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Synopsis 

 The scope of this research work involves design and development of 

imidazolium based ionic liquids (IL) and IL modified clay for space related 

applications. The thesis is divided into following chapters. 

Chapter 1: Introduction  

 Chapter 1 gives an introduction to 1-alkyl-3-methylimidazolium ILs, its 

properties and various explored applications. The objectives of the present 

investigations and the motivation behind the work also form an integral part of this 

chapter. 

Chapter 2: Computational and experimental methodologies 

 Detailed description of various computational methods and experimental 

techniques adopted in the present study is given. 

Chapter 3: Computational studies on ionic liquids 

Part I: Energetic ionic liquids (EILs) 

 The energetic properties of 1-ethyl-3-methylimidazolium based ionic liquids 

were investigated by suitably selecting the pairing anions containing energetic groups. 

The key property, the molar heat of formation, to determine the specific impulse was 

computed using ab initio method as implemented in Gaussian 09 software. The 

accuracy of ab initio method was proved with compounds of known heat of formation 

values. Based on the studies new ionic liquids were predicted with equivalent or better 

specific impulse than the currently used hydrazine monopropellant. 

Part II: Screening of ILs for clay modification 

 The structure and stability of imidazolium based ionic liquids were investigated 

using Gaussian 09 software. The effect of alkyl chain length and pairing anions in l-

alkyl-3-methylimidazolium, [RMIm]+ based ionic liquids were explored using 

computed parameters like Mulliken charge on the ring, charge transfer features from 

molecular electrostatic potential mapping and HOMO-LUMO energy gap at B3LYP 

level of density functional theory (DFT). Based on the studies [C4MIm]+, [C6MIm]+, 

and [C16MIm]+ based ILs were selected for experimental studies. 
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Chapter 4: Synthesis of designed ionic liquids for clay modification and 

experimental validation 

 Chapter 4 describe the synthesis and characterization of designed ILs for clay 

modification. [C6MIm]+[Cl]- and [C16MIm]+[Cl]- were synthesized by refluxing 1-

methylimidazole with 1-chloro hexane and 1-chloro hexadecane respectively with 95 % 

yield. Commercially available [C4MIm]+[Cl]- and [C4MIm]+[BF4]
- were also used for 

experimental validation of computational studies. Thermal stability of ILs were 

analyzed using TG, decomposition products were identified using pyrolysis GC-MS 

(Py-GC-MS), activation energy for thermal decomposition was calculated by Kissinger 

method and Flynn-Wall-Ozawa method (FWO method). The experimental activation 

energy was comparable with theoretically calculated values at B3LYP level of DFT. 

The experimental results were remarkably conforming to the theoretical studies 

described in chapter 3. 

Chapter 5: Modification of clay using ILs 

 Sodium montmorillonite clay was modified using cation exchange reaction of 

Na+ with [RMIm]+. The modification was followed using FTIR analysis, improved d-

spacing in XRD, CHN analysis and TG analysis. The cation exchange efficiency was 

60 – 64 %. The modified clay showed decrease in thermal stability with respect to 

increase in alkyl chain length complimenting the theoretical prediction. The 

decomposition products of modified clays were identified using Py-GC-MS and 

activation energy was calculated using FWO method. The predicted carbene 

mechanism was established by identifying 1-butyl-3-methylimidazol-2-ylidine using 
13C NMR spectroscopy. 

Chapter 6: Perchlorate removal from water using IL modified clay 

 Ionic liquid modified clay was used for perchlorate adsorption from water. 

C16MIm/MMT showed the highest adsorption of 15.6 mg/g from 1000 ppm perchlorate 

solution at pH =2 and contact time of 15 min. The d-spacing of C16MIm/MMT (18.55 

Å) decreased to 13.7 Å on perchlorate adsorption and observed a conformational 

change in [C16MIm]+ inside the clay gallery from trans to gauche, suggesting the 

possible formation of [C16MIm]+[ClO4]
- inside the clay gallery. 
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Chapter 7: PVDF- IL modified clay nanocomposite 

 Poly(vinylidene fluoride) (PVDF) exists mainly in α-phase and β-phase. α-phase 

is stable while β-phase finds electrical application. The phase conversion was done in 

presence of  2 % loading of  IL modified clay. The phase change increased with alkyl 

chain length of imidazolium cation and 99 % β-phase was obtained with PVDF-C16-

Clay nanocomposite from pristine PVDF (43 % β-phase). The phase conversion was 

confirmed using FTIR, XRD, DSC analysis and improved electrical properties. PVDF-

C4 showed equal proportion of α and β-phases and resulted in self reinforced shish-

kebab structure while PVDF, PVDF-pristine clay, PVDF-C6, PVDF-C16 showed 

spherulite morphology. The shish-kebab formation in PVDF-C4 was confirmed from 

improved thermal and mechanical properties. The shish-kebab formation was analyzed 

using computational studies and observed extended chain α-phase forms the 'shish' and 

folded chain β-phase forms the kebab. 

Chapter 8 summarises the important results detailed in this thesis and also provides the 

future scope for this study.  
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Abstract 

 Chapter 1 gives an overview on ionic liquids; detailed description of 

imidazolium based ionic liquids, their various properties and explored applications. The 

objectives of the present investigations and the motivation behind the work also form an 

integral part of the present chapter. 

 

1.1 Introduction to ionic liquids 

 Ionic liquids (ILs) are a class of novel compounds typically composed of 

organic cations and inorganic or organic anions with melting point less than 100 
o
C. ILs 

as a “green” alternative for volatile, flammable and often toxic popular organic solvents 

evoked increased interest in the last two decades. ILs unique advantage of 

"designability" by selecting a proper cation and anion to obtain a compound with 

desired properties directly translates into potential applications of ILs in various 

technological processes [Sun et al. 2017; Nandwani et al. 2017; Troter et al. 2016; 

Chiappe and Pieraccini 2005]. ILs are rather unique in the sense that in addition to ionic 

and covalent interactions, there are relatively weaker interactions such as H-bondings 

and π-stacking, which are not commonly found in conventional solvents [Saha and 

Hamaguchi 2006]. The nature of the forces in different ILs may however differ from 

one another and mainly control their physical properties.  

 Major types of cations in ILs include ammonium, phosphonium, imidazolium, 

pyridinium and pyrrolidinium. Typical counter anions are chloride (Cl
-
), bromide (Br

-
), 

tetrafluoroborate (BF4
-
), hexafluorophosphate (PF6

-
), dicyanamide (dc) and  

bis(trifluoromethylsulfonyl) imide (Tf2N) (Figure 1.1). 

 

 

Figure 1.1 Ammonium, phosphonium, imidazolium, pyridinium and pyrrolidinium 

cations with typical counter anions in ILs. 
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 The number of possible combinations of cations and anions were estimated to be 

at level of 10
18

 [Holbrey and Seddon 1999]. Such a great diversity makes it possible to 

design a structure that will provide optimum properties for very specific purposes. This 

makes computational methods a sole solution provider for selecting an IL for a specific 

property/application from this pool of ion-pairs. Theoretical calculations were used to 

predict molecular structure and interactions present in room temperature ILs. Katsyuba 

et al. [2007] have investigated possible variations of molecular structure of the ion pairs 

of several imidazolium based ILs by density functional theory method [DFT]. 

