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ABSTRACT

Levofloxacin (LVF) and Norfloxacin (NRF) are among groups of fluoroguinolone antibiotics,
broad-spectrum used to treat various infections caused by many bacterial species. The drugs
contain functional groups which control the type and degree of interaction with different
solvents. In this research, the effects of solvent polarity on LVF and NRF drugs were
determined using spectroscopic and computational work to realise change in electronic
properties and geometrical structure of the drugs. The results indicated that, the emission
spectra are more strongly affected by solvent polarity than the absorption spectra. The
calculated excited state dipole moment is larger than that of the ground state dipole moment
which indicate the probe compounds are significantly more polarized in the excited state than
in the ground state. From computational work, the HOMO-LUMO energy bandgap, the dipole
moments, electron charge density distribution, and oscillator strength were determined using
the semi-empirical MP6 method, DFT-B3LYP-3-21G, and DFT-B3LYP-6-31G employing
Gaussian 09 software. Large dipole moments were obtained by computational method than
experimental results due to the absence of solvent effects in computational methods. In
addition, the effects of solvents and concentrations on the photophysical properties of LVF and
NRF were investigated using UV/Vis absorption and fluorescence spectroscopic techniques.
The results indicate that, the quantum yields, fluorescence life time, rate of radiative, and non-
radiative decay of the drugs were affected by solvent polarity and concentration of the sample.
Also, the binding interaction mechanism of LVF-Caffeine and NRF-Caffeine were determined
using fluorescence quenching method. From fluorescence quenching spectral analysis, the

quenching rate constant(k,), binding constant(k,), and thermodynamic parameters were

determined in different temperatures. The result obtained indicates that the binding between
the drugs and Caffeine occurs spontaneously in which electrostatic force in LVF-CF, hydrogen
and Van der Waals force in NRF-CF, play major role in the reaction.

Keywords: Levofloxacin, Norfloxacin, Solvatochromic, Photophysical properties, quenching,
Dipole moments, and DFT
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1. INTRODUCTION

1.1. Background

Levofloxacin (LVF) and Norfloxacin (NRF) are antibiotics active against Gram-negative and
Gram-positive bacteria. The drugs contain several proton binding sites such as carboxyl,
carbonyl and amino groups ( Sharma et al., 2009). Different studies indicated that the polarity
parameters of a drug originated from its chemical structure and functional groups attached to
the compound (Kian et al., 2019). Due to these properties, the physical and chemical behaviour
of the drugs are altered in solvents (Sarkdzy, 2001; Viola et al., 2007). The functional groups
that exist in drugs are control the type and degree of interaction with solvents (Kian et al., 2020;
Kian, et al., 2017b). It was also observed that due to these functional groups the antibacterial
activity of the drugs are pH dependent (Prabodh Chander Sharma et al., 2009; Viola et al.,
2004). Hence, studying the interaction of solvents with drugs is important for biological
applications and to get information about change in electronic distribution upon excitation
(Siddlingeshwar et al., 2011).

Investigating the photophysical properties of biologically active compounds are receiving great
interest from researchers. The photophysical properties are important to understand the
electronic properties and geometrical structures of the drug molecules (Garcia et al., 2005).
The biological activities of the molecules basically depend on their molecular structures.
Investigation of the photophysical properties also assists in observing different biochemical
interaction through which a drug substance produces its pharmacological effect in different
micro environments ( Gongalves, 2021; Sharma et al., 2021a). Previously, the photophysical
properties of various drugs were reported for quinine (Mallick et al., 2016), Ciprofloxacin
(Boraste et al., 2018), Folic acid (Khadem Sadigh et al., 2016), Naproxen (Miotke &

Jozefowicz, 2017), Deoxyribonucleic acid (Meena & Kishore, 2021) and many more.

Further, the effects of solvent media on the photophysical properties of different drug such as
Vitamin A (Kian et al., 2015), Vitamin B (Zakerhamidi et al., 2017), Triarlymethane (Kian, et
al., 2017), and Folate derivatives (Khadem Sadigh et al., 2017), were investigated using
different spectroscopic techniques. The results of the study indicated that the general solvent
effect due to relative permittivity and refractive index and specific due to hydrogen bonding

and intermolecular charge transfer were observed between the drugs and solvents. As the



solvents polarity changes, shifts of the absorption and emission peaks are observed and result
in change in the dipole moments due to the effect of the solvent’s polarity (Gulseven Sidir,
2015; Thiaré et al., 2015). Estimating the ground and excited state dipole moments of drugs
from solvatochromic effects and computational work has also great importance to reveal
information concerning the electronic and geometrical structures of these drug molecules
(Desai et al., 2016; Kian et al., 2019). It also reflects the charge distribution in the molecule
and is useful in parameterization in quantum chemical procedures (Raikar et al., 2006). The
biological activities of the molecules are mainly depending on their molecular structures. This
can be obtained from ground and excited-state dipole moments. A small change of the dipole
moments and molecular structure may cause different biological activities related to the drug,

making the dipole moments important measurable properties of drugs (Sidir, 2011).

Caffeine is one of the most pharmacologically active compound found in coffee beans, and tea
leaves (Willson, 2018). It acts as a central nervous system stimulant. It is a common ingredient
in medications to treat or manage drowsiness, headaches, and migraines. Recent study
indicated it’s safe for most healthy adults to consume up to 400 milligrams of caffeine per day
(Nawrot et al., 2003).

Studying the interactions between drugs and caffeine from the level of molecules enable us to
understand effects of caffeine on drugs and to provide valuable information of drugs design
and development. Caffeine can enhance the effectiveness of the drug as it can reduce the
adverse effects of antidepressants (Camarasa et al., 2006). In contrast, interaction of caffeine
and drug causes some idiosyncratic reaction in the body. Previous study on the interaction of
caffeine and ecstasy drugs on rat results in increased heart rate, hyperthermia, and mortality
(Camarasa et al., 2006; Downey et al., 2014). It may also cause binding with other endogenous
and/or exogenous ligands as a result of overlap of binding sites and/or conformational changes
(Chirasani et al., 2021). Therefore, studying the interaction of drugs with caffeine is highly
important since caffeine interaction make a complex with different drugs and influence the
drug pharmacodynamics and pharmacokinetic properties (Kokiashvili et al., 2012; Mrkali¢ et
al., 2021). Previously, the interaction of LVF and NRF with divalent toxic metal ion (Mohd et
al., 2010), Humic acid (Ferrie et al., 2017), P-acetyl aminophenol, Aspirin, and Ibuprofen
(Wang et al., 2020) were studied.

Several analytical methods have been used to qualitatively and quantitatively study the binding

of organic ligands including drugs-drug binding, and fatty acids to proteins such as serum



albumin. Traditional methods including equilibrium dialysis and surface tension (MacManus-
Spencer et al., 2010) were used. But, more recent studies have used calorimeter (Tardioli et al.,
2010) mass spectrometry (Han et al., 2003) absorbance and fluorescence spectroscopy
(Tardioli et al., 2010) ion-selective electrodes, (Messina et al., 2005) potential measurements,
(Malik, 2015) and NMR spectroscopy (Khazaee et al., 2021; MacManus-Spencer et al., 2010;
Sauter et al., 1989). Among these, absorption and fluorescence spectroscopy are powerful
techniques for the study of the reactivity of chemical and biological systems ( Li et al., 2005).
These spectroscopic techniques are very useful for the calculation of binding parameters of
drug with other molecules interactions (MacManus-Spencer et al., 2010). The spectral changes
observed on the binding of drugs with another molecules are an important tool for the
investigations of the topology of binding sites, conformational changes, and characterization
of substrate to ligand binding (Lakowicz, 2006).

Overall dissertation work was structurally organized as follows. Following the introduction,
under Chapter 2, fluoroquinolone concepts, mechanism of drug action and resistance,
photophysical properties and solvent polarity effects and the effects of caffeine on
pharmacokinetic properties of some of the previously studied drugs were discussed. In
addition, concepts and theories necessary for a good understanding of the light matter
interaction were also presented. The phenomena of fluorescence such as photophysical
properties, general and specific solute solvents interactions, theory of fluorescence quenching
and the theoretical background of quantum chemical calculation used in density functional
theory were also discussed under this chapter.

Chapter 3, is dedicated to the description of the materials and methods. In the first section,
chemicals and solvents to carry out the research are discussed. In addition, how instruments
such as UV-vis absorption, fluorescence, and FTIR spectroscopy used to characterize the
samples are presented. The second section includes procedures utilized in this work, as well as
the methods of data treatment and analysis. Finally, in section three the quantum chemical
calculation methods are briefly presented.

In Chapter 4, results and discussions of the dissertation were presented. First section deals with
effects of solvent polarity on absorption and emission spectra of Levofloxacin and Norfloxacin
drugs, evaluation of dipole moments, and quantum chemical calculations of the drugs in
different environments were discussed. Under the second section, the photophysical
properties, the effects of solvents polarity and sample concentration were discussed. In



addition, in this section the optical transition probability of LVF and NRF were presented.
Fluorescence quenching of LVF and NRF by caffeine, nature of binding force between drugs
and caffeine, UV/vis absorption spectroscopy study and Fourier transform infrared
spectroscopy of the LVF and NRF drugs interaction with caffeine were presented in last section

of this chapter.

Finally, the conclusion, recommendations and future work of the overall work was discussed

under chapter 5.

1.2. Statement of the Problem

Levofloxacin and Norfloxacin are a broad medicinal spectrum and flourescent antibiotic drugs
usually prescribed for many deases. Currently, investigating the solvent polarity effects and
photophysical properties of flourescent drugs through spectrscopic method is exciting research
field. Solvatochromic study gives information such as drug structural change, rearrangement
of drug molecules around solvents molecules, changes that occur in dipole moments at the
ground and excited states, and appropriate electronic transition energies between the ground
and the excited states. Photophysical properties also provide extensive information about
electronic properties and phototoxicity of drugs. In addition, probing the interaction between
caffeine and drug is useful in understanding of pharmacology of the drugs, effectiveness,

distribution, and their metabolism activities.

So far, the photophysical properties of drugs in different pH condition, bio-mimicking
environments formed by bile salts, in solvents with different polarities were studied. But, to
the best of our knowledge, Norfloxacin and Levofloxacin antimicrobial drugs solvatochromic
effect study for determination of dipole moment of a molecule on the ground and exited states
were not investigated experimentally and computationally. Drugs’ photophysical properties
(quantum vyield, life time, oscillator strength, transition dipole moments, and Einstein
coefficients) in different solvents and concentration were also not investigated yet. In addition,
the interaction mechanism of Levofloxacin and Norfloxacin antibiotic drugs with caffeine
through fluorescence quenching to determine the binding constants and binding sites, and

thermodynamic parameters were not studied.

Therefore, this research investigated the solvatochromic effect of LVF and NRF in polar and
nonpolar solvents and determined the ground and excited states dipole moments of the drugs
experimentally and theoretically. The study also provides the effects of solvent polarity and



concentration on photophysical properties of LVF and NRF drugs. In addition, the
investigation provides information about the interaction of LVF and NRF drugs binding
mechanism with Caffeine using fluorescence quenching and UV/Vis absorption methods.

From fluorescence quenching spectra, the quenching rate constant (k,) binding constant (k, )

and thermodynamic parameters are determined in different temperatures.

1.3. Objectives
1.3.1. General Objective

The general objective of this research is to study solvatochromic effects and
photophysical properties of Levofloxacin and Norfloxacin drugs and their fluorescence

guenching mechanism with Caffeine using spectroscopic and computational methods.

1.3.2. Specific Objectives

The specific objectives of this research are to:

+ Identify the effects of solvent polarity on the absorption and emission spectra of
Levofloxacin and Norfloxacin drugs.

+ Estimate the ground and excited-state dipole moments of Levofloxacin and Norfloxacin
drugs using solvatochromic effects and computational work.

+ Determine the HOMO-LUMO energy band gap of Levofloxacin and Norfloxacin
compounds using computational techniques.

+ Determine the photophysical properties and optical transition strength of Levofloxacin
and Norfloxacin drugs in different solvent polarity and concentration.

+ ldentify interaction mechanism of Levofloxacin and Norfloxacin antibiotic drugs with

Caffeine using fluorescence quenching and UV/Vis absorption spectra.
1.4. Significance of the Study

Inside human body, solvents such as water, and dimethylsulfoxide and chemicals like,
hydrochloric acids, and bilesalts naturally exist. When we take drugs, different micro
enviroment such as solvent polarity, pH condition, and temperature affects the structure and
electronic properties of drugs which can affects the efiicicency of the drugs and raise drug
toxicity. In addition in our life practice, it is very common that drugs are administered
simultaneously with caffeine sources such as tea and coffee. More of antibiotics are more
frequently used than other drugs and the risk of interactions at the level of binding to caffeine

is much higher. Therefore, there is great clinical interest in understanding the binding of
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different drugs to caffeine and the effects of fluoroquinolones and other competitors on this

binding. Therefore, from this study, the following unique advantages have been summarized.

The finding of the study of solvatochromic and photophysical properties of LVF and
NRF antibiotic drugs provides detail understanding of what happened to the electronic
properties, and the geomtrical structure of these drugs in different solvent polarity and
drug concentration. These have incredible advantages since biological actions of the
molecules are fundamentally depend on their molecular structures. Investigation of
these properties also supports in noting diverse biochemical interaction through which
a drug substance produces its pharmacological outcome in different micro
environments.

The computational investigation of HOMO-LUMO energy band gap, dipole moments
and electrostatic potential map of the LVF and NRF are also highly valuable to identify
the stability or the reactivity of the drugs and determine the site of attack due to
photochemical reactions.

Investigation of LVF-Caffeine and NRF-Caffeine interaction mechanism through
fluorescence quenching also highly importants to understand the presence of reaction
or complex formation between the caffene and drugs. Complex formation between the
drug and caffeine affects the pharmacokinetic properties of the drugs.

Hence, based on the significance of the investigation of solvatochromic and photophysical

properties of LVF and NRF and their interaction mechanism with caffeine, this research will

expected

To put a platform for researchers and post graduate students to apply on other drugs.
The study would be helpful for pharmaceutical drugs industries to consider the findings
during drug designing.

Enables to identify the electrophilic and nucleophilic regions attacked during

photochemical reactions.

1.5. Scope of the Study

The study covered the effect of solvent polarity on LVF and NRF antibiotic drugs and their

photophysical properties in different solvents and sample concentration. The main focus of this

investigation was to observe the effects of solvent polarity on absorption and emission spectra

of the drugs, evaluate the ground and excited state dipole moments, optical transition



probability of LVF and NRF in different solvents. The photophysical properties study was done
in different solvent polarity and sample concentrations. To support the experimental
investigation, theoretical study was focused to obtain the optimized structure, the transition
dipole moments, oscillator strength, and HOMO-LUMO energy band gaps. This research also
includes investigation of interaction mechanism between LVF-CF and NRF-CF to identify the
quenching mechanism of LVF-CF and NRF-CF and determination of the binding site and

binding constant and thermodynamic parameters and nature of binding force.



2. LITERATURE REVIEW

This chapter deals with the literature review associated to the fluoroquinolones, their
mechanism of action and resistance, photophysical properties, and solvent-drug interactions.
The discussion started with the fluoroquinolones effectiveness in preventing different bacteria
related diseases, mechanism by which these drugs kill bacteria and how the bacteria develops
resistance to the fluoroquinolones drug. Moreover, the photophysical properties and solvent
effects on various drugs previously studied and information it provides for the pharmaceutical
development of drugs were discussed. In addition, review related to caffeine, its interaction
with several drugs, effects of caffeine-drug interaction on pharmacokinetic properties such as

drug adsorption, metabolic activities, drug distribution, and excretion are involved.

The chapter also deals with basic considerations of the interaction of light with matter by
classical and semi-classical theory. The basic idea of electromagnetic theory, Maxwell’s
equations and wave equation in isotropic media are discussed using classical electromagnetic
theory to show the various optical phenomena exhibited by medium in the first two section. In
the next section the light interaction with molecular system in the ground and excited state
briefly discussed. The time dependent Schrodinger equation has been solved to relate, the
theoretical expressions that are important in UV-Vis spectroscopy. In addition, theory behind
the photophysical parameters, general and specific solute-solvent interaction and fluorescence
quenching due to molecules interaction obtained from fluorescence measurements are
discussed. The theoretical concept behind the computational methods to model the structure

and properties of molecules are also offered under this chapter.

2.1. Fluoroquinolones, Mechanism of Action, and Resistance

2.1.1. Fluoroguinolones

Fluoroquinolone (FQ) are derived from the quinolone family of antibiotics (Marquez-Lazaro
et al., 2021; Matchette et al., 2007). They differ from quinolones by the replacement of the
eighth carbon atom of the backbone with a nitrogen atom and the addition of a fluorine atom
at the sixth position that give them more potent antibiotic action and a broader spectrum of
activity (Redgrave et al., 2014). All compounds of FQs contain the oxygen at C-4 and
carboxylic acid side chain at C-3, both of which have now been found to be essential to
antibacterial activity of the drugs (Chuang et al., 2020).



FQs are drugs widely prescribed as antibiotic because they are effective to prevent and treat
infection diseases. The drugs have broad medicinal spectrum antibacterial activity, strong
tissue penetration and produce few adverse reactions (Marquez-Léazaro et al., 2021; Matchette
et al., 2007). These antibiotics have excellent potency for the treatment of various bacterial
infections such as upper and lower respiratory infections, sexually transmitted diseases, and
some skin, bone, soft tissue infections and community acquired pneumonia (Fish, 2001; Viola
et al., 2004). Besides their classical anti-bacterial activities, FQs also display diverse typical
biological profiles such as anti-cancer (Sharma et al., 2020), anti-tubercular (Stojanovi¢ et al.,
2020), anti-malarial (Matchette et al., 2007), and anti-HIV (Sekgota et al., 2017) properties that
play a pivotal role in the development of new drugs. They also provide side effects including
gastrointestinal reactions, central nervous system reactions, Geno toxicity, photo-toxicity, and
some minor adverse effects (Sarkdzy, 2001).

The fluoroquinolone drugs Levofloxacin and Norfloxacin Figure 1(a) and 1(b) respectively are
among the famous fluoroquinolone drugs frequently prescribed for patients. They also contain
a carboxylic acid that required for antimicrobial activity (Park et al., 2002). A fluorine atom at
position 6 on those drugs carboxylic acid nucleus enhances the efficacy of these compounds
against gram-negative pathogens and broadens the spectrum of activity against gram-positive
pathogens. A basic nitrogen containing moiety enhances tissue penetration and reduces the

central nervous system toxicity (Sarkdzy, 2001).
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Figure 1. Chemical structure of (a) Levofloxacin and (b) Norfloxacin.

