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ABSTRACT

The nucleic acid primarily consists of phosphoric acid, sugar and a mixture of organic
bases (purines and pyrimidine). The two main classes of nucleic acids are
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the main blueprint for
life and constitutes the genetic material in all living organisms and most viruses. RNA is
the genetic material of certain viruses, but it is also found in all living cells, where it
plays an important role in certain processes such as protein synthesis.
Among the various advanced functionalized materials, carbon nanostructures (CNSs) are
one of the most promising classes. These materials have emerged as a choice of materials
in biotechnological and biomedical applications such as drug delivery systems and DNA
sequencing agents as well as in material science.
It is very important and interesting to study the noncovalent functionalization of
carbonaceous materials. Such noncovalent interactions between the CNSs and
biomolecular systems provide the prototypical example of nano-bio interface. The major
noncovalent interactions involving CNSs are primarily 7, CH -n, cation—= and anion—=
interactions. Quantifying such interactions and identifying various factors which
influence such interactions are questions of outstanding fundamental interest.

The inimitable properties of the carbonaceous materials make them appropriate
for various potential applications in areas ranging from electronics to medicine.
Therefore, it has become important to quantify such interactions and also to discover the

factors that affect the noncovalent interactions.



PREFACE

Exploring the nature of interaction at nano-bio interface is crucial in understanding
various applications of carbon materials such as DNA sequencing (personalized
medicines), diagnosis of lethal diseases (bio-sensors) and cancer therapy (drug delivery
systems). As the nanoparticle enters the body, proteins interact with them and form a
complex termed as protein-corona which signifies the biological identity of the particle.
The biodistribution of the nanoparticle and the further biological responses of the body
depend on this protein-corona. Hence, it is important to study the interaction of peptides
with carbon materials to understand the mechanism of carbon based drug delivery
system. Developing chemical and bio-sensors based on carbon materials has become an
area of prime interest since the physical and electronic properties of these materials are
vulnerable to external environment. Among the various existing noncovalent interactions
n— stacking and cation—mx interactions play an important role in carbon nano chemistry.
Chapter 1 presents a literature survey of work done so far on biological molecules with a
special emphasis on the nucleic acid sensors and carbon nanostructures along with the
computational guantum mechanical techniques prevalent in the area.

Chapter 2 discusses mathematical details of quantum mechanical methods. It also gives
a glimpse of the theoretical methods helpful in study of bio-molecules, metal ions, small
molecules and carbon nanostructures complexes.

Chapter 3 provides a comparison between the interaction of nucleic bases with graphene
and boron nitride graphene. This chapter sheds light on the connection between the

theoretical and experimental studies.

vi



Chapter 4 is focussed on the interaction of modified nucleic bases (MMNBSs) with the
graphene and doped graphene models. In this chapter, the interaction energies were
corrected for the basis set superposition error. The trend of the interaction energy is
studied in detail along with the AIM analysis.

Chapter 5 describes one of the first attempt to explore the interaction of mono cations
(alkali metal ions) with the single walled carbon nanotube. This chapter provides a
detailed insight on the variation of important parameters like interaction energy, Homo-
Lumo gap, and associated Mulliken charge analysis with different position of metal ion in
single walled carbon nanotube.

Chapter 6 summarizes the general conclusion drawn from the thesis and also the future

prospects from the thesis are discussed.
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CHAPTER 1

INTRODUCTION
1.1 Nucleic Acid

Nucleic acids are biomolecules which are essential for all known forms of life. Nucleic
acids were named for their initial discovery within the nucleus, and for the presence of
phosphate groups (related to phosphoric acid). Nucleic acids (DNA and RNA) perform a
variety of crucial functions in organisms. DNA stores and transfers genetic information, it
serves as the template for the synthesis of new DNA and RNAs, while RNAs carry out
protein synthesis. Nucleic acids contain only a few different components, but they have
great structural diversity. This diversity results from the many possible combinations of
those few components due to the large sizes of DNA and RNA.

1.1.1 Structures of Nucleic Acid

There are two classes of nucleic acids i.e. DNA (Deoxyribonucleic acid) and RNA
(Ribonucleic acid). Although they have significantly different structures, one can
describe both DNA and RNA as polynucleotide (polymers of nucleotides).

1.1.2 Nucleotides and Nucleosides

Each nucleotide sub-unit of a nucleic acid contains a phosphate group, a sugar
component, and a heterocyclic ring system (heterocyclic base). The portion of nucleotide
containing just the sugar and heterocyclic base is called a nucleoside. Heterocyclic base
contains either a pyrimidine or a purine ring. Pyrimidine is an aromatic organic

compound with two nitrogens at C1 and C3 position of a six membered ring.

14
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Optimized geometry of Pyrimidine
Figure 1.1: Structure of pyrimidine.

Pyrimidines in DNA and RNA: Cytosine (C) and Uracil (U) in RNA, Cytosine (C) and

Thymine (T) in DNA.
3 =
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Cytosine Thymine Uracil

Figure 1.2: Optimized structures of pyrimidines.
Some of the important properties of pyrimidine and purines are:
» Pyrimidine conformations are planar, purines are somewhat puckered (small
wrinkles or folds).
» Since, pyrimidines and purines are aromatic, they can absorb ultraviolet (UV)
light.
» DNA and RNA concentration in a sample can be found by measuring UV

absorbance.
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Purine is an aromatic organic compound that consists of a pyrimidine ring and an

imadazole ring (CsH4N>).

Purines in DNA and RNA: Adenine (A) and Guanine (G) in DNA and RNA both.

_"“é/“ =

pi pt
e~ 29 ‘a2 ®
e e ‘0 e” @
= 14 5 >

Adenine Guanine
Figure 1.3: Optimized Structures of purines.
1.2 Carbon

Carbon was named after the Latin word carbo, which means “charcoal” in the year 1789

by A. L. Lavoisier. It exists in nature in myriad forms, both as natural and synthetic

allotropic forms. The properties of all the allotropic forms are entirely different from each
other. In the periodic table, carbon belongs to the group IV and this element prevails in
all the organic life on earth. Among all the chemical components this element is present
in approximately 95% in matter, thereby speaking about its importance.[1] Beside the
other element present in the periodic table, the carbon atom possesses the ability to bind
with a number of different atoms thereby resulting in the formation of a large variety of
compounds.[2] It consists of 6 protons, 6 electrons, and x neutrons, where x may be 6, 7
or 8, thereby resulting in different isotopes like '>C, (most commonly found isotope in

nature), °C and "*C (radioactive isotope). The ground state atomic configuration of C is
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1s*2s*2p®. While dealing with the elemental form, the 2 electrons are seen to fill the inner

atomic orbitals. The electronic arrangement is shown below:
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Figure 1.4: Schematic representation of the electrons in different orbitals for carbon.
Based on the different hybridizations of atomic orbital, the carbon allotrope may be
further classified as: diamond has sp’ hybridization, graphitic having sp> hybridization
and in case of amorphous carbon, it exhibits both types of hybridizations (i.e. sp> and
sp°).

1.2.1 Allotropes of carbon

Although carbon had been known since many centuries but the main breakthrough in the
field of carbon science is noteworthy after the discovery of fullerenes, carbon nanotubes
(CNTs), and graphene.

The youngest allotrope of carbon, graphene, has a planar arrangement of carbon
atoms that are packed in a two-dimensional hexagonal lattice fashion.[3] Andre Geim and
Konstantin Novoselov were jointly awarded with the Nobel prize in 2010 for
graphene.[4] Its extended honeycomb network is the basic building unit of other
important carbon allotropes such as 3D graphite, that is formed by the stacking of several
layers of graphene, 1D nanotube, formed by rolling the graphene and the 0D fullerene
that may be obtained by wrapping of graphene.[5]

Fullerenes are the allotropes that comprise of carbon atoms only. The most stable and

prominent allotrope of fullerene is C60.[6,7] It consists of a spherical shape with sixty
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structurally equivalent sp*-hybridized carbon atoms that resemble a football. In 1996,
Robert F. Curl Jr., Harold W. Kroto and Richard E. Smalley were jointly awarded the
Nobel prize of chemistry for the discovery of fullerenes.[8] The buckybowls are bowl
shaped hydrocarbons termed as the cap structures of CNTs. It forms a family of curved
aromatic compounds with fullerenes and CNTs.[9,10] Due to their chemical and physical
properties, buckybowls have drawn tremendous amount of attention of the researchers.[

11,12] With the aid of computations, some studies help to understand some novel

properties of buckybowls.[13-16]
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1.2.2 Graphene: Historical Background

Andrew Giem and co workers at the University of Manchester discovered the graphene
using the scotch tape method.[17,18] This discovery of graphene led to a revolution,
thereafter, it was considered as a next generation material. The electrons in graphene
follow a linear dispersion relation and act like massless relativistic particles.[19] This led
to a number of very distinct (idiosyncratic) properties like quantum hall effect[20-23],
ambipolar electric field effect[17,24], good optical transparency[25-27] etc.

Due to its unmatched high carrier mobilities (200 000 cm?/Vs),[28] high thermal
and electrical conductivity,[29-31] graphene-based electronic devices can revolutionalize
the electronic industry. In the field of telecommunication and defence technology, the
unparalled properties of graphene like strong non-linear optical conductance and emitters
paved the way for the fabrication of good terahertz detectors.[32-34] Thus, in the present
scenario, it is the graphene that has bridged the gap between the different branches of

science like engineering, chemistry, physics, and materials science.[35-37]

1.2.3 Graphene

Graphene is a mono-atom-thick planar sheet of carbon atoms with sp” hybridization
exquisitely organized in a honeycomb lattice. Graphite is said to be formed by a stack of
a large number of sheets of graphene having 3.35 A interplanar spacing; approximately 3
million layers of stacked graphene sheets can be observed in 1-mm thick graphite flake.
This is the thinnest material that can be imagined in the universe. Though it is the lightest
known (density of 0.77 mg/m”) material yet it is the strongest material measured, with

strength nearly 100-300 times higher in comparison to steel. On account of its astounding
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structural and physicochemical properties[38-42], this exhilarating novel material quickly
instigated mammoth interest in many disciplines like energy storage and conversion,
[46,47] field emission display,[48,49] high-frequency electronics, nanoelectronics[43-45]

and transparent conductors.[50]

Figure 1.6:  The honeycomb structure of graphene. The chiral angle (o) determines the
type of nanotube.

1.2.4 Effect of Doping in Graphene

Significant implementation of graphene is in the field of electronic devices that demands

graphene to perform diverse electronic functions. So, tuning the electronic properties of

graphene is quite essential. Hence, doping by different procedures like hetero-atom

substitution, edge functionalizations, chemical absorption, and defects were found to be

efficacious in order to tune the electronic properties. With the doping of N- or B-atoms,
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the single walled carbon nanotube (SWCNT) may behave as n-type or p-type
respectively. Doping can also transmute the electrical properties of graphene.[51]

Martins et al. [52] investigated the transport and electronic properties of the boron doped
graphene. Employing the ab-initio methodology, they exemplified the presence of boron
atom at the GNR edges which may be the cause of metal to semiconductor transition. Not
only this, they also recommended that with suitable doping, the electronic current can
also be fine tuned. Gunlycke et al. [53] outlined that by using the density functional
theory (DFT) calculations, the graphene, precisely the zig-zag nanoribbons which were
terminated by various atoms had an important influence on the electronic structures of
these graphene at a short distance away from the fermi-level. The zig-zag nanoribbons
passivated with the hydrogen atoms or different groups leads to the spin polarization in
equilibrium, while the nanoribbons passivated with oxygen or imine groups were found
to be unpolarized thereby providing a non-identical low bias transport characteristics.
Sodi et al. [54] investigated the atomic substitution and they performed the edge
functionalizations in graphene nanoribbons. The oxygen substitution in the zig-zag
nanoribbons displayed the semi metal transition extremely well. It is explored in the
investigation that double-edge functionalization is responsible for the reduction in
semiconductor gap. The transition from semiconductor to metal can be observed with the
N, B and pyridine-like bulk substitution in graphene.

Since the last decade, different zero dimensional (0D) and one-dimensional (1D)
nanomaterials are the key stimulus for the novel and desirable sensor development.[55-
58] These include quantum dots,[59,60] carbon nanotube,[67-70] nanoparticles,[61,62]

nanowires[63-66] and a lot more.
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1.3 Biosensors

|
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Figure 1.7: Block diagram of a biosensor

Analyte: It is a substance of our interest that needs detection. For example, glucose is an
‘analyte’ in a biosensor to detect glucose level in a sample.

Bioreceptor: It is a molecule that particularly identifies the analyte and is termed as a
bioreceptor. A bioreceptor may be an enzyme, aptamer, antibody or deoxyribonucleic
acid (DNA). The process involved in the generation of signal (in the form of heat, light,
change in pH, charge or mass change, etc.) upon interacting with the analyte is termed
bio-recognition.

Transducer: The transducer is the main part of a biosensor and converts one form of
energy into another. In a biosensor, the role of transducer is to convert the bio-recognition
event into a measurable signal. Different carbon nanostructures such as carbon nanotubes
and graphene, can be used as a transducer.

Electronics System: This is the part of a biosensor that processes the transduced signal
and generates it for display. This system is comprised of complex electronic circuits that
execute signal conditioning such as amplification and conversion of signals from

analogue into digital form.
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Display System: The display consists of a user interpretation system such as the liquid
crystal display of a computer or a direct printer that generates numbers or curves
understandable by the user. This part often consists of a combination of hardware and
software that generates results of the biosensor in a user-friendly manner. The output
signal on the display can be numeric, graphic, tabular or an image, depending on the
requirements of the end user.

Sensors have changed and instilled a great deal of interest in many fields that may range
from detection of gas molecules to the biological entities which may be detected in real-
time using the chemical signals. Generally, a sensor consists of a transducer and an active
sensing element. A sensor may produce electrical, thermal, optical or magnetic signal.
The sensing element detects the analyte and is primarily responsible for it, however it is
the transducer which converts the chemical or biological event into a suitable signal that
may be employed with or without amplification to acertain the analyte.

In 1956, first biosensor was developed by Leland C. Clark Jr. #He is known as the
‘father of biosensors’. The biosensor usually contains biological sensing material like
proteins (e.g., enzymes, cell receptors, antibodies), oligo- or polynucleotides,
microorganisms, or even whole biological tissues.[71,72]

Generally there are two main parts of biosensors that are common: a transducer
and a receptor. A receptor is bioactive molecule while transducer is responsible to
convert the chemical information from the recognition event into a measurable signal.
The receptor is excluded in diverse biosensors because the direct interaction of the
analyte with the transducer takes place and produce measurable changes in its properties.

Therefore, graphene and its co-members may be used as the transducing platform in
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biosensing.[73,74] In the case of in-vitro biosensing, the sample solution (such as blood
serum, urine, milk products etc.) is dropped at the top of the biosensor, and the output
signal recoded provides useful information on the composition of the solution. However,
in vivo biosensing pertains to the dynamic systems to estimate the spatial distribution of

the concentration of an analyte in a living organism.

1.3.1 Detection of Nucleic Acid
For the detection of single stranded DNAs (ssDNA), and double stranded DNAs
(dsDNA), its subunits like nucleobases, nucleotides; graphene has been used for sensitive
and selective electrochemical detection. Such predictions with the aid of DNA sensors
paved a new way for the DNA sequencing and DNA analysis. The four nucleobases
(Adenine, Cytosine, Guanine, Thymine and Uracil) have distinct oxidation potentials.
Huang et al. with the help of reduced graphene oxide and functionalizing it with —-COOH
groups electrochemically detected Guanine and Adenine.[75] The high sensitivity in this
case is acquired due to the outstanding properties of reduced graphene oxide (rGO),
electrostatic attraction between the positively charged nucleic bases and negatively
charged -COOH groups. The n-n interaction is equally important and plays the central
role. Guanosine was successfully detected using the rGO-chitosan electrode.[76]
Hypoxanthine is a purine derivative. A sensor to detect hypoxanthine was

constructed using rGO.[77]
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1.3.2 Detection of other biomolecules

The deficiency of dopamine may leads to Parkinson’s disease. Dopamine (DA) is an
important neurotransmitter, deficiency of which underlies Parkinson’s disease. DA
detection is challenged by its low physiological concentration (0.01 mM-1 mM) and
interference from much more abundant ascorbic acid (AA) and uric acid (UA). A
chitosan—rGO composite electrode for DA detection was demonstrated by Wang et
al.[78] Cholesterol, one of the main part of cell membranes[79] leads to some very
serious health issues like cerebral thrombosis, heart diseases, and atherosclerosis. The
rGO sheet, used to develop the very sensitive amperometric sensor to detect cholesterol

was successfully developed.[80]

1.4 Carbon nanotubes

1.4.1 Introduction

The carbon nanotubes were discovered by the Japan electron microscopist, Sumo
lijima,[81] in the year 1991 which may be obtained by rolling the graphene sheet. He
came up with such a beautiful discovery while he was studying the material deposited on
the cathode during the arc-evaporation synthesis of fullerenes. The CNTs are closed
cylindrical shape that may be obtained by rolling the graphene sheet. They were known
to exist with a diameter varying between 1 to 3nm.[82] Depending upon the curvature
and chirality, these CNTs have different electronic, physical and chemical properties. The
nanotubes are generally classified into different categories based upon the chirality such
as armchair nanotube (n,n), zig-zag nanotube (n,0) and chiral nanotube (n,m). They are

also classified depending upon the number of walls associated with nanotubes like single
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walled carbon nanotube (SWCNT), double walled carbon nanotube (DWCNT), multi

walled carbon nanotube (MWCNT).
1.4.2 Properties of Carbon nanotubes

It is well known that carbon atoms in CNTs have a hexagonal lattice pattern where each
carbon atom is covalently bonded to the three neighbouring carbon atoms via sp’
hybridization. Hence the 4™ valence electron which is free in each of these units, gets
delocalized over all the atoms and thereby it contributes to the electrical nature of the
CNTs. CNTs behave as metals or semi-metals based on the chirality. They exhibit high
surface area, high aspect ratio, and noteworthy high mechanical strength. The CNTs can
be utilized in transistors, switching applications and in other advanced electronics.[83] It
can also be used as an emitter. The CNTs, as an emitter can work at a lower threshold
voltage and this makes it superior among other materials. Not only the electronic and
mechanical properties but also the thermal properties are quite interesting of these carbon
nanotubes. Though their size is quite small, the quantum effects are remarkable and
specific heat at low temperature and thermal conductivity validate the presence of the
one-dimensional quantization of phonon band structure of CNTs. The nanotubes have
some very outstanding properties e.g. the tensile strength of CNTs is 100 times more than
that of steel. Also, the electrical and thermal conductivities are close to copper.[84,85]
CNTs are considered as one of the strongest material in nature. The literature suggests
that CNTs are extremely strong materials, particularly in the axial direction.[86] Sinnot et
al. performed the theoretical work to study the mechanical properties of CNTs[87], and

reported that Young’s modulus of SWNTs could be comparable with that of a diamond.
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The CNTs can be efficiently used as electrochemical biosensors due to their outstanding
properties like electron transfer, electrical and electrochemical properties. In the field of
biosensing, owing to some remarkable properties like small size, large surface area, high
conductivity, chemical stability, sensitivity and fast electron transfer rate make them ideal
for the use in this field. Recently, Shobha et al.[88] explored that the early stage detection
of the prostate cancer is feasible via the functionalizations of the DNA strands that detect

the prostate specific antigen (PSA) which is found in the blood samples.

Graphene Sheet

Figure 1.8: Carbon nanotubes are obtained by wrapping a graphene sheet.

The diameter of the tube can be expressed as:

1
d, =a(n’> +nm+m?)2 (1.1)

where, a is the C-C bond distance, n and m are the chiral indices.
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1.5 Non-covalent Interactions

The covalent bond is said to be formed between the two proximate atoms as a result of
electron sharing between them. The idea of covalent bonding was traced many years
earlier where different authors furnished a deeper intuition to the covalent bonds.[89-93]
One of the prospective implementation of non-covalent interaction in the field of biology
is the field of drug delivery system. Therefore, indispensably, these interactions (i.e.
bimolecular) with carbon nanostructures (CNSs) via non-covalent interaction are
accountable. Since in the CNSs, the aromatic rings of carbon are usually found therefore,
the interactions like cation-n, CH-nm and m-m are commonly found in comparison to
hydrogen bonding. Generally the chemists are interested to notice the breaking and

formation of bonds.

For their distinguished work in supramolecular chemistry, in 1987, Jean-Marie Lehn and
Charles J. Pedersen, were jointly awarded the prestigious Nobel prize in chemistry, which
mainly involves noncovalent type of interactions.[94] Since then, this interaction has
been studied extensively. It was the landmark in the study of noncovalent interactions.
The saga of the non-covalent interaction dates back in 1870, when Van der Waals
articulated the dissimilitude noticed among the real gas and ideal gas state function which
are responsible for the attracting forces between gas molecules.[95] These forces of
attraction are because of the non-bonded interactions which were termed as Van der
Waals interaction. F. London in the year 1930, after the discovery of quantum mechanics,
took major steps in expounding these inter-molecular forces.[96] Later, on counting other
non-bonded interactions, like cation-n, n-m and hydrogen bonding, etc. these interactions

were termed as non-covalent interactions. The non-covalent interactions are said to be
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transpired from the interactions between induced dipoles or permanent like (a) permanent
dipole and induced dipole, (b) permanent dipole and permanent dipole, (c) instantaneous
dipole and induced dipole. The overall interactions energy of the non-covalent interaction
is said to be the union of different energy integrants like electrostatic, dispersion
components, charge transfer, exchange-repulsion and induction. The individual strength
of these non-covalent interaction might be minuscule but then contribution to study the
inclusive stability becomes note worthy.[97,98] Therefore it can be said that these non-
covalent interactions result in the emergence of supramolecular assembly, while the
covalent interactions results to form a classical molecule. In the case of CNSs, the cation-

7, -7t interactions and XH-r interactions are the common non-covalent interaction.

The noncovalent interaction can be mainly classified into two categories: (a) interaction
between ion and a neutral molecule and (b) interaction between the two neutral
molecules. For the crystal packing and molecular recognition, the interactions like cation-
n, n-nt interactions and XH-m interactions play a key role. Apart from the above
mentioned interactions, the anion neutral and cation neutral molecule non-covalent
interactions that are presumed to be stronger also play a pivotal role in molecular
recognition and albeit structural functions, however their role was not studied in detail so
far. The cation neutral molecules interaction can be classified as (a) cation-hydrocarbon
(saturated) interactions, (b) cation-m interaction, and (c) cation lone pair. In controlling
the structure and function of macromolecular system, these three interactions are said to

play the central role.

flhe significant role of cations have been studied extensively in material sciences, host-

guest complexes in biology and in inorganic.[99] The magnitude, strength, and the nature
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of cation interaction with the neutral molecules are very sensitive to the neutral molecule
involved and nature of metal. The n-system with mono-cation is electrostatic in nature
and is quite different from the di-cationic interaction with the n-system.[100] With the
increase in the m-system, from the earlier studies it can be concluded that the interaction
energy increases.[101,102] For example, the energy of Li" with benzene, anthracene,

tetracene, and naphthalene are 35.40, 41.40, 38.00, 39.60 and kcal/mol respectively.[101]

1.5.1 Hydrogen bonding

The Hydrogen bonding is said to be present between the electronegative atom and the
intermolecular moieties of hydrogen. It is quite weak but the combination of several types
of these interactions brings a required stability. Hydrogen bond among the noncovalent
interactions is one of the most studied noncovalent interactions. There are a large number
of studies based on hydrogen bonding and these depicts a large variety and variation in
hydrogen bonding that depends on the acceptor and donor. In most of the cases, it is
hugely controlled by the electrostatic forces and also with contributions from other
components. The hydrogen bonding present in different clusters viz. linear, standard
forms and circular forms was investigated and it is explored that the interaction energy
depends on cluster size and not on the arrangement of the clusters.[103,104] The
hydrogen bonds were categorized into strong (O-H......O or F-H.....H) and these have
interaction energies greater than 10 kcal/mol, normal with interaction energies of up to 5
kcal/mol and also the non-classical hydrogen bonds (X-H.....M,X-H...... H-M,X-H......H-

B).[105-107]
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1. 5.2 Cation-m interactions

Cation-m interaction is a strong noncovalent interaction which exists between a cation and
a m-system.[108,109] Kebarle and co-workers made the first evaluation of K" ion
interaction with benzene and have effectively manifested that K™ ion shows a small
preference to bind to benzene in comparison to the water molecule.[110] The presence of
cation-m interactions in biological systems and their relevance was demonstrated by many
groups.[108,109,111-113] The analysis based on protein database performed by Petsko
and co-workers [113] on 33 high resolution protein structures indicated that the positively
charged side chain of amino groups of lysine (Lys), glutamine (Glu), histidine (His),
asparagines (Asp) and arginine (Arg) are likely to have good interaction. These cation-n
interaction also accord to the stability of protein-ligand and protein-DNA
complexes.[114-116]

Rodgers, Armentrout and their co-workers have contributed enormously in
comprehending the role of cation-m interactions by some important studies.[117-122] The
calculated binding energies obtained theoretically were found to be in good agreement
with the experimentally obtained results.[117,122]

Zhu et al. have carried out a theoretical study to elucidate the cation-m and cation-c
interactions of nucleobases (A, C, G, T, U) with alkali and alkaline earth metals.[123] A
similar work was carried out by Munoz et al. that uses the Hartree Fock (HF) and MP2
calculations to study the interaction of divalent and mono metal ions with
nucleobases.[124] Ryzhov and Dunbar studied the Na“ and K' affinities with
phenylalanine, tyrosine and tryptophan using kinetic method.[125] Sastry and co-workers
carried a systematic and by far the most comprehensive survey of binding of alkali and

alkaline earth metals with the aromatic side chain motifs with a special attention to
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cation-m interactions.[126] The predilection of binding of metal ion to n-systems, such as
aromatic amino acids[129,130] benzene and substituted benzenes,[130-132] poly-
aromatic hydrocarbons[127,128,134-136] and heteroaromatics[137,138] were studied

thoroughly.

Also of interest are implicit and explicit metal ion solvation processes [139-142] that
involve a healthy competition between the m and non-n cation binding site, cooperativity
of the cation-m interaction,[143,144] are also studied extensively in great detail. A
comprehensive review on cation-interaction written by Sastry et al.[145] narrates the

significant role and importance of cation-interaction in different branches of science.

1.5.3 Stacking interaction

When the two aromatic entities are placed parallel or in perpendicular orientation then the
interaction that exists between these two moieties are said to exhibit the stacking
interaction (n- w) and CH- & type of interaction[146-151]. Few examples that illustrate
that the stacking interaction plays a role of central importance are: (a) Vertical base-base
interaction which stabilizes the double helical structure of DNA[152], (b) Conformational
preference and binding of macrocyclic compounds like diarylnaphthalenes[153-155], (c)
Complexation in host-guest systems, (d) Catalytic hydroformylation[156], (e) Catalytic
formation of elastomeric polypropylene[157], (f) Asymmetric cis dihydroxylation of
olefins[158] (g) Drug-receptor interactions.[159] etc.

Thus, it may be conclusively said that this subtle but very important interaction is

ubiquitous in multifarious fields of science ranging from structural biology,
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supramolecular science, drug design, conformational analysis, asymmetric catalysis etc.
and also it has become an independent area of research.[146-159]

In condensed phase, the aromatic moieties orient themselves in different fashion however
it is very difficult to say a confirmed geometrical orientation exhibited by the aromatic
rings to have m-m interaction. Various methods are used to identify m-m interactions in
chemical and biological systems.[160-165] The three most common orientations that can
be observed in stacking interaction are:- (i) T-shape orientation, (ii) Offset or parallel
displaced (PD) orientation and (iii) Sandwich or S type orientation.

The =m-m interaction has also been analysed to confirm the thermal stability of
thermophilic proteins.[166]

Although there are a large theoretical studies on n-m interactions but these are limited to
flat aromatic systems and few reports are available for curved aromatic systems like
corannulene.[167] So there is a scope for both the experimentalists and theoreticians to

explore this crucial interaction.
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Figure 1.9: Three possible orientations in stacking interaction.
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1.6 Review of Literature

Graphene is a planar form of carbon atoms designed in a two-dimensional hexagonal
lattice fashion. It has emerged as the most dominating allotropes of carbon during the last
few years. Its extended honeycomb network is the basic building block of other important
allotropes such as 3D graphite formed by the stacking of several layers of graphene; 1D
nanotube, obtained by rolling the graphene and the 0D fullerene prepared by wrapped
graphenes.[168] Graphene is being used in the designing of new nanomaterials for energy
storage devices, fuel cells and biosensors owing to its high stability, elasticity and
electromechanical modulation.[169-171] Also, graphene exhibits extraordinary electronic
properties in comparison to many of the conventional materials; the highly conductive
graphene becomes an insulator after hydrogenation. This hydrogenation of graphene is
highly reversible; the intrinsic conductivity as well as the structure of graphene can be
restored on annealing.[172-174] Graphene is also an important material in nanoscale
electronics due to its compatibility with industry standard lithographic processing. The
electron mobilities are up to 150 times greater than Si, and the thermal conductivity is
approximately twice that of diamond.[175] Thus one can say that graphene has

revolutionalized the technology.

Graphene sensors have emerged as another area of recent interest. The chemical and
physical properties of graphene make it a promising candidate that can be used as a
sensor to detect different gases such as H,, NO, and NH;3.[176] Schedin et al., in their
experimental results, illustrated that graphene based sensors allow the sensitivity levels
such that the adsorption of individual gas molecules could be detected accurately.[177]

Graphene-polyaniline nanocomposite is found to be a good sensor for H, gas while
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nitrogen doped graphene find its application in electrochemical biosensing.[178] It is also
shown that, through functionalization, properties of graphene can be modified. The
functionalization of graphene with hydrogen, oxygen or other chemical groups is of
prime importance as a way to engineer different properties of graphene. A recent study
reveals that with controlled epoxide functionalization, graphene can be used as a starting
material for diverse chemical functionalization by chemical modification of the epoxide
group. The functionalization of graphene and single-walled carbon nanotubes (SWCNT)
with individual 3d transition metal atoms were also modeled using density functional
theory calculations (DFT).[179-186] The capability to detect single bio-molecules with
high accuracy and efficiency is of prime importance in many areas of environmental
science, biology and chemistry.[187-193] Efficient bio-sensors are expected to contribute
to the improvement of medicine and medical treatment.[189]
Nano-materials, due to their extreme sensitivity of the electron-transport properties in
confined materials to external perturbations, form an excellent technological platform for
single-molecule recognition.[194-197] Recently, graphene nano-ribbon (GNR) has
emerged as a suitable candidate for making sensors for single small molecules, such as
H,, H,O and NO. This concept is based on measuring a variation in the source-drain
current of a GNR based field-effect transistors (FETSs) originating from the covalent bond
formed between the molecule to be detected and a defect (or an edge) of GNR.

The interaction of the biomolecules such as nucleic bases on the surface of GNR
and CNT has attracted many researchers. In particular, the DNA-CNT interaction has cast
its spell in the research community due to its application in various fields such as DNA

sensing, DNA sequencing and drug delivery.[198-201] It has also been found that the
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determination of a patient’s DNA sequence can even reveal his risk of falling ill with
particular diseases and it also helps to design “personalized medicine”, and it is therefore
the DNA sequencing that appears to be one of the most potential applications for the
carbon nanostructures.[202-204] Sensors for amplified detection methods based on CNT
biomolecule composites is an area of recent interest, and such sensors can be efficiently
used to detect various carbon nanostructures as well as different biomaterials such as
DNA, protein, and so on.[205]

Also, DNA-functionalized carbon nanotubes (CNTs) form the basis for not only a new
class of chemical sensors but also for the molecular electronic devices. An ultrasensitive
graphene embedded nano channel device which effectively controls the motion of
nucleobases via m-m interaction was also reported.[206] Zheng et al.,[207] constructed a
carbon nanotube-based DNA biosensor for sensing the phenolic pollutants.

Many research groups have focused on determining the DNA-CNT interaction and tried
to explore the strength of binding of different nucleosides, nucleobases, and nucleobases
pairs on the carbon nanotubes and graphene, in both experimental and computational
studies.[208-212] The different binding energy orders for different studies are found in
many experimental studies and it is understood that this may be due to the different
experimental conditions applied. For most cases, in computational studies, the order is G
> A >T>C>U, and in some cases, the order is G~A~T~C > U.

The dispersion forces in the dispersion interaction are the most important interactions in
molecular systems that are not addressed well in several DFT approaches. Efforts were
made by the several research groups [213-225] to precisely incorporate dispersion in the

correlation term of DFT. There were several studies of interaction of nucleic bases with
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CNT or graphene which however did not consider the dispersion interaction into account.
Some early works based on LDA scheme of DFT, also lack dispersion correction.
However the recent studies adopted either classical FF (force field) or dispersion
corrected DFTs to consider the dispersion factor. It is believed that the n-n stacking plays
a key role in the binding of nucleobase to graphene or CNT, dispersion therefore can play
a significant role in determining the binding structure and BE (Binding Energy). So, one
can precisely say that different approaches lead to different results. Therefore the past
studies can be broadly classified into two categories: those performed with methods that
consider dispersion, and those which do not consider dispersion-corrected methods.
Semi-empirical QM methods are based on ab initio methods but include empirical
parameters to speed up the calculations, examples include AMI1.[226-230] In
computational quantum chemistry and physics, DFT has been widely used, due to its
relatively low computational cost compared with high level ab initio methods and high
accuracy compared with semi-empirical methods.

In 1964, Kohn and Hohenberg published the first paper on DFT in which they
substituted the many electron wavefunction with the electron density and reduced the
number of variables. One year later, Kohn and Sham in 1965 improved the Hohenberg
and Kohn’s theory by introducing effective potential that included external potential,
exchange and correlation interactions.

Gowtham et al.,[231] studied the adsorption of nucleobases (A, C, G, T and U) on
graphene using MP2 and local density approximation (LDA). In a later work, Gowtham
et al.,[232] also studied the adsorption of the same nucleobases on a (5,0) CNT, using the

same approach except that the BE calculation was only done with LDA only, and not
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with MP2. The order of the BE was found to be the same, i.e., G>A>T>C>U with the
values being 47.28, 37.63, 32.81, 27.98 and 27.02 kJ/mol, respectively. Their results
confirmed that the BEs for CNT were much smaller than those for graphene, that was
attributed to the larger curvature of the CNT and resulting smaller area of contact. Meng
et al.[233] first optimized the structures using CHARMM FF which includes an empirical
description of dispersion interaction, but dispersion was neglected again during the re-
optimization step using LDA.

