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Abstract

The purpose of this thesis is to correlate the DFT results with the reported
antifungal and or antibiotic activities. The optimized molecular geometry, bond
lengths, bond angles and band gap were investigated. In this regard
various heterocyclic compounds were used to find out their quantum chemical
parameters of the compounds viz. EA, IP, electronegativity, hardness (1) and
softness (o) showed strong correlation with the reported antifungal activity
of studied compounds. Geometrical parameters have been compared with
the available experimental results. The structure-activity relationship was also
studied. The heterocyclic compounds studied in the era of the current thesis are
benzoyl thiourea derivatives linked with morpholine and piperidine, thiourea
derivatives containing a thiazole moiety, homoisoflavanone analogues and
allantofuranone and rglated compounds containing -lactone.

The first chapter is about Introduction of quantum chemical methods. The
second chapter describes DFT-based theoretical model for predicting loading and
release of a pH-responsive sulfasalazine drug. The third chapter is about DFT
studies and quantum chemical calculations of benzoyl thiourea derivatives linked
with morpholine and piperidine for the evaluation of antifungal activity. Fourth
chapter describes in detail the DFT calculations of thiourea derivatives containing a
thiazole moiety for the evaluation of antifungal activity. While, the fifth chaper is
about the DFT based investigations of antibiotic and antifungal activity of
allantofuranone and aelated y-lactone compounds. Whereas, the sixth chapter give
details of the electronic structure and physico chemical property relationship for
homoisoflavanone analogues. And in the last chapter the summary and future scope
are compiled.

A full quantum-mechanical treatment would require the calculation of the
system’s many-nuclei, many-electron wave function; however, the relatively large

mass of the nuclei means that for the vast majority of simulations their behaviour is



decoupled from the electrons and they may be treated as classical point-like
particles (the Born—Oppenheimer approximation). In contrast to the nuclei, the low
mass of electrons means that a full quantum-mechanical treatment is required to
understand their behaviour, but the computational complexity of the many-body
Schrodinger equation means that a solution is beyond current or foreseeable
technologies for almost all material problems. However, DFT allows us to sidestep
the computational difficulty by focusing on the electron density, instead of the
many-body wave function. The underlying principle of DFT is that the total energy
of the system is a unique functional of the electron density, hence it is unnecessary
to compute the full many-body wave function of the system. However, the precise
functional dependence of the energy on the density is not known. Kohn and Sham
transformed this DFT problem of computing the ground state energy and particle
density of an N-electron system to that of solving a set of independent-particle

equations.

This work describes a theoretical model that combines classical pKa theory
with quantum mechanical calculations to predict the extent of interaction between
pH-dependent species over a full range(of pH. To demonstrate the theoretical
model, the drug loading and release of a pH-responsive drug delivery system
consisting of sulfasalazine <is' loaded onto the positively charged

trimethylammonium (TA)-functionalized mesoporous silica nanoparticle surface.

The interactions of drug molecules with the silica surface, in the absence and
presence of FG, were calculated using the CASTEP calculations. For the silica
surface with a positively charged FG, the interaction energy (Ein) is calculated
using eq 1, whereas for the system without any FG, eq 2 is used.

Eint = Esilica with FG+drug) — Esilica with FG) — E(drug) (@)

Eint =Esitica + drug) — Esitica) — El(drug) 2)
The relative probability of combinations of a pair of molecules with two different
protonation states is derived (S°D7!, S7!D, S°D° and S'D!), and density
functional theory simulations of each combination are then used to calculate the

pH-responsive binding energy. Overall, it is observed that the predicted model,
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combined with periodic functional theory calculations on the TA-functionalized
quartz surfaces, showed a strong agreement with experimental results that
sulfasalazine was bound to MSN surfaces at low pH values but released at high pH
values.

This section describes DFT studies and quantum chemical calculations of
benzoyl thiourea derivatives of morpholine and piperidine (BTP 1-3, BTM 4-6) for
the evaluation of antifungal activity. In general, good agreement between
the calculated and experimental geometrical parameters have been observed.
Overall, strong correlation is observed between biological activity and computed
values of all the quantum chemical parameters viz. EA, IP, Electronegativity,
hardness (n) and softness (o). Lower values of Log P are indicative of

stronger antifungal activity.

This  section describes DFT / B3LYP study of thiourea
derivatives containing a thiazole moiety (1a-1d).:We were interested in exploring
the frontier orbital energy and structure-activity relationship on the antifungal
activities. It is reported that all the compounds exhibit significant antifungal
activity, antifungal activity of lc is the strongest among the studied samples.
Theoretical study brings out electronic characteristic responsible for antifungal
activity. In general good agreement is observed between quantum chemical
results and experimental observations. Overall, we observed strong correlation
between biological activity and computed values of all the quantum
chemical parameters viz. EA, [P, Electronegativity, hardness (n) and
softness (o). Lower values of Log P are indicative of stronger antifungal

activity.

This work describes correlation between the DFT outcomes and the reported
antibiotic and antifungal activity of Allantofuranone and related compounds. The
structure of Allantofuranone and related compounds containing v -lactone were
optimized by Density Functional Theory (DFT) using B3LYP method with 6-31G
(d,p) basis set. The optimized molecular geometry, bond lengths, bond angles and

band gap were investigated. The outcomes of the DFT calculations were utilised to



formulate all the Quantum chemical parameters of the compounds viz. EA, IP,
electronegativity, hardness (n) and softness (o). Structural parameters have been
compared with the available experimental results, to investigate the structure-
activity relationship.The DFT calculations of compounds allantofuranone,
xenofuranone A, xenofuranone B and WF 3681 revealed small HOMO-LUMO gap,
lower value of LUMO, more lipophilic character and rich topography of
Allantofuranone are prerequisite for antifungal activity. Here we highlight the
electronic characteristics responsible for the strong biological activity, which
separates Allantofuranone from other structurally similar compounds. Overall, we
observed good correlation between biological activity and computed values of all
the quantum chemical parameters.

The DFT study of seven 3-benzylidene-4-chromanone analogues were
evaluated for their antifungal activity. All the compounds HIF 1-7 were optimized
with B3LYP/ 6-31G (d,p) and various parameters were evaluated. IP, EA,
hardness, softness and electronegativity correlates reasonably well with the
antifungal activity. Log P has been found to have a clear association with
antifungal activity. The compound HIF 3.is reported to be the most effective. The
Log P value is seen to play important role in defining antifungal activity of
molecules. HIF 3 is more lipophilic in nature, according to the Log P estimates.
Stronger antifungal activity is-indicated by higher Log P values. In the present
work, the calculated values, i.e. geometric parameters, mulliken charges, frontier

orbital analysis

We performed Quantum Chemical calculations to correlate the DFT results
with the reported antifungal and or antibiotic activities. The optimized molecular
geometry, bond lengths, bond angles and band gap were investigated. In this regard
various heterocyclic compounds were used to find out their Quantum chemical
parameters of the compounds viz. EA, IP, electronegativity, hardness (n) and
softness (o) showed strong correlation with the reported antifungal activity of
studied compounds. Geometrical parameters have been compared with the available

experimental results. The structure-activity relationship was also studied. The
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heterocyclic compounds studied in the era of the current thesis are benzoyl thiourea
derivatives linked with morpholine and piperidine, thiourea derivatives containing a
thiazole moiety and allantofuranone and related compounds containing. Here we

highlight the electronic characteristics responsible for the strong biological activity.

The proposed DFT model can be used for predicting the loading and release
pH for the drugs and the surfaces with known pKa values, which will be very
important / crucial for the pH responsive drug delivery systems. In the future, the
DFT study and structure-activity relationship study may aid in the formulation of

better antifungal and/or antibiotic heterocyclic compounds.
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1.1 Atoms and Molecules

A system of atoms or molecules is represented by a dynamical picture in which
negatively charged electrons move around positively charged nuclei. Within the
systems, there are attraction and repulsive forces between the particles. The
system's energy is determined by the attraction and repulsive interactions between
the particles, as well as the kinetic energy generated by their motion. The question
is, how do you calculate total electronic energy and the actual condition of the
system? De Broglie proposed in 1923 that subatomic entities (nuclei and electrons)
exhibit both wave and particle qualities at the same time. Furthermore, each
electron in its own orbital is described as a standing wave. In 1925, Debye casually
remarked that a wave equation should be used to describe matter because particles
might be characterized as waves. Schrodinger presented the well-known time-
independent wave equation,’ which is given by Eq (1.1). He demonstrated that his
theory is equivalent to matrix.

Heisenberg, Bonn, and Jordan developed mechanics (1925).

AWl N)= FY(l, ..., N) (1.1

The physical state of the system is completely represented by the wave
function ¥ (1,..., N), which is dependent on the spatial and spin coordinates of all
particles in the system. However, because to the Heisenberg uncertainty principle, '
one cannot expect ¥ to provide definitive information on particle positions and
thus the state of the system. Max Born' offered a probabilistic picture of the
position of a particle (such as an electron). It was proposed that |¥? dx represents
the likelihood of detecting a particle in a tiny region dx in one dimension, with [¥[?
representing the associated probability density. 'E' is the total electronic energy of
the system in Eq. (1.1). Hamiltonian operator is an energy operator that takes into

account all of the attractive and repulsive forces between the particles, as well as
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the kinetic energy of each individual particle."" 2 For a N electron system, the

molecular Hamiltonian is written as

ﬁm!ul = ’f-‘n + Tg + i"}nn + "}ne + f/ce (12)
M M M ZaZs
vy To=- VL Vo =+ :
SR ETL IS W N W

N

Zz‘r - and V, = +Zzpr,—r\ (1.3)

=1 i=1 i)

The kinetic energy of the nuclei and electrons are represented by Tn, Te in
the preceding equation. Vi, Vie and Vee potential energies related to nuclear-
nuclear, nuclear-electron, and electron-electron repulsion, respectively. The spatial
coordinates of A™ nucleus and i electron are Ra and ri, respectively. Because
nuclei are substantially heavier than electrons, the Born-Oppenheimer
approximation' allows one to imagine electrons moving in a field of stationary
nuclei. As a result, the nuclei's kinetic energy could be neglected, and the
internuclear repulsion could be assumed to be constant for a particular geometry.
As a result, the total Hamiltonian of the system is given as inside the Born-

Oppenheimer approximation as
me; = (";1 + II;,m: -+ IlA/m:) + i"nn. = ‘c'.!cc!romc + ]:,nn (14)

The total energy of a molecule for fixed nuclei is obtained by solving Eq. (1.1)

with this Hamiltonian as the electronic energy Eere Itis the nuclear-nuclear repulsion

energy, Vi
ie.
M
ZAZB
Etorat = + Ea. (1.5)
LSS

It can be observed from Egs. (1.2) and (1.5) that the total energy of the
system forms the potential energy surface (PES) for nuclei motion.

3



Let's look at how a wave function for a single particle (called an orbital)
is represented before getting into the details of the exact wave function. A
complete description of an electron's state necessitates a spatial orbital ¥ (r) as well
as a spin function o(®) or B (o ) that describes its spin state ® = £1/2. As a result,
the resulting orbital, y(x), is known as the spin orbital.> The spin orbitals are
orthonormal to each other in general.
Jdx xo"(X) xp(x) = 8ap: where, 8, =1 ifa=b and 5, =0 if a #b.

Because the electron is a fermion, the many-electron wave function
representing a system of N identical electrons must be completely antisymmetric
when the coordinates (both space and spin) of any two electrons in the system are
interchanged. As a result, changing the coordinates of any two electrons should

change the sign of the wave function. i.e.

Uiy, XX XN = =T (XX X, XN (1.6)

The Pauli exclusion principle® is stated in general terms with this constraint for
many-electron wave functions.
Consider a system of non-interacting electrons with a Hamiltonian operator

represented as the sum of one electron-Hamiltonians, viz.

- N -
i =Y"ht) (1.7)

i=1
Where h (i) is an operator for an electron's kinetic and nuclear attraction energy.

The spin orbitals are the appropriate eigenfunctions of h (i).

il(i))(cl(xi) = Cn)(a(xi) (ls)

An N-electron wave function is essentially the product of spin orbitals because H is

the sum of one electron Hamiltonians.