2.1.2. Fluoroquinolones Drugs Mechanism of Action and Resistance

LVF and NRF drugs inhabit bacteria by stopping two enzymes involved in bacterial DNA
synthesis, both of which are DNA topoisomerases that human cells lack. They are essential for
bacterial DNA replication, and thus enabling these agents to be both specific and bactericidal
(Fabrega et al., 2009; Sarkdzy, 2001). DNA topoisomerases are responsible for separating the



strands of duplex bacterial DNA, inserting another strand of DNA through the break, and then
resealing the originally separated strand (Fabrega et al., 2009; Sharma et al., 2020). DNA
gyrase is an enzyme found only in bacteria and it introduces negative super helical twists in the
bacterial DNA double helix ahead of the replication, thereby catalysing the separation of
daughter chromosomes. (Fabrega et al., 2009; Sharma et al., 2020). Whereas, Topoisomerase
IV enzyme is responsible for decantation that is, removing the inter linking of daughter
chromosomes, thereby allowing segregation into two daughter cells at the end of a round of
replication (Fabrega et al., 2009; Karampela & Dalamaga, 2020).

LVF and NRF are interact with the DNA gyrase and topoisomerase 1V of bacteria to create
conformational changes that result in the inhibition of normal enzyme activity (Gao et al.,
2019). As a result, the new drug-enzyme DNA complex blocks progression of the replication
fork, thereby inhibiting normal bacterial DNA synthesis and ultimately resulting in rapid
bacterial cell death (Sharma et al., 2009). The targeting of either DNA gyrase or topoisomerase
IV fluoroquinolones varies with bacterial species and specific fluoroquinolone. However, as a
broad generalization, the significant target in Gram-negative bacteria is DNA gyrase, whereas
in Gram-positive microorganisms topoisomerase IV is preferentially targeted (Sissi et al.,
2001). When either DNA gyrase or topoisomerase IV induces transient double-strand DNA
breaks, they first bind covalently to the DNA to form enzyme-DNA complexes before breaking
the bound DNA, passing another segment of DNA through this break, and re-joining the
original DNA segment (Aldred et al., 2013; Jeffrey, 2014). When a fluoroquinolone drugs are
present, the complex is transformed into a drug-enzyme-DNA complex in which the
topoisomerase is trapped with the bound DNA (Hooper, 2001; Mohd et al., 2010).

Antibiotic resistance is one of the most pressing global concerns in medicine, with highly
resistant pathogens of many species proving difficult to treat (Redgrave et al., 2014).
Fluoroquinolone resistance develops through two main mechanisms: changes in the drug target
enzymes and in access to the drug target enzymes. Alterations in the drug target enzymes may
be sub-classified as mutations in DNA gyrase and mutations in topoisomerase IV (Hooper &
Jacoby, 2015). These mutations differ among the bacterial types in terms of their relative
impact on fluoroquinolone resistance development (Fabrega et al., 2009; Sarkozy, 2001).
Alterations in DNA gyrase occur most commonly in fluoroquinolone resistant Gram-negative
bacteria and may affect either the gyrase A or gyrase B subunits (Hooper, 2001; Redgrave et
al., 2014). Mutations in the gyrase A subunit tend to cluster in a region known as the quinolone

resistance determining region (Tanaka, 1983). The most common mutations in this region are
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believed to cause resistance through decreased drug affinity for the altered gyrase-DNA
complex. Gyrase B mutations occur less commonly than gyrase A mutations(Hooper, 2001).
Alterations in gyrase B also tend to confer lower levels of resistance than do gyrase A mutations
(Fabrega et al., 2009; Hooper & Jacoby, 2015; Tanaka, 1983).

DNA gyrase mutations both in the gyrase A and gyrase B subunits, also occur in Gram-positive
bacteria; however, as DNA gyrase typically serves as a secondary target to topoisomerase 1V
in these bacterial species, the relative importance of these mutations is questionable (Fabrega
et al., 2009; Tanaka, 1983). DNA gyrase appears to be the primary target for Gatifloxacin and
Moxifloxacin in pneumonia (Lorenzo et al., 2009; Tanaka, 1983). Furthermore, in
fluoroquinolone resistant Gram-positive bacteria, alterations in either subunit of DNA gyrase
have typically been found only in the presence of concomitant topoisomerase IV mutations.
Topoisomerase 1V mutations have been most extensively studied in fluoroquinolone resistant

Gram-positive bacteria (Hooper & Jacoby, 2015; Tanaka, 1983).

2.2. Fluoroquinolone Photophysical Properties

In addition to their pharmaceutical applications as antibacterial agents, FQs are also fluorescent
drugs that have also been used as luminescent probes for various analytical and bioanalytical
purposes (Sciscenko et al., 2021). These enable us to understand and examine photophysical
properties of the drugs which can provide the electronic properties, geometrical structure, and
the mechanism of reaction of these drugs with light (Desai et al., 2016; Kian et al., 2019).
Photophysical properties of FQs have been also extensively studied over the last decade partly
because of the discovery of photophysical properties provide information about drugs structural

change, and their photo toxicity properties (Kian et al., 2019).

Due to its intrinsic fluorescence photophysical properties, Norfloxacin photophysical
properties have been comprehensively studied in different pH conditions. As the study
confirms, the change in photophysical properties of NRF observed because of the
intramolecular charge transfer (ICT) process taking place from the nitrogen on piperazinyl ring
to the aromatic fluorogulinone system (Lorenzo et al., 2008; H. Zhang et al., 2019). The
photophysical properties of antibacterial drug Moxifloxacin (Lorenzo et al., 2008; Viola et al.,
2004), Danofloxacin (Ma, 2018) and Sarafloxacin antibiotic (Li et al., 2012) are also
investigated. All investigation indicates the dipole moment, quantum yield, Oscillator strength
of the drugs are varied in different environments. Change in those photophysical properties of

the drug molecules indicates the structural change of the molecules that can bring side effects,

11



affects the effectiveness of the drugs and can reveal complex formation (Li et al., 2012;
Lorenzo et al., 2009).

In addition, antibiotic fluoroquinolone drug namely Norfloxacin and Ofloxacin photophysical
properties have been investigated in bio mimicking environments formed by bile salts. As the
study indicates, the photophysical enhancement and fall of particular species are sensitive to
the excitation wave length in bile salt aggregates (Park et al., 2002; Thakur et al., 2012).
Recently, the photophysical properties of Ciprofloxacin in some amino acids was also studied
by fluorescence spectroscopy and result shows the drug is intrinsically a highly fluorescent
molecule, its photophysical properties are altered by acid as compared to aqueous solution
(Paul et al., 2017; Polishchuk et al., 2012).

2.3. Solvent Drug Interaction

The effect of solvent on the absorption and fluorescence characteristics of drug molecules has
been a subject of extensive research (Raikar et al., 2006). Excitation of a molecule by photon
causes a redistribution of charges leading to conformational changes in the excited state. This
can result in increase or decrease of dipole moment of the excited state as compared to ground
state. The dipole moment of an electronically excited state of a molecule is important property
that provides information on the electronic and geometrical structure of the molecule in short
lived state. Knowledge of the excited-state dipole moment of electronically excited molecules
is quite useful in designing nonlinear optical materials (Khadem Sadigh et al., 2017),
elucidating the nature of the excited states and in determining the course of photochemical

transformation ( Kumar et al., 2001; Sharma et al., 2021a).

Moreover, the interactions between drug molecules and their surrounding media are important
in biological applications. In biological systems, drugs interact with media like aqueous
solution, acids, molecules such as proteins and other externally taken beverages. The type and
degree of interactions are controlled by functional groups of the drugs (Zakerhamidi et al.,
2017). 1t should be noted that, the polarity parameters of drug materials originate from their
chemical structure, activity of functional groups in the molecular structure and the type of
molecular interactions (Kumari et al., 2017). The functional groups activity and applicability
of drug based on the molecular structure change and interactions with environments. The
conventional analysis methods provide information about the structure of the material, but the
polarity parameters can provide valuable information about the chemical structure and

interactional behaviour of functional groups of drug material (Kian et al., 2019).
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The chemical structure of FQs contains several proton binding sites such as carboxyl, carbonyl
and amine groups. As a result of those functional groups, the acid-base properties of FQs are
influenced by physicochemical characteristics of the solvents (De Guidi et al., 2011). Study
report shows FQs and Naphthyridones provide completely different antibacterial responses and
chemical properties as the physicochemical properties of solvents are changed (Rubinstein,
2001). For these matter the behaviour of Ciprofloxacin in different solvents were studied and
the result specifies that the drug molecule absorption and emission spectra has been show a
bathochromic shift and the excited state energy can be highly reduced or relaxed by the polar
solvent molecules (Alizadeh et al., 2012). In addition, the fluorescence properties of Ofloxacin,
and Norfloxacin were studied in H2O-CH3OH (methanol) and H2O-CH3CN (acetonitrile)
mixed solvent and the result shows the drugs were very sensitive to the solvents (Cuquerella et
al., 2006). The spectral shift is indication of geometrical structural change of the drugs.

2.4. Caffeine and its Interaction with Different Drugs

Caffeine (1, 3, 7-trimethylxanthine) from dietary sources mainly coffee, tea and soft drink is
probably human kind most widely consumed drug. It is naturally found in leaves, seeds or fruits
of 63 plant species (Carrillo & Benitez, 2000). The intake of caffeine is so much a part of
dietary habits that one occasionally looks at its consumption as a health concern. The popularity
of caffeine is related to central nervous system stimulant properties, which are manifested as
elevated mood, decreased fatigue and increased capacity for work (Benvenga et al., 2008;
Vanattou Saifoudine et al., 2012). Consuming about 400 mg of caffeine (accounts for 2 to 3
cups of coffee) per day is considered safe as reported by the US Department of Agriculture as
well as the European Food Safety Authority (Nawrot et al., 2003).

Caffeine (Figure 2) can interact with drug and may make our drug less effective, cause
unexpected side effects or increase the action of a particular drug. Some drug interactions can
even be harmful (Lasswell et al., 1984; Vanattou Saifoudine et al., 2012). Previous infrared
radiation (IR) investigation of caffeine interaction with non-steroidal anti-inflammatory drugs
such as Ibuprofen, Aspirin, Paracetamol and indomethacin shows complex formation between
the molecules that can influence the pharmacodynamics properties of the drugs (Constantinos,
2022, Khalil, 1996). In addition, an experimental and computational investigation of Caffeine
interaction with sulfamethoxazole drugs clearly indicates the complex formation between the
molecules (Kesimili, et al., 2003).
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Figure 2. Chemical structure of caffeine

The consumption of caffeinated beverages whether it be in the form of energy drinks, diet
drinks or coffee is almost popular and often perceived as harmless by patients. However, recent
investigation on Caffeine-clozapine interaction shows the interaction provide toxicity (Yartsev
& Peisah, 2021). The Toxicity or effects of the drug-Caffeine interaction are mainly because
of the pharmacokinetic properties of the drug altered. Although tolerance develops many of the
pharmacological effects of caffeine, tolerance may be overwhelmed by the nonlinear
accumulation of caffeine when its metabolism becomes saturated (Carrillo & Benitez, 2000;
Yartsev & Peisah, 2021). The following sections summarize how the interaction of the drug

and caffeine affects the pharmacokinetic properties of the drugs.

2.4.1. Effect of Caffeine on Pharmacokinetics of Drugs

Caffeine is the most known compound which has a pharmacokinetic interaction with many
drugs (Krishna et al., 2013; Persky, 2005). Patients as well as healthy people throughout the
world are starting and finishing their days with cups of coffee, tea and other source of caffeine.
Even though caffeine has many profits to our body, there is also a clinically significant
pharmacokinetic interaction between caffeine and many important over the counter as well as
prescription medications (Carrillo & Benitez, 2000). The pharmacokinetics of drugs can be
affected via different mechanisms such as altering the absorption, distribution, excretion, and

induction or inhibition of metabolizing enzymes (Belayneh & Molla, 2020).

2.4.2. The Effect of Caffeine on Absorption of Drugs

Caffeine can affect the absorption process of drugs by changing the dissolution profile,
changing the gastrointestinal (GI) pH, affecting the sink condition of the GI membrane and
blood, affecting the GI emptying time, formation of complex, and inhibiting glucose-6-
phosphatase. Caffeine interacts with different drugs by a dipole-dipole force or hydrogen
bonding between the polarized carbonyl groups of caffeine and the hydrogen atom of

drugs(Carrillo & Benitez, 2000; Krishna et al., 2013). It forms more soluble complexes with
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several drugs which have organic acid anions. But, sometimes less soluble complexes of drugs
with some other organic acids are formed. Caffeine forms hydrogen bonded complexes with
various drugs which have a proton donor functional group: phenol, phenol | derivatives, and
aliphatic alcohols. For instance, with the addition of caffeine, the solubility of p-amino benzoic

acid rises linearly due to complexation (Fukasawa et al., 2006).

Coffee and other caffeine containing products are found to interfere with the pharmacokinetic
profile of citalopram oxalate (selective serotonin reuptake inhibitor). The in vitro and in vivo
study on the release showed that the absorption of citalopram oxalate decreased by the
formation of complexes between the drug and caffeine. This complex formation reduced the
bioavailability of citalopram oxalate tablets by 33.15% (in vitro) and 28% (in vivo) by
decreasing the dissolution of the citalopram tablet (Krishna et al., 2013). Another in vitro
investigation report revealed that, the reduction in effectiveness of neuroleptics and tricyclic
drugs as a result of their interaction with caffeine/caffeinated beverages (Lasswell et al., 1984).
The intestinal absorption of both inorganic and organic compounds could be decreased by
caffeine. For instance, about 39 - 90% of iron absorption is reduced when a cup of coffee as
well as other caffeinated beverages is taken with an iron rich meal (Garcia-Casal et al., 1998).
Due to this, coffee and other beverages containing caffeine should be separated from iron-

containing foods or supplements (Fukasawa et al., 2006).

Caffeine is also a known stimulant of gastric acid secretion by activating several taste type 2
bitter receptors (TAS2Rs) due to its bitter taste. This leads to a decrease in the gastric pH by
increasing the hydrochloric acid secretion (Liszt et al., 2017). The production of excess
hydrochloric acid in the stomach can affect the extent of drug absorption through acid
degradation of the drug, conversion of the drug substance into an insoluble form, and by
altering the drug’s rate of dissolution (Wendl et al., 1994).

The rate of drug degradation by the acid catalysed process is pH dependent, thus, a little change
in pH can have a great impact on the amount of drug that survives gastric transit. In addition to
its acidic nature, caffeine also stimulates the hyper secretion of hydrochloric acid in the
stomach. As a result, this highly acidic stomach contents are easily passed into the small
intestine more rapidly than normal. This may lead to a decrease in the pH of the intestinal
environment which affects the absorption of several basic drugs (Nehlig, 2022). For example,
a drop of one pH unit reduces the amount of active midazolam drug by 75% after drinking two
to three cups of coffee. Generally, increased gastric acid secretions in the stomach results in
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faster dissolution of basic drugs which makes the absorption rate of such drugs by twenty times
faster (Liszt et al., 2017).

2.4.3. The Effect of Caffeine on Distribution of Drugs

After absorption from different sites of administration directly into the bloods stream, a drug
distributes into the interstitial and intracellular fluids of the whole body part. This process
involves passing of a number of physiological barriers which partly depends on
physicochemical properties of the individual drugs (Liguori et al., 1997; Schmidt &
Fanchamps, 1974). The most important physiological factors which affect drug distribution are
blood tissue partitioning and availability of different barriers which prevent the distribution of
drugs (Gilman’s, 1985; Schmidt & Fanchamps, 1974). Blood-tissue partitioning refers to the
relative binding ability of a drug to plasma proteins and tissue macromolecules that limits the
concentration of free drug. Blood-brain barrier (BBB)is the most common barrier affects drug
distribution to the central nervous system(Granados-Soto et al., 2011).

Previous study revealed that caffeine protects the BBB breakdown by keeping the expression
levels of tight junction proteins. These proteins bind the cells of the BBB closely to each other
to avoid unwanted molecules, even extremely lipophilic drugs, crossing into the central
nervous system (Tran & Yijun Zhang, 2015; Weiser & Weigmann, 2019). The stabilization of
BBB by caffeine has great implications during therapeutic interventions of neurological
disorders in two ways. First, caffeine can prevent the opening of the BBB which might hinder
the passage of important drugs into CNS including drugs with high lipophilic nature(Tran &
Yijun Zhang, 2015; Willson, 2018). On the other hand, coffee can prevent the passage of
different toxic substances to CNS by strengthening the junction of the BBB. Because of this, it
is important to limit ingestion of coffee by patients taking drugs acting in the CNS; for instance,

drugs used for Alzheimer treatment such as donepezil (Tran & Yijun Zhang, 2015).

2.4.4. The Effect of Caffeine on Metabolism of Drugs

Enzymes (mostly liver enzymes) that are secreted over time to protect the body from exogenous
chemicals are responsible for most of drug metabolism reactions (Schmidt & Fanchamps,
1974). The metabolites are mostly less pharmacologically active or generally inert.
Metabolism also usually makes the drugs more water soluble so that they can be easily excreted
(Franklin, 2003). Coffee is one of the factors which affect drug metabolism by affecting

metabolizing enzymes in different ways(Das et al., 2019; Granados-Soto et al., 2011).
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The dominant and most abundant enzyme that is responsible of metabolizing caffeine is a
CYP450 liver enzyme also called CYP1A2 (Urry et al., 2016). This enzyme also has a key role
for the metabolism of several clinically important medications. When caffeine and drugs that
are metabolized by CYP1A2 are administered together, computing for the same enzyme is
common (Barcelos et al., 2020). Consequently, the availability of enzymes to metabolize drugs
is decreased as it is saturated by caffeine. In other word, caffeine and drugs act as a metabolic
inhibitor to each other which lead to the decreased rate of elimination of drugs (Weiser &
Weigmann, 2019).

A study done on healthy adult male albino rabbits to assess the effect of caffeine on the
anticoagulation activity of warfarin revealed that caffeine significantly inhibits the metabolism
of warfarin by saturating enzymes which is responsible of metabolizing it (Fish, 2001). Because
of this, ingestion of caffeine increased the plasma concentration of warfarin which leads to
enhanced anticoagulant effects(Weiser & Weigmann, 2019). This result suggests that health
professionals should advise patients to stop the frequent use of coffee and other caffeine-rich

products during warfarin therapy (Granados Soto et al., 2011).

2.4.5. The Effect of Caffeine on the Excretion of Drugs

Immediately after being absorbed into the systemic circulation, drugs are removed from the
body either unchanged by the process of excretion or converted to metabolites. Most drugs and
drugs metabolites are removed by the kidney as it is the most important organ for excretion
(Schmidt & Fanchamps, 1974). Some drugs and metabolites are excreted either in the bile or
secreted directly into the intestinal tract and not reabsorbed (Carrillo & Benitez, 2000). There
are different mechanisms in which caffeine affects the excretion of some drugs. One of the

main side effects of consuming too much caffeine is frequent urination (Franklin, 2003).

The mechanism of caffeine to increase urination is by increasing the glomerular blood pressure
within capillaries in the kidney. Due to this mechanism, caffeine increases the blood filtration
which leads to an increase in urine formation (Liguori et al., 1997). This can cause the body to
become quite easily and quickly depleted of some of the nutrient essential for maintaining good
health and some medications. Minerals that can become depleted very easily include calcium,
magnesium, sodium, phosphate, and potassium (Barcelos et al., 2020; Urry et al., 2016). A
hormone called antidiuretic hormone is responsible to regulate urine production in the body.
Based on the condition of body dehydration and the need to retain water, the body releases this

hormone which concentrates the urine to save body fluids (Fukasawa et al., 2006). Coffee
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causes much production of dilute urine by inhibiting the antidiuretic hormone (Osswald et al.,
1997). The study done in Czech Republic also showed that even moderate daily intake of coffee
at the dose up to 400 mg daily may be associated with adverse outcomes, like bone status and
calcium balance (Zenata et al., 2019).