Meng et al.[234] used a different approach (time dependent LDA method) to study the
binding between DNA nucleosides and a CNT (10,0). From these simulations, the optical
absorbance spectrum for DNA nucleosides were obtained, which were used to determine
the preferred orientation of the nucleosides on the CNT. The dependence of BE on CNT
chirality was studied by Wang et al.,[235] using LDA. They considered two connected
adenosine monophosphates with the phosphate groups terminated by H atoms. The
resulting molecule was neutral and was taken to interact with different CNTs, including
five (m,0) zigzag tubes with m = 7,8,9,10,17 and four (n,n) armchair tubes with
n=4,5,6,7. Periodic boundary condition using supercell approach and the linear
combination of numerical atomic orbitals (LCAQO) basis set with double-zeta
polarizations were used. In another work, Wang [236] considered all four DNA
nucleobases interacting with two types of CNTs: (5,5) and (10,0). Same as his first work
(Wang et al., 2007), for each type of CNT, only a small part was made to interact with
the nucleobases. The BSSE-corrected BE for the C(5,5) CNT hybrid in vacuum was
46.46 kJ/mol which is quite different from Wang’s former study (Wang et al.,[237] 2007)

in which the BE for the same system was determined to be 32.76 kJ/mol. The order of the
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BE between nucleobase and CNT in the gas phase was found to be G>A>T>C for both
CNTs. This is in agreement with the DFT studies of Gowtham et al., on the interaction of
nucleobases with graphene and (5,0) CNT (Gowtham et al., [231,232]), and also with the
MM results of Meng et al.,[234] for the interaction of nucleosides with a (10,0) CNT.
Recent works using dispersion-corrected DFT also gave rise to different results,
possibly due to the difference in ways of incorporating dispersion interaction in these
methods. The choice of basis sets can affect the BE evaluation, even with the same
method (Shukla et al.[238]). In addition, it is also found that basis set superposition
(BSSE) can be large and has to be taken into account (Tournus et al.[239]). Performance
of simulation methods and basis set are still being widely evaluated in the computational
chemistry.
Though a large number of dispersion-corrected methods exist in literature however
benchmarking has been performed by some of them.[240-242] Among these methods,
Minnesota density functional developed by Truhlar’s group, e.g., M05, M05-2X, M06,
MO06-L, M06-2X and M06-HF, are based on meta-GGA approximations [218,243-246].
Swathi and Chandra Shekar (with ®B97XD functional) examined physisorption of
nucleobases on coronene as a model of graphene (Chandra Shekar et al.[247]). Different
initial configurations (ICs) were considered while the separation distance was maintained
at 3A in all initial configurations (ICs). Geometry optimization was carried out at
®B97XD/6-31G(d,p) level followed by a single point energy (SPE) calculation at
©B97XD/6- 311+G (d,p). The order of the BSSE corrected BEs was determined to be
G>T>A>C>U with the values of 75.73, 66.53, 65.27, 64.43 and 56.48 kJ/mol,

respectively.
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Antony and Grimme studied the influence of damping on various interactions in great
detail.[222] Vovusha et al.[248], studied the interaction of nucleobases with graphene
using M05-2X and M06-2X functional. Vovusha et al., in their study of graphene model,
included 54 carbons with 18 hydrogen atoms capping the edge carbons. Geometry
optimizations were all performed at M05-2X/6-31G(d) level and BEs were evaluated
using both M05-2X and M06-2X methods with 6-31+G(d,p) and 6311++G(d,p) basis
sets. The separation distance between nucleobases and graphene in the optimized
structures was determined to be 3.2-3.5 A which is close to previously reported results.
Results (energies values) obtained using M06-2X were considerably larger than the ones
obtained using M05-2X method. The order of the BE using M05-2X was determined to
be G>C=T>A>U and G>C>T>A>U respectively with 6-31+G(d,p) and 6-311++G(d,p)
basis sets. When M06-2X was used for the BE calculation, the order was changed to
G>T>A>C>U and G>T>C>A>U respectively using 6-31+G(d,p) and 6-311++G(d,p)
basis sets. This demonstrates the great effect of method and basis set on the value and
order of the BE.

Umadevi et al.[249] studied in detail the interaction of aromatic amino acids, nucleic
bases and other small molecules in detail and reported the order of binding for

nucleobases with graphane in the order G>A>C>T > U.
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Table 1.1: Some experimental studies based on different types of analyte and carbon
nanostructures involved.

Carbon Reference
Types of Target analyte
nanostructures Number
Analyte
Protein SWCNT H63D mutation in the HFE gene [250]
Protein SWCNT Immunoglobulin E (IgE) [251]
Protein Graphene Bovine Serum Albumin (BSA) [252]
Protein (rGO) Matrilysin [253]
Nucleic acid SWCNT ssRNA [254]
Nucleic acid SWCNT ssDNA [255]
Nucleic acid SWCNT miRNA [256]
Nucleic acid GO ssDNA [257]
Nucleic acid GO SsDNA [258]
Nucleic acid GO ssDNA [259]
Nucleic acid GO ssDNA [260]
Nucleic acid GO ssDNA [261]
. GO .
Nucleic acid ssDNA/miRNA [262]
Nucleic acid GO SNP [263]
Nucleic acid GO SNP B [264]
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Tablel.2: Different types of sensors based on various carbon nanostructures with
linear range.
Analyte . . Linear | Ref. No.
S.N. detected Sensor type Sensing materials range
Clinical .
1 L Electrochemical | Graphene copper 0.45
applications [265]
sensor NP mM
Glucose
Electrochemical 50-
2 Cholesterol biosensor Graphene 300uM [266]
Platinum-
palladium-
3 Electrochemical | chitosan-graphene | 2.2-520 [267]
biosensor hybrid uM
nanocomposite
Cerium-oxide
Optical graphene 12mM [268]
4 . . to 7.2
biosensor composite
mM
Electrochemical Graphene-PVP- S0 mM [269]
5 . . to 10
biosensor PANi
mM
Palladium NP- 0.1-
6 H,0, Electrochemical graphene 1000 [270]
sensor nanosheet film
M
Graphen-
. palladium )
7 Elec‘grochemlcal _horseradish 25-3500 [271]
biosensor . uM
peroxidase
. Gold NP-graphene | 0.3 uM
8 Electrochemical | = heet film | t018 | [272]
biosensor
mM
Magnetic field 1 =10
9 DNA g Graphene-PMMA | to 10 [273]
(Hall effect)
nM
5% 107
. to
10 Dopamine Electrochemical Graphene and 1 % 103 [274]
sensor PVP
M
Amino-group
1 Electrochemical functionalized 0.2-38 [275]
sensor Fe304 uM
nanoparticles on
graphene
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sheets
Electrochemical 5.00-
12 sensor Graphene 710 uM [276]
Amino-group
functionalized
. . Electrochemical Fe3Q4 5-1600
13 Ascorbic acid nanoparticles on [275]
sensor uM
graphene
sheets
. 9.00-
14 Electrochemical Graphene 2314 | [276]
sensor
uM
Amino-group
. functionalized
15 Uric acid Electrochemical Fe,0, 1-850 [275]
sensor . uM
nanoparticles on
graphene sheets
Electrochemical 6-
16 sensor Graphene 1330uM [276]
CEA Electrochemlcal Graphene-gold NP 0.010-
17 Immunosensor 50 ng [277]
-carboxyl groups T
mlL-
Electrochemical Graphene-gold 0.010-
18 immunosensor NP-silver 120 ng [278]
NP mL-!
. Electrochemical Graphene-gold NP | 0.016-
19 a-fetoprotein . -carboxyl groups 50 ng [277]
immunosensor T
mL-
20 Electrochemical | Doped graphene | 0.05-30 [279]
immunosensor sheets ng mL"
. Aptamer and
. Optical 1-100
21 Thrombin biosensor graphene . ™M [280]
nanocomposite
. 62.5-
22 Optical Graphene 187.5 [281]
aptasensor
pM
Graphene-
23 PSA Electrochemwal methy@ene blue/ 0.05-5._(1) [282]
immunosensor chitosan ng mL
nanocomposite
Graphene-silver
24 Electrochemical hybridized 0.01-10 [283]
immunosensor mesoporous ng mL™
silica NP
Electrochemical Graphene 2 pg
25 biosensor nanosheets ml o | 234

304




-horseradish 2 ug
peroxidase mL"!
functionalized
with gold NP
2% IL-6 Electrochemlcal Graphene-gold NP 1-40 _[l)g [285]
Immunosensor mL
Gold NP-nitrogen
doped 0.5
27 MMP-2 Electrochemlcal graphene —50,00?)1 [286]
Immunosensor . pg mL
composites
Platinum
28 Tl Electrochemlcal NP/ graphene 0.01-1 q [287]
immunosensor composite ng mL
4.0 x
Environmental Graphene 107 to
29 applications Electrochemical quantum dots 1.0 x [288]
Malachite sensor -gold NP 10 mol
green L'
Graphene-
30 2+ Electrochemical poly(sodium 4- 0.5-120
Pb styrenesulfonate) TG [289]
sensor . pg L
composite
2.00 x
Graphene- 10% to
Electrochemical poly(crystal 1.95
31 sensor violet) 105mol | 1290
L-l
3 Electrochemical Graphene-Nafion 0.1-1 (_)10 [291]
sensor ng L
Graphene-
. poly(sodium 4- )
33 cd* Electrochemical styrenesulfonate) 0.5 1210 [289]
sensor . pg L
composite
9.00x
Graphene- 10% to
Electrochemical poly(crystal 5.58 x
34 sensor violet) 107 mol [290]
L'l
35 Electrochemical Graphene-Nafion 0.1-1 (_)10 [291]
sensor ng L
. Carboxylic 13
Methyl Electrochemical . 107" to
36 parathion biosensor graphene-NiQ 10"M [292]
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NP-Nafion

37 Chlorpyrifos
10" to
38 Carbofuran 10° M
Graphene-MIP-
Photoelectroche CdSe-ZnS 10" to
39 Paraoxon mical sensor quantum dots 10°M [293]
40 Dichlorvos
Graphene-MIP- 1569; :o
41 | 4-aminophenol | Fhotoctectroche Cds 35% | [294]
mical sensor quantum dots %
10" M
Electrochemical Graphene- 20-1000 [295]
42 Hydrogen sensor palladium NP ppm
43 Magnetic field Graphene- 25-1000 [296]
(Hall effect) palladium NP ppm
44 Acetylene Optical sensor Graphene [297]
T
Nitrogen-doped 3K t% L
45 Hexachloroben | Electrochemical graphene 10 mg 298]
zene sensor -chitosan L
Graphene-MIP- 7.0 x
Food Electrochemical gold NP 10% 10
46 applications sensor -chitosan-platinum | 9.0 x [299]
Erythromycin NP 10°M
Graphene-MIP- 9.0 x
. Electrochemical MWCNT 10%to
47 Tryptamine sensor 70 x [300]
10°M
4.1 x
10" to
Staphylococcus Piezoelectric Graphene-aptamer | 4.1 x
48 5 [301]
aureus sensor 10° cfu
mL-'
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CHAPTER 2

METHODOLOGY

2.1 Introduction

The interplay between the theory and experiment can well be experienced with the help
of the computational power. The computational modelling has emerged as a new
paradigm beside the theory and experiment. In the field of molecular sciences,
computation has enabled us to provide basic insights at atomic level. The advances in
recent computer software and hardware techniques enable to implement a range of
computational methodologies in efficient and user friendly fashion. An attempt has been
made to give a brief description of various theoretical methodologies employed. At the
outset a brief introduction about the quantum mechanical principles, which provide the
platform to build the computational techniques, has been discussed.

Unlike molecular mechanics (MM), quantum mechanics (QM) describes molecules in
terms of interactions among nuclei and electrons. Quantum mechanics based methods are
generally more accurate than MM methods, however, calculations are computationally
more intensive than MM calculations.[1] Three major categories of quantum mechanics

are: ab initio, semi-empirical and density functional theory (DFT) methods.
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2.2 Ab-Initio Method

The classical mechanics is capable of predicting trajectory of atoms, it finds itself
inadequate to explain most properties at atomic level; quantum mechanics comes to the
rescue. Though former aims at describing trajectory of a particle under study, latter aims
at finding not an accurate motion but probability distribution function. While earlier
works of Born, Hartree, Pauli, Dirac etc. helped in formal development of the subject
during early stage, Schrodinger is undoubtedly the premier who helped build the
foundation of the mechanics that was to have severe influence in what science has
become today.[2] Modern day science is indebted deeply to Schrodinger for his well

known wave equation.[3]
Hy =Ew (2.1)

Here H represents Hamiltonian operator of the system-comprising of kinetic energy and

potential energy term, E is eigen value representing energy and iy represents eigen
function. y is well behaved mathematical function such that w *y represents probability

density.[4] While this equation is solvable for hydrogen or hydrogen-like atom easily-
with little or no approximation- depending on property of interest. Howsoever simple
equation it may be and capable of correctly describing the system fully, the only problem
lies in solving it for a given system. In fact, it is beauty of this equation that almost any
molecular system can be explained by merely solving it completely and yet, the basic

problem lies with method of solving it.

Even for the simplest system like Hydrogen atom, the motion of constituents of system

viz electrons and nucleus (the eigen function) may be represented by total wave function
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comprising of electronic as well as nuclear wave function. The Hamiltonian may be

expanded as:

e’ P o ZpZgE
Sy Y SaeE (22)
iA

i<j rij At Tas

Z

h? h?
H=-2 VE-Y — Vi
i i A

m, A 2m,

where i, j represent summation over electrons while A, B stand for nucleus. First and
second terms represent kinetic energy of electrons and nucleus, third term stands for
electron-nucleus potential energy, while fourth and fifth terms denote inter-electron and
inter-nucleon interaction energy. After Born-Oppenheimer’s realization that electrons
adjust instantaneously with any changes in nucleus, the Schrodinger’s equation was
resolved by variable separable method, it got solvable for electronic wave function

separately for a given arrangement of nucleus.[5-7]

Changing nuclear positions necessitates addition of nuclear repulsion term to electronic
energy to get correct total energy of new configuration. Although variation in nuclear
position may be dealt-with easily in atoms, scenario complicates in energy levels of even
the simplest molecule (e.g. diatomic or linear multi-atomic etc.). As has been discussed
earlier that Hamiltonian comprises of (a) kinetic energy as well as (b) potential energy
term also, which is sub-divided into (i) nucleus-nucleus interactions (ignored due to
Born-Oppenheimer approximation), (ii) electron-nucleus potential energy and (ii) inter-
electron interaction energy; it is this last term that creates complexity. Hamiltonian due to
electrons only is written as:

H,=-3 5V —ZZf—+Z% (2.3)

i<j i
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Here first term is kinetic energy, second term is nucleus-electron potential energy and last

term is electron-electron interaction energy. With this H_ in hand, one gets E_ and y _as

solution. Thus the modified Schrodinger wave equation for n electron system is written

as:[8]
H.1L2,...,nW.([L2,..,n)= Ew.(12,..,n) (2.4)

It should be noted, this gives only the electronic part and not the nuclear part. The results
obtained at electronic equation are used to get total energy and total wave function of
given system. Nuclear interactions do not play important role in atomic wave functions
but become important in molecular wave functions (commonly called as molecular

orbitals).

Multi-electron systems are solvable only with approximation methods and many workers
have proposed numerous methods for solving it. D. R. Hartree made earliest attempts in
1928 by assuming the total wave function to be product of wave functions of individual

electrons (assuming Z-electron atom):[9]

‘//e(r11‘91’¢1; 2,605,055 rz’62’¢2): Wl(r1!91’¢1)':1’2(r2’921¢2 )"'l//z(rz7ez!¢z) (2'5)

As Schrodinger’s equation involves potential energy operator which if known will
provide wave function and eigen value. But potential energy term is not known fully for
such system. Also wave function must carry coordinates for all Z-electrons. Variable
separable method would guarantee Z-independent linear differential equations from a
single Schrodinger’s equation for Z-electron atom (ignoring electron-electron potential
term), which may later be solved by beginning with an approximate trial solution and

solving for a field which converges to certain value after substantial number of iterations,
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commonly called as self consistent field. Alternatively, variational principle may be used
to get desired solutions. However application of such trial wave function was soon
discarded due to such total wave function not being anti-symmetric- a condition imposed
by Pauli’s exclusion principle. After Fermi-Dirac statistics,[10] electrons were assumed

to possess spatial as well as spin functions:
Wy = l//(r)xéj(s) (26)

Here () represents spatial wave function while £(s) stands for spin wave function
(commonly represented by « or £ ).[11] Slater devised a method for obtaining such

total electron wave functions (anti-symmetric)[12] from spatial and spin coordinates with

the help of so-called Slater determinant:[13]

g()als) 4E)B6E) o o o 4.(n)B(s)
4()a(s) 4n)BS,) o o 8.(n)B(s

Wzﬁ (2.7)
sls) BOIAS) G

Alternatively,

X1 (1) X2 (1) yAN (1)
11(2) 12(2) ZN(Z)

- 28)
Zl(N) Zzlth) ZN”(.N

Using Slater’s method, Hartree and Fock improvised the method of Self-consistent field

theory, whereby each electron is assumed as moving in a fixed field arising due to
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nucleus and remaining electrons. This method proved to be a great success as the
electron-electron interaction term posed a severe hindrance in variable separation

method. The energy of the atom or molecule is given by:

E= T (2.9)

or, in Dirac Notation,[14-16]

(wIH|y)

== (wlv)

(2.10)

Besides being anti-symmetric, the wave functions are assumed to be ortho-normal:

[yaydz=3, OR Wl ¥a) = O (211)

2.3 Hartree Saf-Consistent Field M ethod

As stated earlier, nucleus is much heavier than electron, hence nuclear contribution in
Hamiltonian does not play important role in atoms. However in molecules, configuration
of nucleus of atoms adds to nuclear potential. Though Born-Oppenheimer helped in
resolving such problem, this field (having constant value for a given geometry) must be

added appropriately to get total energy and total wave function of the molecule.[17,18]

The Hamiltonian for N-electron system may be re-written as:

HeZZh +zzgij +Vnn (212)

i i
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where
h=-Vvi_->_—A 2.13
! Z|RA_|, ( )
and

g = ‘— (2.14)

Note that one electron operator h, describes the motion of the i'" electron in the field of

all nuclei of given molecule and must be the only operator in absence of any inter

electronic or inter nuclear interaction, g, is two electron operator giving mutual
repulsion between two electrons while v is nuclear-nuclear interaction energy. From

Dirac’s notation for energy,

E:Z<Zi | h |Z|>+%Z(<Z|Z| |gij |7(j7(j>_<ZiZj |gij |Zi7(j>)+vnn (2.15)

Alternatively, it may be written as

E=Z<Zi |h |Zi>+Z(Jij _Kij )+Vnn (2.16)

i<j
Here first term represents energy due to core Hamiltonian operator in absence of any
interaction, 3, represents Coulomb operator (classically it is repulsion between two
charge distributions), K, represents exchange operator (for which there is no classical

analogue and is a result of Pauli’s exclusion principle).[19] Evidently, this is many body
problem (unlike Hydrogen atom, which is at most a two body problem) for which there is

no ‘exact’ solution. Hence one solution can only be “better’ than another. To determine
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the Molecular Orbital (MO) which has minimum energy (stable configuration),
variational principle is used. A better wave function will have minimum energy lesser
than a less ‘correct’ one. Such type of optimization is obtained subject to constraint that
MOs should remain orthogonal and normalized. For this, Lagrange’s method of
undetermined multipliers may be used.[17,20] Thus the problem is minimization of

energy subject to orthonormality constraint:
S :_[Ziljdz':<li|lj>:5ij (2.17)
The Lagrange function will now be stationary with respect to variations in orbitals:

L:E_Z/Iij«li |Zj>_5ij) (2.18)

For extremum of Lagrange function:

AL =E-5Y (1 1,)-8,)=0 (2.19)
1]

Here 4, is often identified as energy and related to molecular orbital energies. Under

such formulation, one is now forced to find solution which takes into consideration
motion of all electrons simultaneously, which in turn are so interconnected that change in
one’s coordinates (spatial or spin) is bound to affected others as well. To avoid such
difficulty, one is forced to consider motion of one electron under the influence of field of

nuclei and other electrons in their fixed orbitals 5, . The resulting equation may then be

tidied up as follows:[17,21]

Fx zzgijlj (2.20)
j
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where F, is called Fock operator:
F(1)= h(1)+Z( 1)-K, @) (2.21)

Here 1 in parentheses denotes operator for one particular electron, J is Coulomb operator
(electron repulsion term) and K is exchange operator (spin correlation term).
Lagrangian multipliers are chosen zero unless indices i and j are same, one gets standard

eigen value problem:
Fxi=ex (2.22)

It should be noted that solutions of above equations are not unique as determinant is
unaffected by row/column transformations. Also, Fock operator is evaluable only if
orbitals of remaining electrons are known. To counteract this vicious cycle, iterative
method is employed which assumes trial solutions to get Fock operator (via Coulomb and
Exchange operators) till solutions are ‘self-consistent’. The Hartree Fock method is also
known as mean field approximation method in which average electron-electron repulsion

is taken into account.[22]

2.4 Roothaan Hall Equation

Fock proposed extension of Hartree’s SCF procedure by introducing Slater’s
determinantal wave functions (obeying Pauli’s exclusion principle). Although very
elegant method for solving atoms, direct solution of Hartree Fock equation was not so
practical for molecules. Roothaan and Hall independently recast the HF equation in
matrix form by expanding MOs in terms of basis functions, conveniently called as atomic

orbitals. This method is advantageous as it also helps in interpretability of results as
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properties of molecules are commonly traced back to those of constituent atoms. In this

scheme, spatial wave function is expressed as linear combination of basis functions:
4=y c,0, (2.23)

Energy minimization techniques help in evaluation of coefficients ¢ . Thus one gets a
set of self consistent LCAO molecular orbitals ¢, . Such orbital will be best for any

particular set of basis function. Roothaan Hall equation is obtained after variational

technique:[23]

>(F.-&S, LK. =0 (2.24)

whereF, is the Fock operator and s is the overlap integral:

AO AO

R, =(6,1n16,)+>.>0,(6.0,1910,6,)-(6,0,1916,0,)) (2.25)
S, = <9V IH;,> (2.26)

The density matrix is defined as

occ.MO

D= 2.C,C, (2.27)
J

These equations were originally developed by Roothaan [23] and Hall [24]
independently. Equations as mentioned above are a set of algebraic equations

conveniently written as a matrix equation:

FC=SCE (2.28)
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The Fock matrix and C matrix are square matrix while E is a diagonal matrix whose
elements are the orbital energies. Here the elements of Fock matrix depend on orbital

coefficients ¢, which appears on both sides of matrix equation, hence iterative procedure
is adopted.[17]
Roothaan-Hall equation can be simplified to a form solvable by standard methods:

F'C'=CE (2.29)
where F'=S72FS /2 and C'=S2C (2.30)

and solution exists only if determinant ‘F'—El‘ iIs zero. For larger matrices,

diagonalization of matrix F' is preferred. The matrix of coefficients C' gives eigen

vectors of F'.

Schrodinger equation is solved in Hartree-Fock method by setting up equations to solve

all individual one-electron wavefunctions:

F ) 0)=e40) (2.31)
where 1 within parenthesis represents one electron equation. With certain basis set at
hand, trial wave functions are formulated to get overlap matrix S;; and Fock matrix Fj.
These are then used to calculate energy &, and coefficients C,;and iteration is followed

until desired convergence is achieved. The motion of electrons is not correlated in HF
equations.[25] The electron correlation is included in configuration interaction (CI)

[26,27] and Magller-Plesset[28] perturbation theory.
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Figure 2.1: Algorithm for solving Roothaan Hall equation.

2.5 Basis Sets

Molecular orbitals can be expressed as a linear expansion of a combination of atomic
orbitals termed as called basis functions. The basis set is a finite set of the basis functions.
There are mainly two types of orbitals that are commonly used in the computing the
electronic structure calculation: Slater Type Orbitals (STOs) and Gaussian Type Orbitals
(GTOs). In 1930, the Slater type of orbitals (STOs) was first introduced by J. S. Slater

and was addressed after his name.[29] The results obtained using these STOs were found
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to be in good agreement for the simpler linear molecules, atomic and diatomic. The
calculations of two electron integrals for other type of molecule is quite tedious and
computationally expensive. This difficulty was handled with the use of Gaussian Type

Orbital (GTO) proposed by S. F. Boys in 1950.[30]
2.5.1 Typesof Basis Set
2.5.1.1 Minimal Basis Set

The minimal basis set was developed by Pople and co-workers and therefore are also
termed as Pople basis set. A minimal basis set usually consists of a minimum number of
basis function required to represent the electrons on each atoms. For example: to
represent a H and He, only single s-function is used whereas to represent from Li to Ne,
1s, 2s, and 2p functions are used. The STO-nG is the most commonly used abbreviation
to represent a minimal basis set where n is the number of Gaussian primitive functions to
represent each orbital. In this bass set, the core and the valence orbitals are comprised of
same number of Gaussian primitives. The main limitation of this basis set is its lack of
flexibility. During the formation of the bond, orbital may vary (contract or expand) and
the same cannot be well described by this minimal basis set. This problem can be
rectified by representing each orbital with two or more functions. With the increase in the
basis function, the accuracy in describing the orbital increases. Some commonly used
minimal basis sets are: STO-3G, STO-4G, STO-6G, and STO-3G* (polarised version of

the STO-3G).
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2.5.1.2 Double- and Extended Basis Sets

In the case of double-( basis sets two basis functions are assigned for each orbital. When
more than two basis functions are assigned for each orbital, then they are known as
extended basis sets. The extended basis sets provides a better description about the
orbitals by allowing higher flexibility for the orbital exponents and also for the size of the
orbitals. Few examples of this basis set are Dunning DZ, TZV, Dunning DZP, TZVPP

(Valence triple-  plus polarization), QZVPP (Valence quadruple- plus polarization).
2.5.1.3 Split-Valence Basis Set

Calculating the double- { for every orbital is a tedious process. So, one should be
concerned more for the valence orbital since the valence electrons mainly participate in
bonding so double- { is calculated only for valence orbital electrons. The less important
inner-shell electrons are described with a single Slater orbital. This method is called as
split-valence basis set.[31,32] The split valence basis set 6-31G is represented as: X-

YZG.

In the above mentioned case, the two numbers just after the hyphen (-) represent that it is

a split valence double { .The split valence triple , and quadrupole { are represented as X-
YZWG and X-YZWVG respectively. Some of the commonly used basis sets are 3-21G,

6-31G, 6-311G etc.
2.5.1.3.1 Polarization Function

The polarization function is represented by the Pople notation and is denoted by an
asterisk (*). A single asterisk denotes the addition of d-type polarization functions to the

heavy atoms and the addition of second asterisk imply the inclusion of p-type functions to
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the hydrogen atoms as in 3-21G*, 6-31G* or 6-311G** basis sets. In 6-311G basis set,
the core orbital are modeled by the single function which is comprised of six primitive
GTOs and the valence part is modeled by the 3 basis functions which consists of 3, 1 and

1 primitive GTOs. It is also quite noteworthy that 6-31G (d,p) is the same as 6-31G**.
2.5.1.3.2 Diffuse Function

Diffuse basis set adds the s and p type functions to heavy and H atoms to provide large
region of space orbital. The basis sets described so far fail to deal with the anions and
molecules containing the lone pairs which do have large amount of electron density away
from the nuclear centres. This is necessary for describing the systems where electrons are
far away from nucleus such as in anions, molecules with lone pairs, systems with excited
states and low ionization potential etc. In order to overcome this problem, highly diffuse
functions are added to the basis set. These basis sets are denoted using a “+” sign, i.e. 3-
21+G. A single “+” sign denotes p orbital, “++” indicates accounts for p and s orbitals as

in 6-31+G* or 6-311++G** basis sets.

The choice of DFT functional and basis set primarily depends on the type of system, the
required accuracy of the results as well as computational resources available. There are a
large variety of DFT functionals and basis sets implemented in the Gaussian 09. We have
used various functionals and basis sets in the work described in this thesis. In the chapter
three of the present thesis, the geometries of all the modeled systems were optimized
using the 6-31G basis sets thereby the geometries were subjected for the single point
energy calculations using 6-31++G**. The fourth chapter of the thesis deals with the
various doped graphene models. In this chapter the geometries of the systems were

optimized with 6-31+G** basis set followed by the single point energy calculations with
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6-311+G** basis set. The chapter five discusses the role of metal ions in SWCNT. In this
chapter, the geometries were initially optimized using the 6-31G* basis set. Further
details and justification of the computational scheme adopted can be found in respective

chapters along with references.
2.6 Density Functional Theory

For the development of DFT, Walter Kohn, in 1998 was conferred with the Nobel prize
in chemistry. Since then, this theory became a powerful computational tool to handle the

many-electron system.

Since the last two decades, the DFT based computation became very popular and drew
the attention of the researchers as it provided a lot of relevant information pertaining to
the important properties of the system at a lower cost in comparison to the wave function
based methods. The energy functional in case of DFT can be studied by using the

following equation:

Eoer[P] =Tlol+ Ec[p]+ Eelp] (2.32)

Where, T [p] is the kinetic energy, Eqe[ o] represents the attraction between the nucleic
and electrons and E¢[ p] denotes the electron-electron repulsion. The third term i.e. the
electron repulsion term can further be divided into coulomb J[ o] and exchange parts K[
p]. The equation now may be written by incorporating the correlation term implicitly in

all the terms. Thus, the equation takes the form:
Eoer [p1=Tlol+ E Lol + J[p]+ KLA] (2.33)
The E, .[p]+ J[p] term may be expressed in classical expression as:
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E.lo]= Zj R R)all) g

_r|

(2.34)
Where n correspond to the number of nuclei.
J[p]=%ﬂp(r)p(,r )drdr’
r-r (2.35)

Thomas and Fermi[33] made an attempt to calculate some important properties of the
molecules instead of using the conventional wavefunction. In the year 1927, they

proposed the following kinetic energy term T, [ o],

T, 3 d
[p]=567* fp (r)dr 236

Where T[] resembles the kinetic energy functional of the Thomas-Fermi (T-F)

model. With incorporation of the exchange term, the model now is termed as T-F model

where:

o= 2 j [ o* @)

(2.37)
The total energy functional of the system E,_,[p] can be expressed as:
3 e 1 Z, (R, )p(r)
Ermplp] =15 (37°)’ j P (r)dr - ZJ
J. p(r)p(r)d dr’ - ( j Ip (r)dr
(2.38)

The F-D model owes a drawback, since to represent the atoms and molecules, the

assumptions made pertaining to the uniform electron gas model is very poor. The striking
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feature of this T-F model is that the energy can be calculated considering the electron

density and not how efficiently can one calculate the ground state energy.

In 1964, it was well established by Hohenberg and Kohn that, of a particular system, the
ground state energy is a functional of electron density. In 1965, the formalism of DFT
was put forwarded by Kohn- Sham. The superiority of the DFT approach over the SCF
procedure can well be understood by the fact that the conventional SCF procedure has a
wave function which is a function of 3N variables, N being the number of electrons

present in the system.
2.6.1 Hohenber g—Kohn Theorems

In the year 1964, Hohenberg and Kohn proposed two fundamental theorems that laid
down the formulation of the DFT. These two theorems led to the beginning of the

Modern DFT at that time.

First Hohenberg-Kohn theorem (HK-1)[34] states that all the properties of a molecule in
a ground electronic state can be determined by the ground state electron density. In other

words, ground state energy (Eo) is a functional of ground electron density, po(X, Y, Z).
E, =E, [Po] (2.39)

So, the electron density can be integrated over all space to obtain the total number of

electrons of the system (N).

[ po(rydr=N (2.40)

The second Hohenberg-Kohn theorem (HK-I1) states that the ground state energy E, can

be obtained by applying variational principle. Accordingly, for every trial density
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function that satisfies the equation and p«(r)>0 for all r, the following inequality holds,

where, E, is the energy functional.

Eo[oo] <E, Loy (r)] (2.41)

Later Kohn- Sham gave an approach that was popularly known as K-S approach. In this
approach, the iterative processes which were similar to the single-electron wavefunction
in HF is considered to attain the self-consistency, which is known as Kohn-Sham

approach.

In this approach, the energy of the system is considered to be the sum of the kinetic
energy functional of non-interacting system (T;), the energy functional due to the nuclei
(Ene), the Coulomb electron-electron repulsion (J) and the term Ey. which includes the
effects of exchange and correlation. The noteworthy feature in this equation is that all the

terms are functional of the electron density (p).
Eoer [P]1=Tslpl + Enelp] + o]+ Exclp] (2.42)

The accuracy of KS method depends on the quality of the exchange-correlation

functional, which is defined as,
Exc [,0] = AT[ID] + Avee [p] (2.43)

AT and AV, are the difference in average electronic Kkinetic energy and electron-

electron repulsion terms in comparison to non-interacting reference system. The

functional derivatives of E, . is the exchange-correlation potential (V,.).

OExc[p(r)]

Vx (r)=
i 9p(r) (2.44)
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E,c Is the unknown term and approximations have to be explored to get the correct

values for the exchange-correlation energy.
2.6.2 Local Density Approximation (LDA)

The LDA approach considers that the density may be dealt with locally just like a
uniform homogeneous electron gas as this is the only system for which the exchange-
corelation energy is accurately known. At every point in the system, this exchange
correlation energy is comparable with the uniform electron gas owing the similar density.

