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Abstract

Nuclear Magnetic Resonance (NMR) spectroscopy is a versatile technique that has
contributed a lot in determining the structure of almost any organic and biological
molecule. Another important function of NMR spectroscopy is that it provides highly
accurate kinetic data for complex liquid system. The application of NMR spectroscopy
to ionic liquids has significantly grown in recent years. Here, NMR spectroscopy is
exploited to do translational motion study of ionic liquids.

Ionic liquids possess various outstanding properties such as low vapor pressure,
nonflammable and thermal and chemical stability[2], but have low ionic conductivity.
Since Ionic liquids are used as a dielectric medium in various devices such as lithium-
ion batteries, however, due to poor ionic conductivity, their energy storage capacity is
low. Here we proposed a method to see the effect on ionic conductivity after mixing
two ionic liquids from measured diffusion coefficient using Pulsed field gradient (PFG)-
NMR and Relaxation NMR. Further, the study of the effect of ionic liquids on insulin
fibril formation and also study of the change in the behavior of ionic liquid in a

confined environment such as inside carbon nanotube will be studied.
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Chapter 1

Introduction

1.1 Motivation

In the present world, there are various catastrophic and irreversible events such as
rising of sea levels, acidification of oceans, polar melts, droughts, flood and global
warning occurring because of continuous rise in C'O; level in the atmosphere [21]. In
this context, the efficient electrical energy storage devices are very much required to
keep control of C'O, emission into the atmosphere. Ionic liquids (ILs) are used as
electrolytes in various electrical energy storage devices such as lithium battery, su-
percapacitor and many more. IL possess various outstanding properties such as low
vapor pressure, nonflammable and thermal and chemical stability [2], but have low
ionic conductivity. Because of this, there energy storage capacity is low. The motiva-
tion for me is to enhance the energy storage capacity of these devices by increasing
the ionic conductivity after mixing ionic liquids. Two more things strengthen my
motivation to work with ILs. First is to study the effect of ionic liquids on insulin
fibril formation and second is to see the change in the behavior of ionic liquids inside

a confined environment.

1.2 NMR Spectroscopy

Spectroscopy can be defined as the study of the interaction of light with matter. It
is the fundamental exploratory tool in the field of science, allow to investigate the
composition and structure of matter at the molecular scale, micro scale and over as-
tronomical distance. In particular, NMR is a technique that relies on the intrinsic

spin properties of nuclei. In which spins are first exposed to a strong and constant
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magnetic field. Then, they are excited by a radio frequency pulse sequence. The pre-
cession of the spins is recorded during the free induction decay of the NMR experiment

and converted into a frequency spectrum after Fourier transformation.

1.2.1 Nuclear spin and the splitting of energy levels in mag-
netic field

Nuclear spin is the fundamental property just like an electric charge. It can be under-
stood as a form of angular momentum, but it is not produced by rotation of particles
whereas it is an intrinsic property of particle itself. In many atoms (such as 12C)
these spins are paired against each other, such that the nucleus of the atom has no
overall spin. However, in some atoms (such as 1H and 13C) the nucleus does possess
an overall spin [1]. Each elementary particle is characterized by nuclear spin angular
momentum quantum number (I). Quantum mechanics tells us that a nucleus of spin I
will have 21 + 1 possible orientations. A nucleus with spin 1/2 will have two possible
orientations. In the absence of an external magnetic field, these orientations are of
equal energy. If a magnetic field is applied, then the energy levels split that is known

as Zeeman splitting. Each level is given a magnetic quantum number, m.

$ Aligned with B, CVb Opposing B,

sedede 1O .

Magnetic field strenght
B

o

Energy

Figure 1.1: Energy levels for a nucleus with spin quantum no 1/2.

When the nucleus is placed in a magnetic field, the initial populations of the energy
levels are determined by the Boltzmann distribution that says that the lower energy
level will contain slightly more nuclei than the higher level. It is possible to excite
these nuclei into a higher level with electromagnetic radiation. The frequency of radi-

ation needed is determined by the difference in energy between the energy levels [1].



The difference in energy between levels (the transition energy) can be found from
AFE = ~hB (1.1)
where 7 is the gyromagnetic ratio, and B is the applied magnetic field.

Spin as magnetic moment

If we consider a proton, then its spin can be understood in term of a magnetic moment
vector. The magnitude of this magnetic moment vector depends on the value of the

spin angular momentum which is given by the relation
i =~hl (1.2)

where p, v and I are the magnetic moment, gyromagnetic ratio and spin angular

momentum respectively.

1.3 Larmor frequency

When a proton is placed in a magnetic field, it will try to align itself in the direction
of the applied magnetic field. The spins either aligned in the direction (lower energy
levels) of applied field or in the opposite direction (higher energy levels). As explained
by Boltzmann the lower energy level will contain slightly more nuclei than the higher
level, That will develop net magnetization along the z-axis (if the applied magnetic
field is along the z-axis). If the magnetization is not aligned correctly with the applied
magnetic field then this leads to a precessional motion of net magnetization around
the z-axis [, 9]. The angular frequency of this precessional motion is known as Larmor
frequency and is given by

wo = =By (1.3)

where By is the magnitude of applied external magnetic field.

Classical Description

By adopting the analogy from classical mechanics, the interaction energy of a dipole

after placing it in an external magnetic field can be written as

Einteraction - _,J g (1 4)
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Figure 1.2: Analogy between a spin-top in a gravitational field and magnetic moment
in magnetic field [17].

Therefore, by using equation (1.2) and equation (1.3) we can calculate the zeeman

hamiltonian when the field is along z-direction.

