 2:1 (βCD: TFT) 

complex. 
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Figure 5.5 : Evolution of H3 and H5  βCD: TFT complexes peaks when dissolved in 30% EtOD. 
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Figure 5.6 : Evolution of TFT peak when dissolved in 30% EtOD. 
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Figure 5.7 : job’s plot for βCD: TFT complex in EtOD as co-solvent. 

 

5.3 Thermal studies of βCD: alcohol: aromatic hydrocarbon complexes 
The thermal studies were carried out only for ternary complexes prepared with Octanol and 

Nonanol with stoichiometry 1:1:1 in each case because of the time and instrument 

unavailability. The reason behind choosing only these alcohols is the publication we inspired 

from to do this thesis. They used Octanol to encapsulate PYR molecules inside βCD. In this 

part, we have compared the thermal results obtained as ternary complex with complexes 

prepared in the previous chapters i.e βCD complexes prepared with different linear alcohols 

and also the complexes prepared with aromatics in absence of alcohols. The main idea behind 

this comparison is to check if the similarities or differences occurring in the curves obtained 

for ternary complexes and the binary complexes prepared in chapter-2 and chapter-3. By such 

type of analysis, it would be easier to understand the reasons behind the features of the 

ternary complexes obtained. The melting/boiling point and physical states are listed in the 

table 5.2. For all aromatic hydrocarbons used. 
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Aromatic 
hydrocarbon 

Physical State Melting/Boiling 
Point (°C) 

Benzene Colorless liquid 80 

Fluorobenzene Colorless liquid 85 

Toluene Colorless liquid 110 

Trifluorotoluene Colorless liquid 102 

Phenol White crystalline soild 40 

Benzoic Acid Colorless crystalline solid 122 

Naphthalene White crystalline solid 80 

2-Naphthol Colorless crystalline solid 121-123 

Anthracene Colorless solid 215 

Pyrene Colorless solid 145-148 
 

Table 5.2. Physical states and melting/ boiling points of the aromatic hydrocarbons.  

5.3.1 Monocyclic aromatic hydrocarbons 

5.3.1.1 Thermal studies of βCD: alcohol: BEN (1:1:1) complexes 
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Figure 5.8 : DSC curve of βCD and βCD:alcohol:BEN (1:1:1). 

Figure 5.8 represents the thermograms obtained for βCD: Alcohol: BEN complexes. The curve 

for the ternary complexes obtained with Octanol and Nonanol appear very similar in terms of 

the different endothermic curves observed and their temperatures. The βCD: Octanol: BEN 

result shows the appearance of a exothermic curve corresponding to new crystallization phase 

around 265°C. The high temperature degradation and oxidation phenomenon of 

uncomplexed CDs in air starting at 250°C in solid phase followed by liquid state fusion 

occurring at around 300°C. For βCD:Octanol:BEN it appears at 284°C and for βCD:Nonanol:BEN  

at 304°C. The ‘waterloss’ i.e removal of tightly bound water molecules is observed at 112°C 

and 118°C respectively for octanol and nonanol containing ternary complexes. The smaller 
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curves for the water loss indicates there are very loss or no more molecules to be removed 

from the cavity, indicating a different structural composition of the cavity than observed for 

uncomplexed βCD. The curves observed for binary systems in presence of octanol and nonanol 

show different behaviour to ternary complexes curves except for the water loss temperatures 

which seem to exist at similar temperature. The only difference arises is for the energy and 

number of water molecules involved. The βCD:Octanol:BEN curve shows another step for 

water removal at 155°C followed by an exothermic curves at 265°C indicating the formation 

of new crystalline phase. 

5.3.1.2 Thermal studies of βCD: alcohol: FB (1:1:1) complexes 
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Figure 5.9 : DSC curve of βCD and βCD:alcohol:FB (1:1:1). 

The thermogram of βCD:alcohol:FB shows different behaviour from the typical βCD curve 

(Figure 5.9). The curves obtained for βCD:Octanol:FB and βCD:Nonanol:FB look very similar in 

appearance to βCD:FB as discussed in the previous chapter. The first curve for the complexes 

can be seen at slight temperature difference i.e. at 145°C and 142°C for βCD:Octanol:FB and 

βCD:Nonanol:FB respectively which are not very different from 147°C obtained for βCD:FB 
where the reason of their appearance could be the removal of water molecules from the host 

cavity. Other small endothermic feature in complexes can be seen at temperatures between 

240°C and 270°C which do not correspond to boiling point temperatures for any of the guest 

molecules. These points on the curves can be assumed to be related to melting temperatures 

of the inclusion complex formed. The only difference possessed by alcohol containing curves 

is the high temperature degradation and oxidation of uncomplexed CDs which are observed 

in the former cases at 296° and 301° respectively. The ternary complex curves are different 

from the curves obtained for binary complexes prepared with octanol and nonanol. 
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5.3.1.3 Thermal studies of βCD: alcohol: TOL (1:1:1) complexes 
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Figure 5.10 : DSC curve of βCD and βCD:alcohol:TOL (1:1:1) 

 

The complexes containing octanol and Nonanol show similar thermal behaviour to the 

complexes prepared in absence of alcohols (Figure 5.10). The events occurring in all the three 

curves are appearing at temperature difference of 3-4° approximately from each other. The 

event occurring due to removal of tightly bound water molecules is shifted to a lower 

temperature than observed in case of βCD. Moreover, the amount of energy involved is very 

similar in both the cases. They are appearing at temperatures 86° and 88° for βCD:Octanol:TOL 

and βCD:Nonanol:TOL respectively( chapter-4). The melting of the inclusion complex (158° C 

and 156°C) formed exist at almost similar temperatures in the complexes. An exothermic 

curves related to new crystallization phase can be seen at 266 ° and 270°C involving liberation 

of similar amount of energy in both the cases. The ternary complexes curves show different 

behaviour from binary curves obtained with octanol and nonanol. Furthermore, the 

temperature degradation and oxidation of uncomplexed CDs are observed with not a lot 

temperature difference at 289° and 294°C respectively. On examining the whole behaviour, it 

can be concluded that the presence of linear alcohols does not really make a difference in 

their thermal properties. 
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5.3.1.4 Thermal studies of βCD: alcohol: TFT (1:1:1) complexes 

On discussing about the complexes prepared with alcohols (Figure 5.11), the curves appear 

very similar to what we have observed for βCD:TFT. For βCD:Octanol:TFT the same events are 

observed at 92°C, 161°C and 275°C respectively. Similarly for βCD:Nonanol:TFT at 96°, 154° 

and 292°C. The boiling point of TFT is 102°C, so the curves appearing at 161°C and 154°C might 

be due to some inclusion complex formation. The ternary complex curves are different from 

the curves obtained for binary complexes prepared with octanol and nonanol. The appearance 

of exothermic curve related to formation of new crystallization phase can be seen at 258°C 

and 276°C in the respective cases. These curves are different in terms of energies involved.  