Molecular modeling simulation based on the force field is a powerful tool to predict 

solvent properties. Derecskei et al. [2008] investigated the density and two-component 

solubility parameter of a variety of ILs using atomistic level molecular modeling and 

the Materials Studio software package. The COSMO-RS (Conductor like Screening 

model for Real Solvents) [Klamt 1995] method based on quantum chemistry 

calculations was used to predict the specific density and molar liquid volume of 

imidazolium based ILs [Palomar et al. 2007]. Many quantitative correlations have been 

established to help in predicting physico-chemical properties and accelerate the 

exploration for new ILs [Katritzky et al. 2002]. A linear correlation of melting points 

(Tm, K) and binding energies (Eb, kJ/mol) were observed for dialkylimidazolium cation 

and different anion pairs viz.  chloride, bromide, tetrafluoroborate  and 

hexafluorophosphate  [Dong et al. 2006]. Ye et al. [2007] proposed a group 

contribution model to estimate the density of ionic liquid. The model was checked by 

predicting 59 common imidazolium, pyridinium, pyrrolidinium, tetraalkylammonium, 

and phosphonium based room temperature ILs. Guan et al. [2010] presented a group 

contribution method to predict the molecular volume, the standard molar entropy, the 

surface tension and the molar enthalpy of vaporization of 1-alkyl-3-methylimidazolium 

glutamate ionic liquid. 

 The first report on low melting salt, ethanolammonium nitrate (Tm = 52 
o
C) was 

published in 1888 by Gabriel and Weiner. In 1914, first low-temperature ionic liquid, 

ethylammonium nitrate (Tm = 12 °C) was reported by Walden, later known as the father 

of ILs. The studies aimed to find an electrolyte for the thermal battery by U.S. Air 

Force Academy in 1960s marked the changing phase of ILs. King et al. in 1968, 

developed a cell containing an ionic liquid produced by the reaction of aluminium 

chloride with 1-ethylpyridinium bromide as an electrolyte.  
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 The use of ionic liquids, although discovered a long time ago, was very limited 

until the late 1990s to few examples in electrochemistry and organic chemistry. This 

changed unexpectedly as a result of an article published by Freemantle in 1998, 

describing the potential applications of ionic liquids as novel solvents for green 

chemistry. Since then, ionic liquids have been the interest of many researchers, 

resulting in an expansion of the application field. So far, applications of ionic liquids 

have been reported in analytical chemistry [Berthod et al. 2008], biochemistry 

[Freemantle 2010], catalysis [Sheldon 2001; Zhao et al. 2002; Parvulescu and Hardacre 

2007], electrochemistry [Buzzeo et al. 2004; MacFarlane et al. 2007], separation 

technology [Huddleston et al. 1998; Buzzeo et al. 2005; Han and Armstrong 2007], 

fluid engineering [Zhao 2006] and so on. ILs are nowadays used at industrial scale in 

the BASIL™ (Biphasic acid scavenging utilizing ionic liquids) process.  

 

Scheme 1.1 The BASIL
TM

 process. 

 In 2002, BASF, as one of the first companies, has implemented a technology 

BASIL
TM

 for the production of the generic photoinitiator precursor 

alkoxyphenylphosphines (Scheme 1.1). In the original process, triethylamine was used 

to scavenge the acid that was formed in the course of the reaction, but this made the 

reaction mixture difficult to handle as the waste by-product, triethylammonium chloride 

formed a dense insoluble paste. Replacing triethylamine with 1-methylimidazole results 

in the formation of 1-methylimidazolium chloride, an ionic liquid, which separates out 

of the reaction mixture as a discrete phase. The yield increased from 50 to 98 % in this 

new process. 1-Methylimidazole is recycled, via base decomposition of 1-H-3-

methylimidazolium chloride. 

 A breakthrough report on dissolving cellulose in ILs without any auxiliary 

substances [Swatloski et al. 2002] opened new possibilities in biomass processing and 
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contributed to an intensified research on biopolymer solubility in ILs. The dissolved 

cellulose can be recovered by addition of water to the ionic liquid. The water breaks up 

the cellulose–anion hydrogen bonds and precipitates the cellulose in a structurally 

disrupted form that is easier for enzymes to cleave into fermentable sugars to make 

ethanol [Dadi et al. 2007]. Ionic liquids have been used to solubilize other natural 

biopolymers in addition to cellulose, such as silk [Mantz et al. 2007] and wool keratin 

[Xie et al. 2005] and to make hybrid biopolymer materials with exotic items such as 

magnetic nanoparticles [Sun et al. 2008] and carbon nanotubes [Zhang et al. 2007]. ILs 

have enabled the exploitation of cheap, renewable biopolymers in many applications 

that used to be the province of fossil fuel-derived plastics. 

 ILs have been exploited as green solvents in many synthetic processes 

[Wasserscheid and Welton 2007]. At the industrial level, many chemical processes have 

been successfully implemented such as methanol carbonylation, oligomerization, 

hydrosilylation, acid catalysis and isobutane-butene alkylation [Durgal and Mishra 

2016]. Besides organic syntheses, ionic liquids have also been exploited in syntheses of 

inorganic materials such as metal nanoparticles, metal oxides, metal chalcogenides, 

metal salts and zeolites [Durgal and Mishra 2016]. 

1.2 Imidazolium based ILs 

 Room temperature ILs (RTILs) based on 1-alkyl-3-methylimidazolium salts 

were first reported in 1982 by Wilkes et al. by combining 1-ethyl-3-methylimidazolium 

chloride with aluminium chloride and later it was used as a solvent in the Friedel-Crafts 

reaction proving its catalytic activity by Boon et al. in 1986. It was observed that 

imidazolium chloroaluminates (known as first generation imidazolium ILs) were 

sensitive to atmospheric moisture and their processing required anhydrous conditions. 

The first generation includes ILs in which the cation and anion structures were chosen 

to obtain a product of specific physical properties. Ions of the first generation ILs were 

selected to achieve specific values of melting point, density, viscosity, thermal stability, 

hydrophilicity/hydrophobicity and refractive index [Hough et al. 2007]. The effect of 

the cation or anion structures on conductivity translates into their specific applications 

as electrolytes [Lewandowski and Mocek 2009].  

 Replacement of moisture sensitive anion by the tetrafluoroborate ion and other 

anions led in 1992, to air and water stable (second generation) ILs [Wilkes et al. 1992]. 

The usefulness of the second generation ionic liquids is a result of both suitable 
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physical parameters and chemical properties. This includes reactivity, chirality [Roszak 

et al. 2011], solvating ability and ability to extract various chemical substances 

[Holbrey and Seddon 1999]. Davis in 2004, introduced task specific ILs (TILs, third 

generation), in which the anion, cation, or both covalently incorporate a functional 

group to provide them particular properties, either physical or chemical or in terms of 

reactivity. Energetic ionic liquids [Katritzky et al. 2005] and chemical reaction catalysts 

[Boon et al. 1986, Erfurt et al. 2014] belongs to the category of TILs.  