A

H,eoman = —vhBI = fw, 1, (1.5)

where w, = 7B, is called the larmor frequency. Therefore, corresponding energies of

non-degenerate states are Ejpyer = —hw,/2 and Eypper = hw,/2.

Ensemble Effect

The net magnetization for a sample is the sum of the individual magnetic moments

M:ZJ

we have already defined the magnetic moment for a nucleus with spin I in equation

in the sample
(1.6)

(1.2). The magnetization can then be written as

M=~J (1.7)
where J is the net spin angular momentum.
The torque, 7, of the sample will then be
dJ
i 1.8
T=— (1.8)



also,

7=Mx B (1.9)

Substituting M for J from equation (1.7) and further solving, equation (1.8) and (1.9)
we obtain .

AN L

— =~v(M x B 1.10

2 — it x By (1.10)
then .
dM

o= M Bsin(0) (1.11)

since M and B are parallel, the sin term drops out. We want to know the rate at which
the magnetization is changing with respect to time, so we take the second derivative

and the result is the Larmor frequency
w, = vB (1.12)

since M and B are both vector quantities, the cross product with B in only the Z

direction i.e. (B=(0, 0, By)) then we obtain the Larmor frequency

w, =vB, (1.13)

1.4 Magnetisation

At room temperature, the number of spins in the lower energy state are more than

that the higher energy states in accordance with the Boltzmann distribution which is

given by

(EB - Ea)
kgT

Where o and /3 are the energy levels, E, and Eg are their energies, N, and Ns are

Ng/N, = exp(— ) (1.14)

the number of spins in the energy levels respectively, kg is the Boltzmann constant
and T is thermodynamic temperature of the spin system [0].

The difference in the number of the spins in the two energy states leads to the develop-
ment of a net magnetisation in the sample. This signal in NMR spectroscopy results
when transition between these states occur. So NMR can be defined as a physical
phenomenon in which nuclei in a magnetic field absorb and re-emit electromagnetic
radiation as shown in the figure (1.4). The redistribution of the magnetisation can be

done by applying a radio frequency pulse whose frequency matches with the Larmor



frequency of the nuclei [6].

A '/,yhB,

&,

Energy

'/ ,yhB

Figure 1.3: Absorption of radiation.

1.5 Chemical shift

The significance of NMR spectroscopy is therefore not based on its ability to differenti-
ate between elements, but on its ability to distinguish a particular nucleus concerning
its environment in the molecule. That is, one finds that the resonance frequency of an
individual nucleus is influenced by the distribution of electrons in the chemical bond
of the molecule [6].

This can be demonstrated using ' H NMR spectra of methyl acetate. Methyl acetate
will produce two different NMR signals, one each for methyl and methoxy as shown
in figure (1.5). This effect, produced by the different chemical environment of the
protons in the molecule, is known as the chemical shift.

Thus, with an applied magnetic field of 1.4 T, the proton resonances of a molecule do
not occur at v, = 60 MHz but rather at v + Av, where Av, in general, is less than
1 kHz. Other magnetic nuclei are affected similarly, and this phenomenon forms the

basis of applied NMR spectroscopy.

1.6 Spin-Spin interaction

In NMR spectroscopy, there are various types of interaction among the spins or spin
and magnetic field. The interaction among the spins could be either through space

(called Dipolar coupling) or through bond ( called scalar J-coupling).
6



H, '>jlj\ C.
methyl acetate C CILC' H
H

Figure 1.4: The 1H NMR spectra of methyl acetate [10].

Dipolar coupling

The dipole-dipole coupling is the direct magnetic interaction between two close spins.
The effect is intra-molecular and inter-molecular since it acts through space. The
interaction energy is minimal when the two spins are aligned. This spin interaction is
responsible for the Nuclear Overhauser Effect (NOE).

Scalar J-coupling

The scalar J-coupling results from an indirect magnetic interaction of two nuclear spins
via their surrounding electrons. The effect is exclusively intra-molecular because it is

propagated through the bonds between two nuclei.

1.7 Quantum Mechanical Description of spin placed

in static and oscillating field

In elementary quantum mechanics, the Schrodinger equation is given by

dlv)y o
th=" = H{b)[Y) (1.15)

if His time-independent, then the solution is given by

LHt

() = e |(0)) (1.16)




otherwise, it is given by )

_tH(t)dt
(1)) = e/ =D |(0)) (1.17)
Generally, we dealt with the time-dependent Hamiltonian in NMR spectroscopy. In
order to simplify the Hamiltonian, we write it in different reference frame so that the
time dependency gets cancel out [7]. There are two such frames of references one is

interacting frame and other is rotating frame [19].

1.7.1 Interaction frame

The total Hamiltonian of the system could be written as
-E[total — FI()"‘Hl (]_].8)

Suppose total Hamiltonian of a quantum system comprised of two Hamiltonian with
one of the component is too large as compared to other (assume Hy >> H 1)
To get a better picture of the dynamics of system in presence of H; alone, let us define

a new state |¢).

(1)) = Ol (1)) (1.19)
by differentiating this equation we get,
dlo(t)) ¢ (o, (Haty |1(2))
T h@ A |¢(t)> +e\Th pn (1.20)

then on multiplying ¢ both side and by further solving, we finally get [19]

dlo(t))

K
A7

— A 6(t) (1.21)

1.7.2 Rotating frame

For a single-spin external Hamiltonian can be written as

-[;[lab = Hzeeman + ]:Irf (122)
Hygp = —Twol, — huwn [Icos(wyst) + I,sin(w,t)] (1.23)

By combining above equation by using rotation-sandwich relations as
Hy,y, = —ﬁ[e‘wﬁt(wo_fz + wlfx)e“‘”ft] (1.24)

8



Transforming the new state by following rule as

() = eret=p(t)) (1.25)
whose dynamics is given by
Lhw = H'[{'(1)) (1.26)

where effective Hamiltonian is given as H’

A A A

H = ﬁ(a)() — wmt)fz — hwlfx (127)

therefore, wy = wy is called on resonance condition and therefore, magnetisation in

rotating frame will be in x-direction [19].