Another important point to be noted is the βCD degradation temperature which appears at 

comparatively lower temperature than other curves.  
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Figure 5.11 : DSC curve of βCD and βCD:alcohol:TFT (1:1:1). 
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5.3.2 Bicyclic aromatic hydrocarbons 

5.3.2.1 Thermal studies of βCD: alcohol: NAP (1:1:1) complexes 
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Figure 5.12 : DSC curve of βCD and βCD:alcohol:NAP (1:1:1). 

The curves appeared for the three complexes comprising with and without alcohol are similar 

with respect to all the events occurring during thermal studies (Figure 5.12). Again, the 

temperature difference observed for all the three complexes for each event is only 3- 4°C. The 

different endothermic events observed are the removal of water molecules, melting of 

inclusion complexes formed and the temperature degradation and oxidation of uncomplexed 

CDs which are occurring for βCD:NAP, βCD:Octanol: NAP and βCD:Nonanol: NAP at 

temperatures (91°, 94°, 93°), (163°, 158°, 159°) and (278°,285°, 277°C) respectively. The binary 

curves observed for complexes prepared with octanol and nonanol seem different with 

respect to all the features appearing in case of ternary complexes. The exothermic curves 

involving formation of new crystalline phase are appearing at 267° and 261° differ only by the 

amount of energy involved in both these cases. The presence of alcohol in the system does 

not have really impacted the thermal properties. 
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5.3.3 Polycyclic aromatic hydrocarbons 

 5.3.3.1 Thermal studies of βCD: alcohol: ANTH (1:1:1) complexes 
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Figure 5.13 : DSC curve of βCD and βCD:alcohol:ANTH (1:1:1). 

The thermal studies performed for ANTH inclusion complexes with alcohols have produced 

similar results (Figure 5.13). The appearance of the thermal events occurring in the curve are 

present at same temperatures in both the cases. These include curves at temperatures 106°, 

145°, 221°, 250° and 300°C. The curves below 120°C are due to removal of high energy water 

molecules present in the βCD cavity. The curves appearing at 145° and 250° are must be due 

to melting of different forms of inclusion complex structures. The sharp peak observed in both 

the cases at the same temperature are due to melting of uncomplexed anthracene molecules. 

On comparison with the binary system complex obtained with octanol and nonanol, ternay 

system show completely different thermal curve. A large exothermic curve is observed in both 

the cases (280° and 278°C respectively) involving similar amount of energies liberated 

indicating formation of new crystalline phases. Lastly, the temperature degradation and 

oxidation of uncomplexed CDs exist around 300°C in both the cases. The addition of alcohols 

has produced many changes in the thermal properties which were absent in native βCD and 

βCD: alcohol complexes. 
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5.3.3.2 Thermal studies of βCD: alcohol: PYR (1:1:1) complexes 
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Figure 5.14 : DSC curve of βCD and βCD:alcohol:PYR (1:1:1). 

The thermal studies curve obtained for βCD:alcohol:PYR has shown some different features 

from the curves obtained for complexes prepared with βCD:PYR  (Figure. 5.14). The curves 

observed for complexes containing alcohols are similar to each other but different from 

βCD:PYR curve (chapter-4). The event for removal water molecules occurs at temperature less 

than 120°C i.e at 108° for octanol complex and at 113°C for Nonanol complex. No existance of 

peak at 156°C has been observed. Moreover, the curves between 125° and 175°C show 

linearly increasing curve instead of a smooth curve. The curves obtained for βCD: Octanol and 

βCD: Nonanol show very different events occurring to βCD: PYR and βCD: Alcohols:PYR curves. 

The temperature degradation and oxidation of uncomplexed CDs feature has existed at 

temperatures above 290°C for all the three cases. The addition of alcohol to the βCD:PYR 

inclusion complex system have produced remarkable changes. 

5.4 Structural studies of βCD: alcohol: aromatic hydrocarbon complexes 
5.4.1 Monocyclic aromatic hydrocarbons 

5.4.1.1 Structural studies of βCD:alcohol:BEN (1:1:1) complexes 

Figure 5.15 shows diffraction pattern for βCD:alcohol:BEN (1:1:1) and βCD:BEN  inclusion 

complexes. As subsequently evident in the figure, the complex βCD:BEN exhibits a diffraction 

pattern characteristic mixture of βCD channel type (PUKPIU1 and POHXUG6) crystal structure 

reported in the literature7 . On the other hand, when the linear aliphatic alcohols are involved, 

the diffraction pattern shows peaks similar to CACPOM8. The peaks obtained in both the cases 

have lost their crystalline character. The similar appearance of pattern was also seen in case 

of patterns obtained for βCD: alcohol (chapter 3). We have compared the patterns with βCD: 

octanol to confirm the similarity between the different cases. 
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The other stoichiometries for βCD:alcohol:BEN (1:2:1 and 1:1:2) have also obtained the same 

diffraction patterns as for βCD:alcohol:BEN (1:1:1). 
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Figure 5.15 : Powder diffraction pattern of βCD:BEN and βCD:alcohol:BEN (1:1:1) in comparison to 

the references from the literature (CACPOM, PUKPIU and POHXUG). 

 

5.4.1.2 Structural studies of βCD:alcohol:FB (1:1:1) complexes 

The diffraction pattern obtained for βCD:FB and  βCD:alcohol:FB (1:1:1) (Figure 5.16) inclusion 

complexes show similar kind of peaks as obtained for βCD:BEN. The literature study 

comparison indicates the resemblance of the mixture pattern to ref PUKPIU and POHXUG 

forming channel type pattern. We compared the patterns obtained for the ternary complex 

to βCD: octanol which shows similarity to REF CODE CACPOM.  The complexes are crystalline 

in nature. The other stoichiometries (1:2:1 and 1:1:2) have produced similar diffraction 

patterns. 
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Figure 5.16 : Powder diffraction pattern of βCD:FB and βCD:alcohol:FB (1:1:1) in comparison to the 

references from the literature (PUKPIU and POHXUG). 

 

5.4.1.3 Structural studies of βCD:alcohol:TOL (1:1:1) complexes 

The diffraction patterns for βCD: TOL and βCD: alcohol: TOL (1:1:1) inclusion complex is shown 

in the Figure 5.17. Both patterns with and without alcohol obtained similar results which on 

comparison to the literature resemble to ref- CACPOM. The molecular arrangement is channel 

type. On comparison with βCD: octanol pattern, it can be noticed that the pattern is similar in 

terms of intensity of the peaks but their positions are slightly shifted.The other stoichiomteries 

of βCD: alcohol: TOL (1:2:1 and 1:1:2) have produced similar results. 
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Figure 5.17 : XRD diffraction pattern of βCD:TOL and βCD:alcohol:TOL (1:1:1) in comparison to the 

references from the literature (CACPOM). 