UEP (x5, . XN) = xa(X1) X0 (X2) . - xk(XN) (1.9

The Hartree product? is an eigenfunction of A with an eigenvalue E equal to the
4



sum of the orbital energies, €., of the spin orbitals utilized in the creation of the
wave function.
RV = paf? (1.10)
E=ctctea+.. +e (1.11)
In the sense that the likelihood of finding any electron is independent of the
probability of finding any other electron, the Hartree product is an uncorrelated or
independent electron wave function. Another issue with the Hartree product wave
function is that it violates the notion of anti-symmetry. However, using the spin
orbitals as elements of a determinant, one can create a simple anti-symmetrized N-

electron wave function as follows:

xi(x) xelx) .. xalx1)
Bo(xt, Xs. .. xx) = ﬁ Xl(:Xz) X?(:xz) Xn(.xN) (112)
xi(xy) x2(¥n) oo xa(Xn)

A Slater determinant is a type of multi-electron wave function.> * A
normalization constant is the factor (N!)2. This wave function describes N
electrons in n spin orbitals without stating which electron is in which orbital. When
the coordinates of two electrons are swapped, two rows of the determinant in Eq.
(1.12) are swapped as well, changing the sign of the wave function and satisfying
the anti-symmetry principle. The presence of the Coulomb and Fermi holes is an
important aspect of the many-electron wave function. The Coulomb hole is named
after the Coulombic repulsion between electrons, which makes it impossible to
discover two electrons at the same location in space. The chance of binding two
electrons with parallel spin at the same position in space is zero, which gives rise to
the Fermi hole notion. The Fermi hole is taken care of by the Slater determinantal
form of the wave function. The Coulomb hole state, on the other hand, is not
properly ad- dressed. In other words, the motion of electrons with parallel spins is

5



correlated (probability is zero) within the single Slater determinantal description,

while the motion of electrons with opposing spins is not. 2

1.2 Hartree-Fock Theory

With the shape of a many electron wave-function and a many particle
Hamiltonian, we're ready to go. Given a well-behaved trial wave function, ¥, that
obeys the applicable boundary conditions, the expectation value of the
Hamiltonian, Eapp, is larger than or equal to the corresponding exact ground state

energy Egs, according to the variation principle.

<‘Ft|H“I’e>
Egs < Eapp = W \:113)
and
<‘MF!I‘D.> = fw; Hvdr (1.14)

A single Slater determinantal wave function formed from the proper set of spin
orbitals (yala = 1, 2...., n) is utilized in the Hartree-Fock (HF) approach.’ Within the
variational approach, the overall electronic energy of the system is minimized by
altering spin orbitals. The ground state energy is known as HF energy, Eo, and the
wave function is known as HF wave function, Wo. The normalized N-electron

Slater determinantal wave function's ground state energy is given

Ey = <‘I‘0]H|\Pn> (1.15)

N N N
Eos(%lZ&(zHZ Z;]L.‘W’0> (1.16)
i=1 i

L
1/r;j denotes the electron-electron repulsion term, and (i) is one electron operator
specified in Eq. (1.7). The one electron term in the preceding equation can be

expressed as by explicitly stating the Slater determinant and considering the



orthonormality of spin orbitals.

(wolh()1%0) = 3~ (DIROID) = (xalllxa) (117
a=1 a=1
Eg. (1. 16)'s second term is more complicated, as it covers all N (N-1)/2 pairs of
electrons. This is the fundamental stumbling block and bottleneck in HF theory.

The second term is given as when the Slater determinant is expanded.

N N
1
<%|E E ?—I‘l’u> = E {xaxslXaxs) — (XaXblXoXa) = E ol Xaxs) (1.18)
ab

i goi Y b

where,
|
{xaXblXeXdl) = ] GG XelDxa(dradry (1.19)

As aresult, Eq. (1.16) becomes the ground state energy of a closed shell system.

N 1
Fo =3 (Xalhilxe) + 5 3 (aal ixaxs)
a=1 ab
In a condensed notation,

By =Y (alifa) + 3 3 (abllat (120)

a=1 ab
The goal of the HF theory now-is to reduce this energy. The energy is minimized by
varying the spin orbitals subject to orthogonality «a|x»> = dab as, using Lagrange's

method of indeterminate multipliers [19].

J{E_Zcba{(Xbe>_aﬂb}}=0 (121)

ab

The Langrange multiplier, €ab, is used here. Using Eq (1.20)

§E = 2 {(éau‘:m) + <a|h|aa>}

+% Z {{dab||ab) + {adb||ab) + (ab||dab) + (ad||adb)} (1.22)
ab

We get the following by solving the previous equation and putting it in Eq (1.21).



Z]dxlax;m[ﬁ( )X 1)+Z(n 1) - K1) xa() Zefmxﬁu]

a=}

+ Complexr Conjugate = 0 (1.23)

Because 0ya(1) is arbitrary, the quantity in the square bracket for every a must be
zero, and so,

{;1(1} 3 (A - ke.m)] xal(1) = 3 csaxe(l) (124)
b ]

Jb and Ky are the Coulomb and exchange operators, respectively, > and are

defined as

Jo(V)xa(1) fd" Xe,(2 K@, )
Ro(1)xa(1) =/d,2M

T2

xs(1) (1.25)

The Coulomb operator describes the Coulombic potential created by the orbital
electron density | % (2) * in a simple way. The exchange operator, on the other
hand, is more complicated. It entails the transfer of electrons 1 and 2 to the right of
(r12)"? in the foregoing equation. This word is an artifact of HF theory that
originates from the usage of the Slater determinantal wave function. The Fock
operator is the quantity in the square bracket of Eq. (1.24). As a result, the

equation above can be simplified to the following form.

FIxa(1)) = esalxs(1)) (1.26)
b
This is referred to as a non-canonical (non-standard) HF equation. Using an

appropriate unitary transformation, a conventional canonical HF equation of the form
can be produced.

FOIxD) =Y calxal1)) (1.27)

a

5 are used to describe these. The

The canonical Hartree-Fock equations™
eigenvalues are the orbital energies provided by €., and the associated orbitals are

the classical HF orbitals. When the orbital energies are added together, the result



D=3 (xefWal1))
=3 (WD) + 3 (Ml (A1) - K0) () (128)

a a b

S =Y {alhla) + 3" (ablla) (1.29)

a b

It can be seen from Egs. (1.20) and (1.29),

N
Ev# Y ta (1.30)

The total energy of the state function [Y0>| is not equal to the sum of orbital
energies. Because the energy €. comprises Coulomb and exchange interactions
between an electron in ¥, and electrons in all other occupied orbitals, coulomb and
exchange interactions between an electron in ), and electrons in all other occupied
orbitals are included in )p. The electron-electron repulsion term between the
electrons in ), and Yy is thus counted twice when €, and & are added. The electron-

electron repulsion is counted twice in the sum of orbital energy, resulting in the

factor 1/2 in the total energy expression (Eq. (1.20)).

1.2.1 Koopmans’ Theorem

A theory by Koopmans? indicates that the vertical ionization potential (IP) is only
negative of the maximum occupied orbital energy, giving the orbital energies
physical importance. Similarly, electron affinity (EA) is equal to the lowest
unoccupied orbital energy minus one. Given an N-electron Hartree-Fock single
determinant | NPy » with occupied and virtual spin orbital energies €. and &,
respectively, the ionization potential to produce an electron single determinant
| N'p; , with identical spin orbitals, obtained by removing an electron from spin

orbital and the electron affinity to produce a electron single determinant | N1¥" 5,

9



1P="N1E, - VBy=—¢ (130

and

FA="VEy — ME = —, (1.32)

Due to the cancelling of correlation energy (see Section 1.2.2 for details on
correlation energy) with relaxation error, the vertical IPs are found to accord rather
well with their experimental counterparts.”> The EAs obtained in this manner,

however, are not accurate.

1.2.2 The Roothaan-Hall Method

Roothaan and Hall® are responsible for a significant simplification of the
standard HF equation, making the HF approach practical to execute. The spin-
orbitals with opposite (spin-up and spin-down) spin functions are coupled together
for closed-shell systems, and the problem can be reduced by just employing spatial
orbitals after spin-integration. The process is known as the restricted Hartree-Fock
(RHF) method, and it results in Roothaan Hall® equations. The open-shell RHF
(ROHF) method can be used to solve numerous electron open-shell systems in
which the majority of the electrons-are coupled up. On the other hand, this electron
pairing simplification may not'be considered, and the HF equations may be directly
solved using spin-orbitals. The approach is known as the unconstrained Hartree-
Fock (UHF) procedure, and it produces the Pople-Nesbet equations. > Roothaan,®
who established the concept of basis functions to be used for describing
geographical data, gave the HF closed shell equation a lot of practicality.

By properly integrating out the spin portion, orbitals can be obtained. The
molecular orbitals are extended as a linear combination of atomic orbitals (AQ's),
which are written as a linear combination of the basis functions ¢u, resulting

K
%:Zq,@p i=12,..K (1.33)

p=l

10



A finite set of K basis functions is employed for practical computational
reasons. Usually, the basic functions are centered on different atoms. The
foundation functions will be described in further depth in the following Section.
The difficulty of computing the HF molecular orbitals is reduced to the problem of
calculating the set of expansion coefficients C,; when Eq. (1.33) is used. Matrix
equations for C, can be obtained by substituting the linear expansion into Eq

(1.27). These equations are known as the Roothaan-Hall equations and are written
Y FuCu=63 SuCn i=12.,K {1.34)
v v

These equations can be written as FC = ¢SC, where F, C, and S are the Fock,
coefficient, and overlap matrices, respectively, and the elements of these

matrices are given as
Fow = f &ry &5, f(1) o (1.35)

Sy = f darig;, o (1.36)

When the Fock operator is used explicitly, the Fock matrix element is

, 1
Fu = H7S A+ Z Pio [(u.u\z\a) - 5{;1)«]110)} (1.37)

Ao

where HSZ™is a matrix representation of one electron operator, Pis is the charge
density bond order matrix, > and the quantities «uv|Ac> are two electron-repulsion

integrals Here,

HTe = frf*‘n én(1h(1)g.(1) (1.38)

and for doubly occupied MOs
occ
P =23 Ci.Cu (1.39)
1=1

As a result, the total electronic energy of a closed shell system is

11



oec oce

E= %Z D Pro [+ )] (1.40)

Ag pw

When this energy is combined with nuclear-nuclear repulsion energy, a total energy
expression is obtained. Because the Fock matrix is dependent on the molecular
orbital coefficients through the density matrix, the Roothaan-Hall equations are
only formally linear. As a result, they must use an iterative approach to solve their
problem. The technique is also known as the self-consistent-held (SCF) approach
since the resulting molecular orbitals are iteratively produced from their own

effective potential.

1.3 Basis Functions and Basis Sets

Individual molecule orbitals can be expressed as a linear combination of a
limited set of K specified one-electron functions known as basis functions, as
explained in the previous Section. Currently, there are two types of atomic basis
functions in use. The Slater-type atomic orbitals are the first (STOs). The following
is a general phrase for a STO focusing on Ra:

Binn(r) = Njr— Ry [ VemSRaly; (9. 6) (1.41)

lmn

Here, N is the normalization constant, n is a principal quantum number, and (is the
orbital exponent, which is an arbitrary positive value. The spherical harmonics,
Yim, characterize the angular component of the orbital. STOs provide a decent
representation of the radial distribution of atomic orbitals. In the presence of more
than two atoms, however, integral evaluation over Slater type basis functions is
extremely time consuming and inefficient. As a result, STOs are no longer
commonly employed in molecular orbital computations. The Gaussian-type atomic
orbitals are an alternate choice of basis functions presented by Boys.” (GTOs). The

following is a general primitive GTO centered at Ra:

12



q:fl’,f:c;'l(r) = Naty™ 2" e EIr-RaT? (1.42)
The s, p, d type basis functions are the primitive GTOs (PG) with / + m + n =0,
1, 2, ... respectively. Contractions are further linear combinations of these base
functions. There are several different Gaussian basis functions, also known as basis
sets that are commonly employed in quantum chemical computations, some of

which are described below.

e A minimum basis set: Each of the occupied AOs is represented by a single
basis function, i.e. one contraction per atomic orbital. To represent the STO
type function, three PGs are integrated into one basis function in a STO-3G

basis set.

e The double-zeta (DZ) basis set: each atomic orbital has two basis functions.
Basis sets of triple zeta (TZ), quadrupole zeta (QZ), and other qualities can be
built in the same way. Incorporating the effects of radial electron correlation
demands the usage of DZ or superior basis set quality, in addition to

enhanced flexibility at the HF-level.

e The split-valence (SV) basis set: For inner-shell AOs (one contraction per
orbital), this basis set is minimum, while for valence AOs, it is double-zeta

(two contractions per orbital).

e Polarization functions: To increase the flexibility of the AO-basis for atoms
in a non-spherical environment, a set of functions corresponding to atomic
orbitals is required, particularly during the creation of a chemical bond where
electron polarization occurs. The symbols “*” and “**’ denote the addition of
polarization functions, implying the employment of a set of d and (d,p)-
functions. The first and second row atoms (save the H-atom) receive d-

functions, while the H-atom receives just p-functions.
e Diffuse functions: A set of functions used to describe the accumulation of

13



electron density away from nuclear centers, particularly in the case of anions
and molecules with lone pairs of electrons. The diffuse functions are denoted
by '+ and '++,' implying that the diffuse functions are added for H-atoms,
heavy atoms, and H-atoms, respectively.

e Correlation-consistent basis sets: Dunning and collaborators [26] produced
some of the most extensively used basis sets. Using extrapolation techniques,
these are designed to approach the complete basis set (CBS) limit
systematically. The basis sets for first- and second-row atoms are cc-pVnZ,
where n=D, T (D=double, T=triple, etc.). The ‘cc-p' stands for ‘correlation
consistent polarized," while the V' indicates that the basis sets are valence
only.