1.8 Relaxation

Spin-1/2 particle having magnetic moment /i in a static magnetic field has two energy
states separated by AE=2jiB. If the spin-1/2 nuclei are placed in the static magnetic
field (along the z-axis) for a long time, it reaches in the state of thermal equilibrium.
At thermal equilibrium, the population of spins in each state is given by Boltzmann
distribution. There will be more spins in the lower energy states than in the upper
states, and the population difference gives rise to a magnetization ]\712.

Radio-frequency (R.f.) pulses disturb the equilibrium of the spin system [1 1, 19].
The population after a pulse usually deviate from their thermal equilibrium values,
for example, a 7/2 pulse equalizes spin state population whereas 7 pulse inverts the
population distribution.

Relaxation is the process by which equilibrium is regained, through the interaction
of the spin system with the thermal molecular environment. The study of nuclear spin

relaxation is vital for several reasons [11, 19].

e Many motional processes in a molecule may be studied by nuclear spin relax-

ation.

e Nuclear spins relaxation is sensitive to non-secular spin interactions. The study
of relaxation can reveal these 'hidden’ spin interactions, which have little effect

on the ordinary NMR spectrum.



Relaxation process can be divided into two types: Longitudinal relaxation (T;) and

Transverse relaxation (Ts).

1.8.1 Longitudinal relaxation (T))

At equilibrium, the net magnetization is along +z. R.f pulse disturbs the magneti-
zation. The rate at which z magnetization recovers to its equilibrium value is char-
acterized by a time constant T that is called longitudinal relaxation. Longitudinal

relaxation Ty also called the spin-lattice relaxation.

1.8.2 Measuring T,

The are various methods to measure T; relaxation. Commonly used methods are

inversion recovery method and saturation recovery method.

Inversion recovery method

T n/2
|
\
V‘\(\M[\MA/\ >
T, N LI ! W\JUUV\/V >
Gt--4 | 1
DI S
- T- - - |
‘é__ - _1:_ T5 - :D_ _4

Figure 1.5: Pulse sequence schematic showing the inversion recovery experiment. The
gray dotted lines are /2 pulses that occur at different 7 values [14].

In order to measure T4, 7 pulse is applied that inverts the equilibrium magnetisation
(+2z magnetisation, M,,) and creates -z magnetisation (-M.,), which will decay back

to +z (M,,). Relaxation with time 7 occurs according to following equation [20]:
M, (1) = M,o(1 — 2exp(—7/T71)) (1.28)

It can easily be verified from this equation that at 7 = 0 (immediately after the 7
pulse), M,(0)=-M,(0), and as 7 — 0o, M,(c0) — +M,(0). But in order to detect the

+z and -z magnetisation, the net magnetisation must be rotated into xy-plane [20].

10



Magnetization after © Magnetization after n/2 Pulse ~ Resulting Signal

A

AT T

180° Pulse

i/
7

Figure 1.6: A graphic depicting the how the bulk magnetization changes with varying
delays and pulses. The signal is first inverted and once the delay between the pulses
is sufficient, the magnetization becomes positive [11].

(s)

Intensity (or Area)

(=]
\

Figure 1.7: A plot of the intensity vs the delay times of the experiment [11].

1.8.3 Transverse relaxation (T5)

7/2 rf pulse bring the +z magnetisation vector into xy plane. Then net magnetisation
starts decaying in xy plane. The rate at which xy-magnetisation decays to zero is
characterised by a time constant Ty that is called transverse relaxation. Transverse

relaxation also called spin-spin relaxation.

11



1.8.4 Measuring T,

Carr-Purcell-Meiboom-Gill (CPMG) sequence

(n/2)y (Mg (M2
(b)

W-»

Figure 1.8: CPMG sequence for measuring Ty [10].

In order to measure Ty using CPMG, equilibrium magnetisation has to be rotated
into xy-plane via m/2, pulse. After this record the spectrum at different values for 7.

Here T, relaxation occurs according to the following equation [20]:
sz(T) = Mzoexp(_T/TQ) (129)

It is simple to verify from this equation that at 7 = 0 (immediately after the 7/2

pulse), M,,(0) = M,,, and as 7 — 00, M, (c0) — 0.

M,, =M, (exp(-4T)

