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Preface

The basic building block of life and bio-materials are the bio-molecules.
Knowledge of the structure and function of bio-molecules is essential for biology,
biochemistry, biophysics, medicine, material science and pharmacology and it even has
interdisciplinary technological implications. Bio-molecules show some beautiful
characteristics that cannot be found in simpler systems. In this complex field the situation
IS not so clear, but the goal is to describe the physics of biological systems, to develop
physical models, and possibly even find new technique that characterize biological entities.

Molecules may undergo several types of motion. - translational motion, rotational
motion about its internal axes, and the vibrational motion. Each molecular vibrational
motion occurs with a frequency characteristic of the molecule and of the particular
vibration. The energy of a vibration is measured by its amplitude (the distance moved by
the atoms during the vibration), so the higher the vibrational energy, the larger the
amplitude of the motion. According to quantum mechanics, only certain vibrational
energies are allowed to the molecule (this is also true of rotational and translational
energies), so only certain amplitudes are allowed. Associated with each vibrational motion
of the molecule is a series of energy levels (or vibrational energy states). In undergoing the
transition, the molecule gains vibrational energy, and the amplitude of the vibration
increases. The frequency of light required to cause a transition for a particular vibration is
equal to the frequency of the vibration, so we may measure the vibrational frequencies by

measuring the frequencies of light absorbed by the molecule.

For a complex molecule study of IR Spectrum is not just a routine work. The over
analysis of the IR spectrum from FTIR analysis may provide many new information about
biomolecules and their molecular function. A normal molecule under external stimulation,
under complex formation and under defect introduction will exhibit a different vibrational
characteristic and a complete analysis of it following theoretical analysis will suppose to
provide a molecular signature for the bio-molecules. The understanding of structure,
dynamics and function of a bio-molecule is one of the most challenging area in the

biological Physics. The IR spectroscopy is supposed to be a powerful tool.

iv|Page



In this project the overall results obtained from various specimens are compiled in
the form of a database to develop a characterization technique of bio-molecule. The

proposed technique is believed to provide a quantum energy map for the low lying states.

The most of the works presented in the thesis are experimental in nature. The
experimental results presented in this thesis are checked carefully and the experimental
errors from the instrument concern did not affect the observed physical properties. At each

and every stage the accuracy of both instrument and experimental condition are checked.
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ABSTRACT

The work presented in this thesis aiming to the title of it. Biomolecules are
molecules that occur naturally in living organisms. The basic building block of life and
bio-materials are the bio-molecules. The study of bio-molecules is similar to that of atoms,
molecules, and solids. The understanding of mentioned simpler systems may help in
investigations of the more complex bio-molecules. Some features are alike in these
quantum-mechanical systems; ideas and concepts from molecular and condensed matter
physics can thus be taken over directly. Progress in physics has often followed a path in
which three areas are essential namely, structure, energy levels, and dynamics. (Structural
analysis techniques have progressed and the latest breakthroughs due to Infra red (IR)
which allow numerous structure-function studies, particularly the quantitative
identification of the atomic assembly of large bio-molecules and the determination of the
microstructure of biological tissue in dynamic situations.). Since the subject is vast only
overview of the mentioned aspects are given.

The molecular spectroscopy is one of the important investigation tool used in this
research however a brief discussion of its methodology is heighted here. When the
intensity of the IR source is the extremely bright light provided by a synchrotron or with
FTIR spectrophotometer with high signal to noise ratio, it is possible to obtain an excellent
IR spectrum. The technique may be comparable to non-destructive testing in Physical/
Material Science/Life Science. In this research scheme the following studies are carried out
(i) Investigation and extraction of internal motion from IR spectrum of bio-molecules/
biomaterials, (ii) Development of understanding on internal motion of complex system,
(iii) Observation of the functional behavior of bio-molecules from the variation of IR
spectrum and dielectric Spectrum with variation of (a) external factor (b) environmental
variation (c) introduction of defects. (iv) Preparation of a comprehensive analysis on
internal motion and relaxation mechanism of biomolecules as complex system. (v)
Development of an over dynamical characterization and quantum energy level map of bio-
molecules are performed.

The analysis of the results obtained involve type of absorption spectroscopy
depending upon the frequency range of the electromagnetic radiation absorbed Microwave
spectroscopy involves a transition from one molecular rotational energy level to another.
Molecules may undergo several types of motion. - translational motion, rotational motion

about its internal axes, and the vibrational motion. The absorption in the far infrared
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corresponds to transitions from an initial state to a low energy final excited state. For
isolated molecules, this excitation corresponds to rotational transitions, vibrational
excitations of large molecules or roto-vibrational transitions. Their measurements at high
resolution provide a better description and understanding of species or chemical reaction.
During this research program few standard bio-molecular system (whose structural
and chemical characterization are available or Computer Molecular Dynamical Simulation
data may developed or available) are investigated in details and compared with appropriate
CMD results. In this research work an adequate analysis of the spectroscopic (FTIR)
results are undertaken. The bio-molecular functions of the same system under external
factors (temperature, hydration, etc) are investigated in details. Following the results a
range of bio-molecular system (e.g. Acacia Arabica, Gum Agar, Manitol Sugar, human
hair etc.) are investigated and analyzed. In the last part of this research program some of
the mentioned bio-molecule are investigated and analyzed from quantum theoretical
simulation. This research project likes to devise a technique for characterization of bio-
molecules and more about this subject. The said characterization is expected to be an
important outcome from the results of the study of Mid-Far IR (FTIR) of native and
modified bio-molecules. The characteristics differences in vibrational/ rotational spectra of
modified bio-molecules over the corresponding pure one will provide a possible roadway
to characterize defect bio-molecules. The outcome of this research is good, concise and

believed to provide a quantum energy map for the low lying states.
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Chapter 1

Introduction

1.1 Biomolecules and Biomaterials :

Biomolecule is a term belonging to a class of organic compounds found in living
organisms. The study of structure and function of biomolecules is most fundamental
aspect in biological-physics. The four major biomolecules are carbohydrates, lipids,

proteins and nucleic acids.

The structure and properties of a biomaterial are dependent on the chemical and
physical nature of the components present and their relative amounts. An understanding of
the exact role played by a tissue and its interrelationship with the function of the entire
living organism is essential if biomaterials are to be used intelligently [1]. Biology studies
life in its variety and complexity. It describes how organisms go about getting food,
communicating, sensing the environment, and reproducing. On the other hand, material
physics looks for mathematical laws of nature and makes detailed predictions about the
forces that drive idealized systems. Spanning the distance between the complexity of life
and the simplicity of physical laws is the challenge of biophysics. Looking for the patterns
in life and analyzing them with math and physics is a powerful way to gain insights. This
knowledge can then be translated into the design and understanding of materials based on

biological components or principles.

Biomaterial is a natural material used to make devices to replace a part of a living
system or to function in intimate contact with living tissue. As the number of available
such materials increases, it becomes more and more important to be protected from
unsuitable products or materials, which haven't been thoroughly evaluated [2,3]. Most
manufacturers of materials operate an extensive quality assurance program and materials
are thoroughly tested before being released to the general practitioner. Many standard
specification tests of both national and international standards organizations (1SO) are now
available, which effectively maintain quality levels. Such specifications normally give
details for the testing of certain products, the method of calculating the results and the

minimum permissible result, which is acceptable. Laboratory investigation, some of which
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are used in standard specification, can be used to indicate the suitability of certain
materials. It is important that methods used to evaluate materials in laboratory give results,
which can be correlated with clinical experience. Although laboratory investigation can
provide many important and useful data on materials, the ultimate test is the controlled
clinical trial and verdict of practitioners after a period of use in general practice. Many
materials produce good results in the laboratory, only to be found lacking when subjected
to clinical use. The majority of manufacturers carry out extensive clinical trials of new
materials, normally in cooperation with a university or hospital department, prior to

releasing a product for use by general practitioners.

The most common classes of materials used as biomedical materials are polymers,
metals, and ceramics. These three classes are used singly and in combination to form most

of the implantation devices available today.
1.1.1 Carbohydrates:

Carbohydrates form a very large group of naturally occurring organic compounds
which play a vital role in daily life. They are produced in plants by the process of
photosynthesis. The most common carbohydrates are glucose, fructose, sucrose, starch,
cellulose etc. Chemically, the carbohydrates may be defined as polyhydroxy aldehydes or
ketones. Carbohydrates are classified into three groups depending upon their behaviour on
hydrolysis. In the following a brief description on carbohydrates is introduced and details

may be found in standard literatures [4-8].

(i) Monosaccharides: A polyhydroxy aldehyde or ketone which cannot be
hydrolysed further to a smaller molecule containing these functional groups, is known as a
monosaccharide. About 20 monosaccharides occur in nature and glucose is the most

common amongst them.

(i1) Disacccharides: Carbohydrates which give two monosaccharide molecules by

hydrolysis are called disaccharides e.g. sucrose, maltose, lactose etc.

(iii) Polysaccharides: Carbohydrates which yield a large number of

monosaccharide units by hydrolysis e.g. starch, glycogen, cellulose etc.
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Disaccharides are formed by the condensation of two monosaccharide molecules.
These monosaccharides join together by the loss of a water molecule between one
hydroxyl group on each monosaccharide. Such a linkage, which joins the monosaccharide
units together, is called glycoside linkage. Sucrose (the common sugar) consists of one
molecule of glucose and one molecule of fructose joined together. Lactose (or milk sugar)
is found in milk and contains one molecule of glucose and one molecule of galactose. If a
large number of monosaccharide units are joined together, we get polysaccharides. These
are the most common carbohydrates found in nature. They have mainly one of the
following two functions- either as food materials or as structural materials. Starch is the
main food storage polysaccharide of plants. It is a polymer of a-glucose and consists of
two types of chains- known as amylose and amylopectin. Cellulose is a natural
polysaccharide which is the main component of wood and other plant materials. It consists

of long chain of 3-D-glucose molecules.

1.1.2 Lipids:

The lipids include a large number of biomolecules of different types. In general,
those constituents of the cell which are insoluble in water and soluble in organic solvents
of low polarity (such as chloroform, ether, benzene etc.) are termed as lipids. Lipids
perform a variety of biological functions. Lipids are classified into three broad categories

on the basis of their molecular structure and the hydrolysis products.

(i) Simple Lipids: Those lipids which are esters and yield fatty acids and alcohols
upon hydrolysis are called simple lipids. They include oils, fats and waxes. They are
subdivided into two groups, depending on the nature of the alcohol component. Fats and
oils are triglycerides, i.e. they are the esters of glycerol with three molecules of long chain
fatty acids. Variations in the properties of fats and oils are due to the presence of different
acids. These long chain acids may vary in the number of carbon atoms (between C;, to
C26) and may or may not contain double bonds. On hydrolysis of a triglyceride molecule,

one molecule of glycerol and three molecules of higher fatty acids are obtained.

By definition, a fat is that triglyceride which is solid or semisolid at room
temperature and an oil is the one that is liquid at room temperature. Saturated fatty acids
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form higher melting triglycerides than unsaturated fatty acids. The saturated triglycerides
tend to be solid fats, while the unsaturated triglycerides tend to be oils. The double bonds
in an unsaturated triglyceride are easily hydrogenated to give a saturated product, and in
this way an oil may be converted into a fat. Hydrogenation is used in the manufacture of
vanaspati ghee from oils. Fats and oils are found in both plants and animals. Our body can
produce fats from carbohydrates. This is one method that the body has for storing the
energy from unused carbohydrates. The vegetable oils are found primarily in the seeds of
plants.

The second type of simple lipids is waxes. They are the esters of fatty acids with
long chain monohydroxy alcohols 26 to 34 carbons atoms. Waxes are wide-spread in
nature and occur usually as mixtures. They form a protective coating on the surfaces of
animals and plants. Some insects also secrete waxes. The main constitutent of bees wax

obtained from the honey comb of bees is myricyl palmitate.

(it) Compound Lipids: Compound lipids are esters of fatty acids and alcohol with
additional compounds like phosphoric acid, sugars, proteins etc. Compound lipids by
hydrolysis yield some other substances in addition to an alcohol and fatty acids. The first
type of such lipids is called phospholipids, because they are the triglycerides in which two
molecules of fatty acids and one molecule of phosphoric acid are present. Glycolipids
contain a sugar molecule in addition to fatty acid attached to an alcohol.

(iii) Derived Lipids: Compounds which are formed from oils, fats etc. during
metabolism. They include steroids and some fat soluble vitamins. Steroids are another
class of lipids which are formed in our body during metabolism. These are the compounds
with a distinctive ring system that provides the structural backbone for many of our
hormones. Steroids do not contain ester groups and hence cannot be hydrolysed.
Cholesterol is one of the most widely distributed steroids in animal and human tissues.
Another important group of derived lipids is that of fat-soluble vitamins. This includes

vitamins A, D, E and K, whose deficiency causes different diseases.

Fats are main food storage compounds and serve as reservoir of energy. Presence
of oils or fats is essential for the efficient absorption of fat soluble vitamins A, D, E and K.

Subcutaneous fats serve as biological insulator against excessive heat loss. Phospholipids
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are the essential components of cell membrane. Steroids control many biological activities
in living organisms. Some enzymes require lipid molecules for maximum action. Details

description about lipids may found in some other materials [9-12].

1.1.3 Proteins:

Proteins are the most abundant macromolecules in living cells. These are high
molecular mass complex amino acids. Proteins are most essential class of biomolecules
because they play the most important role in all biological processes. A living system
contains thousands of different proteins for its various functions. Our every day food like
pulses, eggs, meat and milk are rich sources of proteins and are must for a balanced diet.

Proteins are classified on the basis of their chemical composition, shape and

solubility into two major categories.

(i) Simple proteins: Simple proteins are those which, by hydrolysis, give only
amino acids. According to their solubility, the simple proteins are further divided into two

major groups fibrous and globular proteins.

() Fibrous Proteins: These are water insoluble animal proteins eg. elastins
(protein of arteries and elastic tissues). Molecules of fibrous proteins are generally long
and thread like. Measured in terms of their total mass, the largest class is the structural
one. Structural proteins are fibrous proteins. The most familiar of the fibrous proteins are
the keratins, which form the protective covering of all land vertebrates: skin, fur, hair,
wool, claws, nails, hooves, horns, scales, beaks and feathers. Equally widespread, if less
visible, are the actin and myosin proteins of muscle tissue. Another group of fibrous
structural proteins are the silks and insect fibers. In addition, there are the collagens of
tendons and hides, which form connective ligaments within the body and give extra
support to the skin where needed. Structural proteins are the most abundant class of
proteins in nature. Collagen is recognized as the most abundant mammalian protein.
Structural proteins such as collagen, fibronectin and laminin are utilized in cell culture

applications as attachment factors [13].
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(b) Globular Proteins: These proteins are generally soluble in water, acids, bases
or alcohol. Some examples of globular proteins are albumin of eggs, globulin (present in
serum), and haemoglobin. Molecules of globular proteins are folded into compact units

which are spherical in shape.

(if) Conjugated proteins: Conjugated proteins are complex proteins which by
hydrolysis yield not only amino acids but also other organic or inorganic components. The
non-amino acid portion of a conjugated protein is called prosthetic group. Unlike simple
proteins, conjugated proteins are classified on the basis of the chemical nature of their
prosthetic groups [15].

1.1.4 Nucleic acids:

The study of the chemistry of heredity is one of the most fascinating field of
research today. It was recognized in the 19th century that the nucleus of a living cell
contains particles responsible for heredity, which were called chromosomes. In more
recent years, it has been discovered that chromosomes are composed of nucleic acids.
These are named so because they come from the nucleus of the cell and are acidic in
nature. Two types of nucleic acids exist which are called DNA (deoxyribonucleic acid)
and RNA (ribonucleic acid).They differ in their chemical composition as well as in
functions [16].

Like all natural molecules, nucleic acids are linear polymeric molecules. They are
chain like polymers of thousands of nucleotide units; hence they are also called
polynucleotides. A nucleotide consists of three subunits: a nitrogen containing
heterocyclic aromatic compound (called base), a pentose sugar and a molecule of

phosphoric acid [17].

An important function of nucleic acids is the protein synthesis. The specific
sequence of bases in DNA represents coded information for the manufacture of specific
proteins. In the process, the information from DNA is transmitted to another nucleic acid
called messenger RNA, which leaves the nucleus and goes to the cytoplasm of the cell.
Messenger RNA acts as template for the incorporation of amino acids in the proper
sequence in protein. The amino acids are brought to the messenger RNA in the cell, by

transfer RNA. Where they form peptide bonds. In short it can be said that DNA contains
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the coded message for protein synthesis whereas RNA actually carries out the synthesis of

protein.

1.2 Molecular Spectroscopy:

Molecular spectroscopy refers to the field of looking at molecules using
electromagnetic radiation. This technique is used both to detect and to manipulate and
understand molecules. The information obtained from molecular spectroscopy relates to
the energy levels and the shapes and charge densities of molecules. There are a few

generic concepts and principles for all spectroscopy that are listed below:

(i) The energy of a molecule can be thought of as consist of different contributions:
Rotational Energy, Vibrational Energy and Electronic Energy. The energy spacing
between rotational levels is smaller than that between vibrational levels which is smaller

than that between Electronic levels.

(if) The Electromagnetic spectrum can be thought of as divided into different regions
based on the wavelength/frequency/energy of the light source used. The table below lists

these energies and the transitions that are probed by these energies.

Type of radiation Frequency(Hz) Motions probed
Microwave 10°-10% Rotations
Infrared 10%-10* Vibrations
Visible and Ultraviolet(UV-Vis) 10™ - 10™ Electronic Transitions

Table 1. Different regions based on the frequency of the light source.
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(ii1) When light of a certain wavelength falls on a molecule, then the molecule will absorb
light and go to an excited state such that the difference in energy between the ground state
and the excited state is hc/A, where A is the wavelength of the light used. Alternatively, the
molecule may emit electromagnetic radiation a particular wavelength by transition the
higher energy state to the lower energy state. The condition used to predict the wavelength
of absorption of light is

.
(e

5
-

(iv) In addition to the energy and frequency criterion, there are some other conditions that
are necessary in order for light to be absorbed. These refer to the symmetry of the
molecule and the wave functions involved. They are referred to as selection rules. There
are two kinds of selection rules - general selection rules and specific selection rules for
each type of transition. These rules can be developed using quantum mechanics

supplemented with the quantum mechanical theory of interaction of radiation with matter.