5.4.1.4 Structural studies of βCD:alcohol:TFT (1:1:1) complexes 

The diffraction pattern (Figure 5.18) obtained for βCD: TFT and βCD: alcohol: TFT (1:1:1) have 

resembled channel type arrangement similar to Ref- CACPOM from the literature. Other 

stoichiometries for βCD: alcohol: TFT (1:2:1 and 1:1:2) have produced similar results. The 

pattern obtained for βCD:Octanol shows similar intense peaks but the only difference arises 

is the slight shifting of the peaks. 
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Figure 5.18 : XRD diffraction pattern of βCD:TFT and βCD:alcohol:TFT (1:1:1) in comparison to the 

references from the literature (CACPOM). 
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5.4.2 Bicyclic aromatic hydrocarbons 

5.4.2.1 Structural studies of βCD:alcohol:NAP (1:1:1) complexes 

The diffraction pattern obtained for βCD: NAP and βCD: alcohol: NAP (1:1:1) (Figure 5.19) have 

resembled channel type arrangement similar to Ref- CACPOM from the literature. Other 

stoichiometries for βCD: alcohol: NAP (1:2:1 and 1:1:2) have produced similar results. The 

patterns obtained with ternary complexes are similar to pattern obtained with βCD: octanol 

in terms of intensity but slight position difference is also observed. 
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Figure 5.19 : XRD diffraction pattern of βCD:NAP and βCD:alcohol:NAP(1:1:1) in comparison to the 

references from the literature (CACPOM). 

 

5.4.3 Polycyclic aromatic hydrocarbons 

5.4.3.1 Structural studies of βCD:alcohol:ANTH (1:1:1) complexes 

The diffraction pattern (Figure 5.20) obtained for βCD: alcohol: ANTH (1:1:1) have resembled 

channel type arrangement similar to Ref- PUKPIU from the literature. Other stoichiometries 

for βCD: alcohol: ANTH (1:2:1 and 1:1:2) have produced similar results. The patterns obtained 

with ternary complexes show different behaviour to βCD: Octanol pattern which resembles 

REF CODE CACPOM. 
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Figure 5.20 : XRD pattern βCD:alcohol:ANTH (1:1:1) in comparison to the references from the 

literature (PUKPIU). 

5.4.3.2 Structural studies of βCD:alcohol:PYR (1:1:1) complexes 

The diffraction pattern obtained for βCD: alcohol: PYR (1:1:1) and βCD: PYR (Figure 5.21) have 

resembled channel type arrangement similar to Ref- CACPOM from the literature. Other 

stoichiometries for βCD: alcohol: PYR (1:2:1 and 1:1:2) have produced similar results. The βCD: 

octanol pattern also shows the same peaks. 

Another comparison (Figure 5.22) of βCD: alcohol: PYR (1:1:1, 1:2:1 and 1:1:2) with native βCD, 

βCD: Hexanol and βCD: PYR are shown to explain the similar results obtained by other 

stoichiometries (1:2:1 and 1:1:2) for all the cases discussed in this section. 
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Figure 5.21. XRD pattern of βCD: PYR and βCD:alcohol:PYR (1:1:1) in comparison to the references 

from the literature (CACPOM). 
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Figure 5.22 : XRD pattern comparison of βCD, βCD: Hexanol, βCD:PYR and βCD: Hexanol: PYR 

(1:1:1, 1:2:1 and 1:1:2). 
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5.5 Raman spectroscopic studies of βCD: alcohol: aromatic hydrocarbon 

complexes 
In the previous chapter, we have discussed the Raman spectral studies for βCD: Aromatics. 

For most of the βCD: Aromatics complexes prepared in this thesis showed the appearance of 

peaks corresponding to respective aromatics where the complexes were prepared with βCD. 

There were only two aromatics: BEN and ANTH which failed to show any complexation and 

hence no peaks corresponding to them in the complexes were recorded. In this part of the 

chapter, we have shown the results of the complexes prepared in presence of linear aliphatic 

alcohols.  

We also prepared complexes for other aromatics in order to expect new structure formation 

but we found similar to the results obtained in chapter – 4 where the complexes were 

prepared in absence of linear alcohols. Due to alcohol addition, the only change occurred is 

the appearance of C-H vibrational modes of alcohols existing above 2800-2900 cm-1. We have 

also compared all the ternary complex spectra to spectrum obtained for βCD: octanol that 

clearly shows the C-H vibrational mode. We have presented results only for stoichiometry 

1:1:1 for βCD:Alcohol:Aromatic as other stoichiometries have shown the similar results. 

5.5.1 Monocyclic aromatic hydrocarbons 

5.5.1.1 Raman Spectral studies of βCD: Alcohol: BEN (1:1:1) complexes 
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Figure 5.23 : Raman spectra of βCD, βCD: Octanol, βCD:BEN and βCD: alcohol: BEN inclusion 

complexes (1:1:1). 

On introduction of linear aliphatic alcohols to the βCD: BEN system (Figure 5.23), the Raman 

Spectral studies showed the appearance of peaks corresponding to BEN at the positions 990 

and 3057 cm-1 with reduced intensities. Here we have shown positive results obtained in 

presence of different linear aliphatic alcohols. 

All other stiochiometries for βCD: alcohol: BEN (1:2:1 and 1:1:2) have produced similar results.   
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5.5.1.2 Raman Spectral studies of βCD: Alcohol:FB (1:1:1) complexes 

After the addition of alcohols, for the new stoichiometry 1:1:1 (Figure 5.24) reveals 

appearance of few of the peaks with reduced intensities corresponding to FB which were also 

obtained in absence of alcohols. These peaks are shown in highlighted rectangles with grey fill 

pattern. The other information indicating the presence of alcohols is the appearance of C-H 

vibrational modes between 2800 and 2900 cm-1(highlighted rectangles with pink fill pattern). 
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Figure 5.24 : Raman spectra of βCD, βCD: Octanol, βCD:FB and βCD: alcohol: FB inclusion 

complexes (1:1:1). 

 

5.5.1.3 Raman Spectral studies of βCD: Alcohol:TOL (1:1:1) complexes 

On preparing complexes in presence of different linear alcohols, TOL peaks can be seen in all 

the spectra of the complexes obtained for each alcohol used in different molar ratios. For 

example- for stoichiometry 1βCD:1alcohol:1TOL (Figure 5.25), appearance of toluene peaks at 

the same positions as in the case of 1βCD:1TOL complex spectrum are observed. Moreover, 

all the spectra also contain the peaks due to CH stretching modes from linear alcohol 

spectrum. 

The TOL peaks are highlighted in rectangles with grey fill pattern whereas the CH vibrational 

mode of alcohols is highlighted with pink fill pattern. 
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Figure 5.25 : Raman spectra of βCD, βCD: Octanol, βCD:TOL and βCD: alcohol: TOL inclusion 

complexes (1:1:1). 