.......................
~~~~~~~~~~~~

.
.........

Figure 1.9: A graphic depicting how the bulk magnetization changes with varying
delays.
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Figure 1.10: A plot of the intensity vs the delay times of the experiment [10].

13



14



Chapter 2

Diffusion and Pulsed field gradient
NMR

2.1 Introduction

Translation motion (e.g., diffusion, flow) in solution is very significant and plays a
crucial role in science. Diffusion studies can be applicable for vast scientific stud-
ies ranging from diseases to separation science and nano-technology. Further, the
translation motion of a species not only reflects intrinsic properties of the species
itself (e.g., hydrodynamics) but also provide information about the surrounding en-
vironment (e.g., inter-molecular dynamics or motional restriction). The study and
understanding of translational motions of molecules and the molecular system have a
great scientific value.

There are various difficulties that one encounter during measurement of transla-
tional motion at the molecular level. Specially, thermodynamic gradient (which leads
to mutual diffusion and consequently irreversible thermodynamics) and the measure-
ment of diffusion of species quite high concentration in the measurement process can
have adverse effects on the outcome. Fortunately, nuclear magnetic resonance (NMR)
provides a convenience way for performing non-invasive measurements of translation

motion [21, 22, 15].

2.2 Diffusion

Diffusion can be defined as the random translational motion of particles that happens

due to their internal energy. This random translational motion, i.e., Diffusion leads to

15



a collision between particles in a system and finally results in chemical reactions. It is
one of the principal factor, other than activation energy and orientation, responsible
for almost all chemical reactions since the reacting species must collide before they
can react [3]. Diffusion can be more deeply understood by Fick’s diffusion laws. There
are two laws given by Adolf E. Fick; one is Fick’s 1st law, and other is Fick’s second

law.

2.3 Fick’s laws of diffusion

2.3.1 Fick’s 1st law

Fick’s 1st law of diffusion describes how particles under random thermal motion tend
to spread from a higher concentration region to a lower concentration region [20].
This could be easily understood by an example when one opens a perfume bottle in
the corner of a closed room. If he waits long enough, the perfume odor will spread
throughout the room because the perfume molecules have diffused from one side of the
room to the other, from a high concentration region to a low concentration region [23].
Mathematically, Fick’s 1st diffusion law states that the diffusion flux is proportional

to the concentration gradient, as:

J = —DVC(,1) (2.1)
in case of one dimension,
B oC (x,t)
Jy=—D o (2.2)

where
e 77 is the position vector.

e D is a constant known as diffusion coefficient. It is measured in the units of

CmQSil or m23’1.

C(7,t) is the concentration over space and time.

J is the diffusion flux per unit area per unit time.

t is the time in unit of second.

16



2.3.2 Fick’s 2nd law

Fick’s 2nd law states that change in the concentration of particles over time is equal
to the change in local diffusion flux. In simple words, this law predicts how diffusion
causes the concentration to change with respect to time. Mathematically, it can be

expressed as:
% = DV2C(F, 1) (2.3)

in case of one dimension,
9*Clx,t) D@C(x,t)
ot B 0x?

(2.4)

2.4 Stokes law

Stokes law states that the viscous force on a small sphere moving through a viscous
fluid is directly proportional to the velocity of the sphere, the radius of the sphere,

and the viscosity of the fluid [12]. Mathematically, this law can be written as:
F = 6mnro (2.5)

where
e 1 is the radius of the spherical object [m)].
e v is the flow velocity relative to the object [m/sec].
e 1) is the dynamic viscosity of the medium [Pa-sec].

e I is the frictional force also known as Stokes’ drag acting on the interface

between the fluid and the particle.

2.5 Stokes-Einstein equation

The Stokes-Einstein equation is the equation derived by Einstein for the diffusion
coefficient of a ”Stokes” particle undergoing Brownian Motion in a stationary fluid at

a uniform temperature.

 kgT

D —
6mnr

(2.6)
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where

r is the radius of the spherical object [m)].

T is the temperature in [K].

n is the dynamic viscosity of the medium [Pa-sec].

kg is Boltzmann constant [1.34*107% m?kg s~ K™!].

D is diffusion coefficient [m?/sec].

2.6 Pulsed field gradient (PFG) NMR

e PFG-NMR provides a convenient and noninvasive means for measuring transla-

tional motion.

e Below is the PFG spin echo pulse sequence that is used to measure diffusion
by observing the attenuation in NMR signal and its effect when there is no

molecular molecular movement, diffusion, and unidirectional translation [18, 25].

w2 detocusing
I eradient

refocusing

gradient

I

TOP VIEW

1
I

i

I

|

i

1 no molecular
: displacement
I

I

i

!

I

i

dilTusion

.
/TTT]

ditTusion
+ migration

Figure 2.1: PFG spin echo pulse sequence [25].
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Stejskal Tanner (ST) equation

The ST equation describes the signal attenuation in PFGSE experiment due to loss