STO-3G, 3-21G, 6-31G, 6-31G (d,p), 6-31 ++G(d,p), cc-pVnZ, and so on form a
hierarchy of basis sets. Consider a methane molecule computation using a 6-31G
basis set as an example. The H-atom is represented by four Gaussian primitives
(PGs) and two contractions (3 and 1 respectively). The inner shell of a carbon atom
has one contraction due to six PGs, while the valence shell has two contractions
each for two 2s and three 2p (3 and I respectively). With 22 PGs, the total number
of contractions for C-atom is 9. As.a result, a methane level calculation of 6-31G
contains 17 contractions and 38 PGs. This quantity is 23 contractions (44 PGs) in
6-31G (d) and 45 contractions (56 PGs) in 6-31G (d,p), respectively. Please see ref
27-8 for further information on basis sets. The basis sets 6-311 ++G (2d, 2p), 6-

31+G (d,p), and aug-cc-pVTZ have all been used in this thesis.

1.4 Electron Correlation and Correlated Methods

As previously stated, an electron moves in the average field generated by
remaining electrons and the fixed nuclei in the HF theory. Coulomb's law, on the
other hand, allows electrons to respond to each other instantly. Correlation energy

is the difference between precise energy and HF energy. As previously stated, it
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results from the HF method's ignoring of electron correlation, particularly Coulomb
correlation. Another shortcoming of the spin-restricted closed-shell HF function is
that it rarely leads to accurate molecular dissociation when nuclei are separated
infinitely. For example, due to breakdown of the hydrogen molecule rather than
dissociation into two neutral H atoms, a substantial inaccuracy of several eV’s is
obtained. Non-dynamical (static) correlation is the correlation energy coming from
long-range correlation effects, such as molecule dissociation, and it can generally
be dealt with using multiconfigurational SCF approaches (MCSCF). The electron
correlation problem can be approached using a variety of theoretical approaches.
The HF wave function, on the other hand, is commonly utilized as a foundation for

associated theories, which are briefly explored in the following Sections.

1.5 Configuration Interaction

The oldest method for restoring dynamical correlation is the configuration
interaction (CI) method.” For the construction of a correlated wave function, a
collection of orthonormal orbitals produced as the eigenfunctions of the Fock
operator within the HF theory is used. All feasible combinations of these orbitals
can yield a complete set of antisymmetric wave functions for an N-electron system.
The HF setup is, of course, one of these configurations. If all of the configurations
are included, the exact wave function of the system will be produced. The precise
wave function is represented as a linear combination of configuration state

functions using this way.
T = Coby+ Y Crlbr (1.43)
I

Cr stands for variational parameters, and ¢r stands for reference configuration
functions. The HF function ¢y is usually the first term in the above equation. The
expansion is known as single-reference CI or simply CI expansion when just the

first term in the summation is used.? the expansion is known as multireference CI
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(MRCI) expansion when there are several reference functions. The varied
configuration states are achieved by simultanecously stimulating one, two, or more
electrons from occupied HF ground state orbitals to virtual ones. The N occupied
(occ) and (2k- N) virtual (vir) spin orbitals can be used to obtain *Cn excited
configurations, where k is the total number of basis functions. > The wave function
is called Full CI (FCI) when all of these configurations are contained in it, and it is
exact in the basis set limit. To minimize the overall energy of the system, the
coefficients of configurations can be variationally optimized. In most cases, the

entire wave function is written

oce vir ace  vir ace ir
V=Cobo+ Y Cidp+3 S cpen+ Y S Cmeni+ . (144)
a v a<h r<s a<h<e rds<t

®f 53 and dIF.  are excited configurations that are single, doubly, triply, and so
on (determinants). The FCI meets all of the requirements for a theoretical model.
However, as the number of electrons and. ‘basis functions increases, FCI
calculations become essentially hard to perform, even for tiny molecules with

moderately big basis sets.

As a result, the stimulated determinants' expansion must be truncated. CI doubles is
the wave function created by-including only the HF and all doubly excited
configurations (CID). This method” recovers a significant portion of the correlation
energy. Other, highly excited configurations, such as Ct solos and doubles (CISD)
and triples (CISDT), CISDT and quadrupoles (CISDTQ), and so on, can be
included to improve accuracy.

The size-consistency and size-extensivity difficulties are caused by
truncations of the CI expansion. The phrase size-consistency relates to the energy's
additive separability during fragmentation. For example, if a molecule AB
dissociates into its fragments A and B, the technique is size-consistent if the Eap =
Ea + Ep and Was = WaWs are equal. If the wave functions are produced using the

CISD approach, the Wag can include up to two electron excitations, while the
16



product AW can contain up to four electron excitations, indicating CISD. In other
words, any truncated CI will lack the size-consistency feature.

The scaling of the energy of the system with the number of electrons is connected
to size-extensivity. The approach is considered to be size-extensive® if the total
energy (and thus the correlation energy) of a system varies approximately linearly
with the number of electrons, as in the HF image. Any truncated form of CI, in my

opinion, cannot be regarded a valid theoretical model.

1.6 Coupled-Cluster Method

In recent years, the coupled cluster (CC) approach!® has developed as a
powerful tool for handling electron correlation for small to medium-sized
molecules with excellent accuracy. The ground state wave function of an N-
electron system is derived using the CC technique by acting on a reference wave
function, commonly the Hartree-Fock configuration, with an exponential wave-
operator.

. S BN 1, 1 .

(W) = e |By) = (14 T4 =T 4 T2 + .+ TV (1.45)
2! 3! NI

The cluster operator T is made up of the one-electron excitation operator T1, two-

electron excitation operatot 7> and so on up to N-electron excitation operators.

operator T ,

T=T1+T2+T3+,..+’f}\' (1.46)

The closed-shell HF wave function built of N occupied spin orbitals is the
independent-particle reference function ¢o. The coupled-cluster singles and doubles
(CCSD) approach''""3 is defined by truncating the operator T following double
excitations. The CCSD energy in a closed shell is given as,

Eceso = (RolH120) + 3 Jurly + D % ablirs) (th + 455 — 138))  (147)

a>h >3
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The Fock matrix elements, cluster amplitude, and two- electron integrals are
denoted by fi,, t, and < ij|jab >, respectively. The amplitudes of the clusters are
comparable to the expansion coefficients in CI. The method's only drawbacks are
the non-linearity of the CC equation and its non-variational nature. The size-
consistency and size-extensivity are ensured by the exponential character of the
wave-operator and the connectedness of the terms. Although the CCSD approach is
more comprehensive than the configuration interaction (CISD) method, it is
frequently insufficiently accurate to determine molecular characteristics with high
precision (within 1 percent of the full CI limit). In theory, the solution to this

difficulty is to increase the number of terms in T.

1.7 Moller-Plesset Perturbation Theory

Miller and Plesset's perturbative technique!* is the!most easy and popular
method for accounting the correlation. The Hamiltonian operator of a molecule
with N-electrons is separated into two pieces using this method: an unperturbed
Hamiltonian Hoand a perturbation 1H as.

H=Hy+ A\,
i
\ 1 .
=3 = Var (1.48)
i>j
The wave function and energy are also enlarged in the same way if the unperturbed
wave function Wy is an eigenfunction of the unperturbed Hamiltonian fo and

eigenvalue as Eo

W= Uy + AT, + AP, + .+ A",

F=FEy+ AR+ X¥Ey + ..+ \"E, (1.49)
We generate a hierarchy of equations by entering Eqs (1.48) and (1.49) into the

Schrodinger equation and collecting terms of the same order in A. The first three are
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listed below:

!‘}U‘I'U = Ey¥y (1.50)
(Ho = Eo)¥, = (Hy - E)¥, (1.51)
(Ho — Eg)¥s = (Hy — £))¥, + By (1.52)

The perturbed wave functions can be considered to be orthogonal to the zeroth-
order function <¥o|¥» = 9;j resulting in the so-called intermediate normalization of
the total wave function <¥|Wo> = 1. The expressions for E are obtained using this

normalization, the first three of which are:

Ey = <‘1-'n“;'0|‘["u> (1.53)
Iy = (‘I’umﬂ‘l’o) (1.54)
Ex = (¥l %) (1.55)

In the expression for the second-order energy, the first-order wave-function occurs.
It can be found by solving Eq (1.51). The unperturbed Hamiltonian Ho in the
Miller-Plesset perturbation theory is chosen to be a sum of Fock-operators acting
on each electron. The sum of the eigenvalues (orbital energies) for the occupied
spin orbitals yields the zeroth-order energy right away. As a result, the HF energy
is equal to the sum of the zeroth and first-order energy. We expand the first-order

wave-function in determinants ¢y to solve the first-order equation.

v, = Z C,®, (1.56)
m

All ¢, it is discovered, are Ho eigenfunctions with Eo eigenvalues equal to the sum
of the occupied spin-orbital energies. > The first order expansion coefficient is

calculated using this expanded wave function.

CHALY:
Co=r L (1.57)
EF - Eg
The numerator contains the interaction between configuration ¢, and the HF
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reference function Wy, as we can see. As a result, only those configurations for
which this element is non-zero must be included in the first-order wave function
expansion. We know they're the doubly excited configurations because of the Slater
rules. The Brillouin theorem asserts that there is no interaction between the closed-
shell HF wave function and singly excited configurations, hence singly excited

configurations will not contribute. Thus,

=) Y cpun (1.58)

azh r>s

a, b are occupied spin-orbitals, whereas r, s are virtual spin-orbitals. The
coefticients in second-order Maller-Plesset perturbation theory are given by

equation:

(wolf933)

s
Co = €p € — € — €3 (1.59)
and the second order energy by
2
| (wali1vz3) |
B0 3) Dp il Qe
Gtes—€a—e

a>b r=s

The energy expression (1.49),~which can be terminated in any order, has the
property of size-extensivity, but it is not variational. The complexity and cost of
computing the energy terms in this expansion grows fast as the order increases, i.e.
normal calculations only employ up to second, third, or fourth order (MP2, MP3 or

MP4).

1.8 Density Functional Theory

For the analysis of ground state energy and molecular characteristics, Density
Functional Theory (DFT) is possibly the most commonly used and surely an

appealing contemporary approach of computational quantum chemistry. Instead of
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the traditional multiple particle wave function, the ground state electron density
p(r) is used as the basic variable. The Hohenberg—Kohn (HK) theorem,'> which
states that “given a non-degenerate ground state of a cluster of electrons moving
under the influence of an external potential V and their mutual repulsion, the
electron density is a unique functional of V and vice versa,” lay the groundwork
for the DFT. i.e. the electronic vitality E is an electron density functional, E = E(p),

and integrating to N for any trial density j(r) fulfils the following bound.

Ef] 2 Eg (1.61)
For the genuine energy functional, there is a variational principle. Such a trial
density should adhere to requirements such as N- and V- representability [40]. By
minimizing the energy functional, one can derive the ground state electron density
p(r). However, the exact shape of the energy functional is unknown, and
researchers have been looking for it for decades. Kohn-Sham (KS) proposed a very
beneficial approach by rewriting the problem of estimating total electronic energy
E as a function of electron density.'® In DET formalism, the KS scheme restores the

traditional orbital image. The ground state energy is given as in this method.

Elp = Ty[p] + J[o] + Exclp) (1.62)
where Ts(p), J(p) and Exc(p) are constants, are the sum of the energy functionals for
kinetic energy, electron-electron repulsion, and exchange-correlation energy. The

electron density can be written

N
P =Y ixal® (1.63)

The following KS equations are produced by calculating the functional derivative
of energy with respect to density and subjecting it to the orthonormality of KS

orbitals (y).'¢

1
[=5 V% + Vigs(r)lxa(r) = caxa(r) (1.64)
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The effective potential of Kohn-Sham is defined as follows:

On the right hand side, the first term represents the interaction of the electronic
cloud with the nuclei (i.e., the external potential), the second term is the Coulombic
potential due to electron repulsion, and the third term is the exchange-correlation
potential calculated

V() = Lﬂ% (1.66)

The total energy of the system is provided by after minor simplification.

