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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 I-
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]", [C¢MIm]”,

and [C;sMIm]" 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. [CeMIm][CI]” and [C;¢MIm][CI]" were synthesized by refluxing 1-
methylimidazole with 1-chloro hexane and 1-chloro hexadecane respectively with 95 %
yield. Commercially available [C4MIm]"[C1]” 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 BALYP 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

3C NMR spectroscopy.

Chapter 6: Perchlorate removal from water using IL modified clay

Ionic liquid modified clay was used for perchlorate adsorption from water.
Ci1sMIm/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 C;cMIm/MMT (18.55
A) decreased to 13.7 A on perchlorate adsorption and observed a conformational
change in [C;eMIm]" inside the clay gallery from trans to gauche, suggesting the

possible formation of [C1¢MIm][ClO,] inside the clay gallery.
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Chapter 7: PVDF- IL modified clay nanocomposite

Poly(vinylidene fluoride) (PVDF) exists mainly in a-phase and B-phase. a-phase
is stable while B-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 % B-phase was obtained with PVDF-C16-
Clay nanocomposite from pristine PVDF (43 % B-phase). The phase conversion was
confirmed using FTIR, XRD, DSC analysis and improved electrical properties. PVDF-
C4 showed equal proportion of o and B-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 a-phase forms the 'shish' and

folded chain B-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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Chapter 1 3

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 °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 m-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 (CI'), bromide (Br’),
tetrafluoroborate  (BF,), hexafluorophosphate (PFs), dicyanamide (dc) and
bis(trifluoromethylsulfonyl) imide (Tf,N) (Figure 1.1).
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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'® [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 ef 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
(T, K) and binding energies (E}p, 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 (T, = 52 °C) was
published in 1888 by Gabriel and Weiner. In 1914, first low-temperature ionic liquid,
ethylammonium nitrate (T, = 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 ef al. in 1968,
developed a cell containing an ionic liquid produced by the reaction of aluminium

chloride with 1-ethylpyridinium bromide as an electrolyte.

Vikram Sarabhai Space Centre
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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 er 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.

Pure liquid product

OR
o
fCI ROH \R'
P =
M\
Rl

N— Ionic liquid
N=/
e
CI- +I/\N_
1 Recycle N~/

Scheme 1.1 The BASIL™ process.

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

Cochin University of Science and Technology



Chapter 1 6

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 ef 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. lons 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

Vikram Sarabhai Space Centre
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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 er al. 2012], thermal stability, low
viscosity and ease of synthesis [Wang et al. 2010]. The major classes of imidazolium
based ILs include I-alkyl-3-methylimidazolium ([RMIm]"), 1-alkyl-2,3-
dimethylimidazolium ([RMMIm]") and symmetrical 1,3-dialkylimidazolium ILs
([RRIm]") (Figure 1.2).

X X X
" Gy o
C2 2 2
R\ 1’/®\N3/CH3 R\N1’/%\N3/CH3 R\ 1'/%\ 3/R

s - o
Vi N o S

[RMIm[*[X] [RMMIm|*[X] [RRIm]*[X]

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 er al.

1996; Elaiwi et al. 1995] and (iii) good distribution of charge in the cation [Stegemann

Cochin University of Science and Technology
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et al. 1992]. Alkali metal chlorides exhibit very high melting temperatures (803 °C for
NaCl and 772 °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]CI and [CoMIm]*[X] ion-pairs. In the case of [RMIm]CI, melting point
decreases from [C;MIm]CI to [CsMIm]CI and then increases (Figure 1.3). [CsMIm]Cl
showed a glass transition (T,) at -65 °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 ([C;MIm]") showed a decrease

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

Table 1.1 Melting point of [RMIm]CI and [Co;MIm]*[X]".

IL M.P. (°C) | Reference
[C,MIm]*[CI] 125 Wasserscheid and Keim 2000
[CoMIm]*[CI) 87 [Wilkes et al.1982]
[CoMIm] [Br] 79 [Ngo et al.2000]
[CoMIm] [PFe] 60 [Fuller et al.1994]
[CoMIm] [NOs] 38 [Wilkes et al.1992]
[CoMIm]*[BF4] 6 [Holbrey and Seddon 1999]
[CoMIm] [THN] 4 [Huddleston et al. 2001]
[CsMIm]*[CI] 60 [Fannin ez al. 1984]
[C,MIm] [CI] 41 [Huddleston et al. 2001]
[CeMIm] [CI] -65% [This work] * indicates T, in °C.
[CsMIm] [CI] 12 [Domanska et al. 2003]
[CioMIm]*[CL] 32 [This work]
[C1_MIm]*[CL] 445 [Bradley et al. 2002],
[C1sMIm]*[CL] 491 [Bradley et al. 2002]
[CieMIm]*[[CI] 66.7 [Bradley et al. 2002]
[CisMIm]*[CI] 71.7 [Bradley et al. 2002]
140
120
g 100
‘g BO
(=%
35 40
b=
20
*
°c 2 & & & 10 12 14 15 18
Alkyl chain length in RMImCI1
Figure 1.3 Variation of melting point with alkyl chain length in RMImCI.
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1.3.2 Density of [RMIm['[XT

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; CI' > BFs > PFq > Tf,;N. 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
[C;MIm]*CI 1.14 | [Fannin et al. 1984]
[CoMIm]*CI 1.14 | [Fannin et al. 1984]
[CsMIm]*CI 1.10 | [Fannin et al. 1984]
[CsMIm]*CI 1.08 [Huddleston et al. 2001; Visser et al. 2002]
[CeMIm]*CI 1.03 [Huddleston et al. 2001; Visser et al. 2002]
[CsMIm]*CI 1.01 [Letcher and Deenadayalu 2002]
[CoMIm] [BF4] 1.27 [Fan et al. 2016]
[CsMIm] [BF4] 1.24 | [Nishida et al. 2003]
[CsMIm][BF4] 1.19 [Wu et al. 2001]
[CeMIm] [BF4] 1.14 | [Sanmamed et al. 2007]
[CsMIm][BF4] 1.08 | [Branco et al. 2002]
[CsMIm] [PF¢] 1.35 | [Huddleston et al. 2001; Visser et al. 2002]
[CsMIm]*[PFs] 1.33 | [Chun et al. 2001]
[CeMIm][PFs] 1.29 | [Huddleston et al. 2001]
[CoMIm][PFs] 1.26 | [Dzyuba and Bartsch 2002]
[CgMIm] [PF¢] 1.22 | [Huddleston et al. 2001]
[CIMIm][Tf;N] | 1.56 | [Bonhote et al. 1996]
[Co,MIm][Tf;N] | 1.52 | [Bonhéte et al. 1996; Matsumoto et al. 2002]
[CsMIm]'[TENT | 1.47 | [Dzyuba and Bartsch 2002]
[CsMIm]'[TE;N] | 1.43 | [Bockris et al. 1970]
[CsMIm]*[TE,N] | 1.40 | [Dzyuba and Bartsch 2002]
[CeMIm][TEN] | 1.37 | [Dzyuba and Bartsch 2002]
[C;MIm]*[TEN] | 1.34 | [Dzyuba and Bartsch 2002]
[CsMIm]*[TfN] | 1.32 | [Dzyuba and Bartsch 2002]

] ]

[CoMIm]*[TE,N] | 1.30 | [Dzyuba and Bartsch 2002
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Usually the densities of imidazolium based ILs are larger than 1 g/cm’, while
phosphonium based ILs have a density less than 1 g/cm®, 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’ [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]J'[XT

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.
[C.MIm]*[ToN] ion-pairs showed lower viscosity compared to [C,MIm]"[BF,]" and
[C,MIm]*[PFg] ion-pairs.

Table 1.3 Viscosity of [RMIm]"[X]".

IL Viscosity 1 (cP) | Temp. (°C) | Reference
[CMIm]*[BF4] 37 25 [Nishida et al. 2003]
[CsMIm] [BF4] 103 25 [Nishida et al. 2003]
[CsMIm][BF4] 219 25 [Wu et al. 2001]
[CeMIm] [BF4] 314 25 [Seddon et al. 2000]
[CsMIm]*[BF4] 135 20 [Branco et al. 2002]
[C1oMIm]*[BF.] 416 20 [Branco et al. 2002]
[C4sMIm]*[PFs] 312 25 [Wu et al. 2001]
[CeMIm][PFs] 560 25 [Liu et al. 2003]
[CsMIm]*[PFs] 682 25 [Huddleston et al. 2001]
[CoMIm] TN 34 25 [Matsumoto et al. 2002]
[CaMIm][THN] 54 25 [Wu et al. 2001]
[CeMIm][THN] 87 20 [Hardacre et al. 2002]
[CsMIm][TH,N] 119 20 [Evans et al. 2003]
[Ci1oMIm] [TEN] 153 20 [Evans et al. 2003]

1.3.4 Conductivity of [RMIm['[XT
The reported conductivity values of [RMIm]*[X] ion-pairs are shown in Table

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

IL Conductivity (S/m) | Temp. (°C) | Reference

[C;MIm]*CI 11.8 25 [Fannin et al. 1984]
[CoMIm]*CI 0.34-3.71 25 [Fannin et al. 1984]
[CsMIm]"CI 0.33-4.97 25 [Fannin er al. 1984]
[CoMIm] [BF4] 1.31 25 [Fuller et al. 1997]
[CsMIm] [BF4] 0.59 25 [Nishida et al. 2003]
[CoMIm] [PFg] 0.13 22 [Nanjundiah et al. 1997]
[C4MIm] [PFg] 0.15 25 [Suarez er al. 1998]
[C;MIm]"[Tf;N] 0.84 20 [Bonhote et al. 1996]
[CoMIm] [THNT 0.92 25 [Matsumoto et al. 2000]
[CsMIm] [THN] 0.25 25 [Koch et al. 1995]
[CsMIm] [THN] 0.39 20 [Bonhote 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_l) and acetone (23.5 mN m_l), but still lower than those of water (71.98

mN m_l).

Table 1.5 Surface tension of ILs at 293.15 K.

IL Surface tension (mN m'l) Reference
[C4sMIm]*[BF4] 44.8

[C4MIm]*[PF¢] 441

[CsMIm][THNT 33.6 )
(CeMIm[T[BES] 39.0 [Freire et al. 2007]
[CsMIm]*[BF4] 34.1

[CsMIm]*[PF¢] 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 (A,) and critical micelle concentration (cmc)

of long chain [RMIm]*[X]".

IL A, | cmc (mM) | Reference
[CeMIm]*[CI] - 900 [Blesic et al. 2007]
[CsMIm]*[C]] - 220 [Blesic et al. 2007]
[C1oMIm]*[CI] 13.4 58.2 [Sarac et al. 2017]
[CioMIm]T[CI] | 16.3 15.2 [Sarac et al. 2017]
[CuMIm]*[CI] | 20.6 3.70 [Sarac et al. 2017]
[Ci6MIm]T[CI] | 11.1 0.92 [Sarac et al. 2017]
[C1sMIm]*[Cl] - 0.43 [Luczak et al. 2010]
[CsMIm]*[Br] - 74 [Vanyur ef al. 2007]
[Ci1oMIm][Br] - 41 [Vanyur et al. 2007]
[C;o,MIm]*[Br] | 16.8 10.5 [Sarac et al. 2017]
[C1sMIm][Br] - 2.80 [Vanyur et al. 2007]
[C16MIm]*[Br] - 0.55 [Dong et al. 2008]
[CsMIm][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
[C,MIm]*[CI] 5.00 [Fuller et al. 1997]
[CsMIm]*[CI] 5.40 [Suarez et al. 1997]
[CoMIm] [THNT 4.30 [Nanjundiah et al. 1997]
[CAMIm][THNT 4.76 [Evans et al. 2003]
[CsMIm]*[THN] 4.83 [Evans et al. 2003]
[CioMIm]*[TEN] 4.89 [Evans et al. 2003]
[CoMIm]*[BF4] 4.30 [Fuller et al. 1997]
[C4MIm]*[PFq] 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 (T4) of [RMIm]"[X]".

IL T4 (°C) | Reference

] 281 [Ngo et al. 2000]

] 281 [Ngo et al. 2000]

[CsMIm]*[CI] 254 [Huddleston et al. 2001; Visser et al. 2002]
]
]

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

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

[
[
[
[
[
[CoMIm]*[Br] 311 [Ngo et al. 2000]
[CoMIm]*[BF,] 447 [Nishida et al. 2003]
[CsMIm]*[BF,] 435 [Nishida et al. 2003]
[
[
[
[
[
[
[

[C4MIm]*[BF,] 435 [Nishida et al. 2003]

] 481 | [Ngo er al. 2000]
[CsMIm]*[PFs] 440 [Ngo et al. 2000]

] 417 [Huddleston et al. 2001]
[CoMIm][THN] 453 [Ngo et al. 2000]
[C3MIm][Tf;N] 453 [Ngo et al. 2000]
[CaMIm] TN 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
[C4sMIm]BF; 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 °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 ef 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]*[CI],, [C4MIm]*[Br], [C4MIm]"[BF,4],, [C4MIm]*[PFs]’, [CeMIm]*[CI]
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and [CsMIm]*[CI] respectively and observed maximum solubility of 10 % with heating
at 100 °C and 25 % with microwave heating in [C;MIm]*[C1]” [Swatloski et al. 2002].

Table 1.9 Major applications of [RMIm]"[X]".

Fuel cells
Electrolytes Sensor
Batteries
Sol Organic reactions
olvents Nano-particle synthesis
Polymerization
. Organic reactions
Catalysis Bio-catalysis
Separation Extraction
[RMIm]*[X] P Membranes
Column material
Analytics Mobile phase
GC-head space solvent
Electroelastic materials Art1f1qa1 muscles
Robotics
Lubricant Fuel additive
Heat storage Thermal fluids
Liquid crystal Displays
Energetics Propellant
Proposed work in this thesis Clay modifier
Ion-exchange .
Polymer nanocomposites

He et al. used [C4MIm]*[BF,] as an eluent for the chromatographic separation
of ephedrines (norephedrine, ephedrine, pseudoephedrine and methylephedrine) on a
Cis column and achieved decreased band tailing, reduced band broadening, and
improved resolution [He er al. 2003]. Ma et al. achieved a well-controlled
polymerization of methyl methacrylate in [C;oMIm]*[BF4]" ionic liquid [Ma et al.
2003]. Formentin et al. used [C4MIm][PFs] as a suitable reaction medium for base-
catalysed Knoevenagel reaction [Formentin et al. 2004]. Jimenez et al. identified
[CsMIm]*[BF4] as a suitable lubricant in steel-aluminium contacts [Jimenez et al.
2006]. Huddleston et al. [1998] showed that [CsMIm]*[PFs] could be used to extract
aromatic compounds from water. Aki et al. [2004] investigated the solubility of CO; in
[CsMIm]* based ILs with different anions, namely; [dc],, [BF,], [PFs], [TfN] and
showed that CO, has the highest solubility and strongest interactions with
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[C4MIm]*[PFg]-. The results also revealed that the solubility of CO, 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, C;c—C;g alkyl ammonium based ions, but
lower thermal stability (<180 °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

Cochin University of Science and Technology



Chapter 1 16

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.

Vikram Sarabhai Space Centre



Chapter 2

Computational and experimental methodology

| Methodology |

| Computational | | Experimental |

| | | Synthesis |
| Gaussian09 || Materials Studio | |

l  Characterization
[ Amorphouscell

DFT ][Abinitic’] % Spectroscopy
" B3LYP |hG3MP2 ~{_ Chromatography |

— Microscopy ]

MO6-L

— XRD, CHN analysis |

. | Thermal property |
| Mechanical property |




Chapter 2

18

Vikram Sarabhai Space Centre



Chapter 2 19

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 m,.

Velocity
Quantum Classical
I
:
Dirac Einstein R
| » ; "
HW=id¥dt | F=ma Relativistic
~1/ !
e {1 L
~10%m/s :
]
- | '
Schrodinger | Newton Non-relativistic
HY= idW/dt : F=ma
|
|
: Mass
~ 10 kg
~ 1 amu

Figure 2.1 Domains of dynamical equations.

A realistic borderline between Newtonian and relativistic (Einstein) mechanics
is ~2c (~10® 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) = ‘Pz(r,t), where the wave function ¥ is obtained by
solving either the Schrodinger (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
Schrodinger 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

Schrédinger equation, which in its simplest form is

HY=EY —--(2.1)
Where H is the Hamiltonian operator which operates on ¥, the wave function and
returns E, the energy eigen value. The Hamiltonian 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.

Schrédinger 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 Born-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, 'H) 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 Born-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. Mgller—Plesset perturbation theory (MP,) 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 Schrodinger 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

PM?7) 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 Schrodinger 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 p(r), e.g. for the energy (Ey)

Eo =F[p(r)] = E[p(1)] —--(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[pd = Eolp(n)] --(2.3)

where p; is a trial electronic density, Ey[p] is the E, functional of the trial electronic
density and Ey[p(r)] is the true ground state energy corresponding to the true electronic

density p(r).

2.1.5.2 The Kohn—Sham energy and the Kohn—-Sham equations

If we had an accurate molecular electron density function p 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 p, 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 p 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[p(r)] can be approximated as,

Flp(1)] = Exelp(r)] + Eulp(0)] + Exc[p()]  ---(2.4)

where Exg[p(r)] is the kinetic energy, Epy[p(r)] is the electron-electron Coulombic
energy, and Exc[p(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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r

N
72 1
E[p(1)] = - Z ZAJP(::) dry +Z f ¥ (r) [— 7] Y (r)dr + Eﬁ-%dﬁdrz + Exclp(®)] ...(2.5)
i=1

nuclei A

where, the first term represent the integral of the density times the external potential,
[ p(®)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[p(r)]. The term most subject to
error is the relatively small Exc[p(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].

HEAVEN

Chemical Accuracy

Fully Non-Local

Hybrid Meta GGA B3LYP, B1B95, B3PW91,
Hybrid GGA BH&LYP,M06-2X
Meta GGA BP95, MPW1K, TPSS,M06-L
GGA BLYP, BP86, BPW91,
HCTH, OLYP, PBE
LDA SPWL
EARTH
HF Theory

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 (MO05, M05-2X, M06-2X, M08-HX and MO08-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)
MO6, 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
MP?2 calculations. Dipole moments from DFT appear to be more accurate than those
from MP2, Time-dependent DFT (TDDEFT) 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 n—n* 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, e~%"and are given by the mathematical expression;

ST9(x,y,2) = Nx?yPze % —(2.6)

where N is the normalization constant, a, b, ¢ control the angular momentum (L =
a+b+c), { determines the width or spread of the orbital and x, y, z represent the cartesian
coordinates. GTOs have the exponential dependence; e~% and mathematically

expressed as;
bS50 (x,y,2) = NxyPze " - (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
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primitive GTOs bunch together into one Gaussian function results in contracted

Gaussian function (CGTO),

n

bl (x,y,2) = Z cix? yPzCe~ o’ 28

i=1

where n represent the number of Gaussians to mimic the STO and c; represent
coefficients. By contracting several primitive GTOs into one, the computational effort
can be reduced through the optimization of several coefficients in one go. The degree of
complexity, and thus precision of a basis set is defined by the number of contracted
functions employed to represent each atomic orbital, the minimum being one contracted
function to describe a basis function (minimal basis set). STO-3G function is the
smallest basis function used in standard ab initio calculations by commercial programs.
STO-3G basis set [Hehre et al. 1969] mean “Slater-type orbital (approximated by) three
Gaussians”.

The next higher, 3-21G basis set splits each valence orbital into two parts, an
inner shell and an outer shell. The basis function of the inner shell is represented by two
Gaussians, and that of the outer shell by one Gaussian (hence the “21); the core
orbitals are each represented by one basis function, each composed of three Gaussians
(hence the “3”). For molecules with atoms beyond the first row (beyond neon), this
“simple” 3-21G basis set tends to give poor geometries. This problem is largely
overcome for second row elements (sodium to argon) by supplementing this basis with
d functions, called polarization functions represented usually by *. The 3-21G basis set
augmented (beyond neon) with six d functions is designated 3—-21G(*), For H to Ne, the
3-21G and the 3-21G* basis sets are identical.

The next bigger widely-used basis, the 6-31G* is a split valence basis set with
polarization functions. The valence shell of each atom is split into an inner part
composed of three Gaussians and an outer part composed of one Gaussian, while the
core orbitals are each represented by one basis function, each composed of six
Gaussians. The polarization functions (*) are present beyond helium. The 6-31G* also
often called 6-31G(d) is probably the most popular basis at present. Sometimes it is
helpful to have polarization functions on the hydrogens as well; a 6-31G* basis with

three 2p functions on each H and He atom is called the 6-31G** (or 6-31(d,p)) basis.
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6-311G** (or 6-311(d,p)) set is a larger basis, a split valence set with each
valence orbital split into three shells, composed of three, one and one Gaussian, while
the core orbitals are represented by one basis function composed of six Gaussians; each
heavy atom also has five 3d functions and each hydrogen and helium has three 2p
functions. The number of basis functions on CH, using STO-3G, 3-21G, 6-31G(d), 6-
31G(d,p) and 6-311G(d,p) are summarized (C + H + H) in Table 2.1. Similarly diffuse
functions are sometimes included in the basis to improve the description at large
distances from the nuclei and are denoted by + or ++ signs set (for example, 6—
31+G(d,p)). This is important for anions as the additional electrons are loosely bound to
nuclei.

Table 2.1 The number of basis functions on CH, using various basis sets.

Functions

Basis set Total
1H 2He 3Li—10Ne
s Ls s
STO-3G 1 function | 1 function | 2s 2p 2p 2p 7 functions
5 functions
1s" Is"” Is' Is" s
3-21G 2 functions | 2 functions | 2s'2p'2p'2p’ 13 functions
25" 2p" 2p" 2p"
9 functions
Is' Is" Is" Is" s
2 functions | 2 functions | 2s'2p'2p'2p’
6-31G* or 6- 31G(d) 25" 2p" 2p" 2p" 19 functions
3d 3d 3d 3d 3d 3d
15 functions
1s" Is" Is' Is" s
2p 2p 2p 2p 2p 2p 2s'2p'2p' 2p’
6- 31G(d,p) 5 functions | 5 functions | 25" 2p" 2p" 2p" 25 functions
3d 3d 3d 3d 3d 3d
15 functions
Is"Is"1s"" | 1s"1s"1s"" | 1s
2p 2p 2p 2p 2p 2p 2s'2p'2p' 2p’
6- 311G(d,p) 6 functions | 6 functions | 2s" 2p" 2p" 2p" 30 functions
25" 2p"" 2p"" 2p""
3d 3d 3d 3d 3d
18 functions
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2.1.8 Basis set superposition error

When two fragments A and B approach each other to form a new species, their
basis functions overlap. Basis functions (“atomic orbitals”’) of B are available to A so A
in AB has a bigger basis set than does isolated A; likewise B has a bigger basis than
isolated B. When in AB each of the two components can borrow basis functions from
the other. The error arises from “imposing” B’s basis set upon A and vice versa, hence
the name basis set superposition error (BSSE). One widely used method to assess the
BSSE is the counterpoise correction scheme of Boys and Bernardi [Boys and Bernardi
1970] in which the entire basis set is included in all calculations. Consider the binding
energy of the dimer (AB) viz. A + B — AB. The binding energy (E},) can be expressed
as,

Ep=E(AB)wp - [E(A)a + E(B)p]  ---(2.9)

where E(AB).», E(A), and E(B), represent the energy of AB, monomer A and monomer
B, respectively. Subscripts indicate the corresponding basis sets for AB, A and B. In
counterpoise method, the calculation of the energy of the individual species A is
performed in the presence of 'ghost' orbitals of B, without the nuclei or electrons of B. A
similar calculation is performed for B using the 'ghost' orbitals on A. Using

counterpoise method, BSSE can be evaluated with,
Egsse = E(A)u+ EB)a - E(A)y - E(B)y - (2.10)

where E(A)y, and E(B)qp respectively represents the energy of monomer A and B in the
structure it adopts in the dimer (AB) and with the full basis set of the dimer available.
E(A), and E(B), are the energies of A and B, respectively, with only their own basis
functions but again in the structure they adopt in the dimer. The correction to the

binding energy can be calculated as, Ey - Egssk.

