SPECTROSCOPIC TECHNIQUES TO STUDY THE
OPTICAL PROPERTIES AND INTERACTION OF SOME
DRUGS WITH BIOACTIVE COMPOUNDS OF COFFEE

BEANS

Ataklti Abraha

DEPARTMENT OF PHYSICS,

THE GRADUATE PROGRAM OF ADDIS ABABA UNIVERSITY

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENT FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY IN PHYSICS (LASER SPECTROSCOPY)

Addis Ababa University
Addis Ababa, Ethiopia

June 22, 2018




Declaration

DEPARTMENT OF PHYSICS, ADDIS ABABA UNIVERSITY

The undersigned hereby certify that they have read and recommend to the Graduate

program of AAU for acceptance a thesis entitled "Spectroscopic Techniques to Study the Op-

tical Properties and Interaction of some Drugs with Bioactive Compound of Coffee Beans" by

Ataklti Abraha in partial fulfilment of the requirements for the degree of Doctor of Philosophy

in physics (Laser Spectroscopy).

Dated:June 22, 2018

External Examiner:
Prof. Kalambuka Hudson Angeyo,

Department of Physics, University of Nairobi, Kenya

Internal Examiner:

Dr. Alemu Kebede,

Applied Physics Program, ASTU, Ethiopia

Main Supervisor:

Prof. Ashok V. Gholap,

Department of Physics, AAU, Ethiopia

Co-Supervisor:

Dr. Abebe Belay,

Applied Physics Program, ASTU, Ethiopia

Examining Chair Person:

Dr. Teshome Senbeta,

Department of Physics, AAU, Ethiopia

(Copyright © Ataklti Abraha June 22, 2018)



ii

ADDIS ABABA UNIVERSITY

Date:June 22, 2018

Author: Ataklti Abraha
Title: Spectroscopic techniques to study the optical
properties and interaction of some drugs with bioactive
compound of coffee Beans
Department: Physics Degree: PhD Date: June 22, 2018
Permission is herewith granted to Addis Ababa University (AAU) to circulate
and to have copied for non-commercial purposes, at its discretion, the above title upon

the request of individuals or institutions.

Signature of Author

THE AUTHOR RESERVES OTHER PUBLICATION RIGHTS, AND NEITHER

THE THESIS NOR EXTENSIVE EXTRACTS FROM IT MAY BE PRINTED OR OTHER-
WISE REPRODUCED WITHOUT THE AUTHORS WRITTEN PERMISSION.

THE AUTHOR ATTESTS THAT PERMISSION HAS BEEN OBTAINED FOR THE USE

OF ANY COPYRIGHTED MATERIAL APPEARING IN THIS THESIS (OTHER THAN

BRIEF EXCERPTS REQUIRING ONLY PROPER ACKNOWLEDGEMENT IN SCHOL-

ARLY WRITING) AND THAT ALL SUCH USE IS CLEARLY ACKNOWLEDGED.

ii



ii

Declaration of originality

This dissertation contains no material which has been accepted for a degree or diploma by the
University or any other institution, except by way of background information and duly acknowl-
edged in the dissertation. Moreover, to the best of my knowledge and belief no material pre-
viously published or written by another person except where due acknowledgement is made in

the text of the dissertation, nor does the dissertation contain any material that infringes copyright.

Date:June 22, 2018

The author:

Ataklti Abraha

PhD Student, AAU, Addis Ababa, Ethiopia

(Copyright © Ataklti Abraha June 22, 2018) iii



iv

Coauthorship

Chapter 5 contains material that was published in A. Abraha, AV. Gholap and A. Belay. In all
cases, the design and implementation of the research, data analysis, interpretation of the results
and manuscript preparation was the responsibility of the candidate. AV. Gholap (Department of
Physics, Addis Ababa University (AAU)) and A. Belay (Applied Physics program, Adama Sci-
ence and Technology University) played great role in assisting with valuable insight, direction
and guidance and supervision in all aspects of the PhD and with help producing publishable

quality manuscripts.

Date:June 22, 2018

Main Supervisor:

Prof. Ashok V. Gholap
Physics Department

Addis Ababa University, Addis Ababa, Ethiopia

Co-Supervisor:
Dr. Abebe Belay
Applied Physics Program,
Adama Science and Technology University,

Adama, Ethiopia

(Copyright © Ataklti Abraha June 22, 2018) iv



Acknowledgements

Above all, I would like to thank the Almighty God, who offered me everything. “Trust in the Lord
with all your heart. Don’t put your confidence in your own understanding. In all your way acknowledge

Him, and He will direct your path.” Proverbs 3:5-6.

My long journey has come to end with a pleasant success. One can easily estimate the existed
difficulties during this long period of time, because this work has been done in laboratory where
there is no basic laboratory apparatus available. In fact, I may face more difficulty if the contribu-
tions of some individual people did not exists. Therefore, I would like to take the opportunity to

thank all of them.

I would like to express my sincere gratitude to my supervisors, Professor A.V. Gholap and Dr.
Abebe Belay for their valuable insight, direction, encouragement, limitless help, close guidance
and effective supervision through out these years. It is with great appreciation to thank my su-
pervisors not only for sharing their experience and enlightening discussion all the way through
from the beginning but also for their tireless effort, commitment and great contribution in Laser

spectroscopy in AAU in particular and throughout the country at large.

Special thanks go to graduate program of AAU for accepting my application as PhD student and
in particularly academic and administrative staff of Department of Physics. Especially, thanks go
to the following individuals, Dr. Teshome Senbeta (department head), Dr. Mulugeta Bekele, Dr.
Belayneh Mesfin, and Mr. Tesfaye Mamo (Physics Lab Assistance) for their consistent help, mo-
tivations, discussions, support and for every opportunity for successful completion of my work.
Besides, I would like to thank Mrs. Tsilat Adinew, secretary Department of Physics for her efforts

in facilitating my dealings with the department and providing resources and research facilities.

Moreover, I would like to thank the Polymer Physics, Inorganic and Analytical Chemistry lab-

(Copyright © Ataklti Abraha June 22, 2018) \Y



vi

oratory group staff of AAU. Especially thanks go to Sintayehu Yigzaw, Dr. Mesfun Redi and Mr.
Hagos Yisak for allowing me to use their facilities and constructive discussions. I acknowledge
Samara University for offering me the opportunity for study leave and their consistent financial
support over the last three years for the PhD fellowship, in general for investing so much resource

to train me as a part of academic staff development.

I also thank to my family, my wife and my best friend (Tesfaye yemane), who have been a con-
stant source of support and encouragement during the challenges of my research time. And, this
work is dedicated for them since it was through their encouragement over the years to get me to

where I am now.

Lastly but not least, I would like to pay tribute to my parents, office mates, class mates and friends
for their continuing support and tolerance. To my brothers and sister who have been a source of
strength and motivation from the beginning, and to all people who supported me with this dis-

sertation.

Ataklti Abraha
Addis Ababa, Ethiopia

June 22,2018

vi



vii

Dedication

Dedicated to my FAMILY, WIFE and best
friend TESFAY YEMANE

Father And Mother I Love You

(Copyright © Ataklti Abraha June 22, 2018) vii



vi

Abstract

Drug-drug/food interactions are major source of patient’s inconvenience and non-adherence
through disruption in a patient’s daily schedule. Hence, lack of knowledge of poten-
tially significant drug-drug/food interactions lead to poor clinical outcomes. Thus, in-
vestigation of different incompatibilities of drugs using spectroscopic techniques is most
important inquiry of solving these problems. For this reason, the optical transition prob-
abilities and interactions of some drugs (nicotinamide (NIC), neomycin sulfate (NOMS),
norfloxacin (NOR) and ciprofloxacin (CIP)) with biologically active compounds of cof-
fee beans (chlorogenic acid (CGA) and caffeine (CAE)) have been investigated using
Ultraviolet visible absorption and fluorescence spectroscopic techniques. From
the[UV-Vis|spectroscopic technique, the self-, hetero-association, thermodynamic proper-
ties, and optical transition probabilities of the drugs were investigated in aqueous solu-
tion. The parameters were analysed using Dimer model and Bensi-Hildebrand equations
respectively for the self-and hetero-associations. The obtained equilibrium dimeriza-
tion constant (K¢) values are 2.379 x 10%, 1.06 x 10°, 5.424 x 103, 4.377 x 103, 4.3135 x
10° and 6.67 x 103M~! for [NIC| [CIP| interaction of nicotinamide with
chlorogenic acid (NIC-CGAJ), and interaction of norfloxacin with caffeine (NOR-CAF)
respectively. In order to understand the interaction mechanisms of the self and hetero-
associations, thermodynamic properties were determined using Vant’s Hoff’s equation.
The molar enthalpy changes were found to be 4.826 + 0.415, 3.76 & 0.66, —(5.35 + 0.459),
—(1.98 £ 0.25),—(16.927 + 0.836) and —(1.277 & 0.103)k].mol ! for NOR]
ICIP| NIC-CGAl and NOR-CAF respectively. Thus, hydrophobic interactions are domi-
nant for the interaction of and molecules, and electrostatic forces play the

major role in the interactions of NIC-CGAland NOR-CAF molecules. The op-

(Copyright © Ataklti Abraha June 22, 2018) Vi
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tical transition probabilities of the drugs were determined using integrating absorption
technique from the absorption spectra of the drugs. The values of the oscillator strengths
are 0.07,0.1,0.37 and 0.46 for and respectively. Besides, the bind-
ing of with using fluorescence quenching technique was analysed at tempera-
tures of 295 and 303 K and it was confirmed with the absorption spectra of the binding
molecules. From this fluorescence quenching spectral analysis the quenching constant
(1.775 x 10*L/mol), quenching rate constant (5.052 x 1083L/mol /s) and number of bind-
ing sites 0.88 were determined at 295 K. The thermodynamic properties of interaction of
nicotinamide with caffeine (NIC-CAF) indicates that electrostatic forces play the major
rule in the binding of the molecules. The effect of solvent polarity on the absorption and
fluorescence spectra of NICl were investigated. The ground state and excited state dipole
moments of NIC are estimated from solvatochromic shifts of absorption and fluorescence
spectra as a function of the dielectric constant and refractive index functions. Thus, the
ground and excited dipole moments were found to be 0.02D and 0.268D respectively us-
ing Bilot-Kawski method. The excited state dipole moment is found to be higher than
those of ground state for all of the used methods, and the higher values are attributed
to more polar excited state of NIC. Therefore, the results of the study are very important
for understanding the binding reaction in biological system, nature and strength of the
transition, absorption spectral interpretation, and in providing stringent test of atomic
and molecular structure calculations for theoretical work of the compounds. Thus, un-
derstanding the interaction properties of the drugs may help in the field of pharma tech-
nology and food companies in improving the efficiency and the capabilities of absorption

of the drugs in biological system and in induce rapid recovery of patient’s.

Ataklti Abraha

AAU,June 22, 2018
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Chapter

Introduction

"Throughout this century, unraveling the physics of atoms and molecules has provided
a rich source of new ideas and techniques. Today, we no longer ask what really goes on
in an atom; we ask what is likely to be observed—and with what likelihood—when we
subject atoms to any specified influences such as light or heat, magnetic fields or electric

currents."

Gordon W. E. Drake and Otto Robert Frisch

The major difficulty of scientists is studying what happens at the atomic and molecu-
lar level without physically visualizing atoms and molecules. Fortunately, in order to
solve this problem, they adapted to use light to learn every detail information about the
structure, composition and interactions of the atoms and molecules. Accordingly, the re-
lation of light with matter has always fascinated mankind. At the end of the nineteenth
century, when the discrete nature of the spectral lines was explained, a deeper under-
standing of the interaction between light and matter was improved. In fact, most of our
knowledge about the structure and properties of atoms and molecules is based on spec-
troscopic investigations [1]. Until today, these investigations rely on the mutual support

of theory and experiment.

Spectroscopy is a technique that investigates the structure and the interaction of atoms
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and molecules with their surroundings. It contains interaction of electromagnetic radi-
ation with matter in order to obtain the structural and compositional information of the
molecules from their spectrum. Most of the spectroscopic methods are based upon the
principles of either absorption, emission, fluorescence, ionization or scattering [2-4]. A
variety of spectroscopic techniques are regularly applied to solid, liquid and gaseous
samples, exploiting a manifold of physical and chemical phenomena [5} 6]. The most
powerful experimental technique available to scientists to study the interaction of light

with matter is molecular spectroscopic techniques.

The foundations of molecular spectroscopy were laid at the beginning of the nineteenth
century. This field was exploded following the invention of the laser in the 1960’s equipped
with a monochromatic, intense and tunable light source[Z, 8]. A further step was taken
in the 1980’s, when laser spectroscopy emerged from the universities as an analytical dis-
cipline in an investigations of atomic and molecular information with increasingly com-
mercial applications in physics, chemistry, pharmacy, medicine, geology, biology and
engineering. High resolution spectroscopy was rapidly developed associated with the
study of spectra of atoms and molecules in general, and to assess the information asso-
ciated with the structure, size, and the atomic and molecular number densities, etc [8].
The experimental spectroscopic data that provides the frequencies, or wavelength of the
radiation and amount of radiation emitted or absorbed by the sample of molecules can be
used to determine the quantitative and qualitative values of various molecular properties
such as the detailed and exact measurements of the size, shape, flexibility and electronic
arrangements of the molecules. This makes molecular spectroscopy the most powerful
tool for a great variety of molecular-structure studies, and has an outstanding contribu-

tions for the present state of different research disciplines [1].
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The absorption spectroscopy and fluorescence spectroscopy are widely used to charac-
terize the structure and dynamics of varieties of molecules. Besides, the information
obtained from the absorption and fluorescence spactra can be useful for various kinds
of analyses such as for the qualitative and quantitative chemical analysis [1, 5, 9]. More-
over, these techniques are the most useful techniques that have various applications such
as for studies the rate of chemical reaction, molecular interactions, and the solvent and
the temperature effect on the molecules. In this research, it is intended to investigate the
molecular interactions, solvent effect, temperature effect, quantum mechanical and op-
tical properties of some drug compounds (nicotinamide, norfloxacin, ciprofloxacin and

neomycin sulphate) using computational and experimental methods.

Previously many workers have reported on the impact of the interactions, safety and
efficiency of the drug compounds [10, 11]. Theses compounds can be found in various
pharmaceutics and food stuffs and they can be very useful in different activities of the
body system [12-16]. Moreover, the interaction of the drug compounds with other drugs
and food stuff components may affect the pharmacodynamics and pharmacokinetics of
the drugs [17]. Thus, with the increase use of food supplements and the rapid devel-
opment of new types of drugs, the interaction of the drug compounds with biologically

active compounds of coffee beans is important and is great field of interest.

Today intensive researches have been conducted on the quantitative and qualitative in-
vestigations of these compounds by chemical and physical methods to use for various
applications in biological system and in optical characterization [10, 11]. The molecular
interaction of these compounds with biologically active compounds have also been re-
ported by theoretical as well as spectroscopic techniques to design more advanced and
controllable carriers of drugs and food components. In view of the beneficial properties

3
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of the drug compounds, it is of interest to investigate the molecular interactions, solvent

effect, temperature effect and optical properties of the compounds.

The most economical, time saving and simple method for investigating the above men-
tioned properties are based on absorption (UV-Vis) and fluorescence spectroscopy. The
techniques are non-destructive and of interest due to the recent development of powerful
optical and molecular instruments, which permits the detection of numerous substances
at low concentration. Therefore, this project is with the following general and specific

objectives.

General Objective

The general objective of the dissertation is to explore "spectroscopic techniques to study
the optical properties and interaction of some drugs with bioactive compound of coffee

beans".

Specific Objectives

The general objective of this thesis was achieved based on the specific objectives. Thus,

the main specific objectives of the work are to;

1. Determine the concentration dependent self-association of the drugs using dimer
model equation.
2. Calculate the hetero-association of the drugs with biologically active compounds of

coffee beans using Bensi-Hildebrand approach.
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3. Determine the thermodynamic properties of the self and hetero-association of the
compounds using Van’t Hoff’s equation.

4. Determine the optical transition properties (transition dipole moment, oscillator
strength, integrated absorption cross-section, molar extinction coefficients and Ein-
stein coefficients) of the drug molecules.

5. Determine the binding of nicotinamide with caffeine using fluorescence quenching
and UV-Vis Spectroscopy.

6. Analyse the solvent effect on absorption and fluorescence spectra of nicotinamide

7. Determine the ground and excited dipole moments from the effect solvent polarity.
Organization of the Thesis

The thesis is organized as follows.

Chapter 1: This chapter deals with the general overview of spectroscopy, applications of
spectroscopy, types of spectroscopic techniques, the general and specific objectives

of the study and the overall structure (organization) of the thesis.

Chapter 2: Literature review related to the drugs and bioactive compounds of coffee
beans is presented. The chemical and physical properties of these compounds, the
physiological and psychological effects on biological systems and their interaction
with other compounds are discussed. Moreover, the different physical and chemical
methods that are used to study these compounds and their interaction with other

compounds are reviewed.

Chapter 3: The theories related to the absorption of UV-Vis light in matter, fluorescence

spectroscopy and the effect of solvent polarity on absorption and fluorescence spec-
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tra are discussed. The derivation of electromagnetic wave equation from Maxwell’s
equations and the quantum mechanical derivation that is often used for qualitative
and quantitative understanding of how transitions are induced in molecular system
when it interacts with electromagnetic radiation are presented. The Schrodinger’s
equation is introduced and simple problems to illustrate its relation to quantities
that are important in molecular spectroscopy are solved. Moreover, the principles
and characteristics and quenching mechanisms of fluorescence spectroscopy are dis-

cussed.

Chapter 4: Chapter four describes the materials and methods used in this work. This
chapter has two sections, the first section of this chapter deals with the description
of various chemicals, samples and instruments used to carry out this research and
the second section of this chapter deals with the methods of measuring all the pa-

rameters.