The exchange electron density is governed by the Dirac formula and is given as:

)
3(3
con--2(2) oo
A\ I (2.45)

ot
32

A7 (2.46)

Where E;>* is the exchange energy per particle. Kohn-Sham originally proposed the key

idea of this approximation and this is true for the slowly varying density. This correlation
energy may be acquired by adapting to many body studies of Gell-Mann and Brueckner
and Ceperly and Alder.[35,36] However, there are various remarkable density functionals
that were developed based on the LDA approximation like Vosko-Wilk-Nusair
(VWN),[37] Perdew-Zunger (PZ81),[38] and Perdew-Wang (PW92).[39] In LSDA, the
electron density is replaced with the spin electron density, therefore are termed as local

spin density approximation (LSDA).
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2.6.3 Generalised Gradient Approximation (GGA)

It is only after the introduction of the gradient corrections that the DFT methods have
been extensively used for the molecular systems. When the exchange and the correlation
functionals are made dependent on both electron densities and their gradients, the
procedure seems to model the inhomogeneous (interacting) nature of the electrons. These
methods are known as the gradient corrected methods, non-local methods or the
generalized gradient approximation (GGA). Inclusion of the electron density gradients
takes into account the interacting nature of the electrons, which is not the case in the
LDA based approaches. The electron density in an atom or molecule varies greatly from
place to place, so it is not surprising that the uniform electron gas model has serious
shortcomings. Most DFT calculations nowadays use exchange-correlation energy
functionals that utilize both the electron density and its gradient or slope (first derivatives
with respect to position). These functionals are called gradient corrected, or said to use
the generalized-gradient approximation (GGA). They are also called nonlocal
functionals, in contrast to the LDA functionals.

The exchange and correlation terms in GGA is given as,

_ =GGA GGA
Ew =E; " +EC

(2.47)

Based on the GGA, some of the important exchange functionals are are Becke88 (B),
Perdew-Wang (PW91), Modified Perdew-Wang (MPW), Gill96 (G96) and Perdew-
Burke-Ernzerhof (PBE).[40-43] The correlation functionals based on GGA are Lee,
Yang, and Parr (LYP), Perdew-Wang (PW91) , Perdew 86 (P86), Becke 96 (B96) and

Perdew-Burke- Ernzerhof (PBE).[39,44-46]
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2.6.4 Hybrid Functional

Both the approximations viz. LDA and GGA donot describe well the exchange term. The
HF method yields an exact exchange term, the hybrid DFT involves mixing various
amounts of Hartree-Fock (HF) nonlocal exchange operator with DFT exchange
correlation functional. Axel, Becke in the year 1993, proposed the novel approach of
constructing the density functional approximation. The hybrid exchange-correlation

energy may be written as:

X X
Ehyb:_EHF + 1__ EDFT+EDFT
* 100 % ( 100} X ¢

(2.48)

where E/" resembles the nonlocal Hartree-Fock (HF) exchange energy, X denotes the
percentage of Hartree-Fock exchange in Hybrid functional, EX™" gives the local DFT
exchange energy and EZF' informs about the local DFT correlation energy. The

parameter X is optimized so as to obtain a better hybrid functional by adopting various
methods. Among all the hybrid DFT methods, B3LYP is the most popular one that uses a
totally different scheme. In this scheme three mixing parameters are noteworthy[44,47]

as given below:

Exe =(1—- a)Ef™ + aE;™ + bAES® + ES™* + cES™ (2.49)
By comparing the experimental evidences in the form of data these 3 parameters, a, b,
and ¢ were calculated. Therefore, these are termed as the Becke3 parameter functional.

PBEQ is also an important hybrid functional. In this functional, 1:3 ratio is considered of

DFT and exchange energies.
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Truhlar developed the Minesota functional which are based on meta-GGA
approximation. These functional have empirical fitting and can be applied to the uniform
electron gas.[48] B2LYP [49] is an example of the most widely used double hybrid DFT

functional.
2.7 Dispersion Correction

Dispersion forces are important attractive forces that are generally of long range order.
This type of forces acts between induced dipole and instantaneous dipole which arise due
to the electron correlation between the interacting systems. Dispersion based first modern
theory was proposed by London. According to London, these dispersion forces are an
outcome of the subsystems separated. The main cause of dispersion forces is correlation
effect and so these cannot be reproduced at HF level. The main drawback of DFT is

primarily the lack of an exact and explicit form of the exchange -correlation functional.

In order to handle the issues concerned with the dispersion correction, various approaches
were taken into consideration like nonlocal vdW density functional, conventional and
parametrized density functional and the well known semi classical corrections DFT-D
methods. Dion et al.[50] in the year 2004, propounded the vDW-DF, a non local
correlation functional related to dispersion interactions. To overcome certain problems
and propounded a second version vDW-DF2 by incorporating a more accurate semi local

functional PW86.

Parametrization of the DFT functionals (standard) related to the exchange-correlation
energy is another approach to obtain the developed functionals. The Wilson-Levy

functional coupled with Hartree Fock theory is used to obtain the interaction energies of
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weakly bonded systems.[51] Tao Perdew-Staroverov-Scuseria (TPSS) is a meta GGA

functional for exchange-correlation energy without empirical parameters.[52,53]

Using the Semi classical approach, Truhlar et al. established the MO05 class of functional.
From the Minesota fnctional series, the M06-2X is found to deliver accurate results for
various non-covalent interactions. DFT-D is the Grimme’s approach that is subjected to
the semiclassical treatement of various strenuous dispersion interaction. With the pace of
time and advancement, DFT-D3 came to existence, removing certain drawbacks of the
former. Also some other commonly used functional are B97D, B3LYP-D3, WB97XD,

and B2LYPD.

2.8 Basis Set Superposition Error (BSSE)

An in-depth knowledge pertaining to the interaction energy is very crucial to the chemists
as it signifies the stability of the complex system. In the chapter 4 of the present thesis,
the interaction energies were calculated using the supramolecular approach. The term
Basis Set Superposition Error” (BSSE) was coined by Liu and McLean to represent this
error.[54] In weakly bound intermolecular interactions when monomer A approaches
monomer B, the dimer is stabilized and as a result there is an artificial shortening of
intermolecular distance and concomitant artificially strengthening the intermolecular
interaction. Such error arises from the inconsistent treatment of the monomers and termed
as basis set superposition error (BSSE).[55] To eliminate this error Boys and Bernardi
proposed a technique called counterpoise correction and a brief overview has been given
below.[56] Intermolecular interaction energy for a typical dimer AB from supramolecular

approach can be computed as:
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AE (AB) = Efy” (AB) - Eiy” (A - Exs” (B) (2.50)

In this case, E%;” (A) is the energy of monomer A, whose geometry is that found in the

auf

AB complex and calculated with the dimer basis set, and E;;” (B)is the energy of the

monomer B. It is noteworthy that the subscript on the AE signifies the method adopted in
the calculation. In this type of method, the same numbers of basis functions are utilized in

each component.

2.9 Quantum Theory of Atomsin Molecules (QTAIM) Analysis

One of the main objectives of the quantum chemistry is the classification of chemical
bonds. However, the main notion of the chemical bond can be easily comprehended by
the chemist. There are various procedures that define the criteria how to classify the
chemical bonds using the quantum mechanical approach. These methods are mostly
based on either orbital picture[57,58] (such as orbital localization) or electron density
(p(r)) bases analysis.[59,60] One of the well established and popular methods is based
upon the electron density and is known as QTAIM analysis. In this analysis, the critical
points are considered for the study and play the central role in classifying the electron
density. The critical points (CPs) are the points at which the first derivative of the
electron density vanishes and play significant role in the characterization of electron

density topology in QTAIM.[61]

dp .dp , dp { = 0( forCPs)

Vp=i—+]j—+Kk :
dx ~dx  dx |Generally = O( forotherpoints) (2.51)
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This critical points are categorized as per their rank and signature which represented as
(0, 6). The number of non-zero curvatures of p(r) at the critical points is termed as the

rank. A critical point which has rank <3 is said to be unstable mathematically.

The presence of such a CP (with a rank less than three) indicates a change in the topology
of the density thereby producing a change in the molecular structure. For this reason,
critical points with @ < 3 are generally not found in equilibrium charge distributions and
one nearly always finds o = 3. However, the signature is the algebraic sum of the signs of
the curvatures, i.e. each of the three curvatures contributes 1 depending on whether it is
a positive or negative curvature. There are four types of stable critical points that have

three non-zero eigenvalues:

e (3, 3) Three negative curvatures: is a local maximum.

¢ (3, 1) Two negative curvatures: is a maximum in the plane defined by the
corresponding eigenvectors but is a minimum along the third axis which is perpendicular
to this plane.

e (3,+1) Two positive curvatures: is a minimum in the plane defined by the corresponding
eigenvectors and a maximum along the third axis which is perpendicular to this plane.
Depending upon the chemical structures, the critical points can be categorised: (3, -3)
nuclear critical point (NCP); (3,+3) cage critical point (CCP), (3,+1) ring critical point
(RCP) and (3, -1) bond critical point (BCP).

According to the QTAIM analysis, the interactions that prevail between the two atoms
can be classified using the corresponding BCPs. It has been confirmed that the electron

density at these BCPs has some correlation with the strength for the covalent bond.
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The Laplacian of the electron density at this point (V2p(r)) reflects sharing character of
the bond. Positive values for (V2p(r)) are generally attributed to closed shell interactions,
such as the interatomic interaction between noble gas atoms, whereas negative values
denote covalent bonding. The p(r) values particularly for the covalent bonds ranges
0.200-0.400 au with the larger negative of (V2p(r)). Thus lower p(r) values along with

the positive (V2p(r)) values are indicative of interactions of van der Waals complexes.

2.10 Softwar es Used

We have used Gaussian program along with GaussView software package for all DFT
calculations. Gaussian is the most popular commercial quantum chemistry package,
currently distributed by Gaussian Inc. Wallingford, USA. The current version of the
program is Gaussian 09.[62] Gauss-View is popular modeling and visualization software
of Gaussian. This program was developed by Semichem Inc., but distributed with
Gaussian. Gauss-View is used to model the molecular system, create the input and
visualize the output. Gaussian processes the input created by Gauss View and is used to
perform all calculations and produces an output. There are several other packages that
can be used to visualize Gaussian outputs apart from Gauss View, some of them are
Avogadro, Chemcraft etc.

AIM2000 is a user friendly and efficient program, based on quantum theory of atoms in
molecules. It uses the output generated by Gaussian09 as an input and automatically
performs QTAIM analysis on the system under study. The QTAIM theory efficiently
describes the nature and strength of various types of hydrogen-bonded interactions. It

exploits some topological parameters viz. electron density (p) and its Laplacian (V2p),
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kinetic energy density (G), potential energy density (V) and total electron energy density

(H) at the bond critical point (BCP) of interaction atoms or fragments. The QTAIM

analysis can also give insights on the strength of hydrogen bond as proposed by Koch and

Popelier criterion.[63]
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CHAPTER 3

BINDING OF NUCLEIC BASESADSORBED ON GRAPHENE (GR)
AND BORON NITRIDE GRAPHENE (BNG)

3.1 Introduction

Graphene, the wonder material, since its discovery in 2004 by Andrew Geim and
Novoselov has ignited the interest among the researchers due to its diverse chemical and
physical properties that has led to a boom in the technological advancement. Some of the
striking properties of graphene are high charge mobility, quasi-particles and quantum
Hall effect that brings it ahead and becomes a preferred choice of material over the
conventional materials.[1-13] Further electron confinement and some graphene
nanostructures, such as one-dimensional graphene nanoribbons (GNRs) and zero
dimensional graphene quantum dots (GQDs), have also attracted interest, which can
provide a possibility to explore low dimensional transport and perspective for carbon-
based nano electronics. Wei et al. successfully synthesized few layers of graphene for the
application of high conductivity for nano-electromechanical switches.[15] Progress in
preparing GNRs[12,14,16] and GQDs[4,11,13] has been reported with different
approaches. First-principles calculations show that GNRs with hydrogen passivated edges
mostly have non-zero and direct energy gaps.[22,23] Some very nice reviews[17-

19,20,21] illustrate and focus on various aspects of graphene in detail. Fujita et al. studied
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in detail the electronic properties of graphite particularly zig-zag and armchair graphite
ribbons and explored the electronic property of the same.[18]

In the year 1962,[24] boron nitride graphene, generally termed as white graphene,
was first fabricated in the laboratory and four years later it was patented.[25] It is a
material with a range of noteworthy thermal, chemical and physical properties that may
be used for a large number of applications, like genome editing,[26,27] drug
delivery,[28,29] water treatment,[30] hydrogen storage,[31] cosmetics,[32] field effect
transistors (FETS),[33] electronics [34-36], solar cells and photodectors.[37] etc.

Nucleic bases (NBs) are nitrogen-rich biomolecules, and are categorized as
purines and pyrimidines. The Purines are adenine and guanine, adenine is generally
denoted by single letter “A” while guanine is denoted by a single letter “G”. The
pyrimidines are represented as thymine (T), cytosine (C), and uracil (U). Being the
building blocks of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) these
nucleic bases (NBs) play a very important role in transmission of genetic information,
expression and storage. It is quite noteworthy that these nucleic bases (NBs) and their
derivatives play a central role and are very important for studying the human metabolism,
in clinical diagnosis and in the synthesis of anticancer drugs, etc.[38-41] Therefore, to
have a deep understanding of their interaction with the carbon nanomaterials is crucial to
develop novel sensors.

The interaction of biological molecules like DNA/RNA bases, amino acids using
graphene and carbon nanotubes as the adsorbing material have been studied extensively
both experimentally and theoretically. The studies illustrate that the nucleobases and

amino complexes formed with the carbon nanostructures like graphene and carbon
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nanotubes are stabilized by the non-covalent interactions like n-m stacking and X-x
(X=NH,0OH,CH).[42-49] The graphene oxide nanosheets are utilized for the removal of
the toxins present in the drinking water in traces.[50] The graphene oxide is also capable
of removing the antibiotics from water.[51] Also it is noticed that the cytotoxicity of
small DNA intercalators are augmented in the presence of graphene oxide.[52] Recently,
it is also explored that drug molecules tend to bind with greater affinity with the
nanomaterials in the presence of different functional groups.[53,54]

For the molecular detection of the biological molecule (NBs) and to design a
novel biosensor, the study and design of such adsorbing material is of paramount
importance.[55-58] There has been a consistent endeavor for the development of some
novel hybrid material that deals primarily with the interaction of NBs with nanomaterials
which efficiently contributed to the life sciences.[59-65] Some contemporary studies
explore the importance of doping particularly with Aluminium, Gallium, Nickel and
Silicon on graphene which augments the adsorption strength of the NBs in comparison to
the pristine graphene.[66-68] The strength of adsorption on the pristine graphene(G),
Boron-doped graphene(BG), Nitrogen-doped graphene(NG), and Silicon-doped
graphene(SG) has also been explored.[69] Experimental studies also reveal the synthesis
of the NBs- graphene and carbon nanotubes materials.[70,71]

The dopants like Carbon, Silicon, Aluminium, Gallium on the Boron nitride
nanotube (BNNTS) affects so much that the adsorption properties are increased such that
they can be utilized for sensing, catalysis, drug delivery, and also for the removal of
environmental pollutants.[72-77] Subramanian et al. suggested that for the nitrogen

fixation, the boron-rich BNNTSs could even act as catalysts.[78]
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In the present work, a detailed comparison between the graphene and the boron
nitride graphene has been performed, the interaction of the nucleic bases with boron
nitride has been studied in two modes: (a) parallel mode and (b) perpendicular mode. The

HOMO-LUMO gap is also calculated for the complex systems.

3.2 Methods

The graphene sheet considered in the study, consist of 72 carbon atoms which were
passivated with 24 hydrogen atoms at the boundaries. The boron nitride graphene is
obtained with the help of the Gauss View 5.0 by substituting the Nitrogen and Boron
atoms alternatively. Initially the graphene sheets i.e. the graphene (GR) and the boron
nitride graphene (BNG) were optimized by using the density functional theory (DFT)[79,
80] as implemented in the Gaussian 09 software package. The nucleic bases (NBs) were
also optimized separately. The complex of the graphene and the nucleic bases were

optimized at the same level using the B3LYP[81,82] method and 6-31G[83-92]basis set.
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(a) Graphene (GR) (b) Boron Nitride Graphene (BNG)

Figure3.1: Optimized geometry of (a) GR and (b) BNG in top and side view at
B3LYP/6-31G*
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The nucleic bases Adenine, cytosine, guanine, thymine, and uracil were made to interact

with the graphene (GR), boron nitride graphene (BNG), which were studied in detail.

Adenine Cytosine Guanine
>
4 h
g ’
R

Thymine Uracil

Figure 3.2: Nucleic bases with Molecular Electrostatic Potential (MESP).

All the geometries were optimized without any constraints. The full geometry
optimizations and binding energy calculations using the graphene and boron nitride
graphene (BNG) in the presence and absence of nucleic bases (Adenine, Cytosine,
Guanine, Thymine and Uracil) were performed using the B3LYP functional and the 6-
31G basis as implemented in the Gaussian 09 suite of program [93]. In the present
chapter, two methods were chosen (a) B3LYP[81,82] and (b) ®B97XD[94]. The binding
energy (BE) is calculated using the two basis sets: BS1 that corresponds to B3LYP/6-

31++G** and BS2 pertains to ®B97XD/6-31++G**. The basis set for BS1 and BS2
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remains the same i.e. 6-31++G**. The Homo-Lumo gaps of the interacting moieties were

also calculated for each set of calculations.

3.3 Results and Discussion

The present chapter can be well understood into three schemes: (scheme 1 which is
comprised of the graphene and the nucleic bases, scheme 2 consists of the boron nitride
graphene and the nucleic bases that were made to interact in parallel configuration, while
the scheme 3 deals with the boron nitride and the nucleic bases, in this scheme nucleic

bases were made to interact in the perpendicular configuration).
The binding energy (B.E) was calculated using the given formula:

Binding Energy =[(E, + Es) — Eps ] (3.1)

Where, Eag is the energy of the complex system comprised of the nucleic bases and the
graphene, Ex is the energy of the graphene while Eg is the energy of the nucleic bases

(NBs).
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Table3.1: Calculated binding energy (in kcal/mol) of graphene (GR) and nucleic
bases at BS1 (B3LYP/6-31++G** // B3LYP /6-31G) and BS2 («B97XD/
6-31++G** /[ B3LYP /6-31G).

. Binding Energy Binding Energy
g"/;?'n Nuczﬁggases (BSL, B3LYP/ (BS2, ®BI7XD/
6-31++G**) 6-31++G**)
Adenine (A) 1.580 12.700
Cytosine (C) 2.177 12.695
(GR) Guanine (G) 2.858 11.556
Thymine (T) 1.141 9.450
Uracil (V) 3.449 9.962

Table3.2: Calculated binding energy (in kcal/mol) of Boron Nitride Graphene
(BNG) and nucleic bases in parallel mode of interaction at BS1
(B3LYP/6-31++ G** // B3LYP /6-31G) and BS2 («B97XD/ 6-31++G**
// B3LYP /6-31G).

: Binding Energy Binding Energy
g"{;‘if'n Nucéﬁggm (BSL, B3LYP/ (BS2, ®BI7XD/
6-31++G**) 6-31++G**)
Adenine (A) 0.123 14.863
Cytosine (C) 2.430 13.375
(BNG) Guanine (G) 0.572 17.689
Thymine (T) 0.552 13.603
Uracil (V) 0.003 12.183

Table3.3: Calculated binding energy (in Kcal/mol) of Boron Nitride Graphene
(BNG) and nucleic bases in perpendicular mode of interaction at BS1
(B3LYP/6-31++ G** // B3LYP /6-31G) and BS2 («B97XD/ 6-31++G**
// B3LYP /6-31G).

: Binding Ener Binding Ener
g"/;‘lf'n N“Céﬁggm (BSL, %3LYF9/y (BS2, chQ?Xg);
6-31++G**) 6-31++G**)
Adenine (A) 1.121 9.176
Cytosine (C) 2.945 12.433
(BNG) Guanine (G) 3.283 13.519
Thymine (T) 0.882 9.379
Uracil (U) 0.927 9.238
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Figure3.3:  Optimized geometries showing interaction of graphene (GR) with nucleic
bases (i) Adenine (A), (ii) Cytosine (C), Guanine (G), Thymine (T), and
Uracil (U) in parallel position with (a) top (b) side view at B3LYP/6-31G.
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Figure3.4: Optimized geometries showing interaction of boron nitride graphene
(BNG) with nucleic bases (i) Adenine (A), (ii) Cytosine (C), Guanine (G),
Thymine (T), and Uracil (U) in parallel position with (a) top view (b) side
view at B3LYP/6-31G.
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Figure3.5: Optimized geometries showing interaction of boron nitride graphene
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Thymine (T), and Uracil (U) in perpendicular position with (a) top view
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3.4 Binding Energy

Generally, the magnitude of physisorption energy is defined as lower than ~5 kcal/mol,
whereas for chemisorptions energy it is higher than ~12 kcal/mol. Recently, Chung et
al.[95] explored a method to link reversibly DNA with SWNT, and this methodology is
very important for its application to behave as sensors to detect DNA. Our calculations
show that all three different schemes possess adsorption energy within the range of~5
to13 kcal/mol, except for the Guanine in scheme 3. Thus, they are within the range of
physisorption and chemisorption. Hence it appears from our study that for the graphene
and boron nitride graphene complexes the adsorption and desorption are reversible at
room temperature. Thereafter, we also investigated the HOMO- LUMO gap in detail for

all the three schemes with complexes.

35 HOMO-LUMO and MESP (Molecular Electrostatic Surface

Potential)

The frontier molecular orbitals of molecules play a key role in the chemical reactivity of
molecules. These are the orbitals that participate in chemical reactions or interactions
with other moieties and their energy difference (termed as gap) helps to quantify the
chemical reactivity of the molecule.[96] The frontier orbitals viz. the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were
analyzed in order to further explain their chemical reactivity. The HOMO, in general, acts
as an electron donor and LUMO acts as an electron acceptor, and the HOMO-LUMO

energy gap is an important measure for stability of the system.
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The molecular electrostatic potential (MESP) is a coloured map of electrostatic potential
over constant electron density of molecules. The significance of MESP lies in the fact
that it not only simultaneously displays the molecular size and shape but also it displays a
positive, negative, and neutral electrostatic potential regions in terms of the color coding
scheme which is very useful to investigate the most probable binding receptor site along

with the size and shape of the molecules.[97]

The Homo-Lumo gap is calculated for all the three schemes and shown in the Table 4.1.
The Homo-Lumo gap for the scheme 1 is found to exhibit a constant value of 0.25 eV for
the BS1, while for the BS2 it is found to be 1.28 eV for all the complexes associated with
the graphene. The Homo-Lumo gap for the scheme 2 which involves the boron nitride
graphene with nucleic bases interacting in parallel mode ranges from 4.73 eV to 5.21 eV
for basis set BS1 and 8.48 eV to 9.06 eV for BS2. For the scheme 3, the Homo-Lumo gap

ranges from 4.71 eV to 5.23 eV for BS1 and for BS2 it ranges from 8.74 eV t0 8.99 eV.
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Table 3.4 Comparison of the Homo-Lumo gap (in eV) of various graphene models
using two basis sets viz. BS1 (B3LYP/6-31++ G**) and BS2 («B97XD/

6-31++G**).
Model system | NucleicBases | Homo-Lumo | Homo-Lumo
(NBs) gap (BS1) gap (BS2)
GR 0.25 1.28
A 0.25 1.28
C 0.25 1.28
G 0.25 1.28
GR T 0.25 1.28
U 0.25 1.28
BNG 5.75 9.55
Al 5.21 8.96
C! 5.06 9.06
el 5.01 8.48
(BNG+NBs), il 4.80 8.83
Ul 4.74 8.78
A 5.24 8.99
c 5.09 8.98
(BNG+NBs)* G" 4.98 8.46
T 4.84 8.85
U 4.71 8.74

The optimized structure of graphene and their complexes with nucleic bases are shown in
Figure 4.1, 4.2 and 4.3. The initial configuration of all nucleic bases (A,C,G,T,U) were
placed initially above the graphene surface in parallel configuration such the the n-n
stacking interaction may be observed. The nucleic bases in the scheme 1 and 2 was

placed at a distance of approximately 3A .

On the basis of the complex system considered in this study, following significant

conclusions can be drawn:
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(@) In the case of scheme 1, where the nucleic bases interact with the graphene in
parallel mode, there is no significant change in the Homo-Lumo gap for the BS1
and BS2 where the gap remains the same with values 0.25 and 1.28 eV
respectively.

(b) In case of scheme 2, where the nucleic bases are placed in parallel position above
the boron nitride graphene surface, the Homo-Lumo gap ranges from 4.73 for
Uracil to 5.21 for Adenine for BS1. For BS2, the Homo-Lumo gap is 8.48 for
Guanine while for Cytosine it is 8.96 eV.

(c) In scheme third, the nucleic bases were placed perpendicular to the boron nitride
graphene, the Homo-Lumo gap ranges from 4.71 for Uracil and for adenine it is
5.23 eV. For the BS2, the Homo-Lumo gap is 8.74eV for Uracil and for Adenine
itis 8.9%V.

(d) The preferential order of binding of the Binding energy for scheme 1, where the
nucleic bases interact with the graphene is U>G>C>A>T for BS1 while for BS2 it
is A>C>G>U>T.

(e) The preferential order of binding for the scheme 2, where the boron nitride
graphene interacts with the nucleic bases in parallel mode is C>G>T>A>U for
BS1 while for BS2 it is G>A>T>C>U.

(F) For the third scheme, the preferential order of binding of the nucleic bases with
boron nitride and nucleic bases in perpendicular mode is G>C>A>U>T for BS1

and G>C>T>U>A for BS2.
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3.6 Conclusion

In the present chapter, a systematic study has been accomplished to examine the Binding
energy values using highly reliable first principle calculations for the five known
nucleobases with the graphene and boron nitride graphene. The analysis reveals that NBs
seems to have a substantially high preference for binding in the n—= stacking fashion. The
preferential order of binding of the nucleic bases performed in scheme 1 of this chapter
with basis set B3LYP/631++G is in agreement with the experimental study performed by
Albertorio et al.[44,98] It is also quite noteworthy that the calculations performed in the
scheme 2 with basis set ®B97XD/631++G are in agreement with other computational
studies performed earlier.[45,60,62,99,100] The electronic properties of these molecules
are also evaluated with the help of reactive surfaces such as HOMO, LUMO and MESP.
The observations obtained in this chapter encourage a more focused research on graphene

for the possible applications for nucleic acid sensors and DNA sequencing.
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CHAPTER 4

INTERACTION OF MODIFIED NUCLEIC BASES (MNBs) WITH
GRAPHENE (GR) AND DOPED GRAPHENES

4.1 Introduction

Graphene, a versatile material has opened new avenues to increase the technological
advancement owing to its extraordinary properties and enormous application in various
fields.[1-5] Therefore, the application of graphene and its derivatives in various fields
like sensors, field effect transistors, nanoelectronics, engineering nanocomposite
materials, energy storage, biology, catalysis, and medicine have been studied
extensively.[6-14] From the conviction of graphene and its derivatives application in
medicine, biology and its interaction with biomolecules, it has drawn considerable
amount of interest. The small gas molecules and various biomolecules used to get
adsorbed on the graphene surface due to its remarkable large surface area[15,17-21].
Umadevi et al. used the density functional theory (DFT) and validated that the binding
energy of carbon nanotube and DNA/RNA nucleic bases complexes is inversely
proportional to the curvature.[16] The DNA sequencing was observed successfully with
the aid of functionalized graphene in order to distinguish various nucleic bases.[22] For
the removal of pollutants and pesticides, graphene can be used effectively.[23,24]
Graphene owes high conductivity and the associated charge transfer that occurred

between the two interacting moieties made it convenient to detect the adsorbed

107



molecules.[25] In the present era, doping is considered to be an effective way to modulate
and tune the adsorption strength and various other parameters of interest. Thus doping
with elements like Sulphur, Phosphorus, Silicon, Nitrogen, Aluminium, and Boron lead
to topological deformation.[26-31] In the field of catalysts, pristine as well as modified
graphene made their significant contribution.[32,33] Sundar and Subramaniam proposed
the novel mechanism and explored new paths to activate the benzyl alcohol using the
graphene and N-doped graphene by using the DFT.[34] Kumar et al. studied the
interaction of nucleic bases with the pristine carbon nanotube and explored the difference
between the binding affinity of these nucleic bases inside and outside the carbon
nanotube.[35] It is clear from the previous reports that the silicon-doped graphene is
useful in sensing various gases.[36] Recently it has been reported by Junkaew et al. [37]
that N,O reduction and CO oxidation is feasible using silicon coordinated nitrogen doped
graphene. The DFT calculations reveal that graphene doped with silicon can be used to
convert the NO into NO; as it acts as a metal free catalyst [38] Beside graphene doping,
carbon nanotube doping too can be used to detect the highly carcinogenic and persistent
pollutants and biomolecules.[39,40] Singh et al. used the DFT to explore the adsorption
of the harmful gases. In the same study, the Aluminium doped graphene was suggested
and shown to have greater inclination to behave as a good sensor in comparison to the
pristine graphene in order to detect the harmful gases.[41] Ao et al. studied the
Aluminium doped graphene by employing the DFT and suggested it as a promising
material for the hydrogen storage. In his work, mainly two modes were considered i.e.
parallel and perpendicular to study the interaction of hydrogen with Aluminium doped

graphene.[42] Chen et al. investigated the high adsorption capacity of the hemoglobin via
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Nickel-doped reduced graphene oxide by using the experimental techniques like Raman
spectroscopy, X-ray diffraction, X-ray photoelectron and Fourier transform infrared
spectroscopy, etc.[43] Denis explored the chemical reactivity of the graphene doped with
Gallium (Ga), Arsenic(As), Germanium (Ge), and Selenium (Se). He proposed that
Gallium doping makes the graphene to behave as a semi-metal. In this study, the effect of
formation energy with the mentioned dopants is also discussed.[44] Losurdo et al. studied
the Gallium nanoparticles on graphene and elaborated various aspects to modulate the
Fermi level that may aid to create a high performance Surface Enhanced Raman
Scattering (SERS) platforms. He also compared the commonly used noble metals i.e.
gold and silver with the Gallium and provided some useful suggestions.[45] Lv et al.
addressed the effect of Aluminium or Gallium doping on the graphene using the first
principle calculations and discussed the ways to dissociate N,O into N, and O, that can
protect the ozone layer and paved a step forward to mitigate the global warming. In this
study, it is reported that Aluminium doped graphene may be used to tackle the N,O.[46]
Li et al. brought to light the effect of sulfur —doped graphene effectively that may be used
to detect the Fe**. For the several physiological and pathological processes, this Fe** is
the main metal ion in many biological systems.[47] Li et al. bring forth the noteworthy
and remarkable criteria to tune the electronic properties of graphene. It is reported that
the sulfur-doped graphene guantum dots (S-GQDs) may be utilized in a wide range of
applications.[48] So, the interaction of the biomolecules with graphene and doped
graphene (Aluminium, Sulfur, Nickel, Gallium, and Germanium) is quite significant.
Thus these doped graphenes have been selected to study the interaction with MNBs in the

present study. It is hoped that these molecular systems will efficiently interact with the
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molecules, and they may also provide very good molecular systems for the development

of sensors.

Caffeine (CAF) Hypoxanthine (HX)

Uric Acid (UA) Xanthine (X)

Figure4.1: The Modified nucleic bases (MNBs) and molecular electrostatic potential
(MESP) at an isovalue of 0.0004a.u.

The building units of the DNA and RNA are the purine bases i.e. Adenine and Guanine.
The compounds like hypoxanthine, uric acid and xanthine are the oxidation products that
can be observed in the purines metabolism of the humans.[49] By drinking the coffee, tea
and coca-cola, caffeine is introduced into our body which is a methyl derivative of
xanthine.[50] For some serious problems like pneumonia, gout, hyperuricaemia,
xanthinuria etc., the levels of the modified nucleic bases like uric acid, caffeine,

hypoxanthine, and caffeine from the samples of blood and urine proved to be strong
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indicators to detect such states.[51-55] So, for the clinical prediction of these indicator
levels at an accurate level is very much required.[56] These MNBs can also be detected
using the high pressure chromatography, electrochemistry methods, enzymatic methods
etc.[57-64] However, in order to detect these MNBs, one requires fast sample
preparation, expensive setup, and expensive material which limits the application of these
methods. Therefore, electrochemical methods prove to be a better way in comparision to
the above described methods. The modified electrodes have paved new ways to detect
these important biomolecules.[65] It is quite clear from the previous works that carbon
based materials can contribute enormously to develop the electrodes for different
application.[66-67] Using the carbon nanotube and multi-walled carbon nanotube, the
electrodes were fabricated and were used to detect the MNBs.[68-69] For the detection of
caffeine, graphene was successfully used.[70,71] It is very much clear from the studies
performed by Alwarappan and co-workers that the electrodes made by using graphene are
much better than carbon nanotubes.[72] An improved electro catalytic activity was
observed due to n-m interaction with MNBs using the reduced graphene oxide.[73] Thus,
the understanding of these MNBs at molecular level is very much required in order to
develop new sensors. In the present study, an effort has been made to study the
interaction of the graphene and doped graphene (Aluminium doped graphene, sulfur
doped graphene, Ni doped graphene, Gallium doped graphene, and Germanium doped

graphene) with the modified nucleic bases (MNBS).
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(i) GR (ii) AlG

(iii) SG (iv) NiG

(v) GaG (vi) GeG

Figure4.2:  Optimized geometries of the graphene and doped graphenes at M06-2X/6-
31+G** level: (a) top view and (b) side view.
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The following points have been dealt with in detail in the present chapter:-

1) To evaluate the strength of the interaction between the MNBs and graphene (GR)
along with doped graphenes (AIG, SG, NiG, GaG and GeG).

2) The study of the comparison of the adsorption energy of the MNBs on graphene
and doped graphenes.

3) To study nature of the interaction among the two moieties (i.e. graphene, and
MNBS).

4) Comprehending the changes in electronic structure after the adsorption of the

MNBs with graphene and doped graphene.

4.2 Methods

The structure of the graphene model in the present study have been considered from the
previous study.[74] The model of the graphene holds 42 carbon atoms that are passivated
at the edges of the carbon atoms with hydrogen atoms. Thus, the molecular formula of
graphene is CysH1s. The density functional theory (DFT) methods like M06-2X and
®B97XD were extensively used methods to study the non-covalent interactions.[16,75]
Therefore these functional are used for the present study. The geometry of the graphene
is optimized at M06-2X/6-31+G** level of theory.