2.1.9 Molecular electrostatic potential

Any distribution of electric charge, such as nuclei or electrons creates an electric
potential V(r) in the surrounding space. Molecular electrostatic potential or MESP can
be regarded as the potential of a molecule to interact with an electric charge located at a
point r [Scrocco and Tomasi 1978]. Thus a positive charge is attracted to those regions

in which V(r) is negative and is repelled from regions of positive potential. MESP
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[Gadre and Shirsat 2000] can be calculated from the electron density function, p(r)

using the equation:

p(r)d’r
V()= ZIr f Ir-r'| --(2.11)

where Z, is the charge on nucleus A located at Ry and r' is a dummy integration

variable. The two terms refer to the nuclear potential and the electronic contributions
respectively. The value of MESP is positive in the region close to nuclei and negative in
the electron-rich region. Topographical features of MESP as well as the pictorial
representation of MESP in the form of contours and isosurfaces are extremely useful for
exploring the structure and reactivity of molecules, intermolecular interactions,
molecular recognition and a variety of chemical phenomena [Gadre et al. 1996; Luque
et al. 1994; Politzer and Truhlar 1981]. In MESP topography analysis the electronic
distribution of molecules is understood in terms of critical points i.e., the points at
which the partial derivatives of MESP vanish. The most negative value of the MESP
(Vmin) corresponds to a point at which electrostatic potential due to the electron density
term dominates maximally over the bare nuclear term, the location of it indicates the
electron-dense region of a molecule [Gadre and Pathak 1990; Gadre and Shirsat 2000;
Pathak and Gadre 1990; Shirsat et al. 1992].

2.1.10 Computational methodology

The DFT calculations performed in this thesis were carried out with B3LYP,
MO6-L, M05-2X and M06-2X functionals using Gaussian 09 software. The basis set
used was 6-311+G(d,p) and the G3MP2 level thermodynamic data was used to calculate
the heat of formation of ion-pairs. The BSSE corrected binding energy was reported.
Amorphous cell minimization of polymer was performed using Materials Studio 4.0

(Accelrys Inc.) software.

2.2 Experimental methods

2.2.1 Materials
The chemicals and materials used in this study are listed in Table 2.2. Very
specific materials and methods adopted have been described at places where they are

referred to.
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Table 2.2 Chemicals and materials used in the study.

SI. No. Materials Details
CAS No. :616-47-7
Make : Alfa Aesar
1. 1-Methylimidazole Purity - 99 9,
B.P. :195°C
Density : 1.031 g/mL
CAS No. :109-69-3
Make : Alfa Aesar
2. 1-Chlorobutane Purity - 99 9,
B.P. : 78 °C
Density : 0.886 g/mL
CAS No. :544-10-5
Make : Sigma Aldrich
3. 1-Chlorohexane Purity - 99 9
B.P. 1134 °C
Density : 0.879 g/mL
CAS No. :4860-03-1
Make : Sigma Aldrich
4. 1-Chlorohexadecane Purity - 95 9
B.P. : 149 °C/1mm Hg
Density : 0.865 g/mL
CAS No. :79917-90-1
5. 1-Butyl-3-methylimidazolium chloride | pake - Otto Chemie
Purity : 98 %
¢ | 1-Butyl-3-methylimidazolium CAS No. - 74501-65-6
‘ tetrafluoroborate Make - Otto Chemie
Purity : 98 %
o ‘ ‘ CAS No. :171058-18-7
7. 1-Decyl-3-methylimidazolium chloride | pjake - Otto Chemie
Purity :96 %
3 Sodium montmorillonite clay CASNo.  :1318-93-0
. .. + Make : Southern Clay Inc.
(Cloisite-Na’) d-spacing : 12.09 A
CAS No. :71011-24-0
o Modifier  :dimethyl, benzyl,
9. Cloisite-10A hydrogenated tallow,
quaternary ammonium
d-spacing :19.20 A
CAS No. :68953-58-2
Modifier  : dimethyl,
10. Cloisite-15A dihydrogenated tallow,
quaternary ammonium
d-spacing :31.50 A
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CAS No. :68953-58-2

Modifier  : dimethyl,

11| Cloisite-20A dihydrogenated tallow,
quaternary ammonium

d-spacing  :24.20 A

CAS No.  :68953-58-2

Modifier : dimethyl,

12. Cloisite-25A hydrogenated tallow,
2-ethylhexyl
quaternary ammonium

d-spacing  : 18.60 A

CAS No. :7647-01-0

13. | Hydrochloric acid Make : Merck Chemicals
Purity : 37 %
CAS No.  :7790-98-9
14. Ammonium perchlorate AR Make : In house
Purity :99.9 %
CAS No. :7631-86-9
15. Colloidal silica Make : Sigma-Aldrich
Purity : 30 % suspension
16. Poly (vinylidene fluoride) CASNo.  :24937-79-9
Make : Alfa Aesar
CAS No. :127-19-5
17. N,N'-Dimethylacetamide Make : Spectrochem
Purity :99.9 %

2.2.2 Characterization techniques
2.2.2.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a fast and easy analytical
technique for the identification of functional groups. It is based on the interaction of
molecules with IR radiation. Certain frequencies characteristics of the vibrational
energy levels are absorbed by the molecule and the rest is transmitted. Thus the
absorption pattern will be characteristic of the chemical structure of the molecule.

The FTIR spectrum of the samples in the present work are recorded using Perkin
Elmer Spectrum GX FTIR spectrometer and ThermoScientific Nicolet iS50 FTIR
spectrometer equipped with attenuated total reflectance (ATR) accessory and variable
temperature cell accessory. The instrumental source is Nernst glower and detector used
is deuterated triglycine sulphate (DTGS). FTIR spectra of powder samples were
recorded using the KBr pellet method, liquid samples on the NaCl crystal and

films/composites in the ATR mode.
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2.2.2.2 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of monochromatic light
when the frequency of photons changes upon interaction with a sample. The photons of
the laser light are absorbed by the sample and subsequently re-emitted. Frequency of the
reemitted photons is shifted up or down in comparison with the original monochromatic
frequency, which is known as the Raman Effect. The Raman shift provides information
about vibrational and rotational energies of molecular bonds. It is a non-destructive
technique.

The Raman spectrum of the samples in the present work are recorded using
WlTec alpha 300R confocal Raman microscope. A 532 nm Nd:YAG laser source was
used for excitation and a charge coupled device (CCD) was used as the detector. Five
spectra were accumulated with an integration time of 1 sec to obtain a single spectrum,

plotted as intensity vs. wave number.

2.2.2.3 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is used for the
characterization of materials based on the magnetic property of atomic nuclei present in
the sample. The NMR has a probe placed in a strong magnetic field and the sample
placed in the probe is irradiated with radiofrequency leading to nuclear level transitions.
Depending on the atomic nuclei, the excitation frequency ranges and the excited nuclei
emit a signal called free induction decay (FID) which is recorded. The FID generated in
the time domain is converted to frequency domain by Fourier transformation resulting
in the NMR spectrum output.

NMR analysis was done using Bruker Avance-III, 400 MHz spectrometer
operated at 400 MHz for 'H and 100.2 MHz for °C nuclei. The field strength was 9.4 T.
The samples were dissolved in deuterated solvents and the spectrum was recorded.
Chemical shifts are expressed in ppm and tetramethylsilane (TMS) was used as internal

standard.

2.2.2.4 Atomic absorption spectroscopy
Atomic absorption spectroscopy (AAS) involves the study of the absorption of
radiation by neutral atoms in the gaseous state. The sample is first converted into an

atomic vapour and then the absorption of atomic vapour is measured at a selected
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wavelength which is characteristic of each individual element. The source is a hollow
cathode lamp and detector used is a photo multiplier tube. The atoms of a particular
element can only absorb radiation of their own characteristic wavelength and separate
lamp source is required for each element to be determined. AAS experiments were

carried out using Varian AA280FS spectrometer.

2.2.2.5 X-Ray diffraction
X-ray diffraction (XRD) is the most important technique for crystal structure
analysis. The interaction of X-ray radiation with the crystalline sample is governed by

Bragg’s law,
nA=2d Sinf ---(2.12)

where A is the wavelength of the X-ray, n is an integer representing the order of
diffraction peak, d is the interplanar spacing and 0 is the half of the angle between
incident beam and diffracted beam.

In this work, XRD analysis was performed using Bruker D8 Discover
diffractometer using CuKa radiation source (1.5418 A°) and solid state detector (Lynx
Eye). Crystallite size determination based on Scherrer equation was performed using the

Diffrac Plus Eva software.

2.2.2.6 Ion chromatography

Ion chromatograph (IC) is an excellent separation and detection technique for
the simultaneous analysis of different anions and different cations. In this technique an
ion exchange process takes place between the mobile phase and the exchange group
which are covalently bound to the stationary phase. Different ions elute at different
intervals of time depending upon their affinity to the stationary phase and are detected
by a conductivity detector. A chromatogram is recorded by plotting time verses
conductivity of the eluted ions. Conductivity of an ion is directly proportional to
concentration of the ion.

In this work, IC analysis was performed using Dionex ICS 2000 ion
chromatograph equipped with AS16 column, AG16 Guard column, ASRS 300
Suppressor column and a conductivity detector. Chromeleon chromatographic software

was used for the data analysis.
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2.2.2.7 Gas chromatograph-mass spectrometer

Gas chromatograph-mass spectrometer (GC-MS) is a hyphenated technique in
which a gas chromatograph is connected to a mass spectrometer. Gas chromatography is
a separation technique in which the compounds of a vaporized sample are separated and
fractionated as a consequence of partition between a mobile gaseous phase and a
stationary phase held in column. In GC-MS, gas chromatograph separates the mixture
into its components and individual components are detected and identified by the mass
spectrometer from mass spectrum obtained.

GC-MS analysis was performed using a Thermo Electron Trace ultra GC
directly coupled to a Thermo Electron PolarisQ (Quadrupole ion trap) mass
spectrometer and SGE pyrolyser. The m/z range used was 20-600 amu. The ionization

technique chosen is electron ionization (EI).

2.2.2.8 Atomic force microscopy
Atomic force microscopy (AFM) works by scanning a tip over a surface. The
cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order
of nanometers. When the tip is brought into proximity of a sample surface, forces
between the tip and the sample lead to a deflection of the cantilever to which the tip is
attached. Typically, the deflection is measured using a laser spot reflected from the top
surface of the cantilever into an array of photodiodes. The vertical movement of the
scanner follows the surface profile and is recorded as the surface topography. The AFM
can be operated either in static mode (also called contact mode) or dynamic (non-
contact or "tapping") modes.
In this work, AFM images were taken using Agilent 5500 scanning probe

microscope in contact mode.

2.2.2.9 Field emission scanning electron microscope

A scanning electron microscope (SEM) is a type of electron microscope that
produces images of a sample by scanning it with a focused beam of electrons. The
electrons interact with atoms in the sample, producing various signals that can be
detected and that contain information about the sample's surface topography and
composition. The types of signals produced by a SEM include secondary electrons,

back-scattered electrons, characteristic X-rays and transmitted electrons. In the most
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common or standard detection mode, secondary electron imaging, the SEM can produce
very high-resolution images of a sample surface, revealing details less than 1 nm in size.
A wide range of magnifications is possible, from about 10 times to more than 500,000
times. Field emission (FE) is emission of electrons induced by an electrostatic field. The
most common context is field emission from a solid surface into vacuum. In FESEM,
the interaction of electrons with atoms in the sample surface, producing various signals
that contain information about the sample's surface topography as well as elemental
composition.

FESEM images and EDS spectra of gold-coated samples were recorded using a
Carl Zeiss, Supra 55 model field emission scanning electron microscope equipped with
an Oxford Inca (UK) energy dispersive X-ray spectrometer.

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for
the elemental analysis or chemical characterization of a sample. Characteristic X-rays
are emitted when the electron beam removes an inner shell electron from the sample,
causing a higher energy electron to fill the shell and release energy. The number and
energy of the X-rays emitted from a specimen can be measured by an energy-dispersive
spectrometer. As the energy of the X-rays are characteristic of the difference in energy
between the two shells, and of the atomic structure of the element from which they were

emitted, this allows the elemental composition of the specimen to be measured.

2.2.2.10 CHN analyzer

The CHN (carbon, hydrogen, nitrogen) elemental analyzer employs a
combustion method to convert the sample elements to simple gases. The sample is first
oxidized in a pure oxygen environment to form CO,, H,O and oxides of nitrogen. The
oxides of nitrogen are reduced to nitrogen. The resulting gases are homogenized and are
separated in a stepwise manner and detected as a function of their thermal
conductivities.

The analysis was carried out using Perkin Elmer 2400 CHNS analyzer with

thermal conductivity detector.

2.2.2.11 Thermogravimetric analysis
Thermogravimetric analysis (TGA) measures the mass change associated with

materials as a function of temperature and time. Thermocouples located within the
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sample platforms detect the changes in the reference and sample temperature and gives
heat flow/temperature difference as a function of temperature/time.

TA Instruments SDT Q600 TGA was used for thermal analysis. Kinetic
parameters for the thermal decomposition process were studied using (i) Kissinger
method (i) Ozawa-Flynn-Wall method and (iii) Coats-Redfern method.

Kissinger method [Kissinger 1957] is a multiple heating rate method based on
the following equation (Eqn. 2.13).

AR
g(a)Eg

N = —(2.13)

B
lnTa—2 = In|

Where f is the heating rate, T, is the temperature in Kelvin corresponding to a fixed
degree of conversion a, A is the pre-exponential factor, R is the gas constant, E, is the
activation energy at a given degree of conversion and g(a) is the integral form of

kinetic model function. E, for a given degree of conversion is obtained from the slope of

the linear fit of the plot In T‘% versus 1/T,.

Ozawa-Flynn-Wall (FWO) method [Ozawa 1965; Flynn and Wall 1966] for
determination of kinetic parameters is based on the assumption that the decomposition
obeys first order kinetics using a point of constant conversion from a series of
decomposition curves obtained at different heating rates. It helps in calculating the E,
for a desired conversion (Eqn.2.14).

E, = (1) (‘Zz’l—g}s}) - (2.14)

Where R is the universal gas constant, f§ is the heating rate, b = 0.457 initially and it
depends on the value of E/RT.

First order reaction and random nucleation (F1 function) is generally used for
thermal degradation kinetic study of nanocomposite films. The Coats-Redfern for F1

function is given as,

In

(- _ AR Fe

= In 5. T RT (2.15)
where, FE, is the activation energy for decomposition, A is the pre-exponential factor, R
is the universal gas constant, 8 is the heating rate, a is the degree of conversion and T is

the maximum decomposition temperature (K) corresponding to each a. The plot of
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~In (1- . . . .
In nT(Z 9 versus 1/T, result in a linear plot whose slope gives the value of activation
energy.

2.2.2.12 Differential scanning calorimetry

Differential scanning calorimetry (DSC) measures the differential heat flow
associated with material transitions as a function of time and temperature. DSC works
on heat flux principle. The sample and reference are kept in a temperature programmed
furnace. The temperature of the furnace is raised in a linear fashion and the resultant
differential heat flow to the sample and reference is monitored by thermocouples and
recorded against temperature/time.

TA Q20 Differential Scanning Calorimeter was used in this work for melting,

crystallisation characteristics and phase analysis.

2.2.2.13 Universal testing machine

Universal testing machine (UTM) Instron 5569 was used for the mechanical
property evaluation. For measuring loads, Load cells are being used which are precision
force-transducers that contain a full strain gauge bridge bonded to an ultra-high stiffness
elastic element. When the element is subjected to a force, the electrical resistance of the
gauges changes, which results in an output signal proportional to the applied force.
Mechanical properties such as tensile strength, elongation at break and Young's
modulus were measured using UTM. Tensile strength is the maximum stress that a
material can withstand while being stretched or pulled before failing or breaking.
Young's modulus is the ratio of stress (force per unit area) to strain (ratio of deformation

over initial length) within elastic limits.

Load at failure (N)x 10

Tensil h (MPa) = - (2.1
ensile strength (MPa) Cross sectional area (m?2) (2.16)
) Increase in length (m) x 100
Elongation (%) = — --(2.17)
Original length (m)
, Stress (MPa)
Young s modulus (MPa) = ————— - (2.18)

Strain

Cochin University of Science and Technology



Chapter 2

40

Vikram Sarabhai Space Centre



Chapter 3

Computational studies on ionic liquids

Part A- Energetic ionic liquids
&
Part B- Screening of ILs for clay modification

»
RSC Advances &%ﬁ*ﬁéﬁ%@

PAPER

@gggggm Imidazolium based energetic ionic liquids for
monopropellant applications: a theoretical study+

Eapen Thomas, Kunduchi Periya Vijayalakshmi* and Benny Kattikkanal George

Cite this: RSC Adv., 2015, 5, 71896




Chapter 3

42

Vikram Sarabhai Space Centre



Chapter 3 43

Part A - Energetic ionic liquids

Abstract

Energetic properties of 1-ethyl-3-methylimidazolium based ionic liquids were
investigated by suitably selecting the pairing anions containing energetic groups. The
key property to determine the specific impulse, the molar heat of formation, was
computed. The accuracy of the 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 commonly used hydrazine monopropellant.

3.1 Introduction

Hydrazine is one of the most widely used monopropellants for spacecraft
application due to its good combustion, decomposition and storage properties [Sutton
and Biblarz 2010]. However, owing to high toxic and carcinogenic character of this
compound, development of new energetic and green compounds which show higher
propellant performance than hydrazine is necessary. Ionic salts are attractive for this
purpose as they are essentially non-volatile and thermally stable under normal
conditions [Drake et al. 2003; Trohalaki et al. 2005; Coleman and Gathergood 2010].
The energetic salts such as, hydroxyl ammonium nitrate (HAN), ammonium
dinitramide (ADN) and hydrazinium nitroformate were proposed as a substitute for
hydrazine. However, they have melting points above room temperature, and can be used
only in an aqueous solution to produce a storable liquid propellant. Ionic Liquids (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]. ILs are
more attractive than ionic salts as they show low melting points, thus potentially
combining the useful characteristics of salt systems with the advantage of handling
liquid systems. Their low sensitivity to external stimuli such as impact, friction, shock,
and electrostatic discharge further add to the credit [Zhang and Shreeve 2014].

Among various ILs in use, imidazolium based ILs are known for their chemical
stability and fluid properties. The unique properties of these cations stem from the
electronic structure of the aromatic cations. The electronic structure of imidazolium

cations is characterized by 3-center-4-electron configuration across the NI1-C2-N2
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bonds, and a double bond between C3 and C4. The C2 is positively charged owing to
the electron scarcity in the C=N bond, imparting slight acidity to the C2-H hydrogen
atom (Figure 3.1). Hence the C2-Hanion interactions play an important role in the
overall chemical and physical properties of the compound. The liquescent features of
imidazolium based ILs are also well explained with these C2-Hanion interactions
[Ludwig and Paschek 2009] and are relevant to the use of these compounds as
propellants. Apart from fluidity parameters, heat of formation (AfH°) turns out to be a
decisive factor for propellant properties. The energy release during combustion of a
high energy material is given by the difference between the heat of formation of the
compound and that of the combustion products which increases with increasing positive

heat of formation of the compound.

F H
R F
| LA
B F—R—F N
F7 | OF /\ \ )
F F F N=N
[BF,4] [PFe] [tz]
CH, N
N NN ( }
—N
[mtz] [trz]
CN
T 9
+ + AN
_O/N\N-/N\o -N\ /N
N=—N
[dn] [CNtz]
NO, NO,
7
N" SN NN
\ N—N
N=—N _o/
[NHtz] [NO,tz] [NO,Otz]

Figure 3.1 Chemical structures of imidazolium cation and the selected counter anions.

The abbreviations used to name these systems are also given.
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In spite of the numerous reports on structure-physical property correlation of ILs
[Zorn et al. 2006; Ueno et al. 2010; Erdmenger et al. 2008], studies on the thermo
chemical properties are very limited. Ab initio methods have been employed for
accurate calculation of heat of formation parameters of energetic salts [Emelyanenko et
al. 2009; Gutowski et al. 2007]. Vladimir et al. [2007] studied heat of formation of the
ionic liquid 1-butyl-3-methylimidazolium dicyanamide using atomization reaction and
isodesmic reactions and observed a concurrence between theoretical and experimental

results.

3.2 Methodology

1-ethyl-3-methylimidazolium cation ([CoMIm]") is selected as the cationic
portion of the IL and twelve different anions are selected to form ion-pair complexes
with the cation (Figure 3.1). Among the anions, tetrafluoroborate (BF;) and
hexafluorophosphate (PF¢) are conventionally used anions while the rest of them are
nitrogen rich energetic anions. Among the nitrogen rich anions, the tetrazolate anions
[tz] and its derivatives are given prime importance as they possess high heats of
formation resulting from the nitrogen-nitrogen bonds, ring strain and high energy
density. In addition, the aromatic ring of [tz] provides the required thermal stability for
its ion pairs. To improve the oxygen balance in [tz], the NO, substitution is useful. The
study also includes the anion 5-nitrotetrazolate-2N-oxide ([NO,Otz]") synthesized by
Klapotke et al. [2009] as a superior energetic anion than nitrotetrazole.

The dispersion included Minnesota DFT method MO6L [Zhao et al. 2006] as
implemented in Gaussian09 [Frisch et al. 2009] is used in conjunction with 6-
311+G(d,p) basis set for optimizing all the molecular geometries in their gas phase. A
benchmark study by Remya and Suresh [2013] showed that this method is the most
effective to reproduce coupled cluster single and double (CCSD(T)) level geometry and
binding energy (Ep) of noncovalently bonded molecular dimers of organic molecules.
Since the focus of this study is on the propellant applications of energetic ionic liquids
(EILs) and considering that the process of ignition and combustion of EILs takes place
in the gas phase, the gas phase results are expected to be reliable. Several orientations
of the anion-cation pairs were considered to locate the most stable IL structure (Figure
3.2). Normal modes of vibrations were analyzed for all the optimized geometries to

ensure that every structure is a minimum on the potential energy surface. Basis set
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superposition error corrected Ep of the ion pair [Co;MIm]*[X] formation in the gas

phase (eqn. 3.1) was calculated at MO6L/6-311+G(d,p) level.