Chapter 5: The results and discussion of the the study are presented. In this chapter, self-
and hetero-association of the drug compounds with bioactive compounds of coffee
beans, thermodynamic properties, optical transition probabilities, the binding and
binding mechanisms, and the effect of solvent polarity on absorption and fluores-

cence spectra of the drug compounds are well studied and presented in detail.

Chapter 6: Finally, conclusions of all the investigations carried out in the present series

of experiments are presented in this chapter.



Chapter

L iterature Review

Many scientists have studied [18-20] in the impact of drug interactions on the safety and
efficacy of drugs for many years, and a number of regulatory actions taken by relevant
activities of the issue. Drug-drug interactions can be categorized into those originating
from pharmacokinetic mechanisms that result in alterations of drug absorption, distribu-
tion, metabolism and elimination, and those originating from pharmacodynamic mecha-

nisms that occurs when one drug affects the actions of another drug][10} [18-20].

Pharmacodynamic interactions are an alteration in the pharmacological response of a
drug that may be caused by direct competition at certain sites of action or by indirectly
involving altered physiological mechanisms. These interactions can be useful when an
improved therapeutic response occurs or be detrimental in that toxicity may be height-

ened [10,11,19].

Some drug interactions can be predicted from the chemical structure of the agent, its
pharmacological activity, its toxicological profile, and other characteristics. But, other
interaction of drugs can only be investigated through intense and large-scale clinical,

pharmaceutical or chemical studies [10} 11} 19].

Drug-food interactions can be a major source of patient inconvenience and nonadherence

through disruptions in a patient’s daily schedule. As a result, advices should be given to
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the patients how and when they have to take drugs with meals. But, lack of knowledge of

potentially significant drug-food interactions can lead to poor clinical outcomes[10, 20].

Since studying large numbers of interactions consistently for all drugs is not feasible, se-
lective methods are required to identify drugs that are likely to interact. A spectroscopist
or a chemist who is knowledgeable about drug interactions may be able to identify inter-

actions involving chelation, physical binding, or other incompatibility[10, 21}, 22].

In this chapter, the literature review related to the chemical and physical properties, the
various physiological and psychological effects in biological system and the different
methods developed to study the drug compounds are reviewed. The compounds pre-

sented in this thesis are NOMS and

2.1 Drugs

2.1.1 Nicotinamide

Since the 19th century, vitamins are discovered with a major scientific achievement on
the development of dietary allowances, fortification of foods, vitamin supplementation,
and wider recognition of nutritional deficiency disorders and so on[23]. Vitamins are a
unique organic micronutrients: that are essential to human health and very important
for an organism as a vital nutrient to sustain life since they play an important role in nor-
mal metabolism process, growth and vitality [12]. Thus, investigating on the roles of the
vitamins and their integration with other compounds is a fruitful way to control human

health and to develop the function of the compounds.
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Nicotinamide, member of water soluble B-vitamin complex, is the amide form vitamin
that derivate from niacin. It is white, solid and colourless crystalline substances[24), 25],
which is very stable in dry form. Nicotinamide, 3-Pyridinecarboxamide, has a molecular

waight of 122,13g/mol with a chemical structure as shown in Fig (2.1).

The human body receives its necessary quantities of nicotinamide from different natu-

"\ ~Z

O
H-N

Figure 2.1: Molecular structure of nicotinomide

ral foodstuff [12], and can be obtained through synthesis in the body or as supplement
of different food source such as sunflower seeds, chicken, pork, beef, fish, legumes, nuts,

grain products, mushrooms, yeast extracts, coffee, e.t.c. [12,26].

The nutritional significance of nicotinamide in its biochemical rule of electron-transfer
reaction precedes to form the coenzymes nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP) [25]. These co-enzymes are vital
for reduction and oxidative reactions in which an individual is able to utilize the energy
released by these reactions [25]. The increasing concentrations of nicotinamide increases
[NADImolecules availability in energy metabolism, and in return increases the amount of

energy available in the cell.

As a precursor of NAD| nicotinamide is an essential cofactor in adenosine triphosphate
(ATD) production that can replenishe cellular[ATP|levels in human keratinocytes after UV

9
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exposure[27-31]. This energy-replenishing effect is the key mechanism by which nicoti-
namide enhances repair of ultraviolet radiation-induced deoxyribonucleic acid (DNA)
damage in human keratinocytes and ex vivo skin [32,33]. In addition, oral nicotinamide

reduces nonmelanoma skin cancers in high-risk patients [34, 35]].

Thus, it functions as a coenzyme and an antioxidant in numerous biological reduction
and oxidation reaction systems in mammalian biological systems. It is required as a nu-
trient to prevent the niacin deficiency disorder pellagra, and also it is effective in arthritis
and early-onset Type I diabetes[28) 29} 36]. It has also anti-inflammatory effects at phar-
macological doses[37]. Moreover, Nicotinamide is used as a direct human food, thera-
peutic agent, skin and hair conditioning agent in cosmetics, and used as a food additive

to enrich corn meal, farina, rice, and macaroni and noodle products.

2.1.2 Neomycin Sulfate

Aminoglycosides are an important group of wide spectrum antibiotics which are active
against both gram-negative and gram- positive bacterial infections [38]. All aminogly-
cosides groups have similar structure that causes analogous chemical and pharmacolog-
ical properties[38-40]. The compounds of this group are very stable, easily water solu-
ble, wide antimicrobial spectrum and powerful sterilization capacity [41]. These drugs
are used in both humans and veterinary medicines widely to treat infections caused by

Gram-negative and Gram-positive bacteria [42} 43]].

Neomycin sulfate is an antibiotic from the aminoglycoside group of drugs obtained from
Streptomyces fradie and a complex of three separate compounds, neomycin A (neamine;

inactive), neomycin C and neomycin B (framycetin).[44, 45]. It is a water soluble hy-

10
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drophilic aminoglycoside antibiotic and calcium channel protein inhibitor that binds
to prokaryotic ribosomes inhibiting translation, and is highly effective against Gram-
positive and Gram-negative bacteria [13}[14]. It can be easily dissolved in water and stay
in a stable solution. Neomycin sulfate has a molecular weight of 908.88 g/mol and its
structure is represented in Fig (2.2). It can be found in many topical medications such as
creams, ointments, and eyedrops.

In cell culture, neomycin sulfate is used as an antimicrobial agent to prevent contamina-

Figure 2.2: Molecular structure of neomycin sulfate

tion. It is also used as a selection agent for prokaryotic cells that have been transformed
using the selectable marker gene. In vitro, neomycin sulfate is bactericidal and acts by
inhibiting the synthesis of protein in susceptible bacterial cells. It is commonly used for
the prevention of bacterial contamination of cell cultures and for treatment in various
eye, skin and gastrointestinal infections[46-H48]]. It inhibits DNase I induced degra-

dation [14].
Since oral neomycin is absorbed systemically after oral administration, its use may re-
sult in nephrotoxicity, neurotoxicity and/or ototoxicity, even at recommended doses and

in patients with normal renal function [49].

11
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2.1.3 Norfloxacin and Ciprofloxacin

Quinolones are one of the largest classes of antimicrobial agents used worldwide with
therapeutic indications having evolved from urinary tract infections to infections of al-
most all body compartments. Quinolone drugs are quinolone carboxylic acids, which
are class of antibiotics or a group of synthetic antibacterial agents containing a 4 — oxo —

1,4—dihydroquinoline skeleton that have found wide use in therapy[15] 16].

Accordingly, norfloxacin and ciprofloxacin are the second-generation of quinolones that
introduced a fluorine atom at position 6 and a bulky piperidine at position 7, broadening

the antimicrobial spectrum to Pseudomonas species[50].

Norfloxacin [I-ethyl-6-fluoro-1,4-dihydro-4-oxo-7- ( 1-piperazinyl)-3-quinolone carboxylic
acid] is the first commercially available member of the modern fluoroquinolones with a
fluorine atom and piperazine substituted at the C-6 position and C-7 position, respec-
tively. The fluorine atom is responsible to increase potency against gram-negative or-
ganisms and the piperazine moiety is for antipseudomonal activity[51} 52]. It is a broad-

spectrum antimicrobial used effectively to treat infections in humans and animals.

Norfloxacin is a light-yellow crystalline powder, odorless and has a bitter taste [53]. It
has a molecular mass of 319.331g/mol with structurally represented in Fig (2.3).

As norfloxacin is the first commercially available group of modern quinolone drugs, it
possess various functions. It has broad-spectrum antibacterial activity against gram-
positive and gram-negative [54, 55]. It is also used for the treatment of complicated uri-
nary tract infections, gonorrhoea, Bladder, gynecological and infection of eyes [56]. The

primary target of norfloxacin is to inhibit the DNA| gyrase enzyme and topoisomerase II

12
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H,C

Figure 2.3: Molecular structure of norfloxacin

[15, 57, 58].

Similarly, ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4- oxo-7-(1-piperazinyl)-3-quinolone
carboxylic acid) belongs to the second generation of quinolone analogues of nalidix acid
that show greater potency, lower toxicity and a broader antibacterial spectrum. The main
difference between ciprofloxacin and other antibiotics is that it can be administered both
parenterally and orally. It is well absorbed and widely distributed into various body tis-
sues and fluids. It has a molecular mass of 331.347¢/mol and a chemical structure as

shown in fig (2.4).

Ciprofloxacin is a group of fluoroquinolones that have a series of synthetic antimicro-

OH O

Figure 2.4: Molecular structure of ciprofloxacin

13
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bials and active against both Gram-negative and Gram-positive microorganisms[16)} 57].
It is the important bacterial enzyme [DNA| gyrase and topoisomerase IV, which are re-
quired for bacterial [DNAI replication, transcription, repair, strand supercoiling repair,

and recombination[15, 57, 58].

Ciprofloxacin is extremely useful for the treatment of a variety of infections including
urinary tract infections, skin and soft tissue infections, respiratory infections, gastroin-
testinal tract infection, bone and joint infections, intra abdominal infections, certain type

of infectious diarrhea, typhoid fever, prostatitis, [16, /56| 59].

2.2 Biologically Active Compounds of Coffee Beans

Functional foods and bioactive components such as caffeine and chlorogenic acid of dif-
ferent fruits and vegetables are beneficial for human health [17, 60] and they are present
in popular drinks and foods (that is, in coffee, tea, cola beverages and chocolates). They

are the most widely consumed of all behaviorally active drugs in the world[61) 162].

2.21 Chlorogenic Acid

Chlorogenic acid (CGA) is the main phenolic natural products isolated from the leaves
and fruits of dicotyledonous plants such as tea, coffee and wine[61} 63, 64]. The main
known dietary source of CGA is coffee. It is a white crystal powder, which has a molec-

ular weight of 354.31¢ /mole and structurally it can be represented as shown in Fig (2.5).

Chlorogenic acid is the most abundant polyphenols in coffee which are responsible for

substantial part of coffee antioxidants , antimutation, antibiotic, antihypercholesterolemia,

14
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HO N

HO

Figure 2.5: Molecular structure of chlorogenic acid

antihypertensive, metal chelation, in plant metabolism or glucose absorption [65-67], as
a selective inhibitor for the production of glucose in liver [68] and used in disorders such

as obesity, diabetes, and cancer [69) [70].

It is an important component of medicinal plants broadly used as anti-inflammatory
agents[71} [72]. In vivo and in vitro studies show that CGA exhibits various biologi-
cal properties, such as anti-bacterial and anti-carcinogenic activities [73| [74]. It is also a
promising precursor compound for the development of medicine that can resist HIV / AIDS
virus [75]. CGA can lower blood glucose level by 15-20 % and they are the most expected
active component to antidiabetic effects according to clinical and pharmacology studies

176, 77].

2.2.2 Caffeine

Caffeine (1,3,7-trimethylxanthine) classified as the main alkaloid and the major pharma-
cological active group of methylxanthine. Naturally caffeine is found in leaves, seeds, or
fruits of 63 plant species [78-80]. Because of it presence in popular drinks and foods (like

coffee, tea, cola beverages and chocolates), it is one of the most widely consumed com-

15
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pound in the form of caffeinated beverages over the entire world. The molecular weight
of caffeine is 194.19¢/mole and it occurs as odorless, white crystalline with bitter taste.
Structure of caffeine is shown in Fig (2.6).

Various researchers have reported that, Caffeine has various pharmacological, physio-

I
O N
H,C” N

5  CH,

Figure 2.6: Molecular structure of caffeine

logical and psychological effects. These effects are depending on the concentration of

caffeine consumption.

Psychologically, caffeine have a behavioural effects that produces more rapid, clearer
flow of thought, suppresses mental exhaustion (fatigue), increases the capability of a
greater sustained intellectual effort and more perfect association of ideas[62, [81]. Caf-
feine is used to regulate sleep quality that causes insomnia of sleep effect. Caffeine can
improve the performance of a wide variety of mental tasks directly and indirectly by re-

ducing decrements in performance under suboptimal conditions of alertness [82].

Physiologically, after caffeine is taken, relaxations of smooth muscles, like bronchial mus-
cles, vascular and smooth muscles of the biliary and gastrointestinal tracts can occur[83,
84]. It can also stimulate the central nervous system that results in increase of gastric acid
secretion and dieresis [83, 185, 86].

16
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Pharmacologically, caffeine acts as an antagonistic effects on adenosine receptors [82} 87]
or it can be used at lower dose adenosine receptors blockade. It also act as antifungal
[88,189], inhibition of phosphodiesterase [82,90], a selective phytotoxicin [91]], chemoster-
ilant toward certain insects [92], and alterations in glucose metabolism [93]. Moreover,
caffeine has a potential to decrease the antibacterial effect of tetracycline hydrochloride

and chloramphenicol [94], and induce central nervous system (CNS) toxicity[95].

2.3 Drug-Drug and Drug-Food Interactions

With the increasing use of food supplements and the rapid development of new types of
drugs, food/drug or drug/drug interactions are currently a great field of study. Interac-
tion of such drug compounds with biological active compounds is one of the most com-
mon study areas, since the compounds can be found in various food sources and the in-

teraction may affect the pharmacodynamics and pharmacokinetics of the compounds[17].

Drugs should undergo different chemical reactions before they reach their target sites
to interact with biomolecules [96]. Accordingly, understanding their behaviour in a solu-
tion is very important in order to improve their pharmacological and biological activity.
Thus, drugs may bind to different compounds either by a direct reaction, or weak inter-
actions involving intermolecular bonds such as hydrogen bonding, hydrophobic interac-

tions and so on [97].

Mixing of the compounds with different and complex molecular structure leads to vari-
ous intermolecular interactions, resulting in non-ideal behaviour of mixtures[98]. Molec-

ular interactions play a fundamental role in the behavior of the chemical and physical

17
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properties of any physico-chemical system[98]]. It involves the interaction of molecules
through multiple intermolecular forces, such as dispersion (or London forces), orienta-
tion (dipole-dipole forces), induction (dipole-induced dipole or Debye forces), and elec-
tron donor-acceptor forces including hydrogen-bonding, leading to the partition of the
solute between the gas and liquid phases[98]. Considering these facts, the interaction

system of the selected drugs are discussed in this section.

Since nicotinamide is pharmacologically and physiologically active compound[99], it in-
teracts with different types of compounds. Some of the interactions reported by differ-
ent scholars are with metal precursors (Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(Il) and
Cd(II))[100], bipyridyl ruthenium(II)[101], moricizine [102], indomethacin [103]], caffeine

[104], chlorogenic acid [105], Ascorbic Acid [106], Ibuprofen [107], and so on .

The molecules of neomycin sulfate can also interact with other compounds such as monomolec-
ular films of polyphosphoinositides and other lipids [108], Ribosomes and Ribosomal Ri-
bonucleic Acid [109], phosphatidylinositol 4,5-bisphosphate [110], and so on. But, the

self-association of of neomycin sulfate was not studied yet.

Moreover, caffeine can effectively form hetero association with many aromatic DNA in-
tercalators that can change the biological activities of these drugs or make a computation
with the drugs for the binding sites on[DNAJ[111}[112]. Thus, as the norfloxacin molecules
contain two fused aromatic rings just like caffeine, it can form interaction with caffeine
[113]. This interaction may alter the pharmacokinetics or change the toxicity risk of the
drugs [95] 113]. Also, the molecules of norfloxacin can make an interaction with antacids
and minerals [114], rare earth [115], metal precursors (Fe(Ill), Co(II), and Zn(II)) [116],
double-stranded DNA [117], Human Serum Albumin [118], trypsin [119], topoisomerase

18
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IV [120], cyclosporine [121], Riboflavin [122], and so on.

In similar way, the molecular interaction of ciprofloxacin with different compounds was
also studied by different scholars. Some of the interactions of ciprofloxacin are interac-
tions with methotrexate [123], theophylline [124], cyclosporin A [125], DNA [126], war-

farin [127], e.t.c.

The interest arises to study the optical, molecular interactions and thermodynamic prop-
erties of the compounds is because most probably these compounds could be found in
many natural products, food/drug stuffs, and used in many patients for the purpose of
treating different diseases. Thus, it is an important aspect to study the compounds in this
matter in order to improve their efficiency in pharmaceutical and biological activities, un-
derstanding their binding in biological system, controling the effect of physicochemical
properties, and to characterize their optoelectric properties. Moreover, the study is also
important because knowledge of the optical, molecular interaction of the compounds are
very important for understanding the binding reaction in biological systems, nature and
strength of the molecular interaction in liquid solutions, to characterize the electron tran-
sition probabilities, interpreting the absorption spectra, and in providing stringent test of

atomic and molecular structure calculation in theoretical works[128-132];.

2.4 Methods Developed to Study the Drug Compounds

Due to the fact of the drug/drug or drug food interactions mentioned above, many chem-
ical and physical methods have been developed for the investigation of these compounds
and their interactions with different compounds. Some of the methods/techniques used

by different researchers to study the drug compounds for different purpose of applica-
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tions are stated as follows.