E= zcnﬁ_ ””("l d*r &' + Eeelo) - j r)p(r)dr (1.67)

Here,

N N
1
Ya=2 <X«\-§V2+ ern(r)lxu> (1.68)

Eqgs. (1.63), (1.64), and (1.65) must be solved in the same way each time. One starts
with an estimated p(r), construts Ve (r) and thenfinds a new p(r) from (1.63) and
(1.64). Finally, using (1.67) and (1.68), we can calculate total energy.

Thus, KS equations are similar to HF equations in appearance, but KS- DFT
differs from HF theory in its ability to completely capture electron-correlation
effects. However, because the precise functional dependency of Vyc,, on p(r) is
unknown, certain estimates must be made.!”?? The local density approximation
(LDA) is the simplest possible approximation, consisting of replacing the

exchange-correlation energy Exc(p) by

Faolp] = / €xelp] p(r)d*e (1.69)
Where ex(p) is the per-electron exchange-correlation energy of a homogeneous

electron gas with density p(r).

$E.|p]
s

Vaclo] = (1.70)

dezc(p]
= £, + p——
.cc[P} 2 op

Slater presented the X,- method before the KS-LDA method was published, in
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which the correlation contribution to Exc is ignored and the exchange contribution

is regarded

Eo= -Aa[pi(r)dﬂr (1.71)
A is a well-chosen constant in this case. Indeed, if the correlation is neglected in
LDA, the KS equation that results is the X, equation with o= 2/3. In many
circumstances, the LDA is reasonable, but introducing the electron density gradient

resulted in a significant increase in accuracy.

Euldl = [ @ plr) exe(p(r); V() (1.72)

The unknown functional is approximated by an integral over a function that
depends solely on the density and its gradient at a particular point in space, which
is known as non-local approximation or generalized gradient approximations
(GGA). There has recently been significant progress in the contribution of
functionals, in addition to LDA and GGA. Various functional forms have been
developed that allow the majority -of ‘the exchange-correlation energy to be
recovered. The hybrid B3LYP exchange—correlation functional is used in this

study.!® This functional is given by

EBLYP = (1 - a)ELPA 4 o EHF 4 bAES 4 (1 = )EFSPA £ cEMYP (173)
Where the constants a, b, and ¢ have values of 0.20, 0.72, and 0.81, respectively.
The acronyms EL*P4 and EXP# stand for local spin density approximation exchange
and correlation energy, respectively, while EFF stands for HF exchange. The
phrases AEZ and A EX?  stand for DFT exchange and correlation terms,
respectively, thanks to Becke and Lee, Yang, and Parr. The difference between the
total and accurate HF exchange is represented by the term AE B. Because of its
broad applicability, the B3LYP functional has grown in popularity. For covalently
bound systems, the method works well, and the results are equivalent to the

exchange-correlation effects obtained using MP2-level. Hobza et al.?® have pointed
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out that the B3LP functional works effectively for H-bonded systems, despite
failing to account for dispersion energy in stacking interactions. Also, very
recently, Truhlar and Zhao®" ?? developed new density functionals, namely MPWI
B95, MPWBIK and found that these functionals yield good results for hydrogen
bonding and weak interactions. In the present thesis, the B3LYP functionals have
been used for some intramolecular hydrogen bonded systems and are critically
compared.

Organic inhibitor's inhibitory action is mostly determined by its functional
groups, steric effects, orbital character of donating electrons, electronic density of
donor atoms, and other physicochemical and electronic features.>> ** Organic
molecules that operate as inhibitors are known to be high in heteroatoms, such as

sulphur, nitrogen, and oxygen. 2> 26

The structures, dipole moments, vibration frequencies, nuclear magnetic
resonance chemical shifts, optical properties, molecular electrostatic potentials,
molecular mechanisms, and thermodynamic properties of heterocycle compounds
are all accurately analysed using density functional theory (DFT) methods.?™°
Novel heterocyclic azo compounds were synthesised and described by combining
diazonium salts with N-(4-methylpheneyl) maleimide and other sulfa compounds.
The density function theory was calculated at the B3LYP level. The 6-311+G (d,p)
higher basis set level was used to compute the HOMO-LUMO energies of the

substances examined. At the same level of approach, Mulliken charge distributions

of the examined substances were computed.’!

To demonstrate the structural and geometrical parameters involved in the
investigation, DFT and computational studies were performed on poly heterocyclic
compounds containing triazolo derivatives. Molecular docking with the Tankyrase I
enzyme as a target revealed that the heterocyclic compounds investigated act as
ligands, connecting with the majority of active sites on Tankyrase I with
interactions that are classified as H-bonding and VDW.??> For Chromene derivates,
molecule structure, spectroscopy and population studies, noncovalent interactions,
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and electronic and nonlinear optical properties have all been investigated using
DFT. Finally, Molecular docking studies determine its antiacetylcholinesterase
action.3 2-Amino-5-trifluoromethyl-1,3,4-thiadiazole with Anticancer Properties:
DFT Study of Electronic Properties, Spectroscopic Profile, and Biological

Activity. 336

Density functional theories were used to undertake theoretical calculations
on geometry optimization, stability, reactivity, and molecular orbital description
HOMO and LUMO of novel Schiff bases.’” 3 To estimate chemical reactivity
descriptors of pyridine derivatives containing selenium atoms, DFT calculations
were performed in the gas phase using the B3LYP 6-311G (d,p) basis set. The
outcomes of molecular docking and biological activity assessments have been
illustrated using DFT data.* The energy gap can aid in understanding the reactivity
behaviour and stability of 2-amino-3-cyano-4.6-diarylpyridine compounds, and
DFT theory was utilised to explain the electronic characteristics of certain dyes.***2

Antioxidant and anticancer activity of selenium N-heterocyclic carbene compounds

were evaluated using DFT.#

In conclusion, the DFT technique delivers reasonably accurate correlation
energy estimations with minimal computing effort. The approach also has the
advantage of using density as a basic variable rather than the traditional wave
function. The underlying principle of DFT is that the total energy of the system is a
unique functional of the electron density, hence it is unnecessary to compute the

full many-body wave function of the system.

1.9 Semi-empirical Methods

The explicit assessment of two electron integrals, as well as other CPU time-
intensive operations such as matrix diagonalization and the accompanying SCF
technique, are a major barrier in ab initio computational quantum chemistry. This
makes it difficult to apply ab initio approaches to massive molecular systems like
polymers, protein folding, and molecular crystals, for example. These issues with
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ab initio approaches could be solved by using semi-empirical methods, which are

more approximate.*4

Instead of computing the two electron integrals in ab initio treatment, some
empirical parameters are employed, as the name suggests. The Huckel molecular
orbital technique (HMO)* and the Pariser, Pople, and Parr (PPP)* methods are
two such methods that have been extensively developed and employed for
discovering the bonding and reactivity properties of organic molecules during the
1930s and 1960s.47: 4

Only m-electrons are explicitly considered in HMO, whereas the ¢ framework is
ignored. The PPP approach was created to deal with spectroscopic features of
molecules while keeping the HMO's r-electron bias. The zero differential overlap
assumption is an important one in PPP (ZDO). The interaction of orbitals centered
on distinct atoms is ignored in this example, and the electron repulsion integrals are
simplified as follows:

(|kl) = (itlkk) 850 (1.74)

The Kronecker delta is represented by &i.-'The PPP approach was popular in the
1960s and has proven to be effective for a variety of chemical problems.

The extended Huckel theory (EHT), which is applicable to both conjugated
and non-conjugated molecules, considers only the valence electrons and
incorporates geometry optimization (albeit limited) by minimizing the weighted
sum of orbital energy, was the next phase of research. The Complete Neglect of
Differential Overlap (CNDO)* and its enhanced form, the intermediate neglect of
differential overlap (INDO),” provided even more improvement. Some electron
repulsion integrals due to interaction of orbitals over the same atoms are ignored by
the INDO model. Bond lengths and bond angles of conventional organic
compounds are well represented by the CNDO and INDO models. They do,
however, produce low dipole moments and binding energies. Bond energies are
good when using the modified neglect of differential overlap (MNDO)®' The AMI
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(Austin model 1)>" 52 and PM3 (parametrized model 3)3? on the other hand, are
good for intermolecular hydrogen bonding in biological systems and have a lower
heat of formation without sacrificing accuracy in molecular geometry and dipole
moments. The specifics of these models can be found elsewhere. AMPAC and
MOPAC are the most extensively used semi-empirical software.> 3

The MOPAC-2000°° includes the MOZYME module, which ensures that the
approach may be applied to massive biomolecular systems. MOPAC-2007°¢ can
handle periodic boundaries in crystals, surfaces, and polymers, as well as the novel
parameterization MOPAC-20167 for main group elements and transition metals
utilizing experimental and ab initio data. This latest version additionally provides
very accurate formation temps and molecule geometries.

The use of semi-empirical methods has the advantage of being able to handle
huge molecule systems and calculate molecular-characteristics in an acceptable
amount of time. The nature of the approximate mode and the huge number of
parameters involved are the only drawbacks of semi-empirical approaches. Semi-
empirical approaches like AMI and PM3 models are solely employed in this thesis
to generate the initial geometries‘of molecules, which are then subjected to rigorous

ab initio calculations.

1.10 Molecular Dynamics Simulations

A purely classical and semi-classical method known as molecular dynamics
(MD)*® is used for large molecular systems to explore their equilibrium properties,
transport phenomena, and transient behavior, in addition to ab initio and semi-
empirical methods. For the mobility of the nuclei, the approach is based on
Newtonian mechanics laws. This enables the tracking of particle paths in phase
space as a function of time. Alder’® used MD simulation to explore the transport
features of a hard spherical gas, and Gibson and co-workers® used it to study the
dynamics of radiation damage. Rahman®! was the first to solve the problem of

interacting atoms by using a more realistic Lennard-Jones potential. Other popular
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MD variants include ab initio MD, Born-Oppenheimer MD, Car-Parrinelo MD, and
so on. Rahman and Stillinger®? published an earlier paper on MD simulation of
liquid water. Since then, MD simulations have grown in popularity and have been
used in a variety of complex systems. For example, Raugei er al.®® studied the
dynamics of water molecules in the Br~ solvation shell, and Bhide and Yashonath®*
studied the carbon nanotube. AMBER and GROMACS®* are two popular MD

simulation tools that are readily available.
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/ CHAPTER 2: \

DFT-Based Theoretical
Model for Predicting
Loading and Release of a
PH-Responsive

\Sulfasalazine Drug /




2.1 Introduction

The drug and the drug delivery are most important, one cannot ignore the any one
of these aspects for the best result. If the drug delivery system is not efficient, in such
cases even the drug molecule fails in the clinical trial itself " 2. Tt takes lot of time
and money to discovery of new drug and get its clinical approval. To avoid these
problems many drug carrier molecules were reportedly evolved using organic and
inorganic molecules viz. liposomes, micelles, dendrimers, microspheres and
nanoparticles. It’s like using old drug with new coating or clothes to get the desired
effects of the drug molecules. For a good drug delivery system, the prerequisites are
low toxicity, biodegradability, biocompatibility, good cellular uptake, sustainable
and targeted delivery. Diseases can be inhibited with minimum or no side effect,
minimal dose and least frequency of doses by the use of effective drug delivery

system 3.4,

In the development of a better different drug delivery systems, the one of the ideal
candidates is nanoparticles (NPs) which have specific features including enough
small size to penetrate cell membranes, able to travel tiny arterioles and endothelial
without causing clotting, binding and they also stabilizes the drugs >7. The
nanoparticles use for the entrapment of drugs are through use of liposomes, co-
polymers, micelles, SiO2, € and maghemite nanoparticles were already thoroughly

studied and reported for the better drug delivery ®.

