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Abstract of the Thesis

This thesis deals with the study of the diffusion dynamics of small molecules using
NMR spectroscopy and molecular dynamics simulations. The contents of the present
thesis have been divided into six chapters whose brief account is sketched below:

Chapter 1

This chapter contains an introduction to the basics of NMR spectroscopy, molecular
dynamics and molecular diffusion. The physical basis of the NMR signal, the FID
and spin magnetization, T1 and T2 relaxation processes are discussed in the beginning.
The pulsed field gradient NMR technique to measure translational self-diffusion coef-
ficients is described in detail. The basic flowchart for a molecular dynamics simulation
is explained and the force fields and other constraints used in the GROMACS molecu-
lar dynamics software package is discussed. The fundamentals of molecular diffusion
have been explained on the basis of Fick’s laws of diffusion.

Chapter 2

The dynamics of drug molecules inside liposomal drug carriers is important from the
point of view of understanding their biological interactions. Molecular dynamics sim-
ulations are extensively used to study the self-assembly of lipid bilayers and drug pen-
etration into these membrane mimetics. This chapter describes a study using molecular
dynamics simulations on a fluorinated drug diffusing inside a lipid bicelle (simulating
a drug carrier environment). The conformational and transport properties of the drug
inside a bicelle made from a mixture of DMPC/DHPC molecules are studied. The ef-
fect of temperature and bicellar phase on these structural and dynamic properties have
been investigated. The computations show that the drug molecule is able to penetrate
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into the lipid bilayer and drug molecule diffuses anomalously inside the bicelle.

Chapter 3

This chapter describes an NMR spectroscopic study of the temperature dependent dy-
namic behavior of LiClO4 mixtures of various polyethylene glycols (PEG)-based poly-
mers in three different molecular solvents viz. water, dimethyl sulfoxide (DMSO),
and acetonitrile (ACN). Temperature dependent NMR self-diffusion coefficients, spin-
lattice (T1), and spin-spin relaxation (T2) studies has been performed in order to un-
derstand the dynamics of these mixtures. Protons from the ethylene oxide (EO) unit
(-OCH2CH2-) of polymers have been probed through NMR spectroscopy for its study
of chemical shift, diffusion and relaxation studies. It has been observed that the in-
creased temperature of the medium shows a deshielded chemical environment for the
protons of EO unit in its D2O and DMSO mixtures, however a shielded chemical en-
vironment has been observed in its ACN mixtures. On the other hand, the hydroxyl
proton shows opposite behavior in its mixtures with ACN and DMSO, which is ex-
plained on the basis of the H-bonding phenomenon. Increasing temperature of the
medium decreases the hydrodynamic radius of polymers and has been explained on
the basis of solvation/desolvation phenomenon. A substantial interaction between the
lithium cation with the EO unit of the polymer has been observed as probed through
1H-7Li 2D HOESY spectroscopy. The Li-H distance has been calculated by applying
the isolated spin pair approximation and the shortest Li-H distance has been observed
in its DMSO mixtures as compared to its ACN mixtures suggesting a stronger interac-
tion between the Li+ cation with the polymer cage in its DMSO mixtures.

Chapter 4

Studies of the dynamics and conformation of polymer chains in ionic liquids are of
great interest as they have wide-ranging applications in fuel cells, batteries and gas sep-
aration. Different binary mixtures of polymers and ionic liquids could exhibit dramatic
variations in their properties such as solubility. Since it is difficult to perform exper-
iments on dilute polymer/ionic liquid mixtures, theoretical investigations are quickly
gaining ground in this novel area. In this chapter, the conformational properties of
poly(ethylene glycol) (PEG) in a prototypical ionic liquid 1-methylimidazolium chlo-
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ride ([MIM][Cl]), are studied using molecular dynamics simulations. The effect of
temperature and of chain length on these conformational properties are investigated.
The dihedral angle distribution has also been computed which suggests that at lower
temperatures the polymer chain has a finite probability of adopting a helical conforma-
tion in the ionic liquid.

Chapter 5

Curcumin is a hydrophobic polyphenolic compound derived from the roots of the herb
Curcumalonga and exists in both keto and enol forms. Curcumin is an interesting
compound due to its pharmacological effects including anti-inflammatory, antioxidant,
antiproliferative and anticancer properties. This chapter describes a molecular dynam-
ics study of the conformational flexibility and dynamics of curcumin inside a lipid
bilayer. The lipid bilayer is constructed from dipalmitoylphosphatidylcholine (DPPC)
molecules which have a hydrophobic tail and a hydrophilic head. To analyze the dif-
fusion of curcumin in the lipid bilayer, the mean square displacement is studied with
time. To investigate the conformational flexibility of curcumin, the radius of gyration
and the distance between the oxygen atoms of the hydroxyl group are computed. The
free energy of the solvation of curcumin inside the DPPC bilayer is also calculated.

Chapter 6

This chapter contains a brief summary of the main results of the present thesis, their
applications, as well as their possible future extensions.
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Chapter 1

Introduction

1.1 Basics of NMR spectroscopy

Nuclear magnetic resonance (NMR) is a widely used analytical method in various
fields of research such as physics, chemistry, biology, medicine and pharmaceutical
science [1, 2, 3, 4, 5]. NMR is based on the spin of the nucleus. All atomic nuclei
possess a spin quantum number, which may have values greater than or equal to zero[6,
7, 8, 9]. When these spins are placed in a homogeneous external magnetic field, they
start to precess about the axis of the magnetic field with a specific frequency, known
as the Larmor frequency [10, 11, 12, 13]. A net magnetization survives along the
axis of the applied magnetic field, which can be manipulated by using radio frequency
pulses. NMR has found a wide variety of applications such as the determination of
biomolecular structure[14, 15, 16, 17], molecular structure determination of[18, 19,
20] and in magnetic resonance imaging (MRI) [21, 22, 23].

1.1.1 Magnetization and FID

The atomic nuclei having non-zero spin possess a finite dipole moment and behave
like tiny bar magnets[24, 25, 26]. The magnetic moment of the nucleus is calculated
by using:

µ = γ~I. (1.1)

where µ is the magnetic moment, γ is the gyromagnetic ratio and I is the nuclear spin
quantum number.
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❇ ❇

✌ ❃✵ ✌ ❁✵

Figure 1.1: Pictorial representation of the relation of the direction of the precession of
the spins to the gyromagnetic ratio(γ). For positive γ, the direction of the precession is
clockwise, while for negative γ the direction is anticlockwise.

An NMR sample actually contains an ensemble of nuclear spins. Consider a homo-
geneous magnetic field applied in the z-direction; the nuclear spins will start precessing
about z-axis. The z-component of all the spins is added up and gives a resultant mag-
netization in the z-direction. The pulse in the NMR is electromagnetic radiation having
frequency in rf region. Such an rf pulse imposes a torque on the net z-magnetization
vector and can rotate it in other directions. After making a transformation to the ro-
tating frame, a 90◦ rf pulse rotates the magnetization into the x − y plane. After the
90◦ pulse, the magnetization evolves under the system Hamiltonian and relaxes back
to the equilibrium z-direction. During this period, the NMR signal is acquired. This
time-domain signal is called free induction decay (FID). The Fourier transformation of
this FID transforms it into the frequency domain, corresponding to the NMR resonance
peak in frequency space.

1.1.2 Nuclear spin relaxation

The intensity of the NMR signal decay with time. This process is known as re-
laxation. By this process, the spin magnetization ultimately aligns along the equi-
librium z direction. The relaxation process is described by two phenomenological
processes[27, 28, 29].
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1.1 Basics of NMR spectroscopy

1. Spin-lattice relaxation

2. Spin-spin relaxation

1.1.2.1 Spin-lattice relaxation time (T1)

Spin-lattice relaxation is also known as longitudinal T1 relaxation[30]. It is calculated
by using inversion recovery method. The figure 1.2 is the pictorial representation of
inversion recovery method.
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Figure 1.2: Pictorial representation of the T1 spin-lattice relaxation process. For zero
delay time(τ = 0), the intensity have negative minimum value. At τ = T1ln(2), the value
of the intensity approaches to zero. As the time is increased, the value of the intensity
approaches its maximum value.

3
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In the beginning when the sample is placed in the homogeneous magnetic field
in the z-direction, the spins start precessing with the Larmor frequency around the z-
direction. The components of the magnetization in the x−y plane (MxandMy) cancel
out and a net magnetization survives only along the z-direction. After a 90◦ pulse, the
magnetization is tipped into the x − y plane, where it precesses freely and begins to
relax back to the equilibrium z direction. Figure 1.2 shows the pictorial representation
of T1 relaxation. The spin-lattice relaxation time is calculated by using an inversion
recovery experiment: an initial 180◦ pulse is applied along the z-magnetization, then a
90◦ pulse is applid after a τ delay: 180◦ − τ − 90◦. This relaxation is governed by

Mz(t) = Mz(t)(1− 2exp(− t

T1
)) (1.2)

where Mz(t) is the magnetization in the z direction at time t and Mz(0) is total mag-
netization in the z direction at equilibrium.

1.1.2.2 Spin-spin relaxation time(T2)

Spin-spin relaxation is the process which is responsible for dephasing or decay the
transverse component of the magnetization and is also called transverse relaxation or
T2 relaxation[30]. This relaxation process occurs due to local inhomogeneities of the
magnetic field and is governed by:

Mxy(t) = Mxy(0)exp(− t

T2
) (1.3)

where Mxy(t) is the value of magnetization at time t and T2 is the spin-spin relaxation
time. Spin-spin relaxation is measured by a simple spin echo experiment 90◦ − (∆ −
180◦ − ∆) × L4 (where ∆ is a delay and L4 is the loop on 180◦ pulse). Figure 1.3
shows the pictorial representation of the T2 process.

❇♦ ▼①② ❂▼①②✭✵✮❡
�t✁❚✷

✂✐♠❡

Figure 1.3: Pictorial representation of the T2 relaxation process.
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1.1 Basics of NMR spectroscopy

T2 relaxation is calculated by using Carr-Purcell-Meiboom-Gill sequence (CPMG)
experiment. The figure 1.4 is the pictorial representation of CPMG pulse sequence.

✙❂✷ ✙

✧ ★
✶❍✴❳

▲✹
✁ ✁

Figure 1.4: Pictorial representation of CPMG sequence.

1.1.3 Spin-echo experiment

A spin echo experiment leads to the refocusing of spin magnetization by an rf pulse.
The equilibrium z magnetization is tipped into the x − y plane by a 90◦ pulse. The
spins begin dephasing due to transverse spin-spin relaxation and a 180◦ pulse is applied
to achieve complete refocusing of the spin magnetization.

✙❂✷ ✙

✶❍✴❳

✁ ✁

Figure 1.5: Pulse sequence of the spin echo experiment.

1.1.4 Pulsed field gradient diffusion NMR

NMR is a useful technique to study the diffusion on the millisecond time scale[31].
Pulsed field gradient is an NMR technique to study the diffusion, without disturbing
the system under investigation. In this method the gradients are used along with the
spin echo method for the spatial encoding. When the sample(spins) are placed in the

5
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homogeneous magnetic field, the spins start precessing with the Larmor frequency,
which is given by

ω0 = γBo (1.4)

where γ is gyromagnetic ratio and ω0 is Larmor frequency and Bo is homogeneous
magnetic field. There are two basic pulse sequences used to study diffusion in NMR:

1. Pulse field gradient spin echo

2. Pulse field gradient stimulated echo

Both methods are described below.

1.1.4.1 Pulsed field gradient spin echo

In the pulse field gradient spin echo experiment, the first 90◦ pulse is applied to tip the
magnetization vector into the transverse plane. Then the gradient of the magnetic field
(g) is applied in the z-direction. The effective frequency of the precession of the spins
becomes

ωeff = ωo + γgz (1.5)

With the external magnetic field gradient the frequency of the precession of the
spins becomes a function of z. It provides spatial labeling to spins. This is called
encoding. The phase (phi) of the spins is written as

6



1.1 Basics of NMR spectroscopy
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Figure 1.6: When a gradient is applied along the homogeneous magnetic fieldBo, the total
magnetic field experienced by the spins becomes a function of z. The angular velocity of
the spin precession becomes spatially dependent. This figure shows the effective angular
velocity of the precession as a function of time.

φ(z) = φo +

∫
γgzdt (1.6)

Due to the diffusion, the spins change their respective positions. After this the refo-
cusing pulse(180◦) is applied and the same intensity of the magnetic field gradient is
applied to decode the signal. The signal attenuation reflects the diffusion process.

✙❂✷ ✙

●③

✶❍✴❳

✍ ✍

✁ ✁

Figure 1.7: Pictorial representation of the pulse program of the pulsed field gradient spin
echo NMR experiment. The gradient pulses are used to dephase the magnetization vector.
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1.1.4.2 Pulsed field gradient stimulated echo

Pulsed field gradient stimulated echo pulse sequence is another method to study the
diffusion by NMR[32]. In this method, three 90◦ pulses are used along with the gra-
dients. The basic pulse sequence of stimulated echo is 90◦ − τ/2− 90◦ − τ/2− 90◦.
The first 90◦ pulse aligns the magnetization in the x− y plane.

✜❂✷ ✜❂✷
✁ ✁

✙❂✷ ✙❂✷ ✙❂✷

●③

✶❍✴❳

✍ ✍

Figure 1.8: Pulse sequence of the pulsed field gradient stimulated echo NMR experiment.
The gradient pulses are used to dephase the magnetization vector.

Then the gradient is applied to dephase the spins. The second 90◦ pulse is applied
to tip the dephased spins into x− z plane. The z-component of the magnetization does
not precess but remains aligned along the direction of the magnetic field. The last 90◦

pulse is used to align the spins in the transverse plane and a gradient pulse is used to
rephase the spins. The diffusion is calculated from the attenuation of the signal.