Nicotinamide was studied by various researchers using Differential scanning calorimetry
[107,133], ultraviolet-visible [107, 134-136], fluorescence spectroscopy [135} 136], Fourier
transform infrared [107,[134], nuclear magnetic resonance [107], powder X-ray diffraction
[107], optical microscopy [107], millimeter-wave spectrometer [137], liquid chromatog-
raphy with mass spectrometry [138], nuclear magnetic resonance spec-
troscopy (NMR)) [134,139], derivative spectrophotometry [140], electron diffraction[141],
reversed-phase thin-layer chromatography and microwave spectroscopy [137]
for different applications such as for identify species of nicotinamide, interaction with

different compounds, fluorescence decay kinetics and so on.

Similarly, in order to reduce the development of drug-resistant bacteria and maintain
the effectiveness of Neomycin Sulfate, many studies have been carried out to investi-
gate neomycin sulfate by [LC-MS/MS|[142} 143], Nitrogen-15 nuclear magnetic resonance
spectroscopy [144], fluorescence [145| 146] and spectroscopy [145], UV-Vis spec-

torscopy [146], high-performance liquid chromatographic [147], and so on.

Moreover, some of the methods developed previously to study the 4-quinolone drugs
(norfloxacin and ciprofloxacin) are based on: [148| [149], UV-Vis [148-151]],
infrared (IR) [151], H NMR [151], chromatographic [149], fluorescence [149, [150], and so
on. These methods was reported to use for different applications such as for the forma-

tion and properties of degradation, dose, charge transfer complexes (interaction) e.t.c.

As our knowledge concerning the methods to study the optical, molecular interaction
and thermodynamic properties, binding and solvent polarity effect, the molecular spec-

20
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troscopic techniques are the simplest, highly sensitive, rapid easily implemented tech-
niques to study such kind of interactions. Among the molecular spectroscopic techniques
UV-Vis and fluorescence spectroscopy are the most known and dominant methods to use

in such type of study [128} [152H155].

Therefore, considering the importance of the compounds and the selectivity of the meth-
ods to study the optical and molecular interactions, molecular spectroscopic methods
are the best way to achieve our goals. Moreover, to the best of our knowledge the self-
association, hetero-association, thermodynamic parameters, optical transitional proba-
bility, the binding and the effect of solvent polarity of the drug compounds to elucidate
structures, optical transition, solvent effect and binding mechanisms of the molecules are
not yet investigated using UV-Vis and fluorescence spectroscopy. Thus, our objective is to
investigate the optical properties and molecular interaction of some drugs with bioactive
compounds of coffee beans using molecular spectroscopic methods (UV-Vis and fluores-

cence).

21
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T heory

The development of theoretical treatments of atomic and molecular systems have been
closely correlated to the study of the experimental spectra of the systems since the nine-
teenth century. The theories can be introduced in order to obtain better understanding
on the energy levels of the atom or molecule based on the spectral interpretation of the
systems. More generally, they can be used to interpret the interaction of matter with elec-

tromagnetic radiation [156, 157].

The most interesting spectral method in order to analyse the interaction of electromag-
netic radiation with matter is based on the molecular spectroscopic technique. It uses the
theoretical frame work of the propagation of light through matter due to the electromag-
netic radiation. To describe the interaction of electromagnetic radiation with molecules it
is useful to adapt the semi-classical field theory which combines the classical picture of

fields and the quantum picture of matter.

In this chapter, the general nature of the theoretical aspects of atomic and molecular sys-
tems are introduced to the extent needed for the treatments of experimental molecular
systems of our interest. Here, the interaction of light with matter by classical and semi-
classical theory are presented. Starting with Maxwell’s equations, the wave equations in
material media are described by classical electromagnetic theory to show the various the-

oretical molecular phenomena exhibited by medium (such as absorption and emission of
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the light). This chapter will also deal with the theoretical derivation that can be used for
understanding the optical transitions induced in molecular system. The time dependent
Schrodinger equation relates to the theoretical treatment of the systems with that of the
experimental spectra’s. Moreover, the general nature of light in molecule systems in case
of absorption and fluorescence processes such as the binding of molecules using fluo-
rescence quenching and the solvent polarity effect on absorption and fluorescence are

discussed.

3.1 Light Matter Interaction

3.1.1 Maxwell’s Equation

Electromagnetic radiation is a kind of radiation including ultraviolet-visible light, radio
waves, gamma rays, and X-rays, in which electric and magnetic fields vary simultane-
ously. Maxwell’s equations in vacuum have been verified by many experiments[158)
159]. Besides, electromagnetic waves in vacuum, the interaction between media and elec-
tromagnetic waves is also an important subject. In the mid-nineteenth century, Maxwell
showed that light of all kinds is radiated through conjoined electric and magnetic fields.
Thus, all electromagnetic phenomena (static and dynamic) can be said to follow from
Maxwell’s equations[159, [160]. For a neutral isotropic charge-free homogeneous dielec-

tric medium, Maxwell’s equations can be simplified as:

VE=0 (3.1.1)
VH=0 (3.12)
V xE= —%—? (3.1.3)
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aD
V xH= o (3.1.4)

For most applications in molecular systems, we are interested only in non ferrous mag-
netic media, for which

B = uoH (3.1.5)

The electric displacement D is defined as
D = ¢E+P (3.1.6)

where €y and o represent the dielectric permittivity and the magnetic permeability of
the medium, and E, H and P represent the electric field, magnetic field and polarization
respectively. The magnetic permeability of the medium for most dielectrics is almost
equal to that of vacuum. The polarization P is the electric dipole moment per unit volume
of the medium. P is the only term in the Maxwell’s equations directly related to the

medium.

If we take the curl of Eq. (3.1.3), we would obtain

7><(7><E):—7><%—]t3:—%(?><3) (3.1.7)

Now we use the general expression,
V x(V xE) = V(V.E)— V2E (3.1.8)
of a vector calculus, together with Eqn (3.1.5) and the maxwell’s Eqn (3.1.4), to write

V(V.E) - V2= _yoaathz) (3.1.9)

Finally we use the definition Eqn (3.1.6) of D and rearranging terms gives,

10°E 1 0°P
2 —
VE-V(VE) - 555 = VT (3.1.10)

Where €qpp = ch and ¢ = 2.998 x 108m /s is the speed of light in vacuum.
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Eqn (3.1.10) is a partial differential equation that tells us how the electric field depends on
the electric dipole moment density P of the medium. Here, we are particularly interested

on the transverse fields or radiation fields when the charge density is zero that satisfy
VE=0 (3.1.11)

Transverse wave therefore satisfies the inhomogeneous wave equation,

1 0%E 1 0%P
2 _
V%E — 2 " a0l 3P (3.1.12)

The above Eqn is the fundamental electromagnetic field equation that will be
used for our purpose. P is the property of the material medium that the field E propa-
gates in. The dipole moment density P produced in the medium leads to an explanation
of many optical effects including dispersion and absorption. In order to make any use of
it, it is necessary to specify the polarization. Now, Eqn (3.1.12) without the polarization
term can be written as;

2
vE-L9E (3.1.13)

And, one dimensional solution of Eqn (3.1.13)) for a wave propagating in the z-direction
in free space is given by
E(R, t) = €Egcos(wt — kz) (3.1.14)

where the wave vector and phase velocity are

2

w
= C—ZO (3.1.15)
and
w
vp = %o =c (3.1.16)
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3.1.2 Time Dependent Schroedinger Equation

One of the most useful applications of time dependent Schroedinger theory is to inves-
tigate the rate at which matter will absorb electromagnetic radiation. In this section we
will find an expression for the rates of absorption and emission of radiation from the

quantum mechanics and to relate these expressions with Einstein coefficients.

In molecular electronic structure, the transition of molecules is no longer stationary and
we consider the time dependent Schroedinger equation that describes the system under
the influence of a time dependent perturbation. Since the incident radiation on an atom is
described by classical electromagnetic plane wave and the atom treated by quantum me-
chanically, the transition dipole moment of the molecules can be derived from the time

dependent Schroedinger equation by semiclassical approach[1].

The time-dependent Schroedinger equation for a perturbed system can be described as

Hy(x,t) = iﬁ%—lf (3.1.17)

where H is the Hamiltonian due to interaction between the system and radiation, and ¢
is the wave function for the perturbed system. And, if the system were initially in some

stationary state, the time independent equation becomes [6} 161-163]
70,0 _ 0P

where 7 is the transition state level and A is the Hamiltonian of the system in the absence
of radiation field. If the system is exposed to electromagnetic radiation for a limited time,
the transition takes place to some other stationary state from its initial state. Thus, during

this interval of time, the perturbation becomes

ih%—lf = (H'+ H)y (3.1.19)
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If the transition state level n is from the initial stationary state k to state m, then the system
can be described by the time dependent linear combination of the two stationary states

as

Pp(x,t) = cp(t)ple RN 4 ¢y (1)l e~ Ent/ (3.1.20)
which we require to normalize as
[ 6o HPdr = | + fenl? =1 (3.1.21)

where ¢ and ¢, are the time dependent probability amplitudes of the two atomic states

of k and m [1]].

Now, if we substitute the time dependent wave function of Egn (3.1.20) in to the time

t/h

iEQ

dependent Schroedinger Eqn (3.1.17)), multiplied in the left by l[JZ(n:k m)ef n(n=km)"" " and
integrated overall space, we obtain
* 17 —iwgt * 13 : de
i / ¢ Hpedt + cpe 10 / g Hpdt = in"* (3.1.22)
0_r0
where wy = E’”—hEk

Now, let’s denote the matrix element [ y; Hyydt and [ ¢} Hipud7 as Hyy and Hy,y,, with

Hy,, = /lp,fﬁgbmdr = —eE/lp,f?l[deT = —Ee 7km (3.1.23)
where 7km = 7mk = —e [ 7, dT is the transition dipole moment from state k to m.
So we have
~icwogt . dcg
crHyg + cme™ " Hy,y, = lﬁE (3.1.24)
and
iwpt : dcm
e Huyp + cnHypy = zﬁﬁ (3.1.25)

These two coupled equations define the quantum mechanical problem and the solution
of the coefficients ¢, and c,, defines the time evolution of the state wave function Eqn
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(3.1.20). Moreover, the atomic transition dipole moment in Eqn (3.1.23) depends on the
wave functions {, and ¥, of the two states and is determined by charge distribution in
these states.[1) [163]. To further proceed with the atomic transition dipole moment, it is

necessary to be more specific about the perturbation.

When a molecular system is exposed to electromagnetic radiation, the oscillating elec-
tric field of the radiation can disturb the energy of the molecule and the molecules escape
from their initial stationary state[1, 162} [163]]. Thus, for a single mode radiation source,
the x-component of the classical electric field produced by this source at the position

coupled by the molecule is
plwt + e lwt

E,= EO( ) )

(3.1.26)

This electric field is responsible for the change in the Hamiltonian to produce a change in

energy. Thus, using Eqns (3.1.23/and [3.1.26)), the change in Hamiltonian is given by

N eiwt _’_efiwt
H=—E,0 3/, = (Eof)ﬁx (3.1.27)

Now, we have the probability of finding the population in the excited state at any time t
is [cyn (t)|? [164], and the time rate of increase for the probability of finding the atom in its

excited state is given by

2
[Cm gt) | (3.1.28)

But, the excitation rate using the Einstein expression [164] is
Bimpwdw (3.1.29)

where By, is the Einstein B-coefficient for absorption and p,, is the spectral energy den-

sity. Thus, relating Eqns (3.1.28) and (3.1.29), we have

[em (£) 2

t (3.1.30)

Bimpwdw =
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Now, in order to find the expression for By, of Eqn (3.1.30), we have to find the solution

of the coupled Eqns (3.1.24) and (3.1.25).

Consider a weak-field approximation that the field amplitude is sufficiently small for
the time t < T [1], and the population of E,;, remains small compared to E. Besides,

using the initial conditions for the coupled equations at t = 0 as ¢x(f = 0) = 1 and

cm(t = 0) = 0, and substituting Eqn (3.1.26) in to Eqns (3.1.24)and [3.1.25), we have

de

g (3.1.31)
dc 1 1
- 2 Eo{yl, ||y ["(T0) 4 gtlo=)] (3.1.32)

where
ol = [ 90l pfax

And, using the initial conditions and integration over the time interval 0 to ¢, the solution
of cx(t) and ¢y, () is given by
c(t) =0 (3.1.33)

E it(w+wy) _ it(wg—w) __ 1
0|7km| [ + e
w + Wy wp — w

cm(t) = ] (3.1.34)

If w (driving wave frequency) approaches to wy (transition resonance frequency), the
exponential in the first term in bracket of the Eqn will oscillate at about twice the
atomic resonance frequency wy. And it go to zero over the time of the transition since it
is very fast compared to the characteristic rate of weak field optical coupling [164]. Thus,

the approximation will be

EO’?km‘ [eit(wo—w) — 1]

cm(t) = 7 pr— (3.1.35)
Thus, the transition probability of absorption from k to m state becomes
B3| 7 kn? sin? (1070
i = 1.
(ehen) (1) = 0L [T (3.1.36)
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This equation is called the rotating wave approximation.

Now, the average field energy as an integral over the spectral energy density of the exci-
tation source in the neighbourhood of the transition frequency with a spectral width of

wo £ Aw can be expressed as

1 wot+Aw
ZeoE} = / 0udw (3.1.37)
2 wo—Aw

Substituting Eqn (3.1.37) into the rotating wave approximation Eqn (3.1.36), we have

2|7 2 pwotlw SinZ((wo—w)t)
2 _ km 2
(P = =L [ P (3.138)

Pw = Pw, by considering the spectral density for a conventional broadband excitation is
constant over the line width of the atomic transition. But, this is not true for a narrowband
excitation. Thus, assume a broadband continuous excitation with t(wg — w) >> 1, that
gives

dw = — (3.1.39)

/wo+Aw sinZ(—(“’O;“])t) Tt
wo—Aw (CUO - CU)Z 2

Thus, the probability of finding the atom in the excited state is given by

2
lem () > = W—kzﬂpwot (3.1.40)
€0h

Therefore, the quantum mechanical and classical expressions for the rate of excitation,
using Eqn (3.1.30) gives the Einstein B coefficient in terms of the quantum mechanical

transition moment as

cm(1)]? 7T 2
t 607"1
This implies that
2
Bi = —n|7";”| (3.1.42)
€0h

Finally, if the atoms move randomly with the confined space and using the quantum
mechanical expression for the classical average of the dipole moment, the over all average
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of the transition moment of the light field polarization with respect to the over all spacial

directions is given by

2
inl® = 51 (3.1.43)
And
27T|7km|2
Bim = ———— 3.1.44
km 3eh? ( )

This section implies how the time dependent Schroedinger equation relates with the Ein-
stein coefficients in the presence of light matter interaction when the atom transit from
the lower state to the upper state. Einstein coefficients and their relation with the exper-
imental determinations of the absorption and emission of radiation will be discussed in

the next section.

3.1.3 Transition Probability and Einstein Relations

Absorption and emission are the phenomena in which the electromagnetic radiation in-
teracts with matter that originates from an electron transition between pairs of states[6,
161H163]]. Transition is a quantum mechanical process expressed in molecular states by
deriving the time-dependent Schrodinger equation which allows calculating the atomic

scale phenomena as a function of time as well as space.

Beer-Lamberts Law

Absorption measurements involve placing a sample of atoms or molecules between a
continuous light source and a spectrometer. The absorption coefficient, which can be de-

rived from the material’s dielectric function and conductivity, determines the absorption
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of light as a function of path length. As the wave traverses the medium or sample, the

transmitted intensity is exponentially attenuated:
I(z) = Ipe™** (3.1.45)

where a is the absorption coefficient, z is the path length in the medium, and this equa-

tion is known as Beer-Lambert’s law.

In optics, the Beer-Lambert’s law relates the absorption of light to the properties of the
materials through which the light travel. If the intensity Iy and I(f) are measured at two

different positions z = 0 and z = [, then a can be obtained from the relation

_, Do

where [ is the path length. And, this equation is strictly valid only if the detector is op-
tically identical with the medium for which the absorption coefficient is to be measured
[165].

I(t)

The transmission == can be determined from the detector response with and without

the sample interposed between source and detector.

Now, the absorption can be written as
a=¢eC (3.1.47)

where ¢ is the molar absorption coefficient of absorber and C is the concentration of the
sample.
Thus, the absorbance for a liquid substance in terms of the ratio of the incident intensity

Ip and the transmitted intensity I(t) is given by

A= Log(%) = ¢eCl (3.1.48)
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Extinction coefficient ¢ is the attenuation of an electromagnetic wave by an absorption as
it traverses a particulate medium [166]. And, it can be related with the absornace of the

system as in Eqn (3.1.48).

The Absorption Cross-Section

Absorption of light by a quantum system can be characterized by a frequency dependent
absorption cross-section. Consider an excitation beam with intensity I propagating in
the direction of z through a dilute sample of randomly oriented molecules. The absorp-
tion cross-section (), related to the absorption coefficient (a) at a single frequency for N

number of molecules per unit volume can be expressed as[129]
a(v) = No(7) (3.1.49)

However, in a UV-Vis spectrometer, the absorption of molecules in a liquid occurs over a
certain range of frequencies rather than at a single frequency. Thus, integrated absorption
coefficient which is the sum of absorption coefficients for all frequencies in the band
can preferable in such cases [128, [167]. It is independent of line function which may be
varying due to pressure, temperature, interaction of solute and solvent[129,[168], and the
technique is also very important in the absence of a high-resolution spectrometer [128].
Thus, The integrated absorption coefficient («;) in the wavenumber from 7 to (o + do)
regions can be expressed by,

ap = /oc(ﬁ)dﬁ (3.1.50)
Using Eqn (3.1.48) into (3.1.50]) yields
_ 1 Iy .
a = I/Log(l(t))dv (3.1.51)

Also, the integrated absorption cross-section (03) is given by[129];

of = %/a(@)dﬁ - %/Log(%)dﬁ (3.1.52)
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Where, a(7) is absorption coefficient and N is number density of the molecules.