In the present study, the pristine graphene is doped with Aluminium, Sulfur, Nickel,
Gallium, and Germanium atoms. The exact position of doping site is taken into
consideration from the previous study.[76] The doped graphene models were also
optimized at the same level of theory. The modified nucleic bases (MNBS) i.e. caffeine,

hypoxanthine, uric acid, and xanthine are abbreviated as CAF, HX, UA and X
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respectively in the following part of this chapter. The graphene models are abbreviated as
pristine graphene (GR), Aluminium doped graphene (AIG), Sulfur doped graphene (SG),
Nickel doped graphene (NiG), Gallium doped graphene (GaG), and Germanium doped
graphene as (GeG).
The molecular complexes between the MNBs, graphene (GR) and doped graphenes
(AIG, SG, NIG, GaG, GeG) were optimized at M06-2X/6-31+G** level of theory. The
supramoleclar approach is used to calculate the interaction energies by employing the
MO06-2X/6-311+G** (BS1) and ©«B97XD/6-311+G** (BS2) and B3LYP-D/6-311+G**
(BS3) methods for the geometries obtained after optimization process at M06-2X/6-
31+G**. The interaction energies were calculated by using the formula

|.LE.=[E s — (E, + Ep)] 4.1)
where Eag is energy of the complex formed between MNBs and graphene, Ea is the
energy of the graphene; Eg is the energy of the MNBs.
The interaction energies were corrected for the basis set superposition error (BSSE)
employing the well known counterpoise method given by Boys and Bernadi.[77] All the
calculations were performed using the Gaussian 09 software package.[78] The atoms in
molecule (AIM) analysis was also performed which is used to identify both the covalent
and non-covalent interactions.[79-81] In the present study, the AIM analysis is used to
get a better understanding of the nature of interaction between graphene models and
MNBs. The wave function generated from the M06-2X functional with 6-31+G** basis

set is used for the AIM analysis using the AIM 2000 package.[82]
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(ii) AIG.CAF

(vi)

GaG-CAF GeG-CAF

Figure4.3: Optimized geometries of the complexes formed by caffeine with (i)
graphene (GR), (ii) AIG, (iii) SG, (iv) NiG, (v) GaG and (vi) GeG at M06-
2X/6-31+G** level shown in top view and side view.
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Figure4.4: Optimized geometries of the complexes formed by hypoxanthine (HX)
with (i) graphene (GR), (ii) AIG, (iii) SG, (iv) NiG, (v) GaG and (vi) GeG
at M06-2X/6-31+G** level shown in top view and side view.
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(i) SG-UA

GeG-UA

Figure4.5: Optimized geometries of the complexes formed by uric acid (UA) with (i)
graphene (GR), (ii) AIG, (iii) SG, (iv) NiG, (v) GaG and (vi) GeG at M06-
2X/6-31+G** level shown in top view and side view.
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GaG-X GeG-X

Figure4.6: Optimized geometries of the complexes formed by xanthine (X) with (i)
graphene (GR), (ii) AIG, (iii) SG, (iv) NiG, (v) GaG and (vi) GeG at M06-
2X/6-31+G** level shown in top view and side view.
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Table4.1: Calculated interaction energy of MNBs (kcal/mol) with graphene models
(GR, AIG, SG, NiG, GaG, GeG) at MO06-2X/6-311++G** and
©B97XD/6-31++G** with and without basis set superposition error

(BSSE).
BSSE BSSE BSSE BSSE
M odéd MNBs Uncorrected corrected corrected corrected
M 06-2X M 06-2X wB97XD B3LYPD
CAF -26.280 -20.11 -23.63 -21.50
HX -19.456 -14.32 -16.93 -15.43
GR UA -23.087 -17.38 -19.31 -18.27
X -20.266 -14.98 -16.99 -15.76
CAF -52.104 -46.58 -50.71 -50.57
HX -52.437 -47.33 -49.86 -50.13
AlG UA -54.401 -49.15 -50.70 -51.40
X -53.176 -48.21 -50.17 -50.62
CAF -85.799 -79.68 -82.78 -80.98
HX -82.050 -76.77 -78.98 -77.65
SG UA -85.138 -79.52 -81.06 -79.70
X -81.562 -76.26 -77.99 -76.82
CAF -96.185 -90.40 -92.04 -86.11
HX -91.613 -86.54 -87.77 -82.04
NiG UA -95.735 -90.35 -90.51 -85.25
X -91.309 -86.28 -86.39 -81.19
CAF -55.307 -50.27 -50.07 -51.90
HX -55.980 -51.35 -49.21 -51.50
GaG UA -56.644 -51.24 -49.29 -51.79
X -54.780 -49.59 -47.61 -49.91
CAF -48.750 -43.04 -47.68 -43.04
HX -48.00 -42.90 -46.01 -48.15
GeG UA -49.284 -43.83 -46.26 -48.44
X -45.721 -40.59 -43.54 -45.77
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4.3 AIM Analysis
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Figure4.7:

Molecular graphs of different complexes of graphene models with

Caffeine. The bond critical points (BCPs) are represented by red dots.
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(iii) SG-HX (iv) NiG-HX

Figure4.8: Molecular graphs of different complexes of graphene models with
Hypoxanthine (HX). The bond critical points (BCPs) are represented by
red dots.
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GaG-UA

GeG-UA

Figure4.9:  Molecular graphs of different complexes of graphene models with Uric
Acid (UA). The bond critical points (BCPs) are represented by red dots.
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(iii) ) (iv)

o e
P | P
e 28 .s? %‘#'
(vi) GeG-X

Figure4.10: Molecular graphs of different complexes of graphene models with
Xanthine (X). The bond critical points (BCPs) are represented by red dots.
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4.4 Results and Discussion

The molecular electrostatic potentials for the MNBs are shown in Figure 1. The active
centers of these MNBs like CO and N were made to interact with the graphene (GR) and
doped graphene (AIG, SG, GaG and GeG). The active centers of the MNBs were placed
parallel to the graphene surface at a certain distance around 3A. The set of geometries
obtained in this way were optimized at M06-2X/6-31+G** level. It is quite noteworthy
that all the MNBs interacted with the different graphene models via the n-n (stacking)
interaction. In almost all the complexes formed the doped atom protrudes out of the
graphene surface. The interaction energies calculated at M06-2X/6-311+G** are shown
in Table 1. The interaction energies were corrected for the basis set superposition error
(BSSE). It is clear from the table that the BSSE uncorrected values are higher than the
corrected values. Thus, clearly indicating the importance of the BSSE for the studied
complexes. The BSSE corrected values for the BS1, BS2 and BS3 are also tabulated in
the same table. Taking into consideration, the stacking pattern of the geometries, the

dominant role of the dispersion interaction can be well understood. The Laplacian of the

electron density (AZ,O(I’C)) gives the important information pertaining to the nature of

bonding. A negative value of (Azp(rc)) suggests that the concentration of the electron
density along a particular bond pertains to covalent bond. A positive value of the
(Azp(rc)) informs that the local depletion of the electron density exists at the BCPs,

thereby suggesting the possibility of the closed shell interaction (i.e. electrostatic,
hydrogen bond, and m-m stacking). The molecular graphs for the various complexes
obtained from the AIM analysis are well shown in the Figures 4.7 to Figure 4.10. The

BCPs are generally found between the two stacked entities. The calculated bond critical
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points and the corresponding lagrangian at these points are shown in the Table 4.2. The
important parameters like Vzp(rc) , potential energy density (V.), kinetic energy density

(G¢), and total energy density (H.) are related to each other with the following equation.

These parameters are related to each other as:
1.,
7V Pl)=2G.+V, (4.2)

HC = GC +VC (4'3)

Table4.2: Calculated sums of electron density o and Laplacian Vzp(l’c) at the

BCPs.
Laplacian
M odel MNBs Charge of (p)
Density ()
CAF 0.07 -0.06
HX 0.05 20.04
GR UA 0.06 0.05
X 0.05 0.04
CAF 0.07 -0.05
HX 0.07 -0.05
AlG UA 0.08 0.06
X 0.06 -0.05
CAF 0.08 -0.07
HX 0.06 -0.04
SG UA 0.08 20.06
X 0.06 20.05
CAF 0.07 -0.06
. HX 0.06 -0.05
NIG UA 0.07 -0.06
X 0.05 20.04
CAF 0.08 -0.06
HX 0.07 -0.05
GaG UA 0.07 -0.05
X 0.07 -0.05
CAF 0.07 20.06
HX 0.05 20.04
GeG UA 0.06 -0.05
X 0.06 -0.04
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4.5 Interaction Energy

The interaction energies of all the complex systems were optimized and were corrected
for the basis set superposition error (BSSE) for the three basis sets viz. M06-2X/6-
311++G** (BS1), ®B97XD/6-311++G** (BS2), and B3LYP-D/6-311++G** (BS3).
The preferential order of binding for the three basis sets are as follows:

For BS1, the order is CAF>UA>X>HX, UA>X>HX>C, CAFSUA>SHX>X,
CAF>UA>HX>X, HX>UA>CAF>X, and UA>CAF>HX>X for the G, AlG, SG, NiG,
GaG and GeG respectively.

For BS2, the order is CAF>UA>X>HX, CAF>UA>X>HX, CAF>UA>HX>X,
C>UA>HX>X, CAF>UA>HX>X, CAF>UA>HX>X for the G, AIG, SG, NiG, GaG,
GeG respectively.

For the BS3, the order is CAF>UA>X>HX, UA>X>CAF>HX, CAF>UA>HX>X,

CAF>UA>HX>X, CAF>UA>HX>X, UA> HX >X> CAF.

4.6 Homo Lumo Gap

The highest occupied molecular orbital and the lowest unoccupied molecular orbital i.e.
Homo Lumo gap is calculated for all the complex systems that involve the Graphene
(GR), doped graphene models and the modified nucleic bases (MNBs). The Homo Lumo
gap for the graphene complexes is the highest with maximum value of 4.0 eV. The trend
of the Homo Lumo gap for the different doped graphenes is G>GeG NiG>SG AIG

>GaG.
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Table4.3: Calculated Homo Lumo energy gap (eV) of various complex at MO06-
2X[6-31+G** Method.

Model MNBs Homo Lumo Energy gap
(eV)
GR 4.0
CAF 4.0
HX 4.0
GR UA 4.0
X 4.0
AlG 2.7
CAF 2.5
HX 2.5
AlG UA 2.5
X 2.5
SG 2.8
CAF 3.4
HX 3.4
SG UA 3.5
X 3.4
NiG 3.4
CAF 35
) HX 3.6
NIG UA 3.6
X 3.6
GaG 2.6
CAF 2.5
HX 2.5
GaG UA 25
X 2.5
GeG 3.7
CAF 3.4
HX 3.4
GeG UA 3.4
X 3.4
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4.7 Conclusion

The present study elaborates in detail the adsorption mechanism of modified nucleic
bases (MNBSs) on graphene (GR) and various other models of doped graphenes (AIG, SG,
NiG, GaG, GeG) considered in this study. The preferential order of interaction energy for
the studied modified nucleic bases (MNBs) in general is CAF>UA>HX>X. The AIM
analysis confirms that the MNBs interact with the =7 (stacking) interaction which is the
main factor for the adsorption of MNBs on different doped graphenes. Significant
changes in the HOMO-LUMO gap of the intermolecular complex are analyzed. These
variations in the electronic structure and associated changes in the electronic properties
will be helpful to design new sensors. Therefore, the findings of this study may spark
experimental studies in this direction. This detailed study using electronic calculations
and associated analysis tools have been used to explore the utilility of this study in the

field of sensors.
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CHAPTER S

INTERACTION OF ALKALI METAL IONSWITH ZIG-ZAG
SINGLE WALLED CARBON NANOTUBE (SWCNT)

5.1 Introduction

In the field of nanotechnology, the carbon nanotubes (CNTSs) have contributed
significantly at a large scale. For the last two decades or so, there has been a great deal of
research for these carbon nanotubes in almost all possible areas but there are few yet to
be explored. The word “nano” has been taken from the Greek which means “dwarf”
(small) in English. During the last three decades, by utilizing the various scientific
instruments, this branch of science “nanotechnology” has well established itself and has
become a word of mouth among the entire research fields. The credit belongs to Norio
Taniguchi, of Japan, who first named this famous branch of science, i.e.
“Nanotechnology”. It is well known today that the credit goes to Sumio lijima[1] for the
discovery of carbon nanotube in 1991 but there is a very interesting story (incident) about
it. In 1952, it was Radushkevich and Lukyanovich[2] who first brought to light the
“worm-like” carbon formations at 600°C which they discovered while studying the
decomposition of carbon monoxide (CO) on iron particles during the formation of soot.
Since then, these carbon nanotubes (CNTs) were unexplored and no one actually knew
until 1991 that this carbon formation will lead to the technological advancement to a

greater height in the forth coming future.
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5.2 Carbon nanotube (CNT)

Depending upon the number of walls associated with the CNT, these structures are
generally termed as single walled carbon nanotube (SWCNT) which may be obtained by
wrapping a single layer of graphene. The length of this structures so formed may vary
depending upon the methods followed to produce it. However, double walled carbon
nanotubes also exist that are comprised of two concentric carbon nanotubes where the
inner tube is enclosed by the outer tube. Also, the multi-walled carbon nanotube
(MWCNTS) do exist that are made by wrapping more than two layers of graphene. The
diameter of the MWCNTSs ranges from 2 to 50 nm which depends upon the number of

graphene. The distance between the two layers of MWCNTS is of 0.34nm approximately.

There is another well defined criterion i.e. “chirality” that successfully classifies the
CNTs based on the chiral indices n and m. The chiral indices are represented as (n,m).
When the chiral indices are same, i.e. n=m, the so called CNT is termed as armchair CNT
and owes a metallic behavior. When n=n, and m=0, we have zig-zag CNT. These zig-zag
CNTs generally behave as semiconductors. It is quite noteworthy that the semi-

conducting SWCNTSs behave as p-type semiconductors.[3]

When we have two different chiral indices, i.e. chirality is (n,m) then such CNT is said to
behave as metallic if the difference between n and m is a multiple of 3, else they behave

as semiconductors.

So, in general, it can be said that the carbon nanotubes show metallic or semi-metallic

behavior (semi-conductors) depending on the chirality.[4-16]
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By using the the chiral indices (n,m), the diameter of the SWCNTSs can be calculated by
the formula:

d= E[S(n2 +m® + nm)]}/2 (5.1)

T
where d is diameter, a is C-C bond length and m and n are chiral indices of CNT.

The CNTs have some prominent properties like high mechanical strength, high surface
areas, and large aspect ratio. Yu et al. reported that the tensile strength of steel is 20 times
lower than SWCNTSs; also the Young’s modulus of CNTSs is much greater than fibers of
steel.[17] The thermal and electrical conductivity of CNT is reported to be comparable
with that of copper.[27,28] These outstanding properties opened new avenues for the
application of the carbon nanotubes in different fields. Guanghua et al.[18] reported that

the mechanical strength of SWCNTSs depends upon the diameter.

5.3 Importance of non-covalent interactions

In the present era of advanced computational techniques, the relevance of the non-
covalent interactions can be well understood as they have brought themselves in lime
light due to their commanding force in biological systems and various other important
fields. Non-covalent interactions were conventionally thought to be as weak interactions
but have proven their presence in different fields.[19-24] The hydrogen bonding is the
most extensively examined interaction[25,26], yet the noteworthiness of the other
noncovalent interactions like CH: -7 interactions, anion—= , cation—x, n—n stacking, and
halogen bonding for a wide range of applications in material design, molecular

recognition, catalysis, supramolecular interactions are well noticed.[19,23,27-35]
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The importance of the cation—= interaction (the strongest among the noncovalent
interactions) can be understood by the fact that these cation—= interactions play a central
role in controlling the structure and function of macromolecules.[19,27,24]

The importance of cooperative or anticooperative effects in these noncovalent
interactions are well studied.[36-40]

It is well reported that the metal ion pollutants residing in water could be removed by
interaction of metal ion with carbon nanostructures, thereby making a significant
contribution.[41] Some recent studies displayed the effect of the curvature on the cation-n
interactions.[42-44] Li et al. revealed that in order to differentiate the metallic carbon
nanotubes from semi-conducting materials, the non-covalent functionalization with alkali
metals plays an important role.[45] There are some excellent studies performed which
demonstrate the effect of solvation on cation-rt interactions where different metal ions
were used.[46-48] Thus these cation- = interaction are very crucial to study and will
definitely open new doors for the unexplored applications in future.

In the present chapter, a detailed study to comprehend the behavior of monocations (K",
Na") while it passes at different positions of SWCNT has been performed. Different
parameters like interaction energy, homo-lumo energy gap, and the variation of charge
between the two moieties has been analyzed at different positions. These parameters
provide necessary information for tuning the electronic and conductivity properties via

the formation of metal ion complex.
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5.4 Methods

The structure of the SWCNT in the present study has been considered from the previous
study.[49] There are 80 carbon atoms and 20 hydrogen atoms present in the model
system. The dangling bonds at the truncated ends of the SWCNT were passivated with
hydrogen atoms to stop spurious end effects. The calculations performed in this chapter
were carried out by using density functional theory (DFT) method as implemented in the
Gassian09 program package.[50] In this study, the geometries of alkali metal ions (K,
and Na®) with single walled carbon nanotube (SWCNT) were optimized using the well
known B3LYP method[51,52] at 6-31G* basis set. The single point energy calculations
were also performed by using B3LYP which is abbreviated as (BS1) and MO06

abbreviated as (BS2) method at 6-31++G** basis set.

The interaction energy AE of the alkali metal ions (K* and Na) with SWCNT is
calculated by using the following formula:

AE=E,-E (5.1)
where Eg is the total energy of the complex system for the initial position of the alkali
metal ions with SWCNT, E represents the variation of the total energy at different

position of alkali metal ion with SWCNT.

e
o3 f 9 -
e

Figure5.1: Optimized geometry of single walled carbon nanotube SWCNT (10, 0)
and alkali metal ions (K" and Na") interaction.
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5.5 Results and Discussion

In the present chapter, the alkali metal ions (K* and Na®) and single walled carbon
nanotube are considered for the study whose optimized geometries are shown in Figure
5.1. The optimized structures of alkali metal ions K*and Na* with complex structure are
shown in Figure 5.2 and 5.9 respectively. It is quite noteworthy that the alkali metal ions
(K" and Na*) were subjected to pass right in the central positions from one end of the
SWCNT to the other. There were total 18 positions which were considered in this study.
At each position, the variation of interaction energy, homo lumo gap and associated
charge transfer is calculated. The variation of important parameters like interaction
energy, homo lumo gap and the associated charge transfer were calculated using the two
basis sets BS1(B3LYP/6-31++G**) and BS2(M06/6-31++G**) considered in this study.
The calculated total energy (kcal/mol), AE ( kcal/mol), Homo Lumo Gap (eV) and
Mulliken charge on alkali metal ion (K™ ) and Single Walled Carbon Nanotube (SWCNT)
can be observed from the Table 5.1(for BS1), Table 5.2 (for BS2), while for Na" it may
be seen in Table 5.3 (for BS1) and Table 5.4 (for BS2). The variation of interaction
energy, homo lumo gap and charge transfer for the K* ion can be depicted from the
Figures 5.3 to Figure 5.8 for BS1 and BS2, however for Na*, the same variations can be
seen from Figure 10 to 15 for BS1 and BS2 respectively . The charge analysis among the
two entities reveals significant information. The positive charge values indicate the
transfer of charge from SWCNT to the metal ions while negative charge values indicate
the transfer of charge from the metal ions to the SWCNT. The Mulliken charge analysis
and HOMO-LUMO gap were also evaluated at various positions which provide relevant

information.
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5.6 Interaction energy and Homo Lumo gap

The interaction energy for BS1 and BS2 increases as the K* ion approaches the SWCNT
and attains a maximum value at 7" position, decreases to 10" position and after the 13"
position, the interaction energy decreases sharply. The homo lumo gap remains almost
constant from the 2" position to the 17" position for the BS1 however for the BS2, the
homo lumo gap increases as the K* ion approaches the SWCNT and decreases after the
6™ position till the 10™ position and increases to 16™ position followed by a decrease in
homo lumo gap as the K* comes out of the SWCNT. Significant charge transfer can be
observed as the K" ion approaches the central position of the benzene ring due to the
cation-z interaction.

In the case of Na® ion, the interaction energy increases for BS1 and remains unchanged,
however a gradual decrease in the interaction energy can be observed. For BS2, the
interaction energy almost followed the same variation as observed in the case of K*. For
BS1, the homo lumo gap however increases as the metal ion approaches SWCNT,
remains almost constant while the metal ion traverses inside the SWCNT and thereafter
decreases as the metal ion comes out from the other side of the SWCNT. For BS2, the
homo lumo gap does not remain constant as for BS1, it increases, and attains a minimum
value at the 9" position, increases and as it comes out of SWCNT, the gap decreases. The
variation of charge transfer from the Mulliken charge analysis clearly shows how the

transfer of the charge occurs with the movement of the metal ion.
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Figureb5.2: Optimized geometries of the complexes formed between the
SWCNT(10,0) and alkali metal ion (K*) at B3LYP/6-31G* method.
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Table5.1: Calculated Total Energy (kcal/mol), AE (kcal/mol), Homo Lumo Gap (eV)
and Mulliken charge on alkali metal ion (K" ) and Single Walled Carbon
Nanotube (SWCNT) at B3LYP/6-31++G** (BS1).

Metal | Various | Total Energy | AE=Eq-E Homo Chargeon | Chargeon
ion | Positions | (kcal/mol) | (kcal/mol) | _-YMO K* CNT
Gap (eV)

1 -2296876.185 0.000 0.121 1.015 -0.015

2 -2296877.903 1.718 0.421 1.035 -0.035

3 -2296881.36 5.175 0.427 1.035 -0.035

4 -2296887.025 10.839 0.425 1.015 -0.015

5 -2296894.603 18.418 0.425 1.005 -0.005

6 -2296900.15 23.965 0.423 0.849 0.151

7 -2296901.588 25.403 0.418 0.835 0.165

8 -2296900.761 24.575 0.415 0.966 0.034

+ 9 -2296900.026 23.840 0.414 0.996 0.004
K 10 -2296899.849 23.664 0.414 0.993 0.007
11 -2296900.354 24.169 0.415 0.993 0.007

12 -2296901.254 25.068 0.417 0.904 0.096

13 -2296901.16 24.975 0.422 0.800 0.200

14 -2296897.481 21.296 0.425 0.958 0.042

15 -2296890.312 14.127 0.426 1.017 -0.017

16 -2296883.419 7.234 0.425 1.025 -0.025

17 -2296879.141 2.956 0.424 1.045 -0.045

18 -2296876.707 0.522 0.244 1.023 -0.023

30 -

Interaction Energy (Kcal/mol)

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18

Various positions of K*

Figure5.3: Variation of the interaction energy (kcal/mol) of complex system at
different positions using B3LYP/6-31++G** (BS1).
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Table5.2: Calculated Total Energy (kcal/mol), AE (kcal/mol), Homo Lumo Gap (eV)
and Mulliken charge on alkali metal ion (K*) and Single Walled Carbon
Nanotube (SWCNT) at M06/6-31++G** (BS2).

Metal | Various | Total Energy | AE=Eo-E Lul-rlnoomg Chargeon | Chargeon
ion | Positions | (Kcal/mal) (kcal/mol) (V) ap K* CNT
1 -2295443.757 0.000 0.504 0.937 0.063
2 -2295445.353 1.597 0.535 0.966 0.034
3 -2295448.845 5.088 0.553 1.012 -0.012
4 -2295455.72 11.963 0.553 1.041 -0.041
5 -2295464.877 21.120 0.554 1.044 -0.044
6 -2295471.319 27.562 0.548 0.904 0.096
7 -2295474.138 30.381 0.538 0.829 0.171
8 -2295473.127 29.371 0.531 0.903 0.097
K* 9 -2295472.435 28.679 0.529 0.909 0.091
10 -2295472.209 28.453 0.528 0.943 0.057
11 -2295472.923 29.166 0.530 0.897 0.103
12 -2295473.86 30.103 0.534 0.880 0.120
13 -2295473.181 29.424 0.544 0.836 0.164
14 -2295468.155 24.398 0.552 1.013 -0.013
15 -2295459.512 15.755 0.555 1.049 -0.049
16 -2295451.343 7.586 0.549 1.026 -0.026
17 -2295446.617 2.860 0.542 0.984 0.016
18 -2295444.309 0.552 0.519 0.948 0.052
35 -

= = N N W
v o U»u1 o v O

Interaction Energy (Kcal/mol)

o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Various positions of K*

Figure5.6:  Variation of the interaction energy (kcal/mol) of complex
system at different positions using M06/6-31++G** (BS2).
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Table5.3:

Calculated Total Energy (kcal/mol), AE (kcal/mol), Homo Lumo Gap (eV)
and Mulliken charge on alkali metal ion (Na*) and Single Walled Carbon
Nanotube (SWCNT) at B3LYP/6-31++G** (BS1).

Figure 5.10:

Metal | Various | Total Energy | AE=Eo-E LuTnoom(gap Chargeon | Charge

ion | Positions | (Kcal/mol) | (kcal/mol) (&V) Na* on CNT
1 -2022141.747 0.000 0.264 -1.000 2.000
2 -2022263.729 121.982 0.369 0.465 0.535
3 -2022264.086 122.339 0.393 0.498 0.502
4 -2022266.478 124.731 0.414 0.713 0.287
5 -2022273.14 131.393 0.425 1.025 -0.025
6 -2022279.242 137.496 0.423 0.924 0.076
7 -2022280.52 138.773 0.418 0.788 0.212
8 -2022279.531 137.785 0.415 0.701 0.299

Ng* 9 -2022278.795 137.049 0.414 0.609 0.391
10 -2022278.538 136.791 0.414 0.593 0.407
11 -2022279.131 137.384 0.415 0.654 0.346
12 -2022280.011 138.265 0.417 0.753 0.247
13 -2022280.203 138.457 0.422 0.857 0.143
14 -2022276.22 134.474 0.425 0.996 0.004
15 -2022268.483 126.736 0.426 1.026 -0.026
16 -2022264.758 123.011 0.403 0.567 0.433
17 -2022263.726 121.979 0.380 0.465 0.535
18 -2022263.924 122.178 0.355 0.472 0.528
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Variation of the interaction energy (kcal/mol) of complex system at
different positions using B3LYP/6-31++G** (BS1).
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Figure5.11: Variation of the Homo Lumo gap (eV) of alkali metal ion at different
positions using M06/6-31++G** (BS1).
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Figure5.12: Mulliken charge analysis of SWCNT (10,0) and metal ion
at different positions using M06/6-31++G** (BS1).
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Table5.4: Calculated Total Energy (kcal/mol), AE (kcal/mol), Homo Lumo Gap (eV)
and Mulliken charge on alkali metal ion (Na*) and Single Walled Carbon
Nanotube (SWCNT) at M06/6-31++G** (BS2).

Metal | Various | Total Energy | AE=E0-E | HomoLumo | Charge | Charge
ion Positions (Kcal/mal) (kcal/mol) Gap (eV) on Na+ | on CNT

1 -2020831.568 0.000 0.489 0.753 0.247

2 -2020832.679 1.111 0.517 0.776 0.224

3 -2020835.489 3.921 0.537 0.857 0.143

4 -2020841.218 9.650 0.551 0.931 0.069

5 -2020849.235 17.667 0.554 1.026 -0.026

6 -2020855.999 24.431 0.548 0.914 0.086

7 -2020857.848 26.280 0.538 0.742 0.258

8 -2020856.457 24.889 0.531 0.661 0.339

+ 9 -2020855.649 24.081 0.504 0.571 0.429
Na 10 -2020855.42 | 23.852 0528 0550 | 0.441
11 -2020855.896 24.328 0.530 0.610 0.390

12 -2020857.22 25.652 0.534 0.704 0.296

13 -2020857.186 25.618 0.544 0.824 0.176

14 -2020852.552 20.984 0.552 1.026 -0.026

15 -2020844.568 13.000 0.555 0.980 0.020

16 -2020837.735 6.167 0.546 0.880 0.120

17 -2020833.668 2.100 0.527 0.805 0.195

18 -2020831.93 0.362 0.503 0.763 0.237

Interaction Energy (Kcal/mol)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Various positions of Na*

Figure 5.13: Variation of the interaction energy (kcal/mol) of complex system at
different positions using M06/6-31++G** (BS2).
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Figure 5.15: Mulliken charge analysis of SWCNT (10,0) and metal ion at different

positions using M06/6-31++G** (BS2).
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5.7 Conclusion

The present chapter is focussed upon the interaction of alkali metal ion, precisely K* and
Na* ions with the single walled SWCNT. There were a total of 18 different positions at
which the metal ions were allowed to pass from one end of the SWCNT to the other.
Certain important parameters like interaction energy, homo lumo energy gap, Mulliken
charge analysis were observed as the metal ion enters and comes out from the other side
of the SWCNT. Significant changes occur in the homo lumo gap which may help to tune

the electronic and conducting properties of the SWCNT.
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Chapter 6

General conclusion and future prospects



CHAPTER G

GENERAL CONCLUSION AND FUTURE PROSPECTS

The work done in the present thesis illustrates some striking focal points:

A. Technological advancements and recent developments in theory have enabled
evolution of highly accurate, efficient and inexpensive methods applicable for designing
novel sensors.

B. The extensively tested and highly benchmarked methods used by our research group
were proven to be in congruence with experimental as well as theoretical studies
accomplished in the past which proved be useful to study the interaction of graphene
systems with nucleic bases presented in this thesis.

C. The studies present in this thesis work are expected to bridge the computational and
experimental work being carried out with graphene and boron nitride graphene. Also they
are expected to meet challenges of targeted drug delivery.

D. The focus of the study is to confirm the importance of DNA sequencing and
specificity at molecular level. Thus, our study attempts to provide useful insights on the
binding of nucleic base molecules to various carbon nanostructures.

E. Doping is an efficient way to tune the electronic properties of the graphene model
system and itsimportance is highlighted in the present thesis.

Thus, the molecular modeling studies performed in the present thesis can be fruitful in
designing novel sensors, to understand DNA sequencing and to aid targeted drug

delivery.
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ABSTRACT

Nucleic bases interaction with carbonaceous materials finds significant attention due to their
application in various fields such as DNA sequencing, DNA sensing and drug delivery. Nucleic
bases, building blocks of nucleic acids interact with carbon nanotube and contribute significantly
to the stability of the nucleic bases, carbon nanotube hybrids and their properties. In the present
work, a thorough review of previous studies on the binding of nucleic bases with graphene and
CNT is presented, with a focus on the simulation works that attempted to evaluate the structure
and strength of binding. Dissimilitude among these works is noticed and factors that might
contribute to such discrepancies are discussed in detail.

INTRODUCTION

Graphene and carbon-nanotubes have different applications
for many reasons, but the differences can be ultimately
attributed to the difference between one-dimensional
materials and two dimensional materials. For example, a
single walled carbon nanotube can be regarded as a single
crystal with a high length—diameter ratio. However, the
current synthesis and assembly technology cannot prepare
the carbon nanotube crystals on a macroscopic scale, which
limits their applications. While, graphene may be considered
as a two-dimensional crystal structure, and its strength,
conductivity and thermal conductivity are seen to be the
best in two-dimensional crystal materials. It has a broad
range of applications because of its ability to have a large
area of continuous growth.

Graphene, is a planar form of carbon atoms designed
in a two-dimensional hexagonal lattice fashion. It has
emerged as the most dominating allotropes of carbon during
the last few years. Its extended honeycomb network is the
basic building block of other important allotropes such as
3D graphite formed by the stacking of several layers of

graphene; 1D nanotube, obtained by rolling the graphene
and the OD fullerene prepared by wrapped graphenes (J.
Allen Matthew et al., 2010). Graphene is being used in the
designing of new nanomaterials for energy storage devices,
fuel cells and biosensors owing to its high stability, elasticity
and electromechanical modulation (Stoller Meryl D et al.,
2008, Si Yongchao and T Samulski Edward, 2008, Pumera
Martin et al., 2010). Also, graphene exhibits extraordinary
electronic properties in comparison to many of the
conventional materials; the highly conductive graphene
becomes an insulator after hydrogenation. This
hydrogenation of graphene is highly reversible; the intrinsic
conductivity as well as the structure of graphene can be
restored on annealing (Chen Liang et al., 2007, Denis Pablo
A et al., 2009; Rubes Miroslav et al., 2009). Graphene is also
an important material in nanoscale electronics due to its
compatibility with industry standard lithographic
processing. The electron mobilities is up to 150 times greater
than Si, and the thermal conductivity is approximately twice
that of diamond (Ritter Kyle A et al., 2009). Thus one can
say that graphene has revolutionalized the technology.

myresearchjournals.com
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Graphene sensors have emerged as another area of recent
interest. The chemical and physical properties of graphene
make it a promising candidate that can be used as a sensor
to detect different gases such as H,, NO,, and NH,. Schedin
et al., in their experimental results, illustrated that graphene
based sensors allow the sensitivity levels such that the
adsorption of individual gas molecules could be detected
accurately (Rao, C. N. R. et al., 2009; Schedin F et al., 2007).
Graphene-polyaniline nanocomposite is found to be a good
sensor for H, gas while nitrogen doped graphene find its
application in electrochemical biosensing (Al-Mashat Laith
et al., 2010). Itis also shown that, through functionalization,
properties of graphene can be modified. The
functionalization of graphene with hydrogen, oxygen, or
other chemical groups is of prime importance as a way to
engineer the different properties of graphene. A recent study
reveals that with controlled epoxide functionalization,
graphene can be used as a starting material for diverse
chemical functionalization by chemical modification of the
epoxide group. The functionalization of graphene and
single-walled carbon nanotubes with individual 3d transition
metal atoms were also modeled using density functional
theory calculations.(Lee Geunsik ef al., 2009; Hubert Valencia
et al., 2010; Ghaderi Nahid ef al., 2010,Park Sungjin et
al.,2008,; Wang Donghai et al.,2010,; Quintana Mildred et
al., 2010; Tachikawa Hirotoet al., 2010, Al-Aqtash Nabil et
al., 2009).