 Selection of the imidazolium ring as a cation is often due to its stability within 

oxidative and reductive conditions [Weingarth et al. 2012], thermal stability, low 

viscosity and ease of synthesis [Wang et al. 2010]. The major classes of imidazolium 

based ILs include 1-alkyl-3-methylimidazolium ([RMIm]
+
), 1-alkyl-2,3-

dimethylimidazolium ([RMMIm]
+
) and symmetrical 1,3-dialkylimidazolium ILs 

([RRIm]
+
) (Figure 1.2).  

 

Figure 1.2 Major classes of imidazolium based ILs. 

 Symmetrical ILs (e.g.[RRIm]
+
[X]

-
) tend to pack more effectively in the solid 

state, and tend to form salts with higher melting points. However, for most applications 

a lower melting point is preferred for ionic liquids. This is one of the reasons that in 

many cases the cation with a reduced symmetry (e.g. 1-butyl-3-methylimidazolium, 

[C4MIm]
+
) is preferred. The work presented in this thesis mainly focuses on 1-alkyl-3-

methylimidazolium based ILs. 

1.3 Properties of 1-alkyl-3-methylimidazolium based ILs 

1.3.1 Melting point 

 The key criterion for the evaluation of an ionic liquid is its melting point. In 

literature, the following features are discussed of low melting salts; (i) low symmetry 

[Seddon 1997; Seddon 1996], (ii) weak intermolecular interactions [Benhote et al. 

1996; Elaiwi et al. 1995]  and (iii) good distribution of charge in the cation [Stegemann 
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et al. 1992]. Alkali metal chlorides exhibit very high melting temperatures (803 
o
C for 

NaCl and 772 
o
C for KCl) whereas organic cation-inorganic/organic anion pairs showed 

drastic decrease in melting temperatures. Table 1.1 shows the melting points of 

[RMIm]Cl and [C2MIm]
+
[X]

-
 ion-pairs. In the case of [RMIm]Cl, melting point 

decreases from [C1MIm]Cl to [C8MIm]Cl and then increases (Figure 1.3). [C6MIm]Cl 

showed a glass transition (Tg) at -65 
o
C and no melting was observed.  Besides the 

cation, the anion also influences the melting point. Comparison of melting points of 

different salts with 1-ethyl-3-methylimidazolium cation ([C2MIm]
+
) showed a decrease 

in the melting point with an increasing size of the anion of same charge. 

Table 1.1 Melting point of [RMIm]Cl and [C2MIm]
+
[X]

-
. 

IL M.P. (
o
C ) Reference 

[C1MIm]
+
[Cl]

-
 125 Wasserscheid and Keim 2000 

[C2MIm]
+
[Cl]

-
 87 [Wilkes et al.1982] 

[C2MIm]
+
[Br]

-
 79 [Ngo et al.2000] 

[C2MIm]
+
[PF6]

-
 60 [Fuller et al.1994] 

[C2MIm]
+
[NO3]

-
 38 [Wilkes et al.1992] 

[C2MIm]
+
[BF4]

-
 6 [Holbrey and Seddon 1999] 

[C2MIm]
+
[Tf2N]

-
 4 [Huddleston et al. 2001] 

[C3MIm]
+
[Cl]

-
 60 [Fannin et al. 1984] 

[C4MIm]
+
[Cl]

-
 41 [Huddleston et al. 2001] 

[C6MIm]
+
[Cl]

-
 -65* [This work] * indicates Tg in 

o
C.  

[C8MIm]
+
[Cl]

-
 12 [Domanska et al. 2003] 

[C10MIm]
+
[Cl]

-
 32 [This work] 

[C12MIm]
+
[Cl]

-
 44.5 [Bradley et al. 2002],  

[C14MIm]
+
[Cl]

-
 49.1 [Bradley et al. 2002] 

[C16MIm]
+
[[Cl]

-
 66.7 [Bradley et al. 2002] 

[C18MIm]
+
[Cl]

-
 71.7 [Bradley et al. 2002] 

 

Figure 1.3 Variation of melting point with alkyl chain length in RMImCl. 
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1.3.2 Density of [RMIm]
+
[X]

-
 

 The reported density values of [RMIm]
+
[X]

-
 ILs are shown in Table 1.2. The 

density of ILs decreased with increase in alkyl chain length for similar anions. For the 

same cation, density increases with size of the anion; Cl
- 
> BF4

- 
> PF6

- 
> Tf2N. The 

density and its dependence on temperature and pressure are considered as  important 

thermo-physical properties. These parameters are necessary for analyzing isothermal 

compressibility, thermal expansion, for the construction of equations of state, and so on. 

They are useful for designing industrial processes such as storage vessel sizing. The 

densities of ILs can be tuned by adjusting the structure of anions or cations.  

Table 1.2 Density of [RMIm]
+
[X]

-
. 

IL Density Reference 

[C1MIm]
+
Cl

-
 1.14 [Fannin et al. 1984] 

[C2MIm]
+
Cl

-
 1.14 [Fannin et al. 1984] 

[C3MIm]
+
Cl

-
 1.10 [Fannin et al. 1984] 

[C4MIm]
+
Cl

-
 1.08 [Huddleston et al. 2001; Visser et al. 2002] 

[C6MIm]
+
Cl

-
 1.03 [Huddleston et al. 2001; Visser et al. 2002] 

[C8MIm]
+
Cl

-
 1.01 [Letcher and Deenadayalu 2002] 

[C2MIm]
+
[BF4]

-
 1.27 [Fan et al. 2016] 

[C3MIm]
+
[BF4]

-
 1.24 [Nishida et al. 2003] 

[C4MIm]
+
[BF4]

-
 1.19 [Wu et al. 2001] 

[C6MIm]
+
[BF4]

-
 1.14 [Sanmamed et al. 2007] 

[C8MIm]
+
[BF4]

-
 1.08 [Branco et al. 2002] 

[C4MIm]
+
[PF6]

-
 1.35 [Huddleston et al. 2001; Visser et al. 2002] 

[C5MIm]
+
[PF6]

-
 1.33 [Chun et al. 2001] 

[C6MIm]
+
[PF6]

-
 1.29 [Huddleston et al. 2001] 

[C7MIm]
+
[PF6]

-
 1.26 [Dzyuba and Bartsch 2002] 

[C8MIm]
+
[PF6]

-
 1.22 [Huddleston et al. 2001] 

[C1MIm]
+
[Tf2N]

-
 1.56 [Bonhôte et al. 1996] 

[C2MIm]
+
[Tf2N]

-
 1.52 [Bonhôte et al. 1996; Matsumoto et al. 2002] 

[C3MIm]
+
[Tf2N]

-
 1.47 [Dzyuba and Bartsch 2002] 

[C4MIm]
+
[Tf2N]

-
 1.43 [Bockris et al. 1970] 

[C5MIm]
+
[Tf2N]

-
 1.40 [Dzyuba and Bartsch 2002] 

[C6MIm]
+
[Tf2N]

-
 1.37 [Dzyuba and Bartsch 2002] 

[C7MIm]
+
[Tf2N]

-
 1.34 [Dzyuba and Bartsch 2002] 

[C8MIm]
+
[Tf2N]

-
 1.32 [Dzyuba and Bartsch 2002] 

[C9MIm]
+
[Tf2N]

-
 1.30 [Dzyuba and Bartsch 2002] 
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 Usually the densities of imidazolium based ILs are larger than 1 g/cm
3
, while 

phosphonium based ILs have a density less than 1 g/cm
3
, so in the imidazolium-based 

ionic liquid and water binary systems, the water rich phase is usually the top phase. The 

density of ammonium based ILs range from 1.08 to 1.37 g/cm
3 

[Kilaru et al. 2007]. 