Oscillatory Strength

Oscillator strength which represents the average number of electrons per atom that can
be excited by the incident radiation is important parameter for providing the relative
strength of electron transition [169]. Oscillator strength can be found from measure-
ments of absolute emission, absorption, dispersion, or through combined measurement
techniques. The accuracy of oscillator strength in absorption measurements has rapidly
improved in recent years. But, since the measurements were limited only for a few el-
ements and ionization stages [165]. However, large number of precision measurements

are required to improve the calculation of oscillator strengths.

In absorption measurements, the spectral line arising from a radiative transition between
atomic states k and m can be characterized by its wavelength, intensity and shape. The
intensity per atom is determined by the emission transition rate Ay, or absorption oscil-
lator strength f,x. Precision measurements of oscillator strengths can also provide strin-
gent tests of atomic structure calculations and experimental tests of fundamental theories
such as quantum electrodynamic corrections and nonconservation of parity predicted by

the unified electro-weak theory.

Consider Egn (3.1.48) with the molar absorption coefficient as a function of wavenu-
meber 7, a more accurate measure of intensity is the area under the absorption curve,
ie. fvi? e(v)dv. If the states k and m are separated by an energy difference which is large
enough for N, to be very much less than Nj, then induced emission will be negligible

compared to absorption: under these conditions the area under the absorption curve is
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related to By, [170], 171] by

02 —\ j— NahikmBkm
— ol 3.1.53
/vl e()dv = =7 70) L)

where 7y, is the average wavenumber of the transition and N, is Avogadro’s constants.
Thus, if the absorption is due to a transition between electronic states, a quantity fi,, = f,
the oscillator strength of the transition [170} 171, [171], is related to the area under the
curve by

¢ Wreg)mln(10) /”Zg@)da (3.1.54)

te2N, 7T

where m, and e are the electron mass and charge respectively.

Einstein Relations

Einstein assumed a nondegenerate two-level system with the total number of atoms N =
Ny + Ny, with an energy difference AE = hv = E;; — Ey in thermal equilibrium with its
environment kept at a temperature T. Light interacts with the atoms in the system with
through resonant stimulated absorption and emission. The rate of change of population
of the upper state, %, due to induced absorption is proportional to the population Nj

of the lower state and to the radiation density, p(7),[172,[173] as

ANy, _

where By, is the Einstein coefficient for induced absorption. Similarly the change of

population due to induced emission is

= — Bk (0) Npy (3.1.56)
And, due to spontaneous emission, is
AN _ — Ny Ay (3.1.57)
dt
where
B = Bk (3.1.58)
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The proportionality constants B, and A, = %k are the Einstein coefficients for in-
duced and spontaneous emission, respectively, and T, is the natural lifetime from level
m to k. These coefficients are commonly used in spectroscopic literatures to characterize

light-matter interaction in atoms and molecules.

In the presence of radiation of wavenumber v all three processes are going on at once

and the overall rate of change of the population of the upper state is

- (Nk — Niu) Bemp(0) — Nim Ak (3.1.59)

When the states k and m have their equilibrium Boltzmann populations, % =0,and
(Nx — Nu) Bemp(0) — NppApe = 0 (3.1.60)

Ny and Ny, are related from the relation of Eq (3.1.58), and the radiation density of a black
body has been shown, by applying Planck’s quantum theory to the oscillators emitting

the radiation, to be given by

0(9) = 8mhv’[exp(hct/kpT) — 1] (3.1.61)

From Eqns (3.1.58}3.1.60|and 3.1.61) [172,[173] it follows that

Ay = 8TTHT° By (3.1.62)

This equation illustrates the important point that spontaneous emission increases rapidly

relative to induced emission as the wavenumber (or frequency) increases.

The relations among the Einstein coefficients, oscillatory strength, transition dipole mo-
ment, and integrated absorption coefficient for a transition between two states k (lower)
and m (upper) are the most used terms in spectroscopy[129, 168]. Thus, the Einstein

coefficients can be related to the integrated absorption coefficient [170,171] as

In(1
A = SMT”(O)%X / £(3)do (3.1.63)
a
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1
Ay = — (3.1.64)
Tk
¢ In(10) [e(@)
B = v / o (3.1.65)

3.1.4 Dipole Moment Transition

The transition dipole moment (i, ) is a vector that depends on both ground state and ex-
cited state and couple the transition to the electric field of light[167, [168]. It describes the
strength of the quantum-mechanical interaction of light with the sample at the atomic or
molecular level. The quantum mechanical transition depends on the interaction between
the electrons and the applied optical radiation field and this oscillating field interacts with
the molecular dipole moment of transition states. And, from Einstein’s treatment that
serve as a bridge between the macroscopic Beer-Lambert relationship and the quantum
mechanical microscopic transition moment, we can connect what electrons experience at
the molecular scale with what we see at the laboratory scale. Thus, Einstein coefficient

for absorption, By, can be related to the quantum mechanical transition moment as Eq

(3.1.44)[129] 167, [168]. And, using Eqns (3.1.44/and [3.1.65) the dipole moment [170}, 171]]

can be calculated from the integrated absorption coefficient as

7 el = (47teg)3hc In(10) /s(@)d5 (3.1.66)

873N, v

3.2 Fluorescence Spectroscopy

Fluorescence spectroscopy deals with the process of excitation and emission in molec-
ular systems. It is a highly sensitive method which can detect few photons accurately,
and 100-1000 times more sensitive than other molecular spectroscopic methods such as
UV-Vis absorption spectroscopy[174, [175]. It is more commonly and widely used in the
investigations of the structure and dynamics of molecules in complex systems [176, 177]

such as fluorophores found in biological samples (coenzymes NAD(P)H and FAD, and
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vitamins (A, B, D and E)) and so on [[178]]. This section deals with the mechanisms of flu-
orescence spectroscopy, the fluorescence quenching process, and the external conditions

affecting fluorescence emission.

3.2.1 Mechanism of Fluorescence

The molecular phenomenon of fluorescence was first reported by Herschel in 1845 [179].
Nowadays, the principle and mechanisms of fluorescence is well understood in different
disciplines, and can be stated as a process of excitation of a molecule by absorption of a
photon and de-excitation of the molecule by emission of another photon with different
wavelength [177]. Absorbance only deals with the transition from ground state to ex-
cited state and fluorescence involves the relaxation from excited to ground state. In view
of this, the mechanism of the excitation and emission of light in fluorescent molecules

can be illustrated by the energy level diagram suggested by A. Jabtonski [180] as in Fig
(3.1).

The molecules can be excited to different singlet states (51, S;.. etc) depending on the
energy of the incident photon hvy from the ground state Sg, and hv, > AEg, s, to in-
duce the transition. Where AEg,__,s, is the difference in energy of the ground and the
first excited state. The other energy ( hvy — AEs,_,s,) of the excitation photon transfers
to vibrational states of S; and the fluorophore can be excited by different wavelengths.
At each of the electronic energy states, the molecules can exist in a number of vibrational
energy levels ( Vp, Vi, V5, etc). When a fluorophore is excited to some higher vibrational
excited level, of either S or Sy, most of the molecules rapidly relax to the lowest vibra-
tional level of S; due to the process of internal conversion. The fluorophore then releases

its energy by emission of a photon (radiative decay or by non-radiative relaxation) in
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Figure 3.1: Mechanism of fluorescence spectroscopy

which the excitation energy is usually dissipated as heat (vibrations) to the solvent at
specific vibrational energy levels. Energy of emitted photon hv,, is independent of en-
ergy of the excitation of photon. A consequence of the thermal relaxation is that the emit-
ted photon has always lower energy than the absorbed photon (i.e. hv, < hvy). Then,
the final transition after emission can be any of the vibrational states of Sy and emission
spectrum occurs in a range of wavelength [174}[176| (181}, 182]. The emitted light is always

red shifted due to energy loss relative to the excitation of light [174, [176].

Emission spectrum measures at a fixed point of excitation wavelength when light is emit-
ted in a range of wavelengths, and the same is true for excitation spectra. Most of the
time, emission spectrum has only one maximum peak since it occurs from S; — Sy tran-
sition, and the shape of excitation and emission spectra is often described as the mirror

image rule because vibrational states in Sy and S; are approximately the same repartition.
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Emission spectrum from a given molecular compound (fluorophore) measured with dif-
ferent excitation wavelengths is only vary in intensity, but not in shape, since the shape

of the emission spectrum is independent of the excitation wavelength[174}(176| 182]. .

Emission efficiency of a fluorescent molecule, also known as quantum yield Q, represents
the probability of the fluorophore to lose its excitation by radiative decay. It can be the
direct consequence for the existence of competition between radiative and non-radiative

decays. And , it can be represented as;

kr

Q= & +km

(3.2.1)

Where k; is the radiative decay rate and k;; is the non-radiative decay rate.

3.2.2 Fluorescence Quenching

Fluorescence quenching refers to a process of decreasing the fluorescence intensity of a
given substance due to various processes such as excited state reactions, energy transfer,
complex formation, and dynamic (collisional) quenching. Fluorescence quenching has
been studied widely in the application of fundamental phenomenon and in biochemical

problems due to their favorable properties of quenching process[183, [184].

There are different types of quenching processes such as intrinsic, solvent, static and
dynamic (collision) quenching. If a process of quenching is due to environmental pertur-
bations on the competing between spontaneous decay and fluorescence transition at the
vibrational levels, they are considered as intrinsic quenching processes because they are
principally a function of the electronic structure of the molecule. These intrinsic quench-

ing can be due to intersystem cross process or internal conversion [181].
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It is well known fact that the fluorescence quantum efficiency of a molecule is highly
dependent on the solvent in which it is dissolved. Solvent quenching occurs through
the formation of an intermediate encounter complex [181) 185, [186]. Moreover, both

static and dynamic quenching require molecular contact between the fluorophore and

quencher.
COLLISIONAL QUENCHING STATIC QUENCHING
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Figure 3.2: Comparison of dynamic and static quenching

Static Quenching

Static quenching occurs due to the formation of a nonfluorescent ground state complex
between the fluorophore and quencher that immediately returns to the ground state with-
out emission of a photon after absorption of radiation as shown in Fig (3.2). In this Figure,
the slope of the Stern-Volmer equation (the binding constant) is linear and decreases as
temperature increase. Besides, the number of the binding sites (7y/T) of static quenching
is approaches to unity. Changes in the absorption spectrum upon addition of quencher
provides support for the static mechanism.
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When molecules are bound independently to a set of equivalent sites on macromolecules,

the equilibrium between free and bound molecules is given by [187]:

(Fo—F)

= LogK¢c + nLog[CAF] (3.2.2)

Log

where K¢ is the binding constant, and 7 is the number of binding sites per molecule.

But, static and dynamic (collision) processes can not be explained fluorescence quench-
ing data obtained from intensity measurements alone. Additional informations such as
lifetimes, temperature or viscosity dependence of quenching should be provided in order

to distinguish the processes.

Dynamic (Collisional) Quenching

Collisional quenching is a diffusion controlled process which depends on the contact be-
tween a potentially fluorescent molecule in an excited state and the quencher as shown
in Fig (3.2). In this figure, the slope of the Stern-Volmer equation (the binding constant)
is increased as temperature increase. And, it can be described by the Stern-Volmer law
[188] that can be derived by considering the fluorescence intensities observed in the ab-
sence and presence of quencher. The fluorescence intensity observed for a fluorophore is
proportional to its concentration in the excited state (F*). Under continuous illumination
a constant population of excited fluorophores is established and in equilibrium % = 0.

In the absence and presence of quencher the differential equations describing (F*) are
dF*
dt

dFs
ar

f(t) =T(F*)o=0 (3.2.3)

f(8) = [T+ kg [QII(F") = 0 (3.24)
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where f(t) is the constant excitation function, which can be easily eliminated from these
equations. I' = 1, lis the decay rate of the fluorophore in the absence of quencher. Eqns

(3.2.3) and (3.2.4) yield [189) 190]:

D =14 k[Q] = 1+ Ksy[Q) (3:25)

which is the Stern-Volmer equation. Where Fy is the fluorescence intensity in the absence
of the quencher, F is the intensity at quencher concentration [Q], k; is the bimolecular
quenching rate constant, 1y is the lifetime of the fluorophore in the absence of quencher,

and Ksy = k47, is the Stern-Volmer quenching constant.

3.2.3 External Conditions Affecting Fluorescence Emission

The fluorescence signal can be affected by different factors of the environment surround-
ing the fluorophore such as pH, temperature, concentration and polarity. These factors
can affect the emission for a given fluorophore in one way or another. The polarity of
the solvent is an especially important factor since it causes a shift in the emission. In a
highly polar environment, a solvent relaxation will occur that makes the dipole moment
between ground and excited state smaller, and thus the energy difference between the

two states will be lower [191]].

At low concentration, Beer-Lamberts is also valid for fluorescence intensity. Thus, the
intensity is dependent on the overall absorbance of the sample and concentration of the
fluorophore. But, at high concentrations, the intensity can be affected by concentration
quenching or inner filter effect. Some of the excitation or emitted light can be reabsorbed
by the sample and the intensity will be quenched (decreased). This quenching effect can

be reduced by reducing the absorbance of the sample [174].
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3.3 Effects of Solvent Polarity on Absorption and Fluorescence

Spectra

3.3.1 Solvent Effect on Absorption Spectra

When absorption spectra are measured in solvents of different polarity, it is found that
the positions, intensities, and shapes of the absorption bands are usually modified by
these solvents [191H194]. These modification occurs due to the physical intermolecu-
lar solute-solvent interaction forces (such as ion-dipole, dipole-dipole, dipole-induced
dipole, hydrogen bonding, etc.), and arise from alteration of the chemical nature of the
chromophore-containing molecules in the medium (such as proton or electron transfer
between solvent and solute, solvent-dependent aggregation, ionization, or isomerization

equilibria).

Therefore, solvent effects on absorption spectra can be used to provide information about
solute-solvent interactions [192-194]. A qualitative interpretation of solvent shifts is pos-
sible by considering (1) the momentary transition dipole moment present during the op-
tical absorption, (2) the difference in permanent dipole moment between the ground and
excited state of the solute, (3) the change in ground-state dipole moment of the solute

induced by the solvent, and (4) the Franck-Condon principle [195].

3.3.2 Solvent Effects on Fluorescence Spectra

When excited states of a molecule are created in solution, the excited-state molecule in-
teracts to a varying degree with the surrounding solvent molecules, depending on their
polarity before returning to the ground state. These interactions found in fluorescent
molecules are often reflected in the spectral position and shape of the emission bands
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as well as in the lifetimes of the excited-state molecules. The solvent-dependence of the
position of emission bands in fluorescence spectra is commonly included in the term sol-

vatochromism [191]].

A general explanation of solvent effects on fluorescence spectra is based on the differen-
tial solvation of the fluorescent molecules (also called fluorophores) in their ground and
excited states, mediated by the various non-specific and specific intermolecular forces
acting between the solute and solvent [176} [196]. However, most fluorophores undergo
an intramolecular charge transfer upon excitation so that usually p, > p ¢- In such cases,
the relaxed excited state S; will be energetically stabilized relative to the ground state Sy
and a significant red shift of the fluorescence band will be observed. The stronger the
solute/solvent interaction, the lower the energy of the excited state, and the larger the

red shift of the emission band and the corresponding Stokes shift.

The fluorescence emission spectra of many fluorophores are sensitive to the polarity of
their surrounding environment. If the emission spectrum of a probe is examined in sol-
vents of varying polarity, one finds that the emission spectrum shifts to shorter wave-
lengths (blue shifts) as the solvent polarity is decreased. Conversely, increasing solvent
polarity generally results in shifts of the emission spectrum to longer wavelengths (red

shifts).
3.3.3 Stokes’ Shifts and Solvent Relaxation

Emission of light from the fluorophors always occurs at a longer wavelength than those
of light absorption. This phenomenon of loss of energy between absorption and emis-
sion of light is called Stokes shift [197]. This energy loss results from several dynamic

processes such as dissipation of vibrational energy, redistribution of electrons in the sur-
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rounding solvent molecules induced by the dipole moment of the excited fluorophore,
reorientation of the solvent molecules around the excited state dipole, and specific in-
teractions between the fluorophore and the solvent or solutes. Precise interpretation of
the solvent sensitivity of fluorophores requires a detailed understanding of the effects of

solvents on both the ground and excited state energy levels of fluorophores [191].

The gap between the maximum of the first absorption band and the maximum of the
corresponding fluorescence band is called the Stokes shift, and is usually expressed in
wavenumbers as AU = U, — Uy. This Stokes’ shift provides valuable information on the
excited state. When the dipole moment of a fluorescent molecule is larger in the excited
state than in the ground state (i.e. y. > pg), then the differential solvation of the two
states by solvents of varying polarity gives rise to an increase in the Stokes’ shift with

increasing solvent polarity [176], [198-200].

Solvent effects can be divided in to general and specific effects. General solvent effects re-
sult from the refractive index and dielectric constant of the solvent molecules that reflects
the freedom of motion of the electrons and the dipole moment of the solvent molecules.
And, specific solvent effects are due to specific chemical interactions between the fluo-
rophore and the solvent molecules. Both these effects can result in significant spectral
shifts. Moreover, general solvent effects are always present, and specific solvent effects

depend on the precise chemical structures of the solvent and the fluorophore.