of coherence during diffusion. And it is given by []
I/I, = exp|—(79g)’D(A — (5/3)] (2.7)

where
e [ is the intensity of the signal.
e 7 is the gyromagnetic ratio.

d is duration of gradient pulse [sec].

g is the gradient strength [(Tesla/meter)?].

D is the diffusion coefficient [m?/sec].
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Chapter 3

Ionic Liquids

3.1 What are Ionic liquids?

Ionic liquids (ILs) are the salt, having a low melting point (generally below 373 k)
that’s why found in a liquid state at ambient temperatures. ILs have received great
interest because of their unusual properties as liquids. ILs exist as liquids at ambient
temperatures because of their chemical structure. The anion and cation are chosen
precisely to destabilize the solid-phase crystal. Thus, while there are no set rules to
making an IL, in general, this can be achieved within a relatively large window of ion
structures by balancing ion-ion interactions and symmetry as shown in Figure (3.1).

For instance, the cation alkyl chain must be long enough to reduce Coulombic forces
and disrupt lattice packing, but not be too long (number of carbon atom < 12) as this
will increase salt melting point despite the enhanced asymmetry; cohesive interactions
increase with length of nonpolar groups as per linear alkanes. ILs are largely made
of ions and short lived ions, while ordinary liquids such as water and gasoline are

predominantly made of neutral molecules.

3.2 1ILs as Electrolytes

If we look into the past, we would found that organic solvents were used as an elec-
trolyte in various electrical energy storage devices such as batteries. There are various
limitations of organic solvents that limits there further use such as high volatility,
flammable, generation of poisonous gas and low chemical and thermal stability. So,
currently the people has started using ILs as electrolyte in electrical energy stor-

age devices, the best examples are Lithium-ion battery, super capacitors and many
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Table 3.1: Basic characteristics of Ionic Liquids.

Low melting point

Non-volatility

Compose by ions

Organic ions

(i) Treated as a liquid at ambient temperature
(ii) Wide usable temperature range

(i) Thermal stability
(ii) Chemical stability
(iii) Nonflammable

(i) High ion density
(i) Various kinds of salts

(ii) Designable
(iii) Unlimited combinations

A 1-n-alkyl-3-methylimidazolium ILs

Increasing distance between charges

200 - Decreasing symmetry of cation
150 - MOLTEN SALTS
O
100 4 A\g-------------------------oo--
® IONIC LIQUIDS
|
so { M@ - " A 4
%) mO = A A o
[ o o AA :’Xx‘*—*
'_E * A *o ‘f*
-50 o
A A’,‘A A ROOM
-100 1 TEMPERATURE
IONIC LIQUIDS
-150 4
Fl\*/
-200 T T T ]
0 5 10 15 20

Figure 3.1: Melting point (T,, ) as a function of cation alkyl chain length (n) for salts
systems with 1-n-alkyl-3-methylimidazolium cations. The trend in T,, is consistent
across all salts: low n values T,, > 100 °C; intermediate n values 50 °C < T,, < 100
°C then T, < 25 °C; and large n values 50 °C < T,, < 100 °C. Dashed lines indicate
the boundaries between molten salts (T,, > 100 °C) ILs (T,, < 100 °C) and RTILs

(T < 25 °C) [7].

Number of carbon atoms
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more. This is because ILs have several advantages over organic solvents. They have
low volatility, nonflammable, recyclability and chemically and thermally stable. ILs
unique properties have made them promising green solvents to replace traditional sol-
vents such as DMAc/LiCl and DMSO/TBAF [13].

3.3 Dissociation constant of ILs using Diffusion Co-

efficient

ILs normally contains three components in the liquid states: cation, anion and ion-
pair (neutral molecule) [I3]. The thermal and kinetic behavior of ILs are strongly
dependent on their ions concentration.

The dissociation constant (Ky) calculated from the diffusion coefficient of ions
measured by NMR is from not only ionized cations and anions but also unionized

ion-pairs. The ionization process of ILs can be expressed as

Ton — pair S cation + anion
(1—2) x x
Dy D, D,

where z is the ion concentration fraction, and D;,, D., D, are the self-diffusion coeffi-

cient of ion-pair, cation, and anions respectively. The observed self-diffusion coefficient

of cation, D, o from NMR is actually the average of ionized cation and ion-pair diffu-
sion coefficient. Similarly, the observed self-diffusion coefficient of anion D, s is the

average of the ionized anion and ion-pair diffusion coefficient.
De.ops = 2D+ (1 — ) Dy, (3.1)
Dyobs = Do + (1 — ) Dy, (3.2)
The equations (3.1) and (3.2) can be rewritten as

T = (Dc,obs - Da,obs)/<Dc - Da) (33>

From equation (3.3) if D, ops, Daobs, De and D, are Known, x can be obtained. In

addition the equilibrium constants of ionization process can be calculated from x as

Kg=a%/(1—2) (3.4)
23



D obs and D, s can be obtained directly from the Pulsed Field Gradient (PFG) NMR
measurement.

Under the assumption that ions in ionic liquids are completely dissociated at high
temperature, it is possible to obtain D. and D, by fitting the linear parts of the
Arrhenius plots of D, s and D, ops at high temperature (as shown in figure (3.3))
[13]. The Arrhenius relation that shows the temperature dependency of diffusion can

be expressed as
D, = D, Ee/RT (3.5)

and
Dy = Dyye~ Ba/BT (3.6)