Gardas et al. provided experimental density data and correlation results over a wide 

range of temperature and pressure to understand the influence of cations on the 

physicochemical properties of the ILs [Gardas et al. 2008]. 

1.3.3 Viscosity of [RMIm]
+
[X]

-
 

 Table 1.3 shows the reported viscosity values of [RMIm]
+
[X]

-
. Viscosity 

increased with alkyl chain length of cations with similar anions at constant temperature. 

[CnMIm]
+
[Tf2N]

-
 ion-pairs showed lower viscosity compared to [CnMIm]

+
[BF4]

-
 and 

[CnMIm]
+
[PF6]

-
 ion-pairs.  

Table 1.3 Viscosity of [RMIm]
+
[X]

-
. 

IL Viscosity η (cP) Temp. (
o
C) Reference 

[C2MIm]
+
[BF4]

-
 37 25 [Nishida et al. 2003] 

[C3MIm]
+
[BF4]

-
 103 25 [Nishida et al. 2003] 

[C4MIm]
+
[BF4]

-
 219 25 [Wu et al. 2001] 

[C6MIm]
+
[BF4]

-
 314 25 [Seddon et al. 2000] 

[C8MIm]
+
[BF4]

-
 135 20 [Branco et al. 2002] 

[C10MIm]
+
[BF4]

-
 416 20 [Branco et al. 2002] 

[C4MIm]
+
[PF6]

-
 312 25 [Wu et al. 2001] 

[C6MIm]
+
[PF6]

-
 560 25 [Liu et al. 2003] 

[C8MIm]
+
[PF6]

-
 682 25 [Huddleston et al. 2001] 

[C2MIm]
+
[Tf2N]

-
 34 25 [Matsumoto et al. 2002] 

[C4MIm]
+
[Tf2N]

-
 54 25 [Wu et al. 2001] 

[C6MIm]
+
[Tf2N]

-
 87 20 [Hardacre et al. 2002] 

[C8MIm]
+
[Tf2N]

-
 119 20 [Evans et al. 2003] 

[C10MIm]
+
[Tf2N]

-
 153 20 [Evans et al. 2003] 

 

1.3.4 Conductivity of [RMIm]
+
[X]

-
 

 The reported conductivity values of [RMIm]
+
[X]

-
 ion-pairs are shown in Table 

1.4. [RMIm]
+
[Cl]

-
 ion-pairs showed higher conductivity values.  
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Table 1.4 Conductivity of [RMIm]
+
[X]

-
. 

IL Conductivity (S/m) Temp. (
o
C) Reference 

[C1MIm]
+
Cl

-
 11.8 25 [Fannin et al. 1984] 

[C2MIm]
+
Cl

-
 0.34-3.71 25 [Fannin et al. 1984] 

[C3MIm]
+
Cl

-
 0.33-4.97 25 [Fannin et al. 1984] 

[C2MIm]
+
[BF4]

-
 1.31 25 [Fuller et al. 1997] 

[C3MIm]
+
[BF4]

-
 0.59 25 [Nishida et al. 2003] 

[C2MIm]
+
[PF6]

-
 0.13 22 [Nanjundiah et al. 1997] 

[C4MIm]
+
[PF6]

-
 0.15 25 [Suarez et al. 1998] 

[C1MIm]
+
[Tf2N]

-
 0.84 20 [Bonhôte et al. 1996] 

[C2MIm]
+
[Tf2N]

-
 0.92 25 [Matsumoto et al. 2000] 

[C3MIm]
+
[Tf2N]

-
 0.25 25 [Koch et al. 1995] 

[C4MIm]
+
[Tf2N]

-
 0.39 20 [Bonhôte et al. 1996] 

 

1.3.5 Surface tension 

 The experimental values show that both the anion and cation have an influence 

on the surface tensions of ILs (Table 1.5). The increase in the cation alkyl chain length 

reduces the surface tension values. Similarly, an increase in the size of the anion leads 

to a decrease on the surface tensions [Freire et al. 2007]. The measured data presents 

surface tension values higher than conventional organic solvents, such as methanol 

(22.07 mN m
−1

) and acetone (23.5 mN m
−1

), but still lower than those of water (71.98 

mN m
−1

). 

Table 1.5 Surface tension of ILs at 293.15 K. 

IL Surface tension (mN m
−1

) Reference 

[C4MIm]
+
[BF4]

-
 44.8 

[Freire et al. 2007] 

[C4MIm]
+
[PF6]

-
 44.1 

[C4MIm]
+
[Tf2N]

-
 33.6 

[C6MIm]
+
[BF4]

-
 39.0 

[C8MIm]
+
[BF4]

-
 34.1 

[C8MIm]
+
[PF6]

-
 35.2 

 ILs find wide application as surfactants. Table 1.6 shows the aggregation 

number of micelles and critical micelle concentration of long chain [RMIm]
+
[X]

-
. The 

critical micelle concentration decreased with the length of hydrophobic chain. 
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Table 1.6 Aggregation number of micelles (An) and critical micelle concentration (cmc) 

of long chain [RMIm]
+
[X]

-
. 

IL An cmc (mM) Reference 

[C6MIm]
+
[Cl]

-
 - 900 [Blesic et al. 2007] 

[C8MIm]
+
[Cl]

-
 - 220 [Blesic et al. 2007] 

[C10MIm]
+
[Cl]

-
 13.4 58.2 [Sarac et al. 2017] 

[C12MIm]
+
[Cl]

-
 16.3 15.2 [Sarac et al. 2017] 

[C14MIm]
+
[Cl]

- 
20.6 3.70 [Sarac et al. 2017] 

[C16MIm]
+
[Cl]

-
 11.1 0.92 [Sarac et al. 2017] 

[C18MIm]
+
[Cl]

-
 - 0.43 [Luczak et al. 2010] 

[C8MIm]
+
[Br]

-
 - 74 [Vanyur et al. 2007] 

[C10MIm]
+
[Br]

-
 - 41 [Vanyur et al. 2007] 

[C12MIm]
+
[Br]

-
 16.8 10.5 [Sarac et al. 2017] 

[C14MIm]
+
[Br]

-
 - 2.80 [Vanyur et al. 2007] 

[C16MIm]
+
[Br]

-
 - 0.55 [Dong et al. 2008] 

[C4MIm]
+
[BF4]

-
 - 850 [Comelles et al. 2014] 

1.3.6 Electrochemical window 

 Electrochemical window of a substance is the voltage range between which the 

substance is neither oxidized nor reduced. The electrochemical window is one of the 

most important characteristics to be identified for solvents and electrolytes used in 

electrochemical applications. The electrochemical window of reported [RMIm]
+
[X]

-
 

ion-pairs are shown in Table 1.7. ILs have attracting features to be used as electrolytes 

in electrochemical devices, due to their wide electrochemical window, low vapor 

pressure and high ionic conductivity.  