5.5.1.4 Raman Spectral studies of βCD: Alcohol:TFT (1:1:1) complexes 

The spectra of complexes of the stoichiometry 1:1:1 (Figure 5.26) show appearance of the TFT 

peaks at the same positions. Also, the band due to C-H stretching of the aliphatic alcohols is 

also present. 
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Figure 5.26 : Raman spectra of βCD, βCD: Octanol, βCD:TFT and βCD: alcohol: TFT inclusion 

complexes (1:1:1). 
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5.5.2 Bicyclic aromatic hydrocarbons 

5.5.2.1 Raman Spectral studies of βCD: Alcohol:NAP complexes 

The peaks corresponding to NAP (Figure 5.27) can be easily seen for the inclusion complex 

spectrum. Furthermore, the relative intensities of the naphthalene peaks observed for the 

complex, on comparison to that of isolated ones give the proof of molecular interaction and 

inclusion within the CD cavities clearly. Also, significant differences in intensities can be 

observed for several peaks. The results obtained during our studies are in accordance with the 

work done with naphthalene done in the team previously2. 
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Figure 5.27 : Raman spectra of βCD, βCD: Octanol, βCD:NAP and βCD: alcohol: NAP inclusion 

complexes (1:1:1). 

 

5.5.3 Polycyclic aromatic hydrocarbons  

5.5.3.1 Raman Spectral studies of βCD: Alcohol:ANTH (1:1:1) complexes 

On adding alcohols to the mixture, the βCD:Alcohol:ANTH (Figure 5.28) spectra have showed 

the peaks attributed to anthracene. The sharp, slightly intense peaks can be identified for the 

positions- 401,756, 1403 and 1563 cm-1. Other peaks with reduced intensities are also present 

at positions 1006, 1185 and the doublet around 3050 cm-1. All other stiochiometries for βCD: 

alcohol: ANTH (1:2:1 and 1:1:2) have produced similar results. These results indicate that 

ANTH forms ternary inclusion complexes in presence of alcohols. 
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Figure 5.28 : Raman spectra of βCD, βCD: Octanol, βCD:ANTH and βCD: alcohol: ANTH inclusion 

complexes (1:1:1). 

 

 5.6 Conclusions 
On analysis of all the results obtained for inclusion complexes prepared in presence of alcohols 

it can be concluded that we are successful in encapsulating some of the aromatic 

hydrocarbons in presence of alcohols in different stoichiometry.  

The NMR studies performed for βCD with BEN and TFT where deturated ethanol was used as 

co-solvent showed desired shifts in the values of the proton peaks positions (H3 and H5). 

Evolution in the proton peaks of guest molecules was also observed. Furthermore, job’s plot 

showed bell shape curve in both the cases indicating inclusion complexation. 

The thermal results done with DSC technique obtained mixed results in the sense that some 

of the aromatics behaved in a similar way as in absence of alcohols i.e no exceptional changes 

occurred in their thermal properties. For few aromatics, the DSC curve observed are different 

from the curve obtained for βCD: aromatics in the absence of alcohol. Furthermore, the 

ternary complex curves seem different when compared with curves observed for βCD:Octanol 

and βCD:Nonanol thermal curves. 

XRD patterns obtained for the complexes obtained with different aromatics prepared in 

presence of linear aliphatic alcohols showed resemblance to the channel type molecular 

arrangement in most of the cases when compared to the structures available in the literature. 

The similar pattern is obtained for βCD:Octanol. 

Raman spectroscopic studies for BEN and ANTH containing ternary complexes indicated 

appearance of peaks corresponding to the guest molecules in the spectrum due to change in 

their vibrational motions. For the two cases, alcohols have played important role in 
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encapsulation. Moreover, all the spectra showed C-H vibrational mode peak indicating 

existence of alcohols in the system. 

It can also be concluded that the different stoichiometries prepared for βCD: Alcohol: 

Aromatics complexes (1:1:1, 1:2:1 and 1:1:2) have obtained similar results indicating 

independency with respect to number of molecules taking part while formation of stable 

inclusion complex. 
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Conclusions and perspectives 
Within the scope of the thesis, different complexation studies were done in order to 

understand the behaviour on encapsulation of aromatic hydrocarbons by βCD under different 

conditions. During this study, we followed different steps to achieve the motive of the thesis, 

which were as follows: (i) to study the complexation behaviour of βCD and linear aliphatic 

alcohols. (ii) to study the complexation behaviour of aromatic hydrocarbons in absence of 

alcohols and lastly (iii) to understand their behaviour in presence of linear aliphatic alcohols. 

All the complexes prepared were characterized by two spectroscopic techniques like NMR, 

Raman followed by thermal and structural studies performed with DSC and PXRD techniques. 

In order to have more information about the results obtained, molecular modelling studies 

were done for better understating of the science and to support our findings. 

After gathering all the knowledge and information about different types of CDs, their 

physical/chemical properties, their inclusion properties and their versatile applications from 

the literature and the research done till date, we found that only 2 structures involving CDs 

and Polycyclic aromatic hydrocarbons are available in the CSD which were prepared in 

presence of Octanol or cyclohexanol. This number added our curiosity to further explore this 

field of application.  The search for βCD structural characteristics in the literature provided us 

further details about different structures existing in the CSD. The βCD used for this thesis is 

found to be similar to mixture of two CSD REFCODE namely BCDEXD10 (herringbone structure 

type) and ZUZXOH (channels with tiltled molecules). The other structures found were PUKPIU 

(channel structure type) and CACPOM (dimer brick type). Since the complexes with polycyclic 

aromatics were prepared in presence of Octanol, the PXRD pattern obtained for βCD:Octanol 

was found similar to the CSD REFCODE CACPOM for further comparison. 

 To begin our thesis, the first step as mentioned above was to study the complexation 

chemistry between linear aliphatic alcohols. 

The results obtained for βCD:Linear alcohol studies in liquid as well as solid states by different 

characterization techniques revealed interesting results. For NMR studies in the liquid state, 

the complexes prepared for 1:1 volume ratio with lower alcohols in the homologous series 

upto to butanol (=4C) failed to show interesting chemical shifts for H3 and H5 βCD protons. By 

observing such behaviour, we concluded that those alcohols are small and polar enough to 

act as water solvent molecules and are randomly present in solution. Moreover, their 

molecular organisation in solution is very similar as obtained in presence of water. The results 

obtained for the complexes prepared with higher member of the homologous series i.e from 

Pentanol (5C) to Undecanol (11C) have shown significant chemical shifts for H3 and H5 βCD 

protons. The criterion to choose appropriate length of alcohol to form successful inclusion is 

based on the value of difference of chemical shift (in Hertz) The threshold value of difference 

is ≥ 10 Hz. For lower alcohols, the value obtained is less than 5 Hz. On the other hand, the 

value obtained for higher alcohols is always greater than 25 Hz. By solution studies, another 

features to be discovered for βCD:Linear alcohol is the stoichiometry of the complex by Job’s 

plot method. The stoichiometry in most of the cases is found to be 2:1 and 1:1 in few cases. 

During solid state studies, the thermal studies of the βCD:Linear alcohol complex by DSC 

studies obtained distinctive features. For βCD: Lower alcohol complexes, the curves shown 

similar behaviour to βCD curve except for the higher values of temperatures for the 
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endothermic phase related to tightly bound water molecules removal. For βCD: Higher alcohol 

complexes, the individual curves showed additional endothermic curve corresponding to 

inclusion complexes and also the ‘water molecules loss’ curve. 