(v) The absorption spectrum refers to the absorption of electromagnetic radiation of
definite energies/wavelengths/frequencies/wave numbers. A tunable light source which
impinges on the sample and the transmitted/ scattered light is collected by a detector. The
output is described as spectral lines. Typically, wavelength or wave number of the
electromagnetic radiation vs. the intensity of absorbed/transmitted/scattered
electromagnetic radiation is plotted. Based on this graph, one can identify specific
wavelengths at which electromagnetic radiation is absorbed. This gives information about
the energy spacings and can be used to characterize the molecule. The other properties of

the spectrum like the line-width and the line intensity can give useful information.
1.2.1 Rotational/Microwave Spectroscopy:

The rotational motion of the diatomic molecule can be modeled as a rigid rotor

with energy levels given by

-
&

E, =—]JJ+1) where]=0, ,2,..

27
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The letter J is used for molecules. Similarly, the quantum number M; is used to
denote the quantization of the Z-component of angular momentum. The moment of inertia
of a diatomic molecule about its center of mass is given as 7 = - where y is the reduced

mass and r is the bond length of the molecule. The energy expression is expressed as

The quantity B is referred to as the rotational constant of the molecule. It has units
of inverse length and is typically expressed in cm™'. For a transition from one state to
another, the wave number of the electromagnetic radiation absorbed is proportional to B.

The specific selection rules for rotational transitions are given below

i w

- 1 - a Fal 1 A
j=x1, AM, 0,11

The plus sign in %] corresponds to absorption and the minus sign to emission of

light [18,19]. Typically, a rotational absorption spectrum consists of a number of lines at
different wave numbers corresponding to different transitions. The transitions from J to J

+ 1 are characterized by an energy difference given by

E;,, —E =2hB]

and the corresponding wave number is 2BJ. Thus the lines are observed at 2B, 4B, 6B, ... .

Typical values of B are from 0.1-10 cm ™.

The origin of spectral lines in molecular spectroscopy is the absorption, emission,
and scattering of photon when the energy of a molecule changes. In molecules, there are
energy states corresponding to nuclei vibrations and rotations. In consequence, the
molecular spectra are more complex than atomic spectra and contain information on the
molecular structure and the bond strength. They also provide a way of determining a
variety of molecular properties, like dipole and quadrupole moments and the quantum
numbers characterizing all molecular degrees of freedom. The molecular spectroscopy is
also important for astrophysics and environmental science, for investigation of chemical

composition, biological function and in many other areas of science and technology which
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needs detailed investigation of properties of microscopic atomic and molecular objects. In
the following Born-Oppenheimer approximation the energy of a molecule can be
presented as sum of electronic energy Eg, vibrational energy E.i, and rotational energy E:

energy [20].
E = Ee + Evib + Erot ()

Usually, transitions within the rotation energy levels manifold belong to the far
infrared and microwave spectral region, transitions within the vibrational energy levels
manifold belong to the infrared spectral region, and the transitions between the electronic
energy levels belong to the visible, or ultraviolet spectral region. In general, the vibrational
transitions result in changes in the rotational mode and the electronic transitions result in

changes in the rotational and vibrational modes as well [21].

1.3 Experimental Techniques of molecular spectroscopy:

Progress in physics has often followed a path in which three areas are essential
namely, structure, energy levels, and dynamics. (Structural analysis techniques have
progressed and the latest breakthroughs due to Infra red (IR) which allow numerous
structure-dynamics studies, particularly the quantitative identification of the atomic
assembly of large bio-molecules and the determination of the microstructure of biological
tissue in dynamic situations.) Due to the inherent complexity bio-molecules, (the size,
structure and variety of molecules), it might be anticipated that biological samples would

not be a good candidates for IR analysis.

However, when the intensity of the IR source is the extremely bright light provided
by a synchrotron or with FTIR spectrophotometer with high signal to noise ratio , it is
possible to obtain an excellent IR spectrum. The technique may be comparable to non-
destructive testing in Physical/ Material Science/Life Science. The objectives of this
research are (i) Investigation and extraction of internal motion from IR spectrum of bio-
molecules/ biomaterials. (ii)To develop understanding on internal motion of complex
system.(iii)To study the functional behavior of biomolecules from the variation of IR

spectrum and dielectric Spectrum with variation of (a) external factor (b) environmental
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variation (c) introduction of defects. (iv) preparation of a comprehensive analysis on
internal motion and relaxation mechanism of biomolecules as complex system. (v)
Development of an over dynamical characterization and quantum energy level map of bio-

molecules under the purview of this project.
1.3.1 Fourier transform infrared spectroscopy:

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to
obtain an infrared spectrum of absorption, emission, photoconductivity or Raman
scattering of a solid, liquid or gas. An FTIR spectrometer simultaneously collects spectral
data in a wide spectral range. This confers a significant advantage over a dispersive
spectrometer which measures intensity over a narrow range of wavelengths at a time.
FTIR has made dispersive infrared spectrometers all but obsolete (except sometimes in the
near infrared), opening up new applications of infrared spectroscopy. The term Fourier
transform infrared spectroscopy originates from the fact that a Fourier transform (a

mathematical process) is required to convert the raw data into the actual spectrum [22].
1.3.2 Conceptual introduction:

The goal of any absorption spectroscopy (FTIR, ultravioletvisible ("UV-Vis")
spectroscopy, etc.) is to measure how well a sample absorbs light at each wavelength. The
most straightforward way to do this, the "dispersive spectroscopy" technique, is to shine a
monochromatic light beam at a sample, measure how much of the light is absorbed, and
repeat for each different wavelength. (This is how UV-Vis spectrometers work, for
example.) Fourier transform spectroscopy is a less intuitive way to obtain the same
information. Rather than shining a monochromatic beam of light at the sample, this
technique shines a beam containing many frequencies of light at once, and measures how
much of that beam is absorbed by the sample. Next, the beam is modified to contain a
different combination of frequencies, giving a second data point. This process is repeated
many times. Afterwards, a computer takes all these data and works backwards to infer
what the absorption is at each wavelength. The beam described above is generated by
starting with a broadband light source that contains the full spectrum of wavelengths to be
measured. The light shines into a Michelson interferometer having a certain configuration

of mirrors, one of which is moved by a motor. As this mirror moves, each wavelength of
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light in the beam is periodically blocked, transmitted, blocked, transmitted, by the
interferometer, due to wave interference. Different wavelengths are modulated at different
rates, so that at each moment, the beam coming out of the interferometer has a different
spectrum. As mentioned, computer processing is required to turn the raw data (light
absorption for each mirror position) into the desired result (light absorption for each
wavelength). The processing required turns out to be a common algorithm called the
Fourier transform (hence the name, "Fourier transform spectroscopy"”). The raw data is
sometimes called an "interferogram” [23,24].

1.3.3 Developmental background:

The first low-cost spectrophotometer capable of recording an infrared spectrum
was the Perkin-Elmer Infracord produced in 1957. This instrument covered the
wavelength range from 2.5 pm to 15 um (wave number range 4000 cm ' to 660 cm ™).
The lower wavelength limit was chosen to encompass the highest known vibration
frequency due to a fundamental molecular vibration. The upper limit was imposed by the
fact that the dispersing element was a prism made from a single crystal of rock-salt
(sodium chloride) which becomes opaque at wavelengths longer than about 15 pum; this
spectral region became known as the rock-salt region. Later instruments used potassium
bromide prisms to extend the range to 25 pm (400 cm ') and caesium iodide 50 pm (200
cm ). The region beyond 50 pm (200 cm ') became known as the far-infrared region; at
very long wavelengths it merges into the microwave region. Measurements in the far
infrared needed the development of accurately ruled diffraction gratings to replace the
prisms as dispersing elements since salt crystals are opaque in thisn region. More sensitive
detectors than the bolometer were required because of the low energy of the radiation. One
such was the Golay detector. An additional issue is the need to exclude atmospheric water
vapour because water vapour has an intense pure rotational spectrum in this region. Far-
infrared spectrophotometers were cumbersome, slow and expensive. The advantages of
the Michelson interferometer were well-known, but considerable technical difficulties had
to be overcome before a commercial instrument could be built. Also an electronic
computer was needed to perform the required Fourier transform and this only became
practicable with the advent of mini-computers, such as the PDP-8 which became available
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in 1965. Digilab pioneered the world's first commercial FTIR spectrometer (Model FTS-
14) in 1969 (Digilab FTIRs are now a part of Agilent technologies's molecular product
line after it acquired spectroscopy business from Varian) [23, 24].

1.3.4 Michelson interferometer:

In a Michelson interferometer adapted for FTIR, light from the polychromatic
infrared source, approximately a black-body radiator, is collimated and directed to a beam
splitter. Ideally 50% of the light is refracted towards the fixed mirror and 50% is
transmitted towards the moving mirror. Light is reflected from the two mirrors back to the
beam splitter and (ideally) 50% of the original light passes into the sample compartment.
There, the light is focused on the sample. On leaving the sample compartment the light is
refocused on to the detector. The difference in optical path length between the two arms of
the interferometer is known as retardation. An interferogram is obtained by varying the
retardation and recording the signal from the detector for various values of the retardation.
The form of the interferogram when no sample is present depends on factors such as the
variation of source intensity and splitter efficiency with wavelength. This results in a
maximum at zero retardation, when there is constructive interference at all wavelengths,
followed by series of "wiggles”. The position of zero retardation is determined accurately
by finding the point of maximum intensity in the interferogram. When a sample is present
the background interferogram is modulated by the presence of absorption bands in the
sample. There are two principal advantages for an FT spectrometer compared to a
scanning (dispersive) spectrometer. The multiplex or Fellgett's advantage. This arises from
the fact that information from all wavelengths is collected simultaneously. It results in a
higher Signal-to-noise ratio for a given scan-time or a shorter scan-time for a given
resolution. The throughput or Jacquinot's advantage. This results from the fact that, in a
dispersive instrument, the monochromator has entrance and exit slits which restricts the
amount of light that passes through it. The interferometer throughput is determined only
by the diameter of the collimated beam coming from the source. Other minor advantages
include less sensitivity to stray light, and "Connes' advantage" (better wavelength
accuracy), while a disadvantage is that FTIR cannot use the advanced electronic filtering
techniques that often makes its signal-to-noise ratio inferior to that of dispersive

measurements [25, 26].
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1.3.5 Beam splitter:

The beam-splitter cannot be made of a common glass, as it is opaque to infrared
radiation of wavelengths longer than about 2.5um. A thin film, usually of a plastic
material, is used instead. However, as a material has limited range of optical transmittance,

several beam-splitters are used interchangeably to cover a wide spectral range [27].
1.3.6 Fourier transform:

The interferogram in practice consists of a set of intensities measured for discrete
values of retardation. The differences between successive retardation values are constant.
Thus, a discrete Fourier transform is needed. The fast Fourier transform (FFT) algorithm is

used.
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1.3.7 Far-infrared FTIR:

The first FTIR spectrometers were developed for far-infrared range. The reason for
this has to do with the mechanical tolerance needed for good optical performance, which is
related to the wavelength of the light being used. For the relatively long wavelengths of
the far infrared (~10 pum), tolerances are adequate, whereas for the rock-salt region
tolerances have to be better than 1um. A typical instrument was the cube interferometer
developed at the NPL and marketed by Grubb Parsons. It used a stepper motor to drive the

moving mirror, recording the detector response after each step was completed [28].
1.3.8 Mid-infrared FTIR:

With the advent of cheap microcomputers it became possible to have a computer
dedicated to controlling the spectrometer, collecting the data, doing the Fourier transform
and presenting the spectrum. This provided the impetus for the development of FTIR
spectrometers for the rock-salt region. The problems of manufacturing ultra-high precision
optical and mechanical components had to be solved. A wide range of instruments are now
available commercially. Although instrument design has become more sophisticated, the
basic principles remain the same. Nowadays, the moving mirror of the interferometer
moves at a constant velocity, and sampling of the interferogram is triggered by finding
zero-crossings in the fringes of a secondary interferometer lit by a helium-neon laser. This
confers high wavenumber accuracy on the resulting infrared spectrum and avoids

wavenumber calibration errors.
1.3.9 Near-infrared FTIR:

The near-infrared region spans the wavelength range between the rock-salt region
and the start of the visible region at about 750 nm. Overtones of fundamental vibrations
can be observed in this region. It is used mainly in industrial applications such as process

control and chemical imaging.
1.3.10 A typical Interferrogram and its analysis:

Most interferometers employ a beamsplitter which takes the incoming infrared
beam and divides it into two optical beams. One beam reflects off of a flat mirror which is
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fixed in place. The other beam reflects off of a flat mirror which is on a mechanism which
allows this mirror to move a very short distance (typically a few millimeters) away from
the beamsplitter. The two beams reflect off of their respective mirrors and are recombined
when they meet back at the beamsplitter. Because the path that one beam travels is a fixed
length and the other is constantly changing as its mirror moves, the signal which exits the
interferometer is the result of these two beams “interfering” with each other. The resulting
signal is called an interferogram which has the unique property that every data point (a
function of the moving mirror position) which makes up the signal has information about

every infrared frequency which comes from the source.

This means that as the interferogram is measured, all frequencies are being
measured simultaneously. Thus, the use of the interferometer results in extremely fast
measurements. Because the analyst requires a frequency spectrum (a plot of the intensity
at each individual frequency) in order to make an identification, the measured
interferogram signal can not be interpreted directly. A means of “decoding” the individual
frequencies is required. This can be accomplished via a well-known mathematical
technique called the Fourier transformation. This transformation is performed by the

computer which then presents the user with the desired spectral information for analysis.
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Because there needs to be a relative scale for the absorption intensity, a
background spectrum must also be measured. This is normally a measurement with no
sample in the beam. This can be compared to the measurement with the sample in the
beam to determine the “percent transmittance.” This technique results in a spectrum which
has all of the instrumental characteristics removed. Thus, all spectral features which are
present are strictly due to the sample. A single background measurement can be used for
many sample measurements because this spectrum is characteristic of the instrument itself
[29].

1.3.11 Advantages of FTIR:

The modern FT-IR spectrometer has three major advantages over a typical
dispersive infrared spectrometer. These advantages are the reason FT-IR is now the
standard tool, having largely displaced dispersive instruments by the mid 1980’s.

A. Multiplex Advantage:

As seen from the operations description above, the interferometer does not separate
energy into individual frequencies for measurement. Each point in the interferogram
contains information from each wavelength of light being measured. Every stroke of the
moving mirror equals one scan of the entire infrared spectrum, and individual scans can be
combined to allow signal averaging. In the dispersive instrument, every wavelength across
the spectrum must be measured individually as the grating scans. This can be a slow

process, and typically only one spectral scan of the sample is made in a dispersive
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instrument. The multiplex advantage means many scans can be completed and averaged

on an FT-IR in a shorter time than one scan on most dispersive instruments.
B. Throughput Advantage:

The FT-IR instrument does not limit the amount of light reaching the detector
using a slit. The Thermo Scientific FT-IR spectrometers also use the fewest number of
mirrors necessary, which means less reflective losses occur. Overall, these mean more
energy reaches the sample and hence the detector in an FT-IR spectrometer than in a
dispersive spectrometer. The higher signal leads to an improved signal-to-noise ratio of the
FT-IR. Higher signal-to-noise means that the sensitivity of the instrument for small
absorptions will be greater, and details in a sample spectrum will be clearer and more
distinguishable. The IR analysis of proteins is a good example — this is almost impossible

in a classical dispersive instrument, while it is a fairly routine measurement for FT-IR.

The slit in a dispersive instrument becomes even more of a limitation as the
spectral resolution desired increases. To see a narrower range, the slit closes down,
choking the amount of light passing the instrument, resulting in poor quality spectra for all
except ideal samples. Further, high resolution also implies a very slow scan speed, so it
can take long times to collect a high resolution dispersive spectrum. To attain ultra-high
resolution, the IR also uses an aperture, but the limitation of the light is not nearly so

severe, and the multiplex advantage quickly gains back the loss.
C. Precision Advantage:

An FT-IR spectrometer uses a laser to control the velocity of the moving mirror
and to time the collection of data points throughout the mirror stroke. This laser is also
used as a reference signal within the instrument. The interferogram of the laser is a
constant sine-wave, which provides the reference for both precision and accuracy of the
infrared spectrometer. Well-designed FT-IR spectrometers rely exclusively on this
reference laser, rather than any external reference sample. In this case, spectra collected
with an FT-IR spectrometer can be compared with confidence whether they were collected
five minutes or five years apart. This capability is not available on an dispersive infrared

system, or any system requiring external calibration standards [30].
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1.4 Energy levels of molecules with special reference to biomolecules:

Free atoms do not rotate or vibrate. For an oscillatory or a rotational motion of a
pendulum, one end has to be tied or fixed to some point. In molecules such a fixed point is
the center of mass. The atoms in a molecule are held together by chemical bonds. The
rotational and vibrational energies are usually much smaller than the energies required to
break chemical bonds. The rotational energies correspond to the microwave region of
electromagnetic radiation (3x10™ to 3x10% Hz; energy range around 10 t0100 J/mol) and
the vibrational energies are in the infrared region (3x10% to 3x10' Hz; energy range
around 10kJ/mol) of the electromagnetic radiation. For rigid rotors (no vibration during
rotation) and harmonic oscillators (wherein there are equal displacements of atoms on
either side of the center of mass) there are simple formulae characterizing the molecular
energy levels. In real life, molecules rotate and vibrate simultaneously and high speed

rotations affect vibrations and vice versa.

1.4.1 Rotational Spectra of diatomic molecules:

?-.': r ):
A :
A
QY m2
m1 / TR
< rl S r2 }

Fig.1.4.1. A rigid diatomic with masses m; and m; joined by a thin rod of length r =r; +
r,. The centre of mass is at C.

The two independent rotations of this molecule are with respect to the two axes
which pass though C and are perpendicular to the “bond length” r. The rotation with
respect to the bond axis is possible only for “classical” objects with large masses. For
quantum objects, a “rotation” with respect to the molecular axis does not correspond to

any change in the molecule as the new configuration is indistinguishable from the old one.