1.1.4.3 Stejskal-Tanner equation

Stejskal-Tanner equation is an important equation in NMR diffusion measurements[33,
34, 35]. It is used to calculate the diffusion coefficient. The equation combines Fick’s
second law with Bloch equation:

A = A0exp[−Dγ2δ2g2(∆−
δ

3
)] (1.7)

where A is the intensity of the NMR peak, D is the diffusion coefficient, γ is the
gyromagnetic ratio, δ is the duration of the magnetic gradient pulse, g is intensity of
the gradient pulse and ∆ is the diffusion time.
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1.2 Molecular dynamics simulations

1.1.4.4 Applications of pulsed field gradient NMR

The pulsed field gradient NMR experiment is a key technique for various magnetic
resonance applications[36, 37]. An important application is in the area of magnetic
resonance imaging (MRI). The technique is also used to study the diffusion dynamics
of the molecules[38]. In the Diffusion Ordered Spectroscopy (DOSY) experiment[39],
the components of the mixture are resolved depending upon the diffusivity of the
molecule. The DOSY method is also used to determine the size of the molecule and the
process of aggregation occurring in the mixture of solutions[40]. Another application
of the pulse field gradient is in solvent suppression in the NMR experiment[41]. Some-
times there are various unwanted solvent peaks in the NMR spectrum. The pulsed field
gradient technique is an effective method to suppress such unwanted peaks. Gradient
pulses are used in the phase cycling technique. It is routinely used in magnetic reso-
nance to remove background signals and to suppress unwanted free induction decays
(FID) and spin echoes. In this the desired coherence pathway is selected by using the
gradient pulses [31].

1.2 Molecular dynamics simulations

Numerical simulations have long been used to understand the properties of ensembles
of molecules in terms of their structure and the microscopic interactions between them.
There are two types of computational techniques used [42, 43]: molecular dynamics
(MD) simulations and Monte Carlo (MC) simulations.
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1. Introduction

Simplified flowchart of molecular dynamics algorithm

Give atoms initial r(i=0) and v(i=0), choose short ∆t

Predict next atom position: move atoms

Update atoms position:rp = r(i) + v(i)∆t+ 1/2a∆t2

Update atoms velocity:vp = v(i) + a∆t

Get forces F = −∇V (rp) or F = F (Ψ(rp)) and a = F
m

Corrector Stage:Adjust atoms positions with new a

Move atoms:r(i+1) = rp+ Some functions of a,∆t

Update velocites:v(i+1) = vp+Some functions of a,∆t

Apply boundary conditions and T,P control

Calculate and output physical quantities of interest

Move time and iteration step:t = t+∆t, i = i+ 1

Repeat as long as you need

	
	

	
	

	
	

	

Figure 1.9: Flowchart of a typical molecular dynamics simulation.

MD simulations give insights into molecular properties such as transport coef-
ficient, time dependent responses to perturbation and rheological properties and are
hence often preferred over MC simulations. Molecular dynamics is the computational
study of the physical motion of the atoms and the molecules. The molecules or atoms
freely interact with each other for a fixed time and then the system is allowed to evolve,
with interactions being governed by the forcefield.

The trajectories of the molecules or the atoms are calculated by solving the Newton
equations of motion. The force between particles (molecules or atoms) is calculated
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1.2 Molecular dynamics simulations

from the interatomic or intermolecular potential. The negative gradient of the potential
gives the force. Examples of some of the most commonly used molecular dynamics
simulation packages are AMBER, CHARMM, GROMOS, and OPLS[44, 45, 46, 47].
For the simulation, the initial conditions are provided externally in a file. The tem-
perature distribution is computed according to the Maxwell Boltzmann distribution.
Figure 1.9 depicts the flowchart of a typical molecular dynamics simulation. The re-
sults of the MD simulations are usually validated by comparing with experiments. MD
simulations are extensively used in chemical physics, material science, biomolecular
modeling and pharmaceutical science[48, 49]. MD simulations are used for quanti-
tative estimation of quantities such as binding constants of ligands to receptors and
for the prediction of spatial molecular structure of the big proteins. This is helpful in
refining the structure when compared with X-ray and NMR experimental data. The
MD simulations are also extremely helpful in the field of the drug discovery [50]. MD
simulations are also useful for the calculation of the thermodynamical properties of
the molecular systems such as free energy, entropy contribution etc. Despite several
advantages, MD simulations have several limitations as well. The time and the size are
the biggest limitations of MD studies. The smallest integration step for the simulation
is of the order of femto seconds (≈ 2fs). In nature the size of the systems is huge,
which cannot be realistically simulated by the MD simulations. The order of the num-
ber of the atoms simulated in the simulations is up to 100000. Due to small integration
time steps and large number of atoms, there are billions of calculations.

So it is extremely time consuming. In molecular dynamics simulations the force-
fields are the main models. If the potentials in the forcefields mimic the force experi-
enced by the real atoms, then the simulation become realistic. But the forcefield taken
in the simulations are approximated. To decrease the time of the simulations, the long
range interactions are truncated within some range.

1.2.1 Forcefields and interactions

The force field is a key part of any molecular dynamics simulation. It refers to the
functional form and the parameters used to calculated the interatomic potential energy.
The parameters of the force field are derived from experiments or from the quantum
mechanical calculations. There are mainly three type of force fields which are used in
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molecular dynamics simulations:

1. All atom: In this type, the parameters are provided to the individual atoms. All
atoms are considered as the interacting units. This force field is highly time
consuming.

2. United atom: In the united atom force field, the parameters are provided to all
atoms of the molecule except the non polar hydrogen. This force field is less
time consuming.

3. Coarse grained: In this force field, groups of atoms are considered as interacting
beads. In this force field the number of interacting units are reduced, so it is less
time consuming. Martini coarse grained is one example of this force field[51].

The total energy in the molecular dynamics simulation is written as

Etotal = Ebonded + Enonbonded (1.8)

The bonded interactions of the atoms are the interactions which are occurs through
the bond. The non-bonded interactions of the atoms are the interactions which occur
through space.

The bonded interactions can be categorized as:

1. Bond: This interaction occurs due to the atomic bonds. The bond between two
atoms is considered analogous to a spring. So the contribution of this factor due
to the stretching of the bond is written as

Vbond(rij) =
1

2
kbij(rij − bij)2 (1.9)

where kij is the spring constant between two atoms, rij is the distance between
two atoms and bij is the mean distance between two atoms.

2. Angle: The vibration of the angle between triplet atoms contributes to the poten-
tial energy. It is also taken as a harmonic potential:

Vangle(θijk) =
1

2
kθijk(θijk − θ0ijk)2 (1.10)

where kθijk is a constant analogous to the spring constant, θijl is the angle and the
θ0ijk is mean angle in triplet atoms.
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3. Dihedrals: Dihedral is the angle between two planes. It involves a group of four
atoms. It is further divided into two parts

(a) Proper Dihedral: For the proper Dihedral, the potential energy is

Vprodihed(φijk) = kφ(1 + cos(nφ− φs)) (1.11)

where φ is the angle between planes.

(b) Improper Dihedral: The potential energy due to the Improper Dihedral is

Vimpdihed(ξijkl) =
1

2
kξijk(ξijkl − ξ0ijkl)2 (1.12)

The non bonded interaction of the force field have following terms

1. Coulomb interaction: Coulomb interaction is the main term in the non-bonded
interaction. It is due to the charge on the interacting atoms. It is written as:

VCou(rij) = f
qiqj
εrrij

(1.13)

Where rij is the distance between the interacting ith and jth atoms with the
charge qi and qj .

2. Lennard-Jones interaction: The Lennard-Jones interaction potential is written
as:

VLJ(rij) =
C

(12)
ij

r12ij
−
C

(6)
ij

r6ij
(1.14)

It is made up of two terms one is attractive and other is repulsive. C(12)
ij and C(6)

ij

are the constants and depends on atom pairs.

1.2.2 Constraints

In molecular dynamics, the constraints are helpful to simulate a rigid body by using
Newton’s equation of motion. These are used to maintain the distance between two
atoms. There are various constraint algorithms like LINCS and SHAKE are used in
the molecular dynamics simulations [52, 53]. The LINCS is the default constraint
algorithm used in the GROMACS software package.
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1.2.3 GROMACS software package

GROningen MAchine for Chemical Simulations(GROMACS) is a widely used open
source package used in dynamical simulations of molecules[54, 55]. It includes a
rich set of calculation tools, preparation and analysis tools. Advanced techniques like
free energy calculation are also supported in this package[56]. It also supports the
multithreading, CPU-GPU acceleration, state of the art 3D domain decomposition,
and also parallelization. The GROMACS package is written in C and C++ language.
Following force filed are the default present in GROMACS

1. AMBER(Assisted Model Building with Energy Refinement): It is family of the
force fields originally developed by Peter Kollman’s group[44]. The potential
energy function of the AMBER force field is

V (rN) =
∑
bonds

kb(l − l0)2 +
∑
angles

ka(θ − θ0)2 +
∑

torsions

∑
n

1

2
Vn[1 + cos(nω − γ)]

+
N−1∑
j=1

N∑
i=j+1

fij{εij
[(

r0ij
rij

)12

− 2

(
r0ij
rij

)6 ]
+

qiqj
4πε0rij

}
(1.15)

Where all terms have their usual meanings.

2. CHARMM(Chemistry at Harvard Macromolecular Mechanics): CHARMM force
field is developed by Martin Karplus and his group. Several versions of the
CHARMM are available in the GROMACS package. The potential energy func-
tion of the CHARMM force field is following[45].

V =
∑
bonds

kb(l − l0)2 +
∑
angle

ka(θ − θ0)2 +
∑

dihedrals

kφ [1 + cos (nφ− δ)]

+
∑

impropers

kω (ω − ω0)
2 +

∑
Urey−Bradley

ku (u− u0)2

+
N−1∑
j=1

N∑
i=j+1

fij{εij
[(

r0ij
rij

)12

− 2

(
r0ij
rij

)6 ]
+

qiqj
4πε0rij

}
(1.16)

3. GROMOS(Groningen Molecular Simulation): It is general purpose molecular
dynamics force field. The potential energy function of the GROMOS force field
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is following[46]

V =
∑
bonds

kb(l
2 − l20)2 +

∑
angle

ka(cosθ − cosθ0)2 +
∑

dihedrals

kφ [1 + cos (nφ− δ)]

+
∑

Improper

ka(ξ − ξ0)2 +
∑

impropers

kω (ω − ω0)
2

+
N−1∑
j=1

N∑
i=j+1

fij{εij
[(

r0ij
rij

)12

− 2

(
r0ij
rij

)6 ]
+

qiqj
4πε0rij

}
(1.17)

4. OPLS(Optimized Potentials for Liquid Simulations): The OPLS force field is
developed by Prof. William L. Jorgensen[47]. The potential energy function of
this field is following.

V (rN) =
∑
bonds

kb(l − l0)2 +
∑
angles

ka(θ − θ0)2+
∑

dihedrals

(
V1
2

[1 + cos(φ− φ1)]

+
V2
2

[1− cos(2φ− φ2)] +
V3
2

[1 + cos(3φ− φ3)] +
V4
2

[1− cos(4φ− φ4)])

+
N−1∑
j=1

N∑
i=j+1

fij{εij
[(

r0ij
rij

)12

− 2

(
r0ij
rij

)6 ]
+

qiqj
4πε0rij

}
(1.18)

GROMACS is a useful tool to calculate various molecular properties[57]. Few
properties and their respective commands are given below

1. Diffusion: It can calculate the diffusion coefficient from the trajectories obtained
from the molecular dynamics simulation. It originally extracts the mean square
displacement from the trajectories with the time. The slope of that trajectory
gives the diffusion coefficient. "gmx msd" is the command used to calculate it.

2. Radial distribution function: The radial distribution function are the pair corre-
lation functions gives the probability of one particle w.r.t second particle as the
function of the distance. To calculate radial distribution function in the GRO-
MACS "gmx rdf" command is used.

3. Radius of gyration: Radius of gyration is the quantity with which the size of the
molecule can be estimated. It can be calculated by using GROMACS command
”gmx gyrate”.
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4. Dihedral angles: Dihedrals angle are very useful to study the geometric iso-
merism. The command to calculate Dihedral angle is "gmx angle".

5. Root mean square deviations in structure: Root mean square deviations is very
useful to calculate the variation of structure during the dynamics. This tool is
useful to study the dynamics of large proteins and long chain polymers. The
command to use this tool is "gmx rmsd"

1.3 Fundamentals of molecular diffusion

Diffusion is the process in which the molecules intermingle as a result of their kinetic
energies. It is the random movement of particles. During diffusion, the particles make
numerous collisions with each other. Diffusion word is derived from latin word diffun-
dere. The meaning of this word is spread out. There are lots of examples of diffusion
in nature such as: diffusion of chemical fumes in air or a food color dye dropped in
water.
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Figure 1.10: Depiction of particles in a box diffusing with time.

Diffusion is the process by which matter is transported by the random motion of the
molecules and was understood by Adolf Fick in 1855 using the mathematics of heat
transfer equations. The transfer of the heat is proportional to the temperature gradient.
In the diffusion phenomenon, the temperature is analogous to the concentration.
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1.3.1 Fick’s First law

In an isotropic medium, the rate of transfer of a diffusing material through a unit area
for unit time is proportional to the concentration gradient[58]. Fick’s first law can
hence be written as:

F = −D∂C
∂x

. (1.19)

where F is the rate of transfer per unit area, C is concentration of the diffusing sub-
stance, x is the spatial coordinate and D is the diffusion coefficient.

In an anisotropic medium, the diffusion coefficient becomes a tensor, and the above
equation is written as:FxFy

Fz

 = −

Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

∂C
∂x
∂C
∂y
∂C
∂x

 . (1.20)

where Fx, Fy and Fz are the rates in the directions x, y and z, respectively.

1.3.2 Fick’s second law

Fick’s second law gives insights into change in the concentration with time. In an
isotropic medium, in one dimension, this is written as:

∂C

∂t
= D

∂2C

∂x2
(1.21)

where C is concentration of the diffusing material, D is diffusion coefficient, x is
spatial coordinate and t is time. In a more general form, the above equation is written
as:

∂C

∂t
= div(D.gradC) (1.22)

where div is the divergence and grad is the gradient. For an anisotropic medium the
above equation is written as:

∂C

∂t
= −

 ∂
∂x
∂
∂y
∂
∂x

Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

 .