As one observational study on women showed that for every 150 mg of caffeine ingested
(equivalent to one to two cup of coffee), there was a loss of 16mg of calcium every hours after
the consumption of caffeine. This study also showed that women who consumed more than
300mg of caffeine had lost more bone in the spine than women who consumed less amount of
caffeine (Liguori et al., 1997). In addition, more hip fractures occurred in these women than
those who avoid caffeine or drink in moderation. Water-soluble vitamins such as the B vitamins
(B1 and B12), magnesium, sodium, chloride, and water can be also depleted as a result of the

fluid loss due to the diuretic effect of caffeine (Zenata et al., 2019).

2.5. Theory of Light Matter Interaction

Spectroscopy is the study of the interaction of electromagnetic radiation (EMR) with matter.
Classically, light matter interactions are a result of an oscillating electromagnetic field
resonantly interacting with charged particles in the matter, most often bound electrons. We
observe these processes either through changes to the light induced by the matter, such as
absorption or emission of new light fields. This section deals with basic considerations of the
interaction of light with matter by classical and semi-classical theory. The basic idea of
electromagnetic theory, the quantities expresses the phenomena of light interaction with
molecular system in the ground and excited state briefly discussed. The time dependent
Schrodinger equation has been solved to relate transition diploe moment with the molar
extinction coefficient. In the last section, the theoretical concept used in the computational
techniques are also presented.

2.5.1. Maxwell’s Equations and the Wave Equations

The static and dynamic microscopic characteristics of electromagnetic field or radiation
interaction with material media is described by four Maxwell’s Equations (Milonni & Eberly,
2010). They are the basis for the most fundamental description of electric and magnetic fields
of light. The Maxwell’s equation for a dielectric medium with no free electric charges or
currents, are described as Eq. (2.1- 2.4) (Fowles, 1975; Milonni & Eberly, 2010).
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o (2.1)

VD=p (2.2)

V.B=0 (2.3)

Txh=P.7J (2.4)
ot

Where E is the electric field strength, H is the magnetic field strength, B is the magnetic
induction. The electromagnetic-matter interaction nature at a given point are described by the

quantities such as electric charge per unit volume (p), the magnetic dipole moment per unit
volume or magnetization (M ), polarization or the electric dipole moment per unit volume (P)
, and the current density or electric current per unit area (J ). The material response expressed

by material relation as shown in Eq. (2.5-2.6).

The electric displacement (D) is defined by

D=g,E+P (2.5)
The magnetic intensity vector H is given by,
B =, (H+M) (2.6)

Where 1, is, the permittivity of free space and ¢, is permeability in vacuum. For non-magnetic

and non-conducting media, the volume density of electric charge and magnetization are zero.
Thus the Maxwell’s equations expressed in Eq. (2.1) to (2.3) take the following form (Fowles,
1975; Patel, 2019).

§XE=_#OE (27)

6xﬁ:q%§5+95 (2.8)
ot ot

VE=0 (2.9)

V.H=0 (2.10)
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The general wave equation for electric field can be obtained by using the second order linear
partial differential of Maxwell’s equations for the description of waves by taking the curl of
Eqg. (2.7) and time derivative of Eq. (2.8) and rejecting the magnetic field (Fowles, 1975;
Milonni & Eberly, 2010). Thus,

10°E &P

VX(VX E)+W——/M atz

(2.11)

By general identity of vector calculus the first left hand side of Eq. (2.11) can be expressed as
follows (Milonni & Eberly, 2010).

Vx(VxE)=V(V.E)-V?E (2.12)
Substituting Eq. (2.12) in to Eq. (2.11) one finds

e === O°E 0P
V’E-V(V.E)- = 2.13
VE) c’ot?  gclot’ (2.13)

Eq. (2.13) is a partial differential equation with the term on the right side a source term shows
the presence of polarization within the medium. It tells us how the electric field depends on the

electric dipole moment density P of the medium.
Where,

1
fhoy = (2.14)

o2
Where ¢ represents the velocity of light in vacuum (3x10°m/s). The way in which the
propagation of light is affected by the source is revealed by the solution of the wave equation
when the source term is included. For non-conducting (a neutral isotropic dielectric media) the
polarization term is important. This term leads to an explanation of many optical effects
including dispersion and absorption (Milonni & Eberly, 2010). We will be particularly
interested in transverse fields (also called solenoidal or radiation fields), which satisfy

VE=0 (2.15)

The wave equation of radiation fields expressed on Eqg. (2.13).

V2E - = (2.16)
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However this (Eq. 2.16) cannot be done solely with in the frame work of Maxwell’s equations,
since polarization is the property of the material media. We need to know how a dipole moment
density is produced in the medium. For this purpose in the next section, a theory of dielectric
media will be introduced. First, however this section would be completed with a discussion of
the solution of the Maxwell’s equation in vacuum, where a wave equation (2.11), does not
contain the polarization term (Fowles, 1975; Milonni & Eberly, 2010; Patel, 2019). In the
absence of any medium the right-hand side of Eq. (2.16) is zero and we have the
“homogeneous” wave equation.

.- 0%E
VZE—CZatz

=0 (2.17)

For a wave propagating in the z-direction in free space the solution of wave equation becomes
E(Z,t) = £E, cos(Wt —kz) (2.18)

Where, the wave vector and phase velocity are defined as follows

w
u,=—=c (2.20)
Ko

2.5.2. Propagation of Light in Isotropic Dielectric

Isotropic dielectrics are medium whose polarization always has a direction that is parallel to
the applied electric and a magnetic fields which does not depend on the direction of the electric
field. When light propagate through them, their polarization expressed in terms of simple
Lorentz model. Lorentz oscillator model is model of a classical atom, in which the electron is

harmonically bound to the nucleus (Fowles, 1975; Patel, 2019).

The classical theory satisfactorily treats many important features of the interaction of light with
matter by adopting the hypothesis that an electron exert a binding force on nucleus. This
hypothesis states that an electron in an atom responds to light, as if it was bound to its atom or
molecule by simple spring (Milonni & Eberly, 2010). The goal of this model is to use Newton’s
second law to obtain the motion of the electron, and can then be used to obtain expressions for

the dipole moment, polarization, susceptibility, and dielectric constant. As a consequence, the
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electron can be imagined to oscillate about the nucleus and this leads to the following equation
of motion (Fowles, 1975; Milonni & Eberly, 2010; Patel, 2019) described on Eq. (2.21).

2=

m?jT;(=—eE(ﬁ,t)—KY< (2.21)

Where K is the spring constant and Eq. (2.21) is called Newton’s second law. As a result of
applied electric filed on the dielectrics substance, individual electron is displaced by some
distance x from its original location, consequently each atom has a dipole moment. If the
density of atoms is signified by N, then the density of dipole moment is N times the individual
dipole moment of each atom (Milonni & Eberly, 2010). Hence, the polarization density induced
in the medium by the field is given by:

P = Np = Nex (2.22)

The dependence of electric field on dipole moment density of the medium is here clearly
observed on Eg. (2.16) and Eq. (2.21), telling us how the electron displacement depends up
on the electric field whereas Eq. (2.22) links these two basic equation by relating polarization
to displacement (Fowles & Lynch, 1968; Kawano & Kitoh, 2001). The electron oscillator
model thus ties the Maxwell’s equations with Newton’s law of motion. Solution of these
coupled equations provide information about provide mutual interaction of light and matter.
Further, if atoms or molecules of the medium absorb radiation energy while it transits through
the materials, the strength of EMR would be reduced. To account for the absorption of radiation
in the electron oscillator model, it must be assumed that the oscillator is subject to a frictional
force in addition to the applied field. This absorption can be more explained by the assumption
of Lorentz electron oscillator of Eq. (2.21). The classical damped harmonic oscillators due to
bound electron modify Newton’s force of Eq. (2.21) can be given as follows (Fowles & Lynch,
1968; Milonni & Eberly, 2010).

2=

m% = eE(R,t)~KX+F,. (2.23)

Since the assumption is compatible with the idea of frictional drag, and a frictional damping
force is proportional to the velocity of the electron, and some proportionality constant

designated byy. Therefore the differential equation of the motion becomes (Belay, 2011,
Milonni & Eberly, 2010).
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d2x dx ~
+my — + KX =—€E 2.24
dt? ydt (2.24)

m

In order to find trial solution for Eq. (2.24), let us consider the assumption that the electric field

varies harmonically with the time and the motion of electron has also similar harmonic time

dependence X = e'”*, thus, substitution of this field into Eq. (2.24) results in.
(-me® —iewmy + K)X =eE (2.25)
Therefore, the polarization described on Eq. (2.22) would be given by

2
po___Ne/m g (2.26)
-Mmo’ —iomy + K

A more significant way of writing Eq. (2.26) is in which the equation of resonance frequency
of bound electrons have been written. Thus Eq. (2.26) can be written as:

2
po— M Ne 2/ m_ g 2.27)
w; —0° —iwy

Apart from Lorentz model, classical electrodynamics proves that polarization is related to the
electric field E as Eq. (2.28).

B o, ~DE 6o (228

The relative dielectric constant is related to refractive index n by

n=.e (2.29)

Substituting Eq. (2.29) into Eqg. (2.28) and comparing it with Eq. (2.27) yields

eZ

n>-1=N 2.30
g,M(wf — w* —iwy) (2:30)

For gaseous media at not too high pressures the refractive index n is nearly 1. Hence
n® -1~ 2(n—1) which is sufficiently accurate for the most purpose and the above equation can

be reduced to (Brooks, 2013)

e2

n=1+N 2.31
2e,M(0} — 0* —iwy) (2:31)
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In order to make clear about the physical implication of Eq. (2.31) or the complex index of

refraction, let us separate its real and the imaginary part as follows:
n=n—ix (2.32)
For electromagnetic wave
E = E, exp[i(at —kz)] (2.33)

Passing through a medium in the z direction, with the refractive index n has same frequency as

in vacuum or @, = o, but the wave vector becomes k, =k,n and inserting this into Eq. (2.33).

gives,
E — Eoe—kokzei((u(—kon'z) (234)

In Eq. (2.31), the imaginary part x(w)of the complex refractive index n describes the
absorption of electromagnetic wave. At penetration depth the amplitude of E,e ™ decreases

to 1/e of its value at z = 0. On the other hand, the real part n'(w) represents the dispersion of
the wave that means the dependence of the phase velocity u(w) = % on the frequency. The
n'(w

intensity which is 1aE"xE then decrease as (Fowles, 1975; Milonni & Eberly, 2010):

| = 1,87 =1, (2.35)

Where the absorption coefficient o =2k, x = hLS
0

is proportional to the imaginary part of the

complex refractive index. The frequency dependent o and n using the above equation as the

real and imaginary parts becomes.

Ne’w,yw
o= 2 272 2 2
cegM(wy —@°) +y @]

(2.36)

, Ne?’ (0} — ?)
T i mom (2.37)
gMi(wy —0%)" +y )

The above two equations are the Kramers-Kronig dispersion relation and they are the ab-
sorption and dispersion of the complex refractive index (Demtrdder, 2010). In addition, from
the above equations the real and imaginary part of dielectric constant, susceptibility can also

be obtained, however since classical way of interaction of light with matter are not our interest
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we move to the next section where the interaction of light with matter is treated by semi-
classical approach (Brooks, 2013; Milonni & Eberly, 2010).

Thus, in the next sections the absorption and emission of light by molecular system would be
presented by semi-classical approach in which the radiation incident upon an atom is described
by a classical electromagnetic plane wave and the molecules, on the other hand, it is treated
quantum mechanically. For molecular system instead of absorption coefficient the absorption
cross-section and molar extinction coefficient were used to express the phenomena of

absorption and these are discussed in detail in the next two sections.

2.5.3. Absorption and Emission of Radiation

The phenomena that well express electromagnetic radiation interaction with molecular systems
are absorption and emission of fluorophore. As a result of light absorption, molecules transition
happened from initial state to the other states. To discuss transition in molecular states the time
dependent Schrodinger equation is applicable. It allows calculating the atomic scale
phenomena as a function of time as well as space. Thus, in the next section the general solution

for time dependent Schrodinger equation will be derived.

2.5.3.1. The Time Dependent Schrodinger Equation

The quantitative study of the interaction of electromagnetic radiation with matter can be done
using a simple semi-classical model. In this approach, the electromagnetic radiation is treated
classically, while the transition dipole moment of the molecule are obtained by solving the
time-dependent Schrddinger equation and the equations is compared with the experimentally

measured quantities (Brooks, 2013; Razum, 1989).

When an electromagnetic radiation is exposed to molecules for limited time, the oscillating
electric field of a radiation disturbs the potential energy of the molecule and scape it from its
initial stationary state and it undergoes in to another stationary states. (Fowles & Lynch, 1968;
Sonnessa & Wilson, 1967). The radiation field causes transitions in the atom. This means that
the Eigen-functions of the atom become time-dependent. Let H°is the quantum mechanical
Hamiltonian in the absence of radiation field on the molecular system. Considering two level

system of a molecule With|ki> , and |mi>state, the time independent Schrodinger equation in

the x direction given by Eq. (2.37) and can take the following form (Fowles & Lynch, 1968;
Milonni & Eberly, 2010; Parisi & Auletta, 2000).
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H %% (x) = EQw( (x) (2.37)

Where, w? (x) is wave function and E” is the energy of unperturbed system of molecules. In

contrast, if H' is the Hamiltonian operator due to interaction between the system and radiation,
the time dependent Schrodinger equation can be written as follows to point out the state change
with time (Belay, 2011; Milonni & Eberly, 2010).

in?Y _Hy (2.38)

The Schrodinger equation during irradiation time becomes the sum of unperturbed Hamiltonian

of the free atom plus the perturbation operator.

ih%”:(ﬁ'+ H %)y (2.39)

Where the general state wave function expressed as a linear superposition of

w(xt) =D c exp(-IE t/ )y (x) (2.40)

For two level systems Eq. (2.40) reduces to a sum of two terms, according to the following

iEt iEpt

vt =c, Oyl " +c, (e (2.41)
The coefficient ¢, (t) and c,(t) represents the time dependent probability amplitudes of the
two atomic states of k and m (Demtrdder, 2010). Therefore, the value of |c, (t)|2 can be used to
determine the probability of finding the system in the level | K, > attimet. Obviously, the relation

of [c, (t)|2 +lc,, (t)|2 =1 holds at timet, if the decay into other level is neglected. If we insert Eq.

(2.40) in to Eq. (2.39), it yields (Brooks, 2013; Razum, 1989).
ihizc (t)ex (ikw)t) © = (H°+H)> ¢, exp(—iEQt/ Ay (2.42)
dt k P n Vi = k €Xp K Wy

For two level states Eq. (2.42) becomes the following, where the relation in Eq. (2.37) has

been used to cancel equal terms on both sides and a multiplication by conjugate with

v, (n =k, m) and spatial integration result in the following two equations (Brooks, 2013).
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with the spatial integral

N

H'ne = [yiH 'y dr = —E [y, Ty, dr =—E i, (2.45)

fin = €[y Ty, d7 (2.46)

The above Eq. (2.46) is the atomic transition dipole moment. It depends on the wave functions

v, and w, of the two states is determined by charge distribution in these

state (Demtroder, 2003; Sonnessa & Wilson, 1967). The rate at which a system can be
transformed from one stationary to another under the influence of perturbing effect described
in Eq. (2.43) and (2.44). They are the basic equations which must be solved to obtain the
probability amplitudes ofc, (t), andc, (t) (Brooks, 2013). To further proceed with Eq. (2.43)

and (2.44), it is necessary to be more specific about the perturbation. Thus, in the next section
some features of the interaction between the electric field and molecular system would be

treated.

2.5.3.2. Interaction of EMR with Molecular System

The mechanism of interaction between electromagnetic radiation and molecules relies on the
interaction between the oscillating electric and magnetic fields of the radiation with the electric
or magnetic dipole moment of a molecules. Thus, a molecular system can experience a force
as a consequence of the electrostatic interaction between its electric dipole moment and the
oscillating electric field. The oscillating electric field of the radiation can disturb the energy of
the molecule and allow it to escape from its initial stationary state, which is characterized by
quantum number k (Belay, 2011; Milonni & Eberly, 2010). In the semi-classical description,
the radiation incident upon an atom is described by a classical electromagnetic plane wave
shown in Eq. (2.47).

gl ey (2.47)

m
I
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To provide energy difference, the field has to be applied on the dipole moment and is
responsible for the Hamiltonian change as a result of radiation falls on the system. The change
in the Hamiltonian is therefore given by Eq. (2.48) (Fowles & Lynch, 1968).

H'= —E.zi = —E.ucosé (2.48)

Where, 0 is the angle between the electric field and the dipole moment. For a polarized
electromagnetic radiation traveling along the x direction, the perturbed Hamiltonian amplitude
of the electric field when substituting Eq. (2.47) into (2.48) becomes(Brooks, 2013; Fowles &
Lynch, 1968):

iwt —iwt
H'= —E%u, cos@mt) = —E® (%)#X (2.49)

Where, @=2zvand Ef is the maximum amplitude of the electric field assuming that the dipole

and the electric radiation field are parallel. In a weak field approximation where the atoms are

in the lower state which implies ¢, (t)=1 andc,(t)=0 att =0, the field amplitude to be
sufficiently small for the time t <T and the population of E, remains small compared with

that of Ek . Therefore Eq. (2.43) and (2.44) become (Belay, 2011; Patel, 2019).

d

c t :0 250
_dt( «() (2.50)
dc i it(@+@pm it(wpy —@
at 2 EO(y |y )" + el en)] (2.51)

Where,

gl = [ (v |11,

1//§°>>dx (2.52)
Using ¢, (0) =1 and c,, (0) = 0 as precondition, the integration provides,
c (0)=1 (2.53)

0 i —E, — i _
EX|'uka| e|t(Em E,—hv) -1 e|t(Em E,+hv) -1

+ 2.54
2 [Em—Ek—hv Em—Ek+hv] (254)

Cy () =
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The point of concern viewed here is the process in which the system goes from lower energy
level k to higher energy level m. For suck kinds of energies arrangement, the denominator of
the first term of Eq. (2.54) becomes very small making the first term dominating when the
radiation frequency is such that:

hv=E, —E, (2.55)

In contrast, the second term of Eq. (2.54) is essential for emission phenomena, because of the
energy in the state m is greater than that of state k. Therefore, for assumed energy level pattern
Eq. (2.54) reduces to (Fowles, 1975; Milonni & Eberly, 2010):

ES|/J| eit(Em—Ek—hv) -1

2 [ E.-E - hv] (2:56)

¢, (1) =

The transition probability of absorption from k to m state becomes

2 Sinz(Em - Ezkh_ hv)t
e (t)c, () = EZJ] e (2.57)

The total probability of a transition to state m is found by summing the infinitesimal
probabilities over the various frequencies. Since the energy density in an electromagnetic wave

2
00

is given by, U= the calculated transition probabilities is proportional to the energy

density of the incoming radiation.