3.3.4 General Solvent Effects

The physical and chemical interactions between fluorophore and solvent molecules, which

are the cause of general solvent effects, can be derived as the Lippert-Mataga equation.
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This equation is based on Onsager’s reaction-field theory, which assumes that the fluo-
rophore is a point dipole residing in the center of a spherical cavity with radius a in a
homogeneous and isotropic dielectric with relative permittivity ¢,. It uses the interaction
of the dipole moment of the fluorophore with the solvent and the time scale of the inter-
action. Consider a point dipole moment in a continuous dielectric medium [191]. The

energy of the dipole Ej ;. in this medium is given by
Ejipote = —pR (3.3.1)

where R is the reactive field induced in the dielectric by the dipole and y is the induced
dipole moment. Since the reactive field is parallel and opposite to the direction of the

where f is the polarizability which results from the mobility of electrons and dipole mo-
ments of the solvent molecules, and 4 is the cavity radius. Reorientation of the electrons
in the solvent is essentially instantaneous, and the high frequency polarizability f (1) can
be determined from the refractive index n [191] as,

nz—1

fM)ZZg;T (3.3.3)

Because of the slower time scale of molecular orientation, the low-frequency polarizabil-

ity f(er) can be determined from the dielectric constant of the solvent molecules as

o Er - 1
ﬂ&)—2&+1 (3.3.4)
And, orientation polarizability Af (e, n) is given by
-1 21
Af = 1 " (3.3.5)

T2, +1 21241

If the solvent has no permanent dipole moment, &, = n? and Af = O.
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Moreover, the fluorophore- solvent interaction can be determined from the ground and
excited state dipole moments, and reactive fields around these dipoles. The fields can be
due to electronic factors (R and R) and solvent reorientation (R, and Rp), that are given
by

Re=TSpn,  Ro=2htf) 636

2
R, ygAf R 2;4@ Af (33.7)
Let the fields be represented as shown in Fig on the process of excitation and emis-
sion of light. Thus, for absorption of light, the ground energy (E¢) and excited energy

(Ee) are given as

Ee(abs) = (Eo)e — HeR}, — 1eRS (3.3.8)
Eg(abs) = (Ev)g — ngRy — pgRy (3.3.9)

where E, is the vapor state energy of the fluorophore unperturbed by the solvent.

Since the electrons of the solvent can follow the rapid change in electron distribution
within the fluorophore, energy of absorbed light decreases by the electronic reaction field
induced by the excited state dipole (R{). But, the solvent molecules orientation does not
change during the absorption of light. Therefore, due to the Franck-Condon principle,
the effect of the orientation polarizability is given by p¢R; and p.Rg, contains only the

ground state orientational reaction field. Thus, subtracting Eqn (3.3.9) from (3.3.8) yields

where hc((0q)v)g = (Ev)ge — (Ev)g-

Similarly, the energy of the two electronic levels for emission is given by

Ee(em) = (Ep)e — peRg — peR; (3.3.11)
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Figure 3.3: Effects of electronic and orientational reaction fields on the energy of a dipole in a
dielectric medium

Eg(em) = (Ev)g — pgRe — pgRg (3.3.12)
Now, assume that the solvent relaxes quickly as compared to the lifetime of the excited
state, and the initial orientation field (R}) changed to R; prior to emission. Thus, using
Franck-Condon principle, the electronic field changed during emission with out change

in the orientation field, and the frequency of emission is given by
In the absence of environmental effects one may expect v, = vy for atoms in the vapor
phase, and 7, — U to be a constant for complex molecules which undergo vibrational

relaxation. Hence, subtracting Eqn (3.3.13) from(3.3.10) yields

U —Uf = %(He — pg)(RG — R;) + constant (3.3.14)

Substitution from Eqn (3.3.7) yields the Lippert-Mataga equation,

__2A
Ua —0f = Wj;(ﬂe — pg)” (3.3.15)
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The Lippert-Mataga equation is a completely general expression describing the Stokes
shift expected for a given fluorophore in media of varying polarity. But, other alternative
expression have been developed for the general solvent effects such as Bilot and Kawski

[201], 202], Kawski-Chamma-Viallet [203] and Bakhshiev [204] methods as shown below.

Bilot-Kawski Method

Based on Onsager’s reaction field theory which assumes a spherical structure of the
molecules with in a cavity radius 'a’ and employing the simplest quantum mechanical
second order perturbation theory of absorption (v,) and fluorescence (U5) band shifts
in various solvents of different relative permittivities (¢,) and refractive indices (1), the
equations for the dipole moments were derived. According to Bilot and Kawski [201,
202], the equations related to the difference and sum of wavenumbers of absorption and

fluorescence are expressed as;
Vg — Uf = mq f(er, ) + constant (3.3.16)

Ua + Uf = —ma@(er, 1) + constant (3.3.17)

where mq and m; are slopes, and the solvent polarity parameters f(e,, 1) and ¢(e,, n) =

f(er,n) + 2¢(n) [154]205| 206] are expressed as Eqns (3.3.18|and 3.3.20), respectively.

2 +1,e6—1 n?-1
fler,n) = 2o (€r+2 — n2+2) (3.3.18)
3 nt-1
g(n) = E(m) (3.3.19)

2n®+1,6e -1 n?-1, 3, n*t-1
oernt) = m s vz wr2) T2\ o)

(3.3.20)
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The unknown parameters m; and my which can be determined from the slope of the

straight line of Eqns (3.3.16/and [3.3.17) are given by;

2 . 2
- % (3.3.21)
and
2(uz — p3)
My = # (3.3.22)

Where /i and c are the Planck’s constant and the velocity of light in vacuum respectively;
a= (%)1/ 3) with the relative molecular mass of the solute molecules (M), the density

(0) and Avogadro’s number (N,).

Assuming the symmetry of the solute molecule remains unchanged upon electronic tran-

sition and the dipole moment states are parallel, the values of the ground and excited

dipole moments from Eqns (3.3.21)) and (3.3.22) can be obtained as [154, 205, 206],

my —my| (hca3
He = %5 \om

)2 (3.3.23)

and

He _ |m —my

= or My >m 3.3.24
i ma—m] f 2 1 ( )

Lippert-Mataga, Kawski-Chamma-Viallet and Bakhshiev Methods

The electric dipole moment of polar solute polarizes the solvent so that the solute itself
experiences an electric field, the reaction field, which is proportional to the solute dipole
moment in the ground and excited states. Such proportionalities for the difference and
sum of absorption and fluorescence maxima maximum wavenumber have been defined
by following independent equations [196} 203} 204, 207] used for the estimation of ground

and excited state dipole moments:

Uy — 0 = m3Fp_p(er,n) + constant (3.3.25)
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Ta + Ty
2

= —myFg_c_vy(er, n) + constant (3.3.26)
Uy — V5 = msFg(er, n) + constant (3.3.27)

The slopes of the linear relationships m3, m4 and ms corresponding to Eqns (3.3.25[{3.3.27)

are given by

2 o 2
- % (3.3.28)
2(uz — p3)
My = # (3.3.29)
and
2 _ 2
e % (3.3.30)

Fr_p [196,207], Fx—c—v [203] and Fg [204] are solvent polarity functions corresponding
to Lippert-Mataga, Kawski-Chamma-Viallet and Bakhshiev methods and are given as:

g —1 nz—1

FL—M(‘C’T’/n) = (287+1 - 2n2+1) (3331)
2n24+1 e, —1 n?>—1 3(n*—1)
Fx_c_ = — .3.32
k-cv(enn) 2(n2+2)(sr+2 n2+2)+2(n2+2)2 (3:3.32)
and
2n’+1,6, -1 n?>—1
FB(ETIn) - n2+2 (€r+2 - n2+2) (3333)

If the fluorophore is now placed in an unknown environment, the polarity of this envi-
ronment can be estimated from Av. Alternatively, the sensitivity of the Stokes shift to
Af can be used to estimate the change in dipole moment which occurs upon excitation.
Fluorophores which have the largest changes in dipole moment upon excitation should

be the most sensitive to solvent polarity.

3.3.5 Specific Solvent Effects

The general effects are determined by the electronic polarizability of the solvent (which
is described by the refractive index) and the molecular polarizability (which results from
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reorientation of solvent dipoles). In contrast, specific interactions are produced by one or
a few neighboring molecules, and are determined by the specific chemical properties of
both fluorophores and solvent [208] 209]. Specific effects can be due to hydrogen bond-

ing, acid-base chemistry, or charge transfer interactions, to name a few.

Specific solvent-fluorophore interactions can often be identified by examining emission
spectra in a variety of solvents. The presence of specific solvent-fluorophore interactions
can also be identified by the dependence of the emission maxima upon solvent composi-

tion.
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Chapter

Materials and Methods

This chapter presents the materials and methods of the thesis. The first section of this
chapter presents the various chemicals, samples, and the basic components and working
principles of the instruments UV-Vis-NIR spectrophotometry and FluoroMax Fluoropho-
tometry which are used to measure the spectra of the samples. The second section of this
chapter describes the methods applied on the investigations of the study. The computa-
tional and experimental procedures used to investigate, (i) the self and hetero association
of the drug samples with the bioactive compounds of coffee bean, (ii) the optical tran-
sition probabilities, (iii) the thermodynamic properties and the interaction mechanisms,
(iv) the binding of caffeine with nicotinamide, and (v) the solvent effect on nicotinamide

solution and (vi) determination of dipole moment are presented.

4,1 Materials

41.1 Chemicals

For standard solution preparation a commercially bought caffeine (Evan, England), nicoti-
namide, neomycin sulfate, norfloxacin, ciprofloxacin and 5-caffeoylquinic(Aldrich-Sigma,
Germany) were used. Moreover, to study the hetero-association, binding mechanism and
the thermodynamic properties of nicotinamide and norfloxacin with the bioactive com-
pounds, the solutions of sodium hydroxide dissolved in distilled water were used in

order to have constant pH values of the solutions.
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Ethanol, Methanol, Butanol, Acetonitrile bought from (Aldrich Sigma, Germany), and
doubly distilled water were used as solvents with out further purification. All the sol-

vents were of spectroscopic grade.

4.1.2 Apparatus and Instruments

Some of the basic apparatus and instruments used during the experiment are measuring
cylinders, pipettes, and volumetric flasks, magnetic stirrer with hot plate, micro balance
and digital balance with accuracy of 0.0001g, beakers and lcm size of quartz cuvettes.
For electronic absorption measurement of standard solutions a double monochromator
UV-Vis-NIR spectrometer, Perkin Elmer Lambda 19 (Perkin Elmer, D-7770 Ueberlingen,
Germany) in wavelength range of 200-500 nm was used. The instrument operated by a
powerful soft ware package termed UVCSS. Similarly, for fluorescence spectra measure-
ment FluoroMax-4 spectrofluorometer (HORIBA, USA) was used. All the instruments
provide a wide range of operating mode for the instrument and they also includes com-
prehensive data handling and file management capabilities. The instruments are a PC-
driven spectrometers. The detail working principles of these instruments are presented

in the following subsections.

4.1.3 Basic Components and Experimental Set Up of UV-Vis-NIR

Spectrophotometer

The basic components of double beam spectrophotometer are light sources (UV, VIS and
NIR sources), monochromator (wavelength selector), focusing devices, sample cell com-
partment, detector and signal processor. The radiation source are deuterium lamp for the

ultraviolet region and tungsten-halogen lamp for visible and near infrared region. When
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measuring absorbance at the UV spectrum, the other lamp has to be turned off, and vis
versa. The monochromator isolates radiant energy of desired wavelength by dispersing
the beam in to its components by reflecting grating and placing the light path in a slit
that lets pass only a narrow wavelength band. The focusing devices are a combination
of lenses, slits, and mirrors inserted in to light path to render the light rays parallel or
to isolate narrow portion of the light beam or its spectrum. The detectors are a photo
sensetive materials, typically a photomultiplier tube (PMT) for UV and VIS ranges and
PbS only for NIR range. When light strikes the PMT, it generates electron which passes

through a series of dynode that amplify the signal several times.

Fig shows the schematic diagram of UV-Vis-NIR Spectrophotometer. For opera-
tion in the near infrared and visible ranges, source mirror 1 reflects the radiation from
tungsten-halogen lamp onto mirror 2, at the same time it blocks the radiation from deu-
terium lamp. Similarly for operation in the ultraviolet range, mirror 1 is raised to permit
radiation from deuterium lamp to strike mirror 2. The radiation from the respective
source lamp is reflected from mirror 2 via mirror 3 through an optical filter wheel assem-
bly to mirror 4. The filter wheel is driven by a steeping motor to be in synchronization
with monochromators. Depending on the wavelength of interest, the appropriate op-
tical filter is located in the beam path to prefilter the radiation before it enters the first
monochromator. From mirror 4 the radiation is reflected through the entrance slit of
monochromator 1. This radiation is collimated at mirror 5 and reflected to grating table
1. Depending on the current wavelength range, the collimated radiation beam strikes
either the UV /VIS grating or the NIR grating. The radiation is dispersed at the grating to
produce the spectrum. The rotational position of the grating effectively selects a segment
of the spectrum, reflecting this segment to mirror 5 and hence through the exit slit. The
exit slit restricts the spectrum segment to a near-monochromatic radiation beam. The

56



CHAPTER 4. MATERIALS AND METHODS 57

exit slit of monochromator 1 serves as the entrance slit of monochromator 2. The radia-
tion is reflected via mirror 6 to appropriate grating table 2 and hence back via mirror 6
through the exit slit mirror 7. The rational position of grating table 2 is synchronized to
that of grating table 1. The radiation emerging from the exit slit exhibits high spectral
purity with an extremely low stray radiation content. From mirror 7 the radiation beam
is reflected via torroid mirror 8 to the chopper assembly. As the chopper rotates, a mirror
segment, a window segment, and dark segment are brought alternatively into radiation
beam. When a mirror segment enters the beam, radiation is reflected via mirror 9 to create
the sample beam. When a window segment enters the beam the radiation passes through
to mirror 10 and is then reflected to form the reference beam. When a dark segment is
in the beam path, no radiation reaches the detector, permitting the detector to create the
dark signal. The radiation passing alternately through the sample and reference beam is

reflected by the optics of the detector assembly onto the appropriate detector.

4.1.4 Basic Components and Experimental Set-up of Spectrofluorometer

Fig (4.2), shows the basic components and experimental ste-up of FluoroMax-4 Spec-
trofluorometer. The basic components Spectrofluorometer (FluoroMax®-4) are light source
(xenon arc-lamp), excitation and emission monocromators, sample compartment, refer-
ence (photodiode) and signal (photomultiplier tube) detectors, and instrument controller
(computer). The light from continuous light source (xenon arc-lamp) is collected by an
elliptical mirror 1, and then focused on the entrance slit of the excitation monochromator.
The lamp housing is separated from the excitation monochromator by a quartz window
in order to vent heat out of the instrument. The FluoroMax ®-4 contains Czerny-Turner
monochromators that is designed using different reflective optics (such as refractive grat-
ing) to maintain high resolution over the entire spectral range, and minimize spherical

aberrations and re-diffraction. A grating disperses the incident light by means of its verti-
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Figure 4.1: The schematic diagram of UV-Vis-NIR spectrophotometer

cal grooves. A spectrum is obtained by rotating the gratings, and recording the intensity
values at each wavelength. The wavelengths selected are optimal for excitation in the
UV and visible, and for emission in the high-UV to near-IR. Each grating is coated with
MgF?2 for protection against oxidation.

The entrance and exit ports of each monochromator have continuously adjustable slits
controlled by FluorEssence’™. The width of the slits on the excitation monochromator
determines the bandpass of light incident on the sample. The emission monochroma-
tor’s slits control the intensity of the fluorescence signal recorded by the signal detector.
An excitation shutter, standard on the FluoroMax®-4, is located just after the excitation
monochromator’s exit slit. The shutter protects samples from photobleaching or pho-

todegradation from prolonged exposure to the light source.
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A toroidal mirror focuses the beam from the excitation monochromator on the sample.
About 8% of this excitation light is split off, using a beam-splitter, to the reference pho-
todiode. Fluorescence from the sample is then collected and directed to the emission
spectrometer. The sample compartment accommodates various optional accessories, as
well as fiberoptic bundles to take the excitation beam to a remote sample, and return the
emission beam to the emission monochromator.

The signal detector is a photomultiplier tube, which sends the signal to a photoncount-
ing module. The reference detector monitors the xenon lamp, in order to correct for
wavelength- and time-dependent output of the lamp. Both the reference and signal de-
tectors have correction-factor files run for them, to correct for wavelength dependencies
of each optical component. And, the data’s are processed through the host computer

with FluorEssence™ software.

4.2 Methods

4.2.1 Self-Association of the Drug Compounds

The self-association of the drugs (NIC| and [CIP) was studied using UV-Vis
spectroscopy at room temperature of 293, 293,295 and 295K respectively. The experimen-
tal method applied to study the self-association of the drugs is based on the change in
the shape of the spectrum and shift in maximum absorbance of the species. The analyzed
spectra were obtained by subtracting the spectrum of pure solvent from that of the solu-
tion containing the compounds. The self-association of and was
studied over the concentration range of (1.0555 — 2.234) x 10~*M, (1.65 — 3.1) x 1072M
, (7.33 —9.807) x 10~>Mand (3.122 — 7.148) x 10~*M respectively. All solutions were

made using doubly distilled water. The solutions were stored in the dark to avoid photo
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Figure 4.2: The schematic diagram of FluoroMax-4 spectrofluorometer

degradation of the compounds. The absorbance as a function of concentration was mea-
sured at absorption maxima 261.6nm, 304.8nm, 272.8nm and 272.8nm for NOMS

INOR|and [CIP| respectively to obtain the greatest accuracy of detection.

For numerical analysis of the self association, the dimer model Eqn (4.2.1)) was used to fit
the experimental data. Dimer model equation can be derived by considering a molecular

equilibrium in a solutions as in appendix (A.1)) [153] 210].

1—/8[Co]Kc+1

4[ColKe (4.2.1)

e=¢e5+ (e —€m)

The non-linear curve fitting based on Levenberg-Marquardt algorithm was used using
origin 8 software. The molar extinction coefficients and equilibrium constant were used
as searching parameters, in order to achieve minimum discrepancy between the experi-
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mental data and theoretical values.

4.2.2 Hetero-Association of Nicotinamide with Chlorogenic Acid and Norfloxacin

with Caffeine

The complexes of nicotinamide with chlorogenic acid and norfloxacin with cafffeine was
studied using UV-Vis spectroscopy at temperatures of 293 and 295K respectively. The
analyzed spectra were obtained by subtracting the spectrum of pure solvent from that of
the solution containing the compounds. For the hetero-association of nicotinamide with
chlorogenic acid, the constant nicotinamide concentration (8.49 x 10~°M) was titrated
with chlorogenic acid solution in a concentration range of (1.196 — 1.221) x 10~*M. And
also, for the hetero-association of norfloxacin with caffeine, the constant concentration of
norfloxacin (3.192 x 10~° M) was titrated with caffeine solution in a concentration range
of (3.509 — 12.87) x 10~>M. All solutions were made using doubly distilled water. The

solutions were stored in the dark to avoid photo degradation of the compounds.