[CoMIm]" + [X] ——= [C;MIm] [X] ---(3.1)

3.2.1 Conformation analysis of 1-ethyl-3-methylimidazolium cation

Conformations of 1-ethyl-3-methylimidazolium cation, [CoMIm]* was done by
rotating the ethyl group around the C-N bond (Figure 3.2). This was done by varying
the dihedral angle (0) defined by the four atoms in the order CHj3-CH,-N(ring)-
CH(ring). The angle 0 is varied from 0.0° to 360.0 ° in increments of 10°. Because of
the planar symmetry of the molecule at ® = 0.0° and 6 = 180.0°, the energy profile for
the rotation values in the range 180.0° - 360.0° is same as that in the range 180° to 0.0°.
Imidazolium cation exists in two different conformations. The methyl group always
showed a fixed orientation wherein a cis-arrangement of one of its CH bond with

respect to the CH bond of the ring juxtaposed with the two nitrogen atoms.

-344.5770

-3445772 ‘-\. . ] ; /"I
! S AU A SEFANY
: C\ /El\ T g -344.5776 -| \ ./ \. ./ \. /
4?§\N N/CgH uET -344.5778 - [ / \ / \ ]
H H H \. /. l\ /' '\ ./
HC——CH -344,5780 \.s./ m \./. /

— T T T~ T T~ T T T T T "1
0 30 60 9 120 150 180 210 240 270 300 330 360
(]

Figure 3.2 (a) Structure of [C;MIm]" cation and (b) the energy profile for the rotation
of the C-N bond (energy values in au and angle in degrees).
3.2.2 The strategy used to locate various configurations of cation-anion complex

The schematic shown in Figure 3.3 (blue is cation and red is anion) is useful to
explain the conformational space scanned for the cation-anion complex. The illustration
is based on [Co;MIm]*[dtrz]” complex. To generate an initial structure of the cation-
anion complex, we used the Chemcraft program to place the cation above the m-region

of the anion to obtain a parallel orientation of its ring with respect to the ring of the
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anion while the distance between the centres of the two rings is selected close to 3.5 A.

While selecting this orientation, one of the ring atoms of the anion is oriented close to

the C2 carbon of the cation. The initial geometry of another configuration is made in a

similar manner but the nearest ring atom of the anion from C2 is changed. This way we

can generate 5 initial structures (a-e) so that N* atom of anion will be facing the 5

different atoms of imidazolium ring. Also we used four different orientations for the in-

plane configuration of the cation-anion complex as shown in (f-1). This exercise is done

for all the tetrazolate and triazolate anions with both conformations obtained for the

cation. For the open structures, viz. [dc] and [dn]’, the conformational space is scanned

by orienting the central nitrogen towards the m-region of the cation or that nitrogen

orienting away from the m-region. Also the in plane configurations are considered.
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Figure 3.3 The schematics showing the strategy used to search for the conformational

space of the cation-anion complex. The illustration is based on [CoMIm]"[dtrz]

complex.
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3.2.3 Calculation of heat of formation

In the present study, atomization data obtained from the literature along with the
G3MP2 level thermodynamic data is used to calculate the heat of formation for all IL
systems. The G3MP2 is one of the popular high accuracy methods for calculating
enthalpy quantities which is based on complex energy computations involving several
pre-defined calculations on the specified molecular system [Curtiss et al. 1999].
Calculating enthalpies of formation of the molecule at 298K, A¢H’m290sK) can be split
into a couple of steps which is given below.

(a) Atomization energy of the molecule, >, D,(M)
X Do(M) = ¥n.X(&) — M(go4 zpE ) - (3.2)

M stands for the molecule and X to represent each element which makes up M, n is the
number of atoms of X in M. &, is the electronic energy and ZPE is the zero-point
energy.

(b) Heat of formation of the molecule at 0K, AtH w0k
ArH ox) = LNArH (x0x) — X Do(M) - (3.3)

Table 3.1: Experimental enthalpies of formation of elements (kcal/mol) and enthalpy
correction taken for elements in their standard states.

Element  AfH’x ox)[Chase ef al. 1985] H°(298 K) - H°(0 K)

H 51.63 1:01
Li 37.69 1.10
Be 76.48 0.46
B 136.20 0.29
C 169.98 0.25
N 112.53 1.04
O 58.99 1.04
F 18.47 1.05
Na 25.69 1.54
Mg 34.87 1.19
Al 78.23 1.08
Si 106.6 0.76
P 75.42 1.28
S 65.66 1.05
Cl 28.59 1.10
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The experimental values of AH’x o) of the first and second row atomic elements at 0K
are tabulated in Table 3.1.
(c) Enthalpy correction for the molecule, H°\(298 K)- H’\(0 K)

H°y (298 K) —H°y (0K) = Heorr — M(ezpE) - 3.4

The enthalpy corrections, H° (298 K) - H°(0 K) is used to convert the atomic heats of
formation at 0 K to those at 298.15 K, which is obtained from Gaussian output as
"thermal correction to enthalpy".

(d) Heat of formation of the molecule at 298K, AtH® 298 k)-

AfHO(M_298 K) = AfHO(M,OK) + [HOM (298 K) - HOM (0 K)] - [Z n. (HO (298K) - HO(OK)]
---(3.5)
To estimate the accuracy of the proposed methods, an error function based on the

normalized standard deviation is calculated as follows (eqn.3.6),

Aq(%) = \/Z[(Afﬂf’(exp) - Alzgi(lc)al) )/ AHC (exp) I - (3.6)
where Aq(%) is the normalized standard deviation. The ArH® (gxpy and ArH® o4y are
the experimental and calculated heat of formation. N is the number of data points
available. The gaseous heat of formation, AtH° is also calculated using B3LYP/6-
311+G(d,p), MO6L/6-311+G(d,p), M05-2X/6-311+G(d,p) and M06-2X/6-311+G(d,p)
levels of DFT.

3.2.4 Specific impulse

The term 'specific impulse' (Isp) is used in rocket propulsion to define the
impulse created per unit weight of propellant. It is equal to the number of pounds of
thrust produced per pound of propellant burned per second. Isp is usually expressed in
“seconds”. Using the G3MP2 level heat of formation of the molecule, rocket
performance analysis is done to determine the capability of the selected ILs
(combination of [C;MIm]" and any of the selected anions) to function as chemical
monopropellants. Equilibrium combustion analysis is done by using the NASA
Chemical equilibrium with applications (CEA) computer code [Gordon 1996]. Isp was
calculated using conditions similar to on orbit engines with Nozzle area ratio (i.e., Area
of exit: Area of throat) of 50:1 and combustion chamber pressure of 300 psi. CEA is

employed for 100 % fuel and then with a shifting equilibrium assumption for binary
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mixture, fuel and oxidiser. In the binary mixture of IL with HAN, Isp is calculated as a

function of % oxidiser by weight.

3.3 Results and discussion

3.3.1 Electronic structure and properties

>
]
i

-0.69 -0.68
[CoMIm] [tz] [CoMIm] [mtz]
247, 217 ~2.47
o 5 ", 2.4["1.._- i 23 43_. ._'.'2.27
-0.67 | -0.80
[CoMIm] [trz] [CoMIm] [de]
2.61...

2.51°% ',-'2,43

; k -0.83

-0.85

[CoMIm]*[dtrz] [CoMIm]*[dn]

Figure 3.4 The optimized structures (left) of the representative set of EILs predicted for
propellant applications and MESP plots (right). MESP-derived charge on anion is also
depicted. Colour coding, & M blue -0.05 au. to red 0.05 au. Distances in A.

The [CoMIm]* showed two distinct nearly isoenergetic conformations with
energy difference 0.30 kJ/mol. Hence, both the conformers are used for generating
initial structures of ion-pair complexes. The most stable structures of the representative
energetic ion pairs [C;MIm]'[X] are reported in Figure 3.4. All of them exhibit non-
covalent C-HC/C-H""N/C-H~O interactions in the range 2.17 A — 2.64 A. Normally, if
uncharged systems are involved, such non-covalent distances would suggest very weak
Ey in the range 10 — 20 kJ/mol. In sharp contrast to this, the non-covalent E,, computed
for IL systems are very high, in the range 336 — 400 kJ/mol (Table 3.2) indicating that

strong electrostatic interactions prevail in all the charge separated ion-pairs.
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The cation-anion charge separation is significant in all the cases which is well
evident in the molecular electrostatic potential (MESP) plots given in Figure 3.4, where
the anion has the MESP-derived Merz-Singh-Kollman (MK) charge in the range of
-0.68 to -0.86 (Table 3.2) and cation has the counter positive values. The MK charge
can be considered as a measure of the amount of charge transfer from the anion to the
cation. The charge transfer (29-34 %) is clearly more dominant in four energetic
anions, viz. [trz], [tz], [mtz] and [NH,tz]" which show E, in the range 388 — 400
kJ/mol while the rest of the energetic anion show Ej, in the range 336 — 370 kJ/mol with
charge transfer 20 £ 5 %.

Table 3.2 Binding energy E,, AE* and MK charge of ion pairs computed at MO6L/6-
311+G level of DFT.

IL Ey (kJ/mol) AE (eV) MK charge
[CoMIm]" [BF,] 370.0 5.38 -0.86
[CoMIm]" [PFg] 351.2 5.54 -0.85
[CoMIm]* [dc] 361.9 2.83 -0.80
[CoMIm]* [trz] 398.7 3.31 -0.67
[CoMIm]* [dtrz] 335.5 3.14 -0.83
[CoMIm]*[dn] 355.9 3.30 -0.85
[CoMIm]*[tz] 388.0 3.68 -0.69
[CoMIm] [mtz] 389.7 3.62 -0.68
[Co,MIm] ]*[CNtz] 351.5 3.83 -0.77
[CoMIm] [ [NHatz] 399.8 2.94 -0.72
[CoMIm] ] [NOstz] 353.6 3.12 -0.78
[CoMIm]* [NO,Otz] 347.2 2.39 -0.82

The stability of compounds are also examined based on the energy gap (AE’)
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Conventional ILs (first two entries in Table 3.2) possess
AE" of ~5.5 eV while energetic ILs (EILs) are characterized with a lower band gap
energy (2 - 4 eV). In general, a small AE helps the electrons to cross the band gap
easily, leading to poor compound stability [Zhao and Lu 2012; Ravi et al. 2012] as this
process destroys charge separation in the ion-pair. The derivatives of tetrazolate anions
show good stability in terms of the predicted band gap. Among different derivatives of
tetrazolate based ElLs, AE" predicts [CoMIm] [CNtz] as the most stable as it possesses
the highest AE" value of 3.83 eV. The very high Ey (398.7 kJ/mol) obtained for
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[CoMIm]*[trz]” was decreased to 335.5 kJ/mol by dinitro substitution in the triazolate
anion ([CoMIm|]*[dtrz]). The electronic structural features have successfully been
employed to tailor thermodynamic properties such as melting point of ILs. Generally,
highly delocalised charge in the anion and shielded positive charge in the cation assist
the formation of low melting ILs. In the given set of ion pairs, the best delocalization is
observed for highly symmetric anions like [dc] and [dtrz] as revealed from the MESP
plot given in Figure 3.4. There are many strategies reported to fluidize imidazolium
based ionic liquids. Introducing weakly polar anions generally reduce the interaction
energy between cations and anions resulting in reduced melting points and decreased
viscosities [Krossing et al. 2006]. Another strategy is to introduce asymmetry into the
imidazolium cation by using different substituents at the N1 and N3 positions [Fredlake
et al. 2004]. Strong, directional and localized hydrogen bonds are also reported to
enhance the fluid properties of imidazolium based ILs [Fumino et al. 2008].

We have considered all these factors while designing the compounds and sought
possible correlation between computed E, and melting points of known compounds.
Generally higher Ey, correlates to higher melting point which suggest that the melting
points of energetic ILs could be higher than the traditional ILs (first two entries in Table
3.2) and among them the [CoMIm]*[NHatz] is expected to possess the highest melting
point. Organic salts of [dc] anions, in general are known to possess relatively lower
melting points [MacFarlane et al. 2001] and reported melting point of [C;MIm]"[dc] is
-27 °C. Among the named EILs, [C;MIm]"[CNtz], [CoMIm]*[dn], [CoMIm] [dtrz],
[CoMIm] [NOstz]” and [CoMIm] [NO,Otz]™ possess lower Ej than the [CoMIm] [dc]

and indicate their existence in liquid state.

3.3.2 Thermochemical properties

It is important to determine the thermochemical properties of ILs in the vapor
phase as the process of ignition and combustion take place in the gas phase. The
thermochemical calculations using DFT methods (B3LYP, MO6L, M05-2X, M06-2X)
and ab initio method (G3MP2) are compared for compounds of known experimental
heat of formation, A¢H® in Table 3.3. Compared to the DFT methods, the G3MP2 results
are very close to the experimental values. For the fourteen known compounds in Table
3.3, the error function Aq values are 20.6, 28.4, 48.7, 23.8 and 4.0 %, respectively
observed for B3LYP, M0O6L, M05-2X, M06-2X and G3MP2 methods.
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The high accuracy of G3MP2 results is obvious from this data. Moreover, for
the A¢H® of hydrazine, two different experimental values are known and between them,
the smaller value 90 kJ/mol is closer to G3AMP2 value of 92.1 kJ/mol. Therefore, only
G3MP2 data are used for calculating the propellant property of ILs. For EILs to be used
for propellant applications, they require high energy density which is often associated
with large positive heat of formation. This in turn results in high combustion chamber
temperature and hence a higher Isp. Conventional ILs, viz. [CoMIm]'[BF,]" and
[Co_MIm]*[PFg] have negative heat of formation suggesting a lower energy content. The
heat of formation increases from -1692.2 to +558.6 kJ/mol when the anionic part is
substituted by energetic groups (Table 3.4). The computed A¢H® of all the nitrogen rich
energetic ILs possess much higher heat of formation than hydrazine and suggests their
use for propellant applications. The highest value of AsH°(g) is obtained for CNtz
(558.6 kJ/mol) derivative. The lower values of AH°(g) for [CoMIm]™[trz],
[CoMIm]*[Mtz] and [CoMIm]*[dc] can be attributed to their higher carbon content.

Oxygen balance is another significant index of energetic materials which is a
measure of oxygen deficiency or excess of oxygen in a compound required to convert
all the carbon into carbon dioxide and all the hydrogen into water. Generally oxygen
rich compounds have higher Isp as all elements gets converted to gaseous product
resulting in increased thrust. In the present set of EILs, the absence of oxygen content
leads to relatively lower Isp for [CoMIm]*[dc]’, [CoMIm]*[NH,], [CoMIm]*[CNtz],
[CoMIm]*[tz], [CoMIm] [mtz]” and [C,MIm]*[trz] in spite of their higher values of
AH°(g) (> 400 kJ/mol).

300 7 -26534x+89.121
R=0.97

0 T T T T T T 1

0 10 20 30 40 S0 60 70
% (N+0O)

Figure 3.5 Correlation between % (N+0O) and predicted Isp of [C;MIm]" ion pairs with

11 different anions given in Table 3.4.
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The highest Isp of 252 s is obtained for [C;MIm]*[dn]” with two N-NO, groups
in the anion. In fact a linear correlation of Isp with total (N + O) weight % is observed
for all the ILs studied in the present work (Figure 3.5). The low oxygen balance of
imidazolium based EILs can be overcome by using suitable oxidizer such as HAN and
solvent properties of ILs can beneficially exploited to form binary-monopropellant
mixtures [Freemantle er al. 2010]. ILs has been tested for hypergolicity with HAN
oxidizer and it showed no visible signs of reactivity at room temperature [Dambach et
al. 2008; Berg and Rovey 2013]. Hence a monopropellant mixture of IL with varying
percentage of HAN is analyzed using CEA, which would be thermally stable at room
temperature and ignited thermally or catalytically.

The Isp gradually increases with increase in the oxidizer concentration. This
change is rapid in the 20 — 50 % concentration and reaches the peak region around 60 —
80 % concentration (Figure 3.6). These results clearly suggest that Isp tuning can be
achieved by mixing ILs with suitable amount of HAN and these ILs may find use as
fuel component in a binary propellant system. The ILs with oxygen rich anions, viz.
[dn], [dtrz] and [NO,Otz] attain the Isp of currently used propellant hydrazine (263 s)
at 23 - 34% of HAN concentration (Table 3.4). An enhancement of 56 units in Isp is
obtained for [Co;MIm]*[dn] for 70 % HAN mixtures which provide the limit of Isp that

can be achieved using the derivatives of imidazolium based ionic liquids (Table 3.4).

240 | —— [C,MIm]"[tz]

== [C,MIm]*[mtz]
[C,MIm]*[dc]

—<— [C,MIm]*[CNtz]"

—#— [C,MIm]"[NH,tz]
[C,MIm]*[trz]
[Co,MIm]*[dtrz]
[Co,MIm]*[dn]
[C,MIm]*[NO,tz]
[C,MIm]*[NO,Otz]

240

220

200

0 10 20 30 40 50 60 70 80 90 100
% HAN

Figure 3.6 Variation of Isp with increasing HAN concentration.
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3.4 Conclusions

In summary, thermochemistry of a variety of imidazolium based ILs were
predicted accurately using quantum chemical computational studies. The high binding
energy suggests ILs exist as ion-pairs in gaseous phase. The computed heats of
formation of all the EILs of 1-ethyl-3-methylimidazolium cation and tetrazolide
derivatives, dicyanamide, triazolide, dinitrotriazine, and dinitramide as anions are
higher than that of hydrazine. ILs with a suitable oxidizer can be considered as a binary
monopropellant due to the ILs solvent properties. Among the 12 imidazolium based
ElLs studied, [CoMIm]*[dtrz]", [C,MIm]*[dn]” and [Co,MIm]"[NO,Otz] provided the
best energetic performance in combination with HAN proposing the title compounds as
potential green substitute for hydrazine. The Isp correlation with (N+O) content reveal

the limit of Isp that can be achieved using imidazolium based ILs.
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Part B - Screening of ILs for clay modification

Abstract

The structure and stability of 1-alkyl-3-methylimidazolium based ionic liquids
were investigated using Gaussian09 software. The effect of alkyl chain length and
pairing anions on IL stability was explored using computed parameters like HOMO-
LUMO energy gap (AE*), Mulliken charge on the ring and charge transfer features from
molecular electrostatic potential mapping at B3BLYP level of density functional theory.
Clay modification involves a cation exchange reaction and hence the stability of 1-
alkyl-3-methylimidazolium cations were assessed using computed AE* values. A
decrease in AE* was observed for 1-alkyl-3-methylimidazolium cations with increase in
alkyl chain length and consequently 1-buyl-3-methylimidazolium based ionic liquids
with highest cation stability are selected for experimental studies. As the d-spacing of
modified clays play significant role in the final application, long chain 1-hexadecyl-3-
methylimidazolium based ionic liquids were also selected for experimental studies. 1-
hexyl-3-methylimidazolium substituted derivatives were selected to investigate the
influence of medium chain length as the AE* values start decreasing sharply after Ce.
The effect of pairing anions was investigated using monatomic chloride ions and
complex anion tetrafluoroborate. The frontier molecular orbital plot of 1-alkyl-3-
methylimidazolium based ionic liquids reveal that the HOMO is always located in the
anions for chloride derivatives while it is distributed between the anion and cation in the
case of 1-alkyl-3-methylimidazolium tetrafluoroborate. Further Merz—Singh—Kollman
(MK) charge parameters computed from molecular electrostatic potential mapping show

that chloride anions have better charge transfer features than tetrafluoroborate anions.

3.5 Introduction

The invention of nylon/clay nanocomposites by Toyota researchers in the 1990s
[Usuki et al. 1993; Kojima et al. 1993], triggered the use of nanoclay reinforced
polymer composites in various applications. The easy availability and environment
friendly nature of clay and layered silicates make them a potential candidate among all

other nanocomposite precursors. The poor dispersion of polar clay into a non polar
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polymer matrix restricts its wider use in nanocomposite field. Hence, organic
modification of nanoclay is done to enhance the dispersion, wetting and compatibility in
organic media.

Commercial organophilic clays used in polymer nanocomposites are often
prepared from sodium montmorillonite (MMT-Na®) clay by ion exchange of its
interlayer sodium cations with long chain alkylammonium based ions (Figure 3.7).
Their low thermal stability (<180 °C) results in degradation by Hoffmann elimination
and limits its use in nanocomposite processing at higher temperatures [Cope and
Trumbull 1960; Lee et al. 2005]. Thus, to increase the thermal stability of organically
modified clays, the use of thermally stable imidazolium based ionic liquids (ILs) are
envisaged as an alternative to ammonium salts [Xie et al. 2002; Awad et al. 2004;

Mittal 2007; Livi et al. 2011].

CH
o () @ wa Tame—o
/
| H;C—N"—HT H,C—N*—CH,

H;C—N'—CH,

HT
Hr ¢Cr CH,

Cloisite 10A Cloisite 15A Cloisite 30B

Figure 3.7 Typical quaternary ammonium modifiers for MMT nanoclay. T represents

tallow and HT represents hydrogenated tallow.
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Figure 3.8 (a) Molecular structure of MMT containing exchangeable sodium ion

(MMT-Na") and (b) Schematic representation of side view between layers.

Vikram Sarabhai Space Centre



Chapter 3 61

Depending on the number of layers, clays are broadly classified as kaolinites and
phyllosilicates. Kaolinites have 1:1 layered structures with tetrahedral sheet fused with
an octahedral sheet, whereby the oxygen atoms are shared [Miranda Trevino and Coles
2003]. On the other hand, phyllosilicates consist of the crystal lattice of 2:1 layered
silicates with two-dimensional layers where a central octahedral sheet of alumina fused
to silica tetrahedra as shown in Figure 3.8 [Kato ef al. 2000; Ray and Okamoto 2003].

Cationic nanoclays are exemplified by smectites, a group of 2:1 layer minerals
that includes the hydrated aluminium silicate, montmorillonite (MMT). In such minerals
the anionic charge of the aluminosilicate layer is neutralized by the intercalation of
compensating, exchangeable cations (e.g. Na*, Ca®* and Mg**) and their coordinated
water molecules. MMT consists of thin platelets of less than 1 nm in thickness. Each
aluminum octahedral layer is linked together by oxygen and is sandwiched between
silicon tetrahedral layers. These layers are linked together by Vander Waals forces and
are formed as stacks of plates. Each platelet has a large surface area and a high aspect
ratio of over 200. MMT clays having expandable interlayer spacing are known to be
highly reactive to polar compounds containing exchangeable ions and, hence, are ideal
candidates for modification with organic cations. The cation exchange capacity of MMT
clay ranges between 80 and 150 meq/100 g [Lagaly et al. 2006], which makes clay
modification possible through a cation exchange mechanism. In the modification of
MMTs by ion exchange, the interlayer accessible compensating cations can be
exchanged with a wide variety of hydrated inorganic cations or organic cations
including those of amines or quaternary ammonium salts, phosphonium, pyridinium and
more complex cationic species [Singla ef al. 2012; Vaia et al. 1994; Xie et al. 2002;
Calderon et al. 2008].