The center of mass is defined by equating the moments on both segments of the

molecular axis.
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Myl = Mo (1)

The moment of inertia is defined by

| = m1r12+ m2r22 (2)
=nI1r (m1+ mz) (3)
Therefore
m myr
1 M, g and 2 7 iy +m, “)

Substituting the above equation in (3), we get

Ty, T , T4 iy
=17, B=
my +m, my M, (5)

Where 4, the reduced mass is given by

1 1

u m

3

2 (6)

The rotation of a diatomic is equivalent to a “rotation” of a mass p at a distance of
r from the origin C. The kinetic energy of this rotational motion is K.E. = L%2I where L is
the angular momentum, /e where w is the angular (rotational) velocity in radians/sec. The
operator for L? is the same as the operator L? for the angular momentum of hydrogen atom
and the solutions of the operator equations L*Yin = I (I + 1) Yim, Where Y, are the spherical

harmonics.

The quantized rotational energy levels for this diatomic are

h? )

The energy difference between two rotational levels is usually expressed in cm™.

The wave number corresponding to a given AE is given by

v =AE /he, cm™ (8)
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The energy levels in cm™ are therefore,

h
S - 1Ay N S . R o
Ly = ojl, T1) wnere o — o
El - - - =

0 el (9)

s

The rotational energy levels of a diatomic molecule are shown in Fig. 1.4.2.
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Fig.1.4.2. Rotational energy levels of a rigid diatomic molecule and the allowed
transitions.

The selection rule for a rotational transition is,

Ay =11 (10)

In addition to this requirement, the molecule has to possess a dipole moment. As a
dipolar molecule rotates, the rotating dipole constitutes the transition dipole operator .
Molecules such as HCI and CO will show rotational spectra while H, Cl, and CO, will

not. The rotational spectrum will appear as follows
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B 6B 10B

Fig.1.4.3. Rotational spectrum of a rigid diatomic. Values of B are in cm™. Typical values
of B in cm™ are 1.92118 (CO), 10.593 (HCI), 20.956 (HF), *H, (60.864), *H, (30.442),
1.9987(N2).

From the value of B obtained from the rotational spectra, moments of inertia of

molecules I, can be calculated. From the value of I, bond length can be deduced.

1.4.2 Rotational Spectra of Polyatomic molecules:

Linear molecules such as OCS and HC=CCI have spectra similar to diatomics. In
diatomics as well as linear triatomics, Ia = Ig; Ic = 0. Ia, Ig and I¢ are the three moments of
inertia of molecules along three independent axes of rotation. Just as any translation can be
decomposed into three independent components along three axes such as x, y and z, any
rotation can be decomposed into rotations along three axes A, B, and C. The way to
choose these axes is to have the simplest values of I, Iz and Ic. Since triatomics are
heavier than the constituent diatomics, their moments of inertia are larger and the values of
rotational constants, B, are smaller, in the range of 1 cm™. The value of I or Ig
determined from the B value gives the total length of the triatomic. To determine the two
bond lengths in the linear triatomic, the moment of inertia I of an isotope of the triatomic
is needed. From two values of 14 and I, the two bond lengths can be determined.

The rotational spectra of asymmetric molecules for which I # Ig # Ic can be quite

complicated. For symmetric tops, two moments of inertia are equal i.e.,
Ig ' I Ic #9 (11)

In CH3ClI for example, the main symmetry axis is the C — Cl axis. Two quantum

numbers are required to describe the rotational motion with respect to Ia and Ic
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respectively. Here J represents the total angular momentum of the molecule and K the
angular momentum with respect to the C — CI axis of the symmetric top. J takes on integer
values and K cannot be greater than J (m</ for orbital angular momentum). The (2J + 1)

“degeneracy” is expressed through the 2J + 1 values that K can take.

K=J,31, e 0y - (3-1), - J (12)

TR —_pgrTL1V L4 BYWKE i
I . e LY +4 L = s BATE
e (13)
The moments of intertia are related to B and A as
h h
- ETLEL i = -
am-l-c 8m<l,c (14)

As the energy depends on K2, energies for states with + K and — K are doubly
degenerate. Thus there will be J + 1 levels and (2J + 1) states for each values of J.

The selection rules for the symmetric top are,

Ay=41 and AK=0 (15)

It can be easily shown that

(f—.r+1,;r: E_.T,Kj 23}'[1 + 1)
he (16)
This implies that the spectrum is independent of the value of K which refers to the
rotation about the symmetry axis such as the C - Cl axis. The rotation about this axis does
not change the dipole moment. The molecular dipole moment changes during the
rotational motion to induce the transition. Rotation along the axis A and B changes the
dipole moment and thus induces the transition.

By using rotational or microwave spectroscopy, very accurate values of bond
lengths can be obtained. For example, in HCN, the C-H length is 0.106317 + 0.000005 nm
and the CN bond length is 0.115535 £ 0.000006 nm. The principle of the microwave oven
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involves heating the molecules of water through high speed rotations induced by

microwaves. The glass container containing water however remains cold since it does not

contain rotating dipoles.
1.4.3 Vibrations and Rotations of a diatomic:

Simple pendulums or stretched strings exhibit simple harmonic motion about their
equilibrium positions. Molecules also exhibit oscillatory motions. A diatomic oscillates
about its equilibrium geometry. The quantized vibration energies E, of a harmonic

oscillator are

The vibrational frequency v is related to the force constant k through

v 2— | : » H-
T, .1
N (18)
The vibrational motion occurs under the action of a binding potential energy. The

potential energy (PE) curve for a harmonic oscillator is given in Fig.1.4.4.
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Fig.1.4.4. The potential energy of a harmonic oscillator V = k(r-r,)2 The force constants k
in N/m for a few molecules are, CO (1902), HF (966), HCI (516), HI (314).

On either sides of the equilibrium bond length ry, the PE rises as a symmetric
quadratic function (a parabola). The vibrational wavefunctions can be obtained by solving
the Schrodinger equation. The Hamiltonian operator (for energy) now consists of a kinetic
energy term and a potential energy term V as shown in Fig. 1.4.4 and the solutions for
energy, E, have already been given in Eq.(17). The selection rules for the harmonic

oscillator are:
Av==+1 (19)

Several equally spaced lines (spacing hv) corresponding to the transitions 0—1,
1—-2, 2—3 and so on are seen. The first transition will be the most intense as the state
with v = 0 is the most populated. In actual diatomics, the potential is anharmonic. A good

description of an anharmonic oscillator is given by the Morse potential function.
P.E. = Deq [1 - exp {a (o131 (20)

Deq is the depth of the PE curve and ro is the bond length. A plot of the Morse
curve and the energy levels for the Morse potential are given in Fig. 1.4.5. The formula for

the energy levels of this anharmonic oscillator is
Ev/hc = e, = (v+ %) v - (v+ 15)* v Xe, cm™ (21)

Here X, is called the anharmonicity constant whose value is near 0.01. It can be
easily deduced from the above formula that the vibrational energy levels for large v start

bunching together.
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Fig.1.4.5. The Morse potential and the energy levels.

Often, one observes a combined vibrational rotational spectrum. A combined set of

vibrational and rotational energy levels of a diatomic is given by
Eww =BJ(J+ 1)+ (vt %) v- (vt 1/2)2 v X, cm? 22)

The energy level diagram and the spectrum corresponding to the diagram are

shown in Fig.1.4.6.
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Fig.1.4.6. The vibrational rotational spectrum.

The selection rules are Av =+ 1, +2,..., AJ==+1. AJ =1 corresponds to the R

branch on the right at higher frequencies and A J =J" —J’ = -1 corresponds to the P branch
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on the left. The dashed line Q for which A J = 0, is not seen. The difference between Ry

and P1 is 4B and the difference between adjacent R lines and adjacent P lines is 2B.

1.4.4 Vibrational spectra of Polyatomic molecules:

An atom moving in three dimensions has three degrees of freedom corresponding
to the freedom in movement along x, y and z directions. A collection of N unbound atoms
will have 3N degrees of freedom. If the N atoms are bound through the formation of a
molecule, the 3N degrees of freedom get redistributed into translational, rotational and
vibrational modes. Since the molecule can be translated as a unit, there are three
translational modes (degrees of freedom). Similarly there are three rotational modes with
respect to three independent axis of rotation. The remaining, 3N-6 are the vibrational
modes. For a linear molecule, since there are only two rotational modes with respect to the

two axes perpendicular to the molecular axis, there are 3N-5 vibrational modes.

If the potential energy functions for all the motions can be assumed to be
harmonic, then the 3N-6 modes can be categorized into 3N-6 normal modes. Consider the
example of water. There are three atoms and 3N-6 = 3 normal modes. In terms of the
potential energy functions for vibrations, there are three functions: one of each
corresponding to each O-H bond and one corresponding to the H-O-H bending. In terms of
the individual bond vibrations, the vibrational motion can appear quite complex. The total
potential energy P.E. may be written as:

P.E. =%k (ri-ro)? + Yo k (1 — ra0)? + Yok (0-00)? (23)

Here, rip and ry are the equilibrium bond lengths of the two O-H bonds and 6 is
the equilibrium bond angle. A normal mode of vibration is defined as a vibration in which
all atoms oscillate with the same frequency and pass through their equilibrium positions at
the same time. The center of mass is unchanged during a normal mode. The three normal

modes of vibration of water are shown in the following figure.
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Fig.1.4.7. Normal modes of vibrations of water.

The three normal modes of vibrations of water are the symmetric stretch (v; =
3651.7 cm™), the antisymmetric stretch (v, = 3755.8 cm™) and the symmetric bend (v =
1595.0 cm™). Bending requires less energy and thus, its frequency is lower. The
asymmetric stretch requires greater reorganization than the symmetric stretch and hence a
larger frequency. Molecular CO; is a linear triatomic and has 3N - 5 = 4 normal modes of
vibration. The symmetric stretch (v; = 1330 cm™) asymmetric stretch (v, = 2349.3 cm™)
and bending (vs = 66.3 cm™) are shown in Fig 1.4.8. The bending mode is doubly
degenerate, owing to the two independent bending modes in two perpendicular planes

containing the molecular axis.

O—6) e "L@ &)

" {a) Symmetric stretch (b) Antisymmetric Stretch

{c) Bending

Fig.1.4.8. Normal modes of vibrations of CO,.
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Different molecules can be easily identified by their normal mode frequencies. In
addition to these modes, overtones (2vi, 3v; etc.), combination bonds (vi + vz, 2vi + vo, V1
+vy +v3 ...), and difference bands (vi - v,, v1 +v2 - v3) can be observed. Since a large
number of rotational and vibrational levels are closely spaced they provide a rich base for
setting up lasers when the upper levels are populated. As in the case of diatomics,
rotational lines are richly dispersed in vibrational spectra of polyatomics. The concept of
normal modes can be extended to solids and liquids too. Since in a solid, there are a very
large number of atoms (of the order of Avogadro number), there are 3N-6 normal modes.
These are characterized as phonons, which corresponds to collective motions of atoms in a

solid.
1.4.5 Analysis by IR Spectroscopy:

IR spectroscopy has grown into an extremely versatile analytical tool. Most
organic and inorganic groups (such as CHs, -C=C, M-C=0) have characteristic frequencies
and these frequencies provides finger prints, using which the groups in newly synthesized
molecules can be identified. Although one cannot “see” molecules, through various
spectral methods, but can identify atoms, groups, bond lengths, relative locations
(cis/trans, endo/exo) and so on. The IR frequencies of a few common groups are given in

the following table.

Group Approximate frequency Group Approximate frequency
C-I 550 S-H 2580
C-Cl 725 =CH, 3030
C=S 1100 C=C 1650
C-O- 1000-1200 Cc=0 1600-1750
C-N 1000-1200 =C-H 3300
C-C 1000-1200 -N=H, 3400
C=N- 1600 O-H 3600
-C=C- 2200
-C=N 2250 H- bonds 3200-3570
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-CH, 2930(asym stretch), 2860(sym | Aromatic 3060
stretch), 1470(deformation) C-H

Table 2. Characteristic frequencies (in cm™) of some molecular groups.

1.5 Computer Molecular Dynamics Simulation (CMD):

Molecular dynamics (MD) simulation is a computer simulation technique that
allows one to predict the time dependent evolution of a system of interacting particles
using laws of physics. Studying the dynamic development of a biological system with the
consideration of protein flexibility is of vital importance, since many biological
phenomena involving proteins are very dynamic processes, which include transport,
molecular recognition, enzyme catalysis, and allosteric regulation. The static models
produced by NMR, X-ray crystallography, and homology modeling offer valuable insights
into macromolecular structure, while MD simulation can provide atomic-level information
about protein conformational changes and binding thermodynamics under predefined
physiological conditions (e.g., temperature, pressure), allowing for the study of a protein

system at a timescale that is not accessible by current experimental approaches [31].

The general workflow of MD simulation service follows these steps: First, a model
system is selected, in which missing segments are fixed and the protonation states
determined. Then the system is energy minimized and equilibrated by solving Newton's
equations of motion until the properties of the system no longer change with time. After
equilibration, a production run is performed for an appropriate period of time to output

trajectories, which are then analyzed for the properties of interest.

MD simulation method helps to predict the time dependent changes in a protein
system, which can contain proteins, DNAS/RNAs, lipids and other small ligands, allowing
for the exploration of events of biological and pharmaceutical importance. Specifically,
simulation can be performed to characterize protein flexibility, refine experimentally
determined structures, evaluate protein-ligand binding, study biocatalysis or even monitor

the protein folding process. MD simulation is also particularly useful in computer-aided
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drug discovery for the identification of cryptic or allosteric binding sites, the enhancement
of traditional virtual-screening methodologies, and the direct prediction of small-molecule

binding energies.
1.5.1 Computer Simulation as a Powerful Research Tool:

Experiment plays a central role in science. It is the wealth of experimental results
that provides a basis for the understanding of the chemical machinery of life. Experimental
techniques, such as X-ray diffraction or nuclear magnetic resonance (NMR), allow
determination of the structure and elucidation of the function of large molecules of
biological interest. Yet, experiment is possible only in conjunction with models and

theories.

Computer simulations have altered the interplay between experiment and theory.
The essence of the simulation is the use of the computer to model a physical system.
Calculations implied by a mathematical model are carried out by the machine and the
results are interpreted in terms of physical properties. Since computer simulation deals
with models it may be classified as a theoretical method. On the other hand, physical
guantities can (in a sense) be measured on a computer, justifying the term ‘computer

experiment’.

The crucial advantage of simulations is the ability to expand the horizon of the
complexity that separates ‘solvable’ from “unsolvable’. Basic physical theories applicable
to biologically important phenomena, such as quantum, classical and statistical mechanics,
lead to equations that cannot be solved analytically (exactly), except for a few special
cases. The quantum Schrodinger equation for any atom but hydrogen (or any molecule) or
the classical Newton’s equations of motion for a system of more than two point masses
can be solved only approximately. This is what physicists call the many-body problem.

It is intuitively clear that less accurate approximations become inevitable with
growing complexity. More accurate wave function for the hydrogen molecule can be
computed than for large molecules such as porphyrins, which occur at the active centres of
many important biomolecules. It is also much harder to include explicitly the electrons in
the model of a protein, rather than representing the atoms as balls and the bonds as

springs. The use of the computer makes less drastic approximations feasible. Thus,
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bridging experiment and theory by means of computer simulations makes possible testing
and improving models using a more realistic representation of nature. It may also bring
new insights into mechanisms and processes that are not directly accessible through

experiment.

On the more practical side, computer experiments can be used to discover and
design new molecules. Testing properties of a molecule using computer modelling is faster
and less expensive than synthesizing and characterizing it in a real experiment. Drug

design by computer is commonly used in the pharmaceutical industry [32-35].

Modeling and experiments

Nature >
| Experiment | ] Simulation | Theory

l 1 1
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1.6 Factors affecting spectra of biomolecules:

The amount of energy required to stretch a bond depends on the strength of the
bond and the masses of the bonded atoms. The stronger the bond, the greater the energy
required to stretch it. The frequency of the vibration is inversely proportional to the mass
of the atoms, so heavier atoms vibrate at lower frequencies. The value of vibrational
frequency of a bond calculated by Hooke’s Law is not always equal to their observed
value. The force constant is changed with the electronic and steric effects caused by other
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groups present in the surroundings. Ultraviolet-visible spectroscopy involves the
absorption of ultraviolet/visible light by a molecule causing the promotion of an electron
from a ground electronic state to an excited electronic state. Therefore a chromophore may
or may not impart colour to a compound depending on whether the chromophore absorbs

radiation in the visible or UV region.

There are no standard criteria for the identification of a chromophore because the
wavelength and intensity of absorption depend on many factors such as the molecular
environment of the chromophore and on the solvent in which the sample is dissolved.
Other parameters, such as pH and temperature, also may cause changes in both the
intensity and the wavelength of the absorbance maxima. All the compounds having the
same functional group will absorb at almost the same wavelength if the other factors such

as conjugation, substituents etc are absent [36, 37].
1.6.1 Effects of Conjugation:

When two or more chromophores are conjugated the absorption maxima is shifted
to a larger wavelength or shorter frequency. Conjugation increases the energy of the
highest occupied molecular orbital and decreases the energy of lowest unoccupied
molecular orbital. As a result less energy is required for an electronic transition in a

conjugated system than in a non-conjugated system.
1.6.2 Effect of Steric hindrance:

The UV-spectroscopy is very sensitive to the distortion of the chromophores. The
position of absorption maximum and its intensity depend on the length and effectiveness
of the conjugative system. Electronic conjugation works best when the molecule is planar
in configuration. If the presence of an auxochrome prevents the molecule from being

planar then it may lead to the red or blue shifts depending upon the nature of distortion.
1.6.3 Effect of solvent:

The absorption spectrum depends on the solvent in which the absorbing substance
is dissolved. The choice of solvent can shift peaks to shorter or longer wavelengths. This
depends on the nature of the interaction of the particular solvent with the environment of

the chromophore in the molecule under study.
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1.6.4 Effect of Sample pH:

The pH of the sample solution can also have a significant effect on absorption
spectra. The absorption spectra of certain aromatic compounds such as phenols and
anilines change on changing the pH of the solution. The acid-base indicators (pH
indicators) have their application due to their absorptions in the visible region of the UV-
Vis spectrum. A small change in the chemical structure of the indicator molecule can
cause a change in the chromophore resulting in significant colour change at different pH

values.

1.6.5 Effect of Sample Temperature:

The effect of temperature is less pronounced. However, simple thermal expansion
of the solution may be sufficient to change band intensity. Therefore to get more accurate
results the spectrum needs to taken at a specified or constant temperature. The following

three criteria may be given as general effect of temperature on solution spectra.
1. Band sharpness increases with decreasing temperature.