If we consider a situation in which the incoming radiation is electromagnetic waves of many
frequencies, it is the best to replace u with energy density in the range dew (that means
u=dawdp and integrate over the frequency spectrum. Moreover, since the term in the bracket

is sharply peaked about @ = w,, while p(w) is slowly varying we can move o outside of the

integral (Belay, 2011; Milonni & Eberly, 2010).

. 2p(w) 20 . o (o, —0l2)t
c.(t)c. (t) = sinc- —™— "~ d 2.58
m( ) m( ) €0h2 |/u><km| I (a)mk —60)2 @ ( )

Integrating, Eq. (2.58) yields
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c hz |/u><km|2 (2.59)
0

c, (t)C, (t)

According to Eq. (2.59), the probability transition of the molecule due to irradiation is
proportional to the transition dipole moment, the intensity of the radiation, and the time of
irradiation. It is important to note that, the integration of Eq. (2.58) is carried out using the

following integration technique (Li & Thumm, 2020).
Isin2 %dx: 7a (2.60)

For instance the number of transition to m state per second or rate of transition probability

becomes
d(c.c,) 7no(w) 2
L0 = 0 2.61
dt gohz |/’lxk | ( )
(EQ)? . - . e .
Where p = . Further the differentiation of the transition probability with respect to time

T
and extension of the complete procedure for isotropic radiation components for the three

components of the radiation and one can write:

d(CuCn) _ 7p()
dt 3¢ i’

|2

. (2.62)
Eq. (2.62) is the proportion of variation of the system because of absorption under the
perturbing effect of the oscillating electric field of the radiation and it is usually written with
Einstein’s coefficient of induced absorption so that Eq. (2.62) becomes (Brooks, 2013;
Demtroder, 1996).

d(chcs) _ g

" P (2.63)

Moreover, to generalize the theoretically derived equations it is left to compare the derived
expression with experimental results on the amount of radiation absorbed. Therefore in the next
sections the experimentally visible quantities through spectroscopic technique such as, the
molar extinction coefficient, Oscillator strength, absorption coefficient and other parameters
are related to the parameter which reflects the detail molecular properties of the system, namely

30



the transition integral (Brooks, 2013; Demtrdder, 1996; Razum, 1989) are related for the

experimental and theoretical view.

2.5.3.3. Comparison of Theoretical Quantities and Experimental Result

In order to relate theoretical concepts with experimental results on the amount of radiation
absorbed, now we are going to compare theoretical concepts with measurable quantities. The
optical absorption coefficient which indicates how far light of some wavelength irradiate in to
the sample can penetrate or the penetration depth of the radiation before it can be absorbed
expressed in Eq. (2.36) related to the molar decadic absorption coefficient which can obtained
from radiation absorption by Eq. (2.64) (Belay, 2011; Milonni & Eberly, 2010).

a(v) = In(L0)e(v)c (2.64)
Using Eq. (2.65), in to Eq. (2.35) for diluted sample and short path length it provides

I =1,(1—In(L0)ecl) (2.65)
If we differentiating both side of Eq. (2.66) we will get:

—dl =1, In(10)ecdl (2.66)

Where the concentration (c)

C=— (2.67)

In the above expression, N is the number density and N, is Avogadro’s number. Substitution

of Eq. (2.67) in to (2.66) we get Eq. (2.68) which contain experimental quantities.

—dl =5Nl I, In(20)dl (2.68)
. .. d(cc.). o .
For the theoretical expression, if %IS the rate of probability for a single molecule

changes as a result of absorption of radiation under perturbing effect of electric field radiation
d(c.c.) iy e .
then . Ndlis the number of molecules excited in with energy absorption hv,, so the

loss in intensity becomes (Banwell, 1983; Panigrahi & Mishra, 2019).
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~di == n) Nhy _ di (2.69)

The rate of probability can be described by comparing Eq. (2.68) with Eq. (2.69) and can be

expressed as follows.

d(c.c,) _ &(v)epIn(10)
dt N, hv

(2.70)

Where |, = pc . Assuming that the energy density is not varied through out the bands, the whole
rate of probability of absorption band can be determined by integrating over the entire
frequency range. Hence, the total rate of transition probability is given by Eq.(2.71) (Banwell,
1983; Panigrahi & Mishra, 2019).

Cpln(lO) J-g(v)dv |t P

2.71
B h’ @11)

In the absorption region, total intensity of the band is achieved by determining &(v) and usually
determined by integrating the area under the graph. Therefore, the integrated absorption
coefficient due to the transition can be expressed as (Banwell, 1983; Brooks, 2013; Razum,
1989).

= [0 22N ol _ g |ttn|
ATy 3In(10)ce,h 3

(2.72)

Where, S = 2.9352x10°C 'mol ™. Eq. (2.72) relates the experimentally measured molar
decadic absorption coefficient with the quantum mechanical expression of the transition dipole
moment. The transition dipole moment is a vector that depends on both ground and excited
states wave functions and couples the transition to the electric field of light. Therefore the

transition dipole momemt can be determined using Eqg. (2.73)(Belay, 2011).

il =2 [ 2 v (2.73)

The Einstein’s coefficients (A and B): Ay, is the first-order rate coefficient for spontaneous

emission k<«—m and the B coefficients (induced absorption and emission) are given by
(Abraha et al., 2016).
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_An
Bk = 4 hov (2.74)

The integrated molar extinction coefficient can be correlated with B Einstein’s coefficient by
(Belay, 2011).

km

In10 ¢ &(v)
=By = —=dv 2.75
=) (2.75)

On the other hand, oscillator strength ( f) is considered as the other useful parameter providing

the intensity of transition. It is the relative strength of electron transition and providing average
number of electrons per atom that can be excited by incident radiation. It is related to the molar

extinction coefficient by Eq.( 2.76) (Georgakopoulou et al., 2004).

f =4.32x10° j s(v)dv (2.76)

Integrated absorption coefficient («,) is a useful parameter that is obtained from sum of

absorption coefficient for all frequencies. In the frequency range v and v+dv, it can be

expressed as (Belay, 2010).
a, = [adv (2.77)

The integrated absorption cross-section (o,) which is related to absorption coefficient at a

single frequency for N number of molecules per unit volume can be expressed by the following
relation as given by Eq. (2.78). It indicates a measure of probability of an absorption of
molecules (Vinet & Zhedanov, 2010).

o, :% [[adv (2.78)

Where o indicates absorption coefficient of the molecules.

2.5.4. Phenomena of Fluorescence

The other important phenomena that express the light molecular system interaction is the
emission of light by molecules. When a molecule absorbs light in the visible or ultraviolet
range of the spectrum, it is excited from the electronic ground state to an excited state. The
excited molecules release their energy either by spontaneous or induced emission or by

collisional deactivation. The emitted light is called fluorescence ( Gongalves, 2021; Milonni &
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Eberly, 2010). Fluorescence is a transition from first excited state to the ground state, which is
spin allowed according to the rules of quantum mechanics. Fluorescence can be detected with
very high sensitivity even from single molecules and it is also used in a large number of
chemical and biochemical applications. Sensitive fluorescence detection relies on the fact that
the emitted light usually has a longer wavelength than the intense light used for excitation,
which can therefore be suppressed by filters or monocromators (Royer, 1995; Strickler & Berg,
1962).

The energy emitted from a fluorescent species is typically lower than the absorbed energy. This
difference between absorption and fluorescence wavelength maxima is known as Stokes shift
(Congrave, 2018; Lakowicz, 2006). Stock shift can happen as a result of the excited state
decays via internal conversion (IC), molecular reorientation, and excited state reaction in to the
lowest level (Lakowicz, 2006; Milonni & Eberly, 2010). Solvent relaxation or molecular
reorientation effect occurs in solvents through interactions between the fluorophore and the

dipole moment of the solvents (Lakowicz, 2006; Valeur, 2001).

The processes that occur between the absorption and emission of light are generally explained
by the Jablonski diagram and are often used as basic idea for expressing light absorption and
emission (Jabtonski, 1935). The excitation of molecules using light of suitable wavelength that
can be considered as an immediate process happen at time scales of <10*° s. Then the
molecules be present in one of the many vibrational levels of an excited singlet state (Figure
3) (Lakowicz, 2006). The excited state of most organic molecules can be separated into singlet

states (81) and trip let states (T, ), where all electrons in the molecule are spin paired or one set

of electron spins is unpaired, respectively (Gutiérrez et al., 2019). The probability of finding
the molecule in one of the possible excited singlet states, depends on the transition probabilities
and the excitation wavelength. In other words, the occupation of singlet states is controlled by
the interaction of the electron involved in the transition with the electric field of the excitation
light (Milonni & Eberly, 2010).

Upon excitation to higher excited singlet states, molecules relax through IC to higher
vibrational levels of the first excited singlet state SiorS2. Molecules residing in higher
vibrational levels will quickly (107*° -10"s) fall to the lowest vibrational level of this state via
vibrational relaxation by losing energy to other molecules through collisions (Itagaki, 2000).
From the lowest lying vibrational level of the first excited singlet state, the molecule might be

excited into higher singlet states by absorption of a second photon. The efficiency of the process
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depends on the absorption spectra transition strengths of the higher excited states involved that
is whether absorption into higher excited singlet states is in resonance with the excitation light
(Lakowicz, 2006).

Depending on the molecular structure, radiative depopulation of Simight occur by
spontaneous emission of a fluorescence photon. According to the Franck-Condon principle, the
transition to higher excited vibrational levels of So is followed by vibrational relaxation until
thermal equilibrium, according to the Boltzmann distribution is reached. Both vibrational
relaxation and internal conversion cause heating of the solvent, which thus offers an elegant
method to determine the fluorescence quantum yield of fluorophores via measurement of the
solvent temperature of related parameters, for example, the refractive index. Generally
speaking, loose and floppy molecules exhibiting several rotational and vibrational degrees of
freedom will seriously exhibit lower fluorescence intensity (Lakowicz, 2006; Xu et al., 2012).
The spin of an excited electron can also be reversed by intersystem crossing, usually leaving
the molecule in the first excited triplet state Tn. In most organic dyes intersystem crossing is
fairly inefficient as a spin forbidden process, even though the triplet state is of lower electronic

energy than the excited singlet state (Xu et al., 2012).

The probability of intersystem crossing increases if the vibrational levels of the two states
overlap. For example, the lowest singlet vibrational level can overlap one of the higher

vibrational levels of the triplet state.

S ——

: Internal conversion and vibrational relaxation
1
S i - - Intersystem
Crossing
hv, T
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—
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1
0

Figure 3. Schematic of Jablonski Diagram
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Overall, the intersystem crossing efficiency strongly depends on the nature of the fluorophore
and the transition probabilities (Zhang et al., 2019; Zhao et al., 2019). A molecule in a high
vibrational level of the triplet state can lose energy through collisions with solvent molecules
(vibrational relaxation) leaving it at the lowest vibrational level of the triplet state. It can then
again undergo intersystem crossing to a high vibrational level of the electronic singlet ground
state, where it returns to the lowest vibrational level through vibrational relaxation(Zhang et
al., 2020). As in the case of singlet states, triplet states can be excited into higher excited triplet
states T1 by absorption of a second photon. Because the triplet/singlet transition is also spin

forbidden, triplet-state lifetimes can last up to 100s, in comparison with the 10" -10°s average

lifetime of an excited singlet state and causes phosphorescence(Royer, 1995; Valeur, 2001).

Emission of a fluorescence photon from the vibrational ground state of the first excited singlet
state constitutes a spontaneous process that contains information about the environment of the
fluorophore and its interactions ( Sadigh et al., 2016). For example, the fluorescence emission
spectrum and its maximum contain information about the polarity of the solvent, whereas the
fluorescence lifetime and fluorescence quantum yield directly reflect photophysical properties
and transient quenching interactions of the fluorophore with other molecules (Sadigh et al.,
2016). Therefore in the next sections, the information that are obtained from fluorophore and

parameters that can be determined from fluorescence spectra are discussed in detail.

2.5.5. Photophysical Properties

Photophysical properties describe the photoexcitation and any process that does not involve
any chemical change. These properties are such as excitation wavelength, emission
wavelength, quantum vyield, lifetime, rate of radiative decay, rate of non-radiative decay,

oscillator strength, transition dipole moments, and so on.

The fluorescence quantum yield (¢, )is the most important characteristics of fluorophore.

Quantum yield is the number of emitted photons relative to the number of absorbed photons
(Lakowicz, 2006). There are many non-radiative processes that can reduce the fluorescence
quantum vyield. The reduction in fluorescence efficiency/quantum vyield depends in a
complicated fashion on the molecular structure of the dye (Royer, 1995). Fluorescence

qguantum vyield can be measured either by the absolute method or relative method. Because of

the experimental difficulties associated with attempting to obtain absolute ¢; values, the
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measurement of relative ¢, values seems more appropriate to determine quantum yield.
Relative ¢, measurements are achieved using the comparative method and calculated by

comparing the fluorophores fluorescence intensity to another sample of known quantum yield
(the reference) as described in Eq. (2.79) (Glusko et al., 2011).

ANk

PmO AN Tk 1k,

(2.79)

Where, | is the integrated emission intensity and ¢, , ¢, are the fluorescence quantum yield of

the unknown and standard, A is the absorbance at excitation wavelength and n is the refractive

index of the solvents.

The other photophysical properties of fluorophores is the rate of radiative decay (ky)which

significantly depends on the environments. It can be theoretically predicted from the well-
known Stickler-Berg [Eq. (2.80)], which has its foundations in Einstein’s spontaneous emission
rate and Planck’s black body radiation law (Strickler & Berg, 1962).

F(v)dv
K =L —288x10°n’ J
7, IF(V)V’de

[ £M) gy (2.80)
v
Where F(v) is the fluorescence intensity, £(v)is the molar extinction coefficient, v is the
wavenumber, n is the refractive index, and z, is the natural lifetime. For the ideal case of a

negligible Stokes shift and a perfect mirror image relationship of absorption and fluorescence
spectrum, Eq. (2.80) simplifies to (Strickler & Berg, 1962).

k. =2.88x107°n2(v)3, j e(v)dv (2.81)

Excited state lifetime or the average time the molecule spends in the excited state to come back
to the ground state is also another important parameters and determined using Eq. (2.82 or
2.83) (Pal et al., 2003).

Tt = TP (2.82)
Or
1
TRk (83)
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Where k,, represents non radiative decay and it comprises all possible competing deactivation

pathways, such as internal conversion, intersystem crossing, or other intra and intermolecular
quenching mechanisms. Very high quantum yields that are close to unity can be observed when
the non-radiative decay rate is small. The quantum yield of phosphorescence is typically low

because the decay rate k is small compared to the non-radiative decay rate k., ( Gongalves,
r

2021).

2.5.6. Solvent Polarity Effects

Solvent polarity have great effects on the absorption and emission spectral properties of
molecules. The molecules are normally excited to the first singlet state vibrational level and
the extra vibrational energy is quickly released to the solvent. Thus, the polarity of the solvent
shift the emission peak wavelength to lower energy due to stabilization of the excited state by
solvent molecules (Kian et al., 2019). As the solvent polarity is increased, this effect becomes
larger, resulting in emission at lower energies or longer wavelengths. In general, only
fluorophores that are themselves polar display a large sensitivity to polar solvents (Reichardt,
1994; Rotkiewicz et al., 2004). Nonpolar molecules, such as un-substituted aromatic
hydrocarbons, are much less sensitive to solvent polarity (Lakowicz, 2006).

The average fluorescence lifetimes (1-10 ns) are typically much greater than the time required
for solvent relaxation. For fluid solvents at room temperature, solvent relaxation occurs in 10-
100 ps. For this reason, the emission spectra of fluorophores are representative of the solvent
relaxed state (Jabtoniski, 1935; Royer, 1995). Light absorption of molecules takes about 10-%s,
which is very short time as compared to the time for motion of the fluorophore or solvent.
Hence, the absorption spectra are less sensitive to solvent polarity as the molecule is exposed
to the same local environment in the ground and excited states. However, the emitting
fluorophore molecules are exposed to the relaxed environment, which contains solvent
molecules oriented around the dipole moment of the excited state(Kumar et al., 2005;
Lakowicz, 2006).

2.5.6.1. General and Specific Solvent Effects

The analysis of solvent dependent emission spectra appears very complex due to variety of
interactions occurring that can result in spectral shifts. The effect of solvent polarity observed
on the spectral shift raised due to general and specific solute solvents interactions (Lakowicz,
2006).
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The concept of general solvent effects provides a useful framework for consideration of solvent
dependent energy variation. The interactions between the solvent and fluorophore affect the
energy difference between the ground and excited states. The energy difference is a property
of the refractive index (n) and dielectric constant (&) of the solvent, and is described by the
Lippert-Mataga equation (Lippert, 1955; Mataga et al., 1956), Bakhshiev’s equation
(Bakhshiev et al., 1969), Kawski-Chamma-Viallet equation (Kian et al., 2017) and Reichardt
equation (Reichardt, 1994). The equations are an approximation in which the polarizability of
the fluorophore and higher order terms are neglected. These equations describes the Stokes
shift in terms of the changes in dipole moment which occur upon excitation, and the energy of

a dipole in solvents of various dielectric constant (¢ ) or refractive index (n).

Investigation on solvatochromic through general solvent effects confirms the opposite
properties of € and n on the Stokes shift (Lakowicz, 2006). An increase in n will decrease the

energy loss, whereas an increase in ¢ results in a larger difference between v, andv, . The

refractive index is a high frequency response and depends on the motion of electrons within
the solvent molecules, which is essentially instantaneous and can occur during light absorption.
In contrast, the dielectric constant (¢ ) is a static property, which depends on both electronic
and molecular motions, where the latter being solvent reorganization around the excited state
(Bayliss, 1950; Lakowicz, 2006). This electron redistribution results in a decrease in the energy
difference between the ground and excited states (Bayliss, 1950; Bayliss & Mcrae, 1954).

To determine the ground and excited state dipole moments of a molecule by general solvent

effects, the equation relating the difference and sum of absorption (v,) and fluorescence (v )

wavenumbers to solvent polarity functions are given by Eq. (2.84-2.86) (Kian et al., 2017,
Desai, 2016 et al.,).

Lippert-Mataga equation (Lippert, 1955; Mataga et al., 1956)

v, —V; =mf (&,,n)+const (2.84)
Bakhshiev’s equation (Bakhshiev et al., 1969)

v, -V, =m, f(g,n)+const (2.85)

Kawski-Chamma-Viallet Equation (Kawski, 2002; Kian et al., 2019)
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v, +v, =—m, f (g,,n)+2g9(n) +const (2.86)

Where, f(g,,n)and g(n) are the solvent polarity functions, dependent on the dielectric

constant &r and the index of refraction n. The parameters m, m; and m described in Eq. (2.84-
2.86) are determined from the slopes of Eq. (2.84), Eq. (2.85) and Eq. (2.86) respectively and

are related to ground and excited-state dipole moment using the following equations.