On comparing the literature, the structural studies performed by PXRD technique revealed 

the similarities between βCD: Lower alcohol complexes and CSD REFCODE BCDEXD10 which 

represents herringbone structural type indicating the ‘solvation’ role of the alcohol molecules 

in these structures. The βCD: Higher alcohol complexes have shown different structural types 

with different alcohols used. For βCD: Pentanol and βCD: Hexanol complexes, the structures 

were found to be similar to CSD REFCODE PUKPIU showing channel type structures. The rest 

of the βCD: higher alcohols patterns resembled CSD REFCODE CACPOM showing dimer brick 

type structures. 

The vibrational mode studies by Raman Spectroscopy indicated the changes in the vibrational 

modes on forming an inclusion complex. The results obtained for βCD: Lower alcohol 

complexes failed to show any changes and were found to follow the same spectra as obtained 

for βCD. The βCD: Higher alcohol complexes have shown changes in the regions 1357-1488 

cm-1 and 2814-2879 cm-1 of the Raman Spectra. The superposition of βCD peaks might be the 

reason for failure of detection of more peaks corresponding to higher linear alcohols. 

To further support our finding, molecular modelling studies were performed for βCD:Linear 

alcohol complexes by manual docking using the semi empirical PM3 method. A model was 

created for each complex where an alcohol molecule is located inside the cavity between ½ 

(L+T)  and -½ (L+T) along Z-axis with length of the molecule and thickness as the two 

parameters considered. Each structure obtained was optimised and converged to obatin 

thermodynamic and electronic energy features. The value of binding energy defines the 

strength of the interaction of the host and the guest. For lower alcohols, the behaviour 

observed was similar with no significant gain in energy on inclusion. They all behaved in a 

manner comparable to water molecule with binding energy above -10 kcal/mol. On inserting 

higher alcohols inside the cavity, the value of binding energy tends to decrease and became 

equivalent, starting from heptanol to other longer alcohols. All results obtained with different 

techniques are summarised in the table (a) below: 
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βCD:Linear alcohol complexes 

βCD:Lower alcohol complexes (upto Butanol (4C)) 

NMR DSC XRD Raman Molecular 
Modelling 

- No significant 
chemical shift 
for H3 and H5 
protons 
observed for 
complexes. 

 

- thermal curves 
similar to βCD 
were observed 
with water loss 
occuring at 
higher 
temperature. 

- the patterns 
obtained are 
found similar to 
CSD REFCODE 
BCDEXD10 
which 
represents 
herringbone 
structural type. 

- no peaks 
corresponding 
to alcohols were 
observed. The 
sepctra 
obtained were 
similar to the 
Raman 
Spectrum of 
βCD. 

- no significant 
change in 
binding energy 
on inclusion. 

βCD:Higher alcohol complexes (pentanol (5C) to Undecanol (11C) 

- the significant 
chemical shift 
for H3 and H5 
protons proved 
the validity of 
method of 
continuous 
variation: job’s 
plot. 
- the 
stoichiometry 
for most of the 
βCD: Higher 
alcohol 
complexes were 
found to be 2:1. 

- the thermal 
curved showed 
additional 
feature 
corresponding 
to formation of 
inclusion 
complex and 
the typical 
water loss 
endothermic 
curve. 

- the patterns 
obtained were 
found similar to 
CSD REFCODE 
PUKPIU which 
represents 
channel 
structural type 
for βCD: 
Pentanol and 
βCD: Hexanol 
complexes. 
- rest of the 
βCD: higher 
alcohols 
patterns 
resembled CSD 
REFCODE 
CACPOM 
showing dimer 
brick type 
structures. 
 

- The βCD: 
Higher alcohol 
complexes have 
shown changes 
in the regions 
1357-1488 cm-1 
and 2814-2879 
cm-1 of the 
Raman Spectra. 

- the value of 
binding energy 
tends to 
decrease on 
inclusion. 

 

Table (a): Summary of the results obtained for βCD:Linear alcohol inclusion complexes. 

It can be concluded after monitoring all the results, that Pentanol behaves as a borderline 

molecule to form inclusion complex. The values obtained by different characterizing 

techniques look less promising for further analysis  of the inclusion complexes obtained with 

aromatic hydrocarbons in presence of Pentanol. On the basis of these results, we have not 

included pentanol for the next step studies. 
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All the results obtained for higher alcohols revealed that they form stable inclusion complexes 

with βCD and form different crystal structures with corresponding alcohols on inclusion. 

The studies of βCD: Aromatic Hydrocarbons were performed again in the solid and the liquid 

state. For poor solubility of most of the aromatic hydrocarbons proton NMR studies could not 

be performed. For other aromatic hydrocarbons like BA, PHE and 2-NAP; the H3 and H5 peaks 

showed significant displacement. All the three aromatics were found to form 1:1 

stoichiometry. The results obtained are in accordance with the work previously done.  

The thermal studies revealed different features in different cases. But three typical features 

were observed in most of the cases were (i) removal of tightly bound water molecules, (ii) 

formation of new crystalline phase around 255-260°C (iii) decomposition of uncomplexed 

βCD. Some of the results have also shown curve related to inclusion complex. 

Again, XRD literature comparison for βCD: Aromatic Hydrocarbons indicated the existence of 

similar patterns. βCD: BEN and βCD: FB were found similar to mixture of CSD REFCODE PUKPIU 

and POXHUG whereas the aromatics obtained 1:1 stoichiometry with NMR studies which are 

BA, PHE and 2-NAP were found to be similar to CSD REFCODE PUKPIU. The leftover aromatics- 

TOL, TFT, NAP and PYR were found to form similar structures to CSD REFCODE CACPOM. 

The vibrational mode studies for βCD: Aromatic Hydrocarbons for most of the cases contained 

the peaks of the aromatic molecules in the spectra of the complexes except for the case of 

BEN and ANTH. For βCD: BEN system, the spectrum of the complex does not contain any 

intense peak corresponding to BEN, in fact few changes occurring in the spectrum for βCD 

peaks are hinting about inclusion complex formation. For βCD: ANTH, neither peaks of ANTH 

were observed not any changes in the spectrum occurred indicating a complete failure of 

formation of inclusion complex. The theoretical spectra were also calculated for aromatics for 

comparison with the observed values. Moreover, most impacted vibration modes on inclusion 

were also taken into account.  

The results obtained are summarised in the table (b) : 
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βCD:Aromatic hydrocarbons complexes 
NMR DSC XRD Raman 

-Inclusion complexes 
of stoichiometry 1:1 
with BA, PHE and 2-
NAPwere obtained. 
- due to poor 
solubility of most of 
the aromatics no 
NMR results were 
obtained. 