∂C
∂x
∂C
∂y
∂C
∂x

 (1.23)

whereC is concentration andDs are diffusion coefficients, which are taken as constant.
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1.4 Organization of the thesis

The organization of the thesis is described below: Chapter 2 describes a molecular
dynamics study of the dynamics of a drug molecule pazufloxacin drug inside a bi-
cellar lipid membrane. The lipid membrane is created from two different lipids 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). The nature of the diffusion, radial distribution function and
the time correlation function of the drug in the lipid bilayer is presented in this chap-
ter. Chapter 3 deals with the an experimental study of the dynamics of six different
polyethylene glycol polymers and lithium perchlorate in three different molecular sol-
vents, using pulsed field gradient NMR and relaxation NMR. The activation energy
and the rotational correlation time are calculated from the experimental data. Chap-
ter 4 presents a molecular dynamics study of the dynamics of PEG polymer in an
imidazolium-based ionic liquid. The radial distribution function, radius of gyration
and various other aspects are probed. Chapter 5 presents a molecular dynamics study
of the diffusion of a curcumin molecule inside a DPPC lipid membrane, at two differ-
ent temperatures. To study the dynamics, both keto and enol forms of the curcumin are
investigated. The nature of the diffusion, the radius of gyration and the free energy of
the solvation are presented. Chapter 6 contains a brief summary of the work done in
this thesis.
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Chapter 2

Molecular dynamics simulation study
of the translational self-diffusion and
liposomal interaction of a fluorinated
drug molecule inserted in a
phospholipid bilayer

2.1 Background and Motivation

Understanding the molecular mechanism of drug insertion into membrane bilayers is
significant for drug design and delivery studies. For drug action to occur, the drug must
be able to penetrate the lipid bilayer membrane barrier present on the biological cell
surface. Lipid bilayers are semipermeable barriers in biological cells which control
the movement of several molecules into the cells [59]. Bicelles are model membrane
mimetics composed of long-chain dimyristoylphosphatidylcholine (DMPC) molecules
which get organized in a bilayered disc or vesicle with high curvature, stabilized by
short-chain dihexanoylphosphatidylcholines (DHPC) molecules [60]. Bicelles have
been extensively used as model membranes to study structure and dynamics of membrane-
associated peptides and proteins and to study the interactions of drug molecules with
cell membranes. Isotropic bicelles are usually disc-shaped entities with the DHPC
molecules on the rim and the DMPC molecules clustered together on the planar sec-
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tion. Phospholipid bicelles are often used as membrane mimetics and theoretical and
experimental studies of drug and bicelle interactions provide interesting and useful in-
sights. Biomembrane fluidity has been shown to be strongly affected by the presence
of drug molecules, which modifies their biological and physiological properties [61].
When the drugs are encapsulated in the bicelles, the toxicity of the drug is reduced,
and efficacy is increased.

Drug

Figure 2.1: Snapshots of drug-lipid bilayer system, showing results of MD simulation at
0 ns (left panel) and at 200 ns (right panel). The drug molecule is displaced along the
x-direction (normal to the membrane).

Several studies of the interaction between drugs and lipid bilayers have been re-
ported using experiments and theory [62]. MD simulations are able to provide struc-
tural and dynamic information of drug-bilayer interactions, often over a range of time
scales and length scales which are not amenable to experimental studies [63]. The
insertion, preferred positioning and dynamics of the drug molecule in the lipid bi-
layer has been extensively studied using molecular dynamics simulations [64, 65, 66].
The interaction of drugs and membranes and their investigation using different ex-
perimental methods and molecular dynamics simulations has been extensively dis-
cussed in a recent review article [67]. The partitioning of anti-inflammatory drugs
in lipid membranes has been studied via molecular dynamics simulations [68]. NMR
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spectroscopy provides atomic-level information under nearly physiological conditions
and is hence widely used for drug-substrate studies including conformation, dynam-
ics, affinity and binding-site identification. Other techniques such as confocal Raman
microscopy have also been used to study drug-lipid interactions [69]. The interaction
of drugs and different membrane mimicking environments such as SDS micelles have
been extensively studied using NMR spectroscopy and MD simulations [70, 71]. The
action of an antihypertensive drug AT1 antagonist losartan via its interaction with SDS
micelles was studied using MD simulations and NMR spectroscopy [72]. The effect
of drug insertion on the mesoscopic properties of a phospholipid bilayer has been in-
vestigated [73] and the permeability of drugs through a lipid bilayer has been studied
via dual-resolution molecular dynamics [74].

Drug binding to the liposomal surface is often dependent on the head group and
the nature of the drug and has been extensively studied [75, 76]. The action of a drug
not only depends on the structure of the drug, but also depends on its ability to bind
with the lipid cell membrane [77]. Lipid-drug interactions are important to predict the
pharmacokinetic properties of drug molecules, such as their transport, accumulation
and efficacy. Such biophysical interactions may be altered by a change in the lipid
composition of the cells and tissues to which the drug binds, due to which, target-
specific drug design and drug delivery can be explored [78].

The head group region of a lipid is polar and forms the hydrophilic part of the
membrane while the tails are hydrocarbon chains which are non-polar and lipophilic.
It is thus to be expected that molecules with high polarity will be incorporated into
polar head group region, while non-polar molecules will aggregate in the middle of
the lipid bilayer [79]. However this raises an interesting question about the degree
of penetration into the lipid bilayer of fluorinated molecules which are neither hy-
drophilic nor lipophilic in character [80]. In this chapter, this interesting question has
been explored via MD simulations of the interaction of a fluorinated drug molecule,
pazufloxacin, with a phospholipid bicelle. Pazufloxacin is a fluoroquinolone which
are molecules that have long been used as extremely potent and broad-spectrum an-
tibacterial drugs [81, 82]. Molecular dynamics simulations were performed on this
drug molecule oriented in a phospholipid bicelle, which acts like a membrane-mimetic
environment, and obtain useful information about its structural and dynamic behav-
ior. There are so many limitation of experimental studies. The experimental studies
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are more expensive than simulation studies. Sometimes the used chemicals are very
costly. In the experimental studies, The conditions are not real.

The drug-bicelle interactions were investigated as a function of temperature (at two
different temperatures 293 K and 303 K when the bicelle is in a gel phase and a liquid-
crystalline phase, respectively). The radial distribution functions were computed be-
tween different head and tail groups of the DMPC and DHPC molecules with water,
between the DMPC tail group and the drug molecule, and between the drug molecule
and the water. The results contained in this chapter corroborate the hydrophobic or
hydrophilic character of the different lipid tail and head groups. It is interesting to
note that although the drug molecule is for the main part hydrophobic, it still gets
trapped inside the lipid bilayer along with the water molecules. The transport behavior
of the drug molecule inside the bicellar environment was also studied as a function of
temperature, and it was inferred that the drug exhibits anomalous diffusion (in the sub-
diffusive regime) when the bicelle is in the gel phase as well as in the liquid-crystalline
phase.

2.2 Computational parameters

All MD simulations were performed using the GROMACS 4.5.6 software package [83],
using the GROMOS 53a6 force field [84]. The structure and topology of the lipid
molecules were downloaded from the Automated Topology Builder website [85], while
the structure and standard GROMOS parameters for the drug molecule were obtained
from the PRODRG server [86]. The composite drug-lipid bilayer system was first sub-
jected to a 1 ns MD simulation for energy minimization. These minimized coordinates
were fed into the final MD simulation which ran for 200 ns. The MD rectangular
unit cell contained 128 DMPC molecules, 85 DHPC molecules, 2000 water molecules
and a single drug molecule. The system was constrained in a 11 × 6 × 6 nm3 box
and periodic boundary conditions were imposed, with y- and z- directions correspond-
ing to the bilayer lateral and the x- direction corresponding to the bilayer normal, re-
spectively. The ensemble adopted was NV T (constant particle numbers, volume and
temperature). The temperature was controlled at 293 K using a modified Berendsen
thermostat [87]. At this temperature, the model membranes are in a gel state. The
electrostatic interaction was controlled using the particle-mesh Ewald (PME) method
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using a fourth order cutoff for the direct space sum [88]. For the van der Waals inter-
action, the Verlet cutoff scheme was used to restrict the potential to a short range of 1
nm. Velocities were assigned from the Maxwell distribution. The equation of motion
was integrated with the leap-frog integrator with a 2 fs integration time step. All bonds
were constrained using the LINCS algorithm of order four [52].

2.3 Results & Discussion

2.3.1 Drug penetration into lipid bilayer

In order to be able to penetrate lipid bilayers and retain the desirable property of aque-
ous solubility, drug molecules are amphipathic i.e different molecular moieties of the
molecule are either attracted or repelled by water. Most non-steroidal drugs contain
aromatic rings and occur in both uncharged as well as anionic forms. The aromatic
rings are the hydrophobic component and various polar functional groups are the hy-
drophilic part. In general charged molecules are usually congregated closer to the
water/membrane interface as compared to uncharged molecules and the results of both
experiments and simulations show that such drugs cause only minor perturbations to
the structure of the lipid bilayer when they penetrate into the lipid. The preferred
binding sites for amphipathic membrane-binding molecules are the water/membrane
interface and the lipid headgroup/tailgroup interface. It has been shown that increasing
the membrane asymmetry can enhance the drug penetration into the membrane. MD
simulations of the drug pazufloxacin inserted in a phospholipid bicellar system (con-
sisting of DHPC and DMPC) were performed in order to study the conformational
dynamics and the diffusion pathway of the drug molecule. The drug molecule was ini-
tially placed at the center of the lipid bilayer. It is evident from the simulations that the
drug diffuses along the direction of the normal to the membrane bilayer (denoted as the
x-direction for the simulation). The positioning of the drug in the lipid bilayer is shown
in snapshots of the MD trajectory in Figure 2.1. To get a more accurate profile of the
relative positioning of the drug molecule within the lipid bilayer, the number density
of the atoms in the drug molecule as a function of displacement along the membrane
normal was also calculated. The results are depicted in Figure 2.2 and corroborate the
model of the drug being displaced along the membrane normal direction. Within a few
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Figure 2.2: Plot of number density ρ(x) of drug molecule atoms along the membrane
normal (chosen as x-direction in the simulation).

seconds of the simulation, negative membrane curvature gets induced due to electro-
static attractions which help induce hydrophilic holes through which the drug molecule
penetrates into the lipid bilayer.

2.3.2 Radial distribution function

A pair correlation function or a radial distribution function (g(r)) (RDF) is the proba-
bility of finding a pair of molecules a distance r apart, relative to the probability for a
uniform distribution at the same density [89]:

g(r) = 4πr3ρ(r)dr (2.1)

where ρ is the number density and r is the distance from the reference molecule. The
radial distribution functions for the center of mass of each molecule considered in this
work were computed from the trajectories of the simulation. These radial distribu-
tion or pair correlation functions give an intuitive structural insight into which part of
the lipid bilayer is correlated with atoms on the drug molecule. The peak heights in
these radial distribution function plots are dependent on the correlation or local density
between the sites considered.
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Figure 2.3: Radial distribution functions between the DMPC tailgroup and the drug
molecule (top panel) and the drug molecule and water (bottom panel). The x-axis is dis-
tance in angstroms.
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Figure 2.4: Radial distribution functions between the DHPC headgroup and water (top
panel) and the DHPC tail and water (bottom panel). The x-axis is distance in angstroms.
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Figure 2.5: Radial distribution functions between the DMPC headgroup and water (top
panel) and the DMPC tail and water (bottom panel). The x-axis is distance in angstroms.

Radial distribution functions of different lipid groups and water molecules were
analyzed relative to the drug molecule, to characterize the position of the drug in the
biomembrane mimetic. The following pairs were studied: (1) DMPC headgroups with
water (2) DMPC tail groups with water (3) DHPC headgroups with water (4) DHPC
tail groups with water (5) DMPC tail with drug and (6) Drug with water. All the RDFs
were computed in both the gel phase and the liquid-crystalline phase of the bicelle.

Figure 2.5 depicts the radial distribution function of DMPC head groups and water.
The DMPC headgroup is hydrophilic and gives a high correlation close to 0.30nm,
as in the lipid membrane, the head groups are aligned toward the inside of the layer
and water is sandwiched inside the bilayer. The height of this peak is the same at
both the temperatures (293 K and 303 K). This suggests that although the bicellar
phase has changed with temperature, the probability distribution remains the same.
Since the DMPC tail groups are hydrophobic, there is no sharp peak observed in the
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RDF of the DMPC tail with water (Figure 2.5 bottom panel). Figure 2.4 shows the
radial distribution function of DHPC head groups and water. This RDF shows a very
strong correlation with water close to 0.5 nm. The DHPC tail on the other hand is
hydrophobic and shows an extremely weak correlation with water, close to 0.45 nm
(Figure 2.4 bottom panel). The top panel in Figure 2.3 shows the radial distribution
function of the DMPC tail with the drug molecule. Since both the DMPC tail and
the drug are hydrophobic, the drug is trapped inside the bilayer, while the DMPC tail
tends to align toward the outside. The RDF shows a correlation peak close to 0.45
nm. The correlation is stronger in the liquid-crystalline phase (303K) as compared
to the gel phase (293K). The bottom panel of Figure 2.3 shows the radial distribution
function of the pazufloxacin drug with water. Since the drug is hydrophobic it has a
very weak correlation with water close to 0.40nm. The correlation is stronger in the
gel phase as compared to the liquid-crystalline phase. The pazufloxacin drug and water
are both sandwiched inside the lipid layer, and although the drug is hydrophobic, it is
still forced to stay close to water.