In recent time, use of meso-porous SiO2 NPs (MSNs) (2-50 nm) as potential drug
delivery system are widely explored due to their significant advantages viz. good
biocompatibility, low apparent cytotoxicity, biodegradability, good excretion,
ordered and uniform size, high surface areas, excellent stability, and effective and
modifiable surface properties *'4. The major study was reported using the main two
types i.e. MCM-41 and SBA-15 which provides good channels for the drug carriers
affording silanol — containing surface. Though, silanol- group provides only weak H-
bonding, there remains a need to design suitable functionalized mesoporous systems
to introduce stronger host-guest interactions. Carefully functionalized (-NHz and -
COOH groups) mesoporous SiO2 NPs. These mesoporous SiO2 NPs show better
loading capacity than the most of the organic carriers viz. liposome, micelles and

dendrimers as SiO> NPs possesses huge surface area (mostly greater than 1000 m?
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g!) and great pore volume. The mesoporous SiO2 NPs are able to release drug as a

response to internal conditions viz. pH and temperature '*-18,

Organ wise variations in the pH covers entire acidic and basic ranges e.g.,
stomach (pH 1.0 — 3.0), duodenum (pH 4.8 — 8.2), small intestine (pH 6.0 — 7.5),
colon (7.0 — 7.5), rectum (pH 6.7 — 8.1) in plasma and ileum/jejunum (pH 7.4 — 8.0).
For the development of pH-responsive drug delivery systems, these pH variations
were well studied 2. The specific intermolecular interactions administrated by
difference in pH decides the physicochemical equilibrium established among the
organ-drug molecule and drug delivery-drug molecule. Numerous pH-dependent
interactions have been studied extensively primarily by experiments to explore the
potential or best drug delivery materials. Economical and feasible screening to
identify ideal drug delivery candidates is reported using the computational modelling
I 12,2629 New materials for drug delivery can be rationally designed through
computations and subsequently tested by experiments. and vice versa too to
understand the basic mechanism of the drug delivery system. In this chapter, the
work presents the CASTEP based computational studies of the experimental findings
reported by Lee et. al. ** to explore the pH-responsive loading and release of anti-
inflammatory drug, sulfasalazine, on positively charge decorated silica surface. In
the literature, Lee et. al. has shown that MSNs functionalised with
tetraalkylammonium (TA) loads the drug sulfasalazine at acidic pH (2-5) due to
positive charge and at basic pH (7.4) the drug is released due to deprotonation *.
Inamdar et. al. studied the bottom-up nature of the interaction of drugs (sulfasalazine
and alendronate) and modified silica surface at various pH 3" 32, the authors firstly
explained the computational methodology commonly used in this field. Then, the

computational results were presented and discussed.

The major concluding remarks that were highlighted with a few perspectives
for future studies made us select the method for our studies to utilised the same
system with a different approach. The reports by Inamdar et. al. describes the
computational work / DFT studies on the two major drug fragments of the
sulfasalazine drug as N-(2-pyridyl) benzene sulfonamide (PBS) and salicylic acid
(SA), while we used the similar strategy using the drug as whole without cutting it in

small parts. In this chapter, detailed DFT studies on the whole drug sulfasalazine
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loaded on MSN (TA functionalized SiO> NPs), as an ideal candidate for the pH

responsive drug delivery system, is elaborated.

2.2 Materials and Methods

All the calculations have been done using CASTEP * module of
MATERIALS STUDIO 2016. Density functional theory (DFT) within the
generalized gradient approximation (GGA) using the functional of Perdew, Burke
and Ernzerhof (PBE) 3* was applied to the exchange-correlation function 3. Ultrasoft
pseudopotentials in the Vanderbilt’s formulation 3¢ along with medium plane wave
cut-off energy of 489.8 eV was used throughout the calculations.

Geometry optimizations were performed using CASTEP with maximum SCF
cycles set at 500 cycles. The TA functional group (FG) is attached to the silica
surface on the middle Si atom in the second row replacing the hydroxyl group from
the top, whereas for deprotonating the silica surface, H atom was removed from the
hydroxyl group of the middle Si atom in the last row. For the calculations of the
MSM mimic, we used the silica (1 0 1) surface as a model representing periodic
silica. Drug molecule interaction with silica surface with the TA FG were used in the

CASTERP calculation framework.

Figure 2.1: Molecular structure of Sulfasalazine drug

1. 3% were utilised.

To test the model, the experimental results reported by Lee et a
Sulfasalazine is used to treat and prevent bowel disease called ulcerative colitis. It
works inside the bowels by reducing the inflammation and the other symptoms of the
disease. The structure of the anti-inflammatory drug molecule, sulfasalazine, is as
shown in the Figure 2.1 and it has reported to possesses two pKa values viz. 3.3
(carboxylic acid) and 6.24 (sulfonamide nitrogen) *’. The acid—base reactions of the

sulfasalazine drug at its two pKa values is as depicted in the Figure 2.2 and 2.3.
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Figure 2.3: Acid—base reactions of the sulfasalazine drug at second pKa 6.24

(sulfonamide nitrogen)

2.3 Results and Discussion:

Lee et al. reported the synthesis of mesoporous SiO2 NPs (MSN) with positively
charged TA functional groups 3°. The report primarily focused on the loading and
release of the anionic sulfasalazine drug molecules, which is used as an anti-
inflammatory drug for bowel disease (IBD) which is related to intestinal disorders
that cause prolonged inflammation of the digestive tract, onto the MSN-TA samples.
The drug was reported getting loaded in acidic pH (2-5) while the drug was released
in the basic (pH 7.4) buffer solution.

Based on the pKa values, drug molecules (D) exist mainly in two forms, neutral (0)
and in deprotonated (-1) at various pH, i.e.the pKa of the drug leads to the formation

the two species of the drug as neutral and deprotonated (Figure 2.4). We have used
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the Silanol groups (SiOH) in the silica surface, the reported pKa values are 4.5 and

8.5 in the literature %4

, and we used both these pKa values to study the pH
responsive drug loading and releasing mechanism using DFT. In a similar way the
silica surface (S) also exist in two states i.e. neutral (0) and in deprotonated (-1), i.€.
for the silica surface also, the two pKa leads to the formation the two species of the
silica as neutral and deprotonated (Figure 2.5) At any given pH, the fraction (F) can
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be calculated using rearranged Henderson-Hasselbalch equation *' as shown in

equation 1.
1
For deprotonated molecule: F_; = 1410 PKa—pE )
1
and For neutral molecule: Fp=1— Ti10PRa PR
D3.3 D 6.24
1
1.00
|
0.8
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c c
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© ©
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Figure 2.4: Illustration of dissociation of sulfasalazine drug with pH based on their
pKa values. The Drug (-1) represents dissociated (deprotonated (-1)) and Drug (0)

un-dissociated (neutral (0)) state of the molecules, respectively
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Figure 2.5: Illustration of dissociation of silica surface with pH based on their

reported pKa values. The S (-1) represents dissociated (deprotonated (-1)) and Drug

(0) un-dissociated (neutral (0)) state of the molecules, respectively

A) Neutral Silica surface without

FG

B) Neutral Silica surface with
FG

Figure 2.6: The silica surface without Functional group (A) and with TA functional

group (B)

Thus two states of drug [D°, D'] and surface [S°, S7!] gives four possible

combinations viz. S° D°, S° D!, S D% and S D
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The optimised structures of the silica surface without Functional group and with TA
functional group using the help of CASTEP calculations are depicted in the Figure
2.6. Drug binding affinity for the system with FG is termed as interaction energy
(Eint) and is calculated using eq. 2 ** and the corresponding optimized structures are

as shown in the Figure 2.7.

Ei‘nt‘ = E(sz'h’m with FG + Drug) — E(sm'ca with FG) — E(Dmg) (2)

The CASTEP energy and the interaction energies were obtained as given in Table
2.1.
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Drug Silica with FG, SO DO Silica with FG, SO

Optimized energy Optimized energy Optimized energy
-108156.36 eV -101491.8629 eV -6664.6813 eV
Figure 2.7: The interaction energy (Ein) calculated using the optimized CASTEP
energy for each term in the equation 2 for the drug and TA functionalized silica
surface
Table 2.1: CASTEP output energy after geometry optimization for the four

combinations and the calculation of Eiy in kcal/mol

Eint
System with FG Eint, €V
Eqsm Eq Em kcal/mol

Drug (0) + surface (0)  -108156.36 -101491.86 -6664.6813 0.18920  4.3516
Drug (0) + surface -108139.91 -101474.58 -6664.6813 -0.651800 -14.9914
deproto (-1)
Drug (-1) + surface -108123.74  -101474.58 -6651.5940 2.431900 55.9337
deproto (-1)
Drug deproto (-1) + -108142.53  -101491.86 -6651.5940 0.924100 21.2543

surface (0)
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For the four combinations S° D, S D!, S' D® and S D, the interaction energy
was calculated and were added up after multiplying the fraction of combination gave
rise to final binding energy at the given pH. The B.E. at the given pH was calculated
by the sum of product of Ein. and fraction present of the individual combination at

that pH using Equation 3.

Egg. = Esqo)neo) X Fs(o) X Foo) + Esoypi-1) X Fs(0) X Fo(-1) + Es-1)p@) * Fs-1) X Fpo) +
Es—nyp(-1) X Fs(-1) ¥ Fp(-1)
3
Started with the whole drug sulfasalazine, its interaction energy was calculated by
placing it on the silica surface with FG, various graphs obtained (based on the pKa
values of drug and surface) for the drug loading and release onto TA functionalized

silica surfaces are demonstrated in the bellow Figures 2.8 - 2.11.
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Figure 2.8: pH-Dependent binding energies (Eint) calculated for the sulfasalazine
drug (using its first pKa value 3.3) with TA functionalized silica surface (using its

first pKa value 4.5)
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Figure 2.9: pH-Dependent binding energies (Ein) calculated for the sulfasalazine
drug (using its second pKa value 6.24) with TA functionalized silica surface (using

its first pKa value 4.5)

The more negative values for Egz obtained from the calculation is suggestive of
very strong binding (reflecting loading of the drug molecule on surface), while the
higher positive Eg j values are suggestive of least or no interaction (representing
release of drug molecule from the surface). The release is an outcome of strong
electrostatic repulsion that generated between the silica surface and the negative drug
molecules which can be seen in terms of very large positive B.E. indicating no

interaction.
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Figure 2.10: pH-Dependent binding energies (Eixt). calculated for the sulfasalazine
drug (using its first pKa value 3.3) with TA functionalized silica surface (using its

second pKa value 8.5)

D6.24 S8.5
60
50
40
30

20

Eint, kcal/mol

10

pH

Figure 2.11: pH-Dependent binding energies (Eint) calculated for the sulfasalazine
drug (using its second pKa value 6.24) with TA functionalized silica surface (using

its second pKa value 8.5)



It should be noted that the Ein pH values at pH 1 are equal to the Ein of S’D° and Ein
pH values at pH 14 are equal to the Ein« of S'D . The drug loading and release

mechanism observed based on the drug and surface pKa are as follows
Case I: Drug’s first pKa 3.3 and Surface’s first pKa 4.5

It can be clearly observed that the sulfasalazine drug is getting loaded on the silica
surface at acidic pH of 1 to 2, it is in loaded condition even upto pH 5. The drug
molecule is seen getting released after pH increases to 6 and higher to basic medium

(Figure 2.8)
Case II: Drug’s second pKa 6.24 and Surface’s first pKa 4.5

For the higher pKa value of the drug, the situation is even more clear and promising
for a good drug delivery system. It is observed that the drug is getting loaded at
acidic pH of 1 to 3. It was getting strongly bounded/loaded on the silica surface in
the pH range of 4 to 5. It can be seen loaded even at pH 6. The drug seems releasing

in the basic medium from the pH 7 onwards (Figure 2.9).
Case III: Drug’s first pKa 3.3 and Surface’s second pKa 8.5

The loading and releasing seen slightly different when the Drug’s first pKa 3.3 and
Surface’s second pKa 8.5 were considered. The drug is getting adsorbed/loaded at
the acidic pH range from 1 .to-3, while, it remains adsorbed/loaded on the silica
surface from 4 to 7 pH. The drug is observed getting released in the basic medium of

pH 8 and above (Figure 2.10).
Case IV: Drug’s second pKa 6.24 and Surface’s second pKa 8.5

When the Drug’s second pKa 6.24 and Surface’s second pKa 8.5 were considered,
the mechanism seems promising too. The drug is getting adsorbed/loaded at the
acidic pH range from 1 to 5, while, it remains adsorbed/loaded on the silica surface
for pH 6 too. The drug is observed getting released in the basic medium of pH 7
onwards (Figure 2.11).
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Responsible for loading

Surface — Surface —

Responsible for release

Scheme 2.1: Representation of the drug loading and release mechanism based on
the four possible combinations arising from drug and surface pKa values. The

combinations were identified as a) S’D’, b) S’D”!, ¢) S'D? and d) S"'D"!