where E., E, are the activation energies for self-diffusion of cations and anions respec-
tively, D,. and D,, are pre-exponential factor of cations and anions respectively.
A3

140 "\\

ol Ty

-15.54

16.0 4

165 3 [omim|[CF,SO,)

= Cation

70 ®  Anion

:
e

1 =
18,04

185

LnD, D: Difusion Constant (cm’/s)

1Pe
.
o -

T T T T T T
0.0028 0.0030 0.0052 00034 0.00:36 00038
Temperature 1/T (K)

Figure 3.2: The plot of InD vs. 1/T for [bmim]|[CF3SO;] and fitting lines [13].
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Chapter 4

Experimental methods, result and

discussion

4.1 Ionic Liquids

These four ILs (shown in figure 4.1) were purchased from Sigma-Aldrich company.
We choose these four ILs because of their importance in current research and their
applications. Like ”Lithium bis(trifluoromethane) sulfonnyl imide” is used as an elec-
trolyte in Lithium ion batteries and ”imidazolium salts” are very much popular in

scientific research based on ILs and so on.

(1) (iL2) (iLa)
. CHs " e
N EE H B oF ./j"m\f
£y e o A e
N F S S F hcf\N/ ‘-»,‘\:») PFa
1 7R TR\ S . <
CHa(CH2)sCHa O 00O L
1-decyl-3 methylimidazolium Lithium [Ir{dF(CF,)ppy}.(bpy)IPF,
tetrafluoroborate bis(trifluoromethane sulfonyl imide)

HEC‘\—\ /—ch
aL3) i TN M z
® = ; o
H.C CH: BB

[Tetrabutylammonium nonafluorobutane sulfonate

Figure 4.1: These are four pure ionic liquids that we have for our study.

4.1.1 Properties and Notations used for ILs

Ionic liquids are used as electrolytes in various electrical energy storage devices such

as lithium-ion batteries. There are various outstanding properties of ILs like a less
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Table 4.1: Properties of ILs and Notations used for them. where MW is
Molecular weight.

Notation MW

Name of ionic liquid used (g/mole) Properties
1-Decyl, 3-methylimiddazolium L1 310.18 Hygroscopic,
tetrafluoroborate ' Soluble in alcohol.
Lithium bis(triffuoromethan) IL2 287.09 gﬁgisyci?g?) g/cm3,
sulfonyl imide .
Soluble in water
Tetrabutyl ammonium nona- .3 541,56 Hygroscopic, Solube
fluorobutane sulfonate ' in water and alcohol
[Ir{dF(CF3)ppy }2(bpy)|PF6 IL4 1009.7  Hygroscopic

volatile, nonflammable, highly chemically and thermally stable. However, the problem
with pure ionic liquid is that their ionic conductivity is a little low. If their ionic
conductivity can be increased, then the electrical energy storage capacity of these
devices can be increased. In order to see an increase in ionic conductivity, we prepare
a mixture of various ionic liquids. Moreover, trying to calculate the dissociation
constant via diffusion coefficient (that we measure using PFG-NMR). Following are

the equations that we use: The ionization process of ILs can be expressed as

lon — pair = cation + anion

(1—2) x x
Dy D, D,
Deops = 2De + (1 — 2) Dy, (4.1)
Dyobs = Do + (1 — ) Dy, (4.2)
& = (De,obs — Dayobs)/(De — Do) (4.3)
K;=2°/(1—2) (4.4)

e Notations like 1112, 1123, IL.34 and so on were also used, where IL12 represent

the mixture of pure IL1 and Pure IL2 and similarly for others.

4.2 Sample preparation

e Generally ILs are hygroscopic, they easily capture moisture from the surrounding

environment. In order to remove water content from ILs, we perform vacuum
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dry at 0.049 mbar pressure and 60 °C temperature.

e Then, 20 mM concentration solution of each pure ILs was prepared in methanol-

d4 solvent.

e to prepare the solution for IL12 (a mixture of pure IL1 and IL.2), an equal volume
of 20 mM solution of each IL1 and IL2 were added. Moreover, did the same for
other ILs like IL23, IL34, and so on.

e In order to record NMR spectra, 200 ul solution of IL was taken in a 3 mm
NMR tube. Further, this 3mm NMR tube was inserted into 5 mm NMR tube

containing D5 0.

4.3 NMR spectra for various ILs

NMR spectra is very much essential to now qualitatively change around the environ-
ment of nuclei. Firstly, we recorded the NMR spectra of all pure ILs and their mixture
as shown in figure (4.3.1) and figure (4.3.1).

4.3.1 'H NMR spectra

For pure ILs

1.4
A L L N J\__l_)_
T T T T T T T T T T 1
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 pPpm
IL.3
T T T T T T T T T T 1
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 pPpm
IL1
1 | LA 1
T T T T T T T T T T 1
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 Ppm

Figure 4.2: 'H-NMR spectra of pure ionic liquids.
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For binary mixture of ILs

IL14
[ [ [ [ [ [ [ [ [ [ [ [ [ [
10 9 8 7 6 5 4 3 2 1 0 1 -2 ppn
1L34
[ [ [ [ [ [ [ [ [ I [ [ I I
L2 410 9 1 6 5 4 3 2 1 0 1 -2 ppm
J . L I L Jo L l
[ [ [ [ [ [ [ [ [ [ [ [ [
10 9 8 7 6 5 4 3 2 ] 0 1 -2 ppm
1123
]l
[ I [ I [ [ [ [ [ [ [ [ [ [
10 9 8 7 6 5 3 2 1 0 -1 -2 ppm
IL13 ' I
[ [ [ [ [ [ [ [ [ [ [ [ [ [
IL1210 9 8 7 6 5 4 3 2 1 0 -1 -2 ppm
| | J . R Jt l
[ [ [ [ [ [ [ [ [ [ [ [ [
10 9 8 7 6 5 4 3 2 1 0 -1 -2 ppm

Figure 4.3: ' H-NMR spectra of binary mixture of ionic liquids. Where IL13 represents
the mixture of pure IL1 and IL3 and similarly for others.

On comparing the spectra of pure ILs with the spectra of mixtures, we observed a

shift in the peaks that suggest the change in the environment around nuclei.
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4.3.2

YEF NMR spectra

For binary mixture of ILs

| |
-100

| | | | | |
-170

0 80 90 410 120 -130 140 150 -160 ppm
IL13
| I T .
[ [ [ [ [ [ [ |
90 100 110 120 130 140 150 ppm