ILs being organic salts can be used in ion-exchange processes. The choice of 1-
alkyl-3-methylimidazolium based ILs as organic modifier was based on its stability and
high ionic conductivity. Use of I-alkyl-3-methylimidazolium chlorides for cation
exchange helps in easier processing by detection of chloride traces with silver nitrate
solution. The first report on use of 1-alkyl-3-methylimidazolium based ionic liquid for
clay modification was by Awad et al in 2004 and the modified, I1-ethyl-3-
methylimidazolium montmorillonite clay showed improved basal spacing and thermal

stability. In addition to the high temperature polymer composite applications [Ding et
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al. 2006; Kim et al. 2006; Ha et al. 2009; Montano et al. 2017], 1-alkyl-3-
methylimidazolium modified clays were also used for contaminant removal from water
[Sun et al. 2017, Ladino et al. 2016; Lawal et al. 2015; Li et al. 2014], in
chromatographic columns [Yalcinkaya et al. 2014], as catalyst [Huang et al. 2010] and
SO on.

This work aims to select 1-alkyl-3-methylimidazolium cations for thermally
stable and organophilic clay preparation. The properties of 1-alkyl-3-
methylimidazolium cations are studied systematically using computational techniques
and the cations are selected for experimental studies based on the stability, alkyl chain

length and charge transfer features.

3.6 Methodology

The geometries of 1-alkyl-3-methylimidazolium cations and its ion-pairs with
chloride and tetrafluoroborate anions were optimized at B3LYP level [Lee et al. 1988;
Becke 1993] of DFT using 6-311+G(d,p) basis set as implemented in Gaussian 09
software [Frisch et al. 2009]. The alkyl chain length was selected from methyl
([C;MIm]") to hexadecyl ([C;sMIm]*). The computed parameters include HOMO-
LUMO energy gap (AE*), Mulliken charge analysis and charge transfer features from
molecular electrostatic potential mapping.

HOMO-LUMO gap gives a direct correlation of chemical and radiation stability
in ILs [Zhan et al. 2003; Ilawe et al. 2016]. A large HOMO-LUMO gap implies low
chemical reactivity since it hinders adding electrons to a high-lying LUMO or
extracting electrons from a low-lying HOMO and prevents the formation of the
activated complex of any further reaction [Aihara 1999]. Zhou and Parr [1990]
discussed the chemical reactivity of cyclic conjugated systems using the HOMO-
LUMO gaps of the reactant and the transition state. The kinetic stability of fullerenes
has also been discussed in terms of the HOMO-LUMO energy gap [Schmalz et al.
1988; Liu et al. 1992; Aihara et al. 1996]. Mulliken charge analysis was used to
calculate individual charge contributions at the N2-C,H;,,;, imidazolium ring and N1-
CHjs sites and the total charge contribution to binding energy (Ep) in ILs. The MESP-
derived Merz—Singh—Kollman (MK) charge gives a measure of the amount of charge

transfer from the anion to the cation.
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3.7 Results and discussion
3.7.1 1-alkyl-3-methylimidazolium cation
The optimized structures and HOMO-LUMO plot of I-alkyl-3-
methylimidazolium cations with different alkyl chain lengths are shown in Figure 3.9.
Optimized structure HOMO-LUMO plot
[CZMIm]+ HOMO LUMO
- H6M0 LuMo

[C,MIm]

[CC,MIm]:r HOMO LMo
w M 7 w
[CMIm]* Howo tumo

[CMIm]* Howo wwo
10
H;)Md o LﬁMb o
[C;,MIm]*
HOMO LUMO ‘
[C;MIm]*
% 4.08eV )
—_— 1 Y : —L
HOMO LUMO
[C;sMIm]*

Figure 3.9 The optimized structures (left) of the representative set of [C,MIm]* and

orbital plots (right). The abbreviations used to name the system are also shown.

In 1-alkyl-3-methyl imidazolium cations, as the alkyl chain length increases

from methyl (C;) to hexadecyl (Ci¢), there is significant changes in the HOMO plot,
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where as LUMO is always located at the imidazolium ring. In 1,3-dimethylimidazolium
cation (C;MIm"), HOMO is located on the imidazolium ring and the same trend is
followed till 1-butyl-3-methylimidazolium cation (C;MIm") with constant HOMO-
LUMO gap (6.7 €V). From 1-methyl-3-pentylimidazolium cation (CsMIm") onwards,
the HOMO is shifted to the alkyl chain with decrease in HOMO-LUMO gap, indicating
a decrease in stability and easy degradation of alkyl chain. The change in HOMO-
LUMO gap with increase in alkyl chain length is shown in Figure 3.10. A steady
decrease was observed after C4MIm" cation and the energy gap falls below 4.0 eV after

C16MIm+.
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Figure 3.10 HOMO-LUMO gap vs alkyl chain length of [C,MIm]" cations.

The effect of alkyl chain length on imidazolium ring charge was calculated from
Mulliken charge analysis. The effective charge on the alkyl chain (C,) and imidazolium
ring (IM) are shown in Table 3.5. Mulliken charge on NI1-CH3(C;) showed no
prominent change (0.385 - 0.421) on alkyl substitution at N2, but the charges on IM
(0.230 - 0.567) and C, (0.385 - 0.013) showed significant changes. The total charge on
IM and C, (0.579 - 0.615) remained constant suggesting the charge transfer from alkyl
group at N2. Since the species as such is a cation with a single positive charge, the
charge delocalization properties are dominant over the electron donating nature of alkyl
groups. Hence an unexpected decrease in positive charge from 0.385 to 0.013 a.u. at the
alkyl (C,) side is observed with increasing chain length. Corresponding increase in
positive charge is observed at the imidazolium ring as aromatic delocalization stabilizes

the cation.
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Table 3.5 Mulliken charge distribution in 1-alkyl-3-methylimidazolium cations.

o> —

Cation C, IM C Total
[C;MIm]* 0.385 0.230 0.385
[CoMIm]* 0.331 0.273 0.396
[CsMIm]* 0.184 0.405 0411
[CsMIm]* 0.154 0.435 0411
[CsMIm]* 0.145 0.441 0414
[CeMIm]* 0.173 0.410 0.417
[CoMIm]* 0.062 0.519 0.419
[CsMIm]* 0.042 0.538 0.420
[CoMIm]* 0.043 0.537 0.420
[CioMIm]* | 0.032 0.548 0.420
[C;iMIm]™ | 0.032 0.548 0.420
[C;oMIm]* | 0.017 0.562 0.421
[C;sMIm]* | 0.013 0.566 0.421

]

]

]

"1 0.017 0.563 0.420
[C;sMIm]* | 0.015 0.565 0.420
[CieMIm]* | 0.013 0.567 0.420

U U NUEEN USTO UG (U NUST NUSIN [JUSey NUSSe) RSN [JUSTey NUSSG, U UG N

From the electronic structure analysis, it can be concluded that lower alkyl group
up to C4 are preferable for the clay modification in terms of stability. At the same time
to introduce a higher d-spacing in nanoclays longer alkyl chains are desirable. For
thermally stable IL modified organoclay, [C,MIm]" with AE* > 4 eV was selected and
[C1¢MIm]" with AE* of 4.1 eV was the longest alkyl chain selected for the study. To
study the effect of medium chains Cg derivatives are chosen as the sharp decrease in
AE* begins at Cq. Hence effect of pairing anions described in the following sessions are

restricted to Cu, Cg and C)¢ derivatives of [CoMIm]™.

3.7.2 1-alkyl-3-methylimidazolium chloride

The optimized structures and the HOMO-LUMO plots of representative sets of
[C,MIm]*[C]] ion-pairs are shown in Figure 3.11. The C2-HCl distances ranges from
1.983 A - 2.008 A, which is longer than the covalent bond distance of H-CI (1.31 A)
and shorter than the van der Waals distance of H"CI (2.95 A). The higher Ey value
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(373.4 - 382.8 kJ/mol) suggests strong electrostatic interactions along with hydrogen

bonding.
L
2.005 g @
)\&X 4.08eV W
_ _
HOMO "’
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—> 7 ¢ /
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W
[C1eMIm]*CI" - Howmo LUMO

Figure 3.11 The optimized structures (left) of the representative set of [C,MIm]"[CI]
and HOMO-LUMO plots (right). Distances in A.

The cation—anion charge separation is well evident in the molecular electrostatic
potential (MESP) plots given in Table 3.6. In [C,MIm]*[CI],, the HOMO is located on
the chloride anion and LUMO is located on the imidazolium ring irrespective of the
alkyl chain at N2 with constant HOMO-LUMO gap (4.1 eV). This suggests the higher
reactivity of CI” and hence the cation exchange in MMT-Na" will be favoured by the
formation of NaCl and MMT-[C,MIm]*.

In the MESP plot, anionic charge (represented by blue region) is spherically
distributed around the chloride ion, where as cationic charge (red region) is
concentrated around the imidazolium cation with a short range. The CI anion has the
MK charge of -0.77 (Table 3.6) and cation has the counter positive values, which
suggests a charge transfer of 23 % in [C,MIm]*[CI]". The Mulliken charge analysis
showed a total charge of 0.69 - 0.71 and remaining 0.31- 0.29 (31- 29 %) contribution is
attributed to the sum of electrostatic interaction (23 %) and H-bonding. Considering
MK charge for electrostatic contributions, the hydrogen bonding of 6 - 8 % contributes
77- 96 kJ/mol and electrostatic interaction contributes 287- 296 kJ/mol in the total
interaction energy of 373-383 kJ/mol. The hydrogen bonding energy values computed
by this method is comparable with the reported values [Hunt et al. 2015].
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Table 3.6 MESP plots of [C;MIm]'[CI],, [CeMIm]*[CI]" and [C;¢MIm]"[CI]” with

MESP-derived charge on anion and Mulliken charge. Colour coding, Il # blue
-0.05 au. to red 0.05 au.
1L MESP plot MK charge Mulliken charge
on [CI] C, IM C Total
[C,MIm]*[CI] €4l A 077 | 0.19 | 0.13 | 0.38 | 0.70

[CeMIm][CI] -0.77 0.15 | 0.17 | 0.39 | 0.71

[C16MIm]*[CI] 9 - O -0.77 0.13 | 0.18 | 0.38 | 0.69

3.7.3 1-alkyl-3-methylimidazolium tetrafluoroborate

The optimized structures and the HOMO-LUMO plots of representative sets of
[C:MIm]*[BF,] ion-pairs are shown in Figure 3.12. The C2-HF distances ranges from
2.039 A - 2.268 A, it is longer than the covalent bond distance of H-F (1.07A) and
shorter than the van der Waals distance of H"F (2.67 A). Higher E, values (340- 353
kJ/mol), suggesting existence of strong electrostatic interactions along with hydrogen
bonding. [C,MIm]*[BF4]" molecule have two hydrogen bonds each at C2HF and C5-
H™F respectively [Dong et al. 2006].

In [C,MIm]*[BF4], the HOMO is distributed between the BF4 anion and
imidazolium ring and LUMO is located on the imidazolium ring. As the chain length
increases, from [C1sMIm]*[BF4]’, the N2-C,Hz,41 side chain also contributes to HOMO
and in [C;sMIm]'[BF,], mostly the side chain alone contributes to HOMO. The higher
HOMO-LUMO gap (6.9 eV), suggests a higher stability for [C,MIm]*[BF,] than
[C.MIm]*[CI]". In the MESP plot shown in Table 3.7, the BF, anion has the MK charge
of -0.88 and cation has the counter positive values, which suggests a charge transfer of
12 % in [C,MIm]"[BF,]". The Mulliken charge analysis showed a total charge of 0.77
and remaining 0.23 (23 %) contribution to electrostatic interaction (12 %) and H-

bonding. In [C,MIm]*[BF,], hydrogen bonding of 11 % (C2H"F and C5-H"F)
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contribute 78-82 kJ/mol and electrostatic interaction contribute 184-189 kJ/mol in the

total interaction energy of 340-353 kJ/mol.
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Figure 3.12 The optimized structures (left) of the representative set of [RMIm]*[BF,]
and HOMO-LUMO plots (right). Distances in A.

A comparative analysis of AE*, E,, MK charge and H-bonding features between
[C.MIm]*[CI]” and [C,MIm]*[BF,] are given in Table 3.8. AE* shows a decrease in
stability for [C,MIm]" with increase in alkyl chain length, where as alkyl chain length
has no effect on stability of ion-pairs. Stability of [C,MIm]*[BF,]” is higher than
[CMIm]*[CI] Higher E, for [C,MIm]'[CI]
[C.MIm]*[BF4]” suggest a higher dissociation energy for [C,MIm]"[CI]. MK charge

due to higher AE* value. than

shows higher charge transfer features for chloride derivatives and HOMO-LUMO plots
of [C,MIm]'[CI]" suggest that CI" has a better reactivity, the HOMO being located
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always in anion. In clay modification, [C,MIm]*[CI] favours cation exchange reactions

by the formation of C,MIm/MMT and NaCl.

Table 3.7 MESP plots of [CsMIm]"[BF,], [CeMIm]*[BF,] and [C¢MIm]"[BF,] with

MESP-derived charge on anion and Mulliken charge. Colour coding, Il M blue
-0.05 au. to red 0.05 au.
1L MESP plot MK charge Mulliken charge
on [BF4] Ch, | IM | C, | Total
[C4MIm][BF,] -0.88 0.07 | 0.38|0.33| 0.78
[CeMIm]*[BF4] -0.88 0.01 | 0.43)0.33] 0.77
[C16MIm]"[BF,] -0.88 -0.08 | 0.51 | 0.34 | 0.77

Table 3.8 AE*, E,, MK charge and H-bonding features of [C,MIm]", [C,MIm]"[CI] and

[C,MIm]*[BE,]".

Property n | [CMIm]* | [C,MIm][CI] | [C,MIm]*[BE.]

4 6.67 4.08 6.88

AE* (eV) 6 6.11 4.08 6.87

16 4.08 4.09 6.84

4 - 375.8 345 4

Ep (kJ/mol) 6 - 3745 344.0

16 - 3735 3433

—_ 4 : 23.0 12.0

(% Cch;rgjgeetransfer) 6 _ 23.0 12.0

16 - 23.0 12.0

, 4 - 7.0 10.0

H-bonding 6 i 6.0 11.0

(% Ev) 16 - 8.0 11.0
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3.8 Conclusions

1-alkyl-3-methylimidazolium ILs are proposed as a replacement for alkyl ammonium
salts in clay modification for high temperature applications. Screening of ILs for cation
exchange with MMT-Na" was done based on computed parameters like HOMO-LUMO
energy gap for stability studies, Mulliken charge analysis and MK charge analysis for
charge contribution to electrostatic and hydrogen bonding interactions. Since clay
modification involves cation exchange reactions, the stability of [C,MIm]" cations are
assessed based on HOMO-LUMO energy gap AE*. The aim of organic modification of
clay is to achieve higher organic content and higher d-spacing for better clay dispersion
in organic media and studies are extended up to Cj¢ chain length though AE* shows
drastic decrease in stability after [C;MIm]" (AE*= 6.7 V). This change in stability is
attributed to shift in HOMO from imidazolium ring to alkyl chain after C4. Chain length
of [C,MIm]* in this study is limited to C;¢ for thermally stable IL modified organoclay
(AE* >4 ¢eV).

[C:MIm]*[C]]” and [C,MIm]'[BF,;]" ILs were studied for cation exchange
reaction with MMT-Na®. HOMO-LUMO analysis illustrates higher stability for
[CaMIm][BF4]” (6.8 €V) than [C,MIm]*[CI]" (4.1 eV). In [C,MIm]*[BF,]’, HOMO is
diffused between BF; and imidazolium ring and shifted to N2-alkyl group on
increasing chain length beyond C14, where as HOMO is located on the CI" anion
irrespective of the N2-alkyl chain length in [C,MIm]*[CI]".

Based on the results, [C4MIm]*, [CeMIm]* and [C;cMIm]* based ILs are

selected for experimental studies.
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Synthesis of ionic liquids for clay
modification and experimental validation

L)
®,

R Reflux

&
187.7 1293 e
1200

33.1

126.5 124.5 3;'7
45.0 i 52.5

139.7 ’

13 13 13 ‘
¢ -2 = ¢ 7 [ppm]
150 50 150 50 150 50

Journal of Molecular Liquids

¥

EFI.SEVIER journal homepage: www.elsevier.com

1-Hexadecyl-3-methylimidazolium chloride: Structure, thermal stability and
decomposition mechanism

Eapen Thomas, Deepthi Thomas, S. Bhuvaneswari, K. P. Vijayalakshmi,” Benny K. George

Analytical and Spectroscopy Division, Analytical, Spectroscopy and Ceramics Group, Propellants, Polymers, Chemicals and Materials Entity,
Vikram Sarabhai Space Centre, Thiruvananthapuram- 695022, India




Chapter 4

72

Vikram Sarabhai Space Centre



Chapter 4 73

Abstract

Tonic liquids selected for clay modification, [CsMIm]*[Cl]” and [C;sMIm]*[CI]
were synthesized by refluxing 1-methylimidazole with 1-chloro hexane and 1-chloro
hexadecane respectively with 95 % yield. Commercially available [C4MIm]"[CI]” and
[C4MIm]*[BF4]” were also used for experimental validation of computational results.
Thermal stability of ILs were analyzed using TG, decomposition products were
identified using Py-GC-MS and activation energy for thermal decomposition was
computed by Kissinger method and Flynn-Wall-Ozawa method. The experimental

results were remarkably conforming to the theoretical studies described in chapter 3.

4.1 Introduction

Derivatives of 1,3-dialkylimidazolium cation associated with various anions are
among the most investigated class of ionic liquids (ILs).This is due to their ease of
synthesis, stability and the possibility of tuning their physico-chemical properties by
choice of the N-alkyl substituents and/or anions [Dupont 2004]. The majority of these
ILs are prepared by alkylation of N-methylimidazole with an alkyl halide to give the
corresponding 1-alkyl-3-methylimidazolium halide followed by anion metathesis

(Scheme 4.1)[Wilkes and Zaworotko1992; Suarez et al. 1996; Huddleston et al. 1998].

H,C- NN
R-Cl
=\
e~ Y N~g
cr
NaBF, NaPF¢
mc— Y N~g e~ Y N~g
BF, PF¢

Scheme 4.1 General reaction scheme for the synthesis of 1-alkyl-3-methylimidazolium

ILs.
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4.2 Experimental section

4.2.1 Materials
1-Methylimidazole from Alfa Aesar, England, 1-chlorohexane and 1-

chlorohexadecane from Sigma Aldrich, USA were used for synthesis of 1-hexyl-3-
methylimidazolium chloride and 1-hexadecyl-3-methylimidazolium chloride. 1-butyl-3-
methylimidazolium chloride and 1-butyl-3-methylimidazolium tetrafluoroborate from

M/s Otto Chemie Pvt. Ltd, Mumbai, India were used for experimental validation.

4.2.2 Synthesis of 1-hexyl-3-methylimidazolium chloride, [CsMIm]'[CIT

In a 250 mL round bottom flask connected with a reflux condenser, 1-
methylimidazole (12.30 g, 0.150 mol) and 1-chlorohexane (19.30 g, 0.160 mol) were
added simultaneously. The mixture was heated from room temperature to 120 °C with
magnetic stirring and the reaction was continued at 120 °C for 120 min. The progress of
reaction was monitored by analyzing the reaction mixture every 30 minutes by *C
NMR spectroscopy till the CH,-Cl peak in 1-chlorohexane at 45.0 ppm disappeared and
a new quaternary N-CH, peak appeared at 52.5 ppm (Figure 4.1). The product purified
by phase separation in ethyl acetate resulted in a slightly yellowish liquid with 95 %
yield.

e Wl NP i 311

32.6
1-chlorohexane 25‘3.5 13.9

45.0

- P 1200

1-methylimidazole ‘ ‘

cr
o NN 33.7.. 24.9

126.5 1245 284
525 39.1 16.5

—— e 2 —
200 150 100 50 0[ppm]

1-hexyl-3-methylimidazolium chloride
139.7

Figure 4.1 Overlaid °C NMR spectra of 1-chlorohexane, 1-methylimidazole and
[CeMIm][CI]".
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4.2.3 Synthesis of 1-hexadecyl-3-methylimidazolium chloride, [CisMIm] [CIT

In a 250 mL round bottom flask connected with a reflux condenser, 1-
methylimidazole (12.30 g, 0.150 mol) and 1-chlorohexadecane (41.74 g, 0.160 mol)
were added simultaneously. The mixture was heated from room temperature to 140 °C
with magnetic stirring and the reaction was continued at 140 °C for 120 min. The
progress of reaction was monitored by analyzing the reaction mixture by “C NMR
spectroscopy till the CH,-Cl peak in 1-chlorohexadecane at 45.17 ppm disappeared and
a new quaternary N-CH; peak appeared at 50.25 ppm (Figure 4.2). The non equivalent
C4 (129.27 ppm) and C5 (120.01 ppm) in 1-methylimidazole was shifted to 123.31 and
121.55 ppm respectively in [C;sMIm]*[CI]” due to the formation of new N-CH, bond
and presence of CI” anion. The mixture was cooled to room temperature (30 °C) and the
product was purified by recrystallization in ethyl acetate. Vacuum drying of the

recrystallised material for 4 hours resulted in a white powder with 95 % yield.
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Figure 4.2 3C NMR spectra of (a) 1-methylimidazole, (b) 1-chlorohexadecane and (c)
[CieMIm]*[CI].

4.2.4 Instrumental
Synthesis of ILs were followed using ">°C NMR analysis using a Bruker Avance-

111, 400 MHz spectrometer at 100.2 MHz for °C nucleus. ILs were characterized using
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ThermoScientific Nicolet iS50 FTIR spectrometer equipped with PIKE GladiATR
accessory in the wavelength region 4000-525 cm™ with a spectral resolution of 4 cm™.
CHN analysis was done using Perkin Elmer 2400 CHNS analyzer with thermal
conductivity detector. Thermal stability of ILs was studied using TA Instruments SDT
Q600 TGA from room temperature to 600 °C at a heating rate of 10 °C/min. in nitrogen
atmosphere. Melting point and phase changes of solid [C;MIm]"[Cl]’, were determined
using TA Q20 Differential Scanning Calorimeter (DSC) at a rate of 10 °C/min. from -
20 °C to 100 °C in nitrogen atmosphere followed by cooling at the same rate and
repeating the cycle for 4 times. FTIR heating experiments (30 -170 °C) and X-ray
diffraction analysis using Bruker D8 Discover diffractometer were also carried out for
[C16MIm]*[CI]". Decomposition products of ILs were identified using pyrolysis GC-
MS. The GC/MS system consists of a Thermo Electron trace Ultra GC directly coupled
to a Thermo Electron PolarisQ (Quadrupole ion trap) mass spectrometer and SGE

pyrolyser and the pyrolysis was carried out at 350 °C.