2
V)

2.87
hca® (2.87)
2(y — 1y)°
2 2 . 2
my = 2 —# ) (2.89)

hca

The parameters 4, is the excited and x, is ground state dipole moments of the solute molecule,

c is the speed of light in vacuum, h is Planck’s constant and a is Onsager cavity radius of the
solute molecule and determined as (Edward, 1970; Suppan, 1983).

b
a:( 3M j (2.90)
4N

Where, M is the relative molecular mass of the solute molecules, N is Avogadro’s number and
0 is the density assuming that the molecules are spherical. The solvent polarity function used

in the Lippert-Mataga equation can be determined by (Lippert, 1955).

g -1 n*-1
fle ,n)=—" - 2.91
(&) 2¢,+2 2n°+1 (2.91)

Substituting Eg. (2.91) into Eq. (2.84), one finds the following Lippert-Mataga equation
(Mataga et al., 1956).

2

V,~V,=m -1 _n 2_1 +const (2.92)
26, +2 2n“+1

From the slope m of the graph of V, —V; versus Lippert-Mataga solvent polarity function,

change in the dipole moment expressed as Eq. (2.93).
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(2.93)

mhca® j%

Aﬂ=ﬂe—ug=( >

The solvent polarity functions used in Bakhshiev’s and Kawski-Chamma-Viallet Equation are
expressed in Eq. (2.94) and (2.95) according to (Bilot & Kawski, 1962; Kawski et al., 2002).

2n*+1 (& -1 n?-1
- r T 2.94
Her) 2(n2+2)[5r+2 n2+2j (299
3 n*-1
nN=>|— 2.95
g(n) 2[(n2+2)2j (2.95)

When Eq. (2.94) is substituted into Eq. (2.85) we get Bakhshiev’s Eq. (2.96) (Bakhshiev et al.,
1969).

V-V, =m

a

2n? +1( g-1 n’-1

+const 2.96
n*+2 g +2 n2+2J (2.96)

Similarly, when Eq. (2.94) and (2.95) are substituted into Eq. (2.86), we can get the Kawski-
Chamma-Viallet Eq. (2.97) (Bilot & Kawski, 1962).

2 _ 2 4
V,+V, =—m, 22 el n2 L +3 n—12 +const (2.97)
n+2\e +2 n*+2 (n2+2)

If the symmetry of the investigated solute molecule remains unchanged during electron

excitation the following expressions are obtained on the basis of Eq. (2.88) and (2.89).

1
Im, —my| ("hca® 2
_ 2.98
Hy 5 ( om (2.98)
myemj ( hea’ |
m,+m,|( hca® )2
e e 1] L 2.99
He > [ om, J (2.99)
m,+m
He _[mprm] u, for(m, >m,) (2.100)
Hy |m2_m1|
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The dipole moments can also be determined using other method that is based on the empirical
solvent polarity scale (E;'). The idea was initially expressed by Reichardt (Reichardt, 1994)

and developed by Ravi (Ravi et al., 1995). The method is based on solvatochromic properties
of Betaine dye, correlated with the polarization and hydrogen bonding effect, and is expressed

as.

2 3
v, -V, 11307.6“ Au J (a_sj } E;' +const (2.101)
Aug a

Where Ay, =9Debye is the change in dipole moment and a; =6.2A is the Onsager radius for
Betaine dye, Az and a are the corresponding quantities for molecule of interest, and E; given

by.

EN ET (30)solvent - ET (3O)TMS _ ET (30)solvent —-30.7 (2102)

! ET (30)Water - ET (3O)TM5 324

In this case TMS represents Tetramethylsilane known as a non-polar solvent (E} =0) and
using water as a highly polar solvent (E;' =1). The change in dipole moment is determined

from the slope of the linear plot of v, —v, versus E;' of Eq. (2.101) described as.

mx81

3
(6;) 113076

Ap= g — g = (2.103)

Specific solute solvent interactions are produced by one or a few neighbouring molecules and
are determined by the specific chemical properties of both the fluorophore and solvent. It can
be due to hydrogen bonding, preferential solvation, acid—base chemistry, or charge-transfer
interactions, to name a few ( Petrov et al., 2002; Petrov et al., 2001). The spectral shifts due to
such specific interactions can be substantial, and if not recognized, limit the detailed
interpretation of fluorescence emission spectra. In addition to hydrogen fluorophore
interactions, many fluorophores can form an internal charge transfer (ICT) state, or a twisted
internal charge transfer (TICT) state. For instance, suppose the fluorophore contains both an
electron-donating and an electron-accepting group. Following excitation there can be an
increase in charge separation within the fluorophore. If the solvent is polar, then a species with

charge separation (the ICT state) may become the lowest energy state (Lakowicz, 2006).
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2.5.7. Fluorescence Quenching

Emission of a fluorophore can be affected by other species in the same solution. A commonly
observed effect is quenching, which results in reduced emission intensity and shorter
fluorescence lifetimes. Fluorescence quenching is a process of decreasing the fluorescence
intensity due to energy transfer, ground state complex formation, collisional between the
molecules and excited state reactions (EI-Mossalamy et al., 2011; Mrkali¢ et al., 2021). It has
been used as common experiment to determine the location of fluorescent probes in
macromolecules based on the accessibility of fluorophores to quenchers. Quenching requires
molecular contact between the fluorophore and quencher (Lakowicz, 2006). The fluorescence
intensity quenching mechanism can be divided into three categories in general: static, dynamic,
and mixed. Static quenching occurs when the drug and the quencher form a ground state
complex. In contrast, dynamic quenching occurs when molecules collide in the transition to
the excited state rather than direct interaction between drug and ligand. The mixed type of
quenching is a combination of static and dynamic quenching that occurs when a fluorophore
collides with a quencher as well as the complex is formed between fluorophore and
quencher(Wang et al., 2016; Zhang et al., 2017).

2.5.7.1. Static Quenching

Static quenching occurs as a result of complex formation between a fluorescent molecule or
fluorophore and a fluorescence quencher (Van De Weert & Stella, 2011). The resulting
complex is not fluorescent leading to a decrease in the overall measured intensity as there is
less free fluorophore in the system. In static quenching the dependence of the fluorescence
intensity upon quencher concentration is easily derived by consideration of the association
constant for complex formation and is given by (Lakowicz, 2006).

Ksv = [F-Q] (2.104)

[FIQ]

Where, [F]is the uncomplexed fluorophore concentration, [F —Qlis the concentration of the
complex, and [Q] is the concentration of quencher. If the complexed molecule is not fluoresce,

then the division of the fluorescence that remains is given by the fraction of the total

fluorophores that are not complexed to complexed (F%j Therefore, the whole concentration

of fluorophore intensity [F,] is given as (Lakowicz, 2006).
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[/ ]=[F]+[F-Q] (2.105)
Up on substitution of (2.105) into (2.104) yields.

oy lFoHFI_ [Fol 1

_ = 2.106
Flo] ~[Flo) [ (2109
Rearrangement of Eq. (2.106) yields
F
[Fﬂ ~14K,[Q] (2107)
F
{Fﬂ “14k,z[Q] (2109

Where k,the quenching rate constant, z, is fluorescence life time in the absence of quencher,
F,and F are the fluorophore fluorescence intensity in the absence and presence of quencher

respectively, [Q]is initial concentration of quencher, and |Kg, = quOJ is the Stern-Volmer

constant. The Quenching data are usually obtained from plots of (F%:jversus[Q]. This is

because [F%:j is expected to be linearly dependent upon the concentration of quencher.

A linear Stern-Volmer plot is generally indicative of a single class of fluorophores, all equally
accessible to quencher. If two fluorophore populations are present, and one class is not
accessible to quencher, then the Stern-VVolmer plots deviate from linearity toward the x-axis.
Unless additional information is provided, fluorescence quenching data obtained by intensity

measurements alone can be explained by either dynamic or static processes (Lakowicz, 2006).

The binding site and binding constant of interacting molecules can be calculated using the

modified double logarithm regression (Ferrie et al., 2017).

|og{ FOF‘ F} =logk, +n Iog([Q] ~[DX( FOF‘ F )) (2.109)

Where, k,is the binding constant and n is the binding site, [Q] and [D] are the total

concentrations of quencher (caffeine) and drugs (LVF and NRF) respectively. The plot of
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log(F,—-F)/F vs Log([Q] —[DI(F,—F)/ FO)) give a straight line that intercepts on the y-axis

representing the binding constant (K, ) and slope indicates the binding site (n) per molecule.

2.5.7.2. Collisional Quenching

Collisional quenching raises from diffusive encounters between the molecules and quencher
during the excited state’s lifetime. It is a time dependent process and happens while the excited-
state molecules are deactivated due to interaction with some other molecules in the solution,
which is called the quencher. The fluorescence quenching in dynamic quenching, can occur
due to energy transfer, excited state electron transfer, proton transfer, excited state complex

and spin orbit coupling (heavy atom effect) (Lakowicz, 2006).

It is important to recognize that, observation of a linear Stern-Volmer plot does not prove that
collisional quenching of fluorescence has occurred. Static quenching can also results in linear
Stern-Volmer plots. Static and dynamic quenching can be distinguished by their differing
dependences on temperature and viscosity measurements. Higher temperatures result in faster
diffusion and hence larger amounts of collisional quenching. Higher temperature will typically
result in the dissociation of weakly bound complexes, and hence smaller amounts of static
quenching (Alizadeh et al., 2012; Lakowicz, 2006).

2.5.8. Thermodynamic Parameters and Nature of Binding Force between Molecules

Investigating the thermodynamic parameter of interacting molecules is highly important since
it provide information about the responsible force for the interaction and nature of their binding
(Van De Weert & Stella, 2011). When small molecules bound to biologically macromolecules,
the interaction force like electrostatic force, van der Waals force, hydrophobic force and
hydrogen bond are promoting the interaction (Khashkhashi-Moghadam et al., 2022). To
acquire further insight about the interaction of molecules and the thermodynamic parameters

such as enthalpy (AH), entropy (AS)and Gibbs free energy change (AG)Van’t Hoff Eq.

(2.110) is used. The value of AG provides information of the reaction process and the sign of
AH and AS gives idea of the force associated with it (Rout et al., 2020).

Ink, =20, A5 (2.110)
RT R

The Gibbs free energy change at a given temperature is calculated using
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AG =RT Ink, = AH —TAS (2.111)

Where R is gas constant, T is experimental temperature and K, is the binding constant at

corresponding temperature.

2.6. Computational Theory

There are different methods engaged to correctly model different systems, including quantum
mechanical methods, force field simulations, ab initio methods, density functional theory
(DFT), and combinations of them. Each approaches have their own weaknesses and strengths
and the selection of method employed based on various considerations, like size of system to
be studied, computational resources, and the nature of the problem to be studied or question
asked (Horn, 2003; Skoromnik et al., 2017).

Of course, all computational techniques relies on calculating the energy of a system from some
initial condition, and then try to minimise the energy of the system by altering various
parameters. This is most easily visualised for geometry optimisation of a molecule, where the
molecular structure is altered until an energy minimum is found. But, the basic principle applies
regardless of the highest level of theory with the largest basis set in an excited state calculation.
All the calculation used in different methods are based on the multi electron system

consideration (Dorohoi et al., 2020).

2.6.1. Multi Electron System

The interaction of N electrons system with a laser field can be described by its wave function

w(r,t)at (r =[r....ry]) which obeys the time-dependent Schrodinger equation. The physical

system wave function is an essential quantity which provides almost a whole picture of the
system. The wave-function is a solution of Eq. (2.112) (Horn, 2003; Mora, 2019).

iy (r.t) = ih% (2.112)

Where, H is Hamiltonian described in the form of
H (r! t) :T (r) +Vee (r) +Vne (r) +Vlaser (r’t) (2113)

In EqQ. (2.113), T(r) is the electrons kinetic energy which in turn determined by
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N
T(r)= %va (2.114)
i=1
The second term denoted V. (r) is the electron-electron interaction which has the form

N1
Vee(r) = ZW (2115)
i<j=11; i

In addition, V. (r) corresponds to the nuclear-electron interaction given by

V(=2 |£kRk| (2.116)

ik

Where, R, is the position and Z, is the charge of the k™ nucleus.

The last term of Eq. (2.113) V., (r,t) includes the interaction between the electrons and the

laser

applied laser expressed as Eq. (2.117)(Marques & Gross, 2004).
N
Vi (1 1) = E, f (t)sin(a)t)(Zri.ﬁj (2.117)
i=t

Where, @ is the frequency of the laser, fiis the polarization direction, E,is the amplitude of

the electric field, and f (t) is the envelope of the pulse of the field.

However multi electron system Schrodinger equation describes the system completely, it is
computationally expensive to solve for wave function in the case of larger systems. Thus up to
now it is impossible to exactly solve the multi electron Schrodinger equation for systems with
more than two electrons interacting with intense laser pulses in a reasonable amount of time.
The best alternative approach to approximately solve multi-electron systems is Density
Functional Theory (DFT) (Sharma et al., 2021b).

2.6.2. Hohenberg-Kohn Variation Theorem

In the DFT approach, electrons interact with one another and with an ‘external potential. To
describe the interactions the basic concept of DFT begin from Hohenberg-Kohn (HK) theorem

which states that the external potential given by (Horn, 2003).
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N 1 1
V, =V +T =Zu(ri)+E > (2.118)

i=1 ik, i=k ri—rj|

If the system is a function of the electron density p(r) , the ground state of a system can be

determined by its electronic density given as.

Pg(r) = NZIdxz...J'de ‘l//gs (RN )‘ (2.119)

We can show this by considering a ground state wave function, y (r) with an electron density
for an external potential V (r) , with a Hamiltonian H and energy E, and another ground state
wave functiony'(r). The corresponding second external potential V'(r) with a Hamiltonian
H' and energy E', gives the same electron density o(r) . Due to the variational principle we

can then say that (Horn, 2003; Marques & Gross, 2004; Skoromnik et al., 2017).
<l//| H |1//> < <1//'|H |1//> = <1//'|H |1//> + <w'|H -H |1//> (2.120)
(WHw) < (v Hly) =E+ j V(r)=V'(r)p(r)dr (2.121)
Which gives the following
E<E'+ j V(r) =V (r)p(r)dr (2.122)
Also for the case of the primed and un-primed indices being reversed
E'<E+ j V'(r) =V (r)p(r)dr (2.123)
If we then add equations (2.121) and (2.122) we get the following contradiction

E+E'<E+E (2.124)

Which is clearly a contradiction. So we realize that, the external potential V (r) is indeed a
unique functional of the ground state electron density o(r) . In other words, the ground state

wave function y . (r) is a functional of the ground state density o (r), so it can be written as:

Wes (1) =W gs[ogs (1] (2.125)
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Where, square brackets denote functional dependence. Then this leads to the fact that any

observable corresponding to the ground state is also a functional of the density o (r).

OLpg, (N]1= (4 [ (N0l 4, Lo, (N]) (2.126)

2.6.3. Density Functional Theory and the Kohn-Sham Equations

Density functional theory is a method that uses the energy density instead of the wave function
to model molecular systems. Based on the HK theorem it has been established that the
observables of a system are functional of the density o, (r) , we therefore need to consider ways
to solve for the density. This can be done using the Kohn-Sham equations. Consider a system

of non-interacting particles with a Hamiltonian given by(Horn, 2003; Muchmaore, 2004):

N

=T+V, = Z——+v(r) (2.127)

A

Where v, is an arbitrary external potential. We can write the associated total energy of the

system as a functional given by:
E.[p]=T,Lp]+[d°rp(r)v,(r) (2.128)

While po(r) is the system electron density. Since the particles are non-interacting, a slater
determinant can be used to approximate the ground state wave function y . (r) of the N-particle

system(Horn, 2003; Skoromnik et al., 2017).

am) o) 4@) . aly)
1 ¢2(rl) ¢2(r2) ¢2(r3) ¢2(rN)
l//gs(r) :W : : : : : (2129)
() o) (1) o (1y)
Where, the orbitals ¢ (r) are solutions to the single particle Schrodinger equation
~ VA0 HVLDA) =5 (), (2.130)

The ground state density of the N electron system is given by
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Pos() =210 (2.131)

In this case, the HK theorem applies and there exists a one to one mapping between the grounds

state density p(r) and the potential v, (r). The energy of the system is given by(Horn, 2003).

E, [P1=T.log I+ [drp(r)v, (r) = 3 [ drg (r) + [ dro(r)v, (1) (2.132)

Now, consider a system of interacting particles with an external potential denoted by v(r) . The
ground state density po(r) for this system can be obtained from the ground state density of a
system of non-interacting particles with a potential denoted by v(r) . This turns the problem of

solving a multi electron Schrodinger equation into multiple non-interacting single particle
Schrodinger like equations. In turn, this greatly reduces the computational costs needed to
numerically solve such systems. For a system of interacting particles, the energy functional is
given by (Horn, 2003).

ELpg]=T[Pgs1+Vii[pg 1+ Exc[pg:1+V o] (2.133)

The second termV,,[ o] is the Hartree energy (classical coulomb energy) which is given by

v, [pgs]:%'[drjdr'% (2.134)

The exchange correlation energy E,.[04]given by
P s(r)p s(r)
Ec[p] =TI ]~ T.[o ]+ U Lo ] J dr|dr =2 (2.135)

Taking the derivative of the exchange correlation energy, gives the correlation potential

E (2.136)

ch [pgs] = dp
gs

This potential has an unknown form, but can be approximated for different systems. For a
system of interacting particles the variation principle with respect to the electron density results

in (Horn, 2003; Marques & Gross, 2004; Skoromnik et al., 2017).
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_ é-rs[pgs] é\/[pgs] é\/H[pgs] ﬁxc[pgs]
= + + +
Pgs Pys Pys OPgs

0 (2.137)

Similarly, for non-interacting particles the variation principle with respect to density yields

Eelps] _j_ Tlog] | Vol

Py, Py, 5Py,

(2.138)

Comparing the variation principle for both the interacting and non-interacting system, we get
Vs (r) :Vext (r)+VH (r)+vxc(r) (2139)

This implies that the density of an interacting system within an external potential v, (r) can be

determined by solving the Schrodinger equation for many non-interacting particles in a

potential v (r) only if the exchange-correlation potential is known. Based on this assumption,

the orbitals of the non-interacting system can be obtained by solving the Kohn-Sham equation,
given by(Horn, 2003; Marques & Gross, 2004)

VIR (DA () = 5 A (D) (2.140)

The electron density of the interacting system can then be obtained via
N 2
p(r)=>"|4 (") (2.141)
i=1

The KS equations must be solved self-consistently because both the terms v, (r)and v, (r)
depend on the density p(r) , which depends on the orbitals ¢ (r) , which in turn depend onv,(r)
. Due to this, the calculation starts with an initial guess for the electron density o(r) , then the
potential v,(r)is obtained, which leads to a solution of the KS equation ¢ (r) , which then yields
a new density po(r) (Capaz, 2014; Marques & Gross, 2004). This process is repeated until the

system converges to the correct ground state density. Once convergence is obtained, then

observables for the system can be calculated.

2.6.4. Time-Dependent Density-Functional Theory (TDDFT)

An extension of DFT beyond the static potential is TDDFT, which considers the system being
subjected to a time dependent external potential, typically for laser-molecule interactions, of
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the form of Eq. (2.117) (Capaz, 2014; Marques & Gross, 2004; Muchmore, 2004). There are

several assumptions made in this description.

i.  The field is treated classically since at high intensities field has large photon density.
ii.  The dipole approximation is used, which holds when the wavelength of the laser field
iIs larger than the size of the system.