IL23
[ - I.I [ [ [ [ ]
60 0 80 90 100 110 120 ppm
1L34
[ [ [ = I [ [ |
60 0 80 90 100 110 120 ppm
1L.24
[ [ [ [ [ [ [ [ [ [ .I [ |
6 65 0 75 80 85 90 95 100 105 110 -1IS ppm

Figure 4.4: Y F-NMR

spectra for binary mixture of ILs.
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For pure ILs

IL4
\ [
I T T T T T T T T T T
-65 -70 -75 -80 -85 -90 -95 -100 -105 ppm
IL3
I T T T T T T T T T T
-80 -85 -90 -95 -100  -105 -110 -115 -120 -125 ppm
IL2
I T T T T T T
-70 -80 -90 -100 -110 -120 ppm
IL1
T T T T T T T T T T T T T
65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 ppm

Figure 4.5: ¥ F-NMR spectra of pure ILs.

4.4 7T} and 75 measurement

Longitudinal relaxation (7})

S. No. | Ionic liquids Pgak Value T1 (in sec.)
(in ppm)
1. IL1 pl =8.60 | 0.850 = 0.009
: IL2 pl =191 | 1.807 &£ 0.018
3. IL3 pl =1.04 | 1.621 + 0.016

Table 4.2: Longitudinal relaxation (77) values of pure ILs calculated using inversion
recovery method.

Ty and T, were measured using inversion recovery method and CPMG sequence

method respectively. T; and T values tells us that how fast or slow spin relaxes.
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S. No. | Tonic liquids P(?ak V@lue T1 (in sec.)
(in ppm)
4. IL12 pl =1.910 | 1.086 £ 0.011
D. IL13 pl = 1.042 | 1.745 £+ 0.017
p2 = 4.222 | 1.486 £+ 0.015
6. IL23 pl =1.042 | 1.615 £ 0.016
p2 = 4.840 | 6.228 £ 0.061

Table 4.3: Longitudinal relaxation (77) values of mixtures of ILs calculated using

inversion recovery method.

The Ty values are given in Table (4.4) (for pure ILs) and Table (4.4) (for mixtures)
respectively. We observed that T values for mixtures are slight higher that T; values

for pure ILs. This also suggest change in the dynamics of the system.

4.5 Homo-nuclear Correlation Spectroscopy (COSY)

spectra

(IL1)

(IL3)

0o o
>

Figure 4.6: 2D homo-nuclear COSY spectra of IL1, IL3 and IL13.

(IL13)
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4.6 Diffusion Experiments

4.6.1 For 'H nuclei

(IL1) (IL13)
[ LJ A_JJ_ T - A

-

[

=
=55

j
.l IN

L ‘ a——

T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15  ppm 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 ppm

Figure 4.7: 1D-Diffusion spectra of IL1 and 1113 (with decreasing gradient strength).

PFG-NMR spectra for all ILs

In(I/10) vs g2 at 300k

In(l/10)

IL3 x

‘ ‘ ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0.3
g (T/m)y?

Figure 4.8: Comparison of diffusion coefficient for various ILs at 300 k. Here, slope
represent the diffusion constant, more the value of slope higher the diffusion coefficient.
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. 1. ., | Peak value | Diffusion coefficient

S. No. | Ionic liquids . .
(in ppm) (in m"2/sec.)
1. IL1 pl = 0.806 1.147*10°(-10)
p2 = 1.800 1.097*10"°(-10)
p3 = 8.600 1.074*10°(-10)
2. IL2 pl = 1.305 4.100*10"(-8)
p2 = 1.909 4.623*10"(-8)
p3 = 3.331 7.582*%10"(-8)
3. IL3 pl = 1.684 3.915%10"(-8)
p2 = 3.250 3.914*10"(-8)
4. IL12 pl = 1.904 3.767*10"(-8)
p2 = 0.908 3.793*10"(-8)
p3 = 3.341 16.37*%10"(-8)
5. IL13 pl = 8.902 4.421*10"(-8)
p2 = 0.909 4.346*10"(-8)
p3 = 1.684 4.010*10"(-8)
p4 = 1.912 4.389*10"(-8)
p5 = 3.250 4.038*10"(-8)
6. IL23 pl = 1.684 4.042*10"(-8)
p2 = 3.250 4.058*10"(-8)

Table 4.4: Diffusion coefficients values for various ILs calculated using PFG-NMR.

Diffusion coefficients for various ILs were calculated using Pulsed Field Gradient
(PFG) sequence.
IL1 and IL13. while performing PFG experiment, gradient strength were changed

Above figure (4.7) shows the output of the PFG experiment for

to record the intensity plot. The graphs in the figure (4.7) are arranged in such a
way that the the gradient strength increases as we move up in the figure (4.7). It is
observed that as the gradient strength increases the intensity of the peak reduces (or
the height of the peak reduces).

In figure (4.8), log(I/1,) Vs. g? plots were plotted for IL1 (blue), IL12 (green), 1123
(magenta), IL13 (cyan) and IL3 (red) at 300 k temperature. Here, the slope of the
graph represent the diffusion coefficient, so the plots in figure (4.8) helps us to compare
the diffusion coefficient values. Further in the Table (4.4), diffusion coefficient values
shown that were calculated using PFG-NMR.

4.6.2 For "Li nuclei

In order to calculate the dissociation constant (K,), we need diffusion coefficient (D)

value for each anion and cation. That’s why we also have to calculate the D value for
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some ILs, mainly containing Lithium ("L7) nuclei (like IL2, TL12, IL23 and 11.24).

PFG-NMR spectra for all ILs

In(I/1o) vs g2 at 298k

-0.5

In(l/lo)

=
o

1L24

25 I I .
0 0.05 0.1 0.15 0.2 0.25 0.3

g? (T/m)?2

Figure 4.9: Comparison of diffusion coefficient for various ILs at 298 k.

Temperature effect on diffusion

For IL2

In(l/lo) vs g2 (for IL2 at different temperatures)

In(I/lo)

0 0.05 0.1 0.15 0.2 0.25 0.3

¢ (T/m)?

Figure 4.10: Diffusion coefficient For IL2 at different temperature.
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For IL12

) In(l/10) vs g2 (for IL12 at different temperatures)

5
E
273k S
2 L 283k N
288k ES
293k ¥
o5 L 298k RN *
308k N
— — —313k *
-3 .
0 0.05 0.1 0.15 0.2 0.25 0.3
2
9 (T/m)?

Figure 4.11: Diffusion coefficient For 1112 at different temperature.

In figure (4.10), (4.11), (4.12) and (4.13), log(I/1,) Vs. g plots were plotted for 1L2,