4.3 Results and discussion

4.3.1 FTIR analysis

2847

2918

[CmMII’IlT[C]

[—

% Transmittance

[CeMIm]*[CI]-

LA

[CsMIm]*[CI]-

4000 3500 3000 2500 2000 1500 1000
Wave number (cm '1)

Figure 4.3 FTIR spectrum of [C4MIm]*[CI]", [CsMIm]'[CI] and [CsMIm]'[CI]".
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FT-IR spectra of [C4MIm]*[CI], [CeMIm]*[CI]” and [C;sMIm]'[CI] are shown
in Figure 4.3. The peaks at 3083 and 3048 cm™ were due to the aromatic C-H stretching
vibrations of imidazolium ring. Strong absorption bands in the region 2800-3000 cm’
represent alkyl C-H stretching vibrations. Peaks at 1574 cm™ and 1466 cm™ are due to
C=C and C=N vibrations respectively. Presence of water is confirmed from the peaks at
3462 cm™ and 1634 cm™. In [C1MIm]*[CI], peak at 3407 cm™ suggests O-H stretching

(H-bonded), which may be due to presence of water of hydration.
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Figure 4.4 FTIR spectra of [C;sMIm]'[CI] at 40, 50, 55, 60, 100, 150 and 170 °C.
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Figure 4.4 shows the FTIR spectrum of [C;gMIm]*[CI]" at different
temperatures; 40, 50, 55, 60, 100, 150 and 170 °C. The intensity of characteristic alkyl
C-H stretching vibrations (2800-3000 em™), C=C (1574 cm™) and C=N (1466 cm™)
vibrations of imidazolium ring, were unaffected on heating from 30 -170 °C. The peaks

at 3462 cm’ (free hydroxyl) and 3407 cm™ (H-bonded) merged to a single peak (3430
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cm™) on heating between 60 °C to 150 °C with reduction in intensity and finally
disappeared above 170 °C indicating the presence of water of hydration in
[C1eMIm]*[CI]".

The water of hydration possibility in [C;sMIm]*[CI]” was theoretically verified
using DFT at B3LYP/6-311+G(d,p) level of DFT. Figure 4.5 shows the optimized
structures and molecular electrostatic potential (MESP) plots of [C;¢MIm]*[CI],
CisMImCI.H,O and C;iMImCI.2H,0. The distances of the C2-HCl were 1.99 A, 2.17
A and 2.19 A respectively in [C;MIm]*[CI], C;eMImCLH,O andC;MImC1.2H,0,
which was longer than the covalent bond distance of H-CI (1.31 A) and shorter than the
van der Waals distance of HCl (2.95 A). Existence of strong electrostatic interactions
in [C;¢MIm]*[CI] ion pair was revealed from its BSSE corrected binding energy of
371.1 kJ/mol. The bond lengths and bond angles of [C;sMIm]*[Cl]", C;sMImC1.H,O
and C;sMImCI1.2H,0 are compared with reported values of [C;sMIm]" cation in Table
4.1. These values show that hydration has no significant effect on the structural

parameters of [C;¢MIm]*[Cl]".

(c) C;sMImCIL.2H,0

Figure 4.5 Optimized structures and MESP plots of [C;sMIm]'[Cl], C;sMImCIl.H,O
and CsMImCI1.2H,0 at B3LYP level of DFT. Distance in A. Colour coding, I " =
blue -0.05 au. to red 0.05 au.
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Table 4.1 Selected bond lengths (A) and angles (°) of [C;cMIm]'[CI]", C;sMImCI1.H,O

and C;sMImCI1.2H,O. Experimental values for [C;sMIm]" cation is shown.

Computed Experimental
[Zhao et al. 2010]
[C16MIID]+[C1]- C16MImClH20 C16MImC12H20 [C16MIID]+
N(1)-C(1) 1.470 1.469 1.468 1.471
N(1)-C(2) 1.337 1.338 1.338 1.324
N(1)-C(3) 1.384 1.385 1.386 1.375
N(2)-C(4) 1.385 1.382 1.383 1.356
N(2)-C(5) 1.478 1.480 1.478 1.474
N(2)-C(2) 1.339 1.337 1.337 1.327
C(3)-C4) 1.361 1.361 1.361 1.347
C(5)-C(6) 1.529 1.529 1.529 1.498
C(6)-C(7) 1.533 1.533 1.532 1.516
C(19)-C(20) 1.531 1.531 1.532 1.503
C(2)-N(1)-C(1) 123.3 124.9 124.9 125.1
C(2)-N(1)-C(3) 109.3 108.8 109.0 108.7
C(2)-N(2)-C4) 109.0 108.9 108.8 108.4
C(2)-N(2)-C(5) 124.0 124.0 124.0 125.2
C(4)-N(2)-C(5) 126.9 127.1 127.2 126.3
C(4)-C(3)-N(1) 106.8 107.0 106.6 106.2
C(3)-C(4)-N(2) 107.0 107.0 107.2 108.1
C(3)-N(1)-C(1) 127.4 126.3 126.1 126.3
N(1)-C(2)-N(2) 108.0 108.4 108.3 108.6
N(2)-C(5)-C(6) 112.4 112.2 112.2 113.4
C(5)-C(6)-C(7) 111.7 111.4 111.5 110.6
C(18)-C(19)-C(20) 113.3 113.3 113.3 115.0

The stabilization energy computed was 59.9 kJ/mol on monohydration
(C16MImC1.H;0) and 18.8 kJ/mol on dihydration (C;sMImCI.2H,0). The value of
MESP at electrostatic minimum (V,i,) [Gadre et al. 1992; Pathak and Gadre 1990;
Neetha et al. 2014] for [C;sMIm][CI], Ci;cMImCLH,O and C;sMImC1.2H,O were
0.1230, 0.1118 and 0.1170 a.u. respectively. In [C;sMIm]*[CI]", the anionic charge is

spherically distributed around CI' and cationic charge is concentrated around the

imidazolium ring. The long alkyl chain (green region) showed lower interaction with

the anion. In C;(MImCI.H,0O, the anionic charge is dispersed between CI- and H,0O

molecule. In C;sMImCI.2H,0, the second water molecule at C3 position shows more of

cationic character due to the utilization of water lone pair for hydrogen bond formation

[Neetha er al. 2014]. The HOMO-LUMO gap increases on hydration, in the order
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[C1sMIm]'[CI]” (4.09 eV) < C;sMImCLH,0 (4.44 eV) < C;eMImCL2H,O (4.53 eV).
Generally increased HOMO-LUMO gap suggest increased stability especially in the

case of ionic liquids [Ilawe et al. 2016].

4.3.2 CHN analysis

Theoretical elemental composition for [C4MIm]*[CI], [CeMIm]"[CI]" and
[C1¢MIm]*[CI]” with the observed values are shown in Table 4.2. Purity of standard
[CsMIm]*[CI]” was 99 % and the elemental analysis showed a purity of 99.4 % for
[CsMIm]*[CI]” and 99.3 % for [C¢MIm][C1]". In the case of [C;sMIm]*[CI], elemental
analysis suggests the formation of C;sMImCL2H,0. The formation of dihydrate is
further supported by TG/DSC analysis (section 4.3.4.4).

Table 4.2 Theoretical and observed elemental composition.

Theoretical (%) Observed (%)
C H N o Cl C H N | O] Cl
[CsMIm]F[CI) 550 | 87 [160| O | 203 53992 |155| 0 |214
[CeMIm]*[CI] 592 | 95 [138] 0 | 175 588100139 | 0 |17.3
[CisMIm]*[CI] 70.0 | 11.5 | 82 | O | 10.3
CisMImCI1.H,O 665 | 114 | 7.8 | 45| 98 |63.1 122 | 8.1 |84 | 8.2
CisMImCI1.2H,0 | 634 | 114 | 74 | 84 | 9.3

Compound

4.3.3 DSC analysis of [CisMIm]'[CIT
The melting point of [C;MIm]"[Cl]” was analyzed using DSC (Figure 4.6) and
observed a broad endothermic peak at 56.9 °C, suggesting the existence as IL with

different phases. DSC heat cool method was done to identify the phases present in

synthesized C;sMImCI (Figure 4.6).
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Figure 4.6 DSC heating (a) and cooling (b) profiles of [C;sMIm]"[CI]".
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A broad endothermic transition at 56.9 °C on first cycle of heating represents the
crystal-mesophase transition and a crystallization peak was observed at 38.4 °C on
subsequent cooling at the same rate (-10 °C/min) [Goujon et al. 2015; Bradley er al.
2002]. The enthalpy of endothermic crystal to mesophase transition is in the range of
20-50 kJ/mol [Downard et al. 2004] and [C;sMIm]*[CI]" possess enthalpy of 21.2
kJ/mol. Multiple endothermic transitions were observed on second and third cycle of
heating representing the melting of various crystal phases in to smectic phase with slight
variation in hydration levels. The cooling curves showed only one crystallization peak
at every event. Repeated heating resulted in single endotherm at 44 °C, suggests that

water is more evenly incorporated into the system.

4.3.4 Thermal stability
4.3.4.1 Effect of anion

Computational studies revealed that the anion has a significant effect on thermal
stability and decomposition mechanism of ILs. Figure 4.7 shows the TG/DTG curves of
[C4MIm]*[C]] and [C;MIm]"[BF,]” with maximum decomposition temperatures (T) of
284 and 427 °C respectively. The change of Cl” to BF, with [C4MIm]" resulted in an
increase of T, by 143 °C. The reason for higher reactivity of CI" was attributed to the
presence of HOMO on the CI anion in [C4MIm]*[CI]", where as HOMO was diffused
between BF; and imidazolium ring in [C;MIm]*[BF,]". The decomposition mechanism

of [C4MIm][Cl] and [CsMIm]*[BF4] were analysed to clarify the concepts further.
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Figure 4.7 TG and DTG curves of (a) [C4MIm]*[CI] and (b) [C4MIm]"[BF4]°
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4.3.4.2 Decomposition mechanism of [C.MIm['[CI]

10.79
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Figure 4.8 Pyrogram and decomposition products of [C;MIm]*[CI] at 350 and 600 °C.

Figure 4.8 shows the pyrogram of [C4MIm]"[CI]" at 350 and 600 °C. The
decomposition products were 1-chloromethane (m/z = 50), 1-chlorobutane (m/z = 92),
1-methylimidazole (m/z = 82) and 1-butylimidazole (m/z = 124). A decomposition
mechanism based on the products obtained on pyrolysis is shown in Scheme 4.2. The
dealkylation reaction is initiated by the nucleophilic attack of Cl anion at the alkyl
group of imidazolium cation which passes through the bimolecular nucleophilic (Sn2)

transition state.

I 2\
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J -\_\/\

Cl

N>
‘ N" "N i1 "N

(n

Scheme 4.2 Decomposition route of [C;MIm]*[CI]".

A semi-quantitative estimation of products formed during pyrolysis was done
using standard solutions (1 ppm) of I-methylimidazole (C;Im) and I1-butylimidazole
(C4Im) in analytical grade methanol. 1 pL. of standard solutions were injected and the

area ratio of C{Im to C4Im was taken. From the C{Im to C4Im area ratio, the actual ratio
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of ClIm and C4Im were quantified as shown in Table 4.3. Based on this, SN2 reaction

by pathway-I (Scheme 4.2) proceed by 89.9 % and pathway-II by 10.1 %.

Table 4.3 Semi-quantitative estimation of I-methylimidazole and 1-butylimidazole

from area of respective peaks in the pyrogram.

Area Area ratio
(CiIm : C4Ilm)
Standard I-methylimidazole (C;Im) 1439687 L: 146
(1 ppm) 1-butylimidazole (C4Im) 2101943 o
CiIm 26225477
1:12.97
S | Cylm 340105531
ample
; 1:(12.97/1.46
([C.MIm]*[CI]) Actual ratio ( )
1:8.88
Ratio for 100 % of the reaction 10.12 : 89.88
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Figure 4.9 Energy profile and transition states of [C;MIm]"[Cl]" decomposition shown
in Scheme 4.2. (a) Pathway-I and (b) Pathway-II. Bond lengths in A.

The activation energy (E,) of reaction pathways shown in scheme 4.2 was
calculated at B3LYP/6-311+G(d,p) level of DFT. Transition states identified and energy

profile are shown in Figure 4.9. Demethylation reaction (pathway-I) proceed with an E,
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of 122.7 kJ/mol while debutylation reaction proceed with an E, of 130.8 kJ/mol (Figure
4.9). These results show the preference for pathway-I with decrease in E, of 8 kJ/mol
over pathway II and the higher percentage of 1-butylimidazole is accounted. The easy
accessibility of CI in the sterically favoured methyl side can also be attributed to the

presence of higher percentage of 1-butylimidazole in the pyrolysis products.

Table 4.4 Computed activation energy of [CsMIm]*[CI]".

Sn2 (D) Sn2 (1D Avg. E,
—[E.Gdmol) [Rn.(%) | E, (kIfmol) |Rn. (%) | (kV/mol)
[CMImTTICT 7257 89.88 130.8 1012 | 1235

Table 4.5 Activation energy by Kissinger method.

Kissinger method

B Ts (K) B/Ts? 1000/Ts In(B/Ts?)
2 533.8 7.02E-06 1.873 -11.8669
5 549.8 1.65E-05 1.819 -11.0097
10 557.2 3.21E-05 1.791 -10.3479
15 564.1 4.71E-05 1.773 -9.9624

13,
y=18.87x-23.44

12+

-In{B/Ts?)
=

10
9 T T T T T 1
1.76 1.78 1.8 1.82 1.84 1.86 1.88
1000/Ts
Slope 18.87
E.(kJ/mol) = slope x R 156.8

The net E, for the reaction was calculated from E, of pathway-I and pathway-II
and C;Im: C4Im area ratio. The average E, was 123.5 kJ/mol (Table 4.4). Experimental
values for E, were calculated using Kissinger method and FWO methods as shown in

Table 4.5 and Table 4.6 respectively.
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Table 4.6 Activation energy by FWO method.
FWO method
B Temp. (°C) for Conversion
10% 20% 30% 40% 50% 60% 70% 80% 90%
2 502 512 518 523 527 531 534 538 542
5 515 526 533 538 543 547 550 554 558
10 522 535 543 548 552 556 560 563 569
15 529 542 549 555 559 563 567 572 577
Calculations
log B 1000/Ts
0.301 1.992 | 1953 | 1.930 | 1912 | 1.897 | 1.883 | 1.873 | 1.859 | 1.845
0.699 1.942 | 1901 | 1.876 | 1.859 | 1.842 | 1.828 | 1.818 | 1.805 | 1.792
1.000 1.916 | 1.869 | 1.842 | 1.825 | 1.812 | 1.799 | 1.786 | 1.776 | 1.757
1.176 1.890 | 1.845 | 1.821 | 1.802 | 1.789 | 1.776 | 1.764 | 1.748 | 1.733
1.2
1.0 >
0.8-
(<=
_g’ 1 > <
0.6
0.4
0.2 T T T T T T T T T T T T
1.72 1.76 1.80 1.84 1.88 1.92 1.96 2.00
1000/Ts
10% 20% 30% 40% 50% 60% 70% 80% 90%
Slope -8.791 | -8.193 | -8.021 | -7.995 | -8.132 | -8.252 | -8.079 | -8.094 | -7.891
Constant,b | 0.457 | 0.457 | 0457 | 0.457 | 0.457 | 0.457 | 0.457 | 0.457 | 0.457
E.(kJ/mol)
= 159.93 | 149.05 | 145.92 | 14545 | 147.94 | 150.13 | 146.98 | 147.25 | 143.56
(—SlopexR)
b

Avg. E, = 148.5 kJ/mol

E, calculated using Kissinger method and FWO methods were 156.8 kJ/mol and

148.5 kJ/mol respectively. The difference between computed and experimental E, is due

to the lattice energy change in experiments unlike gas phase calculations in

computational methods, however computational studies provide more insight in to the

mechanism and difference in E, among various reaction mechanisms.
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4.3.4.3 Decomposition mechanism of [C.MIm]'[BF 4

Pyrogram of [C;MIm]*[BF4] at 600 °C is shown in Figure 4.10. Major peaks in
the pyrogram are identified as 1-butene (m/z = 56), 1-methylimidazole (m/z = 82) and
1-butylimidazole (m/z = 124). Owing to the steric bulkiness of [BF4]" compared to CI,
the SN2 reactions are likely to happen only at the N3-CHj site (Scheme 4.3) and it is

unambiguous with the presence of butylimidazole as the major product in the pyrogram.
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Figure 4.10 Pyrogram and decomposition products of [C;MIm]*[BF,]" at 600 °C.

N
L@ o SNTUN 4 SN+ HF + B

Scheme 4.3 Decomposition routes of [C4MIm]*[BF,]".

Table 4.7 Semi quantitative estimation exemplified for [C;MIm]"[BF,]".

Area Area ratio (CiIm : C4Im)
Standard I-methylimidazole 1439687 L 146
(I ppm) 1-butylimidazole (C4Im) | 2101943 o
CiIm 51652142
1:1.54
S | Cylm 79814872
ample
. 1:(1.54/1.46
([CsMIm]*[BF4]) Actual ratio ( )

1:1.05

Ratio for 100 % of the reaction 48.78 : 51.22
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Differing from [C4MIm]*[CI],, the presence of 1-butene in the pyrogram
suggests existence of competitive elimination reactions in the thermal decomposition of
[C4MIm]*[BF4] and transition state was identified for E2 elimination (pathway-II).
Higher concentration of 1-butene and 1-methylimidazole in the pyrogram suggest the
possibility of interplay of both the mechanisms in decomposition of [C4MIm]*[BF,]".
The ratio of 1-methylimidazole to 1-butylimidazole was determined by a semi

quantitative method and observed both reactions proceed equally (1:1) (Table 4.7).
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Figure 4.11 Energy profile and transition states of [C4MIm]*[BF4]" decomposition
shown in Scheme 2. (a) Pathway-I (Sx2 )and (b) Pathway-II (E2). Bond lengths in A.

Computed activation barrier for the formation of butylimidazole (Figure 4.11) is
188.5 kJ/mol and is higher than the corresponding value for [C;MIm]*[CI] (122.7
kJ/mol). Transition state for E2 elimination was characterized by a four membered ring
with breaking of C-N bond at C'N distance 2.537 A and simultaneous B-hydrogen shift.
The activation barrier for this reaction was 237 kJ/mol (Figure 4.11). The average E,
predicted using DFT was 212.1 kJ/mol and using Kissinger method and FWO methods
were 236.8 kJ/mol and 258.0 kJ/mol respectively.

4.3.4.4 Effect of alkyl chain length on thermal stability
Computational studies showed that alkyl chain length have no effect on thermal

stability of ILs with similar anions. Figure 4.12 shows the TG/DTG curves of
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[CaMIm]*[CI], [CeMIm]*[CI]” and [C;sMIm]*[C]]". It was observed that the maximum
decomposition temperatures were 284, 285 and 296 °C respectively for [C4MIm]"[CI],
[CeMIm]*[CI]” and [C;cMIm]*[CI]". The DTG curve of [C;¢MIm]'[Cl]” showed two
distinct exothermic peaks below 200 °C with weight loss of 10.6 % equivalent to two
moles of water (C;sMImCI.2H,0). This is in agreement with the elemental analysis and

computed parameters.
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Figure 4.12 TG/DTG curves of (a) [C4;MIm]'[CI], (b) [CeMIm]'[CI]” and (c)
[C1¢MIm]*[CI]. The enlarged TG/DSC curve below 200 °C is shown as inset for
[C16MIm]"[CI].

4.4 Conclusions

Ionic liquids selected for clay modification, [CsMIm]*[Cl]” and [C;sMIm]*[CI]
were synthesized with 95 % yield. The effect of anion on thermal stability of ILs were
established using [C4MIm]"[CI] (T = 284 °C) and [C4MIm]"[BF4] (T = 427 °C), and
conform to the computed parameters based on HOMO-LUMO energy gap. The

decomposition products identified using pyrolysis GC-MS and transition states using
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DFT method established the higher reactivity of [C;MIm]*[CI] over [C4MIm]*[BF,] as
predicted from the charge transfer analysis. The non-dependency of alkyl chain length
on stability of ILs were confirmed by analysing [C4;MIm]"[CI],, [CeMIm]*[CI]" and
[C1¢MIm]*[CI]". The dihydrate formation in [C;MIm]*[Cl]” was analysed using DFT
method and confirmed using elemental analysis, FT-IR high temperature studies and
DSC analysis. The experimental results were complimenting to the theoretical studies

described in chapter 3.
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Abstract

Sodium montmorillonite clay (MMT-Na*) was modified using cation exchange
reaction of Na* with [C,MIm]*. 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 product of C;MIm/MMT was identified using pyrolysis 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 *C NMR

spectroscopy.

5.1 Introduction

Awad et al. for the first time in 2004, used 1-alkyl-3-methylimidazolium based
ionic liquid for clay modification. The modified, 1-ethyl-3-methylimidazolium
montmorillonite clay (C,MIm/MMT) showed an improved basal spacing of 1.2 A and
thermal stability with onset temperature (5 % weight loss, Tsq,) of 325 °C. Later, Ding et
al. [2006] used 1-methyl-3-tetradecylimidazolium modified clay (C;sMIm/MMT) with
increased d-spacing of 7.5 A, as a filler (5 wt %) for polyolefin-clay composite and
observed an improvement in thermal stability of composite material (T, = 484 °C) over
neat polypropylene (T, = 318 °C). Table 5.1 shows the reported I-alkyl-3-
methylimidazolium modified MMT clays (C,MIm/MMT) with d-spacing values. In
reported C,MIm/MMT systems, TGA data was used for organic content estimation [Ha
et al. 2009; Huang et al. 2010; Yalcinkaya et al. 2014] and multiple maximum
decomposition temperatures due to side chain degradation and adsorbed IL in unwashed
clays were reported [Lv et al. 2015; Montano et al. 2017]. Only few literatures gives a
quantitative information on thermal stability of C,MIm/MMT [Awad et al. 2004;
Reinert et al. 2012].

The initial studies were focused on the use of C,MIm/MMT as a filler for
polymer-clay nanocomposites [Ding et al. 2006; Kim et al. 2006; Ha et al. 2009].
Various applications and modification process of C,MIm/MMT are shown in Table 5.1.
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Table 5.1 Reported 1-alkyl-3-methylimidazolium modified clays.
& -
CiMIm/MMT | . spacing Application Method/ References
increase (A)
) Agq. suspension of MMT and IL
CMIm/MMT 1.2 "Sl“thzr'glsal degradation mixture stirred for 5 h at 60 °C.
. [Awad et al. 2004]
Polyolefin clay nano- Magnetic stirring for 5 h at 50 C.
C14MIm/MMT 75 composites [Ding et al. 2006]
CoMIm /MMT 0.9 Polypropylene clay Stirring at 80 °C for 6 h.
CeMIm/MMT 2.4 nano- composites/ [Kim et al.2006; Ha et al. 2009]
C,MIm/MMT 2.0 Clay- . _
y-supported chloro St £ 80 «C for 5 h. [H "
CyMIm/MMT 3.0 aluminate ionic liquid | l‘%ﬁ%j‘ or> h. [Huang ¢
CisMIm/MMT 4.0 catalyst '
C/,MIm/MMT 1.6 Adsorption of ILs on to | Agitation at 55 °C for 30 min.
CsMIm/MMT 1.7 MMT [Reinert et al. 2012]
Electrically conducting Mixing MMT and IL in the weight
MIm/MMT 4.2
CaMIm/ thin film ratio 1:10. [Takahashi et al. 2012]
CsMIm/MMT 2.5 Ch . hi Stirri bt
C,MIm/MMT 49 r(?ma. ographic 1rr11‘1g overnight.
applications [Yalcinkaya et al. 2014]
CisMIm/MMT 9.6
CoMIm/MMT 4.0 Ionic liquids in Ca-MMT | Shaken for 24 h at 150 rpm.
CicMIm/MMT 6.6 for chromate removal [Li et al. 2014]
IL concentration on Centrifuged for 60 min at 150 rpm.
C1sMIm/MMT 8.2 process of intercalation [Wu er al. 2014]
C,MIm/MMT 71 Removal of amaranth Stirring overnight. [Lawal et al.
dye 2015]
CiuMIm/MMT 4.0 Tonic liuids in Ca-MMT Shaken on a reciprocal shaker at 150
C1MIm/MMT 6.6 o IquIes i o rpm for 24 h. [Lv et al. 2015]
Thermal degradation of | Probe sonication for 15 min. [Eapen
CMIm/MMT L5 organoclay et al. 2016 (This Thesis)]
CeMIm/MMT 1.9 Perchlorate removal Probe sonication for 15 min. [Eapen
C 1 MIm/MMT 6.5 from water et al. 2016 (This Thesis)]
CaMIm/MMT 22 Extraction of low- Stirred for 1 h at room temperature
CsMIm/MMT 3.3 polarity organic (Ladino et al. 2016
CigMIm/MMT 6.4 compounds from water
CaMIm/MMT 19 Functionalization of Stirred for 1 h at room t t
unctionalization o irred for 1 h at room temperature.
CsMIm/MMT 2.9 MMT with ILs [Montano et al. 2017]
CisMIm/MMT 6.3
CMIm/MMT 25 Removal of chloramph- | Mixed on a shaker table at 150 rpm

enicol from water

for 24 h. [Sun et al. 2017]

Vikram Sarabhai Space Centre




Chapter 5 95

Processing of C,MIm/MMT involves time consuming stirring methods with or
without heating (Table 5.1). Wu et al. [2014] studied the effect of IL concentration on
efficiency of clay intercalation and observed no further improvement in d-spacing above
5000 ppm concentration of IL. Ladino et al. [2016] studied the effect of counter anion
on IL intercalation in MMT clay by selecting ILs with Br, OH™ and BF, anions and no
significant changes in d-spacing ( + 0.3 A) were observed.