2. Position of absorption maximum does not move or moves very little towards the

longer wavelength side, with decreasing temperature.
3. The total absorption intensity is approximately independent of the temperature.
1.6.6 Effect of sample Concentration:

According to Lambert-Beer law it might be expected that the sample concentration
is directly proportional to the intensity of the absorption. But at high concentrations,
molecular interactions can take place causing changes to the position and shape of
absorption bands. Such effects need to be identified and taken into consideration for
quantitative work. The solvent used also affects the fineness of absorption band in UV-
spectrum. It has been observed that polar solvents give rise to broad bands, non-polar
solvents show more resolution, while completely removing the solvent gives the best
resolution. This is due to solvent-solute interaction. If the dielectric constant of the solvent
is high, there will be stronger solute-solvent interaction [36].
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1.6.7 Effect of Bond Order:

Bond order affects the position of absorption bands. Higher the bond order larger is
the band frequency. A C-C triple bond is stronger than a C=C bond, so a C-C triple bond
has higher stretching frequency than does a C=C bond. The C-C bonds show stretching
vibrations in the region from 1200-800 cm™ but these vibrations are weak and of little
value in identifying compounds. Similarly, a C=0 bond stretches at a higher frequency
than does a C-O bond and a C-N triple bond stretches at a higher frequency than does a

C=N bond which in turn stretches at a higher frequency than does a C-N bond.

1.6.8 Resonance and Inductive Electronic Effects:

The discussion about the IR band corresponds to a range of frequency for each
stretch is usually assigned as the exact position of the absorption band depends on other
structural features of the molecule, such as electron delocalization, the electronic effect of
neighbouring substituents, and hydrogen bonding. Important details about the structure of

a compound can be revealed by the exact position of the absorption band.
1.6.9 Effect of Hydrogen Bonding:

The presence of hydrogen bonding changes the position and shape of an infrared
absorption band. Frequencies of both stretching as well as bending vibrations are changed
because of hydrogen bonding. The X-H stretching bands move to lower frequency usually
with increased intensity and band widening. The X-H bending vibration usually shifts to
higher frequencies. Stronger the hydrogen bonding, greater is the absorption shift from the
normal values. The two types of hydrogen bonding (intramolecular and intermolecular)
can be differentiated by the use of infrared spectroscopy. Inter-molecular hydrogen
bonding involves association of two or more molecules of the same or different
compound, and it may results in dimer molecules as in carboxylic acids. Intra-molecular
hydrogen bonds are formed when the proton donor and acceptor are present in a single

molecule under special conditions that allow the required overlap of orbitals.

The extent of inter-molecular hydrogen bonding depends upon the concentration of

the solution and hence the position and the shape of an absorption band also depend upon
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the concentration of the solution. The more concentrated the solution, the more likely it is
for the OH-containing molecules to form intermolecular hydrogen bonds. It is easier to
stretch an O-H bond if it is hydrogen bonded, because the hydrogen is attracted to the
oxygen of neighbouring molecule. Therefore, the O-H stretching of a concentrated
(hydrogen bonded) solution of an alcohol occurs at about 3550 cm™, whereas the O-H
stretching band of a dilute solution (with little or no hydrogen bonding) appears at 3650
cm™. Additionally, hydrogen-bonded OH groups also have broader absorption bands
whereas the absorption bands of non-hydrogen—-bonded OH groups are sharper.

1.6.10 Effect of Fermi Resonance:

Fermi resonance is a phenomenon which was first explained by the Italian
physicist Enrico Fermi to account for shifting of the energies and intensities of absorption
bands in an infrared spectroscopy. Sometimes, it happens that two different vibrational
levels have nearly the same energy. If such vibrations belong to the same species of
molecules, then a mutual perturbation of energy may occur, resulting in the shift of one
towards lower frequency and the other towards a higher frequency. It is also accompanied

by a substantial increase in the intensity of the respective bands.
1.6.11 Effect of Bond angles:

Smaller ring requires the use of more p-character to make the internal C-C bonds
for the requisite small angles. This gives more s-character to the C=0 sigma bond which
causes the strengthening and stiffening of the exo-cyclic double bond. The force constant

K is then increased and the absorption frequency increases [37].
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Chapter 2

Structure and function of bio-molecules

2.1 Structural change of bio-molecule and its detection by FTIR analysis:

Functions of bio-molecules are mostly dependent on their structure and dynamical
configuration which are affected by their environment and other physical parameters.
Structural and vibrational characteristics of bio-molecules are important in determining
bio-molecular functions. Visible region is a small part of a broad spectrum of
electromagnetic radiation. On the immediate high energy side of the visible spectrum lies
the ultraviolet, and on the low energy side is the infrared. The portion of the infrared
region most useful for analysis of organic compounds is not immediately adjacent to the
visible spectrum, but is that having a wavelength range from 2,500 to 16,000 nm, with a
corresponding frequency range from 1.9x10™ to 1.2x10™ Hz.

Photon energies associated with this part of the infrared are not large enough to
excite electrons, but may induce vibrational excitation of covalently bonded atoms and
groups. The covalent bonds in molecules are not rigid sticks or rods, such as found in
molecular model kits, but are more like stiff springs that can be stretched and bent. In
addition to the facile rotation of groups about single bonds, molecules experience a wide
variety of vibrational motions, characteristic of their component atoms. Consequently,
virtually all organic compounds will absorb infrared radiation that corresponds in energy
to these vibrations. Infrared spectrometers, similar in principle to the UV-Visible
spectrometer, permit observer to obtain absorption spectra of compounds that are a unique

reflection of their molecular structure.

Infrared spectra may be obtained from samples in all phases (liquid, solid and
gaseous). Liquids can be examined by ATR (Attenuated Total Reflectance) which is an
accessory of FTIR spectrophotometer to measure surface properties of solid or thin film
samples rather than their bulk properties. Generally, ATR has a penetration depth of
around 1 or 2 micrometers depending on the sample conditions. The sample must be in
direct contact with the ATR crystal. In horizontal ATR (HATR) units, the crystal is a
parallel-sided plate, typically about 5 cm by 1 cm, with the upper surface exposed. When
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measuring solids by ATR, it is essential to ensure good optical contact between the sample
and the crystal. The accessories have devices that clamp the sample to the crystal surface
and apply pressure. As with all FT-IR measurements, an infrared background is collected,
in this case, from the clean ATR crystal. The crystals are usually cleaned by using a
solvent soaked piece of tissue. Typically water, methanol or isopropanol are used to clean
ATR crystals. The ATR crystal must be checked for contamination and carry over before
sample presentation, this is true for all liquids and solids. Solids may be incorporated in a
thin KBr disk, prepared under high pressure [1, 2].

2.1.1 Vibrational Spectroscopy:

A molecule composed of n-atoms has 3n degrees of freedom, six of which are
translations and rotations of the molecule itself. This leaves 3n-6 degrees of vibrational
freedom (3n-5 if the molecule is linear). Vibrational modes are often given descriptive
names, such as stretching, bending, scissoring, rocking and twisting. The exact frequency
at which a given vibration occurs is determined by the strengths of the bonds involved and

the mass of the component atoms.

In practice, infrared spectra do not normally display separate absorption signals for
each of the 3n-6 fundamental vibrational modes of a molecule[3]. The number of observed
absorptions may be increased by additive and subtractive interactions leading to
combination tones and overtones of the fundamental vibrations, in the same way that
acoustic vibrations from a musical instrument interact. Furthermore, the number of
observed absorptions may be decreased by molecular symmetry, spectrometer limitations,
and spectroscopic selection rules. Some general trends relating to vibrational modes of

molecule are-

i) Stretching frequencies are higher than corresponding bending frequencies. (It is

easier to bend a bond than to stretch or compress it.)

i) Bonds to hydrogen have higher stretching frequencies than those to heavier

atoms.
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iii) Triple bonds have higher stretching frequencies than corresponding double
bonds, which in turn have higher frequencies than single bonds. (Except for bonds to
hydrogen).

The complexity of infrared spectra in the 1500 to 350 cm™ region makes it difficult
to assign all the absorption bands, and because of the unique patterns found there
corresponds to some specific functional group or group of atoms, it is often called the
fingerprint region. Absorption bands in the 7000 to 1500 cm™ region are usually due to
stretching vibrations of diatomic units, and this is sometimes called the group frequency
region (functional group region)[4-7]. Fingerprint region is very important in bio-
molecular dynamics [8] and it may provide much relevant information about the internal

motion of the molecule and is related bio-molecular function in living systems.
2.1.2 Group Frequencies:

Detailed information about the infrared absorptions observed for various bonded
atoms and groups is usually presented in tabular form. The following table [9] provides a
collection of such data for the most common functional groups. Since most organic
compounds have C-H bonds, a useful rule is that absorption in the 2850 to 3000 cm™ is
due to sp® C-H stretching; whereas, absorption above 3000 cm™ is from sp? C-H stretching
or sp C-H stretching if it is near 3300 cm™. Standard abbreviations (str = strong, wk =
weak, brd = broad & shp = sharp) are used to describe the absorption bands. Elaborate

discussion about various functional groups may be found in standard literatures [10-14].

Functional Group Characteristic Absorptions(in cm'l)
2 =NOH Oxime
2 O-H (stretch) 3550-3600 (str)
§ C=N 1665+ 15
o N-O 945+ 15
S
S | N-O amine oxide
-%’ aliphatic 960+ 20
9 aromatic 1250+ 50
N
= |N=O nitroso 1550 50 (str)
@)

15302 20 (as) & 1350+ 30 (s)




Page |43

nitro
Si-H silane 2100-2360 cm-1 (str)
e
S 2[si-or 1000-11000 (str & brd)
- C
® L [si-cH3 1250+ 10 (str & shp)
S-H thiols 2550-2600 (wk & shp)
S-OR esters 700-900 (str)
é S-S disulfide 500-540 (wk)
3]
L';:E C=S thiocarbonyl 1050-1200 (str)
= S=0 sulfoxide 1030-1060 (str)
& sulfone 1325+ 25 (as) & 1140+ 20 (s) (both str)
sulfonic acid 1345 (str)
sulfonyl chloride 1365+ 5 (as) & 1180z 10 (s) (both str)
sulfate 1350-1450 (str)
P-H phosphine 2280-2440 (med & shp)
o 950-1250 (wk) P-H bending
C
o
*g (O=)PO-H phosphonic acid 2550-2700 (med)
>
'Z; P-OR esters 900-1050 (str)
o
2 P=0 phosphine oxide 1100-1200 (str)
% phosphonate 1230-1260 (str)
= phosphate 1100-1200 (str)
phosphoramide 1200-1275 (str)

2.2 Structural change of bio-molecule due to radiation damage:

Bio-molecules share a structural complexity that is also reflected in their complex
dynamical behaviour. The internal motions in most of the bio-molecules are partly
vibrational and partly rotational. The complex motion involves groups of atom undergoing
a plethora of continuous or jumplike diffusion. The strategy developed in this research is
to combine the results from quantum theory with that of spectroscopy and to compare

them with that of the available result. The proposed combined study will provide geometry
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of motion and distribution of relaxation times of various parts (within a range of time
scales permissible by this study) of bio-molecules along with effect of hydration. This
technique can investigate on very small (1 mg) or less amount of specimen in its
native/environmental condition. In fact it is superior in the said context over that other
technique like inelastic Neutron scattering or XRD and NMR (in some cases) studies. An
overall database to be prepared to develop a characterization technique of bio-molecule
from this outcome of the present work. The outcome may serve as a new addition to
Physics of complex system and related technological applications. Bio-molecules have
very low excitation energy (10 meV) and often very small amount of specimens are
required. This sort of specimens required very special types of instrument with neutron
source having adequate beam flux. That is why it is a less popular technique, however
Quasielastic neutron scattering (QENS) [15] may investigate structure and function of bio-
molecules elegantly. In another study [16] infrared absorption spectrum of biomolecule of
gum acacia was analyzed from measured data of FTIR spectra. The change in
characteristics bond vibration detected clearly. The obtained shift of the characteristics
frequency caused due to change of molecular structure introduced by polymerization
effect.

Combinations of two or more of the simple sugars through glycoside linkages give
substances known as polysaccharides. They also are called oligosaccharides if made from
two to ten sugar units. The simplest oligosaccharides are disaccharides made of two
molecules of simple sugars that can be the same or different. Simple sugars can be joined
with 0-glycoside links. Among the more important disaccharides are sucrose, maltose,

cellobiose and lactose.

Sucrose and lactose occur widely as the free sugars, lactose in the milk of
mammals, and sucrose in fruit and plants (especially in sugar cane and sugar beet).
Maltose is the product of enzymatic hydrolysis of starch, and cellobiose is a product of

hydrolysis of cellulose.
To fully establish the structure of a disaccharide, one must determine-

(1) The identity of the component monosaccharides;
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(i1) The type of ring junction, furanose or pyranose, in each monosaccharide, as it

exists in the disaccharide;
(iii) The positions that link one monosaccharide with the other; and
(iv) The anomeric configuration (a or ) of this linkage.

Hydrolysis of disaccharides with enzymes is very helpful in establishing anomeric
configurations, because enzymes are highly specific catalysts for hydrolysis of the
different types of glycoside linkages.

Sucrose consists of two monosaccharides, glucose and fructose. It is not a reducing
sugar, it forms no phenylosazone derivative, and it does not mutarotate. Therefore the
anomeric carbons of both glucose and fructose must be linked through an oxygen bridge in
sucrose. Thus sucrose is a glycosyl fructoside or, equally, a fructosyl glucoside. Because
sucrose is hydrolyzed by enzymes that specifically assist hydrolysis of both a glycosides
(such as yeast a-glucosidase) and B-fructosides (such as invertase), it is inferred that the

glucose residue is present as an o glucoside and the fructose residue as a 3 fructoside[17].

The glycosidic bond in sucrose is formed between the reducing ends of both
glucose and fructose and not between the reducing end of one and the nonreducing end of
the other. Most glycosidic bonds are synthesized in nature from sugars that are activated
by a cofactor. The glycosidic bond is formed upon transfer of a sugar molecule from the

donor (an activated sugar) to an acceptor molecule (typically another sugar) [18].

In this present work vibrational and rotational characteristic of sucrose molecule
along with its characteristic change due to LASER irradiation on it are studied. Both
functional group and finger print region are taken into consideration for analyzing the
obtained shift in FTIR absorption spectrum of pure sucrose and Laser irradiated sucrose.
The objective of this paper is to study the effect of radiation damage on sucrose.

2.2.1 Sample preparation:

The sucrose specimen (S1) was collected in crystal form from Merck (India). Some
of these crystals specimen were pressed to get the powder form suitable for analysis. A

small portion of the sucrose specimen was taken and irradiated by He-Ne LASER beam (2
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mW) for about 45 min. Now the new specimen (S2) was supposed to be partially damaged
by LASER radiation.

2.2.2 General procedure:

The developed irradiated sucrose specimen (S2) is supposed to exhibit change in
molecular structure over that in S1 due to radiation damage by He-Ne LASER beam. FTIR
analysis on pure sucrose specimen was carried out to examine its molecular structure and
dynamical information of it. FTIR analysis on specimen S2 was also carried out.
Comparing the vibrational and rotational spectrum of the two specimens, effect of
radiation damage caused by the irradiation on bio-molecule may be analyzed. The analysis
was carried out using FTIR model, IR affinity 1, Shimadzu, Japan, at high resolution

(resolution was 0.5 cm™ averaging with 100 scans) using KBr window.
2.3 Analysis of the result:

Fig. 2.3.1 shows the comparison of the FTIR spectra between the developed

sucrose specimens within wave number range 380 to 349 cm™.
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Fig. 2.3.1. FTIR absorption spectrum of specimen S1 and S2 in finger print region at
27 °C,
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Fig. 2.3.2 shows comparison the FTIR spectra of S1 and S2 specimens between

wave number 3405 to 3365 cm™.
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Fig. 2.3.2. FTIR absorption spectrum of specimen S1 and S2 in functional group region at
27°C

After analyzing Figs. 2.3.1 and 2.3.2, and entire FTIR spectrum between wave
number 4000 to 350 cm™ of both the specimens S1 and S2 (Tables 2.3.1 and 2.3.2). The
comparison of peak position and the corresponding absorption intensity between the
specimens S1 and S2 were made clearly. Table-2.3.1 shows that the positions of most of
the peaks remain same and only the positions of the peaks at wavenumber (cm™) 419.74,
417.58, 402.39, 400.46, 393.71, 380.45, 373.21, 370.08, 367.43, 360.68, 357.06, 351.03,
350.07, were changed. Whereas from Table-2.3.2 it was found that only the position of the
peaks at wave number (cm™)3469.83, 3466.45, 3441.86, 3420.40, 3359.41, 3296.72,
remain same and the position of most of the peaks changed. This suggests that irradiation
affect vibrational mode more than that of the rotational mode.
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Pure Sucrose

Radiation damaged Sucrose

Peak position(cm™) Intensity Peak position(cm™) Intensity
350.07 0.2630 350.31 0.2428
351.03 0.2292 - -
352.00 0.3244 352.00 0.2336
352.72 0.2328 352.72 0.3263
354.89 0.3702 354.89 0.2083
357.06 0.1974 356.10 0.4331
358.51 0.1726 358.51 0.1026
360.19 0.1398 360.19 0.1642
360.68 0.1295 - -
361.64 0.1619 361.64 0.2507
362.61 0.1238 362.61 0.1735
365.74 0.1492 365.74 0.1752
366.46 0.1354 366.43 0.2090
367.43 0.1596 366.70 0.1992
370.08 0.2933 369.84 0.3536
371.53 0.1688 371.53 0.1856
372.49 0.1399 372.49 0.1699
373.21 0.1593 372.97 0.1756
376.11 0.2243 376.11 0.2941
377.31 0.1566 377.31 0.1790
380.45 0.1603 378.04 0.1591
381.89 0.1536 381.89 0.1743
382.86 0.1506 382.86 0.1813
393.71 0.1791 394.43 0.2231
396.84 0.1944 396.84 0.2065
400.46 0.2346 400.22 0.2472
402.39 0.2066 - -
417.58 0.1841 417.82 0.2010
418.54 0.2114 418.54 0.2290
419.74 0.1877 419.99 0.1990

TABLE 2.3.1. Position of significant peaks and corresponding intensity of different
specimens (S1 and S2) between 420 to 350 cm™.
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Pure Sucrose

Radiation damaged Sucrose

Peak position(cm™) Intensity Peak position(cm™) Intensity
3140.49 0.5080 3222.71 0.5038
3290.94 0.8712 3294.31 0.6814
3296.72 0.7960 3296.72 0.7102
3302.03 0.7487 3302.23 0.7166
3350.73 0.8146 3357.72 0.6463
3359.41 0.7297 3359.41 0.7106
3363.99 0.6428 3366.16 0.7362
3411.97 0.7113 3418.23 0.6203
3420.40 0.6304 3420.40 0.6632
3427.40 0.6309 3425.47 0.6135
3437.04 0.7439 3437.28 0.7069
3441.86 0.5615 3441.86 0.5867
3443.79 0.5690 3445.72 0.5992
3465.01 0.6060 3463.80 0.5563
3466.45 0.7238 3466.45 0.5696
3469.83 0.7748 3469.83 0.5600
3475.62 0.5819 3473.20 0.5319
3592.30 0.5014 3562.41 0.5073

TABLE 2.3.2. Position of significant peaks and corresponding intensity of different
specimens (S1 and S2) between 3600 to 3140 cm™.