The electromagnetic field is treated as purely electric field, and its magnetic component can be
neglected for the considered range of laser frequencies and intensities. In the case of a time
dependent external potential, the Runge-Gross theorem states that there is a one-to-one
mapping between the electron density p(r,t) and the external potentialv(r,t). Therefore,
instead of solving a many body time dependent Schrodinger equation, the density can be found
by using the time dependent Kohn-Sham equation given by Eq. (2.142) (Capaz, 2014; Horn,
2003; Marques & Gross, 2004).

—%V2¢i(r,t)+vks(r,t)¢i(r,t) :igyﬁi(r,t) (2.142)

Where, for the time-dependent case, the external potential includes the potential from the laser

field and is of the form
Vks (r,t) = Vext (r) +VH (r) +ch (r) +Vlaser (r,t) (2143)

The density of the interacting system can be obtained from the time dependent Kohn-Sham
orbitals (2.144) (Horn, 2003; Marques & Gross, 2004).

N
p(r,) =Yg (r 0 (2.144)
i=1
The function given in Eq. (2.144) is the density of all interact electrons and nucleus that are

used in density functional theory to determine computational parameters such as the dipole

moments, HOMO energy, LUMO energy, oscillator strength and many other.
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3. MATERIALS AND METHODS

3.1. Chemicals and Solvents

Levofloxacin and Norfloxacin drugs, Caffeine, Methylene blue, Hydrochloric acid, Monobasic
(Na2HPO4), and dibasic (NaH2PO4) sodium phosphate were purchased from Sigma-Aldrich
Company and used without further purification. Caffeine was used as a quencher to observe
the effects that it bring on levofloxacin and Norfloxacin drugs. Monobasic (Na2HPO4), and
dibasic (NaH2PO4) sodium phosphate were used to prepare buffer to control the pH of
caffeine-drug mixture whereas hydrochloric acid used to wash materials. Methylene blue used
as a reference sample to determine the quantum yield of Levofloxacin and Norfloxacin drugs.
The polar solvents (Distilled Water, Methanol, Ethanol, Ethyl Glycol, and Ethyl Acetate) and
non-polar solvents (Chloroform, Dichloromethane, and Isopropanol) are used and all are
spectroscopic grade. The polar and non-polar solvents were used to investigate the effects of

solvents on drugs.

3.2. Apparatus and Instruments

In this research the laboratory apparatus used for the experiment are such as, Oven, Volumetric
Flasks, measuring Cylinders, Pipettes, Magnetic stirrer with hot plate, Spatula, Thermometer,
Beakers, Aluminium foil and Cuvette are some of them. The mass of LVF, NRF, Methylene
blue and Caffeine were measured by digital balance with accuracy of 0.0001g.

The absorption spectra was measured by double beam UV/vis spectrometer (An ISO 9001
model, India) using quartz cuvette of 1cm length in the wavelength region of 200-400 nm at
room temperature. Steady state emission spectra were carried out using Cary Eclipse
Fluorescence Spectrophotometer (Agilent, Malaysia). Emission spectra of the drugs measured
in the wavelength regions of 350-600 nm, at 290 nm excitation wavelength and 10 nm slit
width. The Fourier transform infrared (FTIR) spectra were measured in the wavenumber of
400-4000cm™.

3.2.1. Basic Components of UV/Vis Spectrophotometry and Working Principles

UV/Vis spectroscopy is an analytical technique that measures the amount of discrete
wavelengths of UV or visible light that are absorbed by or transmitted through a sample in
comparison to a reference or blank sample. This property is influenced by the sample

composition and potentially providing information on what is in the sample and its
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concentration. The UV/Vis absorption spectroscopic use common basic components including
a source of energy, a means for isolating a narrow range of wavelengths or monocromator, a
detector for measuring the signal, and a signal processor that displays the signal in a form
convenient for the analyst (Demtrdder, 2003). Fig. 4 shows the basic component and working

principle of UV-Vis absorption spectrophotometer.

For instruments employing two lamps, a tungsten or halogen lamp is commonly used for visible
light whereas a deuterium lamp is the common source of UV light. During operation in the
ultraviolet range, My is used to allow radiation from deuterium lamp to strike diffraction
grating. In the same way for the task in the near infrared and visible ranges, source My reflects
the radiation from tungsten lamp onto diffraction grating, and it blocks the radiation from
deuterium lamp. The light from the M1 reaches diffraction grating by passing through first slit
width. The diffraction grating is an optically reflecting surface with a large number of parallel
grooves. The radiation is then dispersed at the grating to produce the spectrum. The rotational
position of the grating effectively selects a segment of the spectrum, and reflecting this segment
to optical filter through the second slit .The slits are used to allow the amount of light that is

able to enter the spectrometer for processing.
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Figure 4. Schematic view of a UV-Vis absorption spectrometer (M represents Mirror)
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Light passed through M2 is divided in two parts of similar intensity with a half mirror splitter.
One part travels via the cuvette having the solution of sample to be examined in transparent
solvent. Second beam or reference beam, travels via similar cuvette having only solvent.
Reference and sample solution containers have to be transparent towards passing beam. Then
the detector detects intensity of light transmitted by cuvettes and sends this data to a meter to
record and display the values. Electronic detectors calculated and compare the intensities of
light beams(Milonni & Eberly, 2010; Razum, 1989).

3.2.2. Fluorescence Spectrophotometer Basic Components and Working Principles

Fluorescence spectrophotometer uses beam of light that excite the electron in a molecule of
certain compound and cause them to emit a light. The main components of a fluorescence
spectrophotometer are such as light source, excitation and emission monocromator, detectors
and signal processor (Fig.5). Knowing characteristics of these components allows to

understand capabilities and limitations of fluorescence spectrophotometer (Lakowicz, 2006).
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Figure 5. Schematic view of a fluorescence spectrometer (M is Mirror, S is Slit and G
represent Grating)
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The typical light source used in a fluorescence spectrophotometer is a high pressure xenon arc
lamp. The bulb of this lamp includes xenon at high pressure that is excited to higher level by
the electrical arc established by the current running through the electrodes. Light from xenon
lamp entering excitation monocromator. The excitation monocromator utilizes diffraction
grating, mirror and slits at the entrance and at the output and operated to select the light of

particular wavelength and reject the rest of excitation spectrum.

The Light emitted from the sample which is longer wavelength than the excitation is filtered
by emission monocromator. This select the wavelength of the light that reaches the detector
which is typically a photon counting photomultiplier tube (PMT). PMT detectors are capable
of detecting single photon so it is important that any unwanted is effectively rejected by the
monocromator to avoid any background on the emission spectrum. The excitation and emission
path are set at an angle of 90° to each other to minimize the fraction of excitation light entering

the emission arm.

3.2.3. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR measures the absorption of infrared radiation (IR) made by each bond in the molecule
and as aresult gives spectrum which is commonly designated as absorbance/transmittance
versus wavenumber (cm™?). For the determination of functional groups in a molecule, it must
be IR active (i.e., molecule having a dipole moment). When the IR radiation interacts with the
covalent bond of the materials having an electric dipole, the molecule absorbs energy, and the
bond starts back and forth oscillation. Therefore, the oscillation which caused the change in the
net dipole moment of the molecule should absorbed infrared radiations. The plot of measured
infrared absorbance light intensity versus its property such as energy range expressed in
wavenumber (cm™) is called an infrared spectrum. The IR spectrum is recorded in absorbance
mode, which measures the amount of light absorbed by a sample (Sharma et al., 2018; Tran &
Yijun Zhang, 2015).

3.3. Experimental Methods
3.3.1. Method of Stock Solution Preparation

The LVF and NRF drugs bought from the market and grounded to reduce its size physically
using mortar and pestle to tiny particles and stored in polythene bottle until used. An accurately
weighed amount of LVF (0.0072g) and NRF (0.0064g) drugs powder by electronic balance

was dissolved in different 100ml solvents to prepare stock solution of 2x10™M . The
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solutions were stirred for 10 minutes using magnetic stirrer to increase the solubility of the
drug in solvents solution. Then, the solution was filtered using what man filtration paper to
reduce the suspended particles. On the other hand the stock solution of Caffeine were prepared
in water using similar procedure in order to investigate the fluorescence quenching mechanism
of Caffeine with LVF and NRF drugs.

3.3.2. Method of Measuring Effects of Solvent Polarity on LVF and NRF Drugs

To observe the effects of solvent polarity on LVF and NRF drugs, the stock solution of LVF
and NRF of 2x10*M were prepared in polar and non-polar solvents. The stock solution
diluted until concentration reaches: absorbance < 1 au for absorption and absorbance < 0.1 au
for the fluorescence spectra measurement and kept in dark room to avoid self-reabsorption and
other effects. Then UV/Vis absorption and emission measurement were taken immediately
and the data obtained was analysed using Origin software. The values of the solvent polarity
functions were calculated from relative permittivity, refractive index of the solvents and

empirical solvent polarity parameters as shown in Table 2.

3.3.3. Method of Measuring Optical Transition Probability of LVF and NRF Drugs

To determine the optical transition probability of the drugs, LVF of concentration 1.5x10°M

were prepared in solvents like Chloroform, Dichloromethane and Methanol. Similarly, NRF
with concentration of 1.5x10°M were prepared in Chloroform, Isopropanol, and Methanol.
Then UV/Vis measurement were taken. The parameters such as oscillator strength, transition
dipole moments, Einstein A and B coefficients and integrated absorption cross-sections were
calculated by integrating molar extinction coefficients and absorption coefficient in 25000-
50000 cm™* wave number regions. These can be achieved by recalculating the absorption versus

wavelength measurement obtained from UV-Vis-spectrometer.

3.3.4. Method of Measuring Photophysical Properties of LVF and NRF Drugs

In order to investigate the photophysical properties of drugs in different solvents, solutions of
LVF and NRF with 4x10°M were prepared from the stock solution for both absorption and
emission measurement. To eliminate the possibility of re-absorption and inner filter effects, the
fluorescence data were corrected for absorption of excitation light and emitted light and kept
in dark room to avoid other effects. Also to observe the effects of concentration on the
photophysical properties of LVF and NRF drugs, LVF of varied concentrations
2.4x10°M —1.68x10°M and NRF 2.4x10°M —1.3x10"°M prepared in water. Then for the
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sample prepared in different solvents and concentration, the UV/Vis absorption and emission
measurement were immediately taken. To probe the quantum yield of LVF and NRF drugs in
different solvents and concentration, methylene blue dye used as a reference sample and
prepared in ethanol based on reference (Glusko et al., 2011). The quantum yield then

determined using comparative method.

3.3.5. Method of Measuring Fluorescence Quenching

To study the interaction of LVF and NRF with caffeine, LVF of solution C =8.8x10°M and

NRF C=1.2x10"°M were prepared in sodium phosphate buffer from stock solution for

UV/Visible absorption and steady state fluorescence measurement. The drugs were dissolved

in a buffer solution to maintain constant pH (6.8). Then stock solution of caffeine 2.4x10°M
prepared in deionized water. The fluorescence spectra of LVF and NRF containing caffeine

were obtained by successive addition of caffeine of different concentration
(1.27x10™* —1.40x10°M) to fixed amount of LVF and NRF solution. The mixture of LVF-

CF and NRF-CF shake to arrive uniform solution before measurement was taken. Temperature
effects on the complexes were examined at 298K, 308K and 318K by putting the mixed
solution of drugs and caffeine on magnetic stirrer with hot plate for 10minutes. The temperature
of the samples was measured by thermometer and controlled using ice bath to keep the
temperature constant. The UV/vis electronic absorption spectra of the complex solution
measurement were prepared and obtained by similar procedures at room temperature. For FTIR

the samples were prepared in a solution form and converted to powder by evaporating water.

3.4. Computational Method

To understand the electronic structure and electronic properties of LVF and NRF,
computational work was performed employing Gaussian 09 software. The outputs of the
optimized structure were used to visualize HOMO-LUMO structure and total density matrix
with electrostatic potential map (TDM-ESP) of the LVF and NRF molecules. The HOMO-
LUMO energy band gap, the dipole moments, electron charge density distribution, oscillator
strength and electrostatic potential of the molecules were computed using semi-empirical
methods PM6, DFT-B3LYP-3-21G, and DFT-B3LYP-6-31G respectively. Time dependent
DFT (TDDFT) with basis set 6-31G is used to calculate the excited state dipole moment. All
the calculations were performed after optimizing the geometry of the molecule in the ground
state (Frisch et al., 2009).
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4. RESULTS AND DISCUSSION

4.1. Solvatochromic Effects

4.1.1.Effects of Solvent Polarity on Absorption and Emission Spectra of Levofloxacin
and Norfloxacin Drugs

The electronic absorption and emission spectra of molecules in solvents provide reliable
information about solvation effects on the ground and excited states (Bozkurt et al., 2017). Fig.
6a, b and 7a, b shows the normalized absorption and fluorescence emission spectra of LVF and
NRF in different polar and non-polar solvents, respectively. The absorption spectrum of LVF
exhibited different double absorption band spectra with maximum absorption at around 275-
325 nm and minor absorption band seen between 325-350nm which vary with the polarity of
the solvents. Similarly, NRF revealed main peak band appeared around 250-300 nm and weak
band seen between 300-350 nm. The change in the solvent polarity can bring about change in
the energy gap between the ground and singlet excited states, consequently leading to variation
in the position, intensity and shape of the absorption bands (Patil et al., 2019; Soltani et al.,
2020). Hence, the absorption spectra of the two drugs showed a blue shift with increasing

solvent polarity. This is because the increase of solvent polarity causes a blue shift in the

n— 7" absorption of carbonyl compounds (Bratkowska et al., 2020). In addition, n state is
more easily stabilized by polar solvent effects such as hydrogen bonding, so in going from non-

polar solvents to polar solvents there is a blue shift.

On the other hand, the emission spectra of the drugs contain only one band. The graph shows
red shifts upon going from nonpolar solvent to polar solvents and these are due to the fact that
the excited states of LVF and NRF are more stabilized in polar solvent than non-polar solvents
(Basavaraja et al., 2016; Manohara et al., 2013). The shift of the fluorescence emission peak
towards longer wavelengths is caused by the marked difference between the excited state and
ground state charge distribution of the drugs, and this results in a stronger intermolecular
interaction with polar solvents in the excited state (Kian et al., 2020; Zhao et al., 2021). The
largest peak emission shifts in different solvents are 44 nm and 39 nm for LVF and NRF
respectively as shown in Table 1. Larger shifts of the emission spectra were observed when
compared to the shifts of the absorption spectra. The reason is that absorption of light occurs
in about 107'°s, a time too short for motion of the fluorophore or solvents molecules. Hence,

the absorption spectra are less sensitive to solvent polarity.
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In contrast, the emitting fluorophore is exposed to the relaxed environment, which contains
solvent molecules oriented around the dipole moment of the excited state ( Kian, et al., 2017).
This is due to the length of time of fluorescent molecules remain in the excited state provides

an opportunity for interactions with other molecules in solution (Lakowicz, 2006).
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Figure 6. (a) UV/vis absorption spectra and (b) Emission spectra of LVF in solvents with
different solvent polarities.
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In general, a large emission shift shows that the excited state geometry of the compounds is

different from the ground state geometry and the dipole moment increases during excitation.

In such cases, the relaxed excited state S; will be energetically stabilized relative to the ground

state So and a significant red shift of the fluorescence will be observed (Siddlingeshwar et al.,

2011).
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Figure 7. (a) UV/vis absorption spectra and (b) Emission spectra of NRF in solvents with
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As shown in Table 1, the largest and smallest values of the wavenumbers of the emission peaks
of LVF and NRF were observed in water (polar solvent) and dichloromethane (nonpolar
solvent) respectively. These indicated that, both LVF and NRF have strong intermolecular
interaction with polar solvents in the excited state. Large Stokes shifts were observed for both
LVF and NRF antibiotic drugs (Table 1) and this can be an indication of intramolecular charge
transfer (ICT) occur as result of excitation (Sabahi et al., 2020; Sharma et al., 2021a). Previous
work confirms that, large Stokes shift seen on fluoroquinolones antibiotic drugs in aqueous
solution are explained through intramolecular charge transfer from the (N1) Piperazinyl group

to the main ring of the molecule (Cuquerella et al., 2006).

On another hand, a large magnitude of Stokes shift indicates that, the excited state geometry
could be different from that of the ground state associated with a variation of the charge
distribution upon excitation. Therefore, it is reasonable to assume specific interactions
involving the carbonyl groups and solvent molecules (Benazzouz et al., 2016). In order to
investigate the solvent effects on the charge distribution characteristics of drug molecules,
ground and excited state dipole moments of LVF and NRF were calculated and described in

the next section.

Table 1. Peaks of the absorption and emission spectra of LVF and NRF in solvents with
different polarity

Norfloxacin Levofloxacin
Solvent v (cm™) v, (cm™) v (cm™) v, (cm™)
Chloroform 35460.99 24626.90 33783.78 22782.68
Dichloromethane | 34965.03 24812.05 32894.74 22373.37
Isopropanol 35087.72 23588.80 33222.59 20966.12
Ethanol 35335.69 23093.09 33222.59 20788.29
Methanol 35460.99 22885.39 33444.82 20704.79
Distilled Water | 36496.35 22727.27 34722.22 21415.00
Ethyl Acetate 34722.22 24862.36 33444.82 21689.15
Ethyl Glycol 34602.08 22672.07 33898.30 20833.33

62



4.1.2. Evaluation of Dipole Moments

In another attempt, to evaluate the dipole moments, the spectral shift, the differences of
absorption and emission wavenumbers of the LVF and NRF obtained from experimental
investigation. The Dipole moment is one of the important physical parameters of any organic
molecules, which describe the distribution of electrons quantitatively. In the excited state, the
dipole moment of the molecule is changed due to redistribution of electron density relative to
ground state. The change of the dipole moment is influenced the nature of the surrounding

media/solvent and the type of solute solvent interactions (Patil et al., 2019).

To understand the solvatochromic effects of LVVF and NRF drugs, the absorption and emission
spectra are correlated to solvent polarity functions and empirical solvent polarity parameter.
The solvent polarity functions are calculated and presented in Table 2. The ground and excited
state dipole moments of LVF and NRF were estimated from the slope of the Lippert-Mataga
Eqg. (2.84), Bakhshiev’s Eq. (2.85), the Kawski-Chamma-Viallet Eq. (2.86), and the Reichardt
Eqg. (2.101) fitted to the experimental data. Fig. 8a and b are the graphs of v, —v, versus

f(&,,n) for LVF and NRF using Bakhshiev’s equation respectively. The statistical analysis of

the graphs for both drugs has good linearity with high correlation coefficients. The higher
correlation coefficient values suggest better linearity for these methods.