- inclusion 
complexes with TOL, 
TFT, PHE, BA, NAP, 2-
NAP showed 
endothermic curves 
corresponding to 
inclusion complexes. 
- formation of new 
crystalline phase was 
also observed in few 
cases. 

- complexes with FB 
and BEN showed 
similarities to the 
mixture of CSD 
REFCODES PUKPIU 
and POXHUG (both 
channel type 
structures). 
- complexes with BA, 
PHE and 2-NAP 
showed similar 
structures to CSD 
REFCODE PUKPIU. 
- complexes with 
TOL, TFT, NAP and 
PYR showed similar 
pattern to CSD 
REFCODE CACPOM 
(dimer brick type 
structures). 

- Most of the results 
showed peaks of the 
corresponding the 
aromatics. 
- BEN and ANTH 
complexes did not 
show their peaks 
clearly. 

   

Table (b): Summary of the results obtained for βCD: Aromatic hydrocarbons inclusion complexes. 

 

It can be concluded from all the results that aromatics containing polar groups easily formed 

inclusion complexes with βCD. For other aromatics, solid state studies revealed inclusion 

complex formation in most of the cases whereas for very few cases ternary complexes with 

linear alcohols would have given better results. 

The formation of ternary complexes revealed surprising results. We were able to perform 

liquid state studies for limited cases where we used EtOD as co-solvent. On obtaining the 

results with BEN, we were able to see shifts for H3 and H5 βCD proton. The stoichiometry was 

found to be 2:1. Similar results were obtained for TFT. 

The complexes for the solid states were prepared in different stoichiometries 

(βCD:Alcohol:Aromatic-1:1:1, 1:2:1 and 1:1:2). These stoichiometries showed similar results 

indicating no impact of the stochiometry while inclusion complex formation. The studies were 

then foccused on 1:1:1 stoichiometry. The thermal studies obtained only for complexes 

prepared with octanol and nonanol showed interesting results in some case and some 

revealed the same behaviour as observed in absence of alcohols. 

The structural studies obtained results to CSD REFCODE CACPOM for βCD:alcohol:BEN 

complexes. For aromatics like FB, TOL, TFT and NAP the patterns are similar to βCD:Aromatic 

cases for respective aromatics. Complexes with ANTH and PYR were found similar to PUKPIU 

and CACPOM respectively. 
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The Raman spectral studies showed sharper peak of BEN and ANTH in presence of alcohols in 

the complex spectra. Rest of the aromatics showed similar Raman spectra as observed in 

absence of alcohols. All the spectra contained only CH peak corresponding to alcohols whereas 

other peaks become invisible due to superposition of βCD and aromatics peaks. 

All the results are summarised into the table (c) : 

βCD: Linear Alcohol:Aromatic hydrocarbons 
NMR DSC XRD Raman 

- βCD:BEN and 
βCD:TFT showed 
significant shifts for 
H3 and H5 βCD 
protons when EtOD 
was used as co-
solven. 
- the stoichiometry 
1:1 were observed in 
both the cases. 

- complexes 
prepared with 
octanol and nonanol 
with FB, TOL, TFT, 
NAP have produced 
similar results as 
observed in absence 
of alcohols. 
- complexes with 
BEN, ANTH and PYR 
showed different 
features in terms of 
energies and 
inclusion 
complexation 
involved. 

- complexes with 
BEN and PYR were 
found to form similar 
structures to CSD 
REFCODE CACPOM. 
- FB, TOL, TFT, NAP 
containing 
complexes obtained 
similar patterns as 
observed in absence 
of alcohols. 
- ANTH complexes 
found to be similar to 
CSD REFCODE 
PUKPIU. 

- complexes of BEN 
and ANTH showed  
their sharp peaks. 
- all other aromatics 
behaved in the 
similar manner as 
observed in absence 
of alcohols. 

 

Table (c): Summary of the results obtained for βCD:Linear alcohol: Aromatic hydrocarbon inclusion 

complexes. 

 

After summarising all the results obtained, it can be finally concluded that linear alcohols do 

form stable inclusion complexes with βCD. For most aromatics in the soild state studies, it can 

be revealed that they tend to form inclusion complex with βCD without use of alcohols. But 

some of them have showed remarkable results when alcohols were used in the ternary 

complex. All the research previously done is in accordance with the results obtained in this 

thesis. 

The perspectives of the thesis includes: 

1. Proton NMR studies should be further performed for all the aromatics with alcohol as 

co-solvent. 2D NMR would be able to reveal further details about the complexation 

ocuuring. 

2. Thermal studies should be performed for the complexes containing other alcohols 

also. Moreover, TGA analysis would reveal step by step mass loss in the systems. 

3. Molecular mechanics studies should be performed with βCD:Aromatics and 

βCD:Alcohol:Aromatic complexes to gather better information about the system. 

4. The complexes should also be prepared and studied with other CDs available. 
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Additonal informations  
 

βCD:Aromatics and βCD:Alcohols:Aromatics complexes Normalised subtracted spectra 

Another observation that could reveal the existence of guest molecules in the complex and 

which could also reveal the extent of complexation is by calculating the subtracted spectrum 

of the reference from the spectrum obtained for the binary or ternary complex. Moreover, 

many CD vibrational modes were strongly modified by the interaction with the aromatic 

molecules for binary complexes and by both aromatic and alcohol molecules for ternary 

complexes. Here, we have obtained the subtracted spectra of all the βCD:Aromatics and 

βCD:Alcohols:Aromatics where βCD spectrum was taken as reference. The resulted spectrum 

for each complex has produced minute details about the peaks of aromatic guest molecules. 

We have compared the spectra with negative βCD spectrum for better representation of the 

changes observed in the resulted normalised subtracted spectra of βCD:Aromatics. These 

changes in the respective spectra caused due to presence of aromatic peaks are represented 

by pink fill pattern and other apparent changes in the vibrational modes by grey fill pattern. 

Monocyclic aromatic inclusion complexes 

βCD:BEN and βCD:Alcohols:BEN complex Normalised subtracted spectrum 

The normalised spectrum obtained for βCD:BEN has shown (Figure 1) slight appearance of the 

most intense BEN peak in the spectrum at 990 cm-1. This signifies that there existed a weak 

interaction between the host and the guest in absence of alcohols. Furthermore, other 

changes in the spectrum can be seen at positions 370, 500, 1314 and 2960 cm-1. The peaks at 

370 and 1314 cm-1show appearance of new peaks whereas at 500 and 2960 cm-1 we observe 

change in the intensity of the peaks. 
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Figure 1. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:BEN 

(1:1) in comparison with Raman spectrum of BEN. 
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The normalised subtracted spectra of all the βCD:Alcohol:Aromatics are presented in the 

Figure 2. The comparison of all the ternary complex is done with spectrum of binary complex 

to understand the effect of alcohol addition on the overall system. It can be seen that the BEN 

peaks at 1000 and 3057 cm-1 have become more evident in ternary complex then in binary 

complex indicating a successful interaction between the host and guest systems. All the 

spectra obtained with different alcohols are similar except for the peaks between 450-550 cm-

1. 
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Figure 2. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:BEN (1:1) 

and βCD:Alcohol:BEN (1:1:1) in comparison with Raman spectrum of BEN. 