The comparison of the FTIR spectra of S1 and S2 specimens between wave
number 1080 to 1045 cm™ is shown in Fig. 2.3.3.
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Fig.2.3. 3. Comparison of FTIR absorption spectrum of specimen S1 and S2 at 27 °C

Temperature dependent vibrational modes of the glycosidic bond [19] in sucrose
are found 1200 to 1000 cm™. Peaks found at wave number (cm™) 1072.39, 1065.88,
1063.95, 1062.02, 1060.81, 1059.05, 1057.92, 1053.82, 1047.79 for pure sucrose molecule
from Fig. 2.3.3 represent the glycosidic bond in sucrose molecule which are absent in the
FTIR spectra of irradiated sample. This indicate that during the irradiation most of the
glycosidic bond were damaged which cannot be reproduced. But the peaks arise due to -
OH bonds are present at wavenumbers [20] ranging from 3600 to 3200 cm™. These peaks
are not absent in the FTIR absorption spectrum of irradiated sucrose but their positions are

shifted from that of the pure sucrose specimen.

2.4 OQutcome:

The analysis shows that there is some definite change (as mentioned in the
previous section and found in Table 2.3.1 and Table 2.3.2) in molecular vibration spectra

over its corresponding pure bio-molecule. The laser irradiation on pure sucrose molecule
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caused damage, in its molecular structure and its finger print is detectable from FTIR

analysis [21]. The glycoside bond of sucrose is affected due to radiation damage.
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Chapter 3

Structural distinction between complex bio-molecules by FTIR technique

3.1 Brief introduction of few complex natural bio-molecules:

All living body contains carbon(C) hydrogen (H), oxygen (O), nitrogen (N),
phosphorous (P) and sulfur (S). Of the hundred plus chemical elements, about 31 occur
naturally in plants and animals. The elements present in biological material can be divided

into three categories:

1. Elements found in bulk form and essential for life: Carbon, hydrogen,
oxygen, nitrogen, phosphorus, and sulfur make up about 92% of the dry weight of living

things.

2. Elements in trace quantities in most organisms and very likely essential for life,

such as calcium, manganese, iron, and iodine.

3. Trace elements that are present in some organisms and may be essential for life,

such as arsenic, bromine, molybdenum, and vanadium [1-3].

Biomolecules are molecules that are made by organisms and are essential for
performing life functions. They ranged in size and perform specific functions in and
among cells. Their function is often determined by their structure. If the structure is
disrupted, the biomolecule can no longer function properly. Biomolecules are made of
building-block monomers. A monomer is a small molecule that can be combined
chemically with other monomers to form larger molecules. Monomers are made up of
relatively simple elements. A polymer is a group of monomers linked to form a much
larger molecule. “Mono-" means “one,” and “poly-" means many. The process of making

a polymer is called polymerization.

When a biomolecule is built, monomers link together via strong covalent bonds.
Each time two monomers are linked a water molecule is released. This process is called
dehydration synthesis. When a water molecule is added to a polymer, it breaks apart the

polymer during a process called hydrolysis.
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There are four main types of large biomolecules (called macromolecules):
carbohydrates, lipids, proteins, and nucleic acids. As shown in the chart below, they are
composed of different types of monomers that link together to form polymers. Lipids are

not composed of true polymers because they are smaller, and the monomers are not

repeating.

Type of Monomer Polymer or Linked — | Covalent bond name
Biomolecule Monomer Compound | between monomers
Carbohydrate Monosaccharide Polysaccharide Glycosidic bond

Lipid Fatty acid Diglyceride, -
triglyceride,
phospholipid

Protein Amino acid Polypeptide, protein Peptide bond

Nucleic acid Nucleotide DNA, RNA Phosphodiester bond

Brief introduction of some important complex bio-molecules are given below:

3.1.2 Proteins:

Amino acids are the building blocks of proteins. There are hundreds of types of
amino acids, but just twenty of these make up natural proteins. Each amino acid has a
common core of a central carbon, an amine group containing nitrogen, a carboxyl group
made of carbon and oxygen, and a side chain (labeled R on amino acid diagrams). The
side chain is different for each of the twenty amino acids. Some side chains are
hydrophobic, while others are hydrophilic, or water-soluble. Some side chains are charged,
while others are neutral. The different properties of the side chains give each amino acid
different properties. Amino acids are linked together by covalent bonds called peptide
bonds. This type of bond only forms between amino acids. The reaction to form a peptide
bond is a dehydration synthesis reaction. One hydrogen atom and one hydroxyl group
(—OH) are removed from the amino acids to form one water molecule for each peptide
bond that is formed. Amino acids are linked together to form a polypeptide chain. Inside
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the cell, an organelle called the ribosome is responsible for linking together amino acids to
form the polypeptide chain. When a chain contains more than about 50 amino acids
arranged in a biologically functional way, it is called a protein. Proteins are essential bio-
molecules in all cells. They give a cell structure, communicate information, synthesize
molecules, transport molecules, and make up enzymes, molecules that speed up chemical

reactions necessary for life.

3.1.2 Nucleic Acids:

Nucleotides are small molecules made of a sugar (monosaccharide), one or more
phosphate groups, and a nitrogenous base. The nucleotides ATP (adenosine triphosphate)
and GTP (guanosine triphosphate) are important for energy transport within cells. The
nitrogenous base of ATP is adenosine, and the phosphate group is a triphosphate (three
phosphates linked together). GTP is similar to ATP, with guanosine replacing adenosine
as the nitrogenous base. Other nucleotides are enzyme cofactors and signalling molecules.
Nucleotides are the building blocks of nucleic acids, including DNA (deoxyribonucleic
acid) and RNA (ribonucleic acid). DNA includes four nucleotides— guanine, adenine,
thymine, and cytosine. In RNA, uracil replaces thymine as a nucleotide. DNA and RNA
are essential for storing and utilizing genetic information. DNA and RNA work together to
create proteins. As you can see in the diagram on the left, alternating bonds between sugar
and phosphate molecules of adjacent nucleotides link the nucleotides that make up DNA.
This forms the sugar-phosphate backbone of a strand of DNA. Two DNA strands typically
join together via weak hydrogen bonds between nitrogenous bases. The DNA strands twist
around further to form the familiar double helix configuration. In contrast, RNA is

typically single stranded and does not form a double helix [4-8].

3.1.3 Gums:

Gums are natural plant exudates that had oozed from site of injury on tree barks or
on fruits and hardened upon exposure to air. In general gums may be classified into three
major classes, namely, natural gums, chemically modified natural gums and chemically
synthesized type synthetic gums. Popular natural gums are arabic, Acacia Catechu,
Mangostreen, Karaya , Ghati gum , guar gum , gum tragacanth and some more

unidentified gums. Natural exudates gums are produced in response to injury, e.g., Gum
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Arabica from Acacia species and extractive gums extracted from fruits of some plant e.g.
gum Mangostreen from Garciana Mangostreena species. Some other exudates gums are,
Tragacanth gum from Asiatic astraglus species, gum Karaya from Sterculia and gum

Ghatti from Anogeissus latifolia. Natural gums are not plant latex.

Chemical nature of natural gums:

In general natural gums are complex acidic polysaccharides consisting of salts of
sugars like L-arabinose, D-galactose, L-rhamnose and D-glucuronic acid complexed with
metallic ions like sodium, potassium, calcium and magnesium etc [9]. In fact chemical
composition of particular is not unique rather it may vary with geographical location of
generic plant. In general these gums have highly branched structures consisting of
different monosaccharide units with different possible variations such as degree of
branching, length of branches and type of chemical linkages, to give rise a numerous
possible chemical structure. Therefore, an almost infinite number of structures are
possible. The molecular forces acting between different portion of the polysaccharides
molecules and that of solvent are may be of hydrogen bonding, ionic charges, dipole -
dipole interactions types. These forces are responsible for the fascinating physical,
chemical and adhesive properties of natural gums. The extracted raw gum from their
natural sources may contain inorganic and organic impurities like ash, tracer water
molecule, heavy metallic ligand, bacteria etc. A purified protected gum may retain its form

over thousands of years [10-14].

Rheological Nature

Gum Arabica and gum Mangostreen are polyelectrolytes, soluble in water,
over a wide range of concentration, below 40% concentration pseudo-plastic
characteristics are observed, denoted by a decrease in viscosity. With increasing
temperature the relative viscosity and density of Gum Arabica solution decreases in wet-

countries.
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Figure 3.1. The chemical structure of Gum Arabica.

It is an important natural product widely used for medical and other application.
The dried solid specimen of the gum is highly stable at room temperature (RT). The
chemical composition of this fruit was well analyzed [15, 16]. The fruit shell contains 7 —
13% tannin and the seeds contain 3% oil. The rind contains 5.5% of tannin and a resin as
well as a yellow crystalline bitter principle, mangostin (C2H220s) or mangosim. It was
reported [17] that the flesh of the fruit (aril) contains saccharose 10.8%, dextrose 1% and

kerrelose 1.2% forming the polysaccharide background.

Gum Karaya is dried exudates of the Stercuila urens tree of Sterculiaceae
family. This large and bushy deciduous tree is found in the dry deciduous forest of the
Indian Penisula and the sub Himalayan tract in northern India. It is practically acetylated
high molecular weight polysaccharide which contains L-rhamnose, D-galacturonic acid

and D-glucuronic acid residues.
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Gum Ghati is amorphous translucent exudates of the Anogeissus Latifolia tree
of the combretaceae family. It can also find in the dry deciduous forest. It is a complex
polysaccharide of high molecular weight. It occurs in nature as mixed calcium,
Magnesium, Pottasium and Sodium salt. Complete hydrolysis has shown that it is
composed of L-Arbinose, D-galactose, D-Mannose, D-xylose and D-glucoronic acid in a
molar ratio of 10:6:2:1:2 plus traces less than 1% of 6-Deoxyhexose. Gum Ghati does not
dissolve readily in water to give a clear solution rather about 90% of the gum disperses in
water with prolong shaking to form a colloidal dispersion. It forms high viscous solutions
at concentrations 5% or more and exhibits typical sol-gel behaviour. The viscosity of the
solution at particular concentration is intermediate between that of Arabic and Karaya. The

normal pH value of the dispersed solution is 4.8 -5.1.

3.1.1 Natural Rubber:

Natural Rubber is an elastic substance obtained from the latex sap of trees,
especially those trees which belong to the genera Hevea and Ficus. Technically speaking,
natural rubber is an elastomer or an elastic hydrocarbon polymer. Natural rubber is one of
the types of rubber that also include vulcanized rubber which is finished into a variety of
rubber products. Natural rubber is also known by the names of India rubber, gum elastic,
and caoutchouc.

The raw material from which natural rubber is made comes from the sap of rubber
trees. The rubber plants are tapped for collecting the rubber latex. For this, an incision is
made into the bark of the rubber tree and the latex sap is collected in cups. After collecting
the latex sap, the raw natural rubber is refined to convert it into a usable rubber. Initially
an acid was added to the latex which used to make the sap set like a jelly. The latex jelly

thus obtained was then flattened and rolled into rubber sheets and hung out to dry.

The natural rubber is produced from hundreds of different plant species. However,
the most important source is from a tropical tree known as Hevea brasiliensis, which is
native to the tropical Americas. This tree grows best in areas with an annual rainfall of just
under 2000mm and at temperatures of 21-28 degrees. Due to these features and the

preferred altitude of the tree around 600 meters, the prime growing area is around 10
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degrees on either side of the equator. However it is also cultivated further north in China,
Mexico, and Guatemala [18-21].

3.2 Structure and dynamics of bio-molecules from other study:

The structure, association and dynamics of biomolecules is important for its
function. A biomolecule must adopt a defined three-dimensional (3D) structure to be
active. A specific arrangement of biomolecules (or subunits) may be necessary to form a
functional complex. One static 3D structure may not be sufficient for conformational
changes and transitions can be necessary for the function of biomolecules. Most
experimental methods to study the structure and dynamics of biomolecules have either a
high spatial or a high time time resolution. The most important experimental methods
apart from FTIR are NMR spectroscopy, X-ray crystallography, Dynamic light scattering,
Raman spectroscopy etc [22-24].

3.2.1 NMR spectroscopy:

Nuclear magnetic resonance (NMR) is a spectroscopic technique that detects the
energy absorbed by changes in the nuclear spin state. The application of NMR
spectroscopy to the study of proteins and nucleic acids has provided unique information on
the dynamics and chemical kinetics of these systems. One important feature of NMR is
that it provides information, at the atomic level, on the dynamics of proteins and nucleic
acids over an exceptionally wide range of time scales, ranging from seconds to pico-
seconds. In addition, NMR can also provide atomic level structural information of proteins
and nucleic acids in solution i.e. there is no need to crystallize the sample for NMR
studies. Thus NMR provides a method of obtaining structural information if the molecule
cannot be crystallized or there is some question regarding a structure obtained by X-ray
crystallography. Lastly, it is relatively easy to study protein-ligand interactions under
physiological conditions by simply adding ligand to the NMR sample of the unliganded

protein.

Although NMR is a powerful technique, it does have its limitations. First, almost

all experiments require that the observed NMR absorption peaks are assigned to a
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particular atom in the protein. Although resonance assignment methods are well
characterized, they do require considerable time for data acquisition and analysis.
Secondly, the size of the protein or nucleic acid that can be studied by NMR is limited.
Assemblies with rotational correlation time of greater than 25 ns (corresponding to a
protein with a molecular weight of 60 kDa) may be difficult to study at the detailed atomic
level. However, more limited NMR studies can be performed on much larger proteins and
biological assemblies. Generally, it is necessary to label larger proteins with **C, °N, and
perhaps °H, to successfully apply NMR techniques to such large systems. Labeling of this
type is most easily accomplished biosynthetically in either E. coli or in tissue culture (at a
much higher expense). Lastly, due to the small energy difference between the ground and
excited state of the nuclear spins, NMR is a particularly insensitive technique. Protein
concentrations on the order of 0.5 to 1 mM are typical, thus a single 0.4 ml NMR sample
of a 20 kDa protein would require between 4 and 8 mg of protein. Fortunately, the

techniques are not destructive and the sample can be used for other purposes [25-31].
3.2.2  X-ray crystallography:

X-ray crystallography is the study of crystal structures through X-ray diffraction
techniques. When an X-ray beam bombards a crystalline lattice in a given orientation, the
beam is scattered in a definite manner characterized by the atomic structure of the lattice.
This phenomenon, known as X-ray diffraction, occurs when the wavelength of X-rays and
the interatomic distances in the lattice have the same order of magnitude. Modern X-ray
crystallography provides the most powerful and accurate method for determining single-
crystal structures. Through X-ray crystallography the chemical structure of thousands of

organic, inorganic, organometallic, and biological compounds are determined.

X-ray crystallography is an experimental technique that exploits the fact that X-
rays are diffracted by crystals. It is not an imaging technique. X-rays have the proper
wavelength (in the Angstrom range, ~10® cm) to be scattered by the electron cloud of an
atom of comparable size. Based on the diffraction pattern obtained from X-ray scattering
off the periodic assembly of molecules or atoms in the crystal, the electron density can be
reconstructed. Additional phase information must be extracted either from the diffraction
data or from supplementing diffraction experiments to complete the reconstruction (the
phase problem in crystallography). A model is then progressively built into the



Page |61

experimental electron density, refined against the data and the result is a quite accurate

molecular structure.

The knowledge of accurate molecular structures is a prerequisite for rational drug
design and for structure based functional studies to aid the development of effective
therapeutic agents and drugs. Crystallography can reliably provide the answer to many
structure related questions, from global folds to atomic details of bonding. In contrast to
NMR (which is a spectroscopic method), no size limitation exists for the molecule or
complex to be studied. The price for the high accuracy of crystallographic structures is that
a good crystal must be found, and that limited information about the molecule’s dynamic
behavior in the solution is available from one single diffraction experiment. In the core
regions of the molecules, X-ray and NMR structures agree very well, and enzymes
maintain their activity even crystal, which often requires the design of non-reactive
substrates to study enzyme mechanisms. X-ray crystallography is probably the most
important technique to determine the structure of any molecule (from small molecule to

large assemblies of biological macromolecules) at atomic resolution [32-34].

3.2.3 Dynamic light scattering:

Dynamic light scattering (DLS), sometimes referred to as Quasi-Elastic Light
Scattering(QELS), is a non-invasive, well-established technique for measuring the size
and size distribution of molecules and particles typically in the submicron region, and with

the latest technology lower than 1nm.

Typical applications of DLS are the characterization of particles, emulsions or
molecules, which have been dispersed or dissolved in a liquid. The Brownian motion of
particles or molecules in suspension causes laser light to be scattered at different
intensities. Analysis of these intensity fluctuations yields the velocity of the Brownian

motion and hence the particle size using the Stokes-Einstein relationship [35-37].
DLS offers the following advantages:

i) Accurate, reliable and repeatable particle size analysis in one or two

minutes.
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i) Measurement in the native environment of the material.
iii) High concentration, turbid samples can be measured directly.
iv) Measurement is fully automated.

V) Low volume requirement (as little as 2ul).

3.2.3 Raman spectroscopy:

Raman spectroscopy is a form of vibrational spectroscopy, much like infrared (IR)
spectroscopy. However, whereas IR bands arise from a change in the dipole moment of a
molecule due to an interaction of light with the molecule, Raman bands arise from a
change in the polarizability of the molecule due to the same interaction. This means that
these observed bands (corresponding to specific energy transitions) arise from specific
molecular vibrations. When the energies of these transitions are plotted as a spectrum, they
can be used to identify the molecule as they provide a “molecular fingerprint” of the
molecule being observed. Certain vibrations that are allowed in Raman are forbidden in
IR, whereas other vibrations may be observed by both techniques although at significantly

different intensities thus these techniques can be thought of as complementary [38-41].