Here we observed that among the four combinations, the combination S° D° is
predominantly decides the drug loading in acidic stomach (pH 1.0 — 3.0), while the
combination S D! is responsible for the release of the drug in the basic intestine pH

(6.0 —7.5) as demonstrated in Scheme 2.1.
2.4 Conclusion:

DFT based CASTEP calculations were used successfully for the understanding the
mechanism of the pH-dependent drug molecules loading and release based on the
pKa values of drug and the silica surface. The B.E. of drug and surface in possible
combinations S° DY, S° D!, S DY, and S™' D! were used to predict the pH of loading
and release of sulfasalazine drug. It is reported that, the sulfasalazine drug molecule
gets trapped in the MSN-TA nano-vehicle when passing through the stomach’s
acidic environment (pH 1.0 — 3.0), and getting released in intestine with slightly

basic pH environment (6.0 — 7.5) 3°. The release is an outcome of strong electrostatic
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repulsion that generated between the silica surface and the negative drug molecules
which can be seen in terms of very large positive B.E. indicating no interaction. This
is in support of the drug release mechanism proposed by the Lee ef al. based on
repulsion between the negative surface charge of the deprotonated silanol group and
the anionic drug molecule 3°. The proposed model can be used for predicting the
loading and release pH for the drugs and the surfaces with known pKa values, which

will be very important / crucial for the pH responsive drug delivery systems.
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/ CHAPTER 3: \

DFT Studies and Quantum
Chemical Calculations of
Benzoyl Thiourea
Derivatives Linked with

Morpholine and Piperidine

for the Evaluation

Kof Antifungal Activity/




3.1 Introduction

The biological actions of pyridine, morpholine, and thiourea are diverse,
including antibacterial and antifungal properties. 1> Diaryl thioureas have antifungal
action against Pyricularia oryzae and Drechslera oryzae, different plant pathogens.
19 The signifcant pesticidal, fungicidal, antiviral, and plant growth regulating activity

of acyl thioureas is well documented. '

Sulfur-linked 1,2,4-triazoles, on the other hand, are a promising group of sulphur
compounds for use in lead chemical discovery, particularly the thione-substituted
1,2,4-triazole ring. Many bioactive sulphur-linked 1,2,4-triazoles have been found,
including antibacterial, anticancer, anti-HIV, and fungicidal action, with certain
pyridine derivatives preventing Ralstonia solanacearum, Cercospora beticola sacc.,

and Colletotrichum orbiculare.'*"

Fluorine introduced at a strategic point in a molecule is a powerful and diverse
tool for the synthesis of organic compounds with biological activity potential by
altering the steric and electronic properties. <!®?* Fluorine can increase the
lipophilicity of organic compounds, increasing the rate of cell penetration and
delivery of a drug to an active site. >* Fluorinated thioureas are a new class of strong
neuraminidase inhibitors for influenza, viruses. 2* Yang et al. reported a theoretical
calculation for benzoyl thiourea derivatives and their complexes with Cobalt to
explain their antibacterial properties. 2> C. Li et al. later reported on the antifungal

properties of fluorine-containing thio-ureido complexes with Nickel (IT). 2

Here, we have used the ligands from these studies to evaluate the correlation
between their activity and theoretical results. In this chapter, six compounds with
benzoyl thiourea derivatives linked to piperidine (BTP 1, BTP 2 and BTP 3) and
benzoyl thiourea derivatives linked to morpholine (BTM 4, BTM 5 and BTM 6)
were optimized using DFT / B3LYP method. The structures of studied compounds
are given in Figure 3.1. The effect of fluorine substitution, frontier orbital energy

and structure-activity relationship on the antifungal activities was explored.
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BTP-3 BTM-6

Figure 3.1: Structures  of benzoyl thiourea piperidine derivatives (BTP 1-3) and
benzoyl thiourea morpholine derivatives (BTM 4-6)

3.2 Results and Discussion
The obtained results are discussed as follows,
3.2.1 Comparison of DFT Structural Parameters with Experimental Values

The DFT calculations were carried out with B3LYP/6-31G (d,p) method in
GAMESS package.?’ Figure 3.2 depicts optimized structures of BTP 1-3 and BTM
4-6. The geometry parameter viz. Calculated bond distances, bond angles of
compounds BTP 2, BTP 3 and BTM 6 are given Table 3.1. In general good
agreement between the calculated and experimental bond lengths and bond angles?®

have been observed.
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BTP-1 BTM-4

BTP-3 BTM-6
Figure 3.2: B3LYP/6-31G (d,p) optimized structures of BTP 1-3, BTM 4-6
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Table 3.1: Comparative selected structure parameters of the compounds BTP 2, BTP 3

and BTM 6

Distances (A) BTP 2 BTP 3 BTM 6

/ Angles (°) Expt. DFT Expt. DFT Expt. DFT
S1-C8 1.673 1.683 1.668 1.681 1.679 1.682
O1-Cl1 1.213 1.223 1.233 1.221 1.219 1.223
NI-C1 1.378 1.390 1.358 1.403 1.392 1.399
N1-C8 1.413 1.417 1.434 1.417 1.397 1.417
N2-C8 1.414 1.346 1.314 1.346 1.330 1.346
S1-C8-N1 125.634 125954  127.287  126.164  124.036  125.642
S1-C8-N2 117.506 ~ 117.105 . 117.920  117.105  118.950  117.105

3.2.2 Frontier Orbital Energy Analysis

According to the frontier molecular orbital theory, HOMO and LUMO are the most
important factors that affect the bioactivity. HOMO has the priority to provide electrons,

while LUMO expresses ability of the compound to accept electrons.?
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Figure 3.3: Energy levels of MO diagrams for compound BTP 1-3, BTM 4-6

calculated in their ground state in the gas phase structures

The energies of HOMO -2 to LUMO +2 orbitals for the compounds BTP 1-3 and BTM

4-6 are given in Figure 3.3 and Table 3.2.

Table 3.2: Energy levels (a.u.) of MOs for compound BTP 1-3, BTM 4-6 calculated in

their ground state in the gas phase

Compound HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO +2
BTP 1 -0.2567 -0.2149  -0.2020  -0.0499 -0.0172 -0.0113
BTP 2 -0.2612 -0.2120  -0.1989  -0.0577 -0.0145 -0.0132
BTP 3 -0.2578 -0.2148  -0.2032  -0.0551 -0.0252 -0.0127
BTM 4 -0.2548 -0.2198  -0.2075  -0.0537 -0.0222 -0.0146
BTM 5 -0.2571 -0.2170  -0.2046 -0.0613 -0.0189 -0.0169
BTM 6 -0.2598 -0.2204  -0.2103  -0.0607 -0.0286 -0.0188

The quantum chemical parameters were calculated as described by Cakmak et. al?

According to the Janak’s theorem, IP and EA can be obtained using HOMO and LUMO

energies utilizing Equation 1.%°

IP = —Eyomo, EA = —Erymo
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Hardness (n) is the distortion of chemical species or opposition to electron cloud
polarization and can be calculated by Equation 2.! To understand the behaviour of
chemical system the concepts of hardness and softness are used. The molecules with
large energy gap are termed as hard while, the molecules with small energy gap are soft.

Hence, hard molecules tend to be less polarizable than soft molecules.
n=(P-EA)/2 (2)

Reciprocal of global hardness gives softness (o) of the molecules and is calculated using

Equation 3.2
o=1/n 3

Electronegativity () measures tendency of molecule towards electron attraction, which

can be calculated by Equation 4.

¥ = —(Egomo + Ervmo)/ 2 €))]

Smaller AE implies higher chemical reactivity-and lower kinetic stability for the

investigated molecules.?’

The quantum chemical parameters of-compounds BTP 1-3 and BTM 4-6 were
calculated using the above equations. Thus, obtained values of IP, EA, hardness,
softness, and electronegativity-associated with HOMO and LUMO energies®>* are
formulated in Table 3.3. For the BTP compounds the sequence of the antifungal activity
is BTP 1 < BTP 2 < BTP 3. This antifungal activity sequence is identical to the
calculated sequence of electronegativity (y). For the BTM compounds the sequence of
antifungal activity is BTM 5 < BTP 6 < BTP 4. For these BTM compounds a direct

correlation of antifungal activity is observed with Erumo, EA, hardness (1) and softness

(0).
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Table 3.3: Quantum chemical parameters of compounds BTP 1-3 and BTM 4-6

calculated at B3LYP / 6-31G (d,p)

Enomo Erumo IP EA 1 o % MIC values*
V) (V)

BTP1 -5.497 -1.358 5497 1358 2.069 0483 3.427 31

BTP2 -5412 -1.570 5412 1570 1921 0.521 3.491 275

BTP3 -5.529 -1.499 5529 1.499 2015 0496 3.514 205

BTM4 -5.646 -1.461 5646 1.461 2.093 0.478 3.554 25

BTM5 -5.567 -1.668 5.567 1.668 1.950 0.513 3.618 31

BTM6 -5.722 -1.652 5722 1.652 2.035 0.491 3.687 8.0

* Antifungal activity against Botrytis cinerea
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3.2.3 Mulliken Atomic Charges

Table 3.4: Mulliken atomic charges for selected atoms using DFT

Atom BTP1 BTP 2 BTP 3 BTM 4 BTM 5 BTM 6
S1 -0.2868 -0.2793 -0.2830 -0.2790 -0.2711 -0.2722
F1 - -0.2926 -0.2866 - -0.2929 -0.2856
0O1 -0.4958 -0.5016 -0.4918 -0.4938 -0.4998 -0.4983
02 - - - -0.4770 -0.4771 -0.4828
N1 -0.5505 -0.5756 -0.5599 -0.5508 -0.5730 -0.3846
N2 -0.3644 -0.3655 -0.3696 -0.3795 -0.3795 -0.5580
Cl 0.54267 0.5787 0.5442 0.5409 0.5781 0.5505
C8 0.2831 0.2876 0.2907 0.2837 0.2850 0.2910

The calculated Mulliken atomic charges?’®! for selected atoms are exhibited in
Table 3.4. Two atoms C1, and C8 are the most positively charged ones, which can
interact with the negative charged part of the receptor easily. The negative charges are
mainly located on atoms N1, N2, S1, F1, and Ol, so they can interact easily with the
positive part of the receptor. C1 being most positive and N1 most negative therefore
C1-N1 bond polarity plays a key role. Calculated C1-N1 bond distances of the
compounds are 1.397, 1.390, 1.402, 1.399, 1.392 and 1.399. Longer the C1-N1 bond,
more is the antifungal activity, BTP 3, BTM 4 and BTM 6 being more powerful.

3.3 Conclusion

The DFT study of benzoyl thiourea derivatives linked to morpholine and piperidine
were evaluated for their antifungal activity. All the six compounds BTP 1-3 and BTM 4-
6 were optimized with DFT and various parameters were evaluated. Mulliken charge
analysis results were found consistent with the antifungal activity. The presence of
morpholine group and fluorine at para position reported to be enhancing the antifungal
activity, which is confirmed from the current DFT studies. In general, good agreement
between the calculated and experimental bond lengths and bond angles have been
observed. For the BTP compounds the antifungal activity sequence was found similar to
that of calculated electronegativity. For the BTM compounds a direct correlation of

antifungal activity is observed with ELumo, EA, hardness and softness.
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/ CHAPTER 4: \

DFT Calculations of
Thiourea Derivatives
Containing a Thiazole

Moiety for the Evaluation

\\of Antifungal Activity /




4.1 Introduction

The thiazole moiety belongs to an important class of heterocycles containing N and
S and when linked to a thiourea functional group forms the building block for
pharmaceutical agents.! They display a wide variety of pharmaceutical activity, for
instance bactericidal, anti-cancer?, analgesic®, fungicidal* and anti-hypertensive.’
Thiouracils are similarly used as virucidal and anti-inflammatory agents.® Thiourea
derivatives act as intermediates for the synthesis of variety of acyclic and
heterocyclic compounds.”® Coumarins and thiazoles have a wide range of biological
activity in medicine and pharmaceuticals, including antifungal properties.”!? Acyl
thiourea and its derivatives exhibit antimicrobial, antibacterial, antifungal, antiviral,

and plant-protection-regulating property.'*1°

Log P is a most commonly used molecular descriptor in SAR analyses.?** Tt

is a quantitative descriptor of lipophilicity, one of the significant factors of
pharmacokinetic properties. The lipophilicity modifies the penetration of bioactive
molecules through the non-polar cell membranes. This property is usually
determined by the partition coefficient, which is obtained from distribution studies of
the compound between an immiscible -polar and non-polar solvent pair. The
inhibitory activity of a drug can be predicted by using Log P.