βCD:FB and βCD:Alcohols:FB complex Normalised subtracted spectrum 

The normalised spectrum obtained for βCD:FB (Figure 3) has shown slight appearance of the 

peaks at positions- 1000, 1606 and 3065 cm-1. The other changes in the spectra can be seen 

at positions- 500, 765 and 1316 cm-1. For all these three positions, intensity changes for the 

corresponding peaks are observed.It can be concluded that FB had interacted with βCD 

molecules by changing some vibrational modes in absence of alcohols. 

The normalised subtracted spectra obtained with βCD:Alcohol:FB (Figure 4) show differences 

from βCD:FB spectrum for the cases in which the complexes were prepared with Hexanol, 

Nonanol and Undecanol. The differences can be seen mainly for the positions between 450-

550, 2890 cm-1. The addition of alcohols have not affected the same vibrational modes of βCD 

resulting in different observations of the spectra. The FB peaks are appearing at the same 

positions as observed in case of βCD:FB but becoming slightly intense with alcohol addition. 
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Figure 3. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:FB (1:1) 

in comparison with Raman spectrum of FB. 

250 500 750 1000 1250 1500 3000

CD:Undecanol:FB

CD:Decanol:FB

CD:Nonanol:FB

CD:Octanol:FB

CD:Heptanol:FB

CD:Hexanol:FB

FB

 

 

In
te

n
s
it

y
 (

a
.u

)

Raman Shift(cm
-1

)

CD:FB

 

Figure 4. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:FB (1:1) 

and βCD:Alcohol:FB (1:1:1) in comparison with Raman spectrum of FB. 
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βCD:TOL and βCD:Alcohols:TOL complex Normalised subtracted spectrum 

The normalised subtracted spectrum for βCD:TOL (Figure 5) has shown intense peaks 

corresponding to TOL indicating strong bonding interaction happening between the host and 

the guest. The peaks can be seen at the positions -785, 998, 1206 and 3046 cm-1. Most of the 

vibrational modes of βCD have got affected on complexation. The main changes can be seen 

at positions-365, 478, 952 and 1320 cm-1. 

The peaks of TOL observed in normalised subtracted spectrum of βCD:Alcohol:TOL (Figure 6) 

complexes have become intense for the cases complexes prepared with Nonanol and 

Undecanol. All the spectra are very similar to the one obtained for βCD:TOL except for the 

changes observed between 450-550 and 2890 cm-1. 
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Figure 5. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:TOL 

(1:1) in comparison with Raman spectrum of TOL. 
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Figure 6. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:TOL (1:1) 

and βCD:Alcohol:TOL (1:1:1) in comparison with Raman spectrum of TOL. 

 

βCD:TFT and βCD:Alcohols:TFT complex Normalised subtracted spectrum 

The normalised subtracted spectrum of βCD:TFT (Figure 7)contains intense peaks 

corresponding to TFT at positions 767, 1002,1320 1611 and 3065 cm-1 . The intensity of the 

peaks indicates strong interactions between the host and the guest. The other changes in the 

vibrational modes mainly of the intensity changes can be seen at positions 482, 500 and 1092 

cm-1. 

The normalised subtracted spectra observed for βCD:Alcohol:TFT (Figure 8) with Hexanol, 

Octanol, Decanol and Undecanol seem different from βCD:TFT for the peaks between 450-550 

and at 2890 cm-1. The intensity of the peaks has changed while the rest remains the same. 
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Figure 7. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:TFT (1:1) 

in comparison with Raman spectrum of TFT. 
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Figure 8. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:TFT (1:1) 

and βCD:Alcohol:TFT (1:1:1) in comparison with Raman spectrum of TFT. 
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βCD:PHE complex subtracted spectrum 

The normalised spectrum (Figure 9) has shown intense peaks corresponding to PHE at 

positions – 810, 1000, 1596 and 3057 cm-1. The changes in the vibrational modes indicates 

strong interaction between the host and the guest. The other vibrational motion changes can 

be seen at positions-362, 482, 500 and between 2850-2980 cm-1. 
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Figure 9. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:PHE 

(1:1) in comparison with Raman spectrum of PHE. 

 

βCD:BA complex subtracted spectrum 

The normalised results (Figure 10) obtained have shown intense BA peaks at positions: 616, 

787, 1000, 1602 and 3066 cm-1. The existence of most of the peaks of the guest in the 

subtracted spectrum indicates strong interaction with the host. The other changes occurring 

in the vibrational modes of βCD can be seen at positions at 500 and 2959 cm-1. 
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Figure 10. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:BA 

(1:1) in comparison with Raman spectrum of BA. 

Bicyclic aromatic inclusion complexes 

βCD:NAP and βCD:Alcohols:NAP complex Normalised subtracted spectrum 

The resulted normalised spectrum (Figure 11) has shown very intense peaks of NAP in the 

complex at positions: 507, 755, 1018, 1378, 1576 and 3055 cm-1. The complexation has 

strongly affected most of the vibrational modes of βCD. The behaviour is in accordance with 

the details obtained by our previous team members for the same system. Since most of the 

modes are strongly impacted, we are mentioning few of them for positions- 352 and between 

2890-2970 cm-1. 

The normalised subtracted spectrum obtained for βCD:Decanol:NAP (Figure 12) seems to 

contain more of βCD character instead of NAP. The rest of the spectra contain NAP contain 

more indicating strong inclusion complexation. 
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Figure 11. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:NAP 

(1:1) in comparison with Raman spectrum of NAP. 
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Figure 12. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:NAP (1:1) 

and βCD:Alcohol:NAP (1:1:1) in comparison with Raman spectrum of NAP. 
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βCD:2-NAP complex subtracted spectrum 

The peaks of 2-NAP in the normalised subtracted spectrum (Figure 13) can be seen at the 

positions: 521, 764,1013,1381, 1576, 1631 and 3050 cm-1. The intensity of the peaks indicates 

strong interaction between the host and the guest. The strong impact has shown few more 

changes in the vibrational modes of βCD at 346 and 2893 cm-1. 
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Figure 13. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:2-NAP 

(1:1) in comparison with Raman spectrum of 2-NAP. 

Polycyclic aromatic inclusion complexes 

βCD:ANTH and βCD:Alcohols:ANTH complex Normalised subtracted spectrum 

The normalised spectrum (Figure 14) obtained does not show any of the ANTH peaks, in fact 

inverted spectrum of the reference i.e. βCD is obtained. This indicates no interaction between 

the host and the guest molecules. 