Table 1.7 Electrochemical window of [RMIm]
+
[X]

-
. 

IL Electrochemical window (V) Reference 

[C2MIm]
+
[Cl]

-
 5.00 [Fuller et al. 1997] 

[C4MIm]
+
[Cl]

-
 5.40 [Suarez et al. 1997] 

[C2MIm]
+
[Tf2N]

-
 4.30 [Nanjundiah et al. 1997] 

[C4MIm]
+
[Tf2N]

-
 4.76 [Evans et al. 2003] 

[C8MIm]
+
[Tf2N]

-
 4.83 [Evans et al. 2003] 

[C10MIm]
+
[Tf2N]

-
 4.89 [Evans et al. 2003] 

[C2MIm]
+
[BF4]

-
 4.30 [Fuller et al. 1997] 

[C4MIm]
+
[PF6]

-
 5.95 [Suarez et al. 1997] 

 

1.3.7 Thermal stability 

 [RMIm]
+
[X]

-
 ion-pairs show a higher thermal stability depending on the counter 

anion. Thermal stability of these ILs lead to numerous high temperature applications 
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replacing conventional alkyl ammonium salts. Table 1.8 shows decomposition 

temperature of typical [RMIm]
+
[X]

-
 ion-pairs. 

Table 1.8 Decomposition temperature (Td) of [RMIm]
+
[X]

-
. 

   IL Td (
o
C) Reference 

[C2MIm]
+
[Cl]

-
 281 [Ngo et al. 2000] 

[C3MIm]
+
[Cl]

-
 281 [Ngo et al. 2000] 

[C4MIm]
+
[Cl]

-
 254 [Huddleston et al. 2001; Visser et al. 2002] 

[C6MIm]
+
[Cl]

-
 253 [Huddleston et al. 2001; Visser et al. 2002] 

[C8MIm]
+
[Cl]

-
 243 [Huddleston et al. 2001; Visser et al. 2002] 

[C2MIm]
+
[Br]

-
 311 [Ngo et al. 2000] 

[C2MIm]
+
[BF4]

-
 447 [Nishida et al. 2003] 

[C3MIm]
+
[BF4]

-
 435 [Nishida et al. 2003] 

[C4MIm]
+
[BF4]

-
 435 [Nishida et al. 2003] 

[C2MIm]
+
[PF6]

-
 481 [Ngo et al. 2000] 

[C3MIm]
+
[PF6]

-
 440 [Ngo et al. 2000] 

[C6MIm]
+
[PF6]

-
 417 [Huddleston et al. 2001] 

[C2MIm]
+
[Tf2N]

-
 453 [Ngo et al. 2000] 

[C3MIm]
+
[Tf2N]

-
 453 [Ngo et al. 2000] 

[C4MIm]
+
[Tf2N]

-
 439 [Huddleston et al. 2001] 

   

1.4 Applications of imidazolium based ILs 

 [RMIm]
+
[X]

-
 ion-pairs find wide applications in various fields due to their 

attractive properties such as tunability by either changing cationic chain length or 

counter anions, negligible vapor pressure, low melting point, higher density, viscosity, 

thermal stability, conductivity and wide electrochemical window (Table 1.9).  

 Major explored applications of 1-alkyl-3-methylimidazolium based ILs include 

its use as electrolytes [Noda et al. 2001; Olivier et al. 2010]. de Souza et al. used 

[C4MIm]BF4 as supporting electrolyte for commercially available alkaline fuel cells at 

room temperature and 67 % overall cell efficiency was achieved in comparison to 

proton exchange membrane fuel cells with nafion electrolyte which showed an 

efficiency of 45-50 % at 70-100 
o
C [de Souza et al. 2003]. There are also several 

reports regarding the application of imidazolium based ILs as catalysts for the 

improvement of reaction time, yield and selectivity of many organic reactions [Safaei-

Ghomi and Emaeili 2010; Yu et al. 2010; Sarkar et al. 2011]. Dissolution of cellulose is 

an important application of ILs and Swatloski et al. studied the dissolution of cellulose 

with [C4MIm]
+
[Cl]

-
, [C4MIm]

+
[Br]

-
, [C4MIm]

+
[BF4]

-
, [C4MIm]

+
[PF6]

-
, [C6MIm]

+
[Cl]

-
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and [C8MIm]
+
[Cl]

-
 respectively and observed maximum solubility of 10 % with heating 

at 100 
o
C and 25 % with microwave heating in [C4MIm]

+
[Cl]

-
 [Swatloski et al. 2002]. 

Table 1.9 Major applications of [RMIm]
+
[X]

-
. 

[RMIm]
+
[X]

-
 

Electrolytes 

Fuel cells 

Sensor 

Batteries 

Solvents 
 

Organic reactions 

Nano-particle synthesis 

Polymerization 

Catalysis 
Organic reactions 

Bio-catalysis 

Separation 
Extraction 

Membranes 

Analytics 

Column material 

Mobile phase 

GC-head space solvent 

Electroelastic materials 
Artificial muscles 

Robotics 

Lubricant Fuel additive 

Heat storage Thermal fluids 

Liquid crystal Displays 

Proposed work in this thesis  

Energetics Propellant 

Ion-exchange 
Clay modifier 

Polymer nanocomposites 

 He et al. used [C4MIm]
+
[BF4]

-
 as an eluent for the chromatographic separation 

of ephedrines (norephedrine, ephedrine, pseudoephedrine and methylephedrine) on a 

C18 column and achieved decreased band tailing, reduced band broadening, and 

improved resolution [He et al. 2003]. Ma et al. achieved a well-controlled 

polymerization of methyl methacrylate in [C12MIm]
+
[BF4]

-
 ionic liquid [Ma et al. 

2003]. Formentin  et al. used [C4MIm]
+
[PF6]

-
 as a suitable reaction medium for base-

catalysed Knoevenagel reaction [Formentin et al. 2004]. Jimenez et al. identified 

[C8MIm]
+
[BF4]

-
 as a suitable lubricant in steel-aluminium contacts [Jimenez et al. 

2006]. Huddleston et al. [1998] showed that [C4MIm]
+
[PF6]

-
 could be used to extract 

aromatic compounds from water. Aki et al. [2004] investigated the solubility of CO2 in 

[C4MIm]
+
 based ILs with different anions, namely; [dc]

-
, [BF4]

-
, [PF6]

-
, [Tf2N]

-
 and 

showed that CO2 has the highest solubility and strongest interactions with 
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[C4MIm]
+
[PF6]-. The results also revealed that the solubility of CO2 is strongly 

dependent on the choice of anion. 