The numerical values of the association constant and molar extinction coefficient of the
complexes at their maximum wavelength was analysed using the Bensi-Hildebrand ap-
proach by a linear curve fitting for the experimental data with that of the experimental
values of Eqn (4.2.2). Bensi-Hildebrand equation can be derived by considering a molec-

ular equilibrium in a solutions as in appendix (A.2).

Do) 1 1 1

2 = tE 4.2.2)

The plot of % \E ﬁ gives a straight line with y-intercept % and slope i
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4.2.3 Thermodynamic Properties of the Drugs and their Complexes with Bioactive

Compounds of Coffee Beans

In order to characterize the interaction mechanisms of the self and hetero-association of
the drugs, the thermodynamic properties were investigated using UV-Vis spectroscopy.
Accordingly, the thermodynamic parameters (molar enthalpy change, Gibbs free energy
change and entropy change) of the and
were studied in the temperature ranges (293 —299), (295 — 312), (295 — 304), (295 — 304),
(293 —299) and (295 — 304)K, respectively. The thermodynamic parameters at the given
temperature have been determined using the model of Vant’s Hoff’s Eqn by linear
curve fitting for the experimental data with that of the theoretical values. The magnitude
of the enthalpy was estimated from the slope of the approximating line according to
Vant’s Hoff’s equation:
dInKc _ AH

0 - R (4.2.3)

where AH is the molar enthalpy change, R = 8.31].mol~!.K~! is the universal gas con-

stant and T is the temperature in Kelvin. The entropy was derived from Gibb’s free

energy and enthalpy. The change Gibb’s free energy and entropy can be expressed as:

AG = —RTIn(Kc) (4.2.4)

_AG—-AH

AS —
S T

(4.2.5)

Finally, the Vant’s Hoff’s equation can be written as

AS AH1

Plots of InKc versus % gives a straight line, whose slope and intercept can be used to de-

termine AS and AH, and Gibb’s free energy can be determined at a specific temperature

using Eqn (4.2.5).
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4.2.4 Optical Transition Properties of the Drug Compounds

The optical transition probabilities for pure compound of NIC| and
were studied at the concentration of (1.0555 — 2.234) x 10~*M, (1.65 — 3.1) x 1072M
, (7.33 —9.807) x 10~>Mand (3.122 — 7.148) x 10~*M respectively. All solutions were
made using doubly distilled water. The solutions were stored in the dark to avoid photo
degradation of the compounds. These optical transition probabilities were measured by
integrating the absorption coefficient and molar decadic absorption coefficients in the
wave number regions around their corresponding maximum absorption wavenumber.
Usually the UV-Vis spectrometer measures the concentration in terms of absorbance ver-
sus wavelength; this was recalculated into absorption coefficient or molar decadic ab-
sorption coefficient versus wave number using Origin 8 software. The analyzed spectra
were obtained by subtracting the spectrum of pure solvent from that of the solution con-
taining the compounds. Finally, the average of the optical transition probabilities were

calculated respectively.

The integrated absorption technique which is more powerful in measuring the intensity
of absorption light has been used to calculate the optical transition probabilities (transi-
tion dipole moment, oscillator strength, integrated absorption cross-section and Einstein
coefficients). The molar decadic absorption coefficient which represents the ability of
a molecule to absorb light in a given solvent at a given wavelength was calculated us-
ing Beer-Lambert’s law of Eqn (3.1.48). And, the integrated absorption coefficient ()

which is the sum of absorption coefficient for all frequencies, and the integrated absorp-

tion cross-section (0;) were calculated using Eqn (3.1.50/and 3.1.52) respectively. Besides,

the oscillator strength and the transition dipole moment (py,,) were determined using

Eqns (3.1.54) and [3.1.66) respectively. Moreover, the Einstein coefficients (A and B), the
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transition time of the compounds were calculated using Eqn (3.1.63 [3.1.65| and [3.1.64)

respectively.

4.2.5 Binding of Caffeine with Nicotinamide using Fluorescence Quenching and

UV/Vis Spectroscopic Techniques

Stock solutions of (1.25 x 1073M) were prepared in sodium phosphate buffer so-
lution for stead-state fluorescence and UV /Vis absorption measurements. The stock so-
lution of (1.287 x 1073M) was prepared in doubly distilled water. The fluores-
cence and UV-Vis spectra measurements were carried out by successive addition of [CAF
((2.925 —9.365) x 107°M) to a fixed amount of NIC] (2.841 x 10~°M) solution. The spec-
tra of these series of solutions containing different amounts of[CAF and definite amounts
of NIC] were obtained. The excitation wavelengths for NIC| A, = 250nm, and their cor-
responding emission was recorded over a range of 300 — 500nm. From the fluorescence
emission spectral analysis, the quenching rate constant (K;), Stern-Volmer constant (Ksy)
were determined using Eqn at 295 and 303K. Besides, the values of binding con-
stant (K¢) and the number of sites (1) were determined from the slope and intercept of
the linear fit of eqn to the experimental data of the compounds. Moreover, the
thermodynamic properties of the interactions were determined at the temperature of 295

and 303K using Vant’s Hoff’s Eqn (4.2.6).

Similarly, the UV-Vis absorption spectra were measured in the range of wavelengths
200 — 500nm at a concentration of ((2.01 — 1.897) x 10~°M) to a fixed amount of
(2.275 x 107°M). This method was used to confirm the binding mechanism obtained

from fluorescence analysis of the compounds based on the spectral change.

64



CHAPTER 4. MATERIALS AND METHODS 65

4.2.6 Effects of Solvent Polarity on Absorption and Fluorescence Spectra and

Determination of Dipole Moments of Nicotinamide

The stock solution of nicotinamide were prepared in the solvents water, methanol, ethanol,
acetonitrile and butanol at room tempreture 295K. The absorption spectra were recorded
in the wavelength regions 200 — 500nm. The emission spectra were recorded by excit-
ing the sample at the wavelength of 250nm. The absorption and emission measurements
were performed at room temperature keeping the concentration of the molecule very low
(<1 a.u), for the fluorescence spectra measurement. The solvent polarity functions were
calculated from the dielectric constant and refractive index of the solvents as in table
(5.9). The ground and excited dipole moments of NIC were calculated experimentally
using the solvent polarity functions and the Stokes’ shift of the absorption and emis-

sion spectra of NIC in different polar solvents from Bilot and Kawski, Lippert-Mutaga,

Kawski-Chamma-Viallet and Bakhshiev methods of eqns (3.3.16,3.3.17}3.3.25} [3.3.26/and

3.3.27)) respectively.

Ground-and excited-state dipole moments of NIC were also theoretically calculated us-
ing the Gaussian 09 program and analysed with the help of Gauss view software [211]].
The optimized geometries of ground states were provided using DFT model employing
the hybrid Becke3-Lee-Yang-Parr (B3LYP) functional with a 6 — 311 + +G** basis set.
Vertical energies of the singlet excited state were calculated using time-dependent den-
sity functional (TD-DFT) method at the B3LYP/6 — 311 + +G** level. In addition, the
parameters that are very important in quantum chemistry called HOMO — LUMO en-
ergy gaps of the compound which reflect the chemical activity of the molecules were also

determined from the Gaussian 09 software.
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Chapter

Results and Discussion

In this chapter the results and discussion of the thesis are presented. The first section
of this chapter deals with the concentration dependency of the self association of the
drug compounds (NIC| and [CIP) using the known dimer model. In this
section, the absorption spectral, dimerization constant, monomer and dimer extinction
coefficients of the drugs are determined. The variations of mole fraction of monomer and
of dimer with concentration of the drugs are characterized and compared to the results
of the self-association in order to indicate the concentration dependency of the dimeriza-

tion.

The second section deals with the investigation of the hetero-association of nicotinamide
and norfloxacin with the biologically active compounds of coffee beans chlorogenic acid
and caffeine respectively using the Bensi-Hildebrand approach. In this section, we de-
scribed the equilibrium constant and the molar extinction coefficient of the interaction of

the compounds.

The third section of this chapter deals with the calculations of the thermodynamic pa-
rameters (the molar enthalpy change, entropy change and Gibb’s free energy change) of
NIC| NIC-CGA, and NOR-CAF interactions using Vant’s Hoff’s equa-
tion. These parameters are used to characterize the force between the molecules and for

confirming the binding mode of the compounds.
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The fourth section of this chapter contains the calculation of the optical transition prob-
abilities of NIC, NOMS, NOR and CIP. The integrated absorption coefficient, integrated
absorption cross-section, oscillator strength, transition dipole moments and the Einstein
coefficients are calculated from the absorption spectra that may help in order to char-
acterize the strength of the electron transition, the strength of the quantum mechanical
interaction of light with the sample, and interpret the absorption spectra at atomic or

molecular level of the samples.

In the fifth section of this chapter we describe (i) the binding interaction of nicotinamide
with the biologically active compound of coffee beans using UV-Vis and fluorescence
quenching spectroscopy (ii) the investigation of the quenching constant and binding
mechanism of the interaction in order to understand the binding reaction mechanism

of the compounds.

The last section of this chapter describes the solvent polarity effect on the absorption
and fluorescence spectra of nicotinamide. The absorption and emission spectral nature
of the compound in the different solvents are characterized. Also, the ground and excited
dipole moments of NIC obtained experimentally are compared with theoretically calcu-
lated values. These parameters are important to provide information about the change

electronic distribution of the ground and excited state molecules.

5.1 Self-Association of the Drug Compounds

Self-association of molecules in a solution is a dimerization of molecules to form and

aggregate dimer or higher molecular weight forms [212} 213]. Two monomer molecules
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may self-associate to form a dimer. Understanding the factors governing the self-association
such as the concentration effect in the solution and the kinetics of the self-association re-
action are crucial to the development of a robust manufacturing process and pharmaceu-
tical products [212]. Moreover, the existence of self-association of the compounds may
modify the pharmacokinetic properties of the compound. In this study, we investigated

the self association of different drug compounds (NIC, NOMS, NOR and CIP).
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0.6
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0.4 1

0.2+

0.0 — e e e e ]
200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 5.1: Absorbance of nicotinamide with wavelength at various concentration A-E
(2.234,1.948,1.656,1.358,1.0555) x 10~4M

Figs 5.3land [5.4) shows the concentration dependence absorption spectra of NIC,
NOMS, NOR and CIP measured in doubly distilled water at room temperature with an
absorption peak observed at the wavelength 261.6, 304.8, 272.8 and 272.8 nm respec-
tively. The quantitative analysis for self-association of the drug compounds was carried
out using the concentration dependent molar extinction coefficient of the molecules at
their maximum wavelength. In these figures, the absorbance of all the drug compounds

was increased as the concentration increases. It also reflects that the absorption spectra
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Figure 5.2: Absorbance of neomycin sulfate with wavelength at various concentration J-A
(1.65,1.95,2.2,2.4,2.56,2.71,2.83,2.93,3.025,3.1) x 1072M

of NOMS shows a broad absorption peak as shown in Fig and CIP shows a sharp
peak as shown in Fig as compared to NIC and NOR. From these spectra’s we ex-
pect that the molecules of CIP are the most sensitive to the UV-Vis light absorption and
the molecules of NOMS are less sensitive to absorption as compared to the absorption
of the other drugs. Moreover, as we observe in Fig and 5.3), the molecules of NOR
and CIP have the same structure. Thus, from these compounds we expect that their
self-assocition, thermodynamic properties and optical transition probabilities are com-

parable.

For the numerical analysis of the self-association parameters (the molar monomer extinc-
tion coefficients ¢,,, molar dimer extinction coefficients ¢4, and equilibrium mole fraction
of the molecules K¢), Dimer model Eqn (4.2.1) was fitted to the experimental data as
shown in Figs and respectively for NIC, NOMS, NOR and CIP. And, the

obtained values of the dimerization constants, monomer extinction coefficient and dimer
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Figure 5.3: UV-Vis absorption spectrum of norfloxacin with wavelength at various concentration
D-A (7.33,8.171,8.996,9.807) x 10°M
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Figure 5.4: UV-Vis absorption spectrum of ciprofloxacin with wavelength at various concentra-
tion H-A (3.122,3.72,4.311,4.894,5.469, 6.036, 6.596,7.148) x 10 °M

extinction coefficient of the drug compounds are listed in table 5.1| at their peak wave-
lengths. The deviation of the Beer-Lambert’s law at high concentration and dependence

on concentration, suggest the existence of self-association process of the drug molecules

153] 214].
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Figure 5.5: Molar extinction coefficient versus concentration of NIC under the peak of 261.6nm
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Figure 5.6: Molar extinction coefficient vs concentration of NOMS absorption maxima of 304.8nm

As previously reported by Kulkarni [215]using Raman and IR spectral analysis, the molecules
of nicotinamide makes a dimerization in the amide-amide homosynthons (head-to-head
dimers), and makes a chain on the amide-pyridine group (head-to-tail chains). It is

also reported using NMR analysis that the monosubstituted analogue indicated that the
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Figure 5.7: Molar extinction coefficient vs concentration of NOR absorption maxima of 272.8nm
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Figure 5.8: Molar extinction coefficient vs concentration of CIP absorption maxima of 272.8nm

self-association of nicotinamide molecules involved the amide group and did not occur
through stacking of the pyridine rings[216}217]. Moreover, our result for the self associa-
tion constant of nicotinamide of 2.379 x 10*M~! is in a good agreement and comparable
with the values reported by Peral [218] for self-association constants of 10> — 10’ M~ for

pyridine derivatives in aqueous solution at 25°C.
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On the other hand, the obtained self-association constant (1.06 x 10°) value of NOMS
in our result is quite reasonable and comparable with the results obtained by Kaplan et
al [219] in the dimerization range (1.2 x 10* — 4.34 x 10°)M~! for aminoglycoside drug
groups. Moreover, it is found Table that the magnitude of the self-association con-
stant of NOR and CIP is of the same order of magnitude (10> — 10°M ') as those found

previously by Davis et. al., [220] for molecules with three fused aromatic rings.

Drugs | Apax/nm  eg/M - tem™' e, /M tem™t  Keo/M!
NIC 261.6 5.740 x 102 1.389 x 10*  2.379 x 10*

NOMS | 304.8 1.202 x 10! 1.239 x 10> 1.060 x 10°
NOR 272.8 6.770 x 103 2.547 x 10*  5.424 x 10°
CIP 272.8 8.805 x 103 3.054 x 10*  4.377 x 10°

Table 5.1: Determined values of the self association parameters of NIC, NOMS, NOR and CIP

Figs 5.10} 5.11|and |5.12) shows the mole fraction of monomer and dimer versus con-

centration of NIC, NOMS, NOR and CIP molecules under the peak of 261.6,304.8,272.8
and 272.8nm . The graphs show increase and decrease in the mole fraction of dimer and
monomer as the concentrations of the drugs are increased and it indicates the presence of
dimerization at low concentration and more favoured at high concentration of the drug
compounds. Moreover, NOMS in water have observed less dimer molecules as shown in
Fig and CIP has highest dimer molecules as shown in Fig (5.12)at low concentration
as compared to the other drug compounds. Besides, it has been reported previously that
the dimerization of nicotinamide is favourable at high concentrations due to the amide

group [217]. Thus, our observations are in conformity with the earlier workers.

From the results of the self association of the drug compounds, we can compare the pa-
rameters with their concentration. The concentration of the drugs and their dimerization
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Figure 5.9: The mole fraction of monomer and dimer versus total concentration of NIC under the
peak of 261.6nm
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Figure 5.10: The mole fraction of monomer and dimer versus total concentration of neomycin
sulfate under the peak of 304.8nm

constant can be arranged in descending order as NOMS-NIC-NOR-CIP (i.e NOMS>NIC>NOR>CIP)
But, the monomer and dimer extinction coefficient were follow ascending order with
their concentration. Thus, we can conclude that CIP molecules are the most sensitive to

the UV-Vis light absorption as compared to the absorption of the other drugs.
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Figure 5.12: The mole fraction of monomer and dimer versus total concentration of CIP under the
peak of 272.8nm

5.2 Hetero-Association of Nicotinamide with Chlorogenic Acid and
Norfloxacin with Caffeine

The mathematical approach used in physical chemistry for the determination of equilib-

rium constant called Benesi-Hildebrand approach was used to estimate equilibrium con-
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stant for the interaction of nicotinamide with chlorogenic acid and norfloxacin with caf-
feine [221], under the condition [Cy] >> [Dg]. A constant of nicotnamide /norfloxacin so-
lution ([Dg] = 8.49 x 107°M/3.192 x 10> M) with different concentrations range ([Co] =
(1.24 — 1.196) x 10~*M/(3.509 — 12.87) x 10~>M) of chlorogenic acid /caffeine solutions
were used to calculate the equilibrium constant and molar extinction coefficient of the
interaction formation. When a chromophoric precursor is converted to product with dif-
ferent spectrums, an isosbestic point is observed in overlaid spectra. In more complex re-
actions, the wavelength of isosbestic also changes if the molar absorptivity of the precur-

sor changes and the fraction of the precursor converted to multiple product changes[214].

Figs and shows the effects of CGA /CAF concentration on the UV-Vis absorp-
tion spectra of NIC/NOR solutions respectively. The addition of CGA /CAF to NIC/NOR
solutions results in important spectral modification and increasing in absorbance (hyper-
chromic shift) were observed. As shown in Fig (5.13), the absorbance of NIC increases
when CGA is added to the NIC solution. Moreover, the existences of isosbestic points
were observed at wavelength of about 258 and 265nm of the interaction which indicates

the formation of complexes between CGA with NIC [222].