3.3 Structural distinction between black and grey human hair: A FTIR Investigation:

Hair is an important biomaterial primarily composed of structural protein, notably
keratin. Each strand of hair is made up of the medulla, cortex, and cuticle. The cortex
contains melanin, which colors the fiber based on the number, distribution and types of
melanin granules. Hair color is the pigmentation of hair follicles due to two types of
melanin: eumelanin and pheomelanin. Greying of human hair, in most of the cases, is a

natural consequence due to some characteristics changes of molecular structure in it.

FTIR spectroscopy [42] is a measurement of variation intensity of the absorption

of IR radiation by a sample with wavelength of IR radiation. The polypeptide and protein
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repeat units give rise to nine characteristic IR absorption bands, namely, amide A, B, and
I-VII. Of these, the amide I and Il bands are the two most prominent vibrational bands of
the protein backbone. The most sensitive spectral region to the protein secondary
structural components is the amide | band (1700-1600 cm™), which is due almost entirely
to the C=0O stretch vibrations of the peptide linkages (approximately 80%). The
frequencies of the amide | band components are found to be correlated closely to the each
secondary structural element of the proteins. The amide Il band, in contrast, derives
mainly from inplane NH bending (40-60% of the potential energy) and from the CN
stretching vibration (18-40%), showing much less protein conformational sensitivity than
its amide | counterpart. Other amide vibrational bands are very complex depending on the
details of the force field, the nature of side chains and hydrogen bonding, which therefore

are of little practical use in the protein conformational studies [43].

3.3.1 Sample preparation for FTIR analysis:

Black and grey hair of same person was collected. These two types of hair were cut
into very small pieces by sharp edges separately. KBr pellets were formed by mixing the
small pieces of hairs with KBr. The experimental specimens were developed in adequate
pressure by hydraulic press at environmental condition.

3.3.2 Experiments:

FTIR analyses on black and grey hair (specimens collected from same person)
were carried out to examine their molecular structure and dynamical information. The
analysis was carried out using FTIR model, IR affinityl, Shimadzu, Japan, at high

resolution (resolution was 0.5 cm™) using KBr window.
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3.3.3 Results and discussions:

Figure 3.3.1 and Figure 3.3.2 show the comparison of the FTIR spectrum of black
and grey hair between wave number 2355 to 2370 cm™ and 1075 to 1275 cm™
respectively. Figure 3.3.3 shows the comparison of the FTIR spectrum of black and grey
hair between wave number 1540 to 1560 cm™ and Figure 3.3.4 shows the comparison of

the FTIR spectrum of previous samples between wave number 520 to 532 cm™.

These bands assured the information for the nucleic acid conformation. The change
in molecular vibration as indicated in Figure 3.3.1 is mainly for the tertiary amine salt
(NH+). Figure 3.3.2 shows that the structural change occurs in RNA while the structure of
DNA remains unchanged. Some peaks are shifted in the amide | and amide 11 region due
to C=0 stretching, C-N stretching and N-H bending as shown in Figure 3.3.3. Some
rotational energy level also altered according to Figure 3.3.4. The spectrum of nucleic
acids (DNA and RNA) formed by its constituent bases have characteristic bands in the
range of 1800-1500 cm™. The results are correlated with change in protein structure in the

human hair and not merely due to melanin content.
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Figure.3.3.1. FTIR absorption spectrum of black and grey human hair in between 2355 to
2370 cm™ at 30°C.
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Figure.3.3.2. FTIR absorption spectrum of black and grey human hair in Amide 11 region

at 30°C.

The bands at 1500-1250 cm™ are transcribed for vibration combination between

base and the relevant carbohydrate, at 1250-1000 cm™ are associated with carbohydrate-

phosphate vibrations.
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Figure.3.3.4. FTIR absorption spectrum of black and grey human hair in finger print
region at 30°C.

3.3.4 Impressions:

The distinction in molecular vibration due to the tertiary amine salt (NH+) in black
and grey hair is clearly visible. This study [44] also confirms the structural change
occurred in RNA while the structure of DNA remains unchanged in the two types of
human hair. Some peaks are found to be shifted in the amide | and amide 11 region due to
C=0 stretching, C-N stretching and N-H bending in types of specimens. The overall

results give a good account of change in molecular structure in the black and grey hair.
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Chapter 4

Solvation effect on molecular spectra of some specific bio-molecules

4.1 Brief introduction of solvation effect:

In molecular biology it is attempted to obtain an understanding of biological
function in terms of structure, interactions, and processes at the molecular or even atomic
level. Experimental techniques, such as X-ray crystallography and NMR spectroscopy, are
routinely used to provide an atomic picture of the structure and mobility of biomolecules,
for example proteins and DNA fragments. More flexible molecules, such as lipids and
sugars, are less accessible to structure determination by these methods. Information with
respect to dynamics is even more difficult to obtain; only spectroscopic measuring
techniques yield such information, but only for special groups of atoms, not for all atoms
in a biomolecule. Generally, energetic information cannot be measured at the atomic level.
Because of the limitations of experimental measuring techniques, the characterization of a
biomolecular system at the atomic level in terms of structure, mobility, dynamics, and
energetic is incomplete. These four types of information are listed in the order of
decreasing knowledge about them. This incomplete molecular picture makes it difficult to
establish the link between molecular structure, mobility, dynamics, and interactions on the
one hand and biological function on the other. An alternative way to study biomolecular

systems at the atomic level is simulation on a computer. It involves three basic choices.

1. A biomolecular system generally has too many degrees of freedom (electronic,
atomic) to be simulated. However, the ones that are essential to a proper representation of
the quantity or phenomenon one is interested in must be explicitly present in the molecular

model.

2. An interaction function for these degrees of freedom must be defined, which
contains the average effect of the degrees of freedom that have been omitted in the

molecular model.

3. The motion of the molecular system is governed by equations of motion.

Depending on the type of degrees of freedom in the model (quantum-mechanical,
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classical, or stochastic), this can be Schrodinger’s, Newton’s or Lagrange’s, or Langevin’s
equation of motion. The length of the simulation must be sufficiently long to allow for an

adequate sampling of essential degrees of freedom.
Whether a biomolecular system can be usefully simulated depends on three factors:
1. The time scale of the quantity or process of interest,
2. The required accuracy of the simulated property or process,
3. The available computing power.

Solvent molecules play different roles with respect to protein properties one is

interested in, for example:

1. The structure and stability of a folded protein depends on the type of solvent. In

aqueous solution a protein tends to minimize it s a polar surface area (hydrophobic effect).

2. Individual water molecules play a structural role in folded proteins, e.g. the four
internally bound water molecules in bovine pancreatic trypsin inhibitor (BPTI).

3. Polar solvents exert a dielectric screening effect on interactions between protein

charges.

4. The viscosity of the solvent will influence the dynamics of the protein atoms and

may thereby influence the kinetics of processes [1].

Solvation Effects on Molecules and Biomolecules provides a comprehensive
overview of state-of-the-art molecular modeling methodologies which are most relevant to
handling solvation properties of molecules and biomolecules. By outlining the essential
theoretical framework and technical details, together with practical applications, Solvation
Effects on molecules and biomolecules serves as an essential guide in the promotion of
interactions between theoretical and experimental groups. Solvation effects on molecules
and biomolecules thus forms a powerful resource for students, researchers and is also an
excellent companion for research professionals engaged in computational chemistry,

material science, nanotechnology, physics, drug design, and molecular biochemistry[2].
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4.2 Effect of solvation on molecular spectra:

The electronic absorption and emission spectra of organic molecules are usually
modified in solvation processes. The intensity, frequency or the shape of the absorption
and/or fluorescence spectra support modifications when the spectrally active molecules
pass from the gaseous phase to the liquid phase. The modifications induced by a solvent in
the electronic spectra of molecules can offer information on the local electric field acting
on the spectrally active molecule [3-13]. Attempts to evidence some empirical relations
between the spectral characteristics and the microscopic or macroscopic parameters of the
solutions were made in the first stage of research on the intermolecular interactions. Then,
the interactions in the condensed phase were theoretically described in some kinetic and
cell models [5, 10, 14, 15]. Very large category of interactions act in solutions, so, the
verification of the existent theories is made only in some restrictive situations, neglecting a
series of contributions to the spectral shifts. For example, in the theories of simple liquids,
the specific interactions are neglected and consequently, when act in solutions they are
described by empirical terms [16, 17]. These terms must be proportional with parameters
characterizing the atomic groups’ ability in achieving hydrogen bonds, such as the electro
negativity, electronic charge near the proton from — NH or — OH groups, the degree of
delocalization of the molecular electronic charge, or spectral signals such as wave
numbers in FTIR spectra, or chemical shifts measured in NMR spectra.

Computational methods [18] are used to decide which the terms are giving a

dominant contribution to the total spectral shift. So, in relations of the type [15, 19]:

A6 = Cof (g) + Cof (N) + Caa + Cuf (1)

The universal interactions are described by the first two terms and the specific
interactions of the donor or acceptor types are described by the last two terms. The last
two terms in (1) describe specific interactions of the type donor or acceptor of protons or
electrons between the solvent and solute molecules. The contribution of each type of
interactions is given by the value of the regression coefficients C j, j = 1, 2, 3, 4. The

interactions described by terms with small regression coefficients are finally neglected.
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Study of the effect of solvents on the electronic absorption and fluorescence
spectra of a variety of molecules (e.g. anthraquinone derivatives, azo compounds, azo
disperse red dyes [20] forms an important subject for research in least years because can
play a significant role in the photophysics of the excited states [21]. Some electro-optical
parameters of the solute molecules can be estimated by spectral means, especially when
the solute molecules are active both in absorption and in fluorescence electronic spectra.
In solutions, the solvent environment determines important changes in the electro-optical
properties of the spectrally active molecule compared to those in its gaseous phase.
Several reports are now available on the correlation of UV absorption frequencies with the

solvent parameters [22—-26].

Theories regarding the solvent action on the electronic spectra developed in the last
time [27, 28] permit to estimate the electro-optical parameters, such as dipole electric
moments or polarizabilities for the spectrally active molecules using the spectral shifts as
indicators of the strength of the internal interactions and some macroscopic parameters of
the solvents such as electric permittivity and refractive indices. When the microscopic
parameters in the ground electronic state are known by experiments or computations, the

corresponding values in the excited electronic spectra can be evaluated.

The solvatochromism is one of the few methods that permit to estimate the local
field of forces in the interior of liquids, indirectly, by the energy of the intermolecular

interactions.

The existent theories on the intermolecular interactions in liquids express the
supply of some types of interactions by different functions of solvent parameters,
neglecting the presence of the possible specific interactions. Some theories take into
consideration only the long range interactions, neglecting the supply of the specific
interactions to the total shift measured into a given solvent. Usually, the supply of the
specific interactions is expressed by semi-empirical terms dependent on the local

distribution of the electronic charges in the interacting molecules [16, 17].

In Bakhshiev theory [10], the supply of the long range interactions to the total
spectral shift 46 = o - oo measured in electronic spectra of the solute (spectrally active

molecule) is expressed by relations of the type:
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5max=5max,0+clf(8)+C2f(n) (2)

In relation (2) Dmax (cm™) is the wavenumber in the maximum of the electronic
absorption band, expressed in cm™ in a given solvent, Bmax, o has the significance of the

wavenumber in the maximum of the same electronic absorption band recorded for the

2_1 ]
"— (where ¢ = n’) are solvent functions

vaporous state of the solute, f'(e) = :—; and f (n) =

depending of electric permittivity and refractive index, respectively. The second and the
third terms in relation (2) express the contributions of the orientation and dispersive-
induction polarization interactions, respectively. One can admit that C; f (¢) expresses the
spectral shift corresponding to the orientation interactions, and C, f (n) is due to the
dispersive-inductive-orientation forces. There are a great number of studies in which the
different types of interactions are evidenced for diverse molecular structures [29-36].

If the contribution 49 s, of specific interactions to the total spectral shift is added to

the function (2), one obtains relation (3):
O max=0 maxs 0 + C1 T (e) + Co f (n)+ 40 sp (3)
And can obtain relation (4) in which the energies of interactions are expressed in
fractions [30].

1= A0S S @

Only the universal interactions, described by the first two terms have theoretical
correspondents in Bakhshiev theory, the contribution of the specific interactions is
described in (4) by an empirically introduced term [36-38]. This term can contain
parameters proportional to the local charge density in the local molecular zones in which
specific interactions arise. Specific interactions are usually localized in a zone of the
molecule in which atoms of different electronegativity are bonded covalently and
consequently, a pronounced local separation of charges becomes possible [39, 40], or
estimation of some mechanical properties of solutions when additional techniques are used
[41].
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Different types of intermolecular interactions in solutions were evidenced by
solvatochromism studies. The separation of the universal and specific interactions permits
to estimate the strength of each type of interactions acting in a given solution.

When relations of the type (3), or more complicated dependences, are verified for
spectral data, an important role plays the aberrant data elimination, due to the fact that
these data could significantly modify the values of the regression coefficients C, or C, (for
a given number of known data regarding the wavenumber in the maximum of the
electronic bands and the solvent parameters) [42]. In the case of azobenzene derivatives
the elimination of the aberrant data permitted us to evaluate the coefficients depending on
the polarizabilities in the ground and excited state or on the dipole moments in the
electronic states participating to the electron transition responsible for the absorption band
appearance. A good estimation of the coefficients C; and C, offer the possibility to
evaluate the electro-optical molecular parameters in the excited electronic states, when the
corresponding parameters in the ground state are computed by quantum-chemical
procedures. The higher the numbers of the experimental data, the more precisely the
regression coefficients are determined. The importance of a precise determination of the
regression coefficients is due to their utilization in estimation of some electro-optical
parameters such as electric permittivity or dipole moment in the molecular excited states
[29, 31, 43-45].

The kinetics of chemical reactions can be characterized on the basis of spectral
data in different solvents [46, 47]. This is a systematic and comprehensive study of solvent
effects on the electronic (absorption and fluorescence) spectra. It is directed to describe
some applications giving information about the liquid structure, including the internal
forces in liquid state and also allowing estimation the molecular electro-optical parameters

in the electronic excited states of the spectrally active molecules.
4.2.1 Effects of solvent on UV-VIS absorption spectra of materials:

When absorption spectra of required material are recorded in solvents of different
polarity, it is found that the positions, intensities and shapes of the absorption bands are
usually modified. Usually, the spectral shifts are attributed to specific solute-solute and

solute-solvent interaction in form of hydrogen bonding or bulk solvent properties. Apart
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from these interactions, there are several other factors that may influence the spectra such

as acid-base chemistry or charge transfer interactions.

The magnitude of the spectral shifts in various solvents (with different polarities)
mainly depends on the strength of the intermolecular hydrogen bond(s) between the
substituent groups of the spectrally active molecule and the — OH or — NH groups of the
solvent molecules and whether the intramolecular hydrogen bonds are present or not. For
the molecular systems without intramolecular hydrogen bond, the spectral shifts are
sensitive to the solvent polarity. Thus, in many molecules the bands (n-7*) are shifted
bathochromically when the solvent polarity increases. These changes were attributed to
hydrogen-bonding interaction between the solute molecule and the solvent molecule. On
the other hand, the spectral shifts in the molecular systems with intramolecular hydrogen
bonds are very small. In the absence of the intermolecular hydrogen bonds in all the
intramolecular hydrogen bonded systems, the solvent shifts are well interpreted by the

solvent polarity function.

An exception is polyene dye for which the solvent effect shows inverted
solvatochromism [48, 49] that is, the change from positive to negative solvatochromism
with increasing solvent polarity. This phenomenon is ascribed to a solvent-induced change
in the ground-state structure from a less dipolar polyene-like structure to a strongly dipolar

one.

Solvatochromatic effect has been used to determine the magnitude of the solute-
solvent interactions such as the polarizability /dipolarity parameter, z*, of the solvent, as
well as giving information about hydrogen bond donor (HBD), a and/or acceptor (HBA),
B ability of the solvent. It is well known that the bands due to local transitions are solvent

insensitive, whereas the charge transfer bands are sensitive to environmental changes [50].

Solvent effects may be attributed to hydrogen bonding which assists electron
migration in the molecules [51], to the stabilization of preferred resonance structures due
to their electric permittivity or electron donor character [52, 53], to dipole-dipole
interaction and the change in the dipole moment during the solute transition on the solvent
effect.
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The monitoring the absorption and fluorescence properties in different solvents of
the PPO-block-PpPE - poly(propylene-oxide)-poly(p-phenylene-ethynylene) block
copolymers [54] can permits to establish the aggregation tendency of these compounds.

A. Theory of Solvent Effects That Uses a Stokes Shift:

The solvatochromic shift shows the relationship of the absorption/emission spectra
and the polarity of the solvent and gives information on the electronic excited states of the
molecule. The Stokes shifts (6 . — 0 ¢ ) are based on a linear correlation between the wave
numbers of the absorption and fluorescence maxima and a solvent polarity function which

involves both dielectric permittivity, ¢ and refractive index, n of the medium [55-57].

4.2.2 Specific solvent effects on UV-VIS absorption spectra:

To understand the behavior of a solvent involved in a process, it is important to
understand the solute-solvent interactions from liquids. The effects of the solvent
dipolarity/polarizability (non-specific solvent interactions) and hydrogen bonding (specific
solvent interactions) on the electronic absorption spectra are interpreted using the linear
solvation energy relationship. In recent decades, the Kamlet-Taft approaches [58] have
been applied to separate the influence of non-specific interactions, from specific
interactions. Specific solvent—solute interactions (hydrogen bonding) are expressed by the
solvent acidity, a or SA, and the solvent basicity, g or SB which can be evaluated by
multilinear regression analysis. The non-specific interactions are expressed by Catalan’s
SP parameter (solvent polarizability) as well as by the z* or SPP parameter (both of which

represent a combination of the solvent dipolarity and polarizability).