The normalised subtracted spectra observed for βCD:Alcohol:ANTH complexes (Figure 15) 

have shown peaks of ANTH in all the cases which is completely different the spectrum 

obtained for βCD:ANTH where none of the peaks of ANTH were observed. The apparent 

changes can be seen between 2850-2980 cm-1. 
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Figure 14. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:ANTH 

(1:1) in comparison with Raman spectrum of ANTH. 
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Figure 15. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:ANTH 

(1:1) and βCD:Alcohol:ANTH (1:1:1) in comparison with Raman spectrum of ANTH. 
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βCD:PYR and βCD:Alcohols:PYR complex Normalised subtracted spectrum 

The normalised spectrum shows the medium intense peaks of the PYR (Figure 16) in the 

system. These peaks can be observed at positions: 594, 1242, 1412, 1597 and 1630 cm-1. The 

strong interaction between the host and the guest has created many changes in the βCD 

vibrational modes. Few of those changes can be seen at positions-400, 482, 936 and 1100 cm-

1. 

The normalised subtracted spectra observed for βCD:Alcohol:PYR complexes (Figure 17) have 

shown peaks of PYR in all the cases similar to the spectrum obtained for βCD:PYR . The PYR 

peaks observed are similar in intensity in most of the cases except for Undecanol where the 

peaks have become slightly intense than the rest. 
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Figure 16. Normalised Raman Spectrum obtained after βCD spectrum subtraction from βCD:PYR 

(1:1) in comparison with Raman spectrum of PYR. 

 



235 
 

300 450 600 750 900 1050 1200 1350 1500 1650

CD:Undecanol:PYR

CD:Decanol:PYR

CD:Nonanol:PYR

CD:Octanol:PYR

CD:Heptanol:PYR

CD:Hexanol:PYR

CD:PYR

 

 

In
te

n
s

it
y

 (
a

.u
)

Raman Shift (cm
-1

)

PYR

 

Figure 17. Normalised Raman Spectra obtained after βCD spectrum subtraction from βCD:PYR (1:1) 

and βCD:Alcohol:PYR (1:1:1) in comparison with Raman spectrum of PYR. 

Conclusion 

This study of normalised subtracted spectra revealed the existence of the aromatic guest 

peaks in the complex by highlighting all aromatic peaks when reference βCD spectrum was 

subtracted. The results are in accordance with the studies done before indicating strong 

inclusion complexation occurring between the host and the guest in most of the cases. The 

strong interactions also induced further changes in the vibrational modes of βCD indicating 

successful inclusion. 

The normalised results obtained for ternary complexes obtained for βCD:Alcohols:Aromatics 

have shown results similar to the results observed for βCD:Aromatics in most of cases. For 

binary and ternary complexes prepared with BEN and ANTH showed results different from 

each other in the two cases indicating the effect of alcohols in complexation. 
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Chemical structures of the aromatics used 

                                                                                           

      BENZENE                   FLUOROBENZENE                                                   TOLUENE 

 

                                                                                 

TRIFLUOROTOLUENE                                               PHENOL                                                 BENZOIC ACID 

 

                         

              NAPHTHALENE                                                            2-NAPHTHOL 

 

                               

                              ANTHRACENE                                                                                       PYRENE 
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Abstract

Environmental water pollution by organic compound has become a major worldwide concern. Aromatic 
molecules like benzene rings and their derivatives have gained considerable attention due to officially 
documented toxicity and carcinogenicity. Mostly used in supramolecular chemistry, Cyclodextrins are truncated 
cone-shaped molecular structures having a hydrophilic outer surface and a hydrophobic cavity.  Thus, they can 
theoretically encapsulate a large number of hydrophobic organic molecules to form water-soluble inclusion 
complexes. This complexation property has potential application in the field of detection and quantification of 
aromatic polycyclic pollutants in environmental water by portable spectroscopic means. We are interested in 
understanding this phenomenon of inclusion by combining theoretical and experimental approaches applied to 
solid state and in solution. It has been observed that only a few crystalline structures of cyclodextrin- pure 
aromatic molecule complexes appear in the structural databases after a brief review. Therefore, the main 
objective of our research is to focus more precisely on the interactions between the aliphatic alcohols and 
cyclodextrin molecules. For this purpose, to correlate our experimental and theoretical studies, the results 
obtained were monitored by various spectroscopic techniques in a systematic manner to observe the interaction 
between the molecules. Moreover, the powders and crystals obtained by varying the solubility of the mixtures 
were further subjected to physico-chemical analysis, X-ray diffraction, and DSC monitoring to support our 
findings. This work also includes modeling of inclusion complexes using different approaches like combining 
semi-empirical methods of quantum chemistry (DFT / TD-DFT) and polarizable molecular mechanics. Calculations 
were carried out on homemade clusters, which will allow the implementation of evidence of structural and 
energetic factors for complexation.  
 

Keywords:β-Cyclodextrins, Aliphatic alcohols, Aromatic hydrocarbons, Encapsulation, NMR, PXRD, DSC, RAMAN, 

Molecular modelling 

Résumé 

La pollution de l’environnement par les composés organiques est devenue une préoccupation mondiale majeure. 

Les molécules aromatiques comme les cycles benzéniques et leurs dérivés ont attiré une attention considérable 

en raison de la toxicité reconnue et de la cancérogénicité. Principalement utilisées en chimie supramoléculaire, 

les cyclodextrines sont des structures moléculaires en forme de cône tronqué ayant une surface externe 

hydrophile et une cavité hydrophobe. Ainsi, ils peuvent théoriquement encapsuler un grand nombre de 

molécules organiques hydrophobes pour former des complexes d'inclusion solubles dans l'eau. Cette propriété 

de complexation a une application potentielle dans le domaine de la détection et de la quantification des 

polluants polycycliques aromatiques dans les eaux environnementales par des moyens spectroscopiques 

portables. Nous souhaitons comprendre ce phénomène d’inclusion en combinant des approches théoriques et 

expérimentales appliquées à l’état solide et en solution. Il a été observé que seules quelques structures 

cristallines de complexes de cyclodextrines, molécules aromatiques pures, apparaissent dans les bases de 

données structurelles après un court examen. L'objectif principal de nos recherches est donc de nous concentrer 

plus précisément sur les interactions entre les alcools aliphatiques et les molécules de cyclodextrine. Pour cela, 

afin de corréler nos études expérimentales et théoriques, les résultats obtenus ont été suivis de manière 

systématique par différentes techniques spectroscopiques afin d'observer l'interaction entre les molécules. De 

plus, les poudres et les cristaux obtenus en faisant varier la solubilité des mélanges ont été soumis à une analyse 

physico-chimique, à une diffraction des rayons X et à une surveillance DSC pour étayer nos résultats. Ce travail 

comprend également la modélisation de complexes d'inclusion en utilisant différentes approches, comme la 

combinaison de méthodes semi-empiriques de la chimie quantique (DFT / TD-DFT) et de la mécanique 

moléculaire polarisable. Des calculs ont été effectués sur des clusters internes, ce qui permettra de mettre en 

évidence des facteurs structurels et énergétiques de complexation. 

Mots clés: β-cyclodextrines, alcools aliphatiques, hydrocarbures aromatiques, encapsulation, RMN, PXRD, DSC, 

RAMAN, modélisation moléculaire 