Fig shows that the peak absorbance of NOR increases as the concentration of CAF
increase. Moreover, the existences of isobestic points at wavelength around 302nm indi-
cate the formation of complexes between NOR and CAF and the presence of one different
molecule in the solution[222]. The variation in spectral intensities and presence of isos-
bestic point is a good indication of the interaction between NOR and CAF, and formation
of a NOR-CAF complex in aqueous solution[214]. The interaction of NOR with CAF as
reported previously [223] using NMR shows that the aggregation of NOR molecules and
association with CAF in solution are driven by the stacking of aromatic chromophores.
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Figure 5.13: UV-Vis absorption spectrum of NIC-CGA at different concentration of chlorogenic
acid A-G ((1.24 — 1.196) x 10~*M) and NIC (8.49 x 10°M = constant), N is the
spectra of NIC alone and [ is the isosbetic points
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Figure 5.14: UV-Vis absorption spectrum of NOR-CAF at different concentration of CAF A-I
((3.509 — 12.87) x 10~°M) and NOR (3.192 x 10~°M = constant), N is the spectra of
NOR alone and C is the isosbetic point

In order to analyse hetero-association parameters, the Benesi-Hildebrand equation was

used [224]. From Eqn (4.2.2), the plot of % \E ﬁ gives a straight line with y-intercept %

and slope i as shown in Fig (5.15) and (5.16). Thus, the equilibrium constant and molar

absorption extinction coefficient can be calculated by fitting Eqn (4.2.2) to experimental
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data of Fig (5.15) and (5.16). The results are given in table (5.2).
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Figure 5.16: Concentration of NOR/Abs versus 1/concentration of CAF at A;;,,272.8nm

Compounds | Ayay/nm Ke/ M1 e/ M 1em1
NIC+CGA 213.6 43135 x 10°  4.903 x 10°
NOR+CAF 272.8 6.6700 x 10> 9.259 x 10*

Table 5.2: Calculated values of the hetero-association parameters of NIC+CGA and NOR+CAF

From the table , it can be observed that the Kg and € values for complexes of NOR/CAF
greater than corresponding values of NIC/CGA complexes. Thus, this observation shows
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that the molecules of NOR/CAF complexes bound together better than the complexes be-
tween the molecules of NIC/CGA. On the top of this, the self association constant of NIC
and NOR (2.379 x 10*M~1 and 1.06 x 10° M ~!) was decreased due to the addition of CGA
and CAF respectively. Moreover, the result of the hetero-association constants is compa-
rable with the result reported previously by Davies et. al., [225, 226] for complexation of
aromatic drug molecules with short DNA sequences occurs with a binding constant of
10% — 10°M~!. Besides, the calculated equilibrium constant for NOR-CAF interaction can
also comparable with the result of the binding constants for norfloxacin-DNA complexes
system [227]. The results of the hetero association parameters of the compounds may

modify the pharmacokinetic properties of the complexes[153} 210, 214].

5.3 Thermodynamic Properties of the Drugs and their Complexes

with Bioactive Compounds of Coffee Beans

Performing the experiments at different temperatures and using the estimated associated
constants in a Van't Hoff treatment allows the determination of the thermodynamic pa-
rameters of the inclusion process, enthalpy change AH, entropy change AS and Gibb’s
free energy change AG ([228]). The sign and the absolute relative values of these quan-
tities are further used in the discussion of the main forces involved in the inclusion
process, i.e. electrostatic, hydrophobic, hydrogen bonds, etc. Heating the aqueous so-
lution of NIC, NOMS, NOR, CIP, NIC-CGA complexes and NOR-CAF shows that the
absorption spectra of the molecules are strongly dependent on the temperature in the
range of (293 —299)K, (295 — 312)K, (295 — 304)K, (295 — 304)K, (293 — 299)K and
(295 — 304)K respectively. The equilibrium constants of the molecules of the compounds

at their aforementioned temperatures were calculated at the peak of wavelengths of the
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self-association and hetero-association of the drugs. Figs (5.17] [5.185.19] [5.20)5.21] and

5.22) shows the graph of InK, versus 1/T for each drugs.
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Figure 5.17: In(Kc) versus + of NIC at concentration of 4.5 x 10~*M

12.20
12.18 1
12.16 1

o ° 12,141

[

12.12 1

12.10 1

12.08 4 [ |

v ) v ) v ) v ) v ) v 1
0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345
UT (K™Y

Figure 5.18: In(Kc) versus + of NOMS at concentration of 4.4 x 1072M

The magnitude of the enthalpy was estimated from the slope of the approximating line
according to Vant’s Hoff’s Eqn 1) Plots of InK versus % gives a straight line, whose

slope and intercept can be used to determine AS and AH, and Gibb’s free energy can be
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determined at a specific temperature using Eqn [#.2.5). In order to characterize the force
between NIC, NOMS, NOR, CIP, NIC-CGA and NOR-CAF molecules; thermodynamic
parameters on the given temperatures were analyzed using Vant’s Hoff’s equation. The
thermodynamic parameters, Gibb’s free energy change AG, enthalpy change AH and en-
tropy change AS are important for confirming the binding mode. The calculated values

for the Gibb’s free energy, enthalpy, and entropy of the molecules for the self and hetero-
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associations are given in Table (5.3). It is shown that NOMS has the highest value of AG

and AS, and NOR has the smallest value of AG and AS as compared to the other drugs.

As previously reported by zhang et. al., [229], Baosheng Liu et. al., [230] and Wang

et. al., [231] if AH > 0 and AS > 0 hydrophobic interactions are dominant for the in-
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Drug T/K AG/k].mol~! AH/k].mol~! AS/k].mol 1K1
NIC 293 —299 —(25.110+0.004) 4.826 +0.415 0.102 £+ 0.0014

NOMS 295 —312 —(31.480+0.007) 3.760 4+ 0.66 0.113 £0.00216
NOR 295 —304 —(21.994 +0.92) —(5.350 £+ 0.459) 0.056 + 0.0015
CIpP 295 — 304 —(23.725 +4.96) —(1.980 £+ 0.25) 0.0725 4+ 0.001
NIC-CGA | 293 —299 —(21.590 £1.665) —(16.927 +0.836) 0.015 4+ 0.003

NOR-CAF | 295 —304 —(19.358 +0.0008) —(1.277 +0.103) 0.0688 + 0.0003

Table 5.3: Calculated result of the thermodynamic parameters of NIC, NOMS, NOR, CIP, NIC-
CGA and NOR-CAF

teraction process, and if AH < 0 and AS > 0 electrostatic forces play the major role in
the interaction. As a result, from Table we observe that hydrophobic interactions
are dominant for molecular interaction of NOMS and NIC molecules. Also for the self
association of NOR and CIP, and for the complexes NIC-CGA and NOR-CAF molecules,
electrostatic forces play the major role in the interaction. Previously, it was reported
that the molecular absorption of ciprofloxacin is due the electrostatic effect [232], and the

value of AG = —29.03kJmol ! at 303 K is comparable with our result.

Moreover, Table states that both the values of the Gibb’s free energy change and
enthalpy change are negative for NOR, CIP, NIC-CGA and NOR-CAF, so the absorption
process of the compounds indicates the continuous and exothermic reaction respectively
[229]. Besides, the values of the enthalpy change for NIC and NOMS is positive, the reac-
tion process of the drug compounds shows that the process is endothermic reaction. The
positive value of entropy confirms the increasing randomness of the solution interface
during the absorption process of the molecules of the compounds [229]230]. As previous
studies mentioned, if the absolute value of AG is in the range of 2.1 — 20.9K] /mol, it is
indicative of physical adsorption existing in the adsorption process, while when it is be-
tween 80 and 200K] /mol, the adsorption should be associated with chemical adsorption
[233] 234]. The values of AG at different temperatures in this study were in the range

between those of physical adsorption and chemical adsorption. The change in enthalpy
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for NOMS is comparable with the change in enthalpy of aminoglycosides drug groups
ranging from —(23 — 33)kJmol~! [235]. Thus, neomycin sulfate be regarded to being

aminoglycosides groups.

5.4 Optical Transition Properties of the Drug Compounds

The relations among the Einstein coefficients, oscillatory strength, transition dipole mo-
ment, and integrated absorption coefficient for a transition between two states k (lower)
and m (upper) are the most used terms in spectroscopy[129, 168]. The optical transition
probabilities of NIC, NOMS, NOR and CIP were obtained from the absorption spectra to
characterize the strength of the electron transition and to interpret the absorption spectra.
The molar decadic absorption coefficient which represents the ability of a molecule to ab-
sorb light in a given solvent at a given wavelength was calculated using Beer-Lambert’s

law[128}167] and integrated absorption coefficient is the sum of absorption coefficient for

all frequencies. Using Eqns (3.1.50/3.1.52}3.1.54|and [3.1.66)); the optical transition proper-

ties of NIC, NOMS, NOR and CIP respectively were calculated in doubly distilled water
at a different concentration. The results are presented in table (5.4). The peak in the

visible region of the compounds is due to 7 to 7t* electronic transitions of chromophore

groups [236), 237].

Drug a;(10°m—2) or/mmolec ™t f g, (Debye)

NIC 1.700 3.400 x 10~ 0.070 1.977
NOMS 5.470 4.0975 x 107®  0.100 0.263
NOR 6.300 1.220 x 10~ 0.370 4.646

CIP 3.300 1.060 x 1077 0.460 5.156

Table 5.4: Calculated results of the optical transition properties of NIC, NOMS, NOR and CIP

Moreover, the Einstein coefficients were investigated for the drug compounds using

equations (3.1.63] 3.1.65 and [3.1.64), results are given in table

Tables and show that the optical transition probabilities and Einstein coeffi-
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Drug B /m.kg ™! Ap/s ! Tk (S)
NIC 7.350 x 1017 6.900 x 107 1.450 x 108
NOMS 1.295 x 1018 7.600 x 10° 1.300 x 10~°
NOR 4.070 x 102 3.340 x 108 2.990 x 10~?
CIP 5.000 x 10%° 4100 x 108 2.440 x 10~?

Table 5.5: Results of the Einstein coefficients of NIC, NOMS, NOR and CIP

cients of the drug compounds (NIC, NOMS, NOR and CIP). As the tables revealed the
highest values of the optical probabilities (oscillator strength and dipole moment) and
Einstein coefficients are obtained on the molecules of ciprofloxacin. This indicates that
the molecules of ciprofloxacin have the higher distribution and a strong transition from
the ground to the excited level by the incident radiation in water as compared to the
other drugs. Besides, the quantum-mechanical interactions of light with the molecules
of ciprofloxacin is higher as compared to the other drugs in water solution as expected.
On the other side, neomycin sulfate molecules have less ability of absorbing light in the

UV-Vis region [171]].

The obtained parameters of the optical transition probabilities and Einstein coefficients
are important aspects for understanding the nature and strength of the molecular inter-
actions in solution, for characterize the electron transition in different level systems, for
interpreting the absorption spectra of the compounds, for direct experimental and theo-
retical applications in different processes such as emission, absorption and dispersion.

5.5 Binding of Caffeine with Nicotinamide using Fluorescence

Quenching and UV/Vis Spectroscopic Techniques

5.5.1 Fluorescence Quenching of Nicotinamide

Fig (5.23) shows the fluorescence spectra of NIC, after the addition of CAF upon excita-

tion at 250 nm and at a temperature of 295 K. The fluorescence intensities of NIC reduced
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gradually with increasing CAF concentrations. The quenching mechanisms are usually
classified as dynamic and static quenching, which can be distinguished by their different
dependence on temperature and viscosity [184, 238]]. Since higher temperatures result in
large diffusion coefficients for dynamic quenching, the quenching constants are expected
to increase with increasing temperature. In contrast, a higher temperature may bring
about the decrease in the stability of the complexes, resulting in a lower quenching con-

stant for the static quenching.

The peak of fluorescence spectra of NIC occurs at 424nm for both in the absence and
presence of CAF. Addition of CAF to NIC produced significant quenching in the fluores-
cence intensity in a concentration-dependent manner. Furthermore, CAF did not show
fluoresce near the emission maximum of NIC that indicated CAF might interact with
NIC. The data of Fig indicated that CAF quenches the intrinsic fluorescence inten-
sity of the molecules of NIC. The strong quenching effects clearly indicate the existence

of binding among the molecules.

In order to interpret the quenching mechanism of the molecules, the fluorescence quench-
ing constant was analyzed according to the Stern-Volmer Eqn (3.2.5). The value of Kgy

was determined by linear regression of this Stern-Volmer equation and is given in Table

(5.6).

Fig is the Stern-Volmer plots for the quenching of NIC by CAF at temperatures
of 295 and 303 K. The curves showed good linear relationships within the investigated
concentrations at the two different temperatures. Linear Stern-Volmer plots indicated to
be static quenching rather than dynamic quenching since the plot shows a good linear
relationship and decreased as the temperature increase. As reported by Visser [135], the
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Figure 5.23: Emission spectra of NIC (A, = 250mm) in the presence of caffeine
at 295K. The concentration of caffeine increases from top to bottom
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Figure 5.24: Stern-Volmer plots for the quenching of NIC by CAF at 295 and 303 K.

fluorescence lifetime, 7y, of NIC was taken to be 0.3ns. From Fig (5.24), the values of
Ksy was obtained using the the Stern-Volmer equation (3.2.5), and the values of Ky, the
quenching rate constant, k,;, determined at the two temperatures are given in Table (5.6).

It is clear that the k, values are of the order 10'3L/mol/s at both temperatures which
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exceed by far the diffusion controlled rate constant 2.0 x 1019L /mol /s in an aqueous
solution [239, 240], confirming that the quenching does not involve a dynamic diffusion

process, but rather occurs due to the formation of complexes of CAF-NIC.

Temperature (K) | Kgy (1 x 10°L/mol) ky(1 x 10°L/mol/s) R
295 1.775 5.920 0.980
303 1.515 5.052 0.970

Table 5.6: Stern-Volmer constant, quenching rate constant for the interaction of NIC with CAF at
temperature of 295 and 303 K. R is the correlation coefficient.

5.5.2 Binding Constant and Binding Sites

When molecules are bound independently to a set of equivalent sites on macromolecules,
the equilibrium between free and bound molecules can be calculated using Eqn (3.2.2).
The values of K¢ and n were determined from the slope and intercept of the linear fit of
this eqn to the experimental data of Fig (5.25). And, the values of the association

constant of CAF with NIC at 295 and 303 K are listed in Table (5.7).

B T1T=295K
@ T1=303K

0.3

0.2+ .
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Log[CAF]

Figure 5.25: Log(PoigF) versus logarithm of concentration of CAF at 295 and 303 K

As it can be seen from the Table (5.7), the value of k. decreases from 6.5 x 103L/mol to
5.577 x 103L/mol as the temperature increases from 295 to 303K, which suggested that
the binding reaction between the NIC and CAF is exothermic [231].
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Temperature (K) | kc(1 x 10°L/mol)  n R
295 6.500 0.880 0.980
303 5.577 0.897 0.990

Table 5.7: Binding constant (K¢), number of binding sites (1) and correlation coefficient (R) of
NIC with CAF at the temperature of 293 and 303 K

Moreover, as previously reported by Chen et al. [241], the binding constant for weak
binding affinity of different complexes is less than 1 x 103M~!. Thus a moderately strong
binding constants were observed between NIC and CAF. The values also decreased with
increasing temperature, which indicates the formation of unstable compounds that partly
decompose at relatively higher temperatures. The calculated binding site number 'n’ that

approaches to one, indicates the existence of a single site for the binding of NIC to CAF.

5.5.3 Thermodynamic Parameters and Nature of the Binding Forces

The thermodynamic parameters of binding reaction are the main evidence for confirming
the binding mode. The formation of binding between molecules can be described by sev-
eral biophysical parameters such as the association constant, and other thermodynamic
properties. The forces acting between small molecules and macromolecules are mainly
hydrogen bonds, electrostatic forces, van der Waal'’s force and hydrophobic interaction.
To obtain further insight into the weak interactions associated with the complexation of
NIC with CAF, we endeavored to determine the thermodynamic parameters using Van’t
Hoff’s Eqn (4.2.6). This equation is valid, if the enthalpy change (AH) does not vary
significantly over the temperature range of the study. And, the free energy change (AG)

can be calculated at each temperature using eqn (4.2.5).

From the relationship between [1n(Kc) and the reciprocal of absolute temperature the

values of the thermodynamic parameters were obtained and are listed in Table (5.8).
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Accordingly, as previously reported by zhang et. al., [229], Baosheng Liu et. al., [230]
and Wang et. al., [231], the negative values of AH and the positive value of AS indi-
cate that electrostatic force played a major role in the reaction between NIC and CAF,
whereas the negative sign for AG indicates the spontaneity of the binding for NIC with
CAF. Moreover, the negative value of enthalpy indicates that the absorption process of
the compounds is exothermic reaction. Besides, the positive value of entropy confirms
the increasing randomness of the solution interface of the molecules of the compounds
[230, 231]]. In addition, the values of AH and AS for NIC is increased due to the addition

of CAF in the solution.

Temperature (K) | AH(kJ/mol) AS(J/mol/K) AG(k]J/mol)
295 -14.220 24.764 -21.520
303 -14.220 24.764 -21.720

Table 5.8: Thermodynamic properties determined by fluorescence quenching of CAF with NIC

5.5.4 UV/vis Absorption Spectra

To verify the binding mechanism of CAF-NIC, UV-Vis absorption spectroscopy was in-
vestigated. The absorption spectrum can be used to explore the spectral structure changes
and to know the complex formation of different compounds [[128,[153| 210]). In dynamic
quenching, the spectra of the molecule will not change, however, in static quenching due

to the formation of reaction, spectral changes were observed in the compound.