The capability to detect single bio-molecules with high
accuracy and efficiency is of prime importance in many areas
of environmental science, biology, and chemistry (Lim Sung
H. etal., 2009; Bano Fouzia et al., 2009; Zwolak Michael et
al., 2008; Fredlake P. Christopher et al., 2006; Jonkheijm
Pascal et al., 2008; Patolsky Fernando ef al., 2006; Vidic
Jasmina et al., 2006). Efficient bio-sensors are expected to
contribute to the improvement of medicine and medical
treatment (Zwolak Michael, 2008). It is, quite uncertain
whether traditional chemical techniques can be
simultaneously fast and inexpensive which is another very
important aspect that needs to be taken care of (Fredlake P.
Christopher ef al., 2006). Nano-materials, due to their extreme
sensitivity of the electron-transport properties in confined
materials to external perturbations, form an excellent
technological platform for single-molecule recognition
(Zhang Guangyu et al., 2006, Meyer Jannik C et al., 2007;
Shapir Errez et al., 2008; N Kang et al., 2007). Recently,
graphene nano-ribbon (GNR) has emerged as a suitable
candidate for making sensors for single small molecules,
such as H,, HO, and NO. This concept is based on
measuring a variation in the source-drain current ofa GNR

based field-effect transistor originating from the covalent
bond formed between the molecule to be detected and a
defect (or an edge) of GNR. However, few reports exist on
the use of GNRs as bio-sensors. One of the main reasons is
that the biomolecules do not usually bind GNR via covalent
bonds as a result of which the electrical perturbation induced
by a biomolecule on a GNR is too weak to be detected.
However the GNR is proposed to be used for the DNA
sequence via 1-7 stacking in many reports.

Relevance of DNA bases and graphene/carbon nanotube
interaction

The interaction of the biomolecules such as nucleic bases
on the surface of GNR and CNT has attracted many
researchers. In particular, the DNA-CNT interaction has cast
its spell in the research community due to its application in
various fields such as DNA sensing, DNA sequencing, and
drug delivery (Zhao Xiongce 2011; Paul Ambarish 2010; Liu
Zhuang et al., 2011; Yarotski Dzmitry A et al., 2009). It has
also been found that the determination of a patient’s DNA
sequence can even reveal his risk of falling ill with particular
diseases and it also helps to design “personalized medicine”,
and it is therefore the DNA sequencing that appears to be
one of the most potential applications for the carbon
nanostructures (Sanchez Jimenez Gerardo et al., 2001;
Nelson Tammie et al., 2010; Prasongkit Jariyanee et al., 2011).
Sensors for amplified detection methods based on CNT-
biomolecule composites is an area of recent interest, and
such sensors can be efficiently used to detect various
carbon nanostructures as well as different biomaterials such
as DNA, protein, and so on (Barone Paul W et al., 2005).
Also, DNA-functionalized carbon nanotubes form the basis
for not only a new class of chemical sensors but also for the
molecular electronic devices. An ultrasensitive graphene-
embedded nano channel device which effectively controls
the motion of nucleobases via m-m interaction was also
reported (Min Seung Kyu et al., 2011). Weizmann et al., 2011,
recently reported that DNA-CNT nanowire networks can
be used for DNA detection and Zheng Yet al., 2009,
constructed a carbon nanotube-based DNA biosensor for
sensing the phenolic pollutants. Beside biomedical
applications, comprehending the DNA-CNT interaction can
also be used in the separation of carbon nanotubes as it
has been shown that single-stranded DNA can be
effectively used for the dispersion and separation of single-
walled carbon nanotubes (Zheng M et al., 2003). Some of
the important conclusions can also be drawn from the
studies (Wang X et al., (2011); Lu G et al.,(2009) ; Li J et
al.,(2003)). Many research groups have focused on
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determining the DNA-CNT interaction and tried to explore
the strength of binding of different nucleosides,
nucleobases, and nucleobases pairs on the carbon
nanotubes and graphene, in both experimental and
computational studies (Chen Robert J. et al., 2003; Stepanian
S.G. et al., 2008; Shtogun Yaroslav V. et al., 2007; Wang
Hongming et al., 2009; Wang Po et al., 2011). The different
binding energy orders for different studies are found in
many experimental studies and it is understood that this
may be due to the different experimental conditions applied.
For most cases, in computational studies, the order is G > A
>T>C>U, and in some cases, were found to be in the order
as G~A~T~C > U. There are a number of theoretical and
experimental studies on the nucleobases interaction with
carbon nanotube and graphene surfaces as shown below:

Table1. BE (kJ/mol) of nucleobases with SWCNT and
graphene in theoretical and experimental
studies.

Nucleic bases interaction with different Carbon
nanomaterials
Type Order Method Ref.
SWCNT TA~C Exp. 100
CNT(5,0) GATCU Comp. 23
CNT(7,0) GA~T~CU Comp. 65
CNT (5,5, GATC Comp. 86
CNT(10,0)
GNR GA~T~CU Comp. 22

The binding energy of all the considered complexes
illustrates that the binding energy increases as the curvature
of SWCNT (single walled carbon nanotube) decreases and
reaches the maximum for graphene. In general, the
nucleobases tend to have n-7 stacking (Zheng Y et al., 2009)
type of interaction with the carbon nanostructures. Hence,
as the curvature of SWCNT decreases, there will be more
efficient stacking between the carbon nanotube and the
nucleobases surface, resulting in an increase in the binding
energy of the complexes. The effect of size and curvature
generally plays an important role in the non-bonded
interactions (Zheng Ming et al., 2003; Chen Robert J. et al.,
2003).

METHODS

First-Principles Methodology

In the QM methods, mostly DFT has been used in the
computational chemistry and quantum physics due to their
relatively low computational cost compared to high level

ab initio methods and high accuracy in comparison to the
semi- empirical methods.

The dispersion forces in the dispersion interaction
are the most important interactions in molecular systems
that are not addressed well in several DFT approaches.
Efforts were made by the several research groups (Rutledge
et al., 2009; Rutledge and Wetmore, 2010; Johnson et al.,
2004, 2009; Dion et al., 2004a; Zhao and Truhlar, 2005, 2011;
Meijer and Sprik, 1996; Tkatchenko and Scheffler, 2009;
Grimme, 2004, 2006; Grimme et al., 2010, etc) to precisely
incorporate dispersion in the correlation term of DFT. There
were several studies of interaction of nucleic bases with
CNT or graphene which however did not consider the
dispersion interaction into account. Some early works based
on LDA scheme of DFT, also lack dispersion correction.
However therecent studies adopted either classical FF (force
field) or dispersion corrected DFTs to consider the
dispersion factor. It is believed that the -7 stacking plays a
key role in the binding of nucleobase to graphene or CNT,
dispersion therefore can play a significant role in determining
the binding structure and BE (Binding Energy). So, one can
precisely say that different approaches lead to different
results. Therefore the past studies can be broadly classified
into two categories: those performed with methods that
consider dispersion, and those which do not consider
dispersion-corrected methods.

Among the QM studies, there are also various
methods with different levels of complexity and accuracy,
including ab initio methods (HF, MP2 and CCSD (T)), DFT
and semi-empirical methods. HF, originally named SCF
method, is the first ab initio method and forms the basis of
post- HF methods. Despite of having the correct description
for the exchange energy, HF does not address the electron
correlation precisely. Post-HF methods include MP2 (Meller
and Plesset, 1934; Head- Gordon et al., 1988), Cl and CCSD
(T) that were proposed to properly describe the correlation
energy. These ab initio methods are usually employed for
very small atomic systems due to their high computational
cost. Semi-empirical QM methods are based on ab initio
methods but include empirical parameters to speed up the
calculations, examples include AM1 (Dewar et al., 1985),
PM3 (Stewart, 1989a,b, 1991) and PM6 (Stewart, 2007). In
computational quantum chemistry and physics, DFT has
been widely used, due to its relatively low computational
cost compared with high level ab initio methods and high
accuracy compared with semi-empirical methods. In 1964,
Kohn and Hohenberg published the first paper on DFT in
which they substituted the many electron wavefunction
with the electron density and reduced the number of
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variables. One year later, Kohn and Sham in 1965 improved
the Hohenberg and Kohn'’s theory by introducing effective
potential that included external potential, exchange and
correlation interactions.

Methods lacking the dispersion correction

Gowtham et al., studied the adsorption of nucleobases (A,
C, G, Tand U) on graphene using MP2 and LDA (Gowtham
et al., 2007). Nucleobases in their work were attached to a
methyl group. Plane wave basis set was used in the LDA
calculations (Supercell approach), while in the MP2
calculations, 6-311++G(d,p) basis set was used with the
graphene containing 28 carbon atoms terminated by
hydrogen atoms at the edges. For each configuration of the
nucleobase on the graphene, they initially performed a force
relaxation to determine the preferred orientation and kept
the bases at optimum separation distance. This was followed
by a scan of the potential energy surface (PES) where the
nucleobases were kept parallel to the graphene surface ata
fixed distance. For each configuration, single point energy
calculations were also performed and the minimum potential
energy was determined. This configuration was subjected
to a further optimization step in which all atoms were free to
move and the final optimized structure was identified.
Thereafter, BE was then calculated for the optimized
structure using both MP2 and LDA. Table 2 shows the
values of the obtained BEs. Among these two, MP2
predicted BE values that were almost doubled the LDA
values. The BEs with respect to the different nucleobases
almost remained in the same order: it was G>A=T=C>U using
LDA and G>A>T>C>U using MP2. The final optimized
nucleobases were found to be parallel to the graphene sheet
with the separation distance being 3.5 A.

Table2. BE (kJ/mol) between nucleobases and graphene
|Gowtham et al., (2007)].

Nucleobase LDA MP2
G 58.86 103.24
A 47.28 90.70
T 47.28 80.08
C 47.28 77.19
U 42.25 71.40

In a later work, Gowtham et al., also studied the
adsorption of the same nucleobases on a (5,0) CNT
(Gowtham et al., 2008), using the same approach except
that the BE calculation was only done with LDA only, and
not with MP2. The order of the BE was found to be the

same, i.e., G>A>T>C>U with the values being 47.28, 37.63,
32.81, 27.98 and 27.02 kJ/mol, respectively. Their results
confirmed that the BEs for CNT were much smaller than
those for graphene, that was attributed to the larger
curvature of the CNT and resulting smaller area of contact.

Meng et al., (Meng et al., 2007a) first optimized the
structures using CHARMM FF which includes an empirical
description of dispersion interaction, but this dispersion
was neglected again during the re-optimization step using
LDA.

Meng et al., used a different approach (time-
dependent LDA method) to study the binding between DNA
nucleosides and a CNT (10,0) (Meng et al., 2007b). From
these simulations, the optical absorbance spectrum for DNA
nucleosides were obtained, which were used to determine
the preferred orientation of the nucleosides on the CNT.
Optimized binding structures were also obtained using MM
(CHARMM) calculations, and were found in good
agreement between the MM results and LDA results.
According to MM calculations, the order of the BE for the
most stable structures was G>A>T>C with the BE values of
82.01, 78.15, 74.29 and 67.54 kJ/mol, respectively.

The dependence of BE on CNT chirality was studied
by Wang and Ceulemans (Wang et al., 2009) using LDA.
They considered two connected adenosine-
monophosphates with the phosphate groups terminated
by H atoms. The resulting molecule was neutral and was
taken to interact with different CNTs, including five (m,0)
zigzag tubes with m = 7,8,9,10,17 and four (n,n) armchair
tubes with n=4,5,6,7. Periodic boundary condition using
supercell approach and the linear combination of numerical
atomic orbitals (LCAO) basis set with double-zeta
polarizations were used.

In another work, Wang considered all four DNA
nucleobases interacting with two types of CNTs: (5,5) and
(10,0) (Wang, 2008). Same as his first work (Wang et al.,
2007), for each type of CNT, only a small part (C24H12) was
made to interact with the nucleobases. Both DFT and MP2
methods were adopted in the simulations. The geometry
optimization was carried out at MPWBI1K/cc-pVDZ level
where carbon and hydrogen atoms were kept frozen in the
C24H12 fragments. The optimized structures were then
subjected to a single point energy calculation at MP2/6-
311++G(d,p) level. The BSSE-corrected BE for the C(5,5)
CNT hybrid in vacuum was 46.46 kJ/mol which is quite
different from Wang’s former study (Wang et al., 2007) in
which the BE for the same system was determined to be
32.76 kJ/mol. The order of the BE between nucleobase and
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CNT in the gas phase was found to be G>A>T>C for both
CNTs. This is in agreement with the DFT studies of Gowtham
et al., on the interaction of nucleobases with graphene and
(5,0) CNT (Gowtham et al., 2007, 2008), and also with the
MM results of Meng et al., for the interaction of nucleosides
witha (10,0) CNT.

The simulation works reviewed above are all based
on methods that lack correction for dispersion interaction.
With the pace of time and advancement in computational
chemistry, more accurate dispersion corrected methods have
been introduced.

Methods with dispersion-corrected methods

Recent works using dispersion-corrected DFT also gave
rise to different results, possibly due to the difference in
ways of incorporating dispersion interaction in these
methods. The choice of basis sets can affect the BE
evaluation, even with the same method (Shukla et al., 2009).
In addition, it is also found that BSSE can be large and has
to be taken into account (Tournus e al., 2005). Performance
of simulation methods and basis set are still being widely
evaluated in the computational chemistry community.

Though a large number of dispersion-corrected
methods exist in literature however benchmarking has been
performed by some of them (Johnson et al., 2004; Dion et
al.,2004a; Hohenstein et al., 2008; Zhao et al., 2008; Johnson
et al.,2009; Rutledge et al., 2010; Zhao et al., 2011; Grimme,
2011; Ehrlich et al., 2013). Among these methods, Minnesota
density functional developed by Truhlar’s group, e.g., M05,
MO05-2X, M06, M06-L, M06-2X and M06-HF, are based on
meta-GGA approximations (Zhao et al., 2005, 2006; Zhao et
al., 2008, 2006 a,b). The exchange-correlation term in all
Minnesota functionals depend on kinetic energy.

In the M06 family, M06-2X has shown good
performance in several studies where vdW interaction
played an important role (Rutledge et al., 2010). Panigrahi et
al., employed dispersion-corrected DFT using wB97XD
functional to study nucleobase-graphene binding (Panigrahi
et al.,2012). Nucleobases in their work were attached to a
methyl group, similar to the study by Gowtham et al.,
(Gowtham et al., 2007). Each nucleobase was placed above
a square graphene sheet with eight carbon rings in each
direction and H atoms at the edges. The IC (initial
configuration) of the base plane was parallel to the graphene
surface with a separation distance of 4 A, which was
subjected to a full optimization at wB97XD/6-31G(d,p) level.
The separation distance in the optimized structures was
found to be around 3.5 A. BSSE corrected BE was calculated
at the same level and found to be 94.16, 85.03, 79.30, 77.04

and 68.41 kJ/mol respectively for G, A, C, T and U, i.e.,
G>A>C>T>U. Such order is identical to what was observed
by Gowtham et al., (Gowtham et al., 2007) on the same system
using LDA optimization accompanied by MP2 energy
calculation. The BE values are also close to the MP2 results
(Gowtham et al., 2007) but almost double to those obtained
using LDA alone.

Swathi and Chandra Shekar (with wB97XD functional)
examined physisorption of nucleobases on coronene
(C24H12) as a model of graphene (Chandra Shekar et al.,
2014). Different ICs were considered while the separation
distance was considered to 3A in all ICs. Geometry
optimization was carried out at wB97XD/6-31G(d,p) level
followed by a single point energy calculation at wB97XD/6-
311+G (d,p). The order of the BSSE corrected BEs was
determined to be G>T>A>C>U with the values of 75.73,
66.53,65.27,64.43 and 56.48 kJ/mol, respectively. BE values
in this work were less than the ones obtained by Panigrahi
et al., (Panigrahi et al., 2012), which may be attributed to the
smaller size of graphene in this study compared to that in
Panigrahi ef al. The separation distance in the optimized
structures was found to be 3.24, 3.25,3.30,3.22 and 3.20 A,
respectively for G T, A, C and U. These separation distances
were also smaller than the ones obtained by Panigrahi et
al., (Panigrahi et al., 2012).

Antony and Grimme studied the interaction of
nucleobases with graphene in which four different sizes of
graphene were considered, with 24 (C24H12), 54 (C54H18),
96 (C96H24) and 150 (C150H30) carbon atoms respectively
(Antony et al., 2010). Hybrids were fully optimized at B97-
D/TZV(d,p) level. A three dimensional PES scan was also
performed for the interaction of nucleobases with the
C96H24 fragment, and no other minima was found except
the one obtained from optimization. Nucleobases were
attached to a methyl group and PBC was applied in their
study. Full geometry optimization for the hybrid structures
was also performed but no detailed explanations were given
for the ICs.

Vovusha et al., studied the interaction of nucleobases
with graphene using M05-2X and M06-2X functional.
Vovusha et al., 2013 in their study of graphene model
included 54 carbons with 18 hydrogen atoms capping the
edge carbons. Geometry optimizations were all performed
at M05-2X/6-31G(d) level and BEs were evaluated using
both M05-2X and M06-2X methods with 6-31+G(d,p) and
6311++G(d,p) basis sets. The separation distance between
nucleobases and graphene in the optimized structures was
determined to be 3.2-3.5 A that is close to previously reported
results. Results obtained using M06-2X were considerably
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larger than the ones obtained using M05-2X method. The
order of the BE using M05- 2X was determined to be
G>C=T>A>U and G>C>T>A>U respectively with 6-
31+G(d,p) and 6-311++G(d,p) basis sets. When M06-2X was
used for the BE calculation, the order was changed to
G>T>A>C>U and G>T>C>A>U respectively using 6-
31+G(d,p) and 6-311++G(d,p) basis sets. This demonstrates
the great effect of method and basis set on the value and
order of the BE. In most of the previous results on the BE
between nucleobases and graphene, BE of A was only
second to G, while this was not obtained by Vovusha ef al.

Studies on semi-empirical and force-field methods

The studies of the binding of nucleobases with graphene
or CNT at lower level methods involve classical MM or
semi-empirical QM approaches. AM1 (Dewar et al., 1985),
PM3 (Stewart, 1989 a,b, 1991) and PM6 (Stewart, 2007) are
the widely used semi-empirical methods. Non-bonded
interactions including electrostatic and vdW forces that
are implemented in classical FFs such as Amber (Cornell et
al., 1995) and CHARMM (MacKerel Jr. et al., 1998). It has
been shown that Amber FF can even be more accurate than
some of the semi-empirical QM methods when evaluating
the BE for biological systems (Rutledge et al., 2009; Rutledge
etal.,2010).

Optimization process also plays a key role in BE
calculation for these weakly bound systems where PES is
expected to be near local minima. Direct optimization may
lead system to nearby local minima, but not near the global
minima. So, optimization is very sensitive to the IC chosen.
The different IC result in different BE values and can even
change the order of BE for different nucleobases (NB).

Umadevi et al., brought to light the dependence of
the curvature by considering the binding of nucleobases
with graphene and a series of armchair (n,n) CNTs where
n=3,4and 5 (Umadeviet al.,2011). The graphene and CNTs
were made using the Gaussian software package with H
atoms at the edges was used to saturate the dangling bonds

at the boundaries. Each system was optimized using ONIOM
method at the (M06-2X/6-31G(d):AM1) level. Atoms of the
nucleobases and the “reacting atoms” of CNTs were
modeled as the high layer using M06-2X/6-31G(d). The atoms
in CNT were considered as the low layer using semi-empirical
AM1. Single point energy calculations were performed for
the optimized structures using the dispersion-corrected
B3LYPmethod (B3LYP-D) with the 6-31G(d) basis set. The
BE was found to be graphene>CNT(5,5)> CNT(4,4)>
CNT(3,3) for all nucleobases except T, for which the order
was graphene>CNT(5,5)> CNT(3,3)>CNT(4,4). The BSSE-
corrected BE was 30-51 kJ/mol for CNTs and 50-73 kJ/mol
for graphene. The order of the BE with respect to different
nucleobases was determined to be G>T>A>C>U for the
CNTs and G>A>T>C>U for the graphene. In another work,
using the M06-2X/6-311G**, Umadevi et al., found the order
ofbinding for nucleobases with graphane in the order G>A
>C>T>U (Umadevi et al., 2015).

DISCUSSION AND FUTURE PERSPECTIVES

This paper presents a comprehensive review of past
computational work, where three categories of methods have
been used: (1) first-principles studies based on methods
lacking dispersion correction, (2) first-principles studies
based on dispersion corrected methods and (3) studies
based on semi-empirical and FF methods. In nearly all
studies reviewed above, the nucleobases were found to be
parallel to the graphene or CNT with the separation distance
being around 3 A, which confirms the n-r stacking nature of
the interaction. On the other hand, drastically different
results have been reported for the BE.

Previous QM calculations on BE already illustrates
some effects of CNT chirality (Akdim et al., 2012), however
it is not yet clear whether such effects are correlated with
the electronic structure of the CNT. Finally, it can be noted
that BE has been used as the main parameter for comparisons
made in this review. Other properties such as charge transfer
and density of states have only been reported in some

Table3. BE (kJ/mol) between nucleobases and graphene [Vovusha ez al., (2013)].
DFT level
Mo05-2X M06-2X
Nucleobase 6-31+G(d,p) 6-311++G(d,p) 6-31+G(d,p) 6-311++G(d,p
G 37.62 27.23 65.08 57.46
A 27.01 16.70 52.19 44.23
T 27.98 19.64 52.93 46.23
C 27.98 20.50 51.02 45.10
U 22.19 13.93 46.36 35.00
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(<50%) of the cited works and hence are not suitable for
systematic comparison. Also, the calculation of charge
transfer does not only depend on the QM method but also
on the charge distribution scheme (e.g., Mulliken, ESP, RESP,
etc.). This makes the comparison among different studies
more complicated.

CONCLUSION

In the present work, a thorough review on the theoretical
studies, mainly at the QM level, on the binding of
nucleobases (and in a few cases, nucleosides or nucleotides)
with graphene or CNT has been performed. BE, as an
indicator for the stability of the binding, is used to compare
different studies. Due to the different simulated systems
and procedure considered for the study, a large range of
binding energy values were reported, and considerable
discrepancies exist among the past investigations. So, the
importance of using dispersion-corrected method and proper
design of the optimization procedure plays a crucial role in
understanding the interaction of the nucleobases with the
CNTs or graphene.
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Abstract. The interaction of small gas molecules (CCly, CH4, NH3, CO2, N2, CO, NOy, CClF,, SO,, CF4, H2) on pure
and aluminium-doped graphene were investigated by using the density functional theory to explore their potential applications
as sensors. It has been found that all gas molecules show much stronger adsorption on the Al-doped graphene than that
of pure graphene (PG). The Al-doped graphene shows the highest adsorption energy with NO,, NH3 and CO; molecules,
whereas the PG binds strongly with NO,. Therefore, the strong interactions between the adsorbed gas molecules and the
Al-doped graphene induce dramatic changes to graphene’s electronic properties. These results reveal that the sensitivity of
graphene-based gas sensor could be drastically improved by introducing the appropriate dopant or defect. It also carried out
the highest occupied molecular orbital-lowest unoccupied molecular orbital energy gap of the complex molecular structure
that has been explored by M06/6-31++G** method. These results indicate that the energy gap fine tuning of the pure and

Al-doped graphene can be affected through the binding of small gas molecules.
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1. Introduction

Carbon is the versatile element on the earth’s crust and it
is found on the earth’s surface in different allotropes as
graphite, diamonds, charcoal and coke, respectively. The
newer allotropes of carbon were discovered such as graphene,
carbon nanotubes (CNTs) and fullerenes [1-3]. Graphene is
the youngest known allotrope of carbon, which is a two-
dimensional and one-atom thick material consisting of sp?
hybridized carbon atoms arranged in a honeycomb structure.
These allotropes of carbon are extensively used in research,
that is, from biomedical to environment applications due
to their unique physical and chemical properties [4]. The
exceptional properties of carbon nano materials, such as
electronic, thermal, optical, mechanical and transport prop-
erties make them promising candidates for various potential
applications [5—7]. From several experimental and theoretical
studies it is observed that the transport and electronic prop-
erties are extremely sensitive to change in the local chemical
environment [8—10]. Carbon nanostructures (CNSs) exhibit
non-covalent interaction such as the XH-1t, cation—1, anion—
1 and T—T interaction towards the small gas molecules, metal
ions and bio molecules [11-15]. The XH-m weak interac-
tions were extensively studied in recent years [16-20]. These
interactions have been considered to be a unique type of
hydrogen bonding interaction in which  electron acts as the
proton acceptor [14]. Graphene is a sensitive nano material,
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which detects all the individual events when a gas molecule is
adsorbed to or de-adsorbed from its surface [21]. However, it
is very difficult to prepare a perfect single layer graphene with
zero band gap. Doping is one of the most efficient method
to improve the electronic properties of the materials. Wang
et al have found that the sp? hybridization is affected and it
changes the electronic properties of the system when B, N and
B-N are doped with pure graphene (PG) [22]. Lherbier et al
showed that the charge mobility and conductivity of graphene
changes when B/N impurity atom is added to its surface [23].
Recently, there are several experimental studies on Al, Ga and
Pd-doped graphene sheet-based gas sensor [24,25]. Interest-
ingly, the nanoparticles such as Al, Ga and Pd incorporated the
significant changes in the sensitivity and selectivity towards
the gas molecules. The structure and physical properties of
CNSs make them potential candidates as sensors to detect
different types of gas molecules. Dai and co-workers were
the first to report the gas sensors based on CNTs to detect
gas molecules such as NO, and NHj3 [26]. Recently, Schedin
et al experimentally reported that graphene-based gas sen-
sors possess very high sensitivity such that the adsorption of
individual gas molecules could be detected [21]. CNSs can
absorb a number of species such as gas molecule, metal ions,
polymers, organic molecules and biomolecules such as pro-
teins, nucleobases and deoxyribonucleic acid (DNA) on their
surface and these adsorption properties provide opportunities
for potential industrial applications [27-30].
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Roman et al studied the adsorption of few amino acids
on a single-walled CNT by using the DFT method [31].
CNTs have also been found to be suitable candidates for
the negative electrode of the Li-ion batteries, where the Li
diffuse between the positive and negative in the ionic state
[32,33]. Thus, the fundamental understanding of the inter-
action of metals with CNTs in the ionic state is important.
It is also important to know the role of various factors
such as solvent and other chemical environments, which
influence such cation—7 interaction [34-36]. Umadevi et
al have found that the charge transfer between graphane
and the molecules is an important factor in determining the
binding strength of the complex molecular systems [37].
Zhang et al studied that doped graphane strongly inter-
acts with CO, NO and NO, while NH; interacts weakly
[38]. Zou et al found that the SiG has higher chemical
reactions towards the gas molecules due to doping of sil-
icon atom and shows the higher adsorption energy with
CO, 0;, NO; and H,O [39]. In the current study, the Al-
doped graphene was theoretically investigated to improve
its gas sensing efficiency and selectivity towards the var-
ious gas molecules. The gas molecule CCly, CH4, NHj3,
CO,, CO, NO,, CCl,F,, SO,, CF4 and N,O, are all of great
practical interest for industrial, environmental and medical
applications. On the other hand, the effect of doping of
the graphene sheet on the binding strength has been esti-
mated. The charge transfer that occurred during the complex
formation has also been explored. The change in the high-
est occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) energy gap of PG and Al-doped
graphene upon the binding of these gas molecules has also
been estimated.

2. Computational methods

The calculations of the interaction between PG, Al-doped
graphene and gas molecule is carried out using the density
functional theory. The geometrical calculations of all struc-
tures have been done by using one method B3LYP/6-31G*
[40,41]. Initially, the individual gas molecule is adsorbed
on the surface of PG and Al-doped graphene thereafter.
Geometry optimization calculations were accomplished using
Gaussian09 suite program [42]. It is important to note that
complete geometrical configuration was tested but those
shown are the lowest energy species feasible for the inter-
action of the compounds. Single point energy has been done
at the M06/6-31++G** level to fine-tune the energy [43—46].

The adsorption energy (E,q) of the small gas molecule
(X = CCly, CHs, NH3, CO,, Ny, CO, NO,, CCl F,, SO,,
CF4, Hy) on the pure and Al-doped graphene is calculated by
the following equation (1).

E ad = E graphene_X/graphene @Al_X

- (Egraphene/Al@graphene + EX) (1)

Here, Egraphene_X/gsraphenc@Al_x Tepresents the total energy of a
complex molecular system. Egraphene/graphenc@al and Ex rep-
resent the total energies of the graphene and gas molecule,
respectively. The individual small gas molecule was placed
parallel to the surface of graphene and doped graphene at the
3 A distance. The variation of the charge on gas molecules as
well as on pure and doped graphene when the individual gas
molecules are kept at the 3 A distance from its surface was
calculated. The charge transfer has been considered as the
sum of all atoms in the pure and Al-doped graphene model
system. Positive charge transfer values indicate the transfer of
charge from graphene to the molecules, while negative charge
values indicate the transfer of charge from the molecules to
the pure and Al-doped graphene. The HOMO-LUMO energy
gap of pure and Al-doped graphene as well as their complexes
at M06/6-31++G** level of theory were also calculated. All
calculations were carried out using the Gaussian09 program
package.

3. Results and discussion

The optimized structure of pure and Al-doped graphene
and their complexes with small molecules are shown in
figures 1,2 and 3. The initial configuration of all small gaseous
molecules were assigned so that these are oriented exactly
parallel to the pure and Al-doped graphene at 3 A from its
surface. In this paper, pure and Al-doped graphene was con-
sidered to study the interaction of small gas molecules with
X—7 non-covalent interaction towards carbon nano materials.
Tables 1 and 2 summarize our results on the adsorption energy,
equilibrium graphene-molecule distance (d, defined as the
distance of nearest atoms between graphene and molecule),
the charge transfer (Q, mulliken charge) and HOMO-LUMO
energy gap for the most stable configurations of pure and
Al-doped graphene adsorbed with various gas molecules in
our calculations as shown in figures 2, 3 and tables 1, 2.
Subsequently, we look at the binding of the pure and Al-
doped graphene with various gas molecules and the trend
in the charge transfer. The HOMO-LUMO energy gap of
pure and Al-doped graphene with adsorption of various gas
molecules were also investigated. When one impurity atom
as Al is substituted for one C atom in graphene sheet, the
optimized configuration of the graphene sheet is dramatically
distorted. The Al atom introduces the deformation of the six-
membered ring (6MR) near the doping site to relieve stress,
as a result the Al atom protrudes out of the graphene sheet.
The optimized carbon—dopant atom distance (Al-C) is 1.751
A at B3YP/6-31G*, which is in agreement with the previous
study [47].

3.1 Adsorption energy and charge transfer

The small gas molecules form X—m type complex with the
pure and Al-doped graphene that are shown in figures 2
and 3. We observed the adsorption energy of small gas
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Graphene@Al

Figure 1. Top view of the optimized structure of pure and Al-doped graphene model system considered in this study.
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Figure 2. Optimized geometries of pure graphene with small gas molecule adsorbed (a) CCly, (b) CH4, (¢) NH3,
(d) CO3, (e) N, (f) CO, (g) NOy, (h) CClF>, (i) SO2, (j) CF4, (k) Hz and (I) N2O by M06/6-31++G** method.

molecule complexes with pure and Al-doped graphene when
the gas molecules are kept parallel to the graphene surface at
3 A distance. Tables 1, 2 and figure 4 display the adsorp-
tion energy, charge transfer and molecule sheet distance of
the small gas molecule complexes with pure and Al-doped
graphene at M06/6-31++g** level of theory.

Interestingly, a different trend in the case of small gas
molecule interacting with pure and Al-doped graphene is

observed, the adsorption energy of small gas molecules
towards the Al-doped graphene is greater than PG. From table
2 and figure 2, the adsorption energy of all gas molecules is
higher for the Al-doped graphene than that of PG.

For CCly and CHy4 adsorbed on PG, the most energetically
favourable configuration (Graphene_CCly) is also identical.
The adsorption of CCly; and CH4 on PG is non-covalent
interaction with the adsorption energy of —0.394 and



D Singh et al

S @ > 4 4 < 4
bpnPB, PP PPP 28832
22227, BP0 B 2.,
3 < K P A
3823 3532, 53233
22255, 22228 A AP
(a) Graphene@AI_CCl, (b) Graphene@AI_CH, (¢) Graphene@AI_NH,
Be88d. 535858 »
00‘ > "’ J“. > ,?’1 ‘%g%&z‘
PP, 29 % 2%, 0 %,
s P +7° b . P >
b PPPP, O A 29 "0 PPy
rPPPPY ‘;Ji‘ﬂ" 9 PP
»RRRR HPELI PEL PP
(d) Graphene@Al_CO “ "‘;’5{4{{‘
P -2 (e) Graphene@AI_N, ’
(f) Graphene@AIl_CO
)ag ’ ,gf ;‘;‘;‘o 2 2 2
f%%‘b 2. T PPPRY
RTRALY B2 % N
J’"},&;‘q‘-w ‘S 5 P BP? 9,
BerRR R BeR 8%
rR-R-RR SPRB B,
PPRPE
(g) Graphene@AI_NO, t
L. (h) Graphene@AI_CCIze 1) Graphene@AI_SOz
2 ;‘\J‘ﬁl o & o %
P eds, B BB
RHe 9, Al e o, eReE,
TS 35008 B2,
"3222 BRES . RS
PP RP: BBRBNB. P PP
(J) Graphene@AI_CF, (k) Graphene@)Al_Hz iy ?,‘3"“3‘
() Graphene@Al N,o

Figure 3. Optimized geometries of aluminium-doped graphene (@ Al shown as Al doping in pure graphene) adsorbed
with small gas molecules (a) CCly, (b) CHg4, (¢) NH3, (d) CO3, (e) N3, (f) CO, (g) NO», (h) CCL,F,, (i) SO2, (j) CFy4,
(k) Hy and (1) NoO by M06/6-31++G** method.

Table 1. The adsorption energy (eV), molecule sheet distance A), charge transfer (a.u.) and HOMO-
LUMO energy gap (eV) at M06/6-31++G** level of theory.

Carbon Small gas Adsorption Molecule sheet  Charge on gas HOMO-LUMO
nanomaterial molecule energy (eV) distance (A)  molecule (a.u.) gap (eV)
Graphene CCly —0.394 4.498 —0.0196 0.3339
CHy —0.067 3.784 —0.0133 0.3336
NH3 —0.145 3.357 0.0334 0.3336
COy —0.122 3.626 0.0169 0.3336
N; —0.083 3.828 0.014 0.3339
CO —0.110 3.732 0.0098 0.3336
NO; —0.996 3.573 0.025 0.8727
CCLIhF, —0.119 3.355 0.0039 0.3336
SO, —-0.279 3.578 0.0254 0.3339
CF4 —0.150 3.404 0.0552 0.3336
H; —-0.013 4.946 0.0006 0.3339
N,O —0.123 3.634 0.0180 0.3340

—0.067 eV and the molecule sheet distance of 4.498 and indicates that the PG acts as a donor, and the gas molecule
3.784 A, respectively. The charge transfer from graphene to  acts as an acceptor. Therefore, PG is less sensitive to the CCly
CCly and CH4 molecule is —0.0196 and —0.0133 a.u., which ~ than CH4 molecule. The most stable configuration of CCly
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Table 2. The adsorption energy (eV), molecule sheet distance (A), charge transfer (a.u.) and HOMO-
LUMO energy gap (eV) at M06/6-31++G** level of theory.