In this work, the proposed ILs viz. C;MIm/MMT, CMIm/MMT and
CiMIm/MMT for clay modification, together with unexplored 1-decyl-3-
methylimidazolium modified MMT (C;)MIm/MMT) were prepared using a probe
sonication method with the lowest processing time (15 min.) reported. Thermal stability
of prepared C,MIm/MMT was compared quantitatively with commercial alkyl
ammonium clays for 1 % decomposition (T;¢) and 50 % decomposition (Tspg). The
conformation of [C,MIm]" inside the clay gallery was analysed using Raman
spectroscopy and the microstructural environment of C,MIm/MMT is also depicted.
Thermal decomposition mechanism of C4MIm/MMT was established using pyrolysis
GC-MS analysis, >C NMR analysis and computational studies.

5.2 Experimental section

5.2.1 Materials

Sodium montmorillonite clay (MMT-Na"), Cloisite 10A, Cloisite 15A, Cloisite
20A and Cloisite 25A from Southern Clay Products, Inc., USA; 1-butyl-3-
methylimidazolium chloride, 1-butyl-3-methylimidazolium tetrafluoroborate and 1-
decyl-3-methylimidazolium chloride from Otto Chemie, India; Methanol from Fisher
Scientific, India; 1-hexyl-3-methylimidazolium chloride and 1-hexadecyl-3-

methylimidazolium chloride synthesized were used for clay modification.

5.2.2 Modification of clay

Aqueous suspension of MMT-Na" in distilled water (2%) was prepared by
sonicating for 10 minutes using Hielscher-UIP1000hd probe sonicator at amplitude of
80 %. To this IL diluted in methanol was added and the exchange reactions were carried
out by sonicating for 15 minutes. It was allowed to settle and filtered. The residue was
repeatedly (5-8 times) washed with distilled water until no chloride traces were

detected with silver nitrate solution. The residue (C,MIm/MMT) was dried at room
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temperature for 4 h and then at 100 °C for 2 hour under vacuum. Table 5.2 shows the
list of modified clays.

Table 5.2 Modifier and abbreviations for modified clays.

Modifier/cation Modified clay
1-butyl-3-methylimidazolium C,MIm/MMT
1-hexyl-3-methyl imidazolium CsMIm/MMT
1-decyl-3-methyl imidazolium CioMIm/MMT
I-hexadecyl-3-methylimidazolium | C;cMIm/MMT

5.3 Results and discussion
5.3.1 FTIR analysis
Figure 5.1 shows the FTIR spectrum of C;gMIMCl, MMT-Na® and

CsMIm/MMT. In [C;cMIM]'[CI], The peaks at 3154, 3083 and 3048 cm™ were due to
the aromatic C-H stretching vibrations of imidazolium ring. Strong absorption bands in
the region 2800-3000 cm’ represent alkyl C-H stretching vibrations. Peaks at 1574 cm’
and 1466 cm™ are due to C=C and C=N vibrations respectively. Presence of water is
confirmed from the peaks at 3462 and 1634 cm™. In MMT-Na*, The stretching signals
for the silicon-oxygen and aluminum-oxygen bonds are observed at 1047 cm™ and 915

"and 3630 cm™ are assigned to absorbed

cm™ respectively. The bands at 1636 cm’
water, while peak at 3430 em’ is assigned to the stretching of hydroxyl group. The
modification of MMT-Na" is clearly evident in C;sMIm/MMT from the appearance of

peaks characteristic of [C;sMIM]"[CI]".

i 1047

% Transmittance

i 1047

4000 3500 3000 2500 12000 1500 1000 500
cm

Figure 5.1 FTIR spectra of [C;sMIM]*[CI] MMT-Na* and C;sMIm/MMT.
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5.3.2 XRD analysis

XRD analysis was performed to observe the basal spacing between layers after
exchanging sodium ions with the imidazolium cation (Figure 5.2). X-ray diffraction

pattern of MMT-Na" exhibits 001 peak centred at 20 = 7.30° corresponding to a basal d-

spacing of 12.09 A. For the modified clays, the characteristic peak of the clay was

shifted to lower 20 value leading to an increase of the interlayer spacing. This shift is a

clear signature of the intercalation of the imidazolium cation between the layers of

MMT. The d-spacing values of modified clays are shown in Figure 5.2.

20000

15000 A

10000

Counts

5000 -

Clay d-spacing
(A)
MMT-Na* 12.09
CMIW/MMT  13.64
CMIM/MMT — 13.97
C\MIm/MMT ~ 14.38
CMIM/MMT  18.55

Figure 5.2 XRD spectra of MMT-Na*, C,MIm/MMT, CeMIm/MMT, CjoMIm/MMT

and C;{MIm/MMT. The d-spacing values are shown as inset.

5.3.3 Sodium estimation

Table 5.3 shows the sodium content in MMT-Na* and modified clays. The ion

exchange efficiency was calculated from the amount of Na® exchanged on clay

modification. An ion exchange efficiency of 60-63 % was observed in modified clays.

Table 5.3 Sodium (Na) content in clays and ion exchange efficiency.

Clay Na Na exchanged | Ion exchange efficiency
(%) (%) (%)
MMT-Na* 3.03 - -
CsMIm/MMT 1.12 1.91 63
CeMIm/MMT 1.21 1.82 60
CioMIm/MMT 1.11 1.92 63
Ci6MIm/MMT 1.12 1.91 63
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5.3.4 CHN analysis
1-alkyl-3-methylimidazolim cation with general formula [CpeqHznN2]" in
modified clays were estimated using CHN analysis (Table 5.4). The total %(C+H+N)

gave the organic content in modified clays.

Table 5.4 CHN analysis of modified clays.

Clay C(%) | H(%) | N(%) | Total (%)
CsMIm/MMT | 7.9 1.4 2.2 11.5
CeMIm/MMT 9.3 1.9 2.0 13.2
CioMIm/MMT | 140 | 2.4 2.2 18.6
CigMIm/MMT | 20.1 3.4 2.1 25.6

5.3.5 Thermal stability of clays
Thermal stability of clays were analysed using TG from room temperature to
600 °C. MMT-Na" has a mass loss of 2.6 % between 500 and 600 °C assigned to the

loss of condensation water of silanol groups on the clay mineral surface (Figure 5.3).

100

100 200 300 400 500 600
Temperature (°C)

Figure 5.3 TG curve for MMT-Na*

Figure 5.4 shows the TG/DTG curves for CisMIm/MMT, CsMIm/MMT,
CioMIm/MMT, C;cMIm/MMT and commercial alkyl ammonium modified clays. The
temperature for 1 % decomposition (T;¢) and 50 % decomposition (Ts¢) are shown in
Table 5.5. Among selected C,MIm/MMT clays, C4MIm/MMT showed maximum T,
of 423 °C and the stability decreased with increase in alkyl chain length to 266 °C for
CisMIm/MMT. The Tspg also showed similar trend. Thermal stability of [C,MIm]*
followed the same trend predicted using computed HOMO-LUMO gap.
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Figure 5.4 TG/DTG curves for C,MIm/MMT clays and commercial alkylammonium

modified clays.
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Cloisite 25A showed the highest thermal selected

alkylammonium modified clays with Tyq of 214 °C. The T;q, of C;sMIm/MMT showed
an increase of 52 °C than Cloisite 25A. All C,MIm/MMT clays showed higher thermal

stability among

stability than conventional alkyl ammonium clays (Table 5.5).

Table 5.5 Thermal stability of C,MIm/MMT clays and Cloisite clays. The d-spacing

values are also shown.

Clay Tiq Tso9 d-spacing (A)
C/MIm/MMT 423 467 13.64
CsMIm/MMT 307 425 13.97
CioMIm/MMT 290 411 14.38
CicMIm/MMT 266 396 18.55
Cloisite 10A 181 284 19.20
Cloisite 15A 208 317 31.50
Cloisite 20A 154 318 24.20
Cloisite 25A 214 321 18.60

8 v 3
o © o
8 S
A /\_
1500 2000 2500 3000 3500 150'0"""2'0"0'0"""2'5"00 } 30'00 ' 35‘00 '
Wavenumber (cm-1) Wavenumber (cm-1)
(a) CuMIm/MMT (b) C;cMIm/MMT

Figure 5.5 Raman spectra of C4MIm/MMT and C;cMIm/MMT. The deconvoluted

spectrum is shown in inset.

5.3.6 Raman spectral analysis

Figure 5.5 shows the Raman spectrum of C;cMIm/MMT and C4;MIm/MMT.
Peak position and intensities of -CH, indicates the conformational state and local
environment of imidazolium ionic liquids. Higher intensity for -CH, asymmetric

stretching (2878 cm'l) than symmetric stretching (2847 cm'l) indicates a trans
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conformer [Prokhorov et al. 2005]. C;cMIm/MMT possess -CH, asym. (2883 cm'l) and
sym. (2848 cm™) stretching with peak intensities 0.74 and 0.19 respectively, the value
of 3.9 for intensity ratio of asymmetric to symmetric confirms trans conformation for
[Ci¢MIm]" inside the clay gallery. In C4MIm/MMT, -CH, asymmetric stretching
appears at 2912 cm’' and symmetric stretching at 2873 cm™ with peak intensities 0.56
and 0.45 respectively. All modified clays showed higher intensity for -CH, asymmetric
stretching than symmetric stretching and exist as trans conformer (Table 5.6). A shift in

peak position was observed as the alkyl chain length increased.

Table 5.6 Conformation analysis of [C,MIm]" inside the clay gallery.

-CH»- sym str. -CH»- asym str.

C:MIm/MMT | Peak position | Intensity |Peak position | Intensity I;Sﬂ Conformation
(cm™) (cm™) sym.

CMIm/MMT 2873 0.45 2912 0.56 1.2 T

CeMIm/MMT 2867 0.74 2906 0.86 1.2 T

CioMIm/MMT 2856 0.50 2903 0.51 1.0 T

CsMIm/MMT 2848 0.19 2883 0.74 3.9 T

5.3.7 Thermal decomposition of CAMIm/MMT

Pyrolysis GC-MS analysis was done to identify the decomposition products of
C,MIm/MMT (Figure 5.6). The decomposition products were 1-butene (m/z = 56) and
methylimidazole (m/z = 82).

CiHg
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Figure 5.6 Pyrogram of C;MIm/MMT at 600 °C.

The possible reactions were analyzed using computational method, B3LYP at 6-
311+G(d,p) level of DFT (Figure 5.7). From the model of MMT-Na" given in Figure
5.7 (a), it is clear that the ions in the interlayer gallery face SiOy tetrahedral unit as their
immediate neighbour [Cadars et al. 2012]. In C/4MIm/MMT (Figure 5.7 (b)), sodium
ions are replaced by [C4MIm]" cation. Considering the possible CH/O-Si interactions
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from [C;MIm]* to the clay, the use of the anionic moiety Si(OH);0" to model the
decomposition reaction of [C4MIm]" in the clay is proposed. [C4MIm]*[Si(OH);0] ion
pair is found to be marginally higher in energy (9.1 kJ/mol) than the neutral complex of
imidazole-2-ylidene—Si(OH), (Figure 5.7(e)). Therefore the DFT results suggest that the
intercalated imidazolium cations can easily form the 1-butyl-3-methylimidazole-2-

ylidene through a barrier less pathway.

(a) MMT-Na* (b) C,MIm/MMT*

o

1.077

(¢) [CMIm]” (d) [C,MIm]"[Si(OH);0T

(f) [C;MIm]-2-ylidene

Transltlon state

’—c?
£
- 195.6 k3/mol
13469 2
" 1.482 E .
Reactant |30.9
......... kJ]moI -
1.865 roducts
Reaction coordinate
(g) Transition state (h) Energy profile

Figure 5.7 (a) Model structure of MMT-Na®, (b) C;MIm/MMT, (c-h) Optimized
structures of species involved in decomposition of C;MIm/MMT with transition state

and energy profile.
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The singlet carbenes thus formed on heating can undergo elimination reactions
involving 8 hydrogen shift from the butyl substituent at N1 to the carbenic centre
followed by bond breaking at the quaternary nitrogen. Such a transition state was
located in the DFT analysis with single imaginary frequency corresponding to the bond
shifting process which is shown in Figure 5.7(g). The activation energy for the
decomposition was 195.6 kJ/mol (Figure 5.7(h)) and the reaction is exothermic by 39.9
kJ/mol. The summarized decomposition mechanism is shown in Scheme 5.1. Anions
with high basicity is capable of deprotonating imidazolium cation at C2 position,
resulting in the formation of neutral carbon bases with nucleophilic singlet carbenes that

are stabilized by the two neighbouring nitrogen atoms at the carbenic centre.

(l)H
Si +
HO” |0
OH ;
I-{C iy i C%Hs
+ —
AN T NCH C 2 )
H3C\N\ (/: 1!] 3 H3C\1\\1’C\\ﬁ,dH2 + Si(OH),
= ~C
/" H _—
H H
] H
FHs c H
i _CH, 7 N C.__CH
H;C__C C- —>H3C N\ [+ mc” T ’
N~ S\—CH, =C H,
<! /" m
ATQ H
H H

Scheme 5.1 Mechanism of C4MIm/MMT decomposition through 1-butyl-3-
methylimidazole-2-ylidene route.

The formation of carbene from [C4MIm]" cation on heating was confirmed by
the NMR analysis of C4MImCI in D,0 solvent in presence of colloidal silica. Colloidal
silica is 30 % suspension of SiO, in water, which contains —SiOH species similar to the
model compound Si(OH);0" used in DFT study. BC NMR spectra of C4MImCI and
C4MImCI with colloidal silica heated at 90 °C for 5 minutes are shown in Figure 5.8.
The additional NMR signal observed at 187.64 ppm is attributed to singlet carbene

carbon in imidazolium ring.
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Figure 5.8 °C NMR spectrum of (a) [C4MIm]*[CI] in D,O and (b) [C4MIm]*[CI]” with

colloidal silica in D,O after heating.

Pyrolysis GC-MS analysis of CeMIm/MMT, C;)MIm/MMT and C;cMIm/MMT
also showed 1-methylimidazole and alkene as major product, in addition side chain

decomposition products were also observed.

5.4 Conclusions

Modification of MMT-Na" was achieved with the lowest processing time of 15
minutes using a probe sonication method. The modification was confirmed using FTIR
analysis, improved d-spacing in XRD, CHN analysis and TG analysis. The amount of
[C.MIm]* inside the clay gallery was quantified using CHN analysis. The cation
exchange efficiency was estimated to be 60 - 63% from sodium estimation and CHN
analysis. The C,MIm/MMT showed improved thermal stability than conventional alkyl
ammonium modified clays. C;sMIm/MMT with d-spacing of 18.55 A and Tiq of 266
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°C is proposed as a replacement for Cloisite 25A with d-spacing of 18.65 A and T, of
214 °C. For the first time the thermal degradation of ionic liquid modified clay was
elucidated using DFT and experimentally rationalized using Pyrolysis GC-MS and "*C-
NMR experiments. The predicted carbene mechanism was established by identifying 1-
butyl-3-methylimidazol-2-ylidine using *C NMR spectroscopy. The experimental
results on stability of [C,MIm]" cations were in parallel to the theoretical studies

described in chapter 3.

Cochin University of Science and Technology



Chapter 5 106

Vikram Sarabhai Space Centre



Chapter 6

Perchlorate removal from water using IL modified clay
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Abstract

C,MIm/MMT was used for perchlorate adsorption from water. MMT-Na"
showed negligible adsorption whereas C,MIm/MMT showed an increase in adsorption
with increase in chain length of the exchanged cation. C;sMIm/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 adsorption followed the Freundlich isotherm with pseudo
second order kinetics. The d-spacing of C;¢MIm/MMT (18.55 A) decreased to 13.70 A
on perchlorate adsorption and observed a conformational change in [C;sMIm]" inside
the clay gallery from trans to gauche, suggesting the possible formation of
[C1¢MIm]*[ClO,] inside the clay gallery. The adsorbed clays were regenerated by

heating to 175 + 5 °C in air and 95 % regenerability was observed.

6.1 Introduction

Perchlorate ion detected in soil, water and food originates mainly from different
salts used in solid propellants for rockets and oxidizer components in various military
and industrial processes [Kannan et al. 2009; Kosaka et al. 2007; Ye et al. 2012;
Chitrakar et al. 2012]. Perchlorates are highly soluble in water and it enters human body
through drinking water or food chain and causes hypothyroidism by interfering with the
ability of the thyroid gland to process iodine [Urbansky 1998; Wolff 1998]. The
persistent and toxic nature of perchlorates with its unusual physical and chemical
properties makes it difficult to remove. Different methods like adsorption, ion-
exchange, membrane methods, biological treatment, chemical reduction,
electrochemical reduction and so on were studied and a reliable, repeatable, recyclable
system is yet to be established for perchlorate removal from water [Rekha er al. 2017;
Srinivasan and Sorial 2009; Parette and Cannon 2005; Luo et al. 2016; Kim et al. 2011;
Komarneni et al. 2010; Seliem et al. 2010, 2011, 2013; Hutchison and Zilles 2015].

Among alternatives for perchlorate removal, ion-exchange is apparently the
most efficient method. However, it is costly and not efficient to deal with small
concentration of perchlorate in water. Adsorption methods are promising and widely
studied method for perchlorate removal. The first choice for adsorption, virgin activated
carbon, was not effective for perchlorate adsorption, however surface modification

made it comparative to ion exchange [Parette and Cannon 2005]. Considering the
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availability, low cost and thermal stability, clays were studied for perchlorate removal
but no improvements were observed. The use of organoclay to 'selective' uptake of
perchlorate from water marked the changing phase in terms of perchlorate removal
systems [Chitrakar et al. 2012; Kim et al. 2011; Komarneni et al. 2010; Seliem et al.
2010, 2011, 2013; Wu et al. 2016]. Alkyl ammonium and alkyl pyridinium modified
clays were extensively used for perchlorate removal and no regenerable system was
reported.

Luo et al. [2015, 2016] used benzyloctadecyldimethylammonium modified and
hexadecylpyridinium modified montmorillonite clay to achieve perchlorate removal
efficiency of 090 and 0.09 mmol/g respectively. Kim et al. [2011] used
octadecyltrimethylammonium, dodecyltrimethylammonium and hexadecyltrimethyl-
ammonium modified clays with perchlorate uptake of 0.07, 0.02 and 0.04 mmol/g
respectively. Seliem et al. [2011] used commercially available clays, Cloisite 10A,
Cloisite 15A and Cloisite 20A for perchlorate removal with 0.26, 0.16 and 0.09 mmol/g
perchlorate uptake efficiency respectively. Bagherifam et al. [2014] used
hexadecylpyridinium modified montmorillonite clay and achieved perchlorate removal
of 1.11 mmol/g. Al-pillared montmorillonite by Komarneni et al. [2013] showed
perchlorate removal capacity of 0.01 mmol/g.

In this work, a new class of modified clays using thermally stable 1-alkyl-3-
methylimidazolium based ILs with varying chain lengths were explored for perchlorate
removal from water. The adsorption mechanism, isotherms, kinetics and regeneration

studies are reported.

6.2 Methodology
6.2.1 Materials

Sodium montmorillonite, MMT-Na® from Southern Clay Products, Inc., USA,
Hydrochloric acid (purity > 36-38 %) from Merck, C4MIm/MMT, CcsMIm/MMT,
CioMIm/MMT, C;eMIm/MMT and ammonium perchlorate AR (99.9 %) prepared in
house were used.
6.2.2 Perchlorate adsorption studies
0.5 g of C;MIm/MMT was dispersed in 25 mL each of 50, 100, 250, 500 and 1000
mg/L perchlorate solution and the mixture was equilibrated at 30 °C for 1, 2, 5, 10, 15,

30, 60, 120 and 180 min. using a shaker. After equilibration, the suspension was
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centrifuged and the solution was analysed for perchlorate content using Ion
Chromatograph (IC). The experiment was repeated with different pH from 2 to 8. The

amount of sorbed perchlorate per gram of clay was calculated using eqn. 6.1,

Cl04 (mg/g) =

where, C; is the initial perchlorate solution concentration, V is the volume of perchlorate

(Ci_ce)v
m

--- (6.1)

solution, m is the weight of adsorbent in g and C. is the concentration of perchlorate

after adsorption calculated from IC analysis.

6.2.3 Kinetic studies
The experiments were conducted at pH = 2 and various time intervals, viz. 1, 2,
5, 10, 15, 30 and 60 min. The experimental data were fitted with pseudo-first order

(eqn. 6.2), pseudo-second order (eqn. 6.3) and intra-particle diffusion process (eqn. 6.4),

kqt
log(de — q0) = 10gde — 5303 - (6.2)

t 1

t
= + — --- (6.3)
qa kzq.2 g

q. = kpt'/2 +C - (6.4)

where g, and q; are the amount of perchlorate (mg/g) adsorbed at equilibrium and time t
(min) respectively. The first order rate constant, k; is obtained from the slope of the log
(ge-qr) versus t plot. k; is the second order rate constant obtained from the plot of t/q;
versus t. k, is the rate constant of intra-particle diffusion determined from the slope of q;

12
versus t /

plot. The value of C relates to the thickness of the boundary layer. Larger the
intercept, greater is the boundary layer effect [Vimonses et al. 2009]. If the plot passes
through the origin (C = 0), the intra-particle diffusion is regarded as the only rate

controlling step [Demiral and Gunduzoglu 2010].