4.2.3 Solvent effect on fluorescence spectra:

Fluorescence band maxima are largely red shifted when the solvent polarity
increases, compared to absorption band under the same condition. This fact indicates an
increase in dipole moment of excited state compared to ground state. Generally, the
polarity of a solvent will influence the emission spectra of fluorophores by changes in
quantum vyields and spectral shifts [59]. Normally, a fluorescent probe is weakly

fluorescent in hydrophilic environment (or in more polar solvents) but strongly fluorescent
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in hydrophobic environment [59-61]. Very interesting is the opposite behavior of the some
fluorophores (with strongly fluorescence in protic solvents whereas they show weak
fluorescence in aprotic solvents) such as acridine [62], pyrene-3-carboxaldehide and 7-

methoxy-4- methylcoumarins [63, 64].

4.3 Change in molecular spectra of Gum Agar under the solvent H,O and D,0:

Agar is an important biomaterial consists of a mixture of agarose and agaropectin.
Agarose is a linear polymer, of molecular weight about 120,000. An agarose is a
polysaccharide polymer material, generally extracted from seaweed. Agarose is a linear
polymer made up of the repeating unit of agarobiose, which is a disaccharide made up of
D-galactose and 3, 6-anhydro-L-galactopyranose. Agarose is frequently used in molecular
biology for the separation of large molecules, especially DNA, by electrophoresis. On the
other hand agaropectin is a heterogeneous mixture of smaller molecules that occur in
lesser amounts. Their structures are similar but slightly branched and sulfated, and they
may have methyl and pyruvic acid ketal substituents. Gum Agar has a poor gel formation
ability compared to that with agarose alone. Agar is insoluble in cold water but dissolves

to give random coils in boiling water.

FTIR spectroscopy is a measurement of variation intensity of the absorption of IR
radiation by a specimen with wavelength of IR radiation [65]. This work [66] makes an
attempt to detect structural change in Gum Agar samples at different polymerized state

with H,O and D,0 by FTIR spectroscopy.

There are some proteins of alike structure are present in agar. The amide | and |1
bands are the two most prominent vibrational bands of the protein backbone. The
frequencies of the amide | band components are found to be correlated closely to the each
secondary structural element of the proteins. The amide Il band, in contrast, derives
mainly from in plane N-H bending (40-60% of the potential energy) and from the CN

stretching vibration (18-40%), showing much less protein conformational sensitivity than
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its amide | counterpart. Other amide vibrational bands are very complex depending on the
details of the force field, the nature of side chains and hydrogen bonding, which therefore
are of little practical use in the protein conformational studies [67]. N-H bending, N-H
stretching, CN stretching vibrations are found in Agar spectrum. The overall results give a

good account of change in molecular structure in the Gum Agar specimens.

4.3.1 Sample preparation:

The Gum Agar powder specimen (S1) was collected from Merk (India) and was
subjected to a sol gel process along with (i) sterile water and (ii) D2O. In both the
polysaccharide host chain can form more complex higher polymers over that of its normal
powdered form. D,O exchange can occur leading to replacement of -OH group by -OD.
The sol specimens are extracted at initial state, 30, 60 and 120 minutes after that. The
experimental specimens S2- S5 (sol specimens of D,0) were developed with subsequent
adequate drying of the sols at environmental condition.

4.3.2 Experiments:

The developed Gum Agar specimens are supposed to exhibit change in molecular
structure over that in S1 due prolongation of sol gel process. FTIR analysis on pure Gum
Agar and specimens S2 to S5 were carried out to examine its molecular structure and
dynamical information. The analysis was carried out using FTIR model, IR affinityl,
Shimadzu, Japan, at high resolution (resolution was 0.5 cm™) using KBr window. The sol
specimens of Gum Agar with H,O and D,O collected at 0, 30, 60 and 120 minutes after

sol initiation and were also analyzed by ATR using ZnSe window at 0.5 cm™ resolution.
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4.4 Comparison of the results:

Figure.4.4.1. ATR absorption spectrum of different Gum Agar specimens in between
1595 to 1710 cm™ at 25°C.

Fig. 4.4.1 shows the comparison of the ATR spectrum of different Gum Agar sol
specimens between wave number 1595 to 1710 cm™. Peaks around the wave number
1615, 1650, 1680 and 1700 cm™ of different specimens are shifted. These peak shifts give
a clear picture for change in molecular structure in the bio-molecule due to

polymerization.
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Figure.4.4.2. FTIR absorption spectrum of different Gum Agar specimens in between
2315 to 2400 cmat 25°C.

In Fig. 4.4.2 FTIR spectrum (between wave number 2315 to 2400 cm™) of Gum
Agar specimens (sol specimens of D,O) developed by adequate drying of the sols at
environmental condition are compared. From this D,0O peaks are clearly observed around
the wave number 2365 cm™ for the specimens collected 60 and 120 minutes after initial

state but is absent for the specimen collected 30 minutes after initial state.
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Figure.4.4.3. FTIR and ATR absorption spectrum of different Gum Agar specimens in N-
H bend region (between 1450 to 1600 cm™) at 25°C.

Both the FTIR and ATR spectrum are compared in Fig. 4.4.3 and Fig.4.4.4 as the
solid samples of Gum Agar were used besides the liquid specimens. Comparison of N-H
bending of different specimens is shown in Fig. 4.4.3 between wave number 1450 to 1600
cm™. Peaks arising from N-H bending around the wave number 1525 and 1580 cm™

disappear due D,0O exchange.
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Figure.4.4.4. FTIR and ATR absorption spectrum of different Gum Agar specimens in N-
H stretch region (between 3225 to 3440 cm™) at 25°C.

Fig. 4.4.4 shows the comparison of the spectrum of different Gum Agar specimens
between wave number 3225 to 3440 cm™ in N-H stretching region. The N-H peaks are
often very broad and weak without any distinct coupling to be caused by chemical
exchange of the NH proton or by a property of nitrogen atoms called quadrupolar
broadening. The hydrogens of amino group will exchange with D,0, causing the peaks to
disappear (around the wave number 3270, 3360, 3400 cm™) [68].

‘N-H + D;0 = -N-D + DOH (1)
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Fig. 4.4.3 and Fig.4.4 4 indicate that some N-H peaks are absent from the spectra

due to D,O exchange as shown in Eq. (1).

4.5 Effect of polymerization on bio-molecules:

In another work [69] gum Arabica powder specimen (S1) was collected from
Merck (India) and was subjected to a sol-gel process along with pure water so that the
polysaccharide host chain can form more complex higher polymers over that in normal
powder form. The sol specimens are extracted at initial state, 30, 60 and 120 minutes after
that. The experimental specimens (S2, S3, S4 and S5 respectively) were developed by
adequate drying of the sols at environmental condition.

FTIR analysis on pure gum Arabica was carried out to examine its molecular
structure and dynamical information. The analysis was carried out using FTIR Model, IR

Affinity 1, Shimadzu, Japan, at high resolution using KBr window.
4.5.1 Results and discussions:

Figure 4.5.1 shows the FTIR spectrum gum Arabica specimen between wave
number 350 to 4000 cm™. Broad peaks are obtained in the IR spectrum of gum Arabica at
3365.2 cm™ (O-H stretching of carbohydrates), 2939.1 cm™ (CH, asymmetric stretching),
1379.3cm™ (CH, CH, and OH in-plane bending in carbohydrates), 1042.9 cm™ (C-O
stretching region as complex bands, resulting from C-O and C-O-C stretching vibrations),
704.8 cm™, 641.7 cm™ and 603 cm™ (pyranose rings)lt shows the distinctive absorption
in finger print region at 603 , 641.7 and 704.8 cm™. The three frequencies represent the

characteristics of bond stretching vibration of the bio-molecule.
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Figure.4.5.1. FTIR spectrum of gum Arabica specimen (between wave number 350 to
4000 cm™).

Figure 4.5.2 and Figure.4.5.3 show the comparison of the FTIR spectrum of
different gum Arabica specimens between wave number 600 to 607 cm™ and 638 to 645
cm’* respectively. Figure 4.5.2 shows that the characteristics vibration at 603cm™ decrease
while passing from S1 to S5 whereas Figure.4.5.3 represents the same corresponding to

absorption peak at 641.7 cm™.
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Figure.4.5.3. FTIR spectrum of gum Arabica fpecimen (between wave number 638 to 645
cm™).

TABLE 4.5.1. Comparison of the FTIR spectrum peak for S1 — S5 around wavenumber 704.8 cm™

Wave G.A. (Absorbance) 0 Min 30 Mins 60 Mins 120 Mins
Number (Absorbance) (Absorbance) (Absorbance) (Absorbance)
704.47749 0.59586 0.5822 0.66863 0.59402 0.50622
704.71858 0.6251 0.58692 0.65667 0.64203 0.51766
704.95967 0.61138 0.58325 0.72432 0.66985 0.51106
705.20077 0.81885 0.58042 0.66517 0.64703 0.50187

705.44186 0.59711 0.58188 0.59367 0.75077 0.4769
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Table 4.5.1 summarizes the mentioned change in absorption frequency at 704.8
cm™. The overall results give a clear picture for change in molecular structure in the bio-

molecule due to polymerization.
4.6 Impression:

The change in molecular structure, of the constituent biomolecules of Gum Agar,
due polymerization is detected from analysis of FTIR and ATR spectra. The distinction in
molecular vibration due to the D,O exchange is also clearly visible. IR absorbance of D,O
exchanged dried Agar specimens show an increase in peak height with increase of sol-gel
time. Due to D,O exchange -NH bending and stretching peaks disappeared from the
spectra. This study also confirms that rehydration occur only for the NH bending but
structural change occurred in NH stretching are permanent and no rehydration takes place.
Also the change in molecular structure, of the constituent bio-molecules of gum Arabica,
due polymerization is directly determined from analysis of FTIR spectrum in finger print

region. This novel technique may be applied to bio-molecular analysis.
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Chapter 5

Mapping of molecular energy levels

5.1 Principle underlying molecular energy level mapping:

In recent years, there has been great progress in the development of suitable
techniques for mapping of molecular energy level. Molecular spectroscopy is especially
well suited to this task. A wide variety of recently developed laser-based spectroscopic
detection schemes are not only highly sensitive but also space and time specific. The
laboratory application of sophisticated sampling and observation techniques has yielded a

wealth of vibrational and electronic spectral data for molecular energy level mapping [1].

The most crucial and basic element in any structural analysis algorithm is to
introduce a metric to measure similarity or dissimilarity between two atomic
configurations. Many options are available, with different levels of complexity and
generality, starting from the commonly used root mean square distance. In order to deal
with symmetry operations or condensed phase structures, several frameworks have been
developed [2, 3—-15], that assign a unique vector of order parameters to each molecular or

crystalline configuration.

When a molecule absorbs light, it gains energy and reaches a state called an
excited state. With visible or ultraviolet (UV) light, the electrons in the molecule are
excited and with infrared (IR) light, the molecular vibration is excited. When a molecule
absorbs microwave, its molecular rotation is excited. The precise geometrical structures of

molecules can be determined by molecular spectroscopy and gas electron diffraction.

In molecular spectroscopy, we obtain the energies of discrete levels of a molecule
by taking advantage of the absorption and emission of light observed in molecules. To
determine the geometrical structure of a molecule, we mainly look for the energy level
associated with its rotational motion, so that we can calculate the moment of inertia for the
molecule. Once we have the moment of inertia, we can determine the distances between
the atoms that compose the molecule, or the internuclear distances. We can also determine

the molecular structure of a molecule at its electronic ground state or its electronically
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excited state by observing the rotational structure of its absorption and emission spectra of
the electronic transition in the visible and ultraviolet regions. An alternative to these
spectroscopic methods is the electron diffraction method. When molecules are in the gas
phase, their geometrical structures have been determined though rotational structures
observed in the molecular spectroscopic method as well as through electron diffraction

images obtained by the electron diffraction method [16]..
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Flow chart for determination of structures of molecule

If an atom, ion, or molecule is at the lowest possible energy level, it and its
electrons are said to be in the ground state. If it is at a higher energy level, it is said to be
excited, or any electrons that have higher energy than the ground state are excited. If more
than one quantum mechanical state is at the same energy, the energy levels are called
degenerate energy levels. Energy can be stored either as potential energy or kinetic energy,

in a variety of ways including translational energy (small amounts of energy stored as
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Kinetic energy), rotational energy (kinetic energy associated with the rotational motion of
molecules), vibrational energy (the oscillatory motion of atoms or groups of atoms within
a molecule), electronic energy (energy stored as potential energy in excited electronic

configurations). All except the Translational energy are quantized.

Emolecule = Erotational + Evibrational + Eelectronic

5.1.1 Molecular models :

Electron densities show the locations of electrons. Large values of the density will
first reveal atomic positions (the X-ray diffraction experiment) and then chemical bonds,
while smaller values will indicate overall molecular size. Unlike conventional structure
models, electron densities assume no prior knowledge about bonding and, therefore, can
be used to elucidate bonding. Electron densities allow description of the bonding in

transition states where there can be no (direct) information from experiment.

The electrostatic potential is the energy of interaction of a point positive charge
with the nuclei and electrons of a molecule. Negative electrostatic potentials indicate areas
that are prone to electrophilic attack. A sufficiently small value of the electron density
provides overall molecular size and shape. The electrostatic potential can then be mapped
onto the electron density by using color to represent the value of the potential. The
resulting model simultaneously displays molecular size and shape and electrostatic
potential value [17]. The polarization potential provides the energy due to electronic
reorganization of the molecule as a result of its interaction with a point positive charge.
The sum of the electrostatic and polarization potentials provides a better account of the
energy of interaction of a point positive charge than available from the electrostatic
potential alone [18- 24].

Molecular orbital descriptions offer quantitative information about molecular
charge distributions. Solutions of the approximate quantum mechanical equations of
electron motion, are made up of sums and differences of atomic solutions (atomic
orbitals), just like molecules are made up of combinations of atoms. Molecular orbitals for

very simple molecules may often be interpreted in terms of familiar chemical bonds [17].
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For closed-shell molecules (in which all electrons are paired), the spin density is
zero everywhere. For open-shell molecules (in which one or more electrons are unpaired),
the spin density indicates the distribution of unpaired electrons. Spin density is an obvious
indicator of reactivity of radicals (in which there is a single unpaired electron). Bonds will
be made to centers for which the spin density is greatest. A more important application of
the local ionization potential is as an alternative to the electrostatic potential as a graphical
indicator of electrophilic reactivity. This is in terms of a property map rather than as an

isosurface.

5.1.2 Property Maps:

Additional information (a “property”) may be added to any isosurface by using
color to represent the value of the property. Colors at one end of the visible spectrum
could represent “small” property values and at the other end, “large” property values. This
gives rise to a model which actually conveys four dimensions of information. Most
commonly, a property is mapped onto the size surface. This depicts overall molecular size
and shape and, therefore, demarks surface regions “visible” to an incoming reagent. There
are situations where a property is more clearly visible when mapped instead onto a bond

surface.

5.1.3 Electrostatic Potential Map:

The most commonly employed and most important property map is the
electrostatic potential map. This gives the electrostatic potential at locations on a particular
surface, most commonly a surface of electron density corresponding to overall molecular
size (a size surface). An electrostatic potential map conveys information about the
distribution of charge in a molecule. It also gives information about delocalization of
charge. Electrostatic potential maps may also be employed to characterize transition states

in chemical reactions.
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5.1.4 Molecular Orbital Maps:

Molecular orbitals may also be mapped onto electron density surfaces. Maps of
“key” molecular orbitals may also lead to informative models. The most popular and (to
date) most important of these is the so-called “LUMO map”, in which the lowest-
unoccupied molecular orbital (the LUMO) is mapped onto a size surface. LUMO map
shows which regions of a molecule are most electron deficient, and hence most subject to

nucleophilic attack.

5.1.5 Local lonization Potential Map:

Mapping the local ionization potential onto a size surface reveals those regions
from which electrons are most easily ionized. Such a representation is referred to as a local
ionization potential map. Local ionization potential maps provide an alternative to
electrostatic potential maps for revealing sites which may be particularly susceptible to

electrophilic attack.

5.1.6 Spin Density Map:

The spin density of a radical indicates where its unpaired electron resides. This in
turn allows qualitative assessment of radical stability. A radical in which the unpaired
electron is localized onto a single center is likely to be more labile than a radical in which
the unpaired electron is delocalized over several centers. An even more useful indicator of
radical stability and radical reactivity is provided by a so-called spin density map. Like the
other property maps this measures the value of the property on an electron density surface

corresponding to overall molecular size [18- 24].
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5.2 FTIR results towards energy level mapping:

In an n-atom non linear molecule there are 3n-6 possible vibrational modes. The
vibration includes bond bending and bond stretching. The energy difference between
vibrational states corresponds to the energy level of IR Radiation. Normally two major
region in the IR spectrum of a molecule are the functional group region between 7000 cm™
to 1500 cm™ it includes the X-H stretching region and finger print region between1500
cm™ to 350 cm™ . The later region is very important in bio-molecular dynamics and it may
provide much relevant information about the internal motion of the molecule and is related
bio-molecular function in living systems [25]. The objectives of the FTIR spectroscopic
study are (i) to recognize the most reliable absorption frequencies for a particular
functional group of a bio-molecule (ii) to use the group frequencies to distinguish the
spectra of the sample (iii) to understand the factor which complicate (e.g. overtone and
combinational bands, Fermi resonance and most important for a bio-molecule — hydrogen
bonded system) IR spectra and be able to recognize the effect that these have on the
spectra. The proposed plan is however to be spanned over ultraviolet-visible spectroscopy
(UV-VIS) and IR range. The objective is to get an idea of the ground rotational state (i.e.
non rotating molecule) by considering the difference between various allowed rotational

energy levels of different specimens of bio-molecules of gum Arabica.

In this present work [26] vibrational and rotational characteristic of Gum Arabica
molecule along with its characteristics change due to deuterium exchange are studied.
Studies of bio-molecules and protein conformation in solution-phase under
hydrogen/deuterium exchange have been found to be important [27-29] and well
documented [30, 31]. The Gum Arabica [32, 33] is a bio-molecule with polysaccharide in
nature. The said study is confined in IR region of spectrum recorded by FTIR technique.
The FTIR technique of analysis of bio-molecule is popular and gained considerable
success [34-36] in this field. Rotational energy level and rotational constant are extracted
from various series in the recorded IR spectrum on Gum Arabica specimens. The results
obtained may be correlated with the dynamical and structural characteristic of the bio-

molecule.
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5.2.1 Elementary theory of molecular spectra:
Rotational energy of a molecule is quantized. So they have some particular value

of angular momentum [37, 38]. For a rigid diatomic molecule the reduced mass pu may be

written as
— mmjm;
. 1)

The absorbed rotational energy levels of a rigid diatomic molecule is given by the

expression

hZ
8m2]

E; = ——J (3+1) @)

[Where J =0, 1, 2, 3...; h = Plank’s constant; | = Moment of inertia; J = Rotational

quantum number].