Fig shows the absorption spectra of NIC in the presence and absence of CAF. In
the absence of CAF, the UV /vis absorption spectra of NIC is characterized by one ab-
sorption band with a peak of intensity at 261nm. With the addition of CAF solution,
the interactions between CAF and NIC led to the red shift of the NIC spectra by about

7nm, with increase in the peak intensity of 268nm. The curve N was different from the
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curves of the complexes of NIC-CAF and isosbestic point occurs at wavelength of around
284nm the complexes. This change of spectral structure is a reasonable result to confirm
the binding of CAF with NIC due to ground state complex formation, which is evidence

that the static quenching existed in the binding process of the fluorescence quenching.
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Figure 5.26: UV /Vis absorption spectra of NIC in the presence of caffeine (N) C(NIC)alone =
2.275 x 107°M; (1-6) C(CAF)= 2.01,2.189,1.97,1.95,1.92,1.897(x10~%mol /L).

5.6 Effects of Solvent Polarity on the Absorption and Fluorescence

Spectra of Nicotinamide: Determination of the Dipole Moments

Determination of the photophysical and photochemistry of different drug compounds is
useful for various applications. The values of ground- and excited-state dipole moments
of the molecules provide information about the change in electronic distribution of the
excited molecule[242, 243]]. It elucidates the nature of the excited state of the molecules
as it reflects the charge distribution in the molecule[242-244]. In addition, the experi-
mental data on dipole moment are useful in parameterisation in quantum chemical pro-

cedures for these states[245]. The excited dipole moments of the fluorescent molecules
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have been also used to determine emission energy as a function of the solvent polar-

ity function[242, 243]. As a result, the solvent functions expressed in the in the eqns

(3.3.18}3.3.20, [3.3.31}, [3.3.32| and [3.3.33)) are calculated and values are given in table (5.9).

Accordingly, the ground and excited state dipole moments of NIC can be determined

Solvent | &” n° fP PP F . Fi oy Fg
1 80.10 1.3325 0.91375 0.2265 0.32028 0.683392 0.913758
33.00 1.3280 0.85573 0.2234 0.30894 0.651335 0.855732
2455 1.3614 0.81293 0.2459 0.28874 0.652459 0.812933
17.84 1.3990 0.75370 0.2711 0.26433 0.647996 0.753704
3750 1.3404 0.86408 0.2318 0.30682 0.663891 0.864083
e =Dielectric constant  and n =refractive index.

Q= Wi

‘Lippert-Mataga solvent function in Eqn .
1K awski-Chamma-Viallet solvent function in Eqn
*Bakhshiev solvent function in Eqn .
1=Water, 2=Methanol, 3=Ethanol, 4=Butanol 5=Acetonitrile

Table 5.9: Solvent functions used in the Bakhshiev, Kawski-Chamma-Viallet, Lippert-Mataga and
Reichardt equations, respectively

based on the solvent polarity functions of Table and the Stokes’ shift of the absorp-

tion and emission spectra of NIC as shown in Table (5.10) in different polar solvents.

5.6.1 Stokes’ Shift of NIC

Figs and show the absorption and fluorescence spectra of NIC obtained in dif-
ferent solvents. The absorption and fluorescence emission spectra of NIC were recorded
in solvents of different solvent parameters with the corresponding solvent polarity val-
ues as given in table (5.9). The observed absorption and emission spectra of NIC are

broad with varying peaks depending on the solvent used.

As compare to the absorption spectra of Fig (5.27), a large spectral shift was observed in

the emission spectra of Fig (5.28)) as in table (5.10). The less spectral shifts in the absorp-
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Figure 5.27: Absorbance spectra of NIC in different solvents
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Figure 5.28: Florescence spectra of NIC in different solvents

tion spectra of NIC implies that the ground state energy distribution may not be affected
to a greater extent possibly due to the less polar nature of the compound in the ground
state rather than in the excited state. The shift in the emission of Fig clearly indi-
cates that the dipole moment of the excited state is higher compared to that in the ground
state and the relaxed excited state S; will be energetically stabilized relative to the ground

state Sy [246].
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The absorption and fluorescence emission data of NIC in solution also provided re-

Solvent @ fo Uy — fo Uy + Tff (ZJ} =k fo) /2
1 3822630 2358491 1464139 6181121 3090560
2 3816794 2403846 1412948 6220640 3110320
3 3816794 2392344 1424449 6209138 3104569
4 3802281 2427184 1375097 6229466 3114733
5 3831418 2336449 1494969 6167866 3083933

1 1

vy, absorption maximum in m~; v s fluorescence maximum in m~—
1=Water, 2=Methanol, 3=Ethanol, 4=Butanol, 5=Acetonitrile

Table 5.10: Difference, sum and mean of peak absorption and emission spectra of NIC in different
polar solvents

liable information about the solvation effects in the ground and excited states. From
table (5.10), we observe that the magnitude of Stokes shift for the compound varies from
13750.97 — 14949.69cm . The large magnitude of the Stokes shift indicated that the ex-
cited state geometry of the compound could be different from that of the ground state
and also there will be an increase in dipole moment on excitation. Generally, the pro-
nounced emission band shifts and relatively increase in Stoke’s shift values with increase

in solvent polarity indicated there is an increase in dipole moment on excitation.

Dipole Moment Calculation

To get a further insight on the solvatochromic behavior of nicotinamide, the spectro-
scopic properties were correlated with the solvent polarity functions. From the slope of
the Bilot-Kawski, Lippert-Mataga, Kawski-Chamma-Viallet and Bakhshiev Eqns (3.3.16

3.3.17,3.3.25] 3.3.26]and [3.3.27) respectively, the ground and excited dipole moments were

calculated. Figs (5.29/and ) shows the Stokes shift and the sum of the wavenumbers

versus solvent polarity function for NIC using the Bilot-Kawski Eqns (3.3.16|and [3.3.17)

respectively.
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Figure 5.29: Plot of U, — T versus f (e, 1) of NIC in different polar solvents using Bilot-Kawski
equation
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Figure 5.30: Plot of 7, + ¥ versus ®(g;, n) of NIC in different polar solvents using Bilot-Kawski
equation

Similarly, figs (5.31|and [5.32) are the plots of the Stokes shift and the mean of the wavenum-

bers versus the solvent polarity function for Lippert-Mataga and Kawski-Chamma-Viallet

Eqn (3.3.25and [3.3.26) respectively.

From the slopes of the graphs of Figs (5.29/5.30[5.31] and [5.32), the ground and excited

state dipole moment were calculated and the values are given in Table (5.11)).

The calculated values of the ground and excited state dipole moments using eqn (3.3.23
and [3.3.24) are 0.02D and 0.268 D. Thus, the obtained ground and excited state dipole
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Figure 5.31: Plot of v, — Uy versus Fy_ of NIC in different polar solvents using Lippert-Mataga
equation
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Figure 5.32: Plot of (v, + ¥5)/2 versus Fx_c_y of NIC in different polar solvents using Kawski-
Chamma-Viallet equation

moments of NIC are quite similar to the results recently obtained and reported by Beat
[137], He < 0.2, and p, ranges ( 0.2 — 0.316D) from the measurement of individual Stark
lobes of the two conformers of nicotinamide (E-nicotinamide and Z-nicotinamide) using
microwave spectrum. Also, the above results of the dipole moments are similar to the re-
sults as [247], 0.0967D on the surface of nicotinamide by the Helmholtz equation on the
basis of surface excess values obtained from surface tension measurements, and surface

potential changes.

In general, the difference between the excited and ground state dipole moments (Au)
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obtained by experimental and theoretical methods are moderately high, indicating that
the excited dipole moment is greater than that in the ground state and also more polar
than in the ground state.

From Table (5.11)), the change in dipole moment using all the five methods from 0.248 us-

Compound | a'  pb e Ap' Mppy G2y Dpp AW
NIC 2258 0.020 0.268 0.248 0.404 0.076 0.249 0.420
1D = 3.33564 x 10%°C.m.

# calculated Onsager cavity radius

b Ground state dipole moment calculated according to Bilot-Kawski, Eqn 1)

¢ Excited state dipole moment calculated according to Bilot-Kawski, Eqn 1}
4 Calculated according to Bilot-Kawski, Eqn (]3.3.24| and |3.3.23 .

¢ Calculated according to Lippert-Mataga correlation, Eqn (3.3.28).
f Calculated according to Kawski-Chamma-Viallet correlation, Eqn 1}
8 Calculated according to Bakhshiev correlation, Eqn .
" calculated from Gaussian 9 with i, = 1.4973 and p, = 1.9161D

Table 5.11: Ground state, excited state dipole moments in Debye (D), and onsager cavity radius
'a’ (A), calculated by experimental and theoretical methods of nicotinamide

ing Bilot Kawski method to the values obtained by Gaussian software given by 0.42. As
we observe, the change in dipole moment of the theoretical calculations are greater that
from the experimental results. This is because, the experimental methods takes solvent
and environmental effects in to account. Moreover, from the experimental results, the
obtained values from Lippert-Muataga method is higher than from the other used meth-
ods. This indicates that Lippert-Muataga method is more sensitive to solvent polarity

than the other experimental methods.

5.6.2 Quantum Chemical Calculation

The ground and excited state dipole moments obtained in the gas phase by ab initio
calculation, Gaussian 09 program [211] are given in Table The theoretical values
of yi¢ obtained by quantum chemical calculation in the gas phase are 1.4973 D; and by
solvatochromic methods: experimental, 0.02 D. The corresponding excited-state dipole
moment is also theoretically 1.916 D and experimentally found value is 0.268 D. In the
ground state the theoretical values are slightly higher than the experimental results. This
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is because, first, the dipole moments that are based on charge densities obtained from
eigen functions of the molecular orbital approximations are considerably higher than
the actual experimental dipole moments [243]. The other reason is that the experimental
methods take solvent and environmental effects into account (solute-solvent interaction),

whereas the ab initio calculation gives the values only for a free solid solute molecule.

The other calculated parameters that are very important in quantum chemistry are the
highestoccupiedmolecularorbital — lowestunoccupiedmolecularorbital (HOMO-LUMOQO) en-
ergy gaps of the compound which reflect the chemical activity of the molecules. Both

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are the main orbitals that take part in chemical stability. A molecule with large
gaps is generally stable and unreactive while ones with small gaps are
generally reactive. The band gaps for NIC is 5.566eV. A difference in
electronic distribution was also noticed on the HOMO-LUMO)] molecular orbital plot of
NIC and shown in Fig (5.33). Higher electronic distribution was observed on the
orbital level and confirms that the excited states of the molecules have higher dipole mo-

ment. The obtained results are also similar with the result reported previously [137, 247].
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Chapter E

Conclusions and Recommendation for Future Perspective

6.1 Conclusions

This research constitutes the investigation of the optical transition probabilities and inter-
action of some drugs (NIC, NOMS, NOR and CIP) with biologically active compounds of
coffee beans (CGA and CAF) using spectroscopic techniques. The self assciation, hetero-
association, thermodynamic properties, optical transition properties, the binding of caf-
feine and the effect of solvent polarity of the drugs have been investigated by absorp-
tion and fluorescence spectrophotometer. The spectroscopic methods are simple, fast
and highly sensitive. Moreover, chemicals and equipments to carry out the analysis are

mostly available in moderate equipped laboratories such as ours.

The findings of this research indicates that the molecules of nicotinamide and neomycin
sulfate interacts with themselves due to hydrophobic interaction force, and electrostatic
forces play the major role on the interaction between the molecules of norfloxacin and
ciprofloxacin. It was observed that the molecules of CIP in a water are the most sensitive
to the UV-Vis light absorption as compared to the other drugs. Moreover, the molecules
of nicotinamide and norfloxacin aggregate with chlorogenic acid and caffeine in the so-

lution respectively due to the electrostatic force between the molecules of the drugs.

Similarly, the binding of CAF with NIC was investigated using fluorescence quenching

and UV-vis spectroscopic techniques. From the experimental results, CAF shows a mod-
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erately strong binding with NIC, and electrostatic force played a major role in the binding
reaction. In addition, the quenching process of the binding between the molecules of CAF

and NIC is a static quenching rather than dynamic quenching.

The results of ground and excited state dipole moments of nicotinamide from the solvent
polarity effect on absorption and fluorescence showed that the excited state possesses a
higher dipole moment than ground state. This indicates that the excited state under in-
vestigation of the nicotinamide molecules is more polarized than their ground state and

therefore more sensitive to solvent effect.

The calculated parameters for the self-association, hetero-association and thermodynamic
properties of the drug compound are used for interpreting the study of binding and ki-
netic chemical reaction system of the compound in different systems. The thermody-
namic parameters which are derived from the temperature dependency of the dimeriza-
tion constant, have given insight in to the forces that maintain the dimer structures in the
solution. The optical transition probabilities and dipole moments are useful for under-
standing the nature and strength of its molecular interaction in liquid solutions, in order
to characterize the electron transition probabilities and interpret the absorption spectra
of the compound, for direct experimental application in the emission, absorption and
dispersion, and in providing stringent test of atomic and molecular structure calculation

in theoretical work.

Knowledge of the mechanism of self-association, hetero-association, thermodynamic prop-
erties, solvent effect and optical transition probabilities of the drug compounds are useful
in order to design the advanced efficient and controllable carriers of drugs and food com-
ponents. Therefore, the investigated results will have wider applications in optical char-
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acterization, pharmaceutical drug designing and food companies in terms of economic

and scientific utility.

6.2 Recommendation for Future Perspective

This study has gone some way towards enhancing our understanding of optical prop-
erties of some drugs and their interactions. The research has given rise to the following

recommendations in need of further investigation:

1. extend this investigation to other new established drugs and nano-medicinal drugs
used in therapy,

2. extend the study of the drugs to real time investigations with biological systems,

3. develop more sophisticated model that estimates the multiple drug regimens and

multiple drug interactions, and validating the established predictive model e.t.c.

In addition, the study of drugs on their pharmacokinetics, pharmacodynamics, and drug
interactions is critical for the development of safe and effective therapies and for the pre-
vention of drug toxicities and adverse drug reactions. For future pharmaceutical research
and development, the use of innovative design in conjunction with advanced technology
and/or methodology (spectroscopic techniques of analysis) is encouraged that benefits
pharma technology and food industries. The spectroscopic technologies offer attractive
options for an opportunity to visualize the effects of various drug incompatibility, and

facilitates drug discovery research faster and can open up new applications.

The results of this research will give direction for investigation of some drug properties

(optical transition probabilities and interactions), and we are moving toward the right
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direction and yet there is still a long way to go until we are able to address all of the sci-
entific issues of drug investigations. This will certainly help to elaborate more effective
strategies for the control of the pharmacokinetic and pharmacodynamics activities of the
drugs. It will extend the research to other new established drugs and nano-medicinal
drugs for effective and efficient drug development. Improvement in investigation of the
interaction mechanisms of drug interactions is the most important aspect in the entire
drug development process for safe and effective compounds available to combat human

diseases.
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Appendix

Dimer and Benesi-Hildebrand Model

A.1 Dimer Model

For the case of numerical analysis dimer model was derived by considering the following

molecular equilibrium in solutions[153, 210].
CG+CG <L> @) (A.1.1)

where C; and C; are monomers and dimers of the compounds, respectively and K is the
equilibrium dimerization constant. The overall concentration of the dissolved molecules

in the solution, using the mass conservation law can be written as:
[Co] = [C1] +2[C] (A.1.2)

where [Cy], [C1] and [C;] are the total concentration, the concentration of the monomers

and concentrations of the dimer molecules respectively. where,
[C2] = Kc[Ca)? (A.1.3)

The contribution of the monomer and dimer to the molar extinction coefficient of the

solution is commonly considered to be additive and

€=¢€mfm+€4fa (A.1.4)
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where €, ¢4, fn and f; are molar monomer extinction coefficients, molar dimer extinction
coefficients, equilibrium mole fraction of the molecules in the monomer concentration

and equilibrium mole fraction of the molecules in the dimer concentration, respectively.

The concentration can be derived from the mass conservation law given in Eqn (A.1.2)

by substituting on the account of Eqn (A.1.4). Thus, we obtain,

1— \/8[Co]Kc + 1

TGIK (A.1.5)

e=¢e;+ (¢4 — €m)

In Eqn (A.1.5), there are three unknown parameters ¢4, €,; and K¢ which can be obtained

from fitting dimer model equation to the experimental data of the compounds.

A.2 Benesi-Hildebrand Model

In order to analyse hetero-association parameters, the Benesi-Hildebrand equation was

used. The equilibrium constant for the complex formation Kg, is given by:

C+D «E D (A2.1)

From Eqn (A.2.1), the equilibrium constant for the complex formation K can be defined

as:

(A.2.2)

where [C], [D], and [CD] are the equilibrium concentrations of CGA/CAF, NIC/NOR,
and association of NIC-CGA /NOR-CAEF, respectively. The initial concentration of NIC/NOR

and CGA /CAF is designated as:
[Do] = [D] + [CD] (A.2.3)
[Co] = [C] + [CD] (A.2.4)
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Substituting Eqns (A.2.3|and |A.2.4) into Eqn (A.2.2) gives,

[CD]

Ke = {[GT = [CD)).((Do] - [CD))

(A.2.5)

where [Cy] and [Dy] are the initial concentrations of CGA/CAF and NIC/NOR respec-

tively.If [C] >> [D], then [Cy] — [CD] =~ [Cp]. So, Eqn (A.2.5) can be written as,

[CD]
Kg = (A.2.6)
* " [Gol([Do] - [CD])
After re-arranging Eqn (A.2.6), we have
Kg[Co].[Do]
CD| = —————~ A27
€DI=7 + Kg[Co (A:27)
The absorbance (A) for concentration [CD] according to Beers law is
KE[Co].[Do]
= = _— A.2-
A =¢l[CD] =l T+ Kz[Col (A.2.8)

By re-arranging Eqn (A.2.8), and when the path length ! of the cuvette is 1cm, Eqn (A.2.8)

can be written in the form of Benesi-Hildebrand equation as:

[Do] 1 1 1
i A29
A et eKg [Co] ( )
The plot of (Do Vs - gives a straight line with y-intercept 1 and slope —=. Thus, the
P A [Co] & & y Pt ¢ P€ x;

equilibrium constant and molar absorption extinction coefficient can be calculated by

titting Eqn (A.2.9) to experimental data of the compounds.
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