2.3.3 Rotational correlation function

A time correlation function (TCF) C(t) can be computed from MD simulations and is
related to an average property of interest for instance 〈A〉 [90]

C(t) = 〈A(0)A(t)〉 (2.2)

If the TCF decays exponentially, correlation time τ can be obtained via a multiexpo-
nential fit, where τ gives information about how soon the property A becomes uncor-
related with its starting value. A special kind of TCF is the second order rotational
correlation function (RCF) which gives information of time correlation of a molecular
vector [90]

C2(t) = 〈P2(cosφ(0))P2(cosφ(t))〉 (2.3)

where P2 is the second order Legendre polynomial. At long times this function con-
verges to the order parameter squared S2. In order to study the rotational dynamics of
the drug molecule inside the lipid environment, RCFs were plotted versus time. Fig-
ure 2.6 shows the plot of the rotational autocorrelation function of the normal of the
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Figure 2.6: Rotational autocorrelation function of the normal of the plane spanned by
three atoms on the aromatic ring (one fluorine and two carbons) of the pazufloxacin drug,
calculated at temperatures 293 K and 303 K.

plane formed by three atoms (one fluorine atom and two carbon atoms) on the aro-
matic ring of the pazufloxacin drug molecule inserted in the lipid bilayer. The RCF
is calculated at two different temperatures, 293 K and 303 K, when the bicelle is in
the gel and the liquid-crystalline phase, respectively. It is calculated by fitting in the
function exp(−t

τc
). The rotational correlation time is also decreased with increasing the

temperature. Because the tumbling of the molecule increased with increasing the tem-
perature. The correlation time (τ ) in the gel phase was computed to be 71.92 ns, while
in the liquid-crystalline phase, it turned out to be 19.26 ns. These values imply that
the drug molecule is more restricted in the gel phase of the bicelle, as compared to the
liquid-crystalline phase.

2.3.4 Translational self-diffusion

Apart from information about the insertion and final positioning of the drug molecule
inside the model membrane, MD simulations can also provide dynamic information
about diffusion of the drug molecule. The translational self-diffusion coefficient D of
the drug molecule is determined as the ratio of the mean square displacement (msd) to
time in the limit of infinite time from the Einstein equation [90]:

D = lim
t→∞

〈 |r(t0 + τ)− r(t0)|2
2nτ

〉
(2.4)
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where r(t) indicates the displacement at time t and the brackets denote an ensemble
average; the parameter n denotes the number of translational degrees of freedom (three
for an isotropic liquid). In lipid bilayers molecules exhibit lateral two-dimensional
molecular diffusion and hence n = 2 for such systems. The lateral diffusion coefficient
of pazufloxacin diffusing in the lipid bilayer was calculated in the linear regime from
10-175 ns. The log-log plot of the mean square displacement with time is shown in
Figure 2.7 and the diffusion coefficient was computed to be 2.9±0.5×10−12 m2s−1. In
general, molecular diffusion of a molecule inside a lipid bilayer can be anomalous, with
the mean square displacement msd being related to the diffusion by the relation [91]:

msd = Ctα, (2.5)

where C is a constant and α quantifies the diffusion; α = 1 indicates normal Brownian
diffusion while α 6= 1 indicates the diffusion is anomalous [92]. For α > 1 the regime
is considered super-diffusive, while for α < 1 it is considered sub-diffusive. From
the negative slope of the plot in Figure 2.7, it can be inferred that the drug molecule
exhibits some anomalous diffusive behavior when diffusing through the bicellar envi-
ronment.
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Figure 2.7: Log-log plot of the mean square displacement (nm) versus time (ms) of pazu-
floxacin molecule in DHPC-DMPC bicelles at two different temperatures: 293 K (bicellar
gel phase) and 303 K (bicellar liquid-crystalline phase).

The DHPC/DMPC bicelle exists in a gel phase at 293 K and in a liquid crystalline
phase at 303K. The diffusion coefficient of the drug diffusing in the bicelle was hence
calculated in these two different bicellar phases and the value of the coefficient α was
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computed from the slope of the curve. The value of α turns out to be 0.49 at 293 K
(gel phase) and 0.4 at 303 K (liquid crystalline phase), indicating that the diffusion is
anomalous and in the sub-diffusive regime.

2.4 Conclusions

Biophysical and biochemical studies of the interaction of drugs with lipid bilayers is of
interest for pharmacology since the ability of a drug to reach its intracellular target de-
pends crucially on how it interacts with the cell membrane barrier. MD simulations can
provide a wealth of conformational and dynamic information about molecules as well
as energetic information about drug and target interactions. Such studies are useful
for the pharmaceutical industry in the context of novel drug design and discovery. For
drug delivery studies, it is important to check if the simulation results are consistent
with a diffusion model wherein the drug is well-inserted into the lipid bilayer, which is
required for its diffusion toward the active ligand-binding site of the receptor. Insertion
of the drug into the membrane could aid in its adopting a bioactive conformation and
ultimately interact effectively with a target receptor.

The work described in this chapter focuses on investigating the molecular interac-
tions and transport behavior of a fluorinated drug molecule pazufloxacin in a bicellar
environment composed of a mixture of DHPC/DMPC lipid molecules. Molecular dy-
namics simulations were used to draw conclusions about the penetration of the drug
into the lipid bilayer, conformational preferences inside the lipid bilayer and its diffu-
sive properties inside the bilayer. These computational results are useful in the context
of understanding drug delivery processes in biological cell membranes.
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Chapter 3

NMR study of PEG LiClO4 mixtures
in molecular solvents

3.1 Background and Motivation

In recent years, modern civilization has realized that the earth’s fossil fuels are insuffi-
cient to fulfil the global energy requirement of human beings in the near future [93, 94].
On the other hand, there has been an increasing emission of greenhouse gases which
are affecting the global climate change, driving the scientific community to develop
clean and renewable energy and energy storage technologies [95]. Considerable re-
search activity has been seen in recent years in the areas of energy storage devices such
as lithium ion batteries (LIBs) and electrochemical double layer supercapacitors [95].
A lithium containing salt dissolved either in aqueous or nonaqueous solvents is re-
quired as an electrolytic medium for the operation of such devices [93, 96]. Various
polymeric solid electrolytes are also used as electrolytic media in such devices. Among
them PEO(poly(ethylene oxide)), PEG(poly(ethylene glycol)), and PPO (poly (propy-
lene oxide)) are recognised as promising candidates for polymer electrolytes [96].
However, their use in neat form with Li+ salt mixtures as an electrolyte has a major
disadvantage as it has a very low ionic conductivity range of to 10−4 Scm−1 at room
temperature, which limits their use for various practical application purposes. Polymer
ionic conductivity can be increased by increasing the dynamic ability of ethylene oxide
(EO) segments. In polyethylene oxide (PEO) based lithium ion batteries, it has been
reported that the hydration of PEO molecules increases the conductivity by as much as
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1000 times as compared to that of the typical binary mixture of PEO/lithium salts[97].
Such enhancement is attributed to water absorption that increases the mobility of PEO
chains, producing more free mobile ions by reducing the coordination between PEO
and Li+ cation. The use of molecular solvents can act as liquid plasticizers which
increases the ionic conductivity of these PEO / Li+ salt mixtures. Therefore, it is of
potential interest to study the dynamics of PEO / Li+ salt mixtures in the presence of
various molecular solvents. However, the dynamics of various salt mixtures of PEO-
based polymers are very difficult to study because of their crystalline nature and there-
fore an attempt has been made recently to study the dynamics of low molecular weight
EO-based polymer (PEG) in its LiClO4 mixtures[96]. NMR spectroscopy is one of the
most promising experimental techniques to study the dynamics of the PEO-based poly-
mers and its mixtures with various salts and molecular solvents[98, 99, 100, 101, 102].
Beside the use of molecular solvents, ionic liquids (ILs) are also used as liquid plas-
ticizers for the dynamic study of PEO / Li+ salt mixtures. Other studies have also
reported the dynamical aspects of EO-based polymers and their mixtures with various
components[103, 104, 105, 106, 107], but little is known regarding the dynamics of
these EO-based polymers in its lithium salt mixtures with molecular solvents. Under-
standing the dynamics of the EO-based polymer and Li+ cation in molecular solvents
can aid in the potential development of various energy storage devices.

This chapter reports on a study of the dynamics of low molecular weight PEG-
based polymers in LiClO4 mixtures of molecular solvents via NMR spectroscopic
methods. LiClO4 has been selected because of its maximum stability for the Li/O2

battery as compared to other Li+ salts as studied through X-ray photoelectron spec-
troscopy. Three deuterated molecular solvents were selected with different solvent
properties viz. D2O, DMSO-D6, and CD3CN. Six PEG-based polymers were selected
with a varying molecular weight, starting from PEG-400 to PEG-10000. NMR chem-
ical shifts, self-diffusion coefficients, NMR relaxation, and 2D HOESY NMR spec-
troscopic methods have been used to understand the structure and dynamics of these
polymeric mixtures of LiClO4 in its molecular solvents.
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Figure 3.1: Lithium Perchlorate Polyethylene Glycol Molecule

3.2.1 Materials & Methods

The PEG-based polymers were purchased from Sigma Aldrich with 99.99 % purity and
used without further purification. LiClO4 was obtained from Fluka analytical (99.99
%) and kept overnight in an oven at a temperature of 65 0C to remove any absorbed
moisture. The ternary mixtures are prepared by adding 53.2mg of LiClO4 (1.0m) in 0.5
ml of D2O. Then 15 mg of the PEG-based polymer is added to the solution mixture.
For solvent mixture ,the mole fraction of solvent xsolvent(Solvent:DMSO-D6, CD3CN)
in D2O is kept constant. The concentration of LiClO4 and polymers are kept constant
in all mixtures for the purpose of comparison. All solutions were mixed by using the
vortex method and ultra-sonication in order to obtain a clear transparent solution. The
solutions were transferred to a 5mm NMR tube (external diameter) to record the NMR
data. All NMR experiments were performed at four different temperatures starting at
298K, 310K, 317K, and 325 K. The samples were kept for 30 min inside the spectrom-
eter prior to the NMR experiment in order to achieve thermal equilibrium. The mixture
of LiCl in D2O is used as reference in the Li NMR.

3.2.2 NMR Parameters

A Bruker 600MHz spectrometer equipped with QXI a probe having a 5mm bore was
used for the diffusion experiments. Proton from the EO unit of the polymer was probed
to measure the self-diffusion coefficients of polymer. The ledgp2s1d pulse sequence
was used to measure the signal intensity of the polymer to obtain the self- diffu-
sion coefficient of the polymer via standard Stejskal-Tanner equation[108, 109, 110].
ledgp2s1d pulse sequence minimize the effect of the eddy currents. The diffusion time
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∆ in its DMSO-D6 and D2O mixture of polymer was kept as 0.2 s whereas in case of
CD3CN mixtures it was 0.05 s. On the other hand, the duration of the applied gradient
pulse(δ) for all the diffusion experiments was kept constant at 1500 µs. The diffusion
time ∆ was optimize of each solvent before doing experiments. For each experiment
we used 10 gradient points. The starting point was 1% and the last one was 95 %. The
relaxation delay was kept 4 s in each experiment.

The pulse sequences used for the T1 and T2 relaxation experiments are t1ir1d (in-
version recovery) and cpmg1d (CPMG), respectively[111, 112, 113]. Two dimensional
(2D) HOESY experiments were recorded on a Bruker 400 MHz spectrometer equipped
with a BBO probe. The pulse program used for the 7Li-1H HOESY experiments was
hoesyph and the mixing time for the experiments were 200 ms and 500 ms for DMSO-
D6 and CD3CN mixtures, respectively[114]. Spectra were acquired in D2O mixtures,
however no cross peak were obtained.

3.3 Results & Discussion

3.3.1 NMR chemical shift

Generally PEG-based polymer shows three peaks in its solutions with molecular sol-
vents; one for the internal ethylene group, second one is for the ethylene group at the
end of the polymeric chain which is bonded with the hydroxyl group of the polymer
and the third one is for the hydroxyl group[98, 115, 116]. Liu et al. reported the
appearance of multiple peaks in the 1H NMR spectra of PEG with a predominant poly-
meric peak for the internal EO unit of seven (heptamer) and above, however a single
resonance appears below it [117]. The position and intensity of these peaks in the
NMR ppm scale depends upon the nature of molecular solvent, nature of PEG, and
its concentration in the solvent. The intensity of the alcoholic peak is very small and
is dominated by the peaks from the EO units of PEG. Therefore, the only dominating
resonance is from the EO units the PEG. 1H NMR spectra of PEG-10000 / LiClO4 /
D2O mixture by the addition of DMSO-D6 and CD3CN at four temperatures is shown
in Figure 3.3. The 1H NMR spectra of the PEG-10000 / LiClO4 / D2O without the
addition of any co-solvent is given in Figure 3.3(a).
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3.3 Results & Discussion

Figure 3.2: The 2D 1H-13C HMBC spectra of PEG-10000 / LiClO4/D2O+DMSO (top)
and PEG-10000 / LiClO4 / D2O+ACN (bottom) recorded at 298K, Both specta are confirm
the polymer resonances.
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Figure 3.3: Temperature dependent variation of the 1H NMR chemical shifts of the PEG-
10000 in its LiClO4 mixtures of D2O (a), D2O+ACN (b), and D2O+DMSO (c), respec-
tively
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Table 3.1: Temperature dependent chemical shift values of the protons of EO unit of PEG
in its PEG / LiClO4 / solvent mixtures. Experimental uncertainties in chemical shifts are
within ±0.01 ppm

PEG / D2O 298K 310K 317K 325K
10000 3.729 3.865 3.939 3.996
8000 3.732 3.866 3.939 3.998
3350 3.730 3.863 3.940 4.008
1450 3.728 3.867 3.937 3.998
1305 3.730 3.836 3.939 3.997
400 3.731 3.867 3.938 3.999

PEG / ACN+D2O 298K 310K 317K 325K
10000 3.394 3.328 3.277 3.230
8000 3.404 3.337 3.286 3.238
3350 3.403 3.335 3.285 3.238
1450 3.387 3.318 3.268 3.221
1305 3.405 3.337 3.290 3.241
400 3.395 3.325 3.290 3.233

PEG / DMSO+D2O 298K 310K 317K 325K
10000 3.482 3.489 3.493 3.496
8000 3.482 3.489 3.493 3.496
3350 3.478 3.482 3.485 3.486
1450 3.484 3.490 3.494 3.498
1305 3.479 3.489 3.494 3.497
400 3.480 3.486 3.490 3.493

Figure 3.2 represents the 2D 1H-13C HMBC spectra of the signal emerging from the
EO unit of the PEG-10000 polymer. The HMBC spectra indicate that the 1H resonance
from PEG molecules is appearing at 3.47 ppm in PEG-10000 / LiClO4 / D2O/DMSO-
D6 mixture and 3.65 ppm in its PEG-10000 / LiClO4 / D2O / CD3CN mixtures. The
other peak appearing nearly at 3.7 ppm and 3.45 ppm in its PEG-10000 / LiClO4 / D2O
/ DMSO-D6 and PEG-10000 / LiClO4 / D2O / CD3CN mixtures are from the water
molecules as observed from the HMBC and confirmed from the HSQC experiments.
Temperature dependent chemical shift values of the resonances emerging out from the
EO unit of all the studied PEG-based polymers. An increase in the temperature of the
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medium increases the chemical shift values of the EO unit of PEG in its D2O mixtures
of LiClO4. However, addition of molecular co- solvent such as DMSO-D6 and CD3CN
shows a negligible temperature dependency and the changes are within the experimen-
tal error of ±0.01 ppm as observed from Table 3.1. It is well known that the chemical
shift of the proton is sensitive to its chemical environment and strongly influenced by
the temperature of the medium due to the change in the magnetic susceptibility of the
protons[118].