In this chapter, we report the study of four compounds (1a - 1d) using DFT /
B3LYP method. Figure 4.1 depicts structures of the compounds used in the current
study. We were interested in exploring the frontier orbital energy and structure-
activity relationship on the antifungal activities. It is reported that all the compounds
exhibit significant antifungal activity, antifungal activity of 1c¢ is the strongest among

the studied samples.?
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Figure 4.1: Structures of the compounds under study, 1a - 1d

4.2 Results and Discussion

4.2.1 Comparison of DFT Geometrical Parameters with Experimental Data.

The DFT calculations were carried out with B3LYP/6-31G (d,p) method in
GAMESS package.?” The geometrical parameters viz. Calculated bond distances and
observed bond lengths of compound 1a are given in Table 4.1. In general, good

126

agreement between the calculated and experimental®® bond lengths have been

observed.
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Table 4.1: Comparative selected structure parameters of the compound la

Distances (A) /

Angles () 1a

Expt DFT
S(1)-C(2) 1.757 1.768
C(2)-N(3) 1.307 1.287
C(2)-N(6) 1.390 1.393
N(3)-C(4) 1.372 1.385
C(4)-C(5) 1.364 1.371
C(7)-(8) 1.669 1.679
C(7)-N(9) 1.407 1.415
C(10)-0(11) 1.230 1.204
C(10)-C(12) 1.500 1.501
C(12)-C(13) 1.403 1.407
C(13)-C(14) 1.391 1.398
C(15)-C(16) 1393 1.396
C(15)-N(18) 1.477 1.493
C(16)-C(17) 1.392 1.403
N(18)-0(19) 1.229 1.198
N(18)-0(20) 1.229 1.236
C(2)-S(1)-C(5)  87.717 88.748
S(1)-C(2)-N(3)  115.541 116.23
S(1)-C(2)-N(6)  126.156 128.451
N(3)-C(4)-C(5)  116.020 117.971
S(1)-C(5)-C(4)  110.387 109.319
C(2)-N(6)-C(7)  129.804 128.198
N(6)-C(7)-S(8)  127.298 123.853
N(6)-C(7)-N(9)  114.386 113.536
C(7)-N(9)-C(10)  129.358 129.322
C(7)-N(9)-H(24)  111.722 111.894
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4.2.2 Frontier Orbital Energy Analysis

HOMO and LUMO of the compound are found to be essential factor that decides the
bioactivity of the organic and other compounds. According to the frontier molecular
orbital theory, HOMO has the priority to offer electrons, while LUMO can accept
electrons first.?® The energies of HOMO -2 to LUMO +2 orbitals are given Table
4.2. Molecular orbital diagram for the HOMOs and LUMOs are shown in Figure
4.3. Chem Bio 3D software was used to generate MO diagrams (extended Huckel
theory). HOMOs of all the four compounds generally resides on the sulfonyl moiety
and sulphur containing five membered ring and LUMOs of the compounds mainly

resides on the carbonyl moiety.
Table 4.2: Energy levels (a.u.) of MOs for compounds 1a — 1d calculated in their

ground state in the gas phase

Compound HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

la -0.2583 -0.2370 -0.2271 -0.1154 -0.0714 -0.0500
1b -0.2293 -0.2224 -0.2198  -0.0532  -0.0156 -0.0148
lc -0.2352 -0.2210 -0.2184 -0.0518 -0.0154 -0.0026
1d -0.2568 -0.2272 -0.2259  -0.0642 -0.0181 -0.0171
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Figure 4.2: Energy levels of MO diagram for compounds 1a --1d calculated in their

ground state in the gas phase
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HOMO LUMO Optimized structure

Figure 4.3: Molecular orbital diagram for the HOMOs, LUMOs and optimized

structures of the four compounds 1a - 1d.

The obtained values of IP, EA, hardness, softness, and electronegativity associated

with HOMO and LUMO energies®*#? are formulated in Table 4.3.

The quantum chemical parameters were calculated as described by Cakmak er al.®’
IP and EA can be determined using HOMO and LUMO energies were calculated
according to the Janak’s Theorem.**
IP = — Enomo, EA = — ELumo
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Hardness (1)) of the compound® can be described as distortion of chemical species or
opposition to electron cloud polarization. Behaviour of the Chemical entity can be
studied using the concepts of Hardness and softness. The molecule is considered soft
if it has small energy gap while, the molecule is said to be hard, if has large energy
gap. Thus, hard molecules are less polarizable than the soft molecules.
n=(IP-EA)/2

The inverse of global hardness provides softness of the molecules. %4’

o=1/Mm

Tendency of the molecules to attract the electrons is called as Electronegativity (x)
and is calculated using following equation.

%= — (Enomo + ELumo)/2

Table 4.3: Quantum chemical parameters of compounds la - 1d calculated at

B3LYP/6-31G (d,p)

Eromo Ewumo IP= EA= n= o= 1= MIC

(ev) (ev) -Ewomo  -Ewmo . (FA)/2 1/n  (+A)/2 LogP values*

la -6.180 -3.140 6.180  3.140 1.520 0.658 4.660 2.317 100
1b -5.981 -1.448 5.981 1.448 2.267 0.441 3.714 2302 50
1c -5.943 -1.410 5943 1410 2.267 0.441 3.676 1417 25

1d -6.147 -1.747 6.147  1.747 2,200 0.455 3.947 2.559 100

* Antifungal activity against C.glabrata®®
From Table 4.3 it is also observed that higher the value of LUMO energy, more is
the activity. This is in accordance with the literature which reported the strongest
antifungal activity for 1c. Furthermore, it is also observed that the antifungal activity
correlates strongly with the computed values of all the quantum chemical parameters
viz. EA, IP, Electronegativity, band gap, hardness (1) and softness (o). From the
Log P calculations it is observed that 1c is less lipophilic in nature. Lower values of

Log P are indicative of stronger antifungal activity.
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4.3. Conclusion

The DFT calculations of thiourea derivatives containing a thiazole moiety (1a - 1d)
reveals electronic characteristics responsible for the strong biological activity. In
general, good agreement between the calculated and experimental geometrical
parameters have been observed. Overall, we observed strong correlation between
biological activity and computed values of all the quantum chemical parameters viz.
EA, IP, Electronegativity, hardness (1) and softness (o). Lower values of Log P are

indicative of stronger antifungal activity.
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5.1 Introduction

Plant fungi adapt to their surroundings despite the fact that the chemical
composition of the plant varies dramatically over the host's life cycle. The
development of a highly evolved secondary metabolism by fungi to cope with both
the plant defense system and competing with other parasites leads in a unique
survival strategy. The plant pathogen Allantophomopsis lycopodina'™ has been
linked to leaf lesions in lingonberries (Vaccinium vitis-idaea) and cranberry fruit rot
(black rot).> Allantofuranone is found in the extract of Allantophomopsis lycopodina
strain IBWF58B-05A, which has been reported to have significant and selective
antibiotic and antifungal activity.® Allantofuranone is an uncommon -lactone
molecule that has been shown to have beneficial biological properties. Dimeric -
lactone, antimalarial radicicol, cytotoxic hamavellones A and B, antimycobacterial
peniciller emophilane A and antifungal bacilysin are only a few examples of new
and bioactive secondary metabolites found in soil-derived fungus.”!®

In this work, we present the study of four y-lactone containing compounds
(Allantofuranone, Xenofuranone A and B, WF 3681) using DFT / B3LYP method.
Figure 5.1 illustrates the chemical structures employed in the current study.
Allantofuranone is known to have considerable antifungal activity, but other
compounds, while structurally similar, have no antifungal action and have extremely

low cytotoxicity.
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Figure 5.1: Structures of the Allantofuranone and related compounds

5.2 Results and Discussion

5.2.1 Comparison of DFT Structural Parameters with Experimental Data

The DFT calculations were done in GAMESS package'® using the B3LYP/6-31G
(d,p) method. Table 5.1 shows the geometry parameter of compound
Allantofuranone, which includes calculated bond distances and observed bond
lengths. In general, there has been considerable agreement between computed and

experimental bond lengths.
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Table 5.1: Comparative

Allantofuranone.

selected

structure parameters

Distances Allantofuranone
(A) /
Angles (©)

Expt DFT
01-C13 1.400 1.403
01-C14 1.447 1.430
02-C10 1.228 1.221
03-C16 1.354 1.353
04-C23 1.354 1.342
05-C16 1.218 1.211
C6-C8 1.478 1.464
C6-C13 1.525 1.533
C6-C23 1.341 1.348
C7-C8 1.399 1.410
C7-C12 1.399 1.394
C8-C17 1.400 1.411
C9-C10 1.503 1.500
C9-C18 1.398 1.403
C9-C22 1.397 1.404
C10-C11 1.513 1.527
C11-C13 1.526 1.533
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5.2.2 Frontier Orbital Energy Analysis

The most essential factor that determines the bioactivity of organic and other
substances is said to be HOMO and LUMO. The frontier molecular orbital theory
states that HOMO prefers to provide electrons first, whereas LUMO prefers to take
electrons first.!” The energies of HOMO -2 to LUMO +2 orbitals are given Table
5.2. Molecular orbital diagram for the HOMOs and LUMOs are shown in Figure
5.3. Chem Bio 3D software was used to generate MO diagrams (extended Huckel
theory). All four compounds have HOMOs on a five-membered ring moiety, and the
three compounds Xenofuranone A, Xenofuranone B, and WF 3681 have LUMOs on
five-membered ring moieties, whilst Allantofuranone has a LUMO on one of the

benzoyl rings.
Table 5.2: Energy levels (a.u.) of MOs for compound Allantofuranone,
Xenofuranone A and Xenofuranone B and WF 3681 calculated in their ground state

in the gas phase.

Compound HOMO-2 HOMO-1. HOMO

LUMO LUMO+1 LUMO+2

Allantofuranone -0.2546 -0.2513  -0.2161
Xenofuranone A -0.2430 -0.2402  -0.2295
Xenofuranone B -0.2448 -0.2408  -0.2336

WF 3681 -0.2664 -0.2632  -0.2312

-0.0579 -0.053 -0.0097

-0.0419 -0.0173 -0.0047

-0.0456 -0.0227 -0.0060

-0.0460 -0.0200 0.0002
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Figure 5.2: Energy levels of MO diagram for compounds Allantofuranone,
Xenofuranone A and Xenofuranone B and WF 3681 calculated in their ground state

inthe gas phase.

HOMO LUMO Optimized structure

Allantofuranone
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Xenofuranone A

Xenofuranone B

WEF 3681

Figure 5.3: Molecular orbital diagram for the HOMOs, LUMOs and optimized
structures of the four compounds Allantofuranone, Xenofuranone A, Xenofuranone
B and WF 3681
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Using the above equations, the quantum chemical parameters of four y-lactone
containing compounds were computed. The obtained values of IP, EA, hardness,
softness, and electronegativity associated with HOMO and LUMO energies'®! are
formulated in Table 5.3.

Cakmak et al.** describes how to calculate quantum chemical parameters. IP and EA
can be obtained using HOMO and LUMO energies were calculated according to the
Janak’s Theorem??.

IP = — Enomo, EA = — ELumo

Hardness (1) of the compound* expresses chemical species distortion or resistance
to electron cloud polarisation. The ideas of hardness and softness were used to
investigate the chemical entity's behaviour. If a molecule has a big energy gap, it is
considered to be hard, and if it has a small energy gap, it is said to be soft. Soft
molecules are therefore more polarizable than hard molecules.

n=(IP-EA)/ 2

The reciprocal of global hardness is used to calculate the softness of the molecules.*®
c=1/Mm

Electronegativity (y) is the ability of molecules to attract electrons, and it was
computed using the equation below.

¥ =— (Enomo + ELumo)/2

Table 5.3: Quantum chemical parameters of compounds Allantofuranone,

Xenofuranone A and Xenofuranone B and WF 3681calculated at B3LYP/6-31G(d,p)

Ewovo  Ewmo AE  IP= EA= n= o= y=  LogP

(eV)  (ev) (V) -Ewomo -Ewwmo (FA)/2 1/m  (1+A)/2
Allantofuranone  -5.880 -1.576 4.30 5880 1.576 2.152 0.465 3.728 3.695
Xenofuranone A -6.245 -1.140 5.10 6.245 1140 2.552 0.392 3.693 2.774
Xenofuranone B -6.357 -1.241 512 6357 1241 2558 0391 3.799 2.412
WF 3681 -6.291 -1.252 504 6.291 1252 2520 0.397 3.771 1.101
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It is clear from Table 5.3 that the Allantofuranone has a smaller HOMO — LUMO
energy gap when compared to other compounds. Furthermore, it has been found that
the lower the LUMO energy value, the higher the activity. This is in line with the
literature, which claims that Allantofuranone has the strongest antifungal action.

The activity is shown to be highly correlated with the estimated values of all
quantum chemical parameters viz. EA, IP, Electronegativity, band gap, hardness (1)
and softness (o). Allantofuranone is more lipophilic in nature, according to the Log
P estimates. Greater antifungal and antibacterial action is associated with higher Log

P values.