6.2.4 Isotherm studies

It is essential to establish the most suitable adsorption equilibrium correlation for
reliable prediction of adsorption parameters and quantitative comparison. Langmuir
model (eqn. 6.5) (based on the assumption that monolayer adsorption on a

homogeneous adsorbent takes place with no interacting forces between adsorbed
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molecules) and heterogeneous models, viz. Freundlich (eqn. 6.6) and Tempkin (eqn.

6.7) were used to fit the adsorption of perchlorate onto modified clay,

. Ce 1 Ce
Langmuir model —_—= — 4 — --- (6.5
£ qe Qob Qo ( )

Freundlich model logq. = logkg + %log Ce --- (6.6)

Tempkin model g. = BInA + BInC, --- (6.7)
where C. (mg/L) is the concentration of perchlorate solution at equilibrium, q. (mg/g) is
the amount of perchlorate adsorbed per unit mass of the adsorbent at equilibrium and Q
(mg/g) is the amount of adsorbate at complete coverage, which gives the maximum
adsorption capacity and b (L/mg) is the Langmuir constant reflecting the energy of
adsorption. kg is the Freundlich constant, n is a constant related to energy of adsorption
and its magnitude is an indication of the favourability of adsorption. A and B are the

Tempkin constants.

6.2.5 Computational method
Geometries of gaseous ion pairs were optimized at B3LYP level of density
functional theory using 6-311+G(d,p) basis set as implemented in Gaussian 09. BSSE
corrected binding energy for the ion-pairs ([RMIm]*[X]) was calculated using eqn.
(6.8).
[RMIm]* + [X] =——= [RMIm]*[X] --- (6.8)

6.2.6 Regeneration

The perchlorate adsorbed clays were regenerated by heating at different
temperatures; 170, 175, 180 and 190 °C. The % regenerability was analysed by
comparing the perchlorate adsorption efficiency of regenerated clay and parent modified

clay.

6.2.7 Instrumental

Perchlorate was estimated using a Dionex model ICS 2000 Ion Chromatograph
(IC) equipped with AS16 column, AG16 Guard column, ASRS 300 Suppressor column
and a conductivity detector using 35 mM NaOH as eluent with a flow rate of 1 mL/min.

Chromeleon chromatographic software was used for the data analysis. XRD analysis
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was done using Bruker D8 Discover diffractometer. CHN analysis using Perkin Elmer
2400 CHNS analyzer with thermal conductivity detector. Thermal analysis using TA
instruments SDT Q600 TGA from room temperature to 600 °C at a heating rate of 10
°C/min. in nitrogen atmosphere for modified clay and in air for regeneration study and

Raman spectral studies using WiTec alpha 300R confocal Raman microscope were also

done.

6.3 Results and discussion
6.3.1 Effect of solution pH on adsorption

Figure 6.1 shows the variation of adsorption capacity of modified clays with pH.
pH was limited to 8 due to the enhanced solubility of clay in alkaline medium [McBride
1994]. Higher rate of adsorption was observed at lower pH and pH = 2 was selected for
experiment. At low pH levels H" ions dominate the surface of the clay. Perchlorate ions
with negative charge at low pH results in electrostatic attraction with the positive charge

on the clay resulting in an increased adsorption at the surface.
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Figure 6.1 Effect of pH on perchlorate adsorption using C;sMIm/MMT.

When pH is increased, the excess of OH ions present in the solution lead to
competition of adsorption sites with perchlorate ions which results in lower adsorption.
If there is still significant amount adsorbed onto modified clay surface at higher pH
values, it can be attributed to chemisorption [Lawal and Moodley 2015]. From Figure
6.1, at pH = 8, higher perchlorate adsorption capacity is retained (11.3 mg/g) by
CisMIm/MMT suggest chemisorption.
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6.3.2 Effect of contact time

The effect of contact time on adsorption at room temperature (303 K) was
studied at various time intervals from 1 to 180 min. Figure 6.2 shows the perchlorate
adsorption by C;eMIm/MMT. Maximum adsorption was observed at 15 min. and
equilibrium was reached. Lower equilibration time is advantageous in its practical

applications.

16 4

141

12 4

Perchlorate adsorbed (mg/g)

L] L} L] L} L] 1
0 30 60 90 120 150 180
Time (min)

Figure 6.2 Effect of contact time on perchlorate adsorption using C;sMIm/MMT.

6.3.3 Effect of perchlorate concentration
Adsorption studies were done using different concentrations of perchlorate
solutions from 50 mg/L to 1000 mg/L and the adsorption increased linearly (R*=0.98)

with increasing concentrations of perchlorate solutions (Figure 6.3).

16 - R?=0.98

perchlorate adsorbed (mg/g)

0 200 400 600 800 1000
Conc. (mg/L)

Figure 6.3 Effect of initial concentration on adsorption using C;cMIm/MMT.

Table 6.1 d-spacing of clay and its adsorption capacity (qe).

Clay d-spacing (A) ge (mg/g) | d-spacing after C10,4 adsorption (A)
MMT-Na* 12.09 0.1 12.10
CsMIm/MMT 13.64 0.7 13.08
CeMIm/MMT 13.97 1.1 13.43
CioMIm/MMT 14.38 12.4 14.20
Ci6MIm/MMT 18.55 15.6 13.70
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6.3.4 Perchlorate adsorption by C,MIm/MMT

Adsorption studies were carried out using MMT-Na‘, C4yMIm/MMT,
CeMIm/MMT, C;eMIm/MMT and C;cMIm/MMT with 1000 mg/L perchlorate solution
at pH = 2 and contact time of 15 min. The adsorption capacity (qe) and d-spacing of
clays before and after adsorption are tabulated in Table 6.1. The value of g. showed the
same trend as d-spacing of modified clays; MMT-Na* < C;MIm/MMT < CeMIm/MMT
< C,oMIm/MMT < C;cMIm/MMT (Table 6.1). C;sMIm/MMT showed maximum
perchlorate adsorption of 15.6 mg/g (0.16 mmol/g) of clay. d-spacing of C;cMIm/MMT
decreased from 18.55 A to 13.70 A on adsorption of perchlorate (Figure 6.4) with
composition unchanged while all other modified clays showed negligible change (Table
6.1). The increased adsorption of perchlorate with increasing d-spacing is attributed to

the enhanced access of perchlorate ions on to the clay surface.

20000

15000 { C;,MIm/MMT

10000 CycMIm/MMT-CI1O,

Counts
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3 4 5 6 8 9 10

7
2 Theta
Figure 6.4 XRD spectra of C;sMIm/MMT and perchlorate adsorbed C;sMIm/MMT
(C16MIm/MMT-CIOy)

Raman spectroscopy was used for conformational analysis to account for the
decreased d-spacing on adsorption by measuring the intensity of symmetric (2847 cm™)
and asymmetric (2878 cm™) stretching vibrations of methylene groups present
[Prokhorov et al. 2005]. Trans conformer shows higher intensity for asymmetric
stretching than symmetric stretching and in gauche conformer symmetric stretching is
reported to possess higher intensity. Figure 6.5 shows the Raman spectra of C;sMImCI,
CigMIm/MMT and C;gMIm/MMT-CIO, with intensity of methylene stretching
vibrations. C;sMIm/MMT showed an increase in intensity ratio of asymmetric to
symmetric  stretching vibrations, suggesting more of trans conformer. The
CisMIm/MMT-CIO4 showed a decrease in intensity ratio of asymmetric to symmetric

C-H stretching vibrations compared to C;cMIm/MMT, an indication of change in
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conformation from trans to gauche. This accounts for the large decrease (4.85 A) in d-
spacing observed for C;sMIm/MMT on perchlorate adsorption. The analysis reveals the
possibility of formation of a new ion pair, [C;MIm]*[ClO,]" within the clay layer
between imidazolium cation and perchlorate anion. From the Figure 6.5, it is clear that
the CH, stretching pattern in free ionic liquid [C;sMIm]"[CI]” and newly formed ion pair

within the clay layers are comparable.

2847 5948

C,4MIm/MMT-C10,

CCD cts

C,MIm/MMT

2847 |\ 2878

C1MImCl
1500 2000 2500 3000 3500
Wavenumber {cm'l)
I

IL/Clay Tym | Tagym R

Isym.

[C,eMIm]*[CI] 0.66 0.80 1.21
CsMIm/MMT 0.19 0.74 3.89
C,MIm/MMT-CIO, 0.95 0.99 1.04

Figure 6.5 Raman spectra of [C;sMIm]*[CI]", C;sMIm/MMT and C;sMIm/MMT-ClOy,

The table shows the intensity of C-H str. vibrations.

The [C¢MIm]'[ClO4]" ion-pair formation possibility was studied using
B3LYP/6-311+G(d,p) method. [C;sMIm]*[Si(OH);0]  represent the model structure of
CisMIm/MMT used for computational studies as depicted in Figure 6.6, where the
[C1¢MIm]" represent the intercalated imidazolium cation and [SiO4H3] represent the
anionic clay layer. C;sMIm/MMT in acidic medium (pH = 2) weakens the cation clay
layer interaction due to the presence of excess H™ ions, which is supported by the
increase in C2H~O bond distance from 1.476 A to 2.077 A in the optimized model

structures given in Figure 6.6(a) and 6.6(b) respectively. The free imidazolium cations
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thus generated on acidification, can also interact with perchlorate anions to form 1-

hexadecyl-3-methylimidazolium perchlorate, [C;¢MIm]"[ClO4] (Figure 6.6(c) as

substantiated by Raman spectroscopic analysis.

(¢) [C1cMIm]*[C104]
Figure 6.6 Optimized structures of species involved in perchlorate adsorption
mechanism, (a) [Ci;sMIm][Si(OH);0], (b) [CigMIm][Si(OH)s] and (c)

[C16MIm]*[ClO,] .

C4eMIm/MMT .

929
C4eMIm/MMT-CIO,

CCD cts

C;6MImCIO,

400 480 560 640 720 800 880 960 1040 1120 1200 1280 1360
Wavenumber (cm™1)

Figure 6.7 Raman spectra of [C;eMIm]*[CIO4], C;sMIm/MMT-CIO, and

CisMIm/MMT.
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The [C;sMIm]*[ClOy4] ion-pair formation inside the clay gallery was further
confirmed by comparing the Raman spectra of C;MIm/MMT and C;cMIm/MMT-ClO4
with [CisMIm]*[ClO4] (Figure 6.7). [C1¢MIm]"[ClO4]” was synthesized using reported
procedure by Wang ef al. [2014]. The characteristic peak of perchlorate anion at 931
cm’ is seen in Raman spectra of [C;sMIm]*[ClO,]" (Figure 6.7). Clay shows a
characteristic vibration of Si-O,-Si at 705 cm™ (O, bridging oxygen atoms that
connects the SiO, tetrahedra which makes up the layers in clay). Raman spectra of
CisMIm/MMT-CIO,4, shows the presence of characteristic peaks due to Si-Oy-Si and
ClO4 with a peak shift. i.e. the peak due to Si-O,-Si at 705 cm™ shifted to 701 cm’
indicating the change in inter gallery spacing and the peak due to ClO4 at 931 em’ is
downshifted to 929 cm™’. This further confirms the formation of [C16MIm]*[ClO,] in

the clay gallery.

6.3.5 Adsorption kinetics
(a)

R?*=0.87
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Figure 6.8 (a) Pseudo-first order model (b) Pseudo-second order model and (c) Intra-

particle diffusion model for perchlorate uptake by C;cMIm/MMT.
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Pseudo-second order and intra-particle diffusion models were best fitted for
perchlorate adsorption with R*=0.99. The pseudo-second order linear plot (Figure 6.8)
suggests that the rate limiting step is chemisorption including valence force through
sharing and exchange of electrons between ClO4 and modified MMT [Ho 2006]. In
Figure 6.8 (c), the intercept not passing through the origin (C # 0) suggests that intra-
particle diffusion is not the rate controlling step [Demiral and Gunduzoglu 2010]. The
conformational change and thereby fluidic property observed may be the reason for

higher correlation of intra-particle diffusion kinetics.

6.3.6 Adsorption isotherm study

The experimental data were fitted in eqn. 6.5 - 6.7 and adsorption isotherms
were plotted. Freundlich adsorption describes the most favourable adsorption process
with R* = 0.98 (Figure 6.9). The value of n > 1 in Freundlich adsorption isotherm
indicates a favourable adsorption process and 1/n = 0.54, a value below unity implies

chemisorption [Haghseresht and Lu 1998].
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Figure 6.9 (a) Langmuir plot (b) Freundlich plot and (¢) Tempkin plot for perchlorate
uptake by C;sMIm/MMT.
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6.3.7 Regeneration studies

The formation of HCIO4 on heating C;cMIm/MMT-ClIO4 was analysed using
B3LYP/6-311+G(d,p) method due to the presence of excess H ions (pH = 2) during
adsorption process. Figure 6.10 shows the optimized structure of [C;sMIm] THCIO,].
The C2H"O bond distance in [C;sMIm] [HCIO4] (2.183 A) was higher than
[C1sMIm][ClO4] (2.007 10%). The binding energy for [C;sMIm]"[Si(OH);0] (409.8
kJ/mol) and [C;sMIm]*[ClO4]" (337.3 kJ/mol) suggest imidazolium cation-silicate
interaction is much stronger than the imidazolium cation-perchlorate interaction. Hence,
on thermal activation of the perchlorate adsorbed system, reversal of cation interaction
from perchlorate to silicate is feasible with the elimination of HClO4. The peak
decomposition temperature of HCIO, was 173 °C from TG/DTG analysis (Figure
6.10(b)).

(@) [C1eMIm] [HCIO4]

T T T 3'5
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Figure 6.10 (a) Optimized structure of [C;MIm]'[HCIO,] and TG/DTG curve of
HCIlOy in air.

Thermal regeneration of perchlorate adsorbed clays were done at different
temperatures from 170 to 190 °C (Table 6.2). The initial C;qMIm/MMT perchlorate
adsorption of 15.6 mg/g is taken as 100 % (Cycle-I) and it is compared with perchlorate

adsorption after regeneration at different temperatures (Cycle-II). Maximum
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regenerability of 95 % was achieved at 175 °C. This confirms the regeneration
mechanism proposed using computational studies, where the H" ions accelerated the
elimination of HClIO4 by weakening the imidazolium cation-perchlorate bonding.
Above 175 °C regeneration capacity decreased due to initiation of alkyl chain

degradation of intercalated imidazolium cation.

Table 6.2 Regeneration of modified clays at different temperatures.

Regeneration (adsorption capacity in %)
Temp. (°C)
Cycle-1I Cycle-1I
170 100 87
175 100 95
180 100 82
190 100 72

4. Conclusions

1-alkyl-3-methylimidazolium modified clays were wused for perchlorate
adsorption from water. C;cMIm/MMT with maximum d-spacing showed highest
adsorption and the conformational changes associated with adsorption were studied
using Raman spectroscopy. Experimental data fitted with different adsorption isotherms
and kinetic models revealed Freundlich adsorption and pseudo second order kinetics for
the adsorption process. On thermal activation 95 % regeneration of clay was observed at
175 °C and regeneration mechanism involving perchloric acid removal was proposed
based on DFT studies. The organoclay prepared represents a potential adsorbent for

perchlorate with advantage of very low contact time and regenerability of the system.
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Abstract

Crystalline  behaviour of PVDF nanocomposite  with  I-alkyl-3-
methylimidazolium modified montmorillonite clay was analyzed. The phase change
from o to B increased with alkyl chain length of the organic modifier in the filler, 1-
alkyl-3-methylimidazolium clay, and maximum conversion (99 %) was observed for
PVDF-1-hexadecyl-3-methylimidazolium modified clay composite with 2 % loading.
The phase conversion was evident from X-ray diffraction, DSC analysis and improved
electrical properties. AFM analysis of PVDF-1-butyl-3-methylimidazolium
montmorillonite clay composite (PVDF-C4) showed a shish-kebab structure while
pristine PVDF and all other composites showed spherulite structures. Computational
studies revealed that the extended chain a-phase forms the 'shish’, the back bone and
folded chain B-phase forms the 'kebab'. This was further supported by the superior
mechanical properties for PVDF-C4 composite. Present work shows that introducing
ionic liquid modified MMT-clay within the PVDF matrix enables nucleation of
electroactive B phase and the presence of equal content of a to f can leads to the

formation of self reinforced shish-kebab structures in PVDF.

7.1 Introduction

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer known for its
electrical properties [Kawai 1969; da-Silva et al. 2014; Wang et al. 2009]. Among the
polymorphs of PVDF viz., a-phase (TGTG' conformation), B-phase (TTT), y-phase
(T3GT3G’) and é-phase (two TGTG' chains parallel), PVDF exists mainly in the stable
non-polar a-phase along with polar B-phase (Figure 7.1) [Bohlen and Bolton 2014;
Lovinger 1981]. B-phase is responsible for electrical properties and finds wide
application in polymer sensors, actuators, etc., [Zhu et al. 2012; Lee et al. 2004; Khanna
et al. 2004; Martins et al. 2012]. Several methodologies were adopted to improve the [3-
phase in PVDF such as melt crystallization under high pressure from solution [Rinaldo
and Borges 2008], fast quenching from the melt [Ke er al. 2014], uniaxial or biaxial
stretching of PVDF film [Sajkiewicz et al. 1999; Li et al. 2014; Gebrekrstos et al. 2016;
Satyanarayana and Bolton 2012], addition of nanofillers [Byelov et al. 2008; Huo et al.
2004; Patil et al. 2010; Fillery et al. 2012] etc.
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Figure 7.1 (a) a- phase and (b) B-phase with 3 repeating units in PVDF. The end atoms

represent the head and tail atoms.

The most convenient and vast studied method to improve the B-phase is the
nanofiller addition since it acts as nucleation sites and thus influencing crystallization
kinetics and final morphology of the polymer. Nanofillers with high aspect ratio are
beneficial for large electric break down field and permittivity [Fillery et al. 2012]. The
combined effects of addition of particles and the shear have been suggested to yield an
increase in the number of active nuclei, increasing crystallization rates higher than their
individual contribution [Byelov et al. 2008; Huo er al. 2004]. Nanofillers with stronger
chain-particle interaction and retarding the relaxation of extended chains are known to
form "shish-kebab" structure with molecular orientation composed of an extended chain
crystal called 'shish' and folded chain crystal called 'kebab' [Patil et al. 2010]. Shish-
kebab structures are important as it shows improved mechanical property and thermal
stability.

Various PVDF nanocomposites were studied using BaTiO3; [Dang et al. 2010;
Hao et al. 2015], TiO; [Li et al. 2009] silver nanoparticles [Manna et al. 2006 ; Audoit
et al. 2015] copper oxide nanoparticles [Dutta et al. 2015], CoFe,O4 nanoparticles
[Martins ef al. 2012], carbon nanotubes [Sharma et al. 2015; Kim et al. 2009; Mandal
and Nandi 2011; Yu et al. 2014, Zhao et al. 2009], graphene or graphene oxide [Layek
et al. 2010; Achaby et al. 2012; Maity et al. 2015], ionic liquids [Wang et al. 2012;
Xing et al. 2013; Okada et al. 2015; Mejri et al. 2015], clay and organically modified
clays, [Wang et al. 2015; Priya et al. 2002; Dillon et al. 2006; Buckley et al. 2006;
Patro et al. 2008] etc. Organically modified clays were preferred over pristine clay as

fillers due to its better dispersion with polymers. The trend of PVDF to crystallize in the
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B-phase is higher in organically modified clays [Patro et al. 2008], however few reports
indicate that electrically active y-phase also can be nucleated in the presence of
organoclays [Martins et al. 2014; Ince-Gunduz et al. 2010; Lopes et al. 2011]. It was
suggested that the matching of crystal lattice of the clay with that of the B-phase of
PVDF is probably responsible for the formation and stabilization of the B-phase.

In this work, C,MIm/MMT was used for PVDF-clay nanocomposite
preparation. The effect of alkyl chain length of IL cation on the crystallization
behaviour and orientation of PVDF structure was investigated. Xing et al. [2013] used
ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate for PVDF modification and
more of y-phase was observed. The colloidal crystallization of PVDF (46 % a-phase
and 54 % amorphous phase) in presence of ionic liquid, 1-ethyl-3-methylimidazolium
nitrate by Okada et al. [2015] resulted in partial conversion to B-phase (32 %). Mejri et
al. [2015] reported the effect of ionic liquid anion and cation on the properties of
PVDF/ionic liquid blends and observed that the average size of the spherulites depend
on both the anion and cation (spherulite size increases with chain length of cation for a
specific anion). Lopes et al. [2013] reported the nucleating effect of MMT on the
crystallization of PVDF, incorporation of MMT fillers resulted in increased number of
spherulites with decreased spherulite size. All reported PVDF-clay composites describe
crystallization into spherulite morphology [Sencadas et al. 2011; Xing et al. 2013;
Lopes et al. 2013].

7.2 Experimental section
7.2.1 Materials

PVDF (CAS No. 24937-79-9, product No.44080) from Alfa Aesar and HPLC
grade N,N’-Dimethylacetamide (DMAc) from Spectrochem were used for the
preparation of casting solution. Distilled water was used in coagulation bath as non

solvent.

7.2.2 Nanocomposite preparation

PVDF-clay nanocomposite films were prepared by phase inversion method
using MMT-Na*, C;MIm/MMT, CsMIm/MMT, C;oMIm/MMT and C;sMIm/MMT.
PVDF powder was dried at 100 °C for 2 hour prior to processing. Clay (1, 2, 3 and 5 wt
% w.r.t PVDF) were dispersed in 50 mL. DMAc by bath sonication (10 min.) and the

clay dispersions were maintained at 50 °C using a water bath. 5 g PVDF powder was
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added to the clay dispersion, the mixture was stirred for 30 min. and the solution was
kept at room temperature for 24 hours. PVDF-clay nanocomposite films were casted on
a glass plate using doctor blade (set at 30 rotations for films of ~100 micron thickness)
and the casted films on glass plate was immersed in water (T=25 °C). Selection of
coagulation bath (water) temperature was based on report by Buonomenna et al. [2007].
Films peeled off from the glass plates were washed thoroughly with water to remove
any solvent traces present and dried at 100 °C for 2 hour in an air oven. Table 7.1 shows

the list of PVDF-clay composites.

Table 7.1 List of clays and PVDF-clay composites.

Clay PVDF-clay composite
MMT-Na* PVDF-MMT
CsMIm/MMT PVDF-C4
CeMIm/MMT PVDF-C6

CioMIm/MMT PVDF-C10
CisMIm/MMT PVDF-C16

7.2.3 Instrumental

PVDF films were characterized using Perkin Elmer Spectrum GX FTIR
spectrometer in ATR mode in the wavelength region 4000-550 cm™ with a spectral
resolution of 4 cm™. For systems containing o and B—phases, the relative fraction of the
B-phase, F(B), was calculated from FTIR spectra by measuring the absorbance at 763
cm’! (CF, bending and skeletal bending, A,) and 840 cm’! (CH; rocking mode, Ap)
respectively using Eqn.7.1 [Salimi and Yousefi 2004].

Ap
Fg) = (k_B)A—_}_A -(7.1)
k, e B
where, A, and Ap are the absorbance of the peaks corresponding to a and P respectively
in the FTIR spectrum. The absorption coefficients of a-phase (k,) and -phase (kg) were
6.1 x 10* cm*mol and 7.7 x 10* cm?*/mol respectively.