 ILs have been anticipated, as the new generation green propellant fuels 

[Schneider  et al. 2008; Zhang et al. 2011, 2013; Sebastiao et al. 2014; McCrary et al. 

2014]. The energetic ILs (EILs) are formed by the combination of an energetic cation or 

anion in the ion-pair. The low melting point, higher density and high energy content are 

the decisive factors for a better performance. Considering the melting point and lower 

carbon content, 1-ethyl-3-methylimidazolium cations are preferred among 1-alkyl-3-

methylimidazolium ILs. Higher carbon content results in soot formation and more 

oxidizers will be required for its application as propellant. In this work, 1-ethyl-3-

methylimidazolium cations with energetic anions were analyzed for its application in 

replacing toxic and carcinogenic hydrazine monopropellant. 

 Recent reports show that ILs can also be used to overcome the lower thermal 

stability of conventional organic modifiers used for clay modification and can enhance 

the dispersion, wetting and compatibility of clay particle in organic media [Livi et al. 

2014]. The poor dispersion of polar clay into a non polar polymer matrix restricts the 

use of clays in nanocomposite field. The attractiveness of polymer clay nanocomposite 

resides in the potential of adding small amount of modified clays to polymeric resin, to 

dramatically improve mechanical, thermal, barrier and flame retardant properties, which 

are necessary for a light weight composite material for aerospace applications. 

Commercial organophilic montmorillonite (MMT) used in polymer nanocomposites are 

often prepared from sodium montmorillonite (MMT-Na
+
) by ion exchange of its 

interlayer sodium cations with long chain, C16–C18 alkyl ammonium based ions, but 

lower thermal stability (<180 
o
C) limits its high temperature applications. Imidazolium 

based ILs are anticipated as a better candidate for thermally stable organoclays for high 

temperature applications. 

 Organoclays also find application in contaminant removal from water. Removal 

of contaminants from wastewater is frequently carried out by means of adsorption 

processes (Sun et al. 2017; Lawal et al. 2017; Gupta and Bhattacharyya 2012; 

Mirmohamadsadeghi et al. 2012; Nevskaia et al. 2004). Activated carbon is the most 

common adsorbent for this purpose due to its excellent adsorption ability. However, the 

high initial cost and the difficult and expensive regeneration process make it 

unattractive as an adsorbent (Ahmaruzzaman, 2008). Perchlorate ion is a major 
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contaminant originates mainly from different salts used in solid propellants for rockets 

and oxidizer components in various military and industrial processes [Chitrakar et al. 

2012]. Perchlorates are highly soluble in water and enter into the human body through 

drinking water or the food chain and cause hypothyroidism by interfering with the 

ability of the thyroid gland to process iodine. In this thesis, use of 1-alkyl-3-

methylimidazolium modified clays for perchlorate removal from water is also 

investigated. 

1.5 Scope and objectives of the present work 

 The scope of this research work involves design and development of 

imidazolium based ionic liquids and ionic liquid modified clays for space related 

applications. Main objectives of the present work are: 

� Design of imidazolium based energetic ionic liquids using computational 

chemistry tools. 

� Structural studies of ionic liquids using computational methods for organic 

modification of clay. 

� Synthesis of ionic liquids and experimental validation of predicted properties. 

� Application of ionic liquid modified clay in the removal of perchlorate ion from 

water. 

� Preparation and property evaluation of IL modified clay nanocomposite.  
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Abstract 

 Detailed description of various computational methods and experimental 

techniques adopted in the present study is given in this chapter. The ab initio and 

density functional theory calculations were carried out using Gaussian 09 software. 

Amorphous cell minimization of polymer was performed using Materials Studio 4.0 

software. Various analytical techniques viz. FTIR, Raman and NMR spectroscopy, 

AAS, XRD, IC, pyrolysis-GC-MS, AFM, FESEM-EDS, CHN analyzer, TGA, DSC and 

UTM were used for experimental validation. The chemicals and materials used are also 

detailed.

 

" I would like to emphasize my belief that the era of computing chemists, when hundreds 

if not thousands of chemists will go to the computing machine instead of the laboratory, 

for increasingly many facets of chemical information, is already at hand. There is only 

one obstacle, namely, that someone must pay for the computing time".  

        Robert S. Mulliken (Nobel Prize Chemistry-1966) 

 

2.1 Computational chemistry 

2.1.1 An overview of computational chemistry 

 Computational chemistry is used for finding solutions relevant to chemical 

problems by the application of chemical, mathematical and computing skills. This will 

also help to design new materials with desired properties especially in the areas 

involving hazardous and explosive chemicals and provide improvements in health, 

safety, and environment. Advances in computational chemistry are very helpful in 

chemical and material research. It also helps chemists make predictions before running 

the actual experiments so that one can be better prepared for making observations. The 

increased application of computational technologies are useful to investigate materials 

that are too difficult to handle or too expensive to purchase and will minimize 

production of waste.  

 Using mathematical methods in computational chemistry, two-particle systems 

can be solved exactly producing solutions in terms of analytical functions. For systems 

composed of more than two particles computational methods can, however, produce 
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approximate solutions, which in principle may be refined to any desired degree of 

accuracy. The numerically intensive tasks are typically related to simulating the 

behaviour of the real world, by a more or less sophisticated computational model. The 

dynamical equation describes the time evolution of a system. The mathematical form 

for the dynamical equation depends on the mass and velocity of the particles, and can be 

divided into four regimes (Figure 2.1). Newtonian mechanics, exemplified by Newton’s 

second law (F = ma), applies for “heavy”, “slow-moving” particles. Relativistic effects 

become important when the velocity is comparable to the speed of light, causing an 

increase in the particle mass ‘m’ relative to the rest mass mo. 

 
Figure 2.1 Domains of dynamical equations. 

 A realistic borderline between Newtonian and relativistic (Einstein) mechanics 

is ~ 
�
� � (~108 m/s). Light particles display both wave and particle characteristics, and 

must be described by quantum mechanics, with the borderline being approximately the 

mass of a proton. Electrons are much lighter and can only be described by quantum 

mechanics. Quantum mechanics only allows calculation of the probability of a particle 

being at a certain position at a certain time. The probability function is given as the 

square of a wave function, P(r,t) = Ψ2(r,t), where the wave function Ψ is obtained by 

solving either the Schrödinger (non-relativistic) or Dirac (relativistic) equation. Matter 

as described at a non-relativistic quantum mechanics represents a system of electrons 

and nuclei, treated as point-like particles with a definite mass and electric charge, 

moving in three-dimensional space and interacting by electrostatic forces. This model of 

matter is at the core of quantum chemistry. 
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 The programs that are used in computational chemistry are either based on 

Schrödinger wave mechanics or Newtonian mechanics. Molecular modelling is a subset 

of computational chemistry that concentrates on predicting the behaviour of individual 

molecules within a chemical system. Molecular modelling techniques can be classified 

into (a) Molecular mechanics, (b) ab initio methods, (c) semi-empirical methods, (d) 

Density functional methods, (e) Molecular dynamics (MD) and Monte Carlo 

simulations and (f) hybrid quantum mechanics/molecular mechanics (QM/MM) 

methods. 