The observed downfield shift in the PEG / LiClO4 / D2O mixtures are because of
the breaking of inter and intramolecular -HCH...OCH2 hydrogen bonds. The confor-
mational change existing in PEG is due to the reorganization of the red shifted O-H...O
and blue shifted C-H...O H-bond is also in support of this statement. Increase in the
temperature of the medium break these inter- and intra-molecular hydrogen bond net-
work and consequently increase its interactions with the D2O molecules through the
D2O...HCH- blue shifted and O-D...OCH2 red shifted H-bonding interactions[98]. The
increased dipole moment of the -CH bond with an increase in the temperature of the
medium is also contributes to the downfield shift of the -CH bond because of the sol-
vent disordering as observed from our earlier report of the LiClO4 salt mixtures of
ionic liquids in water[111]. An increased solvent disordering around the EO unit of
polymers has also been observed which leads to an increase in the dipole moment of
the -CH bond of EO units is also in support of this argument[119, 120, 121]. How-
ever, addition of molecular solvents (DMSO-D6 / CD3CN) to the PEG / LiClO4 / D2O
mixtures shows an insignificant temperature dependency in the chemical shifts of EO
protons. It suggests that the EO units of PEG are mostly surrounded by the DMSO-D6

and CD3CN molecules; and because of the poor H-bonding ability of these solvent
molecules with the EO units of PEG it shows a negligible temperature dependency in
its chemical shift values.

3.3.2 NMR Relaxation

Temperature dependent T1 and T2 relaxation time of PEG-400 and PEG-10000 in its
LiClO4 mixtures of molecular solvents is shown in Figure 3.4. The T1 and T2 re-
laxation times for other polymers are given in Table 3.2 & 3.3. It is observed from
Figure 3.4 that the relaxation times of the PEG-based polymer in its LiClO4 mixtures
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of molecular solvents increase with an increase in the temperature of the medium. It
indicates that the PEG-based polymers experience a less restricted dynamics with an
increase thermal energy of the medium[122].

When the reorientational correlation time (τc) of the internuclear vector is small
compared to the reciprocal of the proton resonance frequency in the extreme narrowing
condition then the NMR T1 relaxation time is given by equation as:

1

T1
=

3

2
(
µ0

4π
)2
γ4~2τc
r6

(3.1)

where, µ is the permeability of free space, γ is the gyromagnetic ratio of the proton,
and r is the interproton distance, respectively[123].

Table 3.2: 1H NMR T1-Relaxation times of the EO unit of PEG in PEG-plasticizer-
LiClO4 mixtures.

T1 / PEG / D2O 298K 310K 317K 325K
400 0.840± 0.007 1.188± 0.001 1.368± 0.003 1.548± 0.005

1305 0.689± 0.010 0.990± 0.004 1.138± 0.004 1.258± 0.006

1450 0.694± 0.009 0.984± 0.003 1.117± 0.004 1.237± 0.005

3350 0.651± 0.01 0.939± 0.004 1.036± 0.006 1.186± 0.005

8000 0.689± 0.007 0.908± 0.005 1.054± 0.005 1.181± 0.006

10000 0.668± 0.009 0.914± 0.005 1.063± 0.005 1.179± 0.007

T1 / PEG / DMSO+D2O 298K 310K 317K 325K
400 0.593± 0.01 0.762± 0.006 0.874± 0.005 0.998± 0.005

1305 0.685± 0.012 0.895± 0.004 0.973± 0.003 1.057± 0.007

1450 0.687± 0.009 0.906± 0.005 0.959± 0.005 1.077± 0.005

3350 0.569± 0.017 0.695± 0.007 0.771± 0.005 0.865± 0.007

8000 0.681± 0.008 0.868± 0.005 0.966± 0.006 1.077± 0.005

10000 0.661± 0.011 0.862± 0.006 0.938± 0.006 1.023± 0.006

T1 / PEG / ACN+D2O 298K 310K 317K 325K
400 1.967± 0.003 2.238± 0.025 2.366± 0.033 2.621± 0.050

1305 1.780± 0.011 2.160± 0.024 2.282± 0.028 2.650± 0.046

1450 1.828± 0.004 2.268± 0.014 2.543± 0.031 2.748± 0.040

3350 1.765± 0.005 2.197± 0.017 2.466± 0.035 2.610± 0.045

8000 1.777± 0.005 2.178± 0.018 2.529± 0.014 2.781± 0.047

10000 1.836± 0.004 2.132± 0.019 2.411± 0.031 2.645± 0.034
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The reorientational correlation time of the EO unit of the polymer has also been
estimated by utilizing BPP type relaxation described in Equation 3.1 by ignoring all
other relaxation mechanisms and is represented in Figure 3.4c for the LiClO4 mixtures
of PEG-400 and PEG-10000 in their respective solvent mixtures. Other values of τc
are given in Table 3.4.

Table 3.3: 1H NMR T2-relaxation times of the EO unit of PEG in PEG-plasticizer-LiClO4

mixtures.

T2 / PEG / D2O 298K 310K 317K 325K
400 0.790± 0.005 0.907± 0.052 1.214± 0.020 1.313± 0.030

1305 0.660± 0.006 0.899± 0.001 1.052± 0.010 1.194± 0.011

1450 0.649± 0.005 0.881± 0.003 1.050± 0.007 1.173± 0.006

3350 0.627± 0.007 0.849± 0.001 1.024± 0.001 1.148± 0.005

8000 0.610± 0.003 0.826± 0.001 1.008± 0.003 1.151± 0.001

10000 0.626± 0.006 0.838± 0.001 1.022± 0.004 1.165± 0.001

T2 / PEG / DMSO+D2O 298K 310K 317K 325K
400 0.558± 0.001 0.612± 0.003 0.702± 0.007 0.856± 0.014

1305 0.621± 0.002 0.701± 0.005 0.835± 0.004 1.007± 0.011

1450 0.662± 0.001 0.720± 0.002 0.892± 0.006 1.003± 0.005

3350 0.480± 0.001 0.547± 0.001 0.664± 0.004 0.776± 0.010

8000 0.600± 0.002 0.768± 0.007 0.904± 0.004 0.910± 0.006

10000 0.598± 0.002 0.680± 0.001 0.826± 0.013 0.701± 0.007

T2 / PEG / ACN+D2O 298K 310K 317K 325K
400 0.396± 0.002 0.351± 0.001 0.310± 0.001 0.295± 0.001

1305 1.373± 0.009 1.572± 0.007 1.664± 0.012 1.882± 0.015

1450 0.966± 0.002 1.061± 0.006 1.356± 0.005 1.382± 0.013

3350 1.200± 0.010 2.197± 0.018 2.467± 0.035 2.611± 0.046

8000 1.094± 0.004 1.268± 0.004 1.678± 0.015 1.843± 0.018

10000 0.315± 0.001 0.315± 0.001 0.323± 0.002 0.348± 0.001

It has been observed from Figure 3.4c that the correlation time of the EO unit of
the PEG-based polymers decreases with the increase in the temperature of the medium,
suggesting a free motion of the polymer.
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Table 3.4: The estimated reorientational correlation time (τc) of the PEG-based polymer
in its PEG / LiClO4 /solvent mixtures

PEG / D2O τc(ps)/298K τc(ps)/310K τc(ps)/317K τc(ps)/325K

400 47.9 33.9 29.5 26.0
1305 58.5 40.7 35.4 32.0
1450 58.1 40.9 36.1 32.6
3350 61.9 42.9 38.9 33.9
8000 58.5 44.4 38.2 34.1

10000 60.3 44.1 37.9 34.2
PEG / DMSO+D2O τc(ps)/298K τc(ps)/310K τc(ps)/317K τc(ps)/325K

400 67.9 52.9 46.1 40.4
1305 58.8 45.0 41.4 38.1
1450 58.7 44.5 42.0 37.4
3350 70.8 57.9 52.3 46.6
8000 59.2 46.4 41.7 37.4

10000 60.9 46.8 42.9 39.4
PEG / ACN+D2O τc(ps)/298K τc(ps)/310K τc(ps)/317K τc(ps)/325K

400 20.5 18.0 17.0 15.4
1305 22.6 18.7 17.7 15.2
1450 22.0 17.8 15.8 14.7
3350 22.8 18.3 16.3 15.4
8000 22.7 18.5 15.9 14.5
10000 22.0 18.9 16.7 15.2

The estimated correlation time given in Figure 3.4c and Table 3.4 indicates that
the τc values of the EO unit of the PEG-based polymers follows the order as τc (PEG
/ LiClO4 / D2O/DMSO-D6) > τc (PEG / LiClO4 / D2O) > τc (PEG / LiClO4 / D2O /
CD3CN) which suggests that the decrease in the viscosity of the medium makes the
environment of polymers less hindered for the rotation. The viscosity η of xDMSO−D6

= 0.5 in D2O(3.3cP)>D2O (0.89 cP) >xCD3CN = 0.5 in D2O (0.57cP) mixtures is in
support of the above statement.
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Figure 3.4: Temperature dependent variation of T1 (a), T2 (b), and τc (c) of EO unit
of PEG- based polymers in its PEG/LiClO4 /solvent mixtures. The symbol � 10000 /
LiClO4 / D2O, The symbol� represents the D2O-LiClO4-PEG-400, • represents the D2O-
LiClO4-PEG-10000, H represents the DMSO+D2O-LiClO4-PEG-400, N DMSO+D2O-
LiClO4-PEG-10000, � ACN+D2O-LiClO4-PEG-400, pentagonblack represents ACN-
LiClO4-PEG-10000

3.3.3 NMR Diffusion

Temperature dependent self-diffusion coefficients of the PEG-based polymer were
measured through the PFG-NMR methods and the values are given in the Table 3.5.
It has been observed that the self-diffusion coefficients of PEG-based polymer in its
LiClO4 mixtures of molecular solvents follows the order as DPEG (PEG/LiClO4/D2O
/CD3CN)> DPEG(PEG / LiClO4 / D2O)> DPEG(PE G/ LiClO4 / D2O / DMSO-D6) and
shows good correlation with the bulk viscosity of these molecular solvent mixtures
indicating a strong diffusion-viscosity coupling. The hydrodynamic radii (RH) of the
diffusing polymer have been estimated by applying the Stokes-Einstein equation con-
sidering the sticky boundary condition as represented in Table 3.6. The RH of the PEG-
based polymers in its LiClO4 mixtures of molecular solvents follows the order as of RH

(PEG / LiClO4 / D2O / DMSO-D6)>RH (PEG / LiClO4 / D2O) >RH(PEG/LiClO4 / D2O
/ CD3CN) and are inconsistent with the opposite trend of the experimentally measured
self-diffusion coefficient values. However, the temperature dependent hydrodynamic
results indicate that the RH values of polymers decrease with the increase in the tem-
perature of the medium. This can be explained on the basis of the solvation/desolvation
phenomenon[119, 120, 124]. A change in the solvation behavior around the EO unit
of the polymer with the increase temperature of the medium as reported by Magazu et
al[121]. and Shikata et al[119]. independently for the aqueous solutions of PEO-based
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polymer is the reason for the decrease in RH values of polymers. Magazu et al[121].
observed a change in the solvation number of 2.4 per EO unit at 10 ◦C to 2.0 at 80 ◦C
as studied from their ultrasonic velocity measurement. The temperature dependent RH

studies obtained from the NMR self-diffusion measurement shows a dramatic decrease
of the hydrodynamic radii of PEO chains in its D2O mixtures. Shikata et al[119]. ob-
served a solvation number of 4.0 at a temperature lower than 30 ◦C obtained from their
dielectric relaxation measurements are about twice as large as that obtained through
the ultrasonic velocity measurement studies by Magazu et al[121].

Table 3.5: 1H NMR Diffusion coefficients(10−10m2s−1)of the EO unit of PEG in PEG-
plasticizer-LiClO4 mixtures.