The difference between the energy levels is significant to analyze the rotational
energy levels. The corresponding transition frequency is v = AE/h or wave number is

v = AE/hc Energy of j th excited state may be expressed in terms of wave number as

_E _ n? 1
& = P . J(J+1) cm 3
g =BJ(+1)cem™ (4)
B is the rotational constant given by,
h
B= 8m2lgc ()

(Where ¢ = velocity of light; Ig = moment of inertia)

From Eq. 4 we see that for J = 0, g = 0 which implies that the molecule is not
rotating. For J = 1, g; = 2B i.e. a rotating molecule in its lowest angular momentum. The

incident IR radiation which is absorbed for the transition J = 0 state (ground rotational

state)toJ=11s

8]-1 - €]=0 = ZB - 0 = ZB Cm_l (6)



Page | 106

Vi=0-j=1 = 2B
Vi=15j=2 = 4B
..=— 6B

In general to raise the molecule from the state J to state J+1 we would have

Vo1 =BU+1D(J+2)-B/(J+1)
=2B(J+1) (7
The quantum selection rule for rigid diatomic rotator is given by
A ==+1 (8)

All other transitions but in which J changes by unity are spectroscopic forbidden.

Using Eqg. 5 one can write

| =—0 )

" 8m2Bc

With the knowledge of reduced mass the bond length may be estimated from the

relation
(10)

While centrifugal rotational constant (D) is taken into consideration energy of j th

excited state may be expressed as

E
g = h—i = BJ (J+1) - D (J+1)? cm* (11)
The centrifugal rotational constant (D) is given by

h3 1
= —-— Cm_
32m41%2r2kc

(12)

Which is a positive quantity. Assuming that the force field is simple harmonic all

other small constant dependent upon the geometry of the molecule are neglected.
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From the defining equations of B and D it may be shown directly that

16B3m2uc? 4B3®
D= E == ot (13)

k w?

The analytical expression for the transitions may be written as

g/41 — g = ¥, = B [(J+1)(J+2) — J(I+1)] - D[(I+1)°(3+2)* - JP(3+1)]

= 2B (J+1) - 4D (3+1)°cm™ (14)

5.2.2 Materials and Methods:
I. Sample Preparation.

The high purity grade Gum Arabica powder specimen (S1) was collected from
Merck (India) and was subjected to a sol-gel process along with pure water so that the
polysaccharide host chain can form more complex higher polymers over that in normal
powder form. The sol specimen (S2) is extracted after 120 minutes. The same sol-gel
process was applied along with D,O so that the polysaccharide host chain can form in the
previous manner and hydrogen is replaced by deuterium from —OH bond. This sol
specimen (S3) is also extracted after 120 minutes. The experimental solid specimens S2

and S3 were developed by adequate drying of the sols at environmental condition.

[I. Experiments.

The developed Gum Arabica specimens (S2- S3) are supposed to exhibit change in
molecular structure over that in S1 due prolongation or polymerization effect on
corresponding monomer by sol gel process. Beside this frequency shift may also be
observed due to deuterium exchange in the presence of D,O for the specimen S3. FTIR
analysis on Gum Arabica specimens (S1, S2, and S3) were carried out at room
temperature (25°C) to examine their molecular spectrum and dynamical information. From

the recorded FTIR spectrum of various samples the difference of rotational energy level
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was estimated to have a complete dynamical picture of the bio-molecule. The analysis was
carried out using FTIR Model, IR Affinity 1 (Shimadzu, Japan,) at high resolution using

KBr window.

5.2.3 Results and discussion:

Figure 5.2.1 shows the comparison of the FTIR spectra among the developed Gum
Arabica specimens S2 and S3 between wave number 3493 cm™ to 3505 cm™. Frequency
shift is obtained around the O-H stretching region at wave numbers ranging from 3200

cm™ to 3600 cm™.

1.04

ABSORBANCE

0.5

34I94 . 34I96 . 34{98 . 35IOO . 35;02 . 35IO4
WAVE NUMBER(cm™)

Figure 5.2.1. FTIR absorption spectra of (i) Gum Arabica specimen S2 is indicated by
solid line and (ii) Gum Arabica specimen S3 is indicated by dash-dot line.
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Figure 5.2.2. FTIR absorption spectrum of pure Gum Arabica powder (S1)

It shows the FTIR spectra of Gum Arabica powder (specimen S1) between wave
number 355 cm™ to 420 cm™. Different arrows indicate the peaks obtained from various

bonds. In this figure peaks found from different bonds are marked as a, b, c, and d.

The tables containing peaks of absorption spectra for the different specimens of
Gum Arabica were prepared using experimental FTIR spectrum. The energy difference of
transition between the successive energy levels in the finger print region is integral
multiple of 2B cm™. Thus the peaks satisfy the mention criterion is chosen for preparing

peak tables. Analysis shows that there may be four different series in the recorded FTIR
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spectrum from which each of the peak table can be extracted. The marked in the graph of
the corresponding specimens were found to form the mentioned series. Sometimes
departure from the mentioned empirical rule are also found and they may be due coupling
with other effect. It is difficult to identify the bonds for which the peaks arise in the FTIR
spectrum as Gum Arabica has a complex molecular structure. Details knowledge of the
structure and dynamics of the system can lead to have a verification of the obtained value
of the rotational constant. The estimated value of rotational constant (2B) of the first
transition or close to the average value of the transition which was observed from the peak
tables of the each series of each specimen are chosen due to the mentioned limitation. In
this way one may have a map of quantum energy levels of Gum Arabica molecule from
the measured. FTIR spectra of the specimen below however a direct knowledge of ground
or lower energy state at RT requires FTIR spectra below the wave number 350 cm™ .

Analysis from series ‘a’ of the FTIR spectrum Analysis from series ‘c’ of the FTIR spectrum
J ‘7theo ‘7expt A ‘7expt Bexpt J ‘7theo ‘7expt A ‘7expt Bexpt

41 366.22  366.22 46 365.50  365.50
8.68 4.34 7.71 3.86

42 37490  374.90 47 37321 37321
8.68 4.34 7.24 3.62

43 38358 38358 48  380.92 380.45
8.68 4.34 7.23 3.62

44 39226  392.26 49  388.63 387.68
8.68 4.34 8.13 4.06

4540094 400.94 50 396.34  395.87
7.71 3.86 796 398

46 40962 408.65 51 404.05 403.83
8.45 4.22 6.93 346

47 41830 alr.1o 52 411.76  410.76
8.26 4.13

53 419.47  419.02
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Analysis from series ‘b’ of the FTIR spectrum Analysis from series ‘d’ of the FTIR spectrum
J ‘7theo ‘7expt A ‘7expt Bexpt J ‘7theo ‘7expt A ‘7expt Bexpt
20 368.39 368.39 49 359.95  359.95
17.36 8.68 7.24 3.62
21 385.75 385.75 50 367.19  367.19
16.15 8.08 7.23 3.62
22 403.11 401.90 51 37443 37442
18.57 9.28 6.50 3.25
23 42047 42047 52 38167 380.92
7.96 3.98
53 38891 388.88
5.79 2.90
54 396.15  394.67
Table 5.2.1. Rotational spectrum of Gum Arabica powder (S1) (Vi Vet 1 AVey, and

B. . areincm™)

expt

The Table 5.2.1 was obtained from IR spectrum shown in Fig. 5.2.2.Using the
average of the different transitions of series ‘a’, ‘b’, ‘c’, ‘d’ the values of 2B that we get
are 8.48, 17.36, 7.64, 6.94 respectively. In this case we take the values of first transition
that we observed from peak table as their values do not differ much from the average
values. The estimated values of rotational constants 2B and energy difference between

ground state to first excited state (gj—_) for the four mention series are , 2B = 8.68 cm™

and A e=1.7242x10™" erg., 2B = 17.36 cm™ ,A & =3.4485x10™ erg., 2B = 7.71 cm™ and
A e=1.5315x10" erg., 2B = 7.24 cm™ and A €=1.4382x10™" erg. For series ‘a’, ‘b’, ‘c’

and “d’ respectively.

Fig. 5.2.3 shows of the FTIR spectra of Gum Arabica specimen (S2) between wave
number 355 cm™ to 425 cm™. Different arrows indicate the peaks obtained from various

bonds. In this figure peaks found from different bonds are marked as a, b, c, d.
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Figure 5.2.3. FTIR absorption spectrum of Gum Arabica specimen S2. It shows the FTIR
spectra of Gum Arabica powder (specimen S2) between wave number 355 cm™ to 430
cm’®. Different arrows indicate the peaks obtained from various bonds. In this figure peaks
found from different bonds are marked as a, b, ¢, and d.

Analysis from series ‘a’ of the FTIR spectrum Analysis from series ‘c’ of the FTIR spectrum
I Ve Ve AV By I Vi Ve AV By
52 357.06 357.06 35 356.10 356.10
6.75 3.86 9.88 4.94
53  363.81 363.81 36  365.98 365.98
6.75 3.62 9.64 4.82
54 37056 370.56 37 375.86 375.62
6.75 3.62 8.93 4.46
55 37731 377.31 38  385.74 384.55
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56  384.06 383.10
57  390.81 388.89

58 39756 395.64

5.79 4.06
5.79 3.98
6.75 3.46

39

40

41

42

9.64 4.82
395.62 394.19

9.64 4.82
405.50 403.83

9.16 4.58
41538 412.99

8.92 4.46

425.26  421.91

Analysis from series

‘b’ of the FTIR spectrum

Analysis from series ‘d’ of the FTIR spectrum

J ‘7theo ‘7expt A ‘7expt Bexpt J ‘7theo ‘7e><pt A ‘7expt Bexpt
27  359.95 359.23 25 360.19 360.19

13.26 6.63 13.99 7.00
28 37297 37249 26 37418 374.18

13.50 6.75 13.50 6.75
29 38599 38599 27 388.17 387.68

13.02 6.51 14.22 7.11
30 399.01 399.01 28 402.16 401.90

12.30 6.15 13.02 6.51
31 41203 411.31 29 41615 414.92

13.74 6.87 12.06 6.03
32 425.05 425.05 30 43014 426.98
Table 5.2.2: Rotational spectrum of Gum Arabica specimen S2 (V. ,V... AV, and

B, . areincm™)

expt

theo ? ¥ expt ? expt

The above table was obtained from IR spectrum shown in Figure 5.2.3. Using the

average of the different transitions of series ‘a’, ‘b’, ‘c’, ‘d’ the values of 2B that we get

are 6.43, 13.16, 9.40, 13.36 respectively. In this case we take the values of first transition

that we observed from peak table as their values do not differ much from the average

values. The estimated values of rotational constants 2B and energy difference between

ground state to first excited state (& j=o_.;) for the four mention series are , 2B = 6.75 cm™
and A e=1.3409x10"" erg., 2B = 13.26 cm™ ,A £ =2.6340%x10™ erg., 2B = 9.88 cm™ and
A £=1.9626x10™ erg., 2B = 13.99 cm™ and A =2.7790x10™ erg. For series ‘a’, ‘b’, ‘¢’

and*d’ respectively.
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Figure 5.2.4 shows of the FTIR spectra of Gum Arabica specimen (S3) between
wave number 355 cm™ to 400 cm™. Different arrows indicate the peaks obtained from

various bonds. In this figure peaks found from different bonds are marked as a, b, c, d

a
b
1.044 a 2
c b a 4
[m] l g d
0.84" é' .a bd b cb
I Cy oa C c
it 7T
O 064 ,I b [ J\A ' ' l'F AR NT
2 TR AT (TR el s
I T |
Y al [ - [U 1
o 0441 ﬁ[ LG
syl 'Y |
< i |
0.24| :
0.0" 8]
) v ) v ) v ) v ) v ) v ) v ) v )
355 360 365 370 375 380 385 390 395 400

WAVENUMBER(cm™)

Figure 5.2.4. FTIR absorption spectrum of Gum Arabica specimen S3
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Analysis from series ‘a’ of the FTIR spectrum

Analysis from series ‘c’ of the FTIR spectrum

J ‘7theo ‘7expt A ‘7expt Bexpt J ‘7theo ‘7expt A ‘7expt Bexpt
73 358.03 358.03 49 359.23  359.23

4.09 2.04 7.23 3.62
74 362.85 362.12 50 366.46  366.46

5.55 2.78 7.48 3.74
75 367.67 367.67 51 373.69 373.94

4.82 2.41 6.51 3.26
76 37249 37249 52 380.92 38045

5.06 2.54 6.75 3.38
77 37731 37755 53 38815 387.20

5.07 2.54 6.75 3.38
78 382.13 382.62 54 395.38  393.95

2.65 1.32
79 386.95 385.27

Analysis from series ‘b’ of the FTIR spectrum Analysis from series ‘d’ of the FTIR spectrum

J ‘7theo ‘7expt A ‘7expt Bexpt J ‘7theo ‘7expt A ‘7expt Bexpt
44 365.02 365.02 24 355.37 355.37

8.19 4.10 14.23 7.12
45 373.21 373.21 25 369.60 369.60

8.20 4.10 14.22 7.11
46 38140 38141 26 383.83 383.82

6.99 3.50 13.99 7.00
47  389.59 388.40 27  398.06 397.81

7.48 3.74
48  397.78 395.88
Table 5.2.3. Rotational spectrum of Gum Arabica specimen S3 (v, ,V... AV, and

B

expt

are incm™)

theo ? ¥ expt !

expt

The table 5.2.3 was obtained from IR spectrum shown in Figure 4. Using the

average of the different transitions of series ‘a’, ‘b’, ‘c’, ‘d’ the values of 2B that we get

are 4.92, 7.72, 6.94, 14.15 respectively. For the series ‘b’, ‘c’, ‘d’ we take the values of

first transition that we observed from peak table as their values do not differ much from
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the average values. For series ‘a’ we neglect the transition between J=78 to J=79 and as
the average value of 2B for this series differs an amount of .83 cm™, we consider the
transition between J=75 to J=76. The estimated values of rotational constants 2B and
energy difference between ground state to first excited state (g;=0 1) for the four mention
series are , 2B = 4.82 cm™ and A £=9.5747x10™ erg., 2B = 8.19 cm™ |A £ =1.6269x10™"
erg., 2B = 7.23 cm™ and A e=1.4362x10™"° erg., 2B = 14.23 cm™ and A £=2.8267x10™"

erg. For series ‘a’, ‘b’, “‘c’ and ‘d’ respectively.

Specimen S1 Specimen S2 Specimen S3

Rotational Moment of Rotational Moment of Rotational Moment of
constant(B) | inertia (I) of the | constant(B) | inertia (I) of the | constant(B) | inertia (1) of the

(cm™) ro(t}artcl)ﬂnal (cm™) roéarttljcdnal (cm™) rotational Group

P P (gm cm?)
(gm cm?) (gm cm?)

3.62 7.73271x10™ 3.38 8.28178x10™ 2.41 11.61510x10™°

3.86 7.25192x10 4.94 5.66648x10™° 3.62 7.73271x10™%

4.34 6.44986x10™° 6.63 4.22208x10% 4.10 6.82741x10™%

8.68 3.22493x10™ 7.00 3.99891x10™ 7.12 3.93152x10™

Table 5.2.4. Comparison of rotational constant and moment of inertia of rotational Group
among different Gum Arabica specimens

The contents of Table 5.2.4 compare that rotational constant and estimated
moment of inertia of the corresponding rotation group in the experimental bio-molecule
and their modified version due to deuterium exchange. However the analysis may be
complicated for the higher order rotational energy due to the rotational-vibrational
coupling. The moment of inertias are calculated using equation (9) and the estimated

values of the corresponding rotational constant as given in Table 5.2.4.

5.3 Outcome:

The change in molecular structure, of the constituent bio-molecules of Gum

Arabica, due deuterium exchange is directly determined from analysis of FTIR spectrum
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in functional group region. This novel technique may be applied to bio-molecular analysis.
The values of rotational constant are consistent with the results those are obtained from the
peak table of the different specimens as rotational constant is inversely proportional to the

moment of inertia of the system.
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OVER ALL CONCLUSION

Bio-molecules show some beautiful characteristics that cannot be found in simpler systems.
The goal of this work is to describe the physics of biological systems, to find new technique
that characterize biological entities. The gum Arabica is a bio-molecule with polysaccharide in
nature. Vibrational characteristics of gum Arabica along with its change due to in growing
polymerization effect are studied. Gum Agar is another important biomaterial consists of a
mixture of agarose and agaropectin. Gum Agarose is a linear polymer, of molecular weight
about 120,000. Gum Agar has found to be a poor gel formation ability compared to that with
agarose alone. Agar is insoluble in cold water but dissolves to give random coils in boiling
water. The change in molecular structure, of the constituent biomolecules of Gum Agar, due
polymerization is also detected from analysis of FTIR and ATR spectra. The distinction in
molecular vibration due to the D,O exchange is also clearly visible. IR absorbance of D,0O
exchanged dried Agar specimens show an increase in peak height with increase of sol-gel
time. Due to D,O exchange -NH bending and stretching peaks disappeared from the spectra.
Further it has been found that rehydration occurs only for the —NH bending but structural
change occurred in -NH stretching are permanent and no rehydration takes place. The laser
irradiation on pure sucrose molecule caused partial damage, in its molecular structure and its
finger print has been detected from FTIR analysis. The glycoside bond of sucrose is affected
due to radiation damage. Changes occur in molecular vibration spectra over its corresponding
pure bio-molecule. In another studythe distinction in molecular vibration take place due to the
tertiary amine salt (NH") in black and grey hair( structural protein ). The structural change
occurred in RNA while the structure of DNA remains unchanged in the two types of human
hair. Some peaks are found to be shifted in the amide | and amide Il region due to C=0
stretching, C-N stretching and N-H bending in types of specimens. Studies on rotational
energy level and rotational constant are carried out and extracted from various series in the
recorded IR spectrum on Gum Arabica specimens (both pure and D,O exchanged state). The
values of rotational constant are in well agreement with the results those are obtained from the
analysis of peak table of the different specimens as rotational constant is inversely
proportional to the moment of inertia of the system. This novel technique may be applied to
bio-molecular analysis. A map of quantum energy levels of the bio-molecule has been

extracted from this research scheme. The overall results obtained are good and encouraging.