Table 2. Calculated values of solvent polarity functions in different solvents

Solvents n & foc(€,,0) | f(g,n)+2g(n) fLw(E,Nn) E}

Chloroform 1.445 | 481 |0.3714 0.9634 0.1486 0.253
Dichloromethane | 1.424 | 8.93 | 0.4745 1.0295 0.203 0.321
Isopropanol 1.3776 | 19.9 | 0.7786 1.2923 0.2762 0.546
Ethanol 1.3616 | 24.5 | 0.8126 1.3348 0.2886 0.654
Methanol 1.33 32.7 |0.8542 1.3041 0.308 0.762
Distilled Water 1.3325 | 80.1 | 0.9138 1.3636 0.3203 1.000
Ethyl Acetate 1.372 |6.02 |0.4895 0.9955 0.2001 0.221
Ethyl Glycol 1.4382 | 37.7 |0.8394 1.4334 0.2720 0.790
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Similarly, Fig. 9a and b are the graphs of v, +v, versus f(g,,n)+2g(n) obtained using

Kawski-Chamma-Viallet equation with good correlation coefficients. The slopes, intercepts,

and correlation coefficients of LVF and NRF are summarized in Table 3. In some case

deviation of data point from linearity were observed in the graphv, —v, versus f(g,,n) and

v, +V, versus f(g,,n)+2g(n).
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This is probably due to specific solute-solvent interactions (for example hydrogen bond
formation and the tendency of polar solvent molecules to form aggregates of two or more
molecules) that are not taken into consideration in all the above mentioned theories. Therefore,
it indicates the extent of interactions between the solute and solvent molecules (Fatma et al.,
2021; Patil et al., 2021; Walki et al., 2021).
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Figure 9. Plot of v, + v, versus f(g,,n)+2g(n) using Kawski-Chamma-Viallet equation for
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From the slope of the graphs and using Eq. (2.98) and (2.99) the ground and excited state dipole
moments of LVF and NRF were determined by assuming that the dipole moments are almost
parallel and the results are depicted in Table 4.The calculated results indicates that, the excited
state dipole moment is larger than the ground state dipole moment indicating that the probe
compounds are significantly more polarized in the excited state than in the ground state. More
of, the excited state strong interactions between solute and polar solvent molecules may be lead
to appearance of high dipole moments changes as compare to non-polar solvents (Melavanki
et al., 2021; Sabahi et al., 2020).

Table 3. Statistical analysis of the correlations of solvent spectral shifts of LVF and NRF

Slope(cm™) Intercept (cm™)  Correlation Coefficient
()
Bakhshiev’s Correlation
Levofloxacin 5938 7707 0.93
Norfloxacin 5899 7152 0.87
Kawski-Chamma-Viallet
Levofloxacin 3463 58669 0.79
Norfloxacin 4999 64848 0.86
Lippert-Mataga Correlation
Levofloxacin 19464 6858 0.87
Norfloxacin 27749 4312 0.85
Reichardt Correlation
Levofloxacin 3140 10373 0.91
Norfloxacin 4858 8738 0.95

In addition, large excited state dipole moment leads to a change in the distribution of charge
densities of solute solvents (Kian, et al., 2017a). On the other hand, the ground and excited
state dipole moments that are estimated by different methods are not similar due to the fact that
different assumption and simplification are applied in each method (Morosanu et al., 2019). It
is also noted that the value of the ground and excited state dipole moments of LVF and NRF
are not similar. The variation in the value of dipole moment may be due to structural difference

of the two compounds (Benazzouz et al., 2016). The change in dipole moments (A = 13.6,

16.4 D) obtained using Lippert-Mataga Eq. (2.93) are larger than the value obtained by other
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methods. This is due to the fact that Lippert-Mataga equation neglected polarizability of the
solute molecules (Bratkowska et al., 2020). Previously it has also been reported that the change
in dipole moment obtained using Lippert-Mataga equation is larger than the values calculated
by other methods (Belay, 2010; Belay, Libnedengel, et al., 2016).

Table 4. Calculated value of dipole moments in Debye (D), and Onsager cavity radius (a)
obtained from experimental and theoretical work for LVF and NRF

Comp. a A A A AV VAR Vi

#y
LVF 457 | 157 |507 | 458 |7539 5277 |44 |136 |3.01 |3.79
NRF 46 095 | 7.16 |6.03 |7.921 |6.813 |6.21 |16.4 |5.08 |7.54

a. Calculated value of Onsager cavity radius in angstrom

b. Experimental x, value calculated by Eq. (2.98)

c. Experimental , value calculated by Eqg. (2.99)

d. Experimental x, value calculated from empirical solvent polarity function
e. Theoretical x, values obtained by employing DFT B3LYP-3-21G

f. Theoretical u, values obtained by employing DFT B3LYP-6-31G

g. Aucalculated from Eq. (2.98) and (2.99)

h. Aucalculated from Eq. (2.93)

i. Agucalculated from Eq. (2.103)

j. Ratio of excited and ground states’ dipole moments found by Eq. (2.100)

The other important method to estimate the dipole moments depends on the empirical solvent
polarity scale E;' (Muddapur et al., 2014; Reichardt, 1994). It correlates better with the
solvatochromic data than the traditionally used bulk solvent polarity functions. In E}' the error

associated with the estimation of the Onsager cavity radius is reduced and the empirical polarity

scale also includes intermolecular interactions along with solvent polarity. Fig 10a and 10b are
the graphs of (V,—V;) versus E;' for LVF and NRF, respectively. The statistical results
indicate that, very high correlation coefficients (R = 0.91 and 0.95) were obtained for LVF and

NRF, respectively. The good linearity of E;' with the Stokes shift indicates that the inclusion
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of both the solute-solvent interaction as well as H-bonding interaction in the empirical polarity
scale. As it can be seen from the results of all models, the first excited state dipole moment of
Reichardt is larger than the ground state dipole moment. The difference in dipole moments
seen in two electronic states can be the indication of ICT (Sadigh et al., 2016; Melavanki et al.,

2021; Sidir & Sidir, 2011).
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Figure 10. Plot of v, —v, versus E;' for Reichardt equation (a) LVF and (b) NRF in
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In general, the dipole moments of the different states of a molecule are important parameters
which reveal information about the electronic and geometrical structures of the molecule.
Investigating the ground and electronically excited state dipole moments of a molecule
provides elucidation of the excited state nature and reflects the charge distribution in the
molecule (Melavanki et al., 2021). It is also used to predict the regions of electrophilic and

nucleophilic reactivity in some photochemical reactions.

Since both the pharmacological activities and the ground and excited state dipole moments of
the molecule is sensitive to the molecular structure and geometry, small changes in dipole
moments can be indicative of different pharmacological activities of the drugs (Khadem Sadigh
et al., 2016; Kian, et al., 2017a). Therefore, investigation of spectral properties and dipole
moment of LVF and NRF drug molecules in wide variety of solvents especially in aqueous and
alcoholic media can be extended to biological systems. Indeed, the obtained results about
molecular interactions can indicate completely the behaviours of LVF and NRF drugs in body

system.

4.1.3. Quantum Chemical Calculation

Fig 11 a-c shows the HOMO-LUMO structures, the optimized structure with the dipole
moment vector and the total density matrix with the electrostatic potential map (TDM-ESP)
for LFV and NRF obtained using the semi-empirical method MP6, DFT-B3LYP-3-21G and
DFT-B3LYP-6-31G respectively. It shows the spatial distribution of the electron cloud in three
dimensions. The three methods provided similar results in which the electron clouds are mainly
distributed on the molecular skeleton of the aromatic benzene ring of the drugs. Electron clouds

are also present on the functional groups attached to the benzene ring.

The values of ground and excited state dipole moments of the selected molecules were
calculated from the optimized structure using DFT. The ground state dipole moments obtained
from the semi-empirical method PM6, DFT B3LYP-3-21G and DFT B3LYP-6-31G are larger
than the experimental results. For example the ground state dipole moments obtained using
DFT B3LYP-3-21G are x, =7.539D and x, =7.921D for LVF and NRF respectively, and
are larger than the experimental results as shown in Table 4. The reason for such difference
may be that the experimental method is affected by solvent and environmental effects (solute-

solvent interaction), whereas the theoretical calculation is performed for a free molecule (Sidir
et al., 2016; Sidir & Gilseven Sidir, 2015).
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Figure 11.The HOMO-LUMO structures, optimized structure with dipole moment vector and
total density matrix with electrostatic potential map (TDM-ESP) for LFV and NRF using (a)
Semi-empirical method MP6, (b) DFT-B3LYP-3-21G and (c), DFT-B3LYP-6-31G.
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In addition, dipole moments obtained by the theoretical method are larger than experimental
results due to theoretical dipole moments depending on charge densities obtained from Eigen
functions of the molecular orbital approximations. Also the quantum chemical methods usually
yield an exaggerate electrons distribution in molecules and make them more polar than in
reality (Manohara et al., 2013). Recent work on 5-methyl-benzofuran-3-yl-acetic acid
hydrazine also indicated that the ground state dipole moment obtained by chemical calculation
is larger than the excited state dipole moment (Maridevarmath et al., 2019). On the other hand
the excited dipole moments obtained using the three methods are similar to the experimental
value (5.970 and 7.160 D). The excited state dipole moment of LVF and NRF are 6.350, 6.939;
4.716, 6.20 and 5.277, 6.813 D using Semi-Empirical method PM6, TD-SCF-DFT-B3LYP-3-
21G and TD-SCF-DFT-B3LYP-6-31G, respectively.

Investigation of frontier molecular orbital is important to realize the optical and electrical
properties of molecules, since the energy gap between HOMO and LUMO governs the kinetic
stability, chemical reactivity, optical polarizability, chemical hardness and softness of the
molecule (Bratkowska et al., 2020). The molecule with large HOMO-LUMO gaps is generally
stable and unreactive while ones with small gaps are highly reactive (lvan et al., 2020;
Morosanu et al., 2019). The HOMO-LUMO energy band gap of LVF and NRF compounds
calculated are 0.146, 0.157 and 0.151, 0.162 eV using DFT-B3LYP-6-31G and 3-21G
respectively. The HOMO-LUMO band gap energy of the two drugs are small compared to
other aromatic compounds reported by (Belay, 2011; Libnedengel, et al., 2016) and this
indicates that, the drugs are highly reactive or an electron of the HOMO orbital can easily be
excited to the LUMO orbital (Sharma et al., 2021b; Uv et al., 2017). A difference in the
electronic distribution was also noticed on the HOMO-LUMO molecular orbital plots of LVF
and NRF as shown in Fig. 12. A higher electronic distribution was observed on the HOMO
orbital level as compared to LUMO orbital.

The total density matrix with electrostatic potential map (TDM-ESP) is another crucial tool
used to understand the hydrogen bonding interactions and the electrophilic and nucleophilic
sites, and the charge distribution in a given molecule. Identifying these nucleophilic and
electrophilic regions are essential to design non-linear optical materials (Akshaya et al., 2016).
The purpose of the TDM-ESP analysis also gives a clue where the intermolecular interactions

are formed within the molecule.
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Figure 12. The HOMO-LUMO energy, band gap energy and structure of (a) LVF and (b) NRF
using DFT-B3LYP-6-31G.

The electrostatic potential map plot of LVF and NRF shown in Fig.13 a, b. The electrostatic
potential map of LVF and NRF are represented in red and blue colour. Blue colour represents
a positive phase that corresponds to a nucleophilic region and red colour represents a negative
phase corresponds to an electrophilic region (Patil et al., 2019). According to these calculated
results, the 3D diagram TDM-ESP map shows that the negative potential sites are on oxygen
atoms for electrophilic attack as well as the positive potential sites are around the Nitrogen

atoms for nucleophilic attack symptoms.
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Figure 13. Total density matrix with electrostatic potential map (TDM-ESP) of (a) LVF and
(b) NRF

In addition, the UV/vis absorption spectra, the excitation energies and their corresponding
oscillator strengths are determined using TD-SCF-DFT-B3LYP-6-31G since it determines
these better than other methods (Allouche, 2011; Krawczyk, 2015). The result obtained
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indicates that, at different excitation wave length the oscillatory strength of both LVF and NRF
drugs are varied. The numerical values are shown in Table 5. The HOMO-LUMO structures
and UV/vis spectra are shown in Fig 14. The excitation energy variation cause the oscillator
strength of the drugs to be changed.
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Figure 14. HOMO-LUMO structures and UV/vis spectra of LVF and NRF determined using
TD-SCF-DFT-B3LYP-6-31G.

Table 5. The UV/visible absorption wavelengths and corresponding oscillator strengths
determined using TD-SCF-DFT-B3LYP-6-31G.

Com | M A2 A3 E1 E Es S1 S, Ss3
poun | (nm) | (hm) | (nm) | (eV) (eV) (eV)

d.

LVF | 416.4 | 394.0 | 386.3 | 2.9773 | 3.1467 | 3.2098 | 0 0.0262 | 0.0003
NRF | 390.2 | 360.2 | 359.1 |3.1773 | 3.4424 | 3.4529 | 0.0003 | 0.0118 | 0.0609

E1- Excited State 1 energy and corresponding wavelength A1, oscillator strength Sz
E>- Excited State 2 energy and corresponding wavelength A2, oscillator strength S

Es- Excited State 3 energy and corresponding wavelength A3, oscillator strength S3

4.2. Optical Transition Probability of LVF and NRF

The optical transition probabilities are useful for understanding 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 (Ataklti et al., 2016; Belay
& Gholap, 2009b; Keyeta & Gholap, 2011). Determination of these properties are also essential

for direct experimental application in the emission, absorption and dispersion, and in providing
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stringent test of atomic and molecular structure calculation in theoretical works (Belay, 2010;
Belay & Gholap, 2009a). The optical transition probability such as transition dipole moments,
Einstein A and B coefficients, oscillator strength, integrated absorption cross-section, were
determined in different solvents using Eq. (2.73, 2.75, 2.76, 2.77) respectively and the results

are shown in Table 6.

In this investigation, the oscillator strength of LVF and NRF in distilled water was calculated
by absorption measurements. It was related to the molar extinction coefficient by using Eq.
(2.76). The calculated oscillator strength of both LVF and NRF are larger in methanol as
compared to other solvents as shown in Table 6. Increased oscillator strength can be due to
absorption gets faster in solvents with high polarity and it is proportional to probability of a
photon absorption based on polarity of the molecules (Zhang et al., 2020). The other important
parameters like transition dipole moments, absorption coefficient, Einstein A and B
coefficients also indicates both LVF and NRF have less transition probability in non-polar
solvents and high transition probability in polar solvents at room temperature (Table 6). It is
due to Einstein coefficients and absorption cross section are large where the atom inside a host
medium are increasing for monochromatic field induced absorption rate in the given angular
frequency range (Milonni & Eberly, 2010) . A similar trends were observed on recent study
of coumarinyl and anthracene also shows high absorption coefficient and transition dipole

moment in polar solvents (Fahmy et al., 2018).

Table 6. Optical transition probability of Levofloxacin and Norfloxacin

Concent [ edv [adv | §.(cm/ | Bem( | tem( | Agm

Drug | Solvents ration A f (L/mol. | (cm™) | molec | s/kg) | C.cm) | (s*)
(mole/L) cm) x108 ule)xl | x10- | x10%8 | x10®

0—15 12

LVF | Chloroform | 1.5x10° | 0.16 | 0.26 | 0.60 893.1 | 98.9 099 |134 |19
Methanol 1.5x10° | 0.34 | 0.44 |1.02 1795 | 146 2.07 |19.1 3.8
DCM 1.5x10° | 0.26 | 0.28 | 4.62 708.0 | 78.4 091 (125 |17
Chloroform | 1.5x10° | 0.18 | 0.21 | 0.57 859.1 | 95.1 091 | 128 |20

NRF | Methanol 1.5x10° | 0.36 | 0.38 | 0.88 1782 | 147 150 [16.2 |26
Isopropanol | 1.5x10° | 0.14 | 0.25 | 0.59 879.0 | 97.0 099 (132 |21
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4.3. Photophysical Properties
4.3.1. Effects of Solvent Polarity on Photophysical Properties of LVF and NRF Drugs

The effect of solvent polarity on the photophysical properties of LVF and NRF were
determined at room temperature and the results are listed in Table 7. The fluorescence quantum

yield (¢, )obtained using Eqg. (2.79) indicates that, solvent polarity has significant effects on

the quantum yield of LVF and NRF. This effect is due to reorientation of solvent around the
solute which may affects the fluorescence spectra of the drugs (Woldegiorges et al., 2021). The

effect of solvent polarity function (Af) on ¢, are shown in Table 7. Higher ¢, of drugs were

observed in non-polar solvents as compared to polar solvents and these can be due to absence
of solute solvent interaction in non-polar solvents related to polar solvents and as the result the
drugs undergoes fast radiative decays (Nad & Pal, 2001). In addition, it was also observed that

@, of LVF is greater than NRF and this can be due to the structural differences of the LVF and
NRF drug molecules (Bozkurt et al., 2017).

Moreover, in order to get an insight about the excited state dynamics of the drugs molecules,

the fluorescence life time (z,) of LVF and NRF in different solvents are also calculated using

Eq. (2.82) and the result are shown in Table 7. A change in the microscopic environment of the
solvent shows profound effect on its fluorescence life time properties. The obtained results
indicated there will be variation of the fluorescence life time with the solvent polarity. The
variation in fluorescence life time is due to the drug molecules have different nature and
interaction with the solvent molecules (Panja, 2021). Fluorescence lifetimes are also affected
by the conformational stability of the molecule in the excited state which depends on the
orientation polarizability of the surrounding solvent and other specific interactions (Sabahi et
al., 2020).

Based on the fluorescence quantum yield and lifetime measurements, the values of rate
constant for the decay of the excited state through radiative decay (k,)and non-radiative decay
(k.. ) in different solvent polarity are determined by using Eq. (2.80 or 2.83) and shown in

Table 7. The result indicates that, the rate of non-radiative value were large in polar solvents
relative to non-polar solvents. Less rate of non-radiative decay observed is possible because of
the emission is from locally excited state in non-polar solvents and specific solvent interaction

such as hydrogen bond and intermolecular charge transfer can be raised in the polar solvents
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(Lakowicz, 2006). It could be observed that the values of both k. and k, strongly depends on

the type of solvent used.

The non-radiative rate constant can be also expressed in terms of the energy gap law after
making due allowance for changes in the solvent reorganisation energy. As it is confirmed from
the effects of solvent polarity on LVF and NRF emission spectra (section 4.1), red shift were
observed in polar solvents compared to non-polar solvents. This was occurred as result of
excited state of LVF and NRF molecules are more stable in polar solvents which decrease
emitting molecules due to solute solvents molecules interactions or reaction. Hence, the non-

radiative decay become large in polar solvents.