D / PEG / D2O 298K 310K 317K 325K
400 3.82± 0.04 15.28± 0.50 18.91± 0.20 402.87± 57.5

1305 2.25± 0.02 6.20± 1.50 10.15± 0.14 390.09± 87.2

1450 1.86± 0.01 3.26± 0.06 12.44± 0.56 373.59± 55.82

3350 1.10± 0.01 2.46± 0.10 9.17± 0.24 237.39± 29.7

8000 0.69± 0.01 2.99± 0.09 7.94± 0.34 185.39± 18.41

10000 0.69± 0.01 2.37± 0.10 14.37± 1.15 190.28± 24.15

D / PEG / DMSO+D2O 298K 310K 317K 325K
400 0.81± 0.01 1.96± 0.05 5.32± 0.14 23.59± 1.77

1305 0.27± 0.01 2.80± 0.02 3.69± 0.38 50.39± 7.57

1450 0.52± 0.01 5.54± 0.40 4.72± 0.14 41.22± 5.53

3350 0.27± 0.01 0.43± 0.01 5.49± 0.27 11.94± 2.87

8000 0.14± 0.01 0.82± 0.01 0.76± 0.02 29.62± 4.65

10000 0.15± 0.01 0.62± 0.01 0.67± 0.03 14.09± 1.63

D / PEG / ACN+D2O 298K 310K 317K 325K
400 19.39± 0.08 28.46± 0.41 38.19± 0.55 85.37± 3.25

1305 20.08± 0.28 27.18± 0.19 35.39± 0.47 83.03± 1.14

1450 19.29± 0.14 31.54± 0.84 45.77± 0.38 126.04± 4.59

3350 18.97± 0.07 31.54± 0.84 34.33± 0.29 87.86± 2.92

8000 20.19± 0.08 31.59± 2.48 45.99± 4.02 66.13± 4.31

10000 18.96± 0.18 35.06± 0.46 48.47± 2.39 67.62± 1.15

However, this study also reported the desolvation behavior around the EO unit of
PEO with increased temperature of the medium. Considering these reports, it can be
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inferred that the decreased hydrodynamic radii of the PEG-based polymers with the
increased temperature of the medium in its LiClO4 mixtures of molecular solvents is
due to the desolvation behavior around the EO unit. The hydrodynamic radius of the
polymer was calculated by using stokes-einstine relation

D =
kbT

6πηRH

(3.2)

where D is diffusion coefficient, η is viscosity. It is widely reported that the in-
crease in the molecular weight of the polymer increases the magnitude of its RH. This
behavior has only been observed at lower temperatures of 298K and 310K in this study,
however it disappear with increasing temperature of the medium.

Table 3.6: Hydrodynamic radii (RH / nm) of the PEG-based polymer in its PEG / LiClO4

/ solvent mixtures.

PEG / D2O RH(Å)/298 RH(Å)/310 RH(Å)/317 RH(Å)/325
400 6.4 2.1 2.1 0.1

1305 11.0 5.3 3.9 0.1
1450 13.0 10.0 3.2 0.1
3350 22.0 13.0 4.3 0.2
8000 36.0 11.0 4.9 0.2

10000 36.0 14.0 2.7 0.2
PEG/DMSO+D2O RH(Å)/298 RH(Å)/310 RH(Å)/317 RH(Å)/325

400 14.0 7.2 3.1 0.8
1305 41.0 5.1 4.5 0.4
1450 21.0 2.6 3.5 0.5
3350 41.0 33.0 3.0 1.6
8000 78.0 17.0 22.0 0.6

10000 73.0 23.0 25.0 1.4
PEG/ACN+D2O RH(Å)/298 RH(Å)/310 RH(Å)/317 RH(Å)/325

400 3.2 2.6 2.1 1.0
1305 3.1 2.7 2.3 1.0
1450 3.3 2.4 1.7 0.7
3350 3.3 2.8 2.3 1.0
8000 3.1 2.4 1.7 1.0

10000 3.3 2.1 1.7 1.0
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Interestingly this behavior is only observed in its LiClO4 mixtures of D2O and
D2O/DMSO-D6, however shows insignificant effect in its mixtures with CD3CN pos-
sibly because of high self-diffusion coefficients of PEG in CD3CN as compared to
other mixtures.

3.3.4 Activation Energy

An attempt has been made to estimate the activation energy of the spin-lattice relax-
ation time and the diffusion processes from their experimentally measured values by
applying the Arrhenius activation theory and are presented in Table 3.7 and 3.8.

Table 3.7: Activation energy of spin-lattice relaxation (Ea,T1 ) of the EO unit of PEG-
based polymer in its PEG/LiClO4/solvent mixtures. All the units are in kJmol−1.

Polymer/MW Ea,T1 kJ mol−1 Ea,T1 kJ mol−1 Ea,T1 kJ mol−1

(ACN+D2O) (D2O) (DMSO+D2O)
400 8.4± 0.5 18.4± 1.6 15.6± 0.3

1305 11.5± 1.0 18.2± 2.1 12.9± 1.6

1450 12.4± 0.9 17.4± 2.0 13.2± 1.6

3350 12.0± 1.3 17.8± 2.0 12.5± 0.1

8000 13.7± 0.8 16.3± 0.9 13.6± 0.8

10000 11.1± 0.6 16.7± 1.8 13.1± 1.5

It has been observed that the activation energy of the T1 relaxation process for the
PEG-based polymer follows the order Ea,T1 (PEG / LiClO4 / D2O / DMSO-D6) > Ea,T1
(PEG / LiClO4 / D2O)> Ea,T1 (PEG / LiClO4 / D2O / CD3CN). However, insignificant
variation in the Ea,T1 has been observed with the change in the molecular weight of
polymer.

The activation energy for the T1 relaxation process for the PEG-based polymers are
in the range of 8-19 kJ/mol which are in support of other literature reports[115, 117].
At this stage the trend followed by the Ea,T1 in its different molecular solvents is not
known and detailed theoretical studies are required for further confirmation. However,
the activation energy of the diffusion process follows the order as Ea,D (PEG / LiClO4 /
D2O / DMSO-D6) > Ea,D (PEG/ LiClO4 / D2O) > Ea,D (PEG / LiClO4 / D2O / CD3CN)
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Table 3.8: Activation energy of Diffusion (Ea,D) of the EO unit of PEG-based polymer in
its PEG/LiClO4/solvent mixtures. All the units are in kJmol−1.

Polymer/MW Ea,D kJ mol−1 Ea,D kJ mol−1 Ea,D kJ mol−1

(ACN+D2O) (D2O) (DMSO+D2O)
400 24.5± 4.1 25.5± 2.1 30.4± 1.3

1305 24.6± 4.1 26.9± 2.5 30.7± 2.2

1450 24.1± 6.3 27.3± 2.6 29.8± 1.8

3350 24.5± 4.4 28.3± 2.6 32.6± 1.9

8000 24.4± 2.2 28.7± 2.6 33.3± 2.4

10000 24.4± 2.5 28.5± 2.7 33.9± 1.9

and strongly correlates with the viscosity of these molecular solvents suggesting a
strong diffusion-viscosity coupling.

3.3.5 2D HOESY Experiment

1H-7Li two dimensional HOESY experiments have been carried out in order to un-
derstand the Li+ dynamics inside the Li+ salt mixtures of the polymeric system. The
mixture of LiCl in D2O is used as reference in the Li NMR. Figure 3.5 represents the
1H-7Li HOESY spectra for the PEG-10000 / LiClO4 / D2O / DMSO-D6 and PEG-
10000 / LiClO4 / D2O / CD3CN mixtures. These experiments were also carried out
or these two mixtures in protonated solvent (DMSO and ACN) however, no 1H-7Li
2D cross peaks are observed, suggesting that the Li+ cation is not interacting with ei-
ther of these solvent molecules. It has been observed from the 1H-7Li HOESY spectra
that the Li+ cation is binding with the water molecules (signal is emerging from the
amount of H2O present in the sample and not from the D2O) and not with the EO unit
of PEG-based polymers (see Figure 3.5 for water and PEG resonances). A strong 2D
HOESY correlation has been observed for the corresponding water resonance as given
in Figure 3.5. The 1H-7Li distance has also been estimated from the assumption of
isolated spin pair approximation given by Borgias et al.[125].

rH−Li = rref
(6√ Iref

IH−Li

)
(3.3)
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where rH−Li and r ref are the effective H-Li internuclear distance in the unknown
and reference system; and IH−Li and Iref are their respective 2D HOESY intensities,
respectively[125]. The reference 1H-7Li internuclear distance and its corresponding
intensity values are taken as 2.0 Å and 8.3× 106 , respectively.

1 0 −1 −2 −3

6

5

4

3

2

ppm 1 0 −1 −2 −3

6

5

4

3

2

ppm

ωLi ωLi

ωHωH

Figure 3.5: 2D HOESY spectra of PEG400 and PEG10000 in DMSO+D2O solvent.

The estimated 1H-7Li internuclear distances are given in the Table 3.9. Experiments
were also carried out in the PEG / LiClO4 / D2O mixtures; however 1H-7Li no cross
peaks were observed for these systems suggesting that the 1H-7Li distance is far apart
to be detected within the NMR timescale. The possible reason for the absence of 1H-
7Li HOESY correlation is because of the faster proton transfer in its PEG / LiClO4 /
D2O mixtures which could not be detected on the NMR time scales of the experiment.

49



3. NMR study of PEG LiClO4 mixtures in molecular solvents

Table 3.9: Calculated 7Li-1H distance from the HOESY spectra obtained through the two
dimensional HOESY experiments in its PEG / LiClO4 / solvent mixtures at 298 K.

Polymer/MW rH−Li(Å) rH−Li(Å)
(DMSO+D2O) (ACN+D2O)

400 2.054 3.875
1305 3.040 2.851
1450 3.105 3.204
3350 2.178 3.885
8000 3.071 3.492

10000 2.843 3.528

Addition of molecular solvents hindered the proton transfer between water molecules
in its PEG / LiClO4 / D2O / DMSO-D6 and PEG / LiClO4 / D2O / CD3CN mixtures
and therefore the 1H-7Li HOESY correlations are observed in these mixtures. How-
ever, sophisticated computational studies are required to prove this hypothesis. The
1H-7Li distance in its PEG / LiClO4 / D2O / DMSO-D6 mixtures are observed to be
less (close to the van der Waals diameter of water, 2.8 Å) as compared to its mixtures
with PEG / LiClO4 / D2O / CD3CN mixtures as shown from their calculated values
in Table 3.9. This indicates that the Li+ cation binds strongly in its mixtures with
DMSO-D6 as compared to its mixtures with CD3CN. In summary it can be said that
the Li+ cation is free to move in its PEG / LiClO4 / D2O mixtures however, addition
of molecular solvents like DMSO-D6 or CD3CN hinders its mobility.

3.4 Conclusion

The study described in this chapter shows some of the important aspects of structural
and dynamical features of PEG / LiClO4 / solvent mixtures through different NMR
spectroscopic methods. Temperature dependent variation of chemical shifts shows the
poor coordinating ability of solvent mixtures with the PEG molecules as compared to
the D2O molecules. Increased temperature of the medium decreases the RH value of
the PEG-based polymer because of the desolvation behavior around the polymer. Both
the self-diffusion coefficients and rotational correlation time of PEG-based polymers
shows strong coupling with the viscosity of medium. Appearance of Li+ -water bind-
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ing in its PEG/LiClO4/D2O/DMSO-D6 and PEG / LiClO4 / D2O / CD3CN mixtures,
and its disappearance in its PEG / LiClO4 / D2O mixture suggest that the mobility
of Li+ cation is more in the later mixture as compared to the former mixtures and
therefore can act as a better electrolytic media for their wider applications.
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Chapter 4

Molecular dynamics simulation study
of molecular interactions and
transport properties of an ionic
liquid-polymer mixture

4.1 Background and Motivation

Ionic liquids (IL) are a class of molten salts with melting points below 100◦C that typ-
ically consist of a large organic cation and a smaller anion and have unique physical
and chemical properties such as low volatility, high conductivity, low flammability and
good thermal and chemical stability [126, 127, 128]. ILs are now widely accepted
as “designer solvents” that can be tailored to suit a particular application [129]. ILs
have been considered for a wide range of applications as catalytic,or as a co-catalyst,
or as catalyst activator agents or just as the solvent for the reaction. They have been
investigated as highly efficient catalysts for transition metals [130, 131, 132]. Due
to the solubilities of gases such as CO2, SO2 or CO, ILs are used as the absorption
media for gases [133, 134, 135]. ILs are highly conducting, and prevent the anode
from hydrolysis - they are hence used as electrolytes in batteries [136, 137]. ILs have
better ability to form tribofilms, higher thermal stability, environmental friendliness,
and adaptability to various applications as compared to the conventional lubricants.
They have remarkable ability to reduce friction and are hence widely used as lubri-
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cants [138, 139]. Another recent application is based on their capability to dissolve
lignocellulose biomass to a much higher extent than standard polluting organic sol-
vents used in industry [140].

It is well established that polymeric materials can provide mechanical stability
to binary mixtures of polymers with ionic liquids [141, 142, 143]. There is hence a
widespread interest in characterizing the interactions of polymers with ionic liquids,
for possible applications in a diverse areas ranging from green chemistry, fuel cells and
as substitutes for biodegradable materials [144, 145]. However, it has also been recog-
nized that the mechanism of formation of polymer/IL complexes is far more complex
than that observed in salt/IL systems and depends crucially on the molecular interac-
tions between the IL and the polymer [146]. The polymer poly(ethylene oxide) (PEO)
and its interactions with prototypical ILs have been extensively studied and it has been
shown that in dilute solutions and at room temperature PEO adopts extended conforma-
tions in the IL [147]. Ternary mixtures of lithium ions, PEO and IL have been studied
using molecular dynamics [148]. Poly(ethylene glycol) (PEG) is another widely used
polymer due to its low toxicity and PEG/IL binary mixtures using imidazolium-based
ILs have been the subject of several experimental and theoretical investigations [149].
Several studies have revealed that IL/PEG complexes have formed due to the high hy-
drogen bonding of the terminal chains of the PEG and the IL [150]. In green chemistry
the potential of IL/PEG-based aqueous biphasic systems for extraction of biomolecules
has been explored [151].