5.3 Conclusion

The DFT calculations of the compounds Allantofuranone, Xenofuranone A,
Xenofuranone B, and WF 3681 demonstrated that Allantofuranone has a small
HOMO - LUMO gap, a lower LUMO value, a more lipophilic character, and a rich
topography, all of which are required for antifungal action. The electronic properties
that distinguish Allantofuranone from other structurally related compounds and are
responsible for its remarkable biological action are highlighted. Overall, we found a
significant correlation between biological activity and calculate values for all
quantum chemical parameters, including EA, IP, electronegativity, band Gap,

hardness (1) and softness ().
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6.1 Introduction

Homoisoflavanones are oxygen-containing heterocyclic chemicals found in
nature. The homoisoflavanones have a chromanone, chromone, or chromane ring in
their sixteen-carbon skeleton. Anti-diabetic, anti-inflammatory, antibacterial, and
anti-mutagenic bioactivities have all been found for homoisoflavonoids.! Antifungal
action of isolated homoisoflavanones, 3-benzylidene-4-chromanones.>* For the
synthesis of homoisoflavanones, several experimental approaches have been
devised.>'” However, there have been very few theoretical studies recorded. Isolated
homoisoflavanones have also been reported to possess antifungal activity.!'"?!
Isoflavanones and homoisoflavanones are structurally identical. 3-benzyl-3-hydroxy-
4-chromanonesc, 3-benzylidene-4-chromanones, 3-benzyl-4-chromanones, and
scillascillins are the four types of homoisoflavanones.?? The antifungal activity of 3-

benzylidene-4-chromanones has been discovered.

In SAR investigations, log P is the most commonly used molecular descriptor.?*
28 Tt's a numerical descriptor of lipophilicity, which is one of the most essential
pharmacokinetic features. The lipophilicity of bioactive substances determines their
ability to pass through non-polar cell membranes. The partition coefficient, which is
acquired via distribution studies of the compound between an immiscible polar and
non-polar solvent pair, is commonly used to determine this attribute. Log P can be

used to indicate a drug's inhibitory activity.
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Figure 6.1: Structures of the Homoisoflavanones HIF 1-7

In this work, DFT studies on seven 3-benzylidene-4-chromanone analogues
(Homoisoflavanones HIF 1-7) with varying substitution patterns are reported
(Figure 6.1). Theoretical results are correlated with reported antifungal activities.?
The results are useful to bring out common set of electronic characteristic
responsible for bioactivity.

6.2. Results and Discussion

All the quantum chemical calculations were performed using DFT with B3LYP/6-
31G (dp) method using GAMESS pakage.?® Initial geometries of the
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homoisoflavanone analogues were generated using Chem Bio3D Ultra 14.0. Full

geometry optimization was carried out without any geometrical constraints

(Figure 6.2). The calculation of QSAR properties were performed by Chem Bio3D
Ultra 14.0.

HIF 1 HIF 2

HIF 4

HIF 5 HIF 6

HIF 7
Figure 6.2: B3LYP/6-31G (d,p) optimized structures of the compounds HIF 1-7
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6.2.1. Frontier Orbital Energy Analysis

The most critical features that impact bioactivity, according to the frontier molecular
orbital theory, are HOMO and LUMO. The ability to donate electrons is expressed by
HOMO, whereas the ability to take electrons is expressed by LUMO.* The energies of
HOMO -2 to LUMO +2 orbitals are given Table 6.1. Molecular orbital diagram for
the HOMOs and LUMOs are shown in Figure 6.3. The quantum chemical parameters

1.31

were calculated as described by Cakmak et. al.”" According to the Janak’s theorem, IP

and EA can be obtained using HOMO and LUMO energies utilizing Equation 1.2
IP = —Eyomo EA = —Epymo (1)

Equation 2 can be used to calculate hardness (1), which is the distortion of chemical
species or opposition to electron cloud polarisation.>* The ideas of hardness and softness
are utilised to understand the behaviour of chemical systems. Molecules having a big
energy gap are called hard, while those with a small energy gap are called soft. As a

result, rigid molecules have a lower polarizability than soft ones.
n=(IP-EA)/2 (2)

Reciprocal of global hardness gives softness (o) of the molecules and is calculated using

Equation 3.3
o=1/p 3)

Electronegativity is a metric that evaluates a molecule's proclivity for electron attraction

and can be calculated using Equation 4.

¥ = —(Egomo + Erumo)/ 2 €]

For the compounds under investigation, a lower AE indicates increased chemical

reactivity and lower kinetic stability.’!

The preceding equations were used to derive the quantum chemical characteristics of
molecules HIF 1-7. Table 6.2 shows the obtained values of IP, EA, hardness, softness,
and electronegativity in relation to HOMO and LUMO energies®>, There is a direct
correlation between antifungal activity and Log P for these HIF compounds. Compound
HIF 3 is reported to be most potent. HIF 3 is more lipophilic in nature, according to the
Log P estimates. Stronger antifungal activity is indicated by higher Log P values. The
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antifungal activity is quite well correlated with IP, EA, hardness (1), softness (o) and

electronegativity (y).

Table 6.1: Energy levels (a.u.) of MOs for compound HIF 1-7 calculated in their ground

state in the gas phase
Compound HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO +2
HIF 1 -0.2212 -0.2170 -0.2107  -0.0638 -0.0126 -.0096
HIF 2 -0.2331 -0.2171 -0.2080  -0.0612 -0.0095 -0.0059
HIF 3 -0.2209 -0.2157 -0.2143  -0.0584 -0.0094 -0.0036
HIF 4 -0.2152 -0.2123 -0.2071  -0.0540 -0.0074 -0.0038
HIF 5 -0.2146 -0.2119 -0.2052  -0.0533 -0.0053 -0.0021
HIF 6 -0.2249 -0.2191 -0.2176 _<<0.0650 -0.0172 -0.0166
HIF 7 -0.2223 -0.2171 -0.2161  -0.0606 -0.0152 -0.0105
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Figure 6.3: Energy levels of MO diagram for compounds HIF 1-7 calculated in their
ground state in the gas phase.
Table 6.2: Quantum chemical parameters of compounds HIF 1-7 calculated at
B3LYP/6-31G (d.,p)
Eromo ELumo IP= EA= n= o= %= MIC
Compd  (eV) (eV) Ewomo  -Ewmo  (IFA)/2  1/n  (1+A)/2 LogP  values*
HIF 1 -5.733 -1.736  5.733 1.736  1.999 0.500 3.735 0.7178 200
HIF 2 -5.660 -1.665 5.660 1.665 1.997 0.501 3.663 1.3602 42
HIF 3 -5.831 -1.589  5.831 1.589  2.121 0471 3.710 1.5466 25
HIF 4 -5.635 -1.469  5.635 1.469  2.083 0.480 3.552 0.3174 300
HIF 5 -5.584 -1.450 5584 1.450 2.067 0.484 3.517 0.6788 150
HIF 6 -5.921 -1.769 5921 1.769  2.076 0.482 3.845 1.5438 70
HIF 7 -5.880 -1.649  5.880 1.649  2.116 0473  3.765 1.0249 160

* Antifungal activity against Candida albcans?®
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6.2.2. Mulliken Atomic Charges

Table 6.3 shows the computed Mulliken atomic charges**** for selected elements.
The most positively charged atoms are C6 and C10, which can easily connect with the
receptor's negative charged part. Because the negative charges are mostly found on the
atoms O1, 02, and O3, they can easily connect with the receptor's positive part. C6 is

the most positive, while O1 is the most negative.

Table 6.3: Mulliken atomic charges for selected atoms using DFT

Atom HIF 1 HIF 2 HIF 3 HIF 4 HIF 5 HIF 6 HIF 7

0Ol -0.546  -0.540  -0.537  -0.538 -0.538 -0.536  -0.537
02 -0.508  -0.510  -0.489  -0.493 -0.492 -0.488  -0.489
03 -0.529  -0.513 -0.517  -0.518 -0.518 -0.517  -0.517
C4 -0.006  -0.007  -0.012 -0.012 -0.012 -0.012  -0.013

Cs 0.016 0.016 0.027 0.021 0.022 0.027 0.025
Cé 0.369 0.371 0.383 0.383 0.382 0.383 0.383
Cc7 0.034 0.023 -0.018 -0.019 ~ -0.018 -0.018  -0.017
C8 0.276 0.294 0.293 0:292 0.292 0.293 0.292
Cc9 0.245 -0.179  -0.186 ~ -0.185 -0.185 -0.185 -0.185
C10 0.331 0.361 0.361 0.360 0.360 0.361 0.361
Cl1 -0.130  -0.121 -0.184  -0.185 -0.184  -0.184  -0.184
Cl12 -0.112 -0.112 0.327 0.326 0.326 0.328 0.327
Cl13 -0.151 -0.150  -0.155 -0.155 -0.155 -0.156  -0.155
Cl4 0.115 0.114 0.110 0.114 0.115 0.113 0.114
C15 -0.127  -0.134  -0.122  -0.127 -0.135 -0.119  -0.123
Cl6 -0.107  -0.139  -0.091 -0.107 -0.139 -0.076  -0.144
Cl17 0.333 0.355 -0.081 0.331 0.354 -0.093 0.356
Cl18 -0.134  -0.116  -0.088 -0.134  -0.116  -0.072  -0.140
C19 -0.122  -0.120  -0.113 -0.122 -0.121 -0.112  -0.117
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6.3 Conclusion

The DFT study of seven 3-benzylidene-4-chromanone analogues were evaluated
for their antifungal activity. All the compounds HIF 1-7 were optimized with B3LYP/ 6-
31G (d,p) and various parameters were evaluated. IP, EA, hardness (1), softness (c) and
electronegativity (y) correlates reasonably well with the antifungal activity. Log P has
been found to have a clear association with antifungal activity. The compound HIF 3 is
reported to be the most effective. HIF 3 is more lipophilic in nature, according to the

Log P estimates. Stronger antifungal activity is indicated by higher Log P values.
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Summary

DFT based CASTEP calculations were used successfully for the
understanding the mechanism of the pH-dependent drug molecules loading and
release based on the pKa values of drug and the silica surface. The B.E. of drug and
surface in possible combinations S° D°, S° D!, S D°, and S D! were used to
predict the pH of loading and release of sulfasalazine drug. It is reported that, the
sulfasalazine drug molecule gets trapped in the MSN-TA nano-vehicle when passing
through the stomach’s acidic environment (pH 1.0 — 3.0), and getting released in
intestine with slightly basic pH environment (6.0 — 7.5). The release is an outcome of
strong electrostatic repulsion that generated between the silica surface and the
negative drug molecules which can be seen in terms of very large positive B.E.

indicating no interaction.

The DFT study of benzoyl thiourea derivatives linked to morpholine and
piperidine were evaluated for their antifungal activity. Mulliken charge analysis results
were found consistent with the antifungal activity. The presence of morpholine group
and fluorine at para position reported to be enhancing the antifungal activity, which is
confirmed from the current DFT studies. In general, good agreement between the
calculated and experimental bond lengths and bond angles have been observed. For the
BTP compounds the antifungal activity sequence was found similar to that of calculated
electronegativity. For the BTM compounds a direct correlation of antifungal activity is

observed with ELumo, EA, hardness and softness.

The DFT calculations of thiourea derivatives containing a thiazole moiety
reveals electronic characteristics responsible for the strong biological activity. In
general, good agreement between the calculated and experimental geometrical
parameters have been observed. Overall, we observed strong correlation between
biological activity and computed values of all the quantum chemical parameters
Lower values of Log P are indicative of stronger antifungal activity.

The DFT calculations of the compounds Allantofuranone, Xenofuranone A,
Xenofuranone B, and WF 3681 demonstrated that Allantofuranone has a small
HOMO-LUMO gap, a lower LUMO value, a more lipophilic character, and a rich
topography, all of which are prerequisite for antifungal action. The electronic
properties that distinguish Allantofuranone from other structurally related

compounds and are responsible for its remarkable biological action are highlighted.
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Overall, we found a significant correlation between biological activity and calculate
values for all quantum chemical parameters, including EA, IP, electronegativity,
band Gap, hardness (n) and softness (o).

The DFT study of seven 3-benzylidene-4-chromanone analogues were
evaluated for their antifungal activity. All the compounds were optimized with B3LYP/
6-31G (d,p) and various parameters were evaluated. IP, EA, hardness (1)), softness (o)
and electronegativity (y) correlates reasonably well with the antifungal activity. Log P
has been found to have a clear association with antifungal activity. The compound HIF3
is reported to be the most effective. HIF 3 is more lipophilic in nature, according to the

Log P estimates. Stronger antifungal activity is indicated by higher Log P values.

Future Scope

The proposed DFT model can be used for-predicting the loading and release
pH for the drugs and the surfaces with known pKa values, which will be very

important / crucial for the pH responsive drug delivery systems.

In the future, the DFT study and structure-activity relationship study may aid in the

formulation of better antifungal and/or antibiotic heterocyclic compounds.
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