Table 7. Photophysical properties of Levofloxacin and Norfloxacin in different solvents

Solvent | Levofloxacin Norfloxacin

Solvent polarity | ¢, | k. x10° | k,x10° | z,(ns) | @; | k x10° | k., x10° | 7((ns)
Af - _ _ _
(A7) s | () Y | Y

Chloroform | 0.1486 | 0.47 | 3.76 4.89 0.13 0.22 | 2.96 1.06 0.07
Isopropanol | 0.2762 | 0.12 | 5.17 38.6 0.02 0.19 |3.81 1.66 0.49
Ethanol 0.2886 | 0.22 | 0.70 24.5 0.31 0.02 | 0.85 4.70 0.02
Water 0.3203 |0.31 |2.22 48.6 0.14 0.12 | 0.85 7.27 0.12

4.3.2. Concentration Dependent Photophysical Properties of LVF and NRF

Concentration dependent photophysical properties of LVF and NRF such as quantum yield,
and fluorescence life time graphs are shown in Fig.15 and Fig.16 respectively. The result
obtained clearly shows that, as the concentration of the drugs increasing, the quantum yield
drastically reduced in the studied concentration range. In contrast, the fluorescence life time is
increasing. The rapid decrease in quantum yield and increase in fluorescence life time at higher
concentrations can be mainly attributed to the formation of dimers and higher aggregates which
have a zero or very small fluorescence quantum yield (Al-Tememee et al., 2013; Antina et al.,
2021). The competition between increasing dimer absorption and decreasing monomer
absorption with increasing concentration plays a comparable role in decreasing quantum
efficiency (Panja, 2021). Previous findings confirms that due to increase in concentration, the
formation of dimer play a great role in decreasing quantum yield because of self-quenching

of fluorescence intensity (Al-Tememee et al., 2013).
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In this study, we employed solutions of LVF and NRF with varied concentration 2.4x107° —
1.68x10°M and2.4x107° - 1.3x10°M  respectively, to investigate the effects of drug

concentration on their emission spectra. Fig. 17 and 18 show the variation of emission spectra
with the change in concentration and from the graphs it can be witnessed that the fluorescence
intensity is linearly increasing at low concentration of LVF and NRF drugs. The linear increase
of fluorescence intensity at lower concentration of LVF and NRF could be result of no

aggregation formed (Itagaki, 2000).
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Figure 15. Quantum yield and fluorescence life time versus concentration of LVF
However, the emission intensity of LVF start to decrease when the concentration reaches
beyond1.68x10°M . This may be due to the effect of high concentration reabsorption or inner
filter effects and collisional quenching of the sample can happen. Something possibly occur
with fluorescence or other emission processes is that emitted photons can be reabsorbed by
ground state molecules (Biral Silva et al., 2021; Rodriguez & San Roman, 2013). This is a
particular problem of S1-So emission transition and the fluorescence intensity measured at the
detector may actually start to drop (Montero et al., 1990).
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Figure 16. Quantum yield and fluorescence life time versus concentration of NRF

Any increment of concentration also affects the number and force of collisions taking place in
the solution and influence the magnitude of the fluorescence emission. Collisions promote
radiation less decay and loss of extra energy as heat, so more collisions or more forceful
collisions will promote radiation less decay and reduce fluorescence emission (Itagaki, 2000;
Robeson & Tilton, 1995).

In addition, at large drugs concentration, peak emission spectra of Fig. 17, and 18 indicated
relatively slight blue shift. More of, the inset graph of Fig. 17, and 18 losses linearity at higher
drug concentration. These confirms that there is formation of aggregation of the drugs
molecules at higher concentration which indicates self-quenching of the drugs molecules
(Rodriguez & San Roman, 2013). Previous study confirms that deviations in photophysical
properties of the drug molecules are one way to verify aggregation formation. When
concentration increases, aggregation is perceived and loss of linearity in the relations between

emission intensity versus sample concentration happen (Biral Silva et al., 2021).

78



1200 - \ 8001 ./
I/.

1000 Fha J

=S s )4

S 3 400 | -

:'z‘ 800‘ \ ./

UC) 0 l'.,

2 N

< 600+ .50'><10'6 9.oo'><1o'6 1A35'x10'5 1.80;<10'5

8 Concentration (M)

8 400

1)

o

S 200-

TH
0 I T T 1
400 450 500 550

Wavelength(nm)

Figure 17. Emission spectra versus wavelength spectra of LVF in (2.4x107°,3.2x10°°
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Figure 18. Emission spectra versus wavelength spectra of NRF in (2.4x107°,3.2x107°,

4.0x10° ,4.8x107°,5.6x10° , 6.4,x10°, 8.8x10°, 1.3x10°) M concentration.

4.4. Fluorescence Quenching of LVF and NRF

In order to explain the effect of other molecules on the photo-chemical behaviour of drugs, the

experiment based on fluorescence quenching as a function of quencher concentration were
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interesting method (Amjadi & Farzampour, 2014). Fluorescence quenching is a process of
decreasing the fluorescence intensity due to energy transfer, ground state complex formation,
excited state reactions and collisional quenching between the molecules (Lakowicz, 2006). In
this study, the fluorescence quenching of LVF and NRF drugs with caffeine (CF) were
investigated. The fluorescence spectra of LVF and NRF in the absence and presence of caffeine

were described in Fig. 19a and b respectively.
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Figure 19. Emission spectra of a) LVF and b) NRF in the presence of Caffeine

The result shows high intrinsic fluorescence quenching of drugs as concentration of caffeine is
increasing. The decrease in fluorescence intensity of drugs indicate strong interaction of the

drugs with caffeine in the system. However, there was no unusual change in the fluorescence
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spectra of LVF and NRF drugs other than the reduction of fluorescence intensity and also no
spectral shift was observed in presence of caffeine indicating that electronic transition of the

fluorophore is not perturbed by the quencher (Panda et al., 2020).
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Figure 20. Stern-volmer Plot quenching of (a) LVF (8.8x10°M)and (b) NRF (1.2x10°M)
by caffeine with different concentration at temperature of 298K, 308K, and 318K

The fluorescence quenching of LVF and NRF at different temperature are analysed by Stern-

Volmer constant (K, ) using Eqg. (2.108) and the plot are displayed in Fig. 20a and b. Linear

fittings (Fig. 20) of the experimental data afford K, and k, (Table 8). The graphs show high
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linearity (0.95, 0.98) with large slope (K, )of 1968.7 M™ and 309514.1 M respectively at
298K. The higher K, is an indication of strong interaction between the drugs and caffeine.
The linearity suggesting the mechanism of quenching to be either static or dynamic (Rout et
al., 2020). To know the nature of the interaction, the temperature dependent fluorescence
spectrum was recorded at three distinct temperatures (298 K, 308 K, and 318 K). Result shown
in Table 8 indicates, the Stern-Volmer constant decreased as the temperature is increasing
which confirms that the quenching mechanism of both drugs are static quenching rather than

dynamic quenching.

The value of bimolecular quenching rate constant (k,) also determined in three varying

temperature and the results are depicted in Table 8. The result found are in the range of
6.98+0.04x10" -1.593+0.03x10” M *s™ and 1.55+0.21x10" -2.104+0.50x10" M 's™

for LVF and NRF respectively. The value confirms that, k,exceed by far diffusion controlled

rate constant (2.0x10° M “*s™) in an aqueous solution (Belay, 2011, Kim, et al., 2016; Zhou
et al., 1983). This point out the quenching mechanism does not involve a dynamic diffusion

process, but rather occurs due to the formation of complexes of drugs-Caffeine.

Table 8. Stern-Volmer constant, and bimolecular quenching rate constant of LVF and NRF at
different Temperature

Drugs
@ z,(ns) T(K) | Ky (M) kyx(M7's™10% | R

298 |2015.6+£33 |1.593+0.03 0.95

LVF 0.279+0.021 1.265+0.03 308 |1868.5+21 |1.477x0.02 0.98
318 | 1777.3+15 | 0.698 +0.04 0.94
298 | 289676 £ 14 | 2104.3 £0.50 0.98

NRF 0.0742+0.004 | 7.22+0.12 308 | 244474+12 |1675.8+0.14 0.94
318 | 218983+ 35 | 155.20+0.21 0.97

4.4.1. Determination of Binding Site and Binding Constant

The fluorescence results can also be used to obtain the binding constant (k,) and the number of
binding sites (n) of interacting molecules. The values of k,and n of the interaction between

drug and caffeine is very important for understanding the distribution of the drug in plasma
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which may have an impact on pharmacodynamics and pharmacokinetics of drugs (Mrkali¢ et
al., 2021; Weiser & Weigmann, 2019). As mentioned under section 3.4, the quenching
mechanism of LVF and NRF by caffeine were static through formation of non-fluorescent
complex. If a non-fluorescence complex forms, the intrinsic binding constant and number of

binding sites are calculated using the graph of log(F, —F)/F vs Log([Q]-[DI(F,—F)/F,))

stated in Eq. (2.109). The graph were shown in Fig. 21a and b and the results are given in Table
9. The value of binding site for both LVF and NRF is about 1, predicting that one molecule of
caffeine is bound to one molecule of the drugs or suggesting 1:1 association for complex

formed between the drugs and caffeine.

The value of binding constant of LVF and NRF with caffeine also studied in the vivo situation
of drug temperature and the result indicates strong interaction of the LVF and NRF dugs with
a caffeine. Strong drug-caffeine interaction might prolong the storage time of drug in plasma
and consequently could reduce the efficacy of the drug (Stojanovi¢ et al., 2020). This is based
on the free drug hypothesis which states the cellular uptake is proportional to the unbound
concentration of drugs in circulating plasma (Lazo et al., 2021). The drug-ligand interaction
also affects the pharmacokinetic properties of the drug. For example recent investigation on
caffeine-clozapine interaction provide toxicity (Yartsev & Peisah, 2021). Moreover, the
binding constant and binding site of both drugs decreases as the temperature is increasing,
which confirms unstable compound formation that can be partly decomposed at highest

temperature.

Table 9. Nature of binding parameters such as binding constant (k,) , number of binding sites
of Levofloxacin and Norfloxacin at different Temperature (T)

Drug Molecules T(K) Log(k,) k,(M™*)x10* n
298 3.544 +0.21 0.351+ 0.05 1.10 £ 0.05
Levofloxacin 308 3.538 £ 0.32 0.345 £ 0.02 1.09 £ 0.02
318 3.527 £ 0.53 0.336 £ 0.04 1.01+0.01
298 3.265 £ 0.02 0.191 £ 0.08 0.96 £ 0.06
Norfloxacin 308 2.914 + 0.07 0.082 £ 0.42 0.95+0.01
318 2.674 +0.21 0.047 £ 0.39 0.87 £0.04

Therefore, decreasing of binding constant suggested that the affinity of the LVF and NRF with
caffeine were reduced which might improve the free concentrations of unbound drug and
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enhanced its pharmacology effects (Lazo et al., 2021). On the other hand, the magnitude of ka

values of NRF is much larger than LVF, indicating Caffeine exhibit strong affinity to NRF than
LVF.
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Figure 21. Graph of log(F, —F)/F vs Log([Q]-[DI(F, - F)/F,))when caffeine
(1.27x10*M —1.4x10°M) binding to (a) LVF (8.8xM)and (b) NRF (12.M) .
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4.4.2. Thermodynamic Parameters and Nature of Binding Force between Drugs and
Caffeine

Fluorescence spectroscopy can also employed to deduce thermodynamic parameters involved
in drug-ligand interaction( Xiong et al., 2017). The evaluation of the thermodynamic and
association parameters of drugs-caffeine interaction can provide crucial diagnostic information
toward a molecular level understanding of the interaction process (Paul et al., 2017). To get
further understanding about the interaction of LVF-CF and NRF-CF association, the
thermodynamic parameters such as enthalpy (AH), entropy (AS) and Gibbs free energy
change (AG) at three temperatures were determined using Vant-Hoff Eq. (2.110) (Meena &
Kishore, 2021). The parameters were determined based on the data derived from fluorescence
quenching of the LVF and NRF drugs with added caffeine and presented in Table 10. Result
shows, the free energy change value is negative indicating binding between the drugs and

caffeine occur spontaneously. The negative enthalpy suggested that the binding reaction was

an exothermic process, thereby providing a reasonable explanation for the decreasing ka as

temperature is increasing.

The binding forces mostly include hydrogen bonding interaction, van der Waals forces,
electrostatic interaction and hydrophobic interaction, which can be confirmed based on the
signs and magnitudes of the thermodynamic parameters ( Wang et al., 2016; Wang et al., 2020).
The sign and value of AH and AS obtained for both drugs (Table 10) shows the responsible
force for the interaction of LVF with caffeine is electrostatic interaction and for NRF are Van
der Waals and hydrogen bond.

Table 10. Thermodynamic parameters such as enthalpy change (AH) , Free Energy change
(AG) and entropy change (AS) in different temperature (T)

Drug

Molecules T(K) Ink, AH (molL™?) AS(ImolL*K ) | AG(kJ/mol)
298 [8.16+0.20 |-158+0.1 x10°® |-628+1 -21.5+£0.25
308 |8.14+0.01 -20.8 £0.41

Levofloxacin 318 [8.12+0.31 -20.2+0.12
298 |9.88+0.04 | -553+08x10* | 1239%2 -12.4 +0.17
308 |8.96+0.05 -11.6 £0.21

Norfloxacin 318 |8.02+041 -10.1 £ 0.65
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Previous work suggests, if the thermodynamic parameters AH <0, and AS >0 the interaction
force is electrostatic force (Kumar & Asuncion, 1993). Similarly, report were observed
previously when the value of AH and AS are both negative, hydrogen bond and van der
Waals forces are the main contributing interactions force in the binding process (Keswani
etal., 2021).

4.4.3. UV/vis Absorption Spectroscopy Study

The electronic UV/Vis absorption measurement is very simple and applicable method that
widely used to investigate the quenching mechanism and structural change of drug molecules
interaction with other compound molecules (Mrkali¢ et al., 2021). If the fluorescence
quenching mechanism of LVF and NRF induced by small molecule refers to dynamic
quenching, the molecules only affects the excitation state of drugs instead of its absorption
spectrum (Wang et al., 2016). Otherwise, if the fluorescence quenching mechanism is the static
quenching or the ground state complex formation will resulting in the change of the absorption
spectrum of LVF and NRF drugs. The UV/vis absorption spectra of the LVF and NRF were
measured by varying the concentration of caffeine added to the drug solution and shown in Fig.
22a and b respectively. Up on addition of Caffeine to LVF and NRF solution, the absorption
spectra of LVF around 340nm and NRF nearby 332nm were blue shifted. In addition, isosbestic
point were appeared at 294nm on LVF-CF and at 289nm on NRF-CF complex spectra.
Meanwhile, the formation of blue shift of absorption bands and isobestic point clearly indicates

that, ground state complex formation of LVF and NRF with caffeine.
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Figure 22. UV/Vis Absorption spectra of (a) LVF-CF and (b) NRF-CF Complex

These confirms the results of fluorescence quenching mechanism of the molecules caused
mainly by static quenching mechanism. The result obtained are in agreement with the reported
studies on binding interaction of caffeine with caffeic acid and chlorogenic acid (Belay, 2011,
Kim, et al., 2016).

4.4.4. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is another essential technique that provides
information related to functional groups present in the molecule. The data obtained from the
experiment is in the form of a spectrum that acts as the molecular fingerprint of the compound
(Mohd et al., 2010).To explore the conformation of the interaction of LVF-CF and NRF-CF,
the FTIR spectra of the molecules are measured. The molecules of LVF and NRF are
characterized due to carbonyl, carboxylic group and aromatic ring exist in the compounds. As
observed in Fig.23a and b, typical characteristics of LVF and NRF FTIR absorption spectral

peak 3200-3447 cmcorresponds to carboxylic group OH stretching and intermolecular

hydrogen bonding, 1682cm™ is due to carbonyl C = O stretching, and 2854 cm™ attributed
to aromatic C — H group stretching (Sahoo et al., 2012).

In the case of caffeine spectra (Figs 20a and b) the symmetrical and asymmetrical stretching

located at 2953¢cm™ and 3105 cm™ are due to C —H, and spectra from 1550-1700 cm™
corresponds to C = O vibration band (Coates, 2006; Gunasekaran et al., 2005). The FTIR

main absorption spectra of LVF observed on 2854 cm™ due to aromaticC — H , 3247 cm™
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from carboxylic OH and NRF observed on 2849.85 cm™ from aromaticC — H , and 3447 cm™
due to carboxylic OH are disappeared in LVF-CF and NRF-CF reaction.
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Figure 23. FTIR absorption spectra of CF, NRF, LVF, NRF-CF, and LVF-CF

According to literature report, change in absorption spectra post interaction can be formed due
to conformational change as result of reaction between the molecules (Alsaif et al., 2020). In
general, the disappearance of existing spectra observed in the reaction of LVF-CF and NRF-

CF are an indication of the binding between molecules.
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5. CONCLUSIONS

In these research, the effects of solvent polarity on LVF and NRF absorption and emission
spectra, the photophysical properties of varying sample concentration and solvent polarity
effect, and the interaction of LVF and NRF drugs with caffeine were investigated. The results
indicate that the emission spectra of both compounds are more strongly affected than the
electronic absorption spectra. The effect of solvent polarity on the absorption and emission
spectra of LVF and NRF were used to estimate the ground and excited state dipole moments.
The dipole moments of LVF and NRF were estimated by Lippert-Mataga, Bakhshiev’s,
Kawski-Chamma-Viallet, and Reichardt methods. The excited state dipole moments calculated
from experimental results are bigger than the ground state dipole moments showing that the
probe compounds are significantly more polar in the excited state than the ground state. The
dipole moment values, spectral properties and understanding the different resonance structures
of drug molecules give important information about solute solvent interactions that can be

useful in studying of these molecules operations in biological systems.

On another hand, Computational analysis was performed by Gaussian 09 using DFT methods
at B3LYP-3-21G, B3LYP-6-31G level of theory and semi-empirical MP6 method. The
calculated HOMO-LUMO energy band gap obtained by all methods are small and these
indicate that both compounds are highly reactive. Larger dipole moments were obtained from
computational work than from the experimental results, due to the absence of solvent effects.
The result also assured that photophysical properties are influenced due to drugs concentration
and solvent polarity. Quantum yield decreasing as the sample concentration is increasing,

whereas fluorescence life time increasing with concentration.

In addition, the binding of fluoroquinolone antibiotic drugs LVF and NRF with caffeine is
investigated and the fluorescence intensity of both drugs quenched by caffeine. As it is
confirmed from steady state fluorescence measurement and UV-vis absorption, the quenching
mechanism is static. Thermodynamic parameters value obtained from spectral analysis
indicates, the reaction between the drugs and Caffeine occur spontaneously and it is due to
electrostatic force in LVF and hydrogen bond and van der Waals force in NRF. Also the FTIR
absorption spectra of LVF-CF and NRF-CF confirms the conformational change of the drugs

and result obtained verify the structural change due to caffeine molecule bind to drug molecule.
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6. FUTURE RESEARCH AND RECOMMENDATIONS

From an overall outlook, due to financial constraints and lack of characterizing instruments, a
full characterization of drugs-caffeine interaction were not addressed in this research. Hence
in the future, changes of the drug particles size happen during its binding interaction with
caffeine which is important to determine the efficacy of the drug cytotoxicity is one of the area
of investigation. In addition, cell imaging studies to check the capability to cross the cell
membrane during drug caffeine interaction and in vivo application will be the other focusing
areas. The investigation clearly identified that the drugs structural change as a result of their
interaction with different solvents. Since the drugs geomtrical structure change affects the
pharmacokinetic properties and provide drug toxicity, we suggested the pharmacologist to
consider the issue in drug design. Also the study of LVVF-Caffeine and NRF-Caffeine identified
the presence of reaction or complex formation between the caffene and drugs. Complex
formation between the drug and Caffeine affects the pharmacokinetic properties of the drugs.
In the future, we will also further investigate other bioactive compounds found in the food we
are consuming such as carotenoid, polyphenols, coenzymes and organosulfur intercation with
these drugs and also to more study this area using advanced instrument such as nuclear

magnetic resonance (NMR) spectroscopy.
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