In this chapter, molecular dynamics simulations have been performed to study the
solvation structures, and the conformational and dynamic properties of PEG molecules
in a prototypical ionic liquid 1-methylimidazolium chloride ([MIM][Cl]). The IL-
polymer molecular interactions are investigated as a function of temperature as well
as a function of the molecular weight (with the degree of polymerization N ranging
from 9-25). The distribution of conformations obtained from the simulations seem to
indicate that the PEG molecules adopt either an extended or a helical conformation in
the ionic liquid. The atom-atom pair correlation and space distribution functions have
been computed via the MD simulations between different cations and anions and PEG
O atoms.
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4.2 Computational Methods

All MD simulations were performed using the GROMACS 4.5.6 software package [83,
152], using the GROMOS 53a6 force field [84]. The structure and topology of the lipid
molecules were downloaded from the Automated Topology Builder website [85]. All
the simulations were performed at four different temperatures, namely, 290 K, 300
K, 310 K and 320 K using a canonical NVT (constant particle numbers, volume and
temperature) ensemble. The MD rectangular unit cell contained 98 IL molecules and
2 PEG molecules. The composite IL-PEG system was constrained in a starting con-
figuration of a 5 × 5 × 5 nm3 box and periodic boundary conditions were imposed
in three dimensions. The system was prepared by randomly placing the molecules
in the simulation box. The temperature was controlled using a modified Berendsen
thermostat [87]. The long-range electrostatic Coulomb interactions were controlled
using the particle-mesh Ewald (PME) summation method using a fourth order cutoff
for the direct space sum [88, 153]. For the short-range van der Waals interaction, the
Verlet cutoff scheme was used to restrict the potential to a range of 1 nm [154, 155].
Velocities were assigned from the Maxwell distribution. The equation of motion was
integrated with the leap-frog integrator with a 2 fs integration time step. All bond
lengths were constrained at their equilibrium distance using the LINCS constraint al-
gorithm of order four [52]. The system was first subjected to a 1 ns MD simulation for
energy minimization. These minimized coordinates were fed into the final MD simula-
tion which ran for 100 ns. To investigate dynamics of the binary mixture with varying
chain length of the polymer, four different chain lengths of the PEG molecules were
used with N = 2, 5, 6, 12 and 512 IL cations and 512 Cl anions. These simulations
were performed at a fixed temperature of 300 K with a single chain. Convergence of
all the simulations have been checked before the final simulation.

4.3 Results & Discussion

To probe the conformational dynamics of PEG molecules in the ionic liquid, various
properties of the binary polymer-ionic liquid mixture were investigated via molecular
dynamics simulations and are described in detail below.
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4.3.1 Distribution of dihedral angles

The distribution of dihedral angles was computed to study the conformational equili-
bration of the polymer molecules in the ionic liquid. Figure 4.1 shows the distribu-
tion of two different average dihedral angles namely the C-C-O-C and the O-C-C-O
dihedral angles. The probability distribution of the O-C-C-O dihedral angle is pe-
riodic, with two symmetric prominent peaks at −180◦ and 180◦ and two symmetric
smaller peaks at −75◦ and 75◦. This indicates that this dihedral angle can exist in both
the gauche and trans conformations, with the trans conformation being more proba-
ble [156].
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Figure 4.1: Probability distribution of two average dihedral angles (O-C-C-O and C-C-O-
C) obtained from the simulation of of PEG molecules in the ionic liquid.

The probability distribution of the C-C-O-C dihedral angle is also periodic and
gives a single peak at 180◦, indicating it exists only in the trans conformation. A
closer look at the snapshots of the simulations (Figure 4.3) shows that the PEG chains
in the IL can exist in both extended as well as hairpin conformations.

4.3.2 Radius of gyration

The scaling of size of an isolated polymer chain i.e. a chain in a dilute solution is
usually computed with respect to the degree of polymerization N and depends on the
scaling of chain size with the concentration in the semidilute region and ifR0 is the size
of an isolated chain, the scaling in semidilute solutions follows the ideal chain scaling
hypothesis Rg ∼

√
N [157]. The radius of gyration Rg is related to the structure of the
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polymer chain by

Rg =

√√√√〈 1

N

∑
i

(ri − rCM)2

〉
(4.1)

where ri is the position of the ith site on the PEG chain and rCM is the position of
the centre-of-mass of the chain. The variation of Rg with temperature is shown in
Table 4.2 and it is observed that mean Rg increases with increasing temperature. The
chain length of the PEG molecule was kept fixed at 3.7 nm for this simulation. The
results of the simulations for the radius of gyration Rg as a function of the polymer
chain length at 300 K are shown in Table 4.1.
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Figure 4.2: Plot of variation of the mean of the radius of gyration Rg with the degree of
polymerizationN on the logarithmic scale. Fitting gives a scaling exponent of 0.54±0.08.

Figure 4.2 shows the logarithmic plot of the simulation results for variation of
radius of gyration Rg with N . The fitting of the line gives a scaling exponent ν, where
Rg ∼ Nν of ν = 0.54± 0.08.
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Figure 4.3: Representative snapshots of extended (left) and hairpin conformations (right)
of the PEG molecules after a 100 ns MD run at 320 K.

In all the simulations, the value of Rg turns out to be less than that for the extended
PEG chain, implying the existence of a non-extended structure conformation.

4.3.3 Radial distribution functions

The radial distribution function is a measure of how the density varies as a function of
distance from a reference molecule [89]:

g(r) = 4πr3ρ(r)dr (4.2)

where ρ is the number density and r is the distance from the reference molecule.
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Figure 4.4: Comparison of radial distribution function of the Cl anion of the IL with O
atom of the PEG molecule, with varying chain length (N=2,5,6,12). For all PEG chains,
the selected O atom is close to the center of the chain.
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The radial distribution functions for the centre of mass of each molecule consid-
ered in this work were computed from the trajectories of the simulation. These radial
distribution or pair correlation functions give an intuitive structural insight into which
part of the IL is correlated with atoms on the PEG polymer chain.
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Figure 4.5: Comparison of radial distribution function of the N2 atom of the IL with O
atom of the PEG molecule, with varying chain length (N=2,5,6,12). For all PEG chains,
the selected O atom is close to the center of the chain.

The peak heights in these radial distribution function plots are dependent on the
correlation or local density between the sites considered. The radial distribution func-
tions between O atoms of the PEG molecule and different regions of the IL, namely the
Cl- anion and the heavy atom N2 on the cation ring were calculated, in order to study
the structural aspects of PEG in IL. Figure 4.4 shows the radial distribution functions
between the oxygen atom of the PEG chain and the Cl- anion of the IL, as a function
of varying chain length (N = 2, 5, 6, 12). The chain lengths N = 2 and N = 6 show
the strongest correlations (g(r) ≈ 2), while N = 5 and N = 12 show the weakest cor-
relations. Figure 4.5 shows the radial distribution functions between the oxygen atom
of the PEG chain and the N2 atom of the imidazolium ring on the IL, as a function of
varying chain length (N = 2, 5, 6, 12). The largest peak is close to 0.5 nm. The chain
lengths N = 2 and N = 6 show the strongest correlations, while N = 12 shows the
weakest correlation. The correlations are not very strong, as evidenced from the value
of g(r) not being much greater than 1, with g(r) ≈ 1.5 for the peak with the highest
intensity. There do not appear to be long-range correlations between the polymer chain
and the IL cation.
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4.3.4 Translational self-diffusion

The transport behaviour of the PEG molecules in the IL was studied by via trajectories
which were obtained from the simulation. The lateral diffusion coefficient of the PEG
molecules in the linear regime was obtained from the mean square displacement by
using Einstein’s equation![90]:

D =
〈[Ri(t)−Ri(0)]2〉

6t
(4.3)

where Ri(t) is the position vector of species i at time t, Ri(0) is the position vector at
time zero, D is diffusion coefficient and the brackets refers to the ensemble average.
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Figure 4.6: Plot of mean square displacement (nm2) versus time (ns) of the PEG molecule
in IL at four different temperatures. The diffusion coefficientD is extracted from the linear
regime of the slope.

Anomalous diffusion can be characterized using the relationship between mean
square displacement (MSD) versus time from [92]:

MSD = Cta (4.4)

where a is the parameter which characterizes the degree of anomaly. When a = 1, the
diffusion is normal (i.e Brownian) and when a < 1, the diffusion is anomalous.
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Figure 4.8: Plot of the mean square displacement (nm2) and time (ns) of the PEG molecule
as a function of different degrees of polymerization. The diffusion coefficient D is ex-
tracted from the linear regime of the plot.

Figure 4.6 shows the plot of mean square displacement (nm2) versus time (ns).
The diffusion coefficient D is extracted from the slope of the linear part of the plot.
From Table 4.2, it can be seen that the diffusion coefficient increases with increasing
temperature. Figure 4.7 shows the plot of mean square displacement and time on the
logarithmic scale.
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Table 4.1: Variation of the mean radius of gyration Rg and diffusion coefficient D of PEG
molecules of different lengths in the ionic liquid at 300K.

N Mw Rg (nm) Box Density (g/L) Diffusion Coefficient (m2 s−1)

2 106 0.234761 641.43 6.10× 10−12

5 238 0.491545 643.025 3.90× 10−12

6 282 0.57866 643.557 2.43× 10−12

12 590 0.629935 646.746 1.01× 10−12

Table 4.2: Variation of the mean radius of gyration Rg and the diffusion coefficient D of
the PEG molecule in the the ionic liquid with temperature. The chain length of the PEG
molecule is kept fixed at 3.7 nm.

Temperature Rg (nm) D (m2 s−1)

290 K 1.07 1.10× 10−12

300 K 1.18 2.70× 10−12

310 K 1.23 1.02× 10−11

320 K 1.50 1.06× 10−11

The slope on the logarithmic scale is negative, from which it is clear that the
PEG molecules diffuse anomalously in the IL. The diffusion coefficient of the PEG
molecule, calculated by simulation at 310K (Table 4.1) is 1.02 × 10−11m2s−1, which
corroborates well with the experimentally reported diffusion coefficient for low molec-
ular weight PEG molecules in imidazolium based ILs determined via pulsed field gra-
dient NMR [158]. Diffusion was also calculated as a function of the chain length of
the PEG molecule and Figure 4.6 shows the variation of the mean square displace-
ment (nm2) versus time (ns). The diffusion coefficients are extracted from the linear
regime and the value of the diffusion coefficient increases with decreasing degree of
polymerization (Table 4.1).
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4.4 Conclusions

In this chapter, molecular dynamics simulations were performed to study the molecu-
lar interactions, conformational dynamics and transport behaviour of binary mixtures
of PEG polymer molecules with a standard ionic liquid. The simulation results im-
ply that the mutual solubilities of the polymer and IL depend mainly on the hydrogen
bonding networks between the IL anion and the -OH group of the polymer. At higher
temperatures, the PEG molecules tend to exhibit nearly ideal-chain polymer dynamics.
At lower temperatures, the PEG molecules in the IL have a finite probability to exist in
helical conformations. Simulations of the transport behaviour and computations of the
translational self-diffusion coefficient suggest that the PEG molecules show anoma-
lous diffusion behaviour in the IL More detailed studies of long-chain PEG molecules
at higher temperatures and in different ionic liquid solvents are required in order to
understand the interesting conformational and transport behavior exhibited by poly-
mer/IL binary mixtures. Furthermore, detailed insights into the underlying molecular
interactions of such binary mixtures is essential to develop new applications of such
mixtures in industry.
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Chapter 5

Probing the dynamics and the
conformational flexibility of the
curcumin inside the DPPC lipid
bilayer-a molecular dynamics study

5.1 Background and Motivation

Curcumin is a polyphenolic compound present in the dietary spice turmeric, acquired
lot of attention of biologists and chemists due to its wide range of biological appli-
cations. It is a good antioxidant and protects the biological systems from oxida-
tive deterioration[159, 160]. It is a potent anti-inflammatory agent because of its
ability to scavenge reactive oxygen radicals which cause inflammation[161]. Many
scientific studies show that curcumin binds to the amyloid peptide and inhibits the
amyloid β aggregation[162, 163]. It can cross the blood-brain barrier and signif-
icantly decrease the amyloid β aggregation and is helpful ameliorate Alzheimer’s
disease[164, 165]. Various studies of curcumin are also shown that it can sensi-
tize tumors to different chemotherapeutic agents including doxorubicin, 5-fluoruracil,
pactilaxel, and vincristine[166]. Curcumin can sensitize wide band-gap semiconduc-
tors to visible radiation and hence it is also used as the dye in dye-sensitize solar
cells[167, 168].

Various studies discuss the antioxidant, anti-inflammatory, antibacterial, antiapop-
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tosis, and anticancer related activities of curcumin. Gonsalves et al[169] reported the
study of curcumin in cosmetics. They studied curcumin and in vitro skin permeation
and reported on the penetration of curcumin in the skin. Barclay et al[170] reported
the antioxidation mechanism of curcumin. They suggested that the oxidative action of
the curcumin is by donating the H atoms from the phenolic group. Duan et al[171]
reported an in vitro/in vivo study of curcumin as an anti-cancer agent. In their exper-
imental study, they synthesized cationic poly(butyl)acrylate nanoparticles coated with
curcumin nanoparticles. The in vitro study showed good efficacy against the human
hepatocellular cancer cell lines. The in vivo study of curcumin nanoparticles sup-
pressed hepatocellular carcinoma growth. Aggarwal et al[172] reported a review of
curcumin as an anti-inflammatory agent against various diseases such as neurodegen-
erative, cardiovascular, pulmonary, metabolic, autoimmune and neoplastic diseases.
Curcumin regulates the various cause of inflammation like cytokines, protein kinases,
adhesion molecules, redox status and enzymes. This property of curcumin makes it
important for pharmacological applications. Hamaguchi et al[173] reported a review
of curcumin in the context of Alzheimer’s disease.

Curcumin is a polyphenolic compound which exhibits the keto-enol tautomerism[174,
175]. In acidic and in neutral solutions, the keto form predominantly exists, while in
alkaline medium, the stable enol form exists[176]. Our cell walls are made up of lipid
membranes and in the human body, curcumin interacts with the cell walls. Dipalmi-
toylphosphatidylcholine (DPPC) is a typical lipid molecule having hydrophilic head
and hydrophobic tail. During the process of hydration, the hydrophilic head aligns to-
ward the water molecules, while the hydrophobic tail aligns away from the water. Due
to this, the molecules of the lipid (DPPC) form either a membrane or a bilayer.