2.1.2 Molecular mechanics 

 The molecular mechanics (MM) or forcefield methods use the laws of classical 

physics and calculate the energy of a system as a function of the nuclear coordinates 

[Weiner and Kollman 1981; Boyd and Lipkowitz 1982; Bowen and Allinger 1991; 

Dinur and Hagler 1991]. MM calculations are based on a model of a molecule as a 

collection of balls (atoms) held together by springs (bonds). Each atom is represented as 

one particle with a characteristic mass. The potential energy of a molecule can be 

written as the sum of terms involving bond stretching, angle bending, dihedral angles 

and nonbonded interactions. Giving these terms explicit mathematical forms constitutes 

devising a forcefield, and giving actual numbers to the constants in the forcefield 

constitutes parameterizing the field. MM method makes no reference to electrons, and 

so cannot throw light on electronic properties like charge distributions or nucleophilic 

and electrophilic behaviour. MM is the most widely used method for computing the 

geometries and energies of large biological molecules like proteins and nucleic acids. 

Because of its speed and the availability of parameters for almost all the elements MM 

even when it does not provide very accurate geometries can supply reasonably good 

input geometries for semiempirical, ab initio or density functional calculations.  

2.1.3 Ab initio calculations 

 Ab initio calculations aim at solving the time-independent, non-relativistic 

Schrödinger equation, which in its simplest form is  

ĤΨ=EΨ                 --- (2.1) 

Where Ĥ is the Hamiltönian operator which operates on Ψ, the wave function and 

returns E, the energy eigen value. The Hamiltönian operator for a system of N electrons 

and M nuclei comprises of the nuclear and electronic kinetic energy operators and the 
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potential energy operators corresponding to the nuclear-nuclear, nuclear-electron and 

electron-electron interactions.  

 Schrödinger equation cannot be solved exactly for any molecular systems and 

hence some approximations are introduced for its practical applications. A common 

approximation used is the Börn-Oppenheimer approximation [Born and Oppenheimer 

1927] which takes into account the significant mass difference between an electron and 

nuclei. The mass of the lightest nucleus (i.e. mass of a proton, 1H) is about 1800 times 

greater than that of an electron. Consequently, electrons move much faster than nuclei. 

In other words, the kinetic energy of the nuclei can be considered negligible compared 

to that of the electrons according to Börn-Oppenheimer approximation. 

 The simplest type of ab initio electronic structure calculation is the Hartree–

Fock (HF) theory [Hartree 1928; Fock 1930; Slater 1930], in which the correlated 

electron–electron repulsion is not specifically taken into account. In the HF approach, 

the N electron wave function for a given state is written as a Slater determinant, an anti-

symmetrized product of spin orbitals. The determinant wave function is used to 

approximate the exact wave function and energy is calculated as an expectation value of 

the Hamiltonian over the approximate wave function. The orbitals are found using the 

variational principle by minimization of the energy expectation value. The best 

approximate wave function can be obtained by varying all the wave function 

parameters, until the energy expectation value of the approximate wave function is 

minimized. Many types of calculations begin with a Hartree–Fock calculation and 

subsequently correct for electron-electron repulsion, referred to as post-Hartree–Fock 

methods. Møller–Plesset perturbation theory (MPn) and coupled cluster theory (CC) are 

examples of these post-Hartree–Fock methods.  

2.1.4 Semiempirical calculations 

 It is the mixing of theory and experiment that makes the method 

“semiempirical”. It is based on the Schrödinger equation, However, more 

approximations are made in solving it, and the very complicated integrals that must be 

calculated in the ab initio method are not actually evaluated in semiempirical 

calculations: instead, the program draws on a kind of library of integrals that was 

compiled by finding the best fit of some calculated entity like geometry or energy (heat 
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of formation) to the experimental values. Semiempirical calculations are slower than 

molecular mechanics but much faster than ab initio calculations. 

 The self-consistent-field (SCF) semiempirical procedures developed are Pariser-

Parr-Pople method (PPP) [Pariser and Parr 1953; Pople 1953], complete neglect of 

differential overlap (CNDO) [Pople et al. 1966], intermediate neglect of differential 

overlap (INDO) [Pople et al. 1967; Dixon 1967], and neglect of diatomic differential 

overlap (NDDO) [Pople et al. 1965, 1966]. NDDO methods are the gold standard in 

general purpose semiempirical methods. Today the most popular SCF semiempirical 

methods are Austin method 1 (AM1) [Dewar et al. 1985] and parametric method 3 

(PM3), which are carefully parameterized to reproduce experimental quantities 

(primarily heats of formation). Recent extensions of AM1 (RM1) and PM3 (PM6 and 

PM7) represent the standard semiempirical methods. 

2.1.5 Density functional calculations 

 Density functional calculations (DFT) are, like ab initio and semiempirical 

calculations, based on the Schrödinger equation. However, unlike the other two 

methods, DFT does not calculate a conventional wave function, rather derives the 

electron distribution (electron density function) directly. Thomas and Fermi [Fermi 

1927; Fermi 1928; Thomas 1927] introduced the idea of expressing the energy of a 

system as a function of the total electron density. Hohenberg, Kohn and Sham 

[Hohenberg and Kohn 1964; Kohn and Sham 1965] made it to a reality in the 1960s. An 

important advantage of using electron density over the wave function is the reduced 

dimensionality. Regardless of how many electrons one has in the system, the density is 

always 3 dimensional whereas, the wave function for an N-electron system is a function 

of 3N spatial co-ordinates. This enables DFT to readily be applied to much larger 

systems with more number of atoms. 

2.1.5.1 Hohenberg–Kohn theorems 

 The first Hohenberg-Kohn theorem [Hohenberg and Kohn 1964] says that all the 

properties of a molecule in a ground electronic state are determined by the ground state 

electron density function ρ(r), e.g. for the energy (E0) 

E0 = F[ρ(r)] = E[ρ(r)]         --- (2.2) 
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 The second Hohenberg–Kohn theorem [Hohenberg and Kohn 1964] says that 

any trial electron density function will give an energy higher than (or equal to, if it were 

exactly the true electron density function) the true ground state energy. i.e.,  

Ev[ρt] ≥ E0[ρ(r)]               ---
 (2.3) 

where ρt is a trial electronic density, Ev[ρt] is the Ev functional of the trial electronic 

density and E0[ρ(r)] is the true ground state energy corresponding to the true electronic 

density ρ(r). 