Carbon Small gas Adsorption Molecule sheet Charge on gas HOMO-LUMO
nanomaterial molecule energy (eV) distance (/f\) molecule (a.u.) gap (eV)
Graphene @Al CCly —1.354 3.920 —0.007 0.661
CHy —1.242 4.300 0.004 0.616
NH3 —2.948 2.053 0.493 1.080
CO, —2.019 2.158 0.423 1.574
N» —1.279 2.210 0.837 0.444
CO —1.255 2.344 0.276 0.494
NO, —3.867 1.894 —0.065 0.330
CClyF; —1.361 3.956 0.020 0.579
SO, —1.608 3.579 0.045 0.599
CF4 —1.354 3.920 0.138 0.662
H» —1.637 6.306 0.001 1.512
N>O —1.409 2.163 0.518 0.453

and CHy4 on graphene@Al is a configuration with the CCly
and CH4 molecule parallel to the graphene sheet and Cl atom
of CCly and H atom of CH, adsorbed on the top of Al atom,
which is shown in figure 3a and b, where the molecular sheet
distance is 3.920 and 4.300 A, respectively. The calculated
E.q value is —1.354 and —1.242 eV, which indicates that the
graphene @ Al has higher adsorption enegy than PG with CCly
and CHy4.

The NHj3; molecule shows different adsorption configu-
rations on pure and Al-doped graphene, showing a more
complicated adsorption mechanism than the other molecules.
On the PG, the configuration with the three hydrogen
atoms of NHj3 pointing towards the graphene plane is the
favourable one (figure 3c), which gives an adsorption energy
and molecule distance of —0.145 eV and 3.357 A, respec-
tively. This result is consistent with previous reports about
NH; adsorbed on CNTs (—0.14 eV) and NHj; adsorbed
on graphene (0 ~ —0.17eV) [48,49], which indicates a
weak interaction between NH; and the PG. On the Al-
doped graphene, NHj is attached to the Al atom with the
N atom pointing at the sheet, which gives an adsorption
energy of —2.948 eV and an AI-N distance of 2.053 A
(as shown in figure 3c and table 2). The charge transfer
from NHj3 to graphene is 0.493 a.u., which indicates that
the graphene behaves as charge acceptor and NH; molecule
as charge donor. The adsorption energy of NHj3 on Al-
graphene (—2.948 eV) is much higher than that on the
PG, which attributes to the strong interaction between the
electron-deficient Al atom and the electron-donating N atom
of NHj. It is also investigated that the Al-doped graphene
undergoes an obvious distortion upon NHj3 adsorption (fig-
ure 3c), indicating that the B site is transformed from sp?
to sp> hybridization, which matched the previous study [35].
The molecular distance between Al and N is 2.053 A. This
strong interaction is also evident in the electronic total charge
density on Al-doped graphene system, which shows large
electron density overlap.

The adsorption energy of this complex system is
~0.122 eV and molecule—sheet distance is 3.626 A, which
are shown in table 1 and figure 2d. The low adsorption
energy and long molecule sheet distance indicate a weak
interaction. When the CO, molecule is adsorbed on PG,
the calculated charge transfer of CO, is 0.0169 a.u. In this
configuration, the CO, molecule acts as a charge donor.
When the CO, molecule is adsorbed on Al-doped graphene,
one oxygen atom of CO, shows most stable configuration
towards the Al atom of graphene@ Al sheet. In this config-
uration, the adsorption energy and molecule sheet distance
(O-Al) is —2.019 eV and 2.158 A, respectively. This result
indicates that the interaction of CO, with graphene@Al
is much stronger than that of PG due to large transfer of
charge. In this configuration, the charge transfer from CO,
to the graphene@Al is 0.423 a.u., which means that the
CO; molecule acts as a charge donor and graphene @Al acts
as a charge acceptor.

In case of graphene_N, configuration, the N-N axis gets
aligned parallel to the graphene plane along the axis of two
opposite C atoms of the 6 MR, which was found to be the most
stable configuration. The adsorption energy and the molecule
sheet distance of this complex system is —0.083 eV and
3.828 A, respectively as shown in figure 4a, c and table 1.
The charge transfer between N, and graphene was calculated
from Mulliken population analysis, which is shown in table 1.
This result indicates that the interaction is weak in nature due
to very small adsorption energy and charge transfer. When
adsorbed on Al-doped graphene (graphene@Al), N, adopts
perpendicular oreintation with Al atom of the graphene sheet.
In this configuration, the one N atom of N, and Al atom of
graphene @Al is very close as shown in figure 3e. The adsorp-
tion energy and the molecule sheet distance is —1.279 eV
and 2.210 A, respectively (as shown in figures 4a and c). The
charge transfer from N, to graphene @Al is 0.837 a.u., which
indicates that N, acts as a charge donor. In this configuration,
the adsorption energy of the complex system is higher than
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Figure 4. (a) The adsorption energy E,q, (b) charge transfer, (¢) molecule sheet dis-
tance and (d) HOMO-LUMO energy gap of small gas molecules with pure and Al-doped
graphene complexes at the M06/-31++G** level of theory. The red line with solid red
circles represents the variation for the aluminium-doped graphene whereas the black
line with black solid squares represent the variation for pure graphene. The HOMO-
LUMO gap for pure graphene is 0.33 eV and for Al-doped graphene is 0.22 eV without
any gas molecules.
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the graphene_N, due to large transfer of charge, which are
responsible for strong interaction.

The most stable configuration of CO molecule is similar to
the CO, and N,, which are aligned parallel to the PG plane
along the axis of two opposite C atoms of the 6MR in the com-
plex molecular structure. The adsorption energy and molecule
sheet distance is —0.110 eV and 3.732 A, respectively (as
shown in table 1). When the CO molecule is adsorbed on
PG, the charge calculated on the C and O atoms of the CO
molecule are 0.100 and —0.090 a.u., respectively, while there
is no charge on the carbon atoms of the PG. Therefore, we can
say that a very small charge is transferred from CO to the PG.
The low adsorption energy and very small charge transfer indi-
cates weak physisorption. When the CO molecule is adsorbed
on Al-doped graphene, CO molecule adopts a tilted oreinta-
tion with respect to the plane of the Al-containig 6MR, with
the O atom close to graphene @ Al. In this complex structure,
the adsorbed energy and molecule sheet distance are found
be —1.255 eV and 2.344 A, respectively. The charge trans-
fer from CO molecule to graphene @Al is 0.275 a.u. In this
configuration, the adsorption energy of graphene@Al_CO is
higher than graphene_CO complex (as shown in table 2 and
figure 4a).

The adsorption energy and shortest distance from PG to the
nearest O atom of NO, are —0.996 eV and 3.573 A, respec-
tively, which indicates a weak interaction between the NO,
and PG. However, the adsorption energy of NO, on PG can
remarkably change the electronic properties of PG and the
charge transferred from NO, to PG is about 0.02504 a.u. It
is clear that PG behaves as charge acceptor. In other words,
PG is more sensitive to the NO, molecule than any other gas
molecule. For NO, adsorbed on AlG (Al-doped graphene),
the most stable configuration (Graphene@Al_NO,) is simi-
lar to that of graphene_NO,. However, the oxygen atom of
NO; is bonded to the AlG as shown in figure 2g. The O—
Al bond length is 1.894 A and the adsorption energy for
Graphene@AI_NO, is —3.867 eV, which indicates that NO,
is chemisorbed on the graphene@Al. In this configuration,
the adsorption energy is greater than graphene_NO, due to
large charge transferred from graphene@Al to NO,, about
—0.064582 a.u., which is shown in table 2 and figure 4b. It
is clear that the graphene @ Al behave as charge donor while
interacting with the NO,.

For CCIL,F, adsorption on PG, the most energetically
favourable configuration is similar to the graphene_CCly and
graphene_CHy. In this configuration, the CC1,F; is adsorbed
to PG with one F atom of CCI,F, pointing downwards as
shown in figure 2h and table 1. The adsorption of CCL,F,
on PG shows interaction with the adsorption energy of
—0.119 eV with molecule sheet distance of 3.355 A, indi-
cating the weak physisorption nature. The calculated charge
transfer from CCIL,F; is only 0.004 a.u. Therefore, the PG is
not senstive to the CClLF,. When the CC1,F, is adsorbed on
Al-doped graphene, both florine atoms of CC1,F, get close to
the grapehe @ Al. In this configuration, the adsorption energy,
molecule sheet distance and charge transfer is —1.361 eV,

3.956 A and 0.02 a.u., respectively, which indicates that
interaction is weak in nature due to very small charge transfer
(as shown in figure 4b and table 2).

In the graphene_SO, complex structure, the S atom of
SO, is close to the C atom of PG. The adsorption energy
E.q and shortest distance from PG to the S atom of SO,
are —0.279 eV and 3.578 A, respectively, suggesting a weak
interaction between the SO, and PG (as shown in figure
4c, d and table 1). However, there is no change in the elec-
tronic properties of PG due to the low charge transfer, about
0.025 a.u. from SO, to the PG. Therefore, PG is not sensitive to
the SO, molecule. As shown in figure 3i, the SO, is adsorbed
on Al-doped graphene, the S atom of SO, gets close to the
graphene @ Al because the Al atom is negatively charged and
S atom is positively charged. The charge on Al, S, O(98) and
0(99) are —0.283, 0.796, —0.373 and —0.378 a.u., respec-
tively, indicating that Al atom repels both oxygen atoms but
attracts the S atom because S atom becomes more positively
charged. In this complex structure, the adsorption energy and
molecule sheet distance between S and Al is —1.608 eV and
3.579 A as shown in figure 3i and table 2. However, the charge
transfer is very low from SO, to grahene @Al, which is about
0.045 a.u.

For CF, adsorption on PG, the most energetically
favourable configuration is similar to the graphene_CCl4 and
graphene_CH4. In this configuration, the CF; is adsorbed to
PG with one F atom of CF, pointing downward as shown
in figure 2j and table 1. The adsorption of CF4 on PG is
the non-covalent interaction with the adsorption energy of
—0.150 eV and the molecule sheet distance of 3.404 A, indi-
cating the weak physisorption. The calculated charge transfer
from CF, is only 0.055 a.u. Therefore, PG is not senstive
to CF4. When CF; is adsorbed on Al-doped graphene, one
florine atom of CF, gets close to graphene @Al. In this con-
figuration, the adsorption energy, molecule sheet distance
and charge transfer is —1.354 eV, 3.404 A and 0.135 a.u.,
respectively. Therefore, we can say that graphene@Al is
more sensitive than PG towards the CF4 molecule (figure 3j
and table 2). In this complex, graphene@Al acts as a charge
acceptor.

The H, molecule was initially placed parallel to the
graphene. After full relaxation, a configuration with the
adsorbed H; axis gets aligned almost parallel to the graphene
surface along the axis of two opposite C atoms of the 6 MR and
was found to be the most stable one for the PG. The adsorption
energy of this system is —0.013 eV and the molecule sheet
distance is 3.946 A as shown in figure 3k and table 1, which are
suggesting weak interaction between H, and graphene. The
charge transfer between H, and graphene is 0.0007 a.u. In this
configuration, PG is not sensitive towards the H, molecule.
When adsorbed on graphene @ Al, H; is oriented perpendicu-
lar to the Al-doped graphene plane, with one H(97) atom close
to the graphene@Al. In this complex structure, the adsorp-
tion energy, molecule sheet distance and charge transfer are
—1.637 eV, 6.306 A and 0.001 a.u., respectively. Interest-
ingly, the graphene @ Al has more adsorption energy than PG.
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As shown in figure 21, the most stable configuration of N, O
adsorbed on PG (graphene_N,0) is similar to graphene_CO,,
where the gas molecule axis is aligned parallel to the graphene
plane along the axis of two opposite C atoms of the 6MR.
However, the N,O in graphene_N,O is located above the
centre of the 6MR. The calculated adsorption energy and
molecule sheet distance are 0.123 eV and 3.634 A, respec-
tively. The low adsorption energy and long molecule sheet
distance are suggesting weak physisorption. However, it is
found that the interaction is significantly improved when a
C atom in the PG is replaced by an Al atom. Figure 31
shows the most stable configuration of N,O adsorbed on
graphene@Al, where the oxygen atom of N,O is close to
the Al atom of graphene@Al. The adsorption energy E,q for
graphene@Al_N,0is—1.409 eV, which is clearly higher than
that for graphene_N,O. The interaction distance between the
N,O molecule and the graphene@Al decreases to 2.163 A,
which indicates strong interaction. The charge transfer from
N, O to the graphene is 0.518 a.u. The large transferred charge
suggests that the local electronic properties of graphene @ Al
is remarkably changed due to the adsorption of N,O on
graphene @Al

The above mentioned results suggest that PG has weak
interaction towards all gas molecules. Introducing dopants
like Al atom into the graphene significantly increases the
molecule—graphene interaction. The order of adsorption
energy for small gas molecule complexes is NO, >CCly>SO,
>CF4 > NH3 > N20 > C02 > CClez > CO>N2 >CH4>H2
with PG and NO,>NH;>CO,>H,>S0,>N,0>CCLLF,>
CF,>CCly>N,>CO>CH, with Al-doped graphene. Inter-
estingly, our results predicted that Al-doped graphene are
more suitable for gas sensing applications, since they have
stronger interactions with all small gas molecules than PG.
The Al-doped graphene particularly shows the highest sensi-
tivity towards NO,, NH3 and COs.

3.2 HOMO-LUMO energy gap

The primary requisite for a material to perform as a sensor
is to undergo a change in its physical property on interacting
with an analyte. Such changes can be monitored and recorded
to determine the presence of the analyte. The HOMO-LUMO
energy gap is defined as the difference between lowest unoc-
cupied molecular orbital and highest occupied molecular
orbital. It is the electronic property of any molecular sys-
tem, which is helpful to design new materials. In order to
notice such a depiction in the case of carbon materials, we
have calculated the HOMO-LUMO energy gap of the PG
and Al-doped graphene in the free state and in the small
gas molecule complexes. In general, in the case of X-m
complexes, the HOMO-LUMO energy gap of single-walled
carbon nanotube (SWCNT) varies with orientation of small
gas molecules on the PG and Al-doped graphene. It has
been shown that the energy gap of PG is not significant but
when the gas molecules is adsorbed on graphene @Al then
significant changes in HOMO-LUMO energy gap is observed

(as shown in table 2). Therefore, we can say that the variation
in HOMO-LUMO energy gap of the graphene upon binding
with the various small gas molecules is significant.

4. Conclusion

The adsorption energy of various small gas molecules such
as CC]4, CH4, NH3, COz, CO, NOz, CC12F2, SOQ, CF4 and
N,O with the pure and Al-doped graphene (graphene @ Al)
has been comprehensively analysed. These calculations reveal
that the adsorption energy has preferences of small gas
molecules with the doping in graphene as well as molecule
sheet distance. It can be seen from the results that the adsorp-
tion energy of these gas molecules is higher for the Al-doped
graphene than for the PG. PG shows weak sensitivity to
all gas molecules. Compared with PG, graphene@Al has a
higher chemical reactivity towards all gas molecules due to
the doping of Al atom and shows higher adsorption energy
with NO,, NH3 and CO,. The strong interactions between
graphene @Al and the adsorbed molecules induce dramatic
changes in the electronic properties of graphene@Al and
make graphene@Al a promising candidate as gas sensing
materials for NO,, NH3; and CO,. The Mulliken charge
analysis reveals that the gas molecule acts as charge donor
and acceptor in different configurations towards the pure
and Al-doped graphene and influence the physical proper-
ties of carbon materials, which leads to the sensitivity. It
has also been found that HOMO-LUMO energy gap of the
CNT is always affected by the binding of the small gas
molecules. Significant changes occur in the HOMO-LUMO
energy gap on PG and graphene@Al on interacting with
gas molecules, which provides a handle to tune the elec-
tronic and conductivity properties of graphene through gas
molecule complexation. These studies can also be applied
to develop new carbon-based materials and sensing appli-
cations, focusing particularly on the binding mechanism of
various gas molecules with graphene. Developing chemical
and gas sensors based on carbon materials has become an area
of significant research interest since the physical and elec-
tronic properties of these materials are vulnerable to external
enviroment. It is to hope that our results would be helpful to
develop novel carbon material-based gas sensors.
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ABSTRACT

A large number of the currently used chemotherapeutic anticancer agents fall into the category of
DNA-binding drugs. Study of interactions of various drugs with DNA plays a key role in
pharmacology. Due to the potential application of such drugs to cancer and beyond, further

DOT: discovery and characterization of such compounds are of considerable interest. The combinations
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of distinct binding modes will improve the stability of recognition and enhance target specificity
with respect to both DNA structure as well as sequence. The current review gives an overview of
the recently used computational chemical techniques to understand mechanism of drug-DNA
interaction. The discussions will provide a theoretical protocol for complementing experimental
techniques, generation of database for structure activity/property relationship in drug-DNA
complexes. This will be helpful for the improvement of existing drugs, design of new drugs etc.

INTRODUCTION

Deoxyribonucleic acid (DNA) was first discovered by
Friedrich Miescher, when he was working with white blood
cells obtained from the pus drained out from surgical
bandages and determined that the DNA was rich in
phosphorous and acidic in nature. However the role of DNA
to store heredity information was not reported before 1940s
until Avery and co-workers published that the nucleic acids
are the genetic information carriers and not proteins (Avery
et al., 1944). In 1950 Chargaff recognized that the
composition of DNA is unique for each and every species.
Chargaff also found that when DNA is broken into its
components, the amount of guanine fluctuated from one
organism to another is always equal to the cytosine and the
amount of cytosine is equal to the amount of thymine
(Chargaff, 1951). Rosalind Frankllin elucidates basic helical
structure of DNA on the basis of X-ray crystallography
technique. In 1953, Watson and Crick scooped Franklin’s
and Chargaff’s information and cracked the code of DNA
structure (Chargaff, 1950; Watson, 1953a; Watson, 1953b).
They recognized that the relationship between the
nitrogenous bases suggested by Chargaff may be due to
the complementary base pairing between adenine-thymine

and guanine-cytosine and due to this type of base pairing
they discovered the hydrogen bonding between these bases,
which is currently known as Watson-Crick hydrogen
bonding. With this information they modeled a right-handed
double helical structure of DNA in which phosphate
backbone lied outside the helix and the bases are held
together by hydrogen bonding pointed towards the center
of helix.

In 1979, a first crystal structure of left-handed double
helical DNA d(CGCGCQG), at atomic resolution was reported,
known as Z-DNA (Wang, 1979). After a year, the single-
crystal structure analysis of right-handed B-DNA, with the
self-complementary dodecamer sequence
d(CGCGAATTCGCG), was discovered by Dickerson and
co-workers. This dodecamer is one of the most studied DNA
fragments (Wing, 1980). These discoveries revealed that
how the genetic information passes from one to next
generation. The most common conformations of DNA are
B-, A-, Z-DNA and B-form DNA is the most common
occurring conformation. In this type of DNA, the base pairs
are perpendicular to the helix axis and twisted by 36°with
respect to each other. A single turn in the double helix
consists of 10 base pairs (Table 1). The two strands of the
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Table1. Structural properties of A-, B-, Z-form DNA.
Conforma  Helix Twist/bp Rise/bp Residues Groove Width (A) Groove Depth (A)
. i i Jturn Sugar pucker - - - :

tion Sense (A) (A) u Minor Major Minor Major

A-DNA right 32.7 2.56 11 C3’-endo 11 2.7 2.8 13.5

B-DNA right 36 3.4 10 C2’-endo 5.7 11.7 7.5 8.8
C3’-endo

Z-DNA left -9,-51 3.8 12 - 8.8 3.7 3.7
(Syn)

double helix are separated by two different grooves minor
groove and major groove. Specific recognition of DNA
sequences by small molecules is achieved by the
combination of hydrogen bond acceptor/donor sites
available on the major groove or minor groove of DNA.

DNA is the pharmacological target of many anticancer
drugs which are currently under clinical trials. Transcription
and replication are the vital processes essential for the
survival of the living system. In transcription, information
is fetched from DNA to RNA and has recourse to synthesize
protein in the body. In replication, DNA yield self-replication
process and reconstruct two identical strands. DNA starts
these processes only after receiving the signal which is
usually in the form of regulatory protein to a specific region
of DNA. If this regulatory protein is mimicked by a drug
molecule (mainly heterocyclic aromatic molecule), then the
functions of DNA can be artificially modulated, inhibited or
activated by this small molecule to cure or control a disease.
DNA involved in vital processes such as replication,
transcription etc. are of particular interest as target for wide
range of anticancer and antibiotic drugs (Chaires, 1998;
Chaires, 1997; Chaires, 2008; Hurley, 2002).

Molecular interaction between drugs and DNA is a
field of current research and also plays an important role in
its biological activity. Many anticancer therapies depend
on the interaction of drug molecule with DNA. These
interactions may cause damage of DNA in cancerous cells
by inhibiting the process of replication or transcription,
which inhibits the growth of cancer cells. To design efficient
chemotherapeutic agents and better anticancer drugs, it is
important to inspect the interaction of drug with DNA. The
number of known DNA-based drug targets is very limited
in comparison to the protein based drug targets and also
the number of available structures of DNA-drug complexes
is also small relative to protein-drug complexes deposited
in the PDB (Berman et al., 2000).

Different Modes of DNA binding with Drug

There are many binding modes in which drug molecule

can interact with DNA such as surface binding to their minor
or major grooves, intercalation between adjacent base pairs,
covalent attachments to the double helix, or electrostatic
binding. Thus both covalent as well as non-covalent
interactions were found between drug molecules and DNA.
DNA interacting drug molecules are given in Table 1.

Covalent Binding

Many chemotherapeutic drug molecules which are in
clinical use bind with DNA not only non-covalently but
also by covalent binding. Covalent binding in DNA is
irretrievable and regularly points to complete inhibition of
DNA processes and subsequent cell death. Drug molecule
covalently binds with DNA via inter- and intra-strand cross
linking or alkylation. Covalent binders of DNA are the high
binding strength (Paul and Bhattacharya, 2012; Liu and
Sadler, 2011). The covalent binders are also known as
alkylating agents because they can attach an alkyl group to
DNA and are also used in the treatment of Cancer. Alkylating
agents are the important class of anticancer drugs, they
play crucial role in the cure of several types of cancers.
Alkylating agents have methyl or other alkyl groups (C H, )
onto molecules. Chemical structure of some important
alkylating agents is shown in Figure 1. Alkylating agents
are involved in reaction with the preferential N-7 position of
guanine and N-3 ofadenine in DNA. Thus the base pairing
of the DNA could be inhibited and this leads to miscoding
of DNA. Alkylating agents can interact to DNA via three
mechanisms. In first mechanism an alkylating agent attaches
alkyl group to the nucleic acid bases, this results in the
DNA being fragmented by repair enzymes in their attempts
to replace the alkylated bases. In second mechanism
alkylating agent leads to DNA damage due to formation of
cross-links and bonds between atoms in the DNA. In this
process, two bases are linked together by alkylating agents
that has two DNA-binding sites. Cross-linking prevents
DNA from being separated for synthesis or transcription.
In third type of mechanism, alkylating agents causes the
mispairing of the nucleotides leading to mutations (Silvestri
and Brodbelt, 2013; Kondo et al., 2010). The nitrogen



International Journal of Science, Technology and Society

Cl. . _NH;
cl (& 2
NN C” “NHs
CHj
Nitrogen mustard Cisplatin
O
Sl o, 0 HN,_ O
N-P=0 > Pt
Cl—"~ N HN° O
Ha 0]
Cyclosporamide Carboplatin

Fig. 1. Chemical structure of some DNA alkylating agents.

mustards were the first alkylating agent used medically, as
well as the first modern cancer chemotherapies (Bauer and
Povrik, 1997). Cis-platin is one of the anticancer antibiotics,
which covalently binds to DNA, which makes an intra/
interstrand cross-link with nitrogens on the DNA bases and
is used in the treatment of testicular, ovarian, head and neck
cancers. Most alkylating drugs are mono functional
methylating agents (e.g. temozolomide[ TMZ], N-methyl-N’-
nitro-N-nitrosoguanidine [MNNG], and dacarbazine),
bifunctional alkylating agents such as nitrogen mustards
(e.g. chlorambucil and cyclophosphamide), or
chloroethylating agents (e.g. nimustine [ACNU], carmustine
[BCNU], lomustine [CCNU], and fotemustine) (Kondo et
al., 2010; Rajski and Williams, 1998; Park and Hurley, 1997).

Non-covalent Binding

Non-covalent binding drug may change DNA
torsional tension, interrupt protein-DNA interactions, and
potentially lead to the breaking of DNA strands. All of these
can have substantial effects on gene expression. Non-
covalent interactions, in particular hydrogen bonding and
stacking interactions, determine the structure of
biomolecules (such as nucleic acids and proteins). While it
is understood that hydrogen bonding is essential for the
specificity of base pairing, 3-0 stacking interactions
between planar aromatic rings of nucleobases are equally
important contributions to the final stability of nucleic acid
structures. Although individually weak, the additive power
of these interactions has large cooperative stabilizing
effects. Non-covalently binding of drug with DNA is mainly
classified into two category viz. groove binders and
intercalators. Groove binders are of two types: minor groove
binders and major groove binders. Groove binders are highly

sequence-specific. The two types of grooves in nucleic acid
differ in hydrogen-bonding, electrostatic potential and in
degree of hydration. Mainly the large protein molecules
binds to the major groove of DNA while small molecules
generally bind to the minor groove of DNA which are long
elongated structures with a curvature that acquires the
shape of the minor groove.

Minor Groove Binders

Minor groove binders usually consist of aromatic
rings covalently linked by sigma bonds. Small molecules
can form hydrogen bond to the nucleic bases, generally N3
of adenine and O2 of thymine. Minor groove binders
generally bind with A-T rich region of the DNA. This
preference in addition to the designed propensity for the
electro negative pockets of AT sequences is probably due
to better vander Waals contacts between the ligand and
groove regions and also because of the steric hindrance in
the latter, presented by the C2 amino group of the guanine
base (Nelson et al., 2007; Khan et al., 2012; Privalov et. al,
2007). Sequence specific DNA-binding proteins commonly
binds with the major groove because of numerous
possibilities for hydrogen bonds with donors and acceptors
on the nucleic bases, which provides complex stability and
sequence specificity. Proteins and small molecule binding
to the minor groove of DNA; depends upon the hydration
properties of minor grooves, the latter binding to that AT-
rich regions in which water ordering is most prevalent. Thus
the minor groove binding is normally driven by the very
large entropy of releasing the ordered water, despite an
unfavorable enthalpy (Wemmer and Dervan, 1997;
Sterkowski and Wilson, 2007; Gilbert and Feigon, 1991).
Minor-groove binding usually involves greater binding
affinity and higher sequence specificity than that of
intercalator binding. Minor-groove has been demonstrated
for neutral, mono-charged and multicharged ligands (Baily
and Chaires, 1998). Generally, minor-groove binders show
AT-rich region selectivity, several factors are responsible
for this preference. The electrostatic potential of AT-rich
region is greater than that of GC-rich region. On the other
hand, the dimensions of the minor groove at AT sites are
narrower and deeper than at the GC sites. This difference is
due to the differences in the ionic interactions in the two
types of base pairs (Hamelberg ef al., 2001). The cationic
minor-groove binders include the lexitropsins and their
conjugates, analogues of Hoechst 33258, DAPI and
diarylamidines, Berenil, SN series, and pentamidines
(Bhattacharya and Thomas, 2000; Erikson ez al., 1993; Brown
etal. 1979).
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Fig. 2. Chemical Structure of some DNA minor groove binders.
Intercalators significant distortion to the conformation of DNA.

Another type of non-covalently binding drugs is
intercalators which are generally planar heterocyclic
molecule which stacks between the two adjacent nucleic
acid base pairs. The complex remains stabilized because of
0-0 stacking between the drug molecule and DNA bases.
Intercalation was first explained by Lerman, in which the
drug molecule held rigidly perpendicular to the DNA
backbone without breaking up the hydrogen bonding
between the nucleic bases (Lerman, 1963). This may be
distorting the sugar phosphate backbone and also leads to
decrease in the pitch (Williams ef al., 1990). The driving
forces for the stability of DNA-intercalator complex are
vanderWaals, hydrophobic, stacking or charge transfer
forces and hydrogen bonding and electrostatic forces also
become important for the stabilization of complexes (Wang,
1992). DNA intercalation results in conformational changes
in DNA structure, causing lengthening, stiffing and
unwinding of DNA helix. Intercalation needs changes in
the torsional angles of sugar-phosphate backbone to adjust
the incoming aromatic compound, which causes separation
between the base pairs with a lengthening of the DNA
approximately 3.4A and decrease in helical twist, unwinding
the DNA in the vicinity of the binding site to less than 36°
base pair (Neto and Lapis, 2009). Intercalation preferentially
occurs at GC-rich sequences because these sequences get
unstacked easily. Intercalators generally cause more

Echinomycin, noglamycin, triostin A, acridine, cis-Platin,
adriamycin, ethidium, propidium, actinomycn D, adriamycin
are some examples of the DNA intercalating agents (Pigram
etal., 1992).

There are few major binding modes for reversible
binding of molecule to the DNA: (i) electrostatic interactions
with the anionic sugar phosphate backbone of DNA (ii)
interaction with DNA minor groove (iii) interaction with DNA
major groove (iv) intercalation between DNA base pairs via
DNA minor groove (v) intercalation between DNA base
pairs via DNA major groove and (vi) threading intercalation
mode. After the intercalation of a structure, the access of
another intercalator to binding site next to neighboring
intercalation pocket is hindered. This phenomenon is
referred as the “neighbor exclusion principle” and could be
explained considering that due to intercalation the
significant structural changes in DNA with deep alterations
in the nucleotide secondary structure (Neto and Lapis, 2009;
Yen et al., 1982; Tanious et al,, 1991). Intercalating
compounds without bulky substituents can intercalate
without having significant part of molecule in either minor
or major groove, this type of molecules (DACA, proflavin
etc.) are called classical intercalators (Pigram et al., 1972).
Some of the intercalating molecules have bulky substituents,
and these bulky substituents are placed in the major or
minor groove along with intercalating moiety. These types
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Fig. 3. Chemical Structure of some DNA intercalators.

of intercalators are called threading intercalators (Martinez
and Chacon-Garica, 2005). In threading intercalation
complexes, an aromatic system inserted between base pairs,
while bulky substituent binds strongly with both major and
minor groove (Neto and Lapis, 2009; Yen et al., 1982). Other
important intercalating drugs are the anthracyclin,
daunorubicin, adriamycin, quinacrine and actinomycin have
bulky substituents that must be in one groove or the other
after the planar aromatic ring of the drugs is bound by
intercalation (Tanious et al., 1991; Rao and Kollman, 1987,
Bond et al., 1975; Wilson et al., 1998; Martinez and Chacon-
Garica, 2005; Denny, 2002; Nakamoto et al., 2008; Wheate
etal., 2007; Baraldi et al., 1999; Reddy et al., 1999).

Major Groove Binders

The major groove is wider than the minor groove, the
groove width values for B-form of DNA are 11.6 A and 6.0 A
respectively. Due to this difference in dimension, the major
groove is the target for many DNA-interacting proteins.
Many biological macromolecules such as proteins interact
by the variety of hydrogen bond acceptor and donor
supplied in the major groove (Simonsson ef al., 1998; Singh
and Lambowitz, 2001; Mamoon ef al., 2002). It is important
for a major groove binding molecule that it could block
access to proteins that recognize the same groove. This
can be achieved by sequence affinity and sequence
selectivity (Scheilf, 1988). DNA duplexes which are made
up of polypurine—polypyrimidine sequences can be read
by oligomers and bind to the major groove and form
hydrogen bond with nucleic bases of the purine strand.
These are called triplex-forming oligonucleotides (TFOs)

(Thoung and Helene, 1993; Jain and Bhattacharya, 2010).
Another form of major-groove recognition could be
achieved by peptide nucleic acids (PNAs) (Neilsen, 1999;
Ganesh and Kumar, 2005).

DNA interacting organometallic compounds

Many coordination complexes possess an
intercalating ligand in their coordination sphere; the study
of such complexes reveals the preferential geometry of the
metal center, the nature of the intercalating ligand and the
number and the position of the substituents over the
intercalating ligand in the capacity and selectivity of the
coordination complexes to intercalate with DNA. These
coordination compounds bind to DNA via two interaction
modes: irreversible (covalent or coordination binding) and
reversible (intermolecular association). The later binding
mode can be further classified into electrostatic interactions,
groove binding and intercalation. However, these
coordination complexes may exhibit a preference for a
particular binding mode or a nucleotide sequence depending
upon the size and the shape of the molecule (Han et al.,
2004; Hazarika et al., 2012; Juan et al., 2013; Rodrigo 2015).

All mononuclear platinum complexes could form
intrastrand and interstrand adducts with DNA. When
interstrand lesion is formed, massive distortions of the B-
DNA are observed. Similarly, intrastrand lesion, while it forms
much more readily than the interstrand lesion, it induces
mutational events via the distortion of its nucleic acid target.
Binuclear platinum (II) complexes were designed and
synthesized and their interactions were studied with calf
thymus DNA and a small 49 base pair
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Fig. 4. Chemical Structure of some Major Groove Binders.

oligodeoxyribonucleotide. Owing to the presence of the
pyridyl ligands, this compound induces a much higher
degree of DNA unwinding than that seen with the either of
the ammonia bound complexes, as well as the mononuclear
trans-[ PtCL-(py),]. Similarly, to the mononuclear compound
[(Pt(trans)-(py),Cl -u-(diaminobutane) |**. These alterations
likely involve [(Pt(trans)-(py),Cl,-u-(diaminobutane)]** to
undergo d-stacking interactions upon DNA association
which in turn, disfavors the Z-DNA conformations.
Importantly, interstrand-cross links formation is very
efficient for all three complexes. The directionality is
dependent upon the nature of the cross link. Interestingly,
this is a unique example of anti-cancer drugs behaving in
this manner. Molecules normally reach DNA through one
of the grooves and react to either the backbone or the
nucleobases. Electrostatic binding occurs due to the
interaction between cations with the negatively charged
phosphate backbone at the exterior surface of the DNA

helix (Konstantinos et al., 2013; Decatris et al., 2004).