In the molecular dynamics study described in this chapter, the dynamical aspects
and the conformational flexibility of curcumin is probed inside the DPPC lipid membrane[177,
178]. The DPPC membrane exists in gel phase below the 306K, while it exists as
fluid phase above 315K[179]. The molecular dynamics simulations were carried out
at 300K and 320K and the diffusion dynamics of both keto and enol forms of cur-
cumin was studied inside the DPPC lipid membrane in the gel and liquid phases. The
diffusion model of the curcumin inside the DPPC is probed. To investigate the con-
formational flexibility of curcumin, radius of gyration and distance between oxygen
atoms of the hydroxyl group was calculated and the order parameter and the area per
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lipid of the DPPC were also compared.

5.2 Simulation Parameters

In molecular dynamics simulations, for the trajectories, the Newton equation of motion
is iteratively solved for small time steps. The initial conditions are provided by the
structure file. The molecular dynamics simulation were carried out with GROMACS
4.5.6.[83, 180] package. The Gromos 53a6force field[84, 181] which was developed
by Berendsen et al[152] and MD integrator were used. The structure and topology
files of the curcumin molecule were taken from Automated Topology Builder[85]. The
force field parameters of the lipid bilayer used in the simulations, were developed by
Berger et. al.[182]. In each simulation, one molecule of curcumin was placed at the
center of the DPPC bilayer, which is made up of 128 molecules of DPPC and 3655
molecules of water.
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Figure 5.1: The molecular structure of the keto and enol tautomers of curcumin. The
bold numbers are assigned to the carbons while non-bold numbers are assigned to oxygen
atoms.
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Figure 5.2: Screenshot of curcumin molecule inside the DPPC lipid bilayer.

All simulations were performed at two different temperatures 300K and at 320K,
and at 1 bar pressure. Initially all the systems were minimized, then equilibrated
for 10ns with NVT ensemble at their respective temperatures. The final simula-
tions were performed with the NPT ensemble at 300K and 320K. The value of cut-
off for short range electrostatic and Van der Waal’s potential was 1.2nm[183, 184]
and the particle Mesh Ewald summation of order four was used[88, 153] for the long
range Coulomb force. The periodic boundary condition in three dimensions were
used. For temperature coupling Nose-Hoover thermostat[185] and for pressure cou-
pling Parrinello-Rahman barostat[186] was used. For all simulations the constraint
algorithm LINCS[52] of order four was used. This constraint algorithm was used
for holonomic constraints. The velocities are assigned from the Maxwell distribution.
Each simulation was first run for 1 ns to obtain the final coordinates, which were used
in the final run of the simulation. All simulations were run for 50 ns with a step size of
2 fs[180]. Berger lipid parameters

68



5.3 Results & Discussion

5.2.1 Calculating the free energy of solvation

Molecular dynamics simulations were used to calculate the free energy of the solvation
of curcumin molecule in the DPPC lipid membrane. The free energy is calculated by
using the thermodynamic integration method.

∆Gsol =

∫ 1

0

dλ〈dH(λ)

dλ
〉 (5.1)

where H is the Hamiltonian and λ = 1 is a coupled state. First the system was min-
imized with 500000 steps then equilibrated with NVT ensemble with 20000 steps.
Convergence of the simulation was checked before the final simulation. Then the sim-
ulation of the free energy of solvation was begun.

5.3 Results & Discussion

5.3.1 Diffusion analysis

The diffusion of a single molecule of curcumin inside the DPPC lipid bilayer was
studied. The diffusion coefficients are presented in the table 5.1. The high value of the
error in the diffusion coefficients of the curcumin is due to the local fluctuations. In
case of large number of molecules, the local effects are averaged out, which reduces
the error.

〈∆r2〉 = 6Dt (5.2)

where 〈∆r2〉 is mean square displacement MSD and D is diffusion coefficient.
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Figure 5.3: Plot of mean square displacement of curcumin with time.

Table 5.1: Diffusion of the curcumin molecule with temperature

Temperature Curcumin Type Diffusion coefficient(m2s−1)

300K Enol 2.70± 2.60× 10−12

320K Enol 1.32± 0.53× 10−11

300K Keto 2.70± 1.90× 10−12

320K Keto 1.03± 0.68× 10−11

The plot of the mean square displacement(MSD) and time is given in the plot 5.3.

MSD = Cta (5.3)

where MSD is mean square displacement and t is time. The diffusion model is in-
ferred from the log-log plot of the mean square displacement and the time. Figure 5.4
shows the variation of the mean square displacement with time on a logarithmic scale.
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Figure 5.4: Log-log plot of mean square displacement with time. The slope gives infor-
mation of the nature of the diffusion.

The slope of the plot gives the order of the anomaly and indicates that diffusion
happens in the sub-diffusive region. Up to 1 ns, the slope of the plot lies between the
0.4-0.5. But after 1 ns, it lies close to 0.7.

5.3.2 Radius of gyration

Curcumin can exist in different conformations due to conformational flexibility. To
probe the conformational flexibility of the curcumin, the radius of gyration was studied.
The radius of gyration of a molecule is given as:

Rg = (

∑
i ||ri||mi∑
imi

)
1
2 . (5.4)

where Rg is radius of gyration, ri is the position coordinates and mi is the mass of the
ith atom. The radius of gyration of curcumin was studied as a function of time, and
at both temperatures. The mean radius of gyration of the curcumin is presented in the
Table 5.2. The radius of gyration as a function of time is presented in Figure 5.5.
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Table 5.2: Variation of the mean radius of gyration of the curcumin molecule in the DPPC
lipid bilayer with temperature.

Temperature Type Radius of Gyration(nm)

300K Enol form 0.53

320K Enol form 0.57

300K Keto form 0.53

320K Keto form 0.47

The value of the radius of gyration of both the conformation at 300K is same, while
at 320K, the value of keto form is less than the enol form. This shows that the keto
form of the curcumin is more flexible than the enol form. The enol form is less flexible
due to the carbon-carbon double bond(C1=C3) in curcumin(See Figure5.1).

.

.

.

.

Curcumin(enol) at 300K
Curcumin(enol) at 320K
Curcumin(keto) at 300K
Curcumin(keto) at 320K

0 10 20 30 40
0

0.25

0.50

0.75

Time(ns)

R
g
(n

m
2
)

Figure 5.5: Variation of the radius of gyration of the curcumin molecule with time. Keto
form has a lower radius of gyration at 320K.

In Figure 5.5 at 320K, the keto form has a radius of gyration less than 0.3 nm. This
also shows the flexibility of the keto form.
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5.3.3 Density profile

To investigate the location of the curcumin molecule inside the DPPC lipid membrane,
the density of the curcumin molecule is calculated. The density profile of curcumin
is given in the Figure 5.6. It is clear that, during the whole simulation, the curcumin
shows maximum density at the center of the DPPC lipid bilayer. It is due to the hy-
drophobic nature of the curcumin.
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Figure 5.6: Plot of the density profile of curcumin. Since curcumin is hydrophobic it
remains inside the lipid bilayer. The maximum density is found at the center.
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Figure 5.7: Plot of the density profile of the water molecules of the DPPC lipid bilayer.
The water molecules remain outside the lipid bilayer during the entire run of the simula-
tion, showing that the bilayer remains stable.

73



5. Probing the dynamics and the conformational flexibility of the curcumin
inside the DPPC lipid bilayer-a molecular dynamics study

.

.

.

.

Enol form at 300K
Enol form at 320K
Keto form at 300K
Keto form at 320K

-3 -2 -1 0 1 2 3
0

10

20

30

40

Distance from center(nm)

D
e
n
si
ty

(k
g
/
m

3
)

Figure 5.8: Plot of the density profile of the phosphorus atoms of the DPPC lipid bilayer,
showing the stability of the bilayer during the entire run of the simulation.

Figure 5.7 shows that during the entire run of the simulation, the water molecules
stay outside the bilayer. This suggests that the curcumin molecule does not cross the
bilayer. Furthermore, curcumin stays inside the lipid bilayer. Figure 5.8 shows the
density profile of phosphorus atoms of the lipid bilayer. The probability of the phos-
phorus atoms localized at same place in whole simulation. This shows the stability of
the bilayer during the entire simulation.

5.3.4 Distance between the oxygens of the hydroxyl group

To probe the shape of the curcumin inside the DPPC lipid bilayer, the distance between
oxygens of the hydroxyl group was calculated. The distance between the oxygens
of the hydroxyl group of the curcumin while stretched is 1.8nm. It is calculated by
using Avogadro software[187]. The average distance between both oxygens of the
keto form is 1.12 nm. This shows that at 320K, the keto form exists in the hairpin like
configuration. Due to the single bond in C-C(C1-C3) atoms, the keto form becomes
more flexible than the enol form of the curcumin.
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Table 5.3: Average distance between oxygen atoms of hydroxyl group of curcumin.

Temperature curcumin(Enol)(nm) curcumin(Keto)(nm)

300K 1.48 1.49

320K 1.55 1.12

The average calculated distance between both the oxygens is presented in Table
5.3. The double C=C(C1=C3) bond in the enol form of curcumin makes it more rigid
than the keto form of the curcumin. Figure 5.9 shows that the keto form of curcumin
distance is approximately 0.5 nm. This suggests that it exists in a hairpin-like configu-
ration.
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Figure 5.9: Variation of the distance between the oxygen atoms of the hydroxyl group of
curcumin.

When the temperature increases, the distance in the enol form does not vary much,
while in case of keto form it decreases at 320K and is sometimes less than 0.4 nm(See
Figure 5.9). This is due to the flexibility of the keto form. It suggests that at 320K, the
keto form exists in a hairpin-like configuration. This also supports the results obtained
from the radius of gyration calculations.
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5.3.5 Free energy of solvation

Curcumin is a hydrophobic molecule. To investigate its solubility in the lipid environ-
ment, the free energy of the solvation was calculated. The free energy of the solvation
of the curcumin inside the lipid bilayer is presented in the Table 5.4. The negative value
of the free energy of the solvation shows its high solubility in the lipid environment.

Table 5.4: Free energy(kJ/mol) of solvation of the curcumin in the lipid bilayer.

Temperature curcumin(Enol) curcumin(Keto)

300K −246.25± 15.03 −134.64± 19.35

320K −157.12± 22.49 −205.62± 35.78

5.3.6 Lipid parameters

5.3.6.1 Area per lipid

Area per lipid is an important property of the lipid membranes. The area per lipid
of the DPPC bilayer was calculated and is presented in Table 5.5. With increasing
temperature, the area per lipid also increases, which is in good agreement with already
reported results in the literature[188]. However it was observed that a single molecule
of the curcumin does not have any significant effect on the area of the lipid.

Table 5.5: Area per lipid(nm2) of DPPC membrane alone and the DPPC membrane with
curcumin is calculated.

Temperature Pure membrane(nm2) With curcumin(Enol)(nm2) With curcumin(Keto)(nm2)

300K 0.56 0.54 0.58

320K 0.61 0.61 0.58
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5.3.6.2 Order parameter

The concept of the order parameter is widely used in the area of lipid bilayers. It is
a sensitive measure of structural orientation or flexibility of lipids in a bilayer. The
deuterium order parameter SCD for the carbon tails was calculated. The angle θCD is
the angle between the molecular axis given by the carbon atoms Ci−1 and Ci+1 and the
lipid bilayer normal. The average is taken over the entire simulation time and for all
lipid molecules.

SCD =
1

2
(3〈cos2θCD〉 − 1) (5.5)
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Figure 5.10: The order parameter plots of the two tails(a&b) of the DPPC lipid at 300K
and 320K.

The order parameters of DPPC lipid bilayer calculated by this simulation study
shows a close agreement with experimental results at 50◦C[189].
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5.4 Conclusions

In this chapter, the dynamics and the conformational flexibility of the curcumin molecule
inside a DPPC lipid bilayer was probed using molecular dynamics simulations. The
whole diffusion dynamics exists in the sub-diffusive regime. The C=C double bond
in the enol form makes it rigid, while the keto form is more flexible. The flexibility of
the keto form increases with an increase in the temperature. At 320K, curcumin also
exists in the hairpin-like configuration. The area per lipid and the order parameters
shows good agreement with already existing values in the literature.
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Chapter 6

Summary and future outlook

This thesis focuses on the study of translational diffusion dynamics of small molecules
investigated via NMR spectroscopy and molecular dynamics simulations. The thesis
begins with the molecular dynamics study of the antibiotic drug pazufloxacin diffus-
ing in a lipid membrane. The lipid membrane is composed from two different type
of phospholipid molecules, namely DPPC and DMPC molecules. The nature of the
diffusion, radial distribution function and rotational correlation functions of the drug
molecule were calculated and presented. The rotational correlation function suggests
that the drug is more restricted in the gel phase of the lipid bilayer. The study of trans-
lational self-diffusion of pazufloxacin molecule inside the membrane mimetic leads to
interesting insights about the nature of diffusion inside the lipid membrane.

Another direction followed in the thesis is the structural and dynamical study of
a PEG-based polymer and lithium perchlorate in three different molecular solvents
by different NMR spectroscopic methods. The hydrodynamic radius of the polymer
decreases while the temperature is increased. This shows the desolvation behavior of
the polymer. Diffusion coefficients and the rotational correlation time shows strong
coupling with the viscosity. Next the molecular dynamics study of the PEG based
polymer inside the ionic liquid was performed. The study of the radius of gyration
at temperatures shows that at higher temperatures, the polymer exists in a more linear
form. The diffusion study of the polymer suggests that the nature of the diffusion is
anomalous. The radial distribution function of the polymer and the ionic liquid are
also discussed. Finally, the dynamics and the conformational flexibility of curcumin
inside a DPPC lipid bilayer was studied. The entire diffusion dynamics exists in the
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sub-diffusive regime. The C=C double bond in the enol form makes it rigid, while the
keto form is more flexible. The flexibility of the keto form increases with an increase
in the temperature.

The investigations carried out in this thesis show that combining experimental
NMR spectroscopic data with results obtained from molecular dynamics simulations.
Which can be combined to give deep insights into the structure and dynamics of small
molecules interacting with different environments such as lipid membranes and ionic
liquids.
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