XRD studies were carried out using Bruker D8 Discover diffractometer with 20
ranges between 10-30°. Thermal stability of PVDF-clay nanocomposite films were
studied using TA Instruments SDT Q600 TGA from room temperature to 600 °C at a
heating rate of 10 °C/min. in nitrogen atmosphere. Percentage crystallinity of PVDF in
the nanocomposite films were determined using TA Q20 Differential Scanning

Calorimeter (DSC) by heating at a rate of 5 °C/min. from room temperature to 200 °C
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in nitrogen atmosphere and followed by cooling at the same rate to obtain the
crystallization peak. Percentage crystallinity, X, (%) of PVDF was calculated from its
enthalpy of crystallization (AH,) using Eqn. 7.2.

AH
X (%) = A—HCX 100 ..(7.2)
P

where, AHp = 104.7 J/g, heat of fusion for 100 % crystalline PVDF [Thakur et al.
2011].

Morphology was studied using AFM in contact mode using Agilent 5500
scanning probe microscope. FESEM was performed using a Carl Zeiss, Supra 55 model
field emission scanning electron microscope with an acceleration voltage of 15 kV to
evaluate the morphology and microstructure. Mechanical properties of PVDF-modified
clay composites were measured using UTM INSTRON 5569 in tensile mode with cross
head speed of 50 mm/min. and gauge length of 80 mm. At least 3 samples of each type
of films were tested as per ASTM D-882. Capacitance of the films were measured using
TEGAM 3550 LCR meter at temperature of 23 °C + 2 °C and relative humidity of 60 %
+ 5 % at 1 KHz frequency using ASTM D-257 method.

The activation energy (E,) for thermal decomposition of PVDF and PVDF-clay
nanocomposites were studied using Coats-Redfern method. First order reaction and
random nucleation (F1 function) is generally used for thermal degradation kinetic study

of nanocomposite films. The Coats-Redfern for F1 function is given as,

—ln(1—(>()_l AR E,
T2 "bE, RT

In .. (7.3)

where, FE, is the activation energy for decomposition, A is the pre-exponential factor, R
is the universal gas constant, b is the heating rate (10 °C/min.), a is the degree of

conversion and T is the maximum decomposition temperature (K) corresponding to

1-a)

each a. The plot of In _l% versus 1/T, result in a linear plot whose slope gives the

2

value of activation energy.

7.2.4 Computational studies

PVDF was constructed using 'build polymer' tool in Materials Studio 4.0
(Accelrys Inc.) software with single chain of PVDF in a-phase or B-phase [Accelrys
2006; Wang et al. 2010]. Amorphous cell calculation was done using the polymer
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consistent force field (PCFF), Ewald electrostatic summation with accuracy = 0.0001

kcal/mol and temperature = 298 K with 20 monomer units.

7.3 Results and discussion
7.3.1 Phase changes

Organically modified clays facilitate the formation of B-phase in PVDF
composites. In this study highly stable imidazolium cations were used as clay modifier
and the phase transformation with increasing alkyl chain length was quantified using
FTIR spectroscopy. Figure 7.2 shows the FTIR spectra of pristine PVDF, PVDF-C16
and C;¢MIm/MMT in the spectral range of 1800 to 600 cm™. The characteristic peaks of
the o-phase occur at 763, 974 and 1181 cm™. In p-phase (TTT) and y-phase (T3GT3G’),
due to the similar polymer chain conformation the absorption bands appear at similar
wave numbers [Boccaccio et al. 2002]. The B-phase is associated with absorptions at
840 and 1275 cm™. The quantification of y-phase has been more difficult, as exclusive
FTIR bands (776, 833 and 1234 cm™) corresponding to the y-phase appear as shoulders
[Martins et al. 2014].

PVDF 1181

PVDF-C16 1171

Abs

C,,MIm/MMT 1171
466

1800 1600 1400 1200 1000 800 600
cm™
Figure 7.2 FTIR spectra of pristine PVDF, PVDF-C16 and C;sMIm/MMT.
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In C;sMIm/MMT, the characteristic imidazolium ring absorption peak is at 1171
cm™'. The peak at 1181 cm’ corresponding to CF,-CH; stretching vibration in pristine
PVDF was shifted to 1171 cm™ in PVDE-C16, suggesting the specific interaction of
PVDF chains with the imidazolium ring in the cation. CF,-CH; bending vibration at 871
cm” in PVDF was shifted to 878 cm™ in PVDF-C16. These results suggest that the f-
phase formation was driven through the coulombic interaction between the imidazolium
cations in the clay interface and the negatively polarized CF, groups in PVDF.

In PVDF-modified clay composites, the relative fraction of P-phase was
calculated from FTIR absorption spectra using Eqn.1 assuming that the crystalline
phase content of the polymer is either in the o or B-phase, with no or small traces of y-
phase. The variation of B-phase in PVDF with MMT-Na® and C,MIm/MMT were
represented graphically in Figure 7.3. The relative fraction of B-phase in pristine PVDF
(0.43) was increased to 0.99 in PVDF-C16. PVDF-MMT showed a relative B-phase of
0.57 and PVDF-C4 showed equal proportion of both phases (0=0.49 and =0.51). Due
to the high surface to volume ratio of nanofillers, the interfacial interactions between the
nanofiller and the polymer matrix increases in general. Higher conversion to B-phase in
PVDEF-C16 is attributed to the maximum d-spacing of C;cMIm/MMT (18.55 A) which
enhance the interaction of PVDF with imidazolium cation. The phase conversion was
constant above 2 % filler, IL modified clay and 2 % IL modified clay was used for

PVDEF- clay composite preparation in this study.

1.00
H a-phase H f-phase
0.80 -
0.60 -
0.40 -
0.20
0.00 - : : : :

PVDF PVDF-MMT PVDF-C4 PVDF-C6  PVDF-C10 PVDF-C16

[=]

o

Figure 7.3 Variations of o and -phase content in PVDF with the addition of MMT and
C,MIm/MMT. Error bars are shown for the selected chart series with 1 % value.
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Figure 7.4 XRD pattern of PVDF, PVDF-MMT and PVDF-C16.

The phase change was further studied using XRD and the XRD spectra of
PVDF, PVDF-MMT and PVDF-C16 are given in Figure 7.4. For PVDF films, the peaks
corresponding to the 20 values of 18.1, 18.7 and 20.3° are assigned to the diffraction in
(100), (020), and (201) planes, belong to a-phase. On addition of MMT-Na" clay,
intensity of peak corresponding to a-phase decreases and a merged broad peak is
observed at 26 = 20.7°, corresponding to (110) reflection of B-phase. In PVDF-C16, the
broad peak at 21.3° refers to the sum of the diffraction in (110) and (200) planes

characteristic of B-phase.
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Figure 7.5 DSC heating and cooling curve for (a) PVDF and (b) PVDEF-C16.
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The enthalpy change associated with a to B-phase change was estimated using
DSC analysis. DSC heating and cooling curve of PVDF and PVDF-C16 are shown in
Figure 7.5. The enthalpy changes for crystallization were calculated using eqn. 7.2.
Addition of modified clay in PVDF results in lowering of enthalpy of crystallization and
percentage crystallinity (Table 7.2). An increase in crystallization temperature was also
observed on addition of modified clay filler in PVDF (Table 7.2), which is also an

indication for the formation of B-phase as reported by Patro et al. [2008].

Table 7.2 Crystallization temperature (T.), enthalpy of crystallization (AH.) and
percentage crystallinity (X using eqn.7.2) of PVDF clay nanocomposite films.

S1. No. Film T. (°C) | AH. (J/g) | X. (%)
1 PVDF 132 39.87 38.1
2 PVDF-MMT 137 32.99 31.5
3 PVDF-C4 141 30.53 29.2
4 PVDF-C6 143 29.69 28.4
5 PVDF-C10 144 28.12 26.9
6 PVDF-C16 145 16.60 15.8

7.3.2 Electrical properties

In PVDF, B-phase having an all trans conformation as shown in Figure 7.1 is
responsible for its electrical properties. The electrical properties are likely to increase
with the B-phase content. Figure 7.6 shows the variation of capacitance with increasing
B content in PVDF films. The capacitance of PVDF with relative 3 fraction of 0.43 was
45.1 pF and showed an increase of 36.4 % (61.5 pF) in PVDF-C16 (B fraction = 0.99).
A linear plot with R*=0.95 suggests the dependence of electrical properties on -phase

content.
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Figure 7.6 Plot of capacitance of PVDF-clay nanocomposite at 1 KHz with B-phase
content. Error bars are shown for the selected chart series with 3 % value.
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Figure 7.7 Topography images of (a) pristine PVDF, (b) PVDF-C4 and (c) PVDF-C16
(left) with motifs (right).

7.3.3 Molecular orientations

The change in molecular orientation was studied using AFM technique (Figure
7.7). The texture aspect ratio (Str) of the surface was calculated from the image to find
the structural orientation. AFM images of pristine PVDF, PVDF-C6, PVDF-C10 and B-
phase rich PVDF-C16 films possessed spherulite morphology with isotropic nature (Str
= 0.77) and are devoid of oriented molecular structure. The spherulite morphology of
PVDF was transformed to shish-kebab in PVDF-C4 due to stress induced during
crystallinity change (Str = 0.58). Stress induced in PVDF-C4 is evident from the equal
proportion of a-phase (0.49) and B-phase (0.51) estimated from FTIR analysis.

FESEM images of pristine PVDF and PVDF/clay nanocomposites are shown in
Figure 7.8. FESEM images show a uniform distribution of C,MIm/MMT within the
polymer matrix with porous microstructure. PVDF-C4 (Figure 7.8c) showed a

difference in microstructure complimenting the formation of shish-kebab as revealed in
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the AFM images shown in Figure 7.7. The EDX spectra of PVDF-C16 (Figure 7.8f)
confirms the presence of C, F (from PVDF) and Si (from MMT) which serves as an
evidence for the exfoliation of clay in PVDF. The dispersion of Ci;sMIm/MMT in

PVDF-C16 was confirmed using EDX analysis at various sites.

-----

lmgwu o ddmm - mu 2 e . 0 5 . ;
Figure 7.8 FESEM images of (a) pristine PVDF, (b) PVDF-MMT, (c) PVDF-C4, (d)
PVDF-C6 and (e) PVDF-C16 at scale bar = 200 nm, and 50 Kx magnification, (f) EDX

spectra of PVDF-C16.

Nagasawa et al. [1974] used polyethylene to study the mechanism of shish-
kebab formation and observed that gradual and undisturbed cooling of polyethylene
solution resulted in single crystals while gradual cooling with ultrasonication produced
shish-kebab structures. The methodology followed in this work was also similar to the
reported studies with ultrasonication and undisturbed cooling. PVDF-clay composite
was prepared by bath sonication for 10 min. at 50 °C and kept at room temperature for
24 hours before casting the film. In PVDF-clay composites, unlike the reported

mechanism, the interplay of phase changes and molecular orientation was observed as
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evidenced from the AFM imaging. The ratio of two dominant phases in PVDF, o and f
in the mixture has a great importance in the formation of its final morphology. The
shish-kebab formation was further supported by computational studies and improved

mechanical properties.

7.3.4 Computational studies

The polymer chain was constructed with 20 repeating units initially and
observed a linear structure for a-phase and a bent structure for B-phase as shown in
Figure 7.9. As the number of repeating VDF units in B-phase was increased, with 160
repeating units the folded chain is converted to a circle, (Figure 7.9c) whereas a-phase

remained as linear molecule under similar condition.

(@) (b) (c) (d)

Figure 7.9 Structure of PVDF (a) a-phase with 20 repeating units (b) B-phase
containing 20 repeating units, (c) PB-phase containing 160 repeating units and (d)

Penning's model for shish-kebab structure.

Equal ratio of a-chains and B-chains results in a symmetrical shish-kebab
structure as explained by Penning's model. Alternatively, extended chain 'a-phase’
forms the shish, the back bone and folded chain 'B-phase' forms the kebab. Among the
studied PVDF-clay composites, only PVDF-C4 falls in this category and shows shish-
kebab structure as evidenced in the AFM analysis. PVDF containing 20 monomer units
of both a-phase and B-phase were used to construct the amorphous cell (Figure 7.10).

The a-phase was lower in energy by 9.06 kJ/mol than -phase.
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(b)
Figure 7.10 Optimized Structure of PVDF using amorphous cell with dimensions (A)

12.9 x 12.9 x 12.9 (a) a-phase and (b) B-phase containing 20 monomer units.

7.3.5 Mechanical properties

The shish-kebab formation in polymers leads to improved mechanical
properties, especially elongation as evident from the Penning's model. Mechanical
properties of pristine PVDF and PVDF-clay composites are listed in Table 7.3. PVDF-
C4 showed 8 % improvement in tensile strength, 77 % improvement in elongation and
17 % improvement in modulus than pristine PVDF film. The toughness of the polymer
calculated as area under the stress-strain curve, also showed 117 % improvement for
PVDEF-C4 than pristine PVDF. This clearly supports the shish-kebab formation in
PVDF-C4 nanocomposites. PVDF-MMT, PVDF-C6, PVDF-C10 and PVDF-C16
showed an increase in modulus and decrease in elongation, tensile strength and
toughness as similar to reported PVDF-functionalized multiwalled carbon nanotube

composite by Mandal et al. [2011].
Table 7.3 Mechanical properties of pristine PVDF film and PVDF-clay composites.

Film Tensile Strength | Elongation | Modulus | Toughness
(MPa) (%) (MPa) (MPa)
PVDF 221 £0.02 5.6+0.6 108 £3 9.2
PVDF-MMT 1.66 + 0.04 44+£0.5 109 +£5 54
PVDF-C4 2.40 = 0.06 9.9 +0.7 126 + 6 20.1
PVDF-C6 1.50 £ 0.10 4.7+0.5 113+£6 59
PVDF-C10 1.62 £0.10 5.1+£0.6 113£5 6.1
PVDF-C16 1.72 £0.10 52+0.6 115+£5 7.2
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7.3.6 Thermal properties

Thermal stability of PVDF decreased on addition of modified clay filler, an
evidence for the phase conversion. The interaction of CH,-CF, with the imidazolium
ring leads to lower thermal stability (10 to 23 °C). Figure 7.11 shows the TG/DTG
curves of pristine PVDF, PVDF-C4 and PVDF-C16. The peak decomposition
temperature (Ts) for pristine PVDF was 480 °C and PVDF-C16 showed the lowest
thermal stability (457 °C) among the studied PVDF-clay nanocomposites (Table 7.4).
The results agree with the lower degradation temperatures of PVDF-nanocomposites

reported by Manna et al. [2006].

100 — PVDF
— PVDF-C4
— PVDF-C16
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Figure 7.11 TG and DTG curves of pristine PVDF, PVDF-C4 and PVDF-C16.

PVDF-C4 with Ty of 470 °C showed higher thermal stability than PVDF-MMT
(Ts = 467 °C) and all other nanocomposites. The higher stability of PVDF-C4 is due to
its oriented and self reinforced structural features. Dutta et al. [2015] reported an E, of
545.6 kJ/mol for pristine PVDF and a comparable value of 524.2 kJ/mol is obtained in
the present work. Coats-Redfern plot for pristine PVDF is shown in Table 7.4.
Generally the activation energy of thermal decomposition of polymer composites
decreases with addition of fillers [Kar et al. 2015]. The same trend is followed here

with exception to PVDF-C4 (Table 7.5) due to self reinforced shish-kebab structure.
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Table 7.4 Activation energy of PVDF by Coats-Redfern method.

a T (°C) T (K) 1000/T | In[{-In(1-0)}/T"]
0.1 | 461.83 734.83 1.3609 -15.4496
0.2 | 469.32 742.32 1.3471 -14.7195
0.3 | 473.59 746.59 1.3394 -14.2620
0.4 | 476.54 749.54 1.3341 -13.9106
0.5 478.9 751.90 1.3300 -13.6117
0.6 | 481.04 754.04 1.3262 -13.3383
0.7 | 483.21 756.21 1.3224 -13.0710
0.8 | 485.72 758.72 1.3180 -12.7874
0.9 | 489.35 762.35 1.3117 -12.4388

12.0
] y = -63.05x +70.26
-12.5 R*=0.996
13.0-
E 13.5-
=
< -14.01
% 145.
- -15.0-
15.5-
131 132 133 134 135 136
1000/ T
E, (kJ/mol) = -slope x R 524.2 kJ/mol

Table 7.5 Peak decomposition temperature (Ts) and E, for thermal decomposition of

pristine PVDF and PVDF-modified clay composites.

Film Ts (°C) | E, (kJ/mol)
PVDF 480 524.2
PVDE-MMT | 467 382.8
PVDF-C4 470 711.9
PVDF-C6 458 283.3
PVDE-C10 458 264.1
PVDE-C16 457 232.0

7.4 Conclusions

The microstructural changes induced in PVDF by ionic liquid modified clay was
investigated in the present study. Enhancement of electro active B-phase crystallization
was observed with increased alkyl chain length of the organic modifier, 1-alkyl-3-

methylimidazolium cations in the nanoclay. The PVDF-C4 composite with a self
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reinforced shish-kebab structure showed superior mechanical properties and retained the
thermal stability of pristine PVDF. This work reports a way to prepare
PVDF/organoclay composites with enhanced electrical and mechanical properties by
adjusting the alkyl chain length of the ionic liquid which offers potential applications in

the field of sensors, actuators and batteries.
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8.1 Summary

The main objectives and the outcomes of the thesis are shown below:

» Design of imidazolium based energetic ionic liquids using computational chemistry
tools.
Thermochemistry of a variety of imidazolium based ILs were predicted accurately
using quantum chemical computational studies. The computed heats of formation of
all the EILs of 1-ethyl-3-methylimidazolium cation and tetrazolide derivatives,
dicyanamide, triazolide, dinitrotriazine, and dinitramide as anions were higher than
that of hydrazine. Considering ILs with a suitable oxidizer as a binary
monopropellant, Isp of different EILs with varying concentration of HAN was
computed. Among the 12 imidazolium based EILs studied, [CoMIm]*[dtrz],

[CoMIm]*[dn] and [Co;MIm][NO,Otz] provided the best energetic performance in
combination with HAN proposing the title compounds as potential green substitute
for hydrazine.

» Structural studies of ionic liquids using computational methods for organic
modification of clay.

I-alkyl-3-methylimidazolium ILs were proposed as a replacement for alkyl
ammonium salts in clay modification for high temperature applications. Screening
of ILs for cation exchange with MMT-Na* was done based on computed parameters
like HOMO-LUMO energy gap for stability studies, Mulliken charge analysis and
MK charge analysis for charge contribution to electrostatic and hydrogen bonding
interactions. The stability of [C,MIm]" cations were assessed based on HOMO-
LUMO energy gap (AE*). AE* shows drastic decrease in stability after [C4MIm]*
(AE*= 6.7 eV). This change in stability is attributed to shift in HOMO from
imidazolium ring to alkyl chain after C4. Chain length of [C,MIm]" in this study is
limited to Ci¢ for thermally stable IL modified organoclay (AE* > 4 eV). AE*
analysis illustrates higher stability for [C,MIm]*[BF,]” (6.8 eV) than [C,;MIm]*[CI]
(4.1 eV). In [C,MIm]"[BF,], HOMO is diffused between BF, and imidazolium ring
and shifted to N2-alkyl group on increasing chain length beyond C14, where as
HOMO is located on the CI anion irrespective of the N2-alkyl chain length in
[C.MIm]*[CI]". Compiling all results, [C;MIm]", [C¢MIm]* and [C;sMIm]" based

ILs were selected for experimental studies.
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» Synthesis of ionic liquids and experimental validation of predicted properties.
Ionic liquids selected for clay modification, [CeMIm]*[CI] and [C;sMIm]*[CI] were
synthesized with 95 % yield. The effect of anion on thermal stability of ILs were
established using [C4;MIm]*[CI] (T = 284 °C) and [C;MIm]*[BF,] (T = 427 °C),
and conform to the computed parameters based on HOMO-LUMO energy gap. The
decomposition products identified using pyrolysis GC-MS and transition states
using DFT method established the higher reactivity of [C4MIm]*[CI]" over
[C4MIm]*[BF,] as predicted from the charge transfer analysis. The non-dependency
of alkyl chain length on stability of ILs were confirmed by analysing [C,;MIm]*[CI],
[CaMIm]T[CI] and [Ci¢MIm]*[CI]. Modification of MMT-Na® with IL was
achieved with the lowest processing time of 15 minutes using probe sonication
method. The modification was confirmed using FTIR analysis, improved d-spacing
in XRD, CHN analysis and TG analysis. The C,MIm/MMT showed improved
thermal stability than conventional alkyl ammonium modified clays. C;cMIm/MMT
with d-spacing of 18.55 A and Tiq of 266 °C is proposed as a replacement for
Cloisite 25A with d-spacing of 18.65 A and T, of 214 °C. Thermal degradation
mechanism of ionic liquid modified clay was elucidated using DFT and
experimentally rationalized using pyrolysis GC-MS and "*C NMR experiments. For
the first time, the predicted carbene mechanism was established by identifying 1-
butyl-3-methylimidazol-2-ylidine using '*C NMR spectroscopy. The experimental
results were conforming to the theoretical studies.

» Application of ionic liquid modified clay in the removal of perchlorate ion from
water.
1-alkyl-3-methylimidazolium modified clays were used for perchlorate adsorption
from water. C;cMIm/MMT showed highest adsorption of perchlorate ions (15.6
mg/g of clay) and the conformational changes associated with adsorption were
studied using Raman spectroscopy. Experimental data fitted with different
adsorption isotherms and kinetic models revealed Freundlich adsorption and pseudo
second order kinetics for the adsorption process. On thermal activation 95 %
regeneration of clay was observed at 175 °C and regeneration mechanism involving
perchloric acid removal was proposed based on DFT studies. The organoclay
prepared represents a potential adsorbent for perchlorate with advantage of very low

contact time and regenerability of the system.
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» Preparation and property evaluation of IL modified clay nanocomposites.
The microstructural changes induced in PVDF by ionic liquid modified clay was
investigated. Enhancement of electro active B-phase crystallization was observed
with increased alkyl chain length of the organic modifier, I-alkyl-3-
methylimidazolium cations in the nanoclay. The PVDF-C4 composite with a self
reinforced shish-kebab structure showed superior mechanical properties and
retained the thermal stability of pristine PVDF. This work reported a way to prepare
PVDF/organoclay composites with enhanced electrical and mechanical properties
by adjusting the alkyl chain length of the ionic liquid which offers potential

applications in the field of sensors, actuators and batteries.

8.2 Future perspectives

The present investigations extend ample scope for further investigations and future
developments, especially to realize ionic liquid based green propellant in space
application. Synthesis and characterization of long chain ionic liquid C;cMImCl
provides, scope for their application as surfactant/soft template in polymerization
reactions. The initial studies using C;sMImCI as a soft template for copolymerization of
aniline and pyrrole resulted in uniform spherical particles with particle size less than 40
nm. AFM images of copolymer of aniline and pyrrole (APC) with and without
Ci6MImCI are shown in Figure 8.1. This opens a promising route for APC synthesis
with improved property, especially for sensor application. The use of IL modified clays
as thermally stable filler for preparation of different polymer composites are also

appealing.
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Figure 8.1 Topography images of (a) APC and (b) APC in presence of [C;sMIm]*[CI]".
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