The use of transition metal complexes gives a strong
tool to the drug chemists to develop and study molecules
capable of obtaining specific DNA-drug interactions
considering the multiple options of d-block metals from the
periodic table. Transition metals are dynamic in geometry,
electron affinity and reactivity, making them excellent choices
to feed the ongoing field of antineoplastic drug discovery.

The fundamental factors of these interactions still
possess greatest gaps in as much as the results provided
by experimental designs that do not involve expensive
protocols and equipment that are extremely poor to identify
the specific interactions due the lower energetic changes
involved, making clear the use of methodologies such as
computational chemistry to help solve these problems (Ge
and Sun, 2007; Wang and Lippard, 2005; Umezawa, 1976;
Wong and Giandomenico, 1999; Bonnet, 1995).
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Fig. 5. Different modes of Drug-DNA Binding.

Experimental studies used in drug-DNA interaction

Experimental Studies play crucial role to explore the
drug-DNA interaction. Thermodynamic studies provide the
necessary information of free energy, enthalpy, entropy, heat
capacity and also about the binding constant changes
during complex formation. Various experimental techniques
which are used to understand the interaction of drug
molecule with nucleic acid holds Infrared (IR), Raman,
Circular dichorism, UV-visible, Nuclear magnetic resonance
(NMR) spectropies, Atomic Force Microscopy (AFM),
Electrophoresis, Mass spectrometry, Viscosity
measurements, Thermal denutration studies, Cyclic square
wave and Differential pulse voltammetry, etc. The above
techniques have been used as a primary tool to characterize
the behavior of drug-DNA binding and the consequences
of such type interaction on the structure of nucleic acid.
The commonly used experimental techniques are UV-visible,
fluorescence spectroscopies and cyclic voltammetry
(Sirajuddin et a/, 2013). Chaires also provided the change in
experimental values of thermodynamic properties during the
drug-DNA complex formation (Garbett and Chaires, 2012).
This information may be helpful for the theoretical prediction
and structural analysis. In the binding of drug molecule

with bimolecular system, the solvent water plays important
role. In the case of DNA-focused drug approaches there is
a need to understand how water take part in the
reorganization (CheathamlIl ez al., 1995; Bellissent-Funel et
al., 2016; Yu, 2008; Chalikian and Breslauer, 1998).

Molecular Modelling Studies for drug-DNA interaction

Molecular Docking

Molecular docking method is used to predict the
structure (or structures) of the intermolecular complex
formed between two or more molecules. The docking
program generates large number of possible structures, and
so it is required to rank them according to their score to
identify those of most interest (Blaney and Dixon, 1995;
Abagyan and Totrov, 2001; Kuntz, 1992; Lengauer and
Rarey, 1996). The three important components of docking
are:

(1) Representation of the system.
(2) Conformational space search via a search algorithm.
(3) Ranking of potential solutions using the scoring

function.
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Table2. DNA interacting drug molecules.

Non-covalent Binding drug molecules

Groove Binding Intercalators Covalent binding drug
molecules
Minor groove Binders Major Groove Binders
Berenil Chloroquine Daunomycin Nitrogen mustard
Netropsin Netamycine Nogalamycin PBDs
Hoechst 33258 Cis-{Pt(NH:)(pyridine) } >+ Ethidium bromide CC1065
Distamycin A Aminoglycoside (NB33) Proflavine Cis-platinum
GunaylBisuframidine Chlorambucil Ellipticine Menogril
SN6999 Nimustein Diplamine Clomesone
SN7176 Pluramycins Chlorpheniramine Cyclodisone
Pentamidine Aflatoxins Bis-napthalimide
MithramycinPilcamycin Azinomycins Doxorubein
Chr(.)mo.m.ycin A3 Leinamycin Aminoacridines
Diamidine-2-
phenylindole Ditercalinium Arylaminoalcohals
Bisbenzimadoles Coumarines
Bleomycin Cystodytin
Mitomycin Diplamine
FR66979 YO and YOYO-1
Duocarmycins QuinolinesQuinoxalines
CC-1065 Echnomycin
Yatakemycin Methapyrilene
Neocarzinostatin Tamoxifen
Calicheamicins M-AMSA
Retrorsine Indoles
Anthramycins Aclarubicin
Saframycins Idarubicin
Ecteinascidin 743 Epirubcin
Isochrysohermidin Pirarubcin
Valrubicin
Amrubicin
Actinomycin D
Camptothecin
Topotecan
Irinotecan
Rebeccamycin
Podophyllotoxin
Etoposide
Teniposide
Elsamicin
Dynemicin
Triostin A
Luzopeptins

Sandramycin
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Fig. 6. Chemical Structure of some organometallic compounds.

The aim of docking process is to computationally
simulate the molecular identification process and accomplish
an optimized conformation so that the free energy of the
overall complex is minimized. The docking method involves
many degrees of freedom. With six degrees of translational
and rotational freedom along with the conformational
degrees of freedom of each molecule results large number
of possible binding modes between the two molecules.
Computationally it would be too expensive to generate all
the possible conformations. Various algorithms have been
developed to tackle the docking problem. These algorithms
can be characterized according to the number of degrees of
freedom that they ignore. The search algorithm generates
number of conformations for a particular ligand, and scoring
functions are then applied in order to identify the
energetically most favorable pose (Gane and Dean, 2000;
Schneider and Bohm, 2002; Sthal and Rarey, 2001; Koremer,
2003; Gohlke and Klebe, 2002).

Surflex (Surflex, 2007), Autodock (Morris et al., 1998),
DOCK (Rareyet al., 1996), GOLD (Jones et al., 1997), Glide,
Flex (Rarey et al., 1996), CDOCKER (Wu et al., 2003) are the
docking programs which are used for the Molecular Docking
of drug and DNA. A study shows that the GOLD and GLIDE
docking protocols seem to be very reliable in modelling of
nucleic acid ligand complexes (Srivastava ef al., 2011).
Molecular docking studies show that the intercalators
generally bind to the CG —rich region of DNA and minor
groove binders to the AT-rich region of DNA (Srivastava et
al., 2011; Rashidaa and Ahsen, 2015). 8-0 interaction
dominates in case of intercalators. In case of minor groove
binders, hydrogen bonds are mainly formed between minor
groove binders and the functional groups on the bases are
exposed in the grooves via their end groups and also their
amide or other linker groups. Other studies shows that if
the nature of ligand with DNA is not known, the exact mode
of binding of ligand to DNA cannot be predicted on the
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basis of molecular docking as a result other molecular
modelling techniques such as molecular dynamics
simulation and thermodynamics integration will be required
to further resolve the problem (Mariya and Ahsen, 2015).

Molecular Dynamics Simulation

Molecular Dynamics (MD) is the most important
computational approach for the study of flexible nucleic
acids. In MD, the motion of a biomolecular system under
the effect of a “force” (i.e a specified force field) is simulated
by following its molecular configurations in time, according
to Newton’s equation of motion (second law). A MD
calculation starts with a set of initial co-ordinates and
velocities. The force-field calculates the potential energy
and the forces acting on the system, and Newton’s second
law is used to determine the accelerations on each particle.
Numerical integration of these accelerations provides a set
of new velocities and positions, which are used to build up
a trajectory. MD protocols include algorithms to fix the
temperature and the pressure, allowing the simulation of
nucleic acids under conditions close the physiological ones.
MD simulations of nucleic acid are performed using explicit
solvent representations including thousands of water
molecules and periodic boundary conditions (PBC). Explicit
water models used in bio molecular simulations include
TIP3P, TIP4P, SPC, extended SPC/E, and F3C models among
these TIP3P is the most commonly used model ( Jorgensen
etal., 1983; Berendsen et al., 1987; Levitt et al., 1997). lons
(generally Na* and CI) are introduced to neutralize the
system and simulate the given ionic strength. The evolution
of trajectories shows the movement from one stable state to
a stable one.

In mid 1990s several groups performed successful MD
simulations of DNA and RNA with an explicit representation
of solvent using the AMBER, CHARMM nucleic acid, or
GROMOS force field. Various force fields used in the nucleic
acid simulation includes, CHARMM, AMBER, GROMOS,
OPLS, ENCAD and BMS26. AMBER (Case et al., 2012),
GROMACS (Hess et al., 2008), CHARMM (Brooks et al.,
2009) and NAMD (Nelson ef al., 1996) are the popular
software packages for the simulation of nucleic acid ligand
complexes. The three latest force-fields (AMBER-99,
CHARMM-27 and BMS) provide accurate representations
of standard DNA and RNA structures (York ef al., 1995;
Cheatham et al., 1995; Weerasinghe et al., 1995; Weiner
and Kollman, 1981; Nilsson and Karplus, 1986; Gunsteren
and Berendsen, 1986). The root-mean square deviation
(RMSD) of the simulated nucleic acids with respect to
experimental structures is small, the dihedral distributions
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are correct, and the average helical parameters are also
reasonably close to the accepted experimental values.
Among the variety of available force fields, CHARMM and
AMBER are the most popular force fields (Cheatham and
Young, 2001; Cheatham et al., 1999; Cornell et al., 1995;
Foloppe and Mackerell, 2000; Mackerell and Banavali, 2000;
Langley, 1998; Modesto ef al., 2003). In a number of studies
for the minor groove binders and intercalators,
computational methods have shown good agreement with
the experimental results (Kamal et al., 2007, 2009, 2010a,
2010b).

MMPBSA/MMGBSA Method

The molecular mechanics energies combined with the
Poisson-Boltzmann or generalized Born and surface area
continuum solvation (MMPBSA/MMGBSA) methods are
popular approaches to calculate the free energy difference
between two states, generally the bound and unbound state
of two solvated molecules, or ultimately to compare free
energy of two different solvated conformations of the same
molecule (Gohlke and Klebe, 2002; Kolman et al., 2000;
Srinivasan et al., 1998; Hou et al., 2011; Homeyer and Gohlke,
2012). Snapshots obtained from MD simulation are used for
the calculation, yielding an average of the energies. The
free energy of binding is calculated by the equations
mentioned below-

AG,,, = AH —TAS

AGbind = (AEMM + AGSOL) —TAS

Where,

_ complex receptor ligand
AEMM _(EMM _EMM _EMM )

_ complex receptor ligand
AGSOL - (AGSOL - AGSOL - AGSOI )

_ complex receptor ligand
AS = (Seomries _ greceptor _ gligand

where AH is the enthalpic contribution to binding
energy, AEMM is the average difference in molecular
mechanics energy, while AG,  term accounts for the
solvation free energy(including both polar and non-polar
component); T is the temperature and AS is a change in

entropy.

Thus the net binding free energy of complex system
is equal to the sum of an intermolecular energy (calculated
using MM force field), a solvation free energy term and an
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entropic term. Polar solvation free energies is calculated
either solving the linear Poisson Boltzmann (PB) equation
or more approximate, or computationally effective
Generalized Born (GB) model, whereas the non-polar
contribution is estimated from a linear relation to the solvent
accessible surface area (SASA). Entropy contributions to
the free energy are estimated either by quasi-harmonic
analysis or by using normal mode analysis (Schwarzl et al.,
2002; Rastelli et al., 2010).

The MMPBSA calculations are based on single
minimized structures, rather than on a large number of MD
snapshots. This method will save much computational time
but ignores dynamical effects. It has been observed that
the more time can be saved by performing the minimizations
in a GB continuum model. Hou et al. reveals that the
MMGBSA results varied with the length of simulation, but
there is no gain of using simulation longer than 4ns (Hou et
al., 2011). HK. Srivastava et. al. proves that the MM-PBSA
based interaction energies calculated from the MD
Simulations are in good agreement with the experimental
values for the DNA-ligand complexes (Srivastava et al.,
2011; Spackova et al., 2003). The MMPBSA approach was
originally developed for the AMBER software but recently
some automatic scripts have also been presented for the
freely available GROMACS, NAMD and APBS software. A
study reveals that the energies calculated using g mmpbsa
(GROMACS) and the AMBER MM-PBSA package is
approximately similar and the difference of 1-3 kcal/mol has
been observed due to the difference in AGpolar (Kumari et
al., 2014). The difference in AGpo|ariS observed because of
different algorithms, implemented in APBS and PBSA
(Mishraet al., 2015).

Quantum Mechanics/Molecular Mechanics (QM/MM)
method

The QM/MM concept was introduced, as early as
1976, by Warshel and Levitt, who presented a semi empirical
QM/MM treatment for a chemical reaction in lysozyme
(Warshel and Levitt, 1976). Combined QM/MM theory has
emerged as the method of choice for modeling local electronic
events in large bimolecular systems.The basic idea is to
describe the active site (where chemical reactions or
electronic excitations occur) by quantum mechanics, as
accurately as needed, while capturing the effects of the
bimolecular environment by molecular mechanics, i.e., at
the classical force field level. The accuracy of QM and speed
of MM, combined QM/MM methods enable the modelling
of reactive bimolecular systems at reasonable computational
cost with the necessary accuracy. Due to the potential uses
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of this method, this field gained the Nobel Prize in chemistry
in 2013. There are two schemes to calculate the total energy
of the system the additive and the subtractive scheme
(Sherwood et al., 2008, Senn and Theil, 2009, Sherwood et
al., 2003). Regarding this boundary schemes, the labeling
conventions given in Figure that apply to covalent bonds
across the QM-MM boundary.

Subtractive schemes:

E out 13 (system) = E,,, (system) + Eoy (OM)-E,,, (OM)

Where .EQM/MM(system) is the totgl energy,
E,,(system) is the MM energy of the entire system,
EQM(QM) the QM energy of the QM region and E , (QM)

the energy of the QM region.

The scheme encounters shortcomings due to the
treatment of interactions between QM and MM region only
at MM level which is inaccurate. This scheme needs the
MM parameters for the QM region. Parameters are not
usually available for these systems which are present in
excited electronic states or contain transition metals.

Additive schemes:
Eor e (system) = E ., (system) + E,, (OM) — E 0 (OM, MM)

In this scheme, the total energy of the system S
(system) comprises of only three components viz., E,
(MM) theMM energy of the MM region only, Eou (QM) the
QM energy of the QM region andthe E@\A,,WVI (QOM, MM) a
term which interfaces between the QM/MM through the
inclusion of bonded and non-bonded interactions. The
bonded interactions account for bond stretching, bending
and torsion while the non-bonded account for the vander
Waals and electrostatic interactions.

The key to such QM/MM methods is the coupling
between the electric field from the surrounding and the QM
Hamiltonian in the active-site region. This requires careful
treatment of the boundary between the QM and MM
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regions.

The most important part of QM/MM is partitioning of
the system. The basic considerations for QM/MM
partitioning are:

(a) The choice of the QM region is usually made by
consideration of the chemical problem; chemical arguments
normally suggest a minimum-size QM region which can then
be enlarged to check the sensitivity of the QM/MM results
with regard to such an extension.

(b) If a QM/MM division through covalent bonds
cannot be avoided, cut only unconjugated single bonds,
preferably without electronically demanding substituent’s
(e.g., cut unpolar C—C bonds).

Fig. 7. QM/MM partitioning: drug and associated bases (QM
region), remaining bases and water molecules and ions
(MM region).

A common procedure for QM/MM calculations is to
take a crystal structure from protein data bank as a starting
point for the calculations and add hydrogen, missing atoms
etc. and water molecules (soak the complete system).
Thereafter, the system is equilibrated using MM followed
by molecular dynamics production run and low-energy
snap-shots are studied. These snapshots will eventually
be taken for QM/MM calculations. These structures contain
the bimolecular system in a droplet of water (20000-30000
atoms) and this setup requires a lot of prior work to avoid
errors and wrong choices for the actual QM/MM
calculations. Further study of the reaction mechanism is
similar to the typical methods for the study of gas-phase
reaction (Senn and Theil, 2007, Frieesner and Guallar, 2005).

The computational chemistry techniques, especially
the hybrid methods (ONIOM) based on combination of
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several theoretical approaches, have been developed by
Morokuma and co-workers for large biomolecular systems
(Svensson et al., 1996, Morokuma et al., 2001, Morokuma,
2003, Kuno et al., 2003). In many studies, the ONIOM method
is used for the study of DNA binding drugs (Rebeca et al.,
2009, Ahmadia et al., 2011, Robertazzi and Platts, 2006).

CONCLUSION

In this review the different types of small organic
molecules which targeted DNA have been discussed. The
array of available computational approaches and molecular
modelling methods are being used for complementing the
experimental efforts to improve the existing drugs and also
in designing novel drug candidates which can act as good
DNA inhibitor. Advances in computational resources over
the last years have made screening of large chemical libraries
and application of molecular dynamics and quantum
chemical calculations feasible. This review seeks to
highlight some recent molecular modelling studies
performed at electronic structure level to study the
mechanism of drug interaction to DNA which can give an
insight in designing inhibitors for the treatment of cancer
and AIDS.
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Micro Cluster by Using Ab-Initio and Tight-Binding Study
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First principle calculations were performed to investigate the electronic properties and structural
stability of 1-D condensed cluster. The stability of (Ga,N,),, where n=1—-4 and m = 1—-6 micro
cluster is calculated. Due to the linear stacking of these stable isomers, the condensed clusters,
(Ga,N,),, where n=1—4 and m = 1—6 were modeled. The structural stability of clusters and
their building blocks were obtained from the electronic density of states, and it infers that s—p
hybridization plays a key role in microcluster stabilization. The various calculation shows that the
(GagNj),, clusters are energetically more stable as compared with other sized condensed cluster
but such microclusters can be fragmented into two micro clusters by providing external temperature.

Keywords: Micro-Clusters, Density Functional Theory, Gallium Nitrate, Binding Energy, Carbon

Nanotube.

1. INTRODUCTION

The one dimension carbon nanotubes (CNT) is studied by
several research groups all across the globe. The poten-
tial application of CNT was due to their high mechani-
cal strength, ballistic transport and other novel properties!
explored such as one-dimensional system of inorganic
compounds. The carbon nanotubes and nanowires from
Mo-S compound have been extensively studied.>* Syn-
thesis with ultimate structural and electronic proper-
ties and the ability to advance tune their properties by
adding dopants is also performed.* CdS compounds have
attracted the attention as a result of which the synthesis of
nanowires®® nanotubes’ and nanorods®'* with controlled
dimensions is performed.

In the recent past the low dimensional semiconductor
material has become of great interest in the research field
of nanoscience.!!™!3 The materials of III-V group semi-
conductor compound due to their paramount technologi-
cal potential applications such as photoelectronic devices,
photonic integrations, ultrahigh frequency microwave and
photovoltaic solar cells are studied predominantly. Gal-
lium nitride (GaN) is an important semiconducting mate-
rial that exhibits a broad range of potential applications for
optoelectronics and high power electronic devices. Light
emitting diodes have made a boom in the market with

*Author to whom correspondence should be addressed.
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its appearance in the recent past year.!* The high ther-
mal conductivity provides new routes in high-temperature
and high—power electronic devices'* '® such as metal semi-
conductor field effect transistor (MESFETs), high electron
mobility transistor (HEMTs) and heterojunction bipolar
transistor (HBTs).!”-!® Furthermore high Curie temperature
and room temperature ferromagnetic has been predicted
in GaN-doped with transition metal (MT) element.'*!
GaN nanotubes with inner diameters of 30-200 nm and
wall thickness of 5-50 nm were also synthesized.?* Single-
walled GaN nanotube was examined computationally by
using first-principle methods.?® Several theoretical stud-
ies on Ga,N, clusters up to n =4 — 6 by BelBruno,*
Kandallam et al.>>® and Song et al.>*=! are also investi-
gated. To predict the lowest energy of (Ga,N,,), clusters, a
number of possible structure isomers were considered for
the study. These structures were adopted from those pre-
viously proposed for the III-V semiconductor compound
cluster such as BN,3>3* AIN and GaAs.

2. COMPUTATIONAL METHOD

Density functional theory has been used for the opti-
mization of GaN condensed nanocluster and to calculate
their ground and excited state properties. Geometrical opti-
mizations have been performed without any constraints
imposed on the nanocluster structures. Various possible
structures for each GaN cluster were drawn using Gauss

doi:10.1166/asem.2018.2244 1
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View 0.5. For geometry optimization, B3LYP method DFT
method, Beck’s three parameters with correlation function
(Lee-Yang-Parr), and relativistic effective core potential
with double zeta basis set, LANL2DZ as implemented in
Gaussian 09 programme suit were used. For the evaluation
of density of states (DOS) spectrum Gauss Sum 3.0 has
been used.

The binding energy per atom (BE) of a cluster is calcu-
lated using the formula

_ nE(Ga)+nE(N) — E(Ga,N,)
N 2n

Where E(Ga), E(N), and E(Ga,N,,) are total energy of
a single Ga atom, a single N atom, and Ga,N, clusters,
respectively and »n is the number of Ga or N atoms. Sim-
ilar calculations were performed using the first principle
calculations on optimized Ga,N, nanowires with n = 1—4
in order to perform the comparison.

BE

3. RESULTS AND DISCUSSION

3.1. Atomic Structure of Ga,N, Cluster

First principle calculations on the various Ga,N,
(n =1—4) clusters, were performed to obtain the stable
structure which acts as a fundamental building block of
condensed cluster or nano assemblies. Optimized struc-
tures are shown in Figure 1 with the BE, HOMO-LUMO
gap and Ga-N bond distance of stable isomers are reported
in Table I(a)-(c). The stable isomers of Ga,N, clusters
from n =4 to 12 possesses ring and cage (37) geometries
respectively, which is quite comparable to earlier reports.

Figure 1. Illustrates the optimized structures of (Ga,N,),, micro cluster.

2

Table I. The Binding energy, band gap and bond distance (Ga,N,),
where n =1-6.

Binding energy/ Band gap Bond distance
Atoms atom (eV) (eV) A)
(a)
(Ga,N,), 10.34 1.49 1.92
(Ga,N,), 10.81 0.84 1.91
(Ga,N,), 11.29 1.30 1.93
(Ga,N,), 11.48 1.33 1.92
(Ga,N,)s 11.60 1.54 1.90
(Ga,N,), 11.61 243 1.91
(b)
(Ga;N;), 10.92 2.11 1.87
(GayN;y), 11.54 1.60 1.90
(GazN;), 11.83 2.12 1.92
(GayN,), 11.96 2.32 1.93
(GazN;)5 12.05 2.39 1.92
(GayN,), 12.10 2.49 1.92
(©
(Ga,N,), 11.15 2.65 1.77
(Ga,N,), 11.61 2.35 1.83
(Ga,N,), 11.83 2.52 1.91
(Ga,N,), 11.88 243 1.89
(Ga,N,)s 12.00 2.69 1.89
(Ga,N,), 11.99 242 1.90

3.2. Condensed Clusters

With an understanding of stable isomers of Ga,N, with
different geometries, condensed cluster of (Ga,N,),, are
obtained by linear stacking of m up to 7 units of stable
Ga, N, isomers (n = 1—4). The optimized structure of con-
densed clusters are shown in Figure 1, the (Ga,N,,), cluster
is obtained by condensing one planar Ga;N; isomer at the
top while another isomer at the bottom thus increasing the
number of Ga—N bonds in the cluster. Similarly, (Ga;N;),
and other condensed clusters, (Ga,N,),, were obtained and
optimized structure are shown in Figures 1(b)—(g) further,
other-sized (Ga,N,), cluster are stacked from their basic
units of Ga,N,,.

The Binding Energy and HOMO-LUMO gap of all
the condensed (Ga,N,) clusters are calculated and the
results are shown in Figure 2 along with the cohesive
energy per atom and band gap of infinite Ga,N, nanowires.
As expected, the BE of condensed cluster increases lin-
early with m and slowly achieves the cohesive energy
per atom and band gap of infinite nano wires, as shown
in Figure 2(a). In the inset, the BEs, of (Ga,N,), con-
densed cluster with respect to the diameter (in terms of n)
are shown. Even though the diameter of the (Ga;Nj),,
condensed clusters is smaller than that of the (Ga,N,),,
cluster, beyond m = 3. The BE of the cluster is almost
equal with that of the latter. The BEs of (Ga;N;);s
and (Ga,N,); are 12.05 and 12.00 eV/atom, respectively.
Hence it can be concluded that (Ga,N,),, condensed clus-
ter are more stable as compared to other-sized condensed
cluster and preferably this cluster could be extended to

Adv. Sci. Eng. Med. 10, 1-5, 2018
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Figure 2. (a) Cohesive energy and (b) HOMO-LUMO gap of

(Ga,N,),, are shown. In the inset, BEs of (Ga,N,),, are shown for var-

ious n. The band gap shown in figure is less than the bad gap of bulk
GaN, which is obtained from the calculation.

nanorod and nanowires. Even our calculations on infinite
nanowires support this conclusion as the cohesive energies
of (Ga;N;); and (Ga,N,); infinite nanowires are almost
same (11.83 eV/atom).

Figure 2(b) describes the variation of the HOMO-
LUMO gap of the cluster. For n =2, 3 the HOMO-LUMO
gap increases as m values increases, and for n =4 its
lies between 2.35 to 2.69 eV. The HOMO-LUMO gap
for (Ga,N,), condensed clusters is significantly higher
than that of another condensed cluster. This supports our
previous statement that (Ga,N,),, condensed clusters are
more stable among all the clusters. Further, it may also be
noted in Figure 2 that beyond m = 2, the HOMO-LUMO
gap of (Ga,;N,),, atomic wire is less than that of another
condensed cluster. It is a consequence of the increase in
the number of nonbonding states with the increase in the
length of the atomic wire. The HOMO-LUMO gap of all
(Ga,N,),, clusters is comparatively less than the band gap
of the bulk GaN compound.

3.3. Electronic Structure

To study the structural stability of (Ga;Nj5),, cluster, total
and partial density of states (DOS) of the cluster with
m =2,3 and 4 as shown in Figure 3. The DOS states are

Adv. Sci. Eng. Med. 10, 1-5, 2018

Figure 3. Total and partial DOS of (Ga;N,)
m =3 (b), and m =4 (c).

cluster with m =2 (a),

m

located in the energy range from —13.0 to —0.0 eV. While
Ga (S P) states are distributed in the unoccupied region
these clusters can be understood on the structural stability
of the molecular orbital theory.

3.4. Fragmentation of Condensed Cluster

We also effort the possibility of fragmentation of con-
densed (Ga,N,),, cluster into smaller units to be aware
of their expansion stability for example, that (Ga,N,),
nano wire can fragment into two part of a set of that
(GayN,), cluster or that (Ga,N,) and that (Ga,N,),

3
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Figure 4. FE versus m of (Ga,N,),, of various possible fragments.

clusters. The fragmentation energy per atom (FE) is cal-

culated from.

_ E[(Ga;N3),] + E[(Ga;N3)
6m

- E[(Ga3N3)m]

)n*)‘l]

FE

Every (Ga;N;),, may be divided into the following
two pieces of a possible cluster: (1,m—1), (2, m —2),
(3—m—3), (4,m—4). FE is calculated and shown in
Figure 4.

Figure 4 shows that when a cluster FE decreases, m val-
ues increases. This infers that the condensed clusters under
the influence of temperature breaks into smaller units on
the order of 450 k. Although the diameter of the con-
densed cluster as well nanorod-below this temperature can
be synthesized.

We condensed the second derivative of the total energy
(A%E) of the cluster and the cluster understands the struc-
tural stability and it is reported in Figure 5. Our calcu-
lations conclude that the A’E of (Ga;N;); cluster shows
the maximum value and high structural stability of this
cluster.

0.03
0.02 -
0.01

0 . . : : :
o01{ ' 2 8 \3—3 6
-0.02 -
-0.03 -
-0.04 -
-0.05 -
~0.06 -
-0.07 -
-0.08

A2E

[—+=m]

m

Figure 5. The second derivative of energy of (Ga;N,), cluster with
respect to m. The calculated value by using the formula A’E =
E(m+1)+E(m—1)—2E(m).

4

4. CONCLUSION

The structural stability and electronic properties of
(Ga,N,),, (n=1-4, m = 1-6) cluster by implementing
first principle calculations is studied in detail. The stabil-
ity of cluster is explained by the DOS. It is estimated that
it creates stability due to sp-hybridization along with the
different-sized condensed clusters (Ga;Nj),, that are found
to be more stable. Further, the electronic properties of the
cluster are shown to have lower energy gap as compared
to the bulk GaN system. It could be used as an interesting
photo-catalytic application. Our calculations also revealed
that more concentrated clusters have structural stability
equivalent to 1-D nanorods obtained from the bulk which
are comparable.

Acknowledgments: The author is thankful to the
UGC for the financial support and also acknowledges
the computing facility provided by the Department of
Applied Physics, Babasaheb Bhimrao Ambedkar Univer-
sity, Lucknow without whose support this work would not
have been in the present form.

References and Notes

1. G. Dresselhaus, M. S. Dresselhaus, and P. Eklund, Science of
Fullerenes and Carbon Nanotubes, Academic Press, San Diego, CA
(1995).

2. Y. Feldman, E. Wasserman, D. J. Srolovitz, and R. Tenne, R. Science
267, 222 (1995).

3. V. Nicolosi, P. D Nellist, S. Sanvito, E. C. Cosgriff,
S. Krishnamurthy, W. J. Blau, M. L. H. Green, D. Vengust,
D. Dvorsek, D. Mihailovic, G. Compagnini, J. Sloan, V. Stolojan,
J. D. Carey, S. J. Pennycook, and J. N. Coleman, Advanced Materi-
als 19, 543 (2007).

4. Iflah Laraib, J. Karthikeyan, and P. Murugan, Physical Chemistry
Chemical Physics 5471 (2014).

5. J. H. Zhan, X. G. Yang, W. X. Zhang, D. W. Wang, Y. Xie, and Y. T.
Qian, Journal of Materials Research 03, 629 (2015).

6. J. Xu, X. Zhuang, P. Guo, Q. Zhang, W. Huang, Q. Wan, W. Hu,
X. Wang, X. Zhu, C. Fan, Z. Yang, L. Tong, X. Duan, and A. Pan,
Nano Lett. 12, 5007 (2012).

7. H. Zhang, D. Yang, Y. Ji, X. Ma, J. Xu, and D. Que, ACS Nano
4, 98 (2010).

8. H. Zhang, X. Y. Ma, J. Xu, and D. R. Yang, J. Cryst. Growth
263, 372 (2004).

9. A. E. Saunders, A. Ghezelbash, P. Sood, and B. Korgel, Langmuir
24, 9043 (2008).

10. A.S. Barnard and H. Xu, J. Phys. Chem. C 111, 18112 (2007).

11. S. Nakamura and G. Fasol, The Blue Laser Diode, Springer, Berlin
(1997).

12. S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Appl. Phys.
Lert. 67, 1868 (1995).

13. H. Bar-Ilan, S. Zamir, O. Katz, B. Meyler, and J. Salzman, Materials
Science and Engineering A 14, 30 (2001).

14. R. J. Trew, M. W. Shin, and V. Gatto, Solid-State Electronics
41, 1561 (1997).

15. S.J. Pearton, F. Ren, A. P. Zhang, and K. P. Lee, Materials Science
and Engineering: R. Reports 3, 55 (2000).

16. R. D. Paiva, J. L. A. Alves, R. A. Nogueira, J. R. Leite, and L. M.
R. Scolfaro, Brazilian Journal of Physics 34, 647 (2004).

17. T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science
287, 1019 (2000).

Adv. Sci. Eng. Med. 10, 1-5, 2018



Kumar et al.

Structural Stability and Electronic Properties of (Ga,N,,),, Micro Cluster by Using Ab-Initio and Tight-Binding Study

18.

19.

20.

21.
22.

23.

24.

25.

T. Jungwirth, J. Sinova, J. Masek, J. Kucera, and A. H. Mac-Donald,
Rev. Mod. Phys. 78, 809 (2006).

J. Goldberger, R. He, Y. Zhang, S. Lee, H. Yan, H. J. Choi, and
P. Yang, Nature 422, 599 (2003).

S. M. Lee, Y. H. Lee, Y. G. Hwang, J. Elsner, D. Porezag, and
T. Frauenheim, Phys. Rev. B 60, 7788 (1999).

J. J. BelBruno, Chem. Rev. 11, 281 (2000).

A. K. Kandalam, R. Pandy, M. A. Blanco, A. Costales, J. M. Recio,
and J. M. Newsam, J. Phys. Chem. B 104, 4361 (2000).

A. K. Kandalam, M. A. Blanco, and R. Pandy, J. Phys. Chem. B
105, 6080 (2001).

A. K. Kandalam, M. A. Blanco, and R. Pandy, J. Phys. Chem. B
106, 1945 (2002).

A. K. Kandalam, M. A. Blanco, and R. Pandy, J. Phys. Chem. B
107, 4508 (2003).

Adv. Sci. Eng. Med. 10, 1-5, 2018

26,
27

28
29

30.

31.

32.

33.

34.

. B. Song and P. L. Cao, Phys. Lett. A 300, 485 (2002).

. B. Song, P. L. Cao, and B. X. Li, Phys. Lett. A 315, 308
(2003).

. D. L. Strout, J. Phys. Chem. A 104, 3364 (2000).

. D. L. Strout, J. Phys. Chem. A 105, 261 (2001).

J. M. Matxain, J. M. Ugalde, M. D. Towler, and R. J. Needs, J. Phys.

Chem. A 107, 10004 (2003).

Ch. Chang, A. B. C. Patzer, E. Sedlmayr, T. Steinke, and D. Sulzle,

Chem. Phys. Lett. 350, 399 (2001).

H. S. Wu, E Q. Zhang, X. H. Xu, C. J. Zhang, and H. J. Jiao,

J. Phys. Chem. A 107, 204 (2003).

J. Zhao, B. Wang, X. Zhou, and X. Chen, Chem. Phys. Lett. 422, 170

(2006).

R. Hoffmann, Soli and Surface: A Chemiet’s View on Bonding in

Extended Structures, VHC Publisher, New York (1988).

Received: 25 July 2017. Accepted: 20 December 2017.