[L12, IL23 and 1124 at different temperatures.

For TL23

In(l/10) vs g2 (for IL23 at different temperatures)

In(l/lo)

"o 0.05 0.1 0.15 0.2 0.25 0.3

' (T/m)2

Figure 4.12: Diffusion coefficient For IL23 at different temperature.
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For IL24

-1.5

Figure 4.13: Diffusion coefficient For 1124 at different temperature.
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N
— — —313k i\
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Diffusion coefficient(D) vs temperature for IL24

%  data points
linear fit line

3.2 33 3.4 35 3.6 3.7 3.8 3.9
uT %1073

Figure 4.14: In(D) Vs. 1/T plot. D and T are in the units of m?/sec and kelvin(K)

respectively.

This suggests that the diffusion coefficient increases with an increase in the tempera-

ture and follows the Arrhenius relation:

Da = Doae_Ea/RT
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4.6.3 For “F nuclei

PFG-NMR spectra for ILs

[ILIS l
| |
l |
| e |
| e I
l L |
I [ |
l L |
| L |
| L1 |
J . . . I.Il. . .] .

Figure 4.15: 1D-Diffusion spectra (*°F) of IL13(with decreasing gradient strength).

In(I/10) vs g2 at 300k

In(l/10)

I I I I I |
0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 4.16: Comparison of diffusion coefficient for various ILs at 300 k.
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4.7 Conclusion and Future Direction

NMR spectroscopy is a versatile technique to identify the structure of various biolog-
ical and chemical species. The comparison of *H NMR spectra of Pure ILs as shown
in figure (4.3.1) with the binary mixture of ILs as shown in figure (4.3.1) displays the
shifts in the peaks that suggest us that the change in the environment around nuclei
has occurred due to mixing. We provided the T; values for pure ILs as well as for
mixtures. Slightly higher T values for mixtures of ILs shows us that the dynamics of
the molecules has increased.

Also, the plots of log(I/1,) Vs. g? for various ILs at 298k were provided that helps
us to compare the diffusion coefficient of ILs. As in figure (4.16) we see that pure
ILs has the highest slope so as the diffusion coefficient, after mixing 112 with other
ILs (like IL1, IL3, and IL4) we observe the decrease in the slope so as the diffusion
coefficient.

Also, diffusion coefficient values for ILs containing “Li nuclei (IL2, IL12, IL23,
and I1.24) were calculated at different temperatures ranging from 263K to 318K to
observe the effect of temperature on diffusion coefficient. With the increase in the
temperature, the increase in diffusion coefficient was observed. Figure (4.14) displays
that the diffusion follows the Arrhenius profile with temperature.

Finally, ionic liquids are gaining more importance because of there outstanding
properties, wide application and easy to tune their physical properties by simple

means like mixing (as we have exploited in this work).
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Appendix A

Derivation of Stokes-Einstein

Equation

The motion of a particle moving along x-axis under constant external force F.,; can

be expressed as

dvx Fext
— = Al
dt m (A1)

where v, is the velocity along x, and m is the mass of particle. on solving further,

Fe:vt

(1) = vz A2
a(t) = v+ 2 (4.2)
Fopian?
Az = vy, + —2HED (A.3)
m
On taking average both side of the equation
Fopian?
< Ap >= A7 (A.4)

2m

when friction force (F,;s = 6 myvR ) become equal to external force (F.,;), the particle

achieves a terminal velocity vie,.

Fvis = Legt (A5>
67TT]’UterR = Fext (A6)
Femt Fext
er — = AT
vt 6mnR f (A7)
where
f=6mmR (A.8)
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From equation (A.4), f can also be written as

2m
e A9
=2 (A.9)
Also from diffusion law, diffusion coefficient can be written as
L2
D= — A.10
2At ( )
Using equation (A.9) and (A.11),
mL?
D = A1l
fD =muj, (A.12)
Also from equipartition theorem, we can write
kgT
<V, >=—— A13
UO,:(: m ( )
on putting equation (A.13) into equation (A.12), we get
fD =kgT (A.14)
kgT  kgT
D="2" — A.15
f 6mnR ( )

This is the Stokes-Einstein equation.
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Appendix B

Topspin Commands

Command

wrpa
edc

i

rsh

rga

2g
atma
atmm
getprosol
pulsecal
efp

apk

abs

Functon
To copy the experiment at desired location.
To create a directory,
To copy the experiment.
To read the shim file.
To set receiver gain.
To start acquisition.
To tune and match atomatically.
To tune and match manually.
To set the default values in the experiment.
To calibrate pulse length automatically.
Perform fourier processing.
Automatic phase correction.
Automatic base line correction.
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Appendix C

Supplementary information

C.1 For 'H nuclei

C.1.1 PFG-NMR spectra for all ILs

In(l/lo) vs g2 at 298k

0 v*%

In(l/1o)
N

L1
8 IL12
IL13

0 0.05 0.1 0.15 0.2 0.25 0.3

g2

Figure C.1: Comparison of diffusion coefficient for various ILs at 298 k. Here, slope
represent the diffusion constant, more the value of slope higher the diffusion coefficient.
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In(l/lo) vs g2 at 298k

In(l/1o)

IL23
IL13
IL3

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure C.2: Comparison of diffusion coefficient for various ILs at 298 k. Here, slope
represent the diffusion constant, more the value of slope higher the diffusion coefficient.
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