2.1.5.2 The Kohn–Sham energy and the Kohn–Sham equations 

 If we had an accurate molecular electron density function ρ and if we knew the 

correct energy functional, we could go straight from the electron density function to the 

molecular energy. Unfortunately we do not have an accurate ρ, and we certainly do not 

have the correct energy functional, being the key problem in DFT. The Kohn–Sham 

(KS) approach to DFT mitigates these two problems. The two basic ideas behind the KS 

approach are:  

(1)  To express the molecular energy as a sum of terms, only one of which, a relatively 

small term, involves the unknown functional. Thus, even moderately large errors in 

this term will not introduce large errors into the total energy.  

(2)  To use an initial guess of the electron density ρ in the KS equations to calculate an 

initial guess of the KS orbitals and energy levels. This initial guess is then used to 

iteratively refine these orbitals and energy levels. The final KS orbitals are used to 

calculate an electron density that in turn is used to calculate the energy. 

 The first KS theorem tells us that it is worth looking for a way to calculate 

molecular properties from the electron density. The second theorem suggests that a 

variational approach might yield a way to calculate the energy and electron density. 

Kohn and Sham showed that F[ρ(r)] can be approximated as, 

F[ρ(r)] = EKE[ρ(r)] + EH[ρ(r)] + EXC[ρ(r)]        --- (2.4) 

where EKE[ρ(r)] is the kinetic energy, EH[ρ(r)] is the electron-electron Coulombic 

energy, and EXC[ρ(r)] contains contributions from exchange and correlation. The full 

expression for the energy of an N-electron system within the KS scheme is, 
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where, the first term represent the integral of the density times the external potential, 

- ρ�r	v�r	dr , the second term is the electronic kinetic energy of the noninteracting 

electrons reference system, i.e. is the expectation value of the sum of the one-electron 

kinetic energy operators over the ground state multielectron wave function of the 

reference system, the third term is the classical electrostatic repulsion energy term and 

the fourth term is the exchange correlation energy EXC[ρ(r)]. The term most subject to 

error is the relatively small EXC[ρ(r)] term, which contains the unknown functional. Into 

this term the exact electron correlation and exchange energies have been swept, and for 

it we must find at least an approximate functional. 

2.1.5.3 The exchange-correlation energy functional 

 Xu and Goddar quoted "DFT is the method of choice for first principles 

quantum chemical calculations of the electronic structure and properties of many 

molecular and solid systems. With the exact exchange-correlation functional, DFT 

would take into full account all complex many-body effects at a computation cost 

characteristic of mean field approximations. Unfortunately, the exact exchange-

correlation functional is unknown, making it essential to pursue the quest of finding 

more accurate and reliable functionals" [Xu and Goddar 2004].  

 
Figure 2.2 Jacob's ladder representing the five generations of density functional from 

the world of Hartree to the heaven of chemical accuracy, with examples from each 

class. 
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 Several methods have been designed by modifying the exchange-correlation 

potential viz. (a) the local density approximation (LDA), (b) the local spin density 

approximation (LSDA), (c) the generalized gradient approximation (GGA), (d) meta-

GGA (MGGA), (e) hybrid GGA (f) hybrid meta-GGA methods, and (g) “fully 

nonlocal” theory. This hierarchy of theory has been likened to the biblical ladder 

reaching up to heaven, and this DFT Jacob’s ladder [Perdew and Schmidt 2001] will, 

culminate in what has been appropriately called the divine functional [Mattsson 2002]. 

 The best results appear to come from so-called hybrid functionals, which include 

some contribution from Hartree–Fock type exchange. The most popular DFT method is 

the LSDA gradient-corrected hybrid method which uses the B3LYP (Becke three-

parameter Lee-Yang-Parr) functional. Gradient-corrected hybrid functionals, give 

excellent geometries and reaction energies. Minnesota functional also represent a 

reliable class of functionals with one meta-GGA (M06-L) and seven global-hybrid meta 

GGAs (M05, M05-2X, M06-2X, M08-HX and M08-SO). The M06 family, the most 

popular among these is composed of four functionals that have similar functional forms 

for the DFT part, but each has parameters optimized with a different percentage of HF 

exchange. The four functionals are (i) M06-L, a local functional (no HF exchange), (ii) 

M06, a global-hybrid-meta GGA with 27 % HF exchange, leading to a well-balanced 

functional for overall good performance for chemistry, (iii) M06-2X, a global hybrid 

meta-GGA with 54 % HF exchange for top-level across all areas of chemistry including 

thermochemistry and reaction kinetics, but excluding multi-reference systems such as 

those containing transition metals, and (iv) M06-HF, a global-hybrid-meta-GGA with 

100 % HF exchange, suitable for calculation of spectroscopic properties of charge-

transfer transitions. 

 DFT gives reasonable IR frequencies and intensities, comparable to those from 

MP2 calculations. Dipole moments from DFT appear to be more accurate than those 

from MP2, Time-dependent DFT (TDDFT) is the best method for calculating UV 

spectra reasonably quickly. DFT is said to be better than Hartree–Fock for calculating 

NMR spectra. Electron affinities can be obtained from the negative LUMOs from 

LSDA functionals. For conjugated molecules, HOMO-LUMO gaps from hybrid 

functionals agree well with the π→π* UV transitions. The mutually related concepts of 

electronic chemical potential, electronegativity, hardness, softness, and the Fukui 
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function are usually discussed within the context of DFT. They are readily calculated 

from ionization energy, electron affinity, and atom charges. 

2.1.6 Molecular dynamics calculations 

 Molecular dynamics (MD) calculations apply the laws of motion to molecules. 

MD simulations are in many respects very similar to real experiments. Here first select 

the model system consisting of N particles and solve Newton’s equation of motion for 

this system until the properties of the system no longer change with time (till system 

reach equilibrium). After equilibrium, actual measurements are performed. To measure 

an observable quantity in MD simulation, it must be expressed as a function of position 

and momenta of the particles in the system. 

2.1.7 Basis sets 

 A basis set is a set of mathematical functions (basis functions), linear 

combinations of which yield molecular orbitals. There are two main types of basis 

functions viz. Slater type orbitals (STOs) [Allen and Karo 1960] and Gaussian type 

orbitals (GTOs) [Boys 1950; Feller and Davidson 1990]. The first basis sets used in 

molecular calculations were typically STOs, which correspond to a set of functions 

which decay exponentially with the distances from the nuclei. STOs have the 

exponential dependence, e123and are given by the mathematical expression; 

456�789�:, <, =	 = Nx@yBzDe123        --- (2.6) 

where N is the normalization constant, a, b, c control the angular momentum (L = 

a+b+c), ζ determines the width or spread of the orbital and x, y, z represent the cartesian 

coordinates. GTOs have the exponential dependence; e123E and mathematically 

expressed as; 

456�F89�:, <, =	 = Nx@yBzDe123E         --- (2.7) 

 The computational advantage of GTOs over STOs is primarily due to the 

Gaussian product theorem, viz. the product of two GTOs is also a Gaussian function 

entered at the weighted midpoint of the two functions [Shavitt 1963]. In addition, the 

overlap and other integrals are easier to evaluate leading to huge computational savings. 

The Gaussian function shown in Eqn. 2.7 is generally known as primitive GTOs. When 