J. Chem. Sci. Vol. 129, No. 5, May 2017, pp. 515-531. © Indian Academy of Sciences.
DOI 10.1007/s12039-017-1268-4 @ CrossMark

REGULAR ARTICLE

Assessing therapeutic potential of molecules: molecular property
diagnostic suite for tuberculosis (MPDSTB)

ANAMIKA SINGH GAUR?, ANSHU BHARDWAJ®, ARUN SHARMA?®, LIJO JOHN?,

M RAM VIVEK?, NEHA TRIPATHI¢, PRASAD V BHARATAM®, RAKESH KUMAR?,
SRIDHARA JANARDHAN?, ABHAYSINH MORI°, ANIRBAN BANERJI*", ANDREW M
LYNN¢, ANMOL J HEMROM¢, ANURAG PASSI®, APARNA SINGH?, ASHEESH KUMARS®,
CHARUVAKA MUVVA¢, CHINMAI MADHURI!, CHINMAYEE CHOUDHURY?,

D ARUN KUMAR?, DEEPAK PANDIT!, DEEPAK R. BHARTI®, DEVESH KUMAR®,

ER AZHAGIYA SINGAM!, GAJENDRA PS RAGHAVA®, HARI SAILAJA",

HARISH JANGRAS, KAAMINI RAITHATHA", KARUNAKAR TANNEERU?,

KUMARDEEP CHAUDHARY®, M KARTHIKEYAN', M PRASANTHI?, NANDAN KUMAR?,
N YEDUKONDALU?, NEERAJ K RAJPUT®, P SRI SARANYA?, PANKAJ NARANG®,
PRASUN DUTTA", R VENKATA KRISHNAN¢, REETU SHARMA?®, R SRINITHI?,

RUCHI MISHRA¢, S HEMASRI?, SANDEEP SINGH®, SUBRAMANIAN VENKATESAN¢Y,
SURESH KUMARS, UCA JALEEL", VIJAY KHEDKAR!, YOGESH JOSHI' and

G NARAHARI SASTRY®*

2Centre for Molecular Modeling, CSIR-Indian Institute of Chemical Technology, Tarnaka,

Hyderabad 500 007, India

bBioinformatics Centre, CSIR-Institute of Microbial Technology, Chandigarh 160 036, India

“Department of Medicinal Chemistry, National Institute of Pharmaceutical Education and Research (NIPER),
Mohali 160 062, India

dChemical Laboratory, CSIR-Central Leather Research Institute, Chennai 600 020, India

¢School of Computational and Integrative Sciences, Jawaharlal Nehru University, New Delhi 110 067, India
fChemical Engineering and Process Development, CSIR-National Chemical Laboratory, Pune 411 008, India
€Department of Applied Physics, Babasaheb Bhimrao Ambedkar University, Lucknow 226 025, India
hOpen Source Drug Discovery Consortium, New Delhi, India

E-mail: gnsastry @ gmail.com

MS received 5 March 2017; revised 20 March 2017; accepted 22 March 2017

Abstract. Molecular Property Diagnostic Suite (MPDSTB) is a web tool (http://mpds.osdd.net) designed to
assist the in silico drug discovery attempts towards Mycobacterium tuberculosis (Mtb). MPDS™® tool has nine
modules which are classified into data library (1-3), data processing (4-5) and data analysis (6-9). Module 1
is a repository of literature and related information available on the Mtb. Module 2 deals with the protein target
analysis of the chosen disease area. Module 3 is the compound library consisting of 110.31 million unique
molecules generated from public domain databases and custom designed search tools. Module 4 contains tools
for chemical file format conversions and 2D to 3D coordinate conversions. Module 5 helps in calculating
the molecular descriptors. Module 6 specifically handles QSAR model development tools using descriptors
generated in the Module 5. Module 7 integrates the AutoDock Vina algorithm for docking, while module
8 provides screening filters. Module 9 provides the necessary visualization tools for both small and large
molecules. The workflow-based open source web portal, MPDSTE 1.0.1 can be a potential enabler for scientists
engaged in drug discovery in general and in anti-TB research in particular.

Keywords. Tuberculosis; chemoinformatics; open science; neglected diseases; drug discovery portal;
web-based technology.
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1. Introduction

Data and knowledge generated in drug discovery have
been escalating exponentially in recent years owing
to the demanding nature of pharmaceutical industry
to deliver affordable and safer drugs for existing and
emerging diseases.''" How to make the knowledge
thus generated available to the practicing scientists is an
issue of great significance as it reduces the redundancy,
enables research activity and focuses on the grand chal-
lenges in the healthcare sector.!'”!7 Open science and
open innovation are extremely important in the drug dis-
covery approaches in general and those directed towards
neglected and orphan diseases in particular.'®**” How
the existing knowledge helps medicinal chemists can be
addressed by answering the following two questions: a)
What is the value or relevance of molecules that were
synthesized? and (b) which of those molecules are the
most promising? Because currently chemist’s ability to
synthesize complex molecules has increased tremen-
dously and more often than not, the question is which
molecule to synthesize rather than how to synthesize.
Tuberculosis (TB) has become a global threat killing
nearly 1.4 million people with 10.4 million new cases
in 2015.% The disease-causing bacteria Mtb is a rather
challenging microorganism that takes over six months
of treatment with multiple drugs to curb its infection.?
The therapeutic interventions further get confounded
due to the fact that most of the time Mtb remains in latent
phenotype, which is not well understood.*’ The emer-
gence of multi-drug resistant, extensively drug-resistant
and totally drug-resistant forms have resulted in long
duration therapies with various side effects and toxic-
ity issues with a risk of non-compliance.*'~*® Therefore,
the need of new therapy to combat this dreadful disease
is inevitable and demands exploration of new chem-
ical space. Computational approaches to obtain and
optimize anti-tubercular leads have been extensively
employed in this area.’®** There are several public
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databases having diverse chemical classes of the com-
pounds including PubChem, ZINC, KEGG, DrugBank,
ASINEX, ChEMBL and NCL.*-%* The computational
tools and databases are required to facilitate rational pri-
oritization and analysis of compounds from the available
large chemical space. Further, the development of new
algorithms/scripts is required to classify the chemical
space for searching or extracting the useful information
for each molecule. The tools are needed to predict the
physical, chemical and biological properties of small
molecules in order to improve search capabilities.

Before synthesizing any molecule, the medicinal
chemist should have prior knowledge to optimize var-
ious physicochemical properties, structural alerts, in
addition to the understanding of protein-ligand interac-
tions that help in improving drug-likeness and avoiding
toxicity issues. There are a number of open source
scripts and algorithms developed by various developers
for solving drug discovery issues.*%* Ideally, develop-
ing a disease-specific web portal which integrates the
publicly available tools could provide a right platform
to conduct drug discovery research in TB.

A variety of chemoinformatics analysis tools have
been previously implemented in workflow systems.
Steinbeck et al., have implemented the chemoinformat-
ics library of Chemistry Development Kit (CDK) %% in
the Taverna workflow suite.®” Steinbeck et al.®® have
also implemented CDK in Konstanz information miner
(KNIME), which is an open source workflow platform.
It contains functions like format conversion, signatures,
fingerprints and molecular properties generation. The
Galaxy platform®-"! is another workflow management
system that provides easy to use interfaces of tools to the
users and allows easy connection of the tools as well.
Various instances of Galaxy have already been estab-
lished. ”> For example, Ballaxy ’* is a Galaxy instance for
structural bioinformatics wherein functions like protein
preparation, ligand and protein checker, docking and
many other tools have been implemented.

The current manuscript presents a web-based MPD
Galaxy tool, which provides an open source platform for
the chemoinformaticians, bioinformaticians, medici-
nal chemists, computational biologists, pharmacologists
and others scientists to work on the design of anti-
tuberculosis (anti-TB) drugs. The Galaxy based web
tool is conveniently designed to integrate with any other
software or script and can be used by designing user-
defined workflows, a feature conveniently exploited
by the users of Galaxy in many cases. The MPDS™
tool provides three class of modules: a) Data Library
(modules: 1. Literature, 2. Target library, 3. Compound
library); b) Data Processing (4. File format conver-
sion, 5. Descriptor calculation); and c) Data Analysis

STB
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Figure 1. MPDS is structured into data library (literature, target library, compound

library), data processing (file format conversion, descriptor calculation) and data anal-
ysis (QSAR, docking, screening and visualization).

(6. QSAR, 7. Docking, 8. Screening, 9. Visualization)
(Figure 1). While modules 1, 2, 7 and 8 are specific to
a particular disease (in this case TB), it is quite possi-
ble to make at least three out of the four modules, 2,
7, and 8 as generic. Efforts are underway to achieve
this in the near future. However, in MPDS™1.0.1,
only five modules Compound library, QSAR, Dock-
ing, Screening, Visualization are generic in nature and
can be used ‘as is’ in drug discovery platforms directed
towards other diseases. As the main focus of the cur-
rent endeavor is to store all the data that is generated
for each of the molecules, we decided to generate a
unique MPDS ID, which is akin to Aadhar number in
India, or social security number in the USA where all
the information pertaining to a molecule is stored. A
structure-based classification tool has been employed
which facilitates the navigation through the chemical
space.

The current work has the following major objectives:
a) Quantitatively evaluating the multifarious aspects of
drug-likeness of a given molecule, in order to diag-
nose its potential application as a drug; b) Calculate
various drug-like physico-chemical properties for prior-
itization of compounds; ¢) Provide necessary framework
to employ virtual screening of large dataset of com-
pounds; d) Help synthetic medicinal chemists for the
design of novel compounds; €) Coordinate the strate-
gic development and integration of chemoinformatics
efforts; f) Develop new multi-disciplinary collaborative
projects. The current work focuses on the anti-tubercular
lead discovery, design and optimization. Expectedly, a

suitably altered protocol can be generated for other dis-
ease specific Galaxy web MPDS portals by customizing
some of the modules. Thus, MPDS in the long run, can
emerge as a general purpose open source drug discovery
web portal.

2. Methods and modules

Galaxy (http://galaxyproject.org/) is a web-based workflow
management system implemented in Python programming
language, which is widely used for making data libraries,
data integration, data processing and data analysis. In the
current work, MPDS™® is developed using Linux (CentOS
6.4) operating system having the python version 2.7. It pro-
vides a graphical user interface (GUI) to many computational
tools that helps in computational chemistry, drug design,
image analysis, climate modeling, linguistics, and biomedical
research. Basically, it was developed to analyze the genomic
data including gene expression, proteomics, transcriptomics,
and gene assembly. Galaxy can be used directly on the web
or can be installed in local machines which gives freedom
to the users to integrate their own tools. It has flexibility in
using diverse biological, chemical data formats and it allows
the integration of tools that is written in any programming
language or script for which a command line invocation
can be constructed. Once the piece of code is written, a
tool definition file should be written in XML that describes
the working of the tool and its input/output parameters
(Table 1).

For each module, the XML code and its complete path
should be incorporated into the main configuration file of
the Galaxy. The new tool implemented gets displayed in the
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Table 1. Descri_lption of XML file as implemented
in Galaxy MPDS™B.

Tool ID Description

<tool id> Gives a unique name to the tool
whose description is mentioned in
the XML file.

<name> It has the name of the tool that will

be displayed as hyperlink in
Galaxy.
<description> This is displayed just after the
hyperlinked name.
It describes how the tool (which
compiler) will be executed and its
input and output parameters.

<command>

<inputs> Defines the input parameters.
<outputs> Defines the output parameters.
<help> Describes what the tool does.

tool panel of the Galaxy home page. The Galaxy workspace
mainly consists of four areas, the first one is the navigation bar
which provide links to Galaxy’s major components, analysis
workspace, workflows, data libraries, and user repositories
(histories, shared data, workflows, pages), the second one is
the tool panelist containing the analysis tools and data sources
available to the user, the third one is detailed panel display
interfaces for tools selected by the user and the fourth one is
history panel that shows data and the results of analyses per-
formed by the user, as well as automatically tracked metadata
and user-generated annotations.

Table 2. Description of various modules in MPDS™® 1.0.1.

Anamika Singh Gaur et al.

3. Structure of MPDS™

MPDS™ is structured into data library (literature, tar-
get library, compound library), data processing (file
format conversion, descriptor calculation), and data
analysis (QSAR, docking, screening, and visualization)
(Table 2). Each of these modules is customized for TB
drug discovery and will be described in the following
sections.

3.1 Data library

3.1a Module I: Literature: Module 1 provides infor-
mation of druggable protein targets/gene information,
FDA-approved drugs, and polypharmacology for Mtb.
The genetic information provided includes RvID, gene
name, gene product, class of protein, structural details
from PDB, active site, function, metabolic pathway,
localization, method of validation, drug/inhibitor infor-
mation, druggability index, and mechanism of action.
The literature module provides the list of available FDA
approved drugs along with their identification, pharma-
cology, potential targets and corresponding references.
The polypharmacology covers the structure of Mtb
cell wall, biosynthetic, metabolic pathways (cell wall,
chorismate, amino acids, lipids, carbohydrate, cofac-
tor, nitrogen/sulphur, DNA, protein), bibliography and
hyperlinks were given to various servers related to TB.

Category Modules

Description

Data Library Module 1: Literature

Module 2: Target Library
Module 3: Compound Library

Data Processing Module 4: File Format Conversion

Module 5: Descriptor Calculation
Data Analysis Module 6: QSAR
Module 7: Docking

Module 8: Screening

Module 9: Visualization

Contains Mtb proteins and its genetic information; FDA
approved drug information and polypharmacological
information.

Contains crystal structures and homology models for Mtb
proteins.

Contains a single window interface for searching a
compound in MPDS compound database.

Conversions of files from one chemical format to another
chemical format, 2D to 3D file conversion using Open
Babel.

Calculation of descriptors and fingerprints using PaADEL
and CDK tools.

Generation of QSAR models using the data mining tools,
McQSAR and SVMlight.

Ligand Optimization; Conformer Generation and
Protein-Ligand docking.

Prioritization of compounds for drug-like features using
DruLiTo tool; Biopharmaceutical Classification System
(BCS); Identification of toxicophoric groups in a
compound.

Visualizing protein-ligand interactions using Jmol and
Ligplot.
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Figure 2.
sentation of compound search engine.

3.1b Module 2: Target library: The target library
consists of crystal structures of 140 Mtb proteins which
are reported targets and also the ones prioritized through
systems level analysis of Mtb interactome. Each protein
is also annotated for key residues around the active site.
Most of these target structures were collected from pro-
tein data bank (PDB) and some of them were homology
models. If the structural information is not available,
then mutagenesis study results were collected from lit-
erature. Multiple sequence alignment of the same family
of protein was employed for identification of active site
residues for the protein. One of the principal objectives
of the target library is to provide a list of prepared pro-
teins in Mtb suitable for molecular docking, and give
hyperlink of the data source, if available. The collected
PDB structures were prepared by using standard proto-
cols such as assigning bond orders, adding hydrogens,
and minimizing protein complexes.

The targets were selected from Mtb H37Rv genome
family and they majorly belong to various enzyme
classes, such as oxidoreductase, transferase, hydro-
lase, lyase, isomerase, and ligase. These targets are
involved in various biological functions that include sig-
nal transduction, peptidoglycan and cell wall synthesis,

Schema for the generation of MPDS compound library from various data sources and repre-

amino acid synthesis, drug metabolism, DNA precursor
synthesis, post-translational modifications and nitrogen
metabolism, efc. The protein structures in MPDS™
target library can be potentially exploited in structure-
based drug design approaches.

3.1c Module 3: Compound library: The compound
library is generated with the objective of establishing a
single window interface to search compounds available
across different public domain databases. An efficient
small molecule search, implemented using multiple
search strategies, facilitates the comprehensive analy-
sis of the available chemical space that may be utilized
for identification of novel anti-TB compounds.

Preparation: For the preparation of MPDS™ compound
library, existing small molecule databases such as Pub-
Chem, Drugbank, KEGG, NCI, ZINC and ASINEX
were downloaded. To ensure that globally acceptable
standards are followed to store and search this data,
each compound in the library is converted into SMILES,
Inchl and InchIKey using OpenBabel 2.3.2.7* Indexing
of the compound library is done using InchlKey (Fig-
ure 2).
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Figure 3. A structure-based chemical classification system
of MPDS compound library.

Storage and search: As mentioned above, each com-
pound in the library is stored using Inchl standards
along with SMILES string and the IDs from where
the compound is sourced. Multiple search options
are provided through MPDS™ web interface which
includes structure-based search, property-based search,
and fingerprint-based search (Figure 3). Compound
property data is mostly calculated using PaDEL. The
pKa values and IUPAC names are calculated using
ChemAxon command line tools. The substructure search
is implemented using RDKit.”> A novel fingerprinting
algorithm is developed to classify compounds at various
levels of structural features. This binary fingerprinting
algorithm is developed and employed for the classifi-
cation and clustering of all the molecules included in
the MPDS™ compound library database. Currently, a
30-bit qualitative and partially quantitative fingerprint-
ing scheme is adopted to cluster similar compounds
together and reduce the search space. Furthermore, two
open source tools, ‘molecule cloud’ and ‘open molecule
generator’ are also implemented in compound library
module to create a molecular cloud of scaffolds and to
generate molecule library respectively. "’

3.2 Data processing

3.2a Module 4: File format conversion: A core
requirement of any workflow management system is the
connecting links between different analysis tools. Most
often these links are based on the file formats that are
read by these tools. As there are various molecular file
formats to represent chemical structures, an open source
file format converter is implemented to facilitate the cre-
ation of workflows over the web. Different tools require
specific input file formats and will produce output in
another specific format. In order to maintain a smooth
flow of data between different tools in a workflow, the
file format converter module utilizes one of the tools
from the Galaxy toolshed to convert one file format to
another based on user requirements. As of now, a few
input formats like mol2, mol, sdf, SMILES, efc., and out-
put formats, mol2, sdf, mol, pdb are incorporated. This
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module also contains a tool that generates 3D coordi-
nate from 2D structural file or SMILES which utilizes
OpenBabel 2.3.2. The 3D structure generated follows
geometrical rules based on hybridization of atoms. Once
the structure is generated, the stereochemistry of the
structure is taken care of and the lowest free energy
conformer is generated by MMFF94 force field using
weighted rotor search.

3.2b Module 5: Descriptor calculation: In order to
computationally assess the properties of the compounds
present in MPDS™ compound library or those provided
by end users, two descriptor calculation tools, namely,
PaDEL and CDK, are incorporated in MPDS™. These
tools may be used to calculate different compound prop-
erties. The input format for both of these descriptor
tools is sdf and provides the output in CSV format.
The descriptor module may read the output from com-
pound library search or user uploaded sdf. The output
may be used to build machine-learning models for target
specific filters, predicting anti-TB properties, drug-like
properties or toxicity of the compounds.

3.3 Data analysis

3.3a Module 6: QSAR: Two methods of data min-
ing, quantitative structure activity relationships (QSAR)
and support vector machine (SVM), are incorporated in
MPDS™. A Multi-conformational Quantitative Struc-
ture-Activity Relationship (McQSAR) using Genetic
algorithms is implemented for developing QSAR mod-
els.”® The ‘Build_QSAR_Model’ tool of the QSAR
module takes the descriptor file of the compounds with
known activity and prompts the user to enter the name
of the column whose value needs to be predicted (activ-
ity, in this case). In order to remove the redundancy
and unwarranted features, the user has been given six
options. The feature selection options are as follows:
exclude correlated descriptors, exclude identical con-
formers, exclude inactive compounds, exclude sparse
conformers, exclude sparse descriptors and exclude
descriptors with zeros. The user also has the flexibility to
set the number of times user wants cross-validation step
to be repeated. The user can perform four kinds of cross-
validation using the percentage of bins 3, 5,7, 10 folds to
divide the compounds. McQSAR can be used to predict
the activity of new compounds using the model created
by the previously mentioned tool. This accepts two input
files: one that contains the descriptors of the compounds
whose activity needs to be predicted and the second is
a model file created by the ‘Build_QSAR_Model’ tool
(Figure 4).
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Figure 5. Workflow for compound prioritization using
screening and docking modules.

Along with McQSAR, SVMlight™ has also been
incorporated in MPDS™ which helps in classifying the
compound data into actives and inactives. The ‘Build
QSAR Model: SVMlight’ builds a QSAR model based
on descriptor files of active and inactive molecules. Then
‘Classify Data: SVMlight’ tool takes the model file and
the descriptor file of compounds with unknown activity,
and classifies them into actives and inactives.

3.3b Module 7: Docking: The docking protocol
involves multiple steps including energy minimization

(chemical structure optimization), conformer genera-
tion, docking and its analysis, and visualization. In
MPDS™, the docking module contains four tools to
carry out these steps. The ligand optimization tool
incorporates the Phenix electronic Ligand Builder and
Optimisation Workbench (eLBOW).® The tool uses
semi-empirical quantum chemistry based calculations
using AM1 (Austin Model 1).%! Hydrogen atoms are
automatically added to the compound by eLBOW.
The conformer generation tool utilizes the OpenBabel
2.3.2. genetic algorithm approach to generate diverse
conformers based on RMSD. AutoDock Vina®* has
been implemented as the docking software in module
7. Thus, the use of docking module allows the user
to carry out efficient and robust docking calculations
(Figure 5).

The proteins can be uploaded as a PDB file, or can
directly be accessed from target library available in the
MPDS™ shared library. The ligands can be obtained
from the compound library of MPDS™ package or
a user can upload their choice of ligand in sdf or
pdb format with 3D coordinates. The docking calcu-
lation can be started using the default parameters and
with some user defined parameters. Users can also
download the docking results as a zip file containing
the complex files in PDB format and the Vina log
file containing the ranked binding free energy scores.
The docked complexes can be visualized through the
visualization module for examining the protein-ligand
interactions.
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3.3¢c  Module 8: Screening: To prioritize compounds  algorithms.* ¥ To calculate drug-likeness of a com-
for their drug-like features, DruLiTo®® is integrated pound, DruLiTo needs descriptor data, which may be
into MPDS™. This tool provides the assessment of calculated using CDK. DruLiTo uses these descrip-
drug-like features based on eight different published tors to determine the drug-likeness of the molecule,



Molecular property diagnostic suite

based on the different rules as defined by the end
user. The user can then segregate the input dataset into
passed and failed groups based on one or more rules
selected (Figure 6, 7). In addition to this, the biophar-
maceutics classification system (BCS) is implemented
using in-house scripts to evaluate the solubility and the
permeability of compounds. These predictions can sub-
sequently be used to process the positive ligand set or
negative ligand set or the original input dataset, all of
which are in sdf format, to determine the BCS class (I,
I, II1, IV) into which the molecules fall based on their
predicted permeability and intrinsic solubility values.

(@)
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Another feature provided in MPDS™ is to perform tox-
icity analysis. A comprehensive list of structural alerts
including data from FAF-Drugs2 (204 substructures),
OChem and literature are generated. The toxicity filter
performs a substructure search on the query molecule
and highlights the matched toxicophoric groups from
this data and displays it in an image format. It also pro-
duces the mol format of the molecules with toxicophoric
groups that can be saved. Along with this, a text file list-
ing the molecule ID, the total number of toxicophoric
matches found and the SMARTS pattern of the matched
groups can also be generated with this module.
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Figure 8. (a) Visualization of protein-ligand complex by various structural representations, (b) LigPlot

for visualizing protein-ligand interactions (hydrogen bonding and hydrophobic contacts).
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3.3d Module 9: Visualization: Protein-ligand com-
plex can be viewed in LigPlot* tool available in this
module in order to examine the protein-ligand interac-
tions. The key interactions of the ligand with active site
amino acids are displayed by hydrogen bonding (dashed
lines between the atoms) and hydrophobic contacts (an
arc with spokes radiating towards the ligand atoms). The
protein-ligand complex can be visualized in Jmol by var-
ious structural representations (Figure 8).

4. Results and Discussion
4.1 The compound library and search page

MPDS™ compound library is a compiled and curated
database containing 110.31 million unique compounds
(as on 31st December 2016) from various publicly
available databases including PubChem, KEGG, ZINC,
DrugBank, ASINEX and NCI. Before making unique
compounds, salt containing compounds were removed
and further, the compounds were separated on the
basis of molecular weight taking 750 Da as cut-off.
Fingerprints were generated and compounds were clas-
sified into classes and clusters. Chemically well-defined
classes obtained from fingerprinting algorithm were
subjected to redundancy as well as removal of isotopes
based on the InchlKey and truncated InChl respec-
tively (Table 3). A class is a chemically well-defined
group, whereas cluster is a set of compounds with
a size limit of 0.25 million. After classification, the
compound library majorly consists of 106.30 million
cyclic compounds (2.34 million alicyclic, 5.96 million
heteroalicyclic, 41.51 million aromatic and 56.49 mil-
lion heteroaromatic). For aromatic compounds, class 12
(aromatic compounds contain two rings) has a maxi-
mum number of compounds (8.97 million) having 42
clusters, whereas class 20 (aromatic compounds con-
tains more than or equal to four rings) has 0.91 million
compounds in clusters. Highest number of compounds
is present in the heteroaromatic class 22 (10 million),
which are stored in 46 clusters (Figure 9). MPDS™ fin-
gerprinting algorithm and search engine offer a number
of advantages over the available fingerprinting algo-
rithms. The various available algorithms match a set
of SMARTS patterns against each molecule to calculate
each bit of the fingerprint that leads to reduced search
time.® MPDS-Database uses SMILES notation of the
molecules for storage and fingerprinting which makes
it faster than the other approaches utilizing SMARTS
notation for pattern search and matching. The avail-
able fingerprinting algorithms are not suitable for the
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Table 3. Distribution of number of compounds in structural
classes of MPDST™® compound library.

Chemical Class* No. of No. of
Classes clusters® compounds
Acyclic 1 8 1,790,302
2 4 708,804
Alicyclic 3 7 1,436,757
4 3 483,877
5 1 127,301
6 2 292,961
Heteroalicyclic 7 12 2562,119
8 11 2,289,075
9 4 772,643
10 2 337,420
Aromatic 11 31 6,842,221
12 42 8,978,649
13 32 6,898,540
14 13 2,649,637
15 31 6,276,919
16 10 2,071,127
17 5 1,024,251
18 15 3,089,744
19 14 2,771,697
20 5 903,427
Heteroaromatic 21 16 3,461,762
22 46 10,086,573
23 25 5,484,547
24 32 6,580,855
25 45 9,268,612
26 13 2,588,133
27 12 2,228,509
28 39 7,829,460
29 45 8,970,816
Large Molecules 30 7 1,499,109
Inorganic 31 1 11747

fClass is a chemically well-defined group, £Cluster is a set of
compounds with a size limit of 0.25 million.

large data size (110.31 million) as the speed is com-
promised due to matching a large set of SMARTS
patterns against each molecule. The limitation of the
current version of MPDS-fingerprinting is that it is not
at the stage of being molecule specific. The purpose of
designing this fingerprinting algorithm was to reduce
the search space to a level where the 2D structural com-
parison can be performed without compromising the
computational power and time utilization. Therefore,
more efforts are required to make this fingerprinting
robust and molecule specific. Fingerprinting of inor-
ganic molecules is an issue with most of the available
fingerprinting algorithms. However, MPDS™ finger-
printing algorithm adopts the structure-based fingerprint
classifying the inorganic compounds efficiently. The
program for the generation of 30-bit fingerprinting is
written in Java (using NetBeans IDE 7.2.1).%° Further,
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in different chemically well-defined classes.

the choice of SMILES notation for the assignment of
fingerprinting and structure search was attributed to the
easy and fast handling of the SMILES patterns rather
than SMARTS patterns (Table 4).

4.2 The search page

MPDS™ provides an interface for searching molecule
based on their diverse properties through compound
library search tool designed on the Galaxy platform.
The user can search the compound library by database
ID, exact structure, substructure, descriptor and finger-
print. The result of search page shows a list of molecules
fulfilling the criteria, which are further linked to MPDS
ID card, displaying the basic information of molecule.
The in-house program will calculate molecular finger-
prints and searches the query molecules in the database
for generating MPDS ID card. For assisting the molec-
ular drawing in MPDS-Galaxy portal, JS draw has been
incorporated.

4.3 Workflow system

This is one of the most important features of the cur-
rent platform, which paves the way to generate custom
design workflows. The Galaxy workflow system can be
used by a graphical drag-and-drop interface in which
tools are configured and interconnected between the
appropriate input and output points. The user can also
extract/download the workflow from the history pane.

MPDS™ presents a platform where a data library, data
processing and data analysis are configured and inter-
connected to assist in silico drug discovery. The user can
utilize the inbuilt workflows or design a new one to carry
out chemoinformatics analysis for any given molecule.
The MPDS™ workflow system can be interconnected
between different modules for a specific task.

4.4 MPDS ID card

The output from MPDS™ portal is MPDS ID card
(which is akin to Aadhar card in India, or social security
number in the USA) that represents a molecular profile
report specific to a given molecule. This card reports
the vital physico-chemical properties of a molecule
essential to estimate the drug-likeness and activity of
the molecule in the early stages of the drug discovery
and development pipeline. MPDS ID which provides
all pertinent information can have several pages. First
page is standard and essentially aids in registering
the molecule in the database, besides providing vital
physico-chemical parameters. However, if more perti-
nent data are available on the molecule, such as their
biological activity, spectroscopic data, toxicity, PK/PD
data, efc., subsequent pages will be created. The first
page of the molecule can be viewed publicly from the
portal; second and subsequent pages are stored in the
external hard disks at the development site, due to appar-
ent disk storage limitations (Figures 10 and 11).
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Table 4.

Anamika Singh Gaur et al.

30-bit fingerprinting scheme and its various levels employed for the classification of molecules in MPDS™® 1.0.1.

Fingerprint Level

Fingerprint bits

Fingerprint bits and Molecular features

Level 1 (Skeleton)

Ist bit: Acyclic/Cyclic

Acyclic:

2nd and 3rd bits: Saturation & Conjugation
4th bit: Straight/Branched

5th bit: Homo/Hetero atomic

Cyclic:

2nd and 3rd bits: Number of rings

4th and 5th bits: Alicyclic/Aromatic

6th bit: Large/Small

Level 2 (Atom type) [ 8 ]9

[10 [ 11 [ 12 ]

Acyclic and Cyclic:

7th bit: Geometrical isomerism

8th bit: Hydrogen Bond Donor

9th bit: Hydrogen Bond Acceptor

10th bit: Halogens

11th bit: Heteroatom in side chain/backbone
Acyclic:

12th bit: Presence of metal ion

Cyclic:

12th bit: Presence of fused/unfused rings

Level 3 (Functional group)

[13T14]15T1e] 17118 19]20 ]

Acyclic and Cyclic:

13th bit: Carbonyl group

14th bit: Phosphate containing group
15th bit: Cyanide group

16th bit: Nitro group

17th bit: Sulphur group

18th bit: Amino group

19th bit: Alcohol/Ether group

20th bit: Boron

Level 4 (Size of molecule)

[21 [ 22 [ 23 [ 24 [ 25 [ 26 |

Acyclic and Cyclic:

Level 5 (Heteroatom type inring) 27 [ 28 [ 29 | 30 |

Level 6 -

21st, 22nd, 23rd and 24th bits: Number of
heavy atoms

25th bit: Chirality

26th bit: Connected/Disconnected structure

Acyclic:

27th, 28th, 29th and 30th bits: Even/Odd
number of carbons

Cyclic:

27th bit: Nitrogen in ring

28th bit: Oxygen in ring

29th bit: Sulphur in ring

30th bit: Phosphorus in ring

Number of heteroatom containing rings

5. Conclusions

MPDS™ 1.0.1 is a comprehensive open source Galaxy-
based web tool, which provides a platform to integrate
the data collection, processing, and analysis customized
towards anti-TB drug discovery and design. One of the
main features of this program is its ability to assess and
estimate the activity of a given molecule using chemoin-
formatics, bioinformatics tools, and the existing knowl-
edge in the area. The major attainment of MPDS™

is the creation of a unique compound library (110.31
million) by removing duplicates, isotopic redundancy
and salts. A structure-based classification program was
developed, which classifies the compound library into
31 classes and 533 clusters.

We believe that the web-based chemoinformatics and
modeling tools are great enablers to tackle grand chal-
lenges in healthcare in general and drug discovery in
particular. One of the major bottlenecks for carrying
out research in drug discovery in the academia can be
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Molecular Property Diagnostic Suite

MPDS 1D:27-09-137939
Molecular Formula:

C3,H3BrN,0,

IUPAC Name:

(1R,2S)-1-(6-Bromo-2-methoxy-3-
quinolinyl)-4-(dimethylamino)-2-(1-
naphthyl)- 1-phenyl-2-butanol

Remarks:

Name/Synonyms: Bedaquilina, Bedaquilinum, TMC207, Sirturo, TMC-207,
R207910, TMC207, R207910

Molecular Properties:

Mol. Wt 555.5 LogP 6.37

HBD 1 LogS -6.5

HBA 4 pKa pKal: 11.64; pKa2: 13.47;
pKa3: 7.67; pKa4: 2.67

Molar refractivity 154.02 | Polar surface area 45.59

Heavy atom count |37 Aromatic rings count |5

Rotatable bonds 8 Polarizability 57.29

Figure 10. Molecular Property Diagnostic Suite ID card (MPDS ID Card).

Input molecule f ) ) [ Ligplot: Protein- ]
[ (.sdf) ] L Mib target library ) ligand interactions
@File forr.nat @ ﬁ
s Taput moleculs 2 G r— :>[ Molecular docking ]
(.pdb, .mol, .mol2, .smi) L generation (AutoDock)
T i
[ Descriptor calculation | IdeI}tiﬁcation oflead |:> Compound
L (Padel, CDK ) ) (__likecompounds | library search
@ ﬁ (substructure, exact
. . search, MPDS ID
Drug-like propert
[ ucgalculziiolrjl Y ] BCS classification search)
[ Semaemeteateine | vy i (s |

Figure 11. A workflow system for the generation of MPDS ID card by integration
of data library, data processing and data analysis modules.

traced to the lack of proper software, access to the com-  and conducting frontline research on neglected diseases
prehensive information on the disease, and also whatthe ~ will be on the developing world. It is very important
contemporary challenges are in developing therapeutics  that India, possessing a tremendous pool of talent and
in a given area. Developed countries are not signifi- human resource, takes up the leadership role in under-
cantly affected by TB and thus the onus of coordinating  taking research on TB and other neglected diseases. The
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current web-based tool, MPDS™ is expected to provide
exactly such a platform to drive the research in this area.
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