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SYNOPSIS

In the realm of chemistry, noncovalent interactions play a crucial role in supramolecular host-
guest interaction, material sciences, protein-ligand binding, etc. These interactions include
hydrogen bonding, n-n stacking, cation-mt, anion-w, etc. The stability of various conformers is
also determined by their respective engagement in these interactions. The thesis covers, using
various quantum computational methods, the exploration of intramolecular and intermolecular
noncovalent interactions involved in the different conformers of the supramolecular ditopic
(two binding sites) receptor host 1,6-bis(2,6-bis(benzothiazol-2-yl) pyridine-4-yloxy) hexane
and their complexes with resorcinol guest. Electron charge transport plays an essential role in
the construction of the building blocks of organic semiconductors. Taking these concepts into
consideration, we have explored the m-m interactions and electron transport in the host-guest
complexes formed between three dimensions hexa-cationic host which consists of two
triscationic m-electron-deficient trispyridiniumtriazine (TPZ3*) units and are bridged face-to-
face by three ethylene-triazole-ethylene and guest polycyclic aromatic hydrocarbons (PAH).
Furthermore, we have explored the nature of the noncovalent interaction of propanediurea-
based molecular clip receptor with different electron withdrawing and donating groups
substituted resorcinol molecules. Our investigation has also examined the noncovalent
interactions between the amino acids functionalized perylene diimide (PDI) compounds and
amyloid-g (Ap) fibrils. These fibrils are well recognized as the primary causative agents in the
development of Alzheimer’s disease (AD). We employed atomistic molecular dynamics (MD)
simulations to conduct this study. The concise Chapter-wise outline of the thesis is summarized

below.

Xi
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Chapter 1: Introduction

This Chapter provides a brief overview of noncovalent interactions, incorporating an in-depth
study of the diverse array of existing noncovalent interactions. The importance of noncovalent
interactions and their involvement in supramolecular host-guest binding, electron transport,
and ligand-amyloid- (Ap) fibrils protein interaction are discussed. The final part of this

Chapter addresses the goals and boundaries of the work being undertaken.
Chapter 2: Methodology

This Chapter introduces fundamental quantum chemical concepts and mathematical principles
for investigating noncovalent interactions. We begin by exploring the Schrodinger equation, a
cornerstone of quantum mechanics. This equation provides valuable insights into the
characteristics of a given system. The basic concept of Hartree-Fock (HF) Theory and Density
Functional Theory (DFT) are also discussed in this Chapter. To properly define the long-range
noncovalent interaction, dispersion correction is added to the standard DFT methods. The
discussion for estimation of interaction energy and the benchmarking of this energy using the
wavefunction-based method, the domain-based local pair natural orbital coupled cluster with
singles, doubles, and perturbative triple excitations [DLPNO-CCSD(T)]. The basic concept of
energy decomposition analysis (EDA) to partition the interaction energy into physically
meaningful components such as electrostatic, orbital interaction, Pauli repulsion, and
dispersion interactions are also explained in this Chapter. Further, the discussion of noncovalent
interaction (NCI) analysis based on the reduced density gradient (RDG) is also implemented
to visualize the noncovalent interaction between host and guest in complexes. In the case of
amyloid-B (AP) fibrils protein-ligand interaction study, we have implemented molecular

docking and classical molecular dynamics (MD) simulations.

xii
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Chapter 3: Torsional Rotation in Ditopic Receptor Host and its Complex Formation with

Resorcinol Guest: A Computational Study
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In this Chapter, we have explored the stability and torsional energy barrier of different
conformers of the ditopic receptor host 1,6-bis(2,6-bis(benzothiazol-2-yl) pyridine-4-yloxy)
hexane (bbh). The conformer that is accompanied by intramolecular C-H---N and C-H---S
interactions is relatively more stable than the others. Due to torsional angle rotation within the
host, the C-H---N and C-H-:--S interactions get disrupted and exhibit different binding sites for
capturing guest molecules. Furthermore, to understand the interaction energy and nature of
interaction in host-guest complexes I, 11, and P (Prototype) formed between the host (bbh) and
guest (resorcinol) were investigated by using different DFT functionals. Energy decomposition
analysis (EDA) results of all the complexes revealed that the electrostatic interaction
significantly contributes to the host-guest interaction energy. The noncovalent (NCI) study
provides the existence of intermolecular hydrogen bonding and other weak interactions

between the host and guest in complexes.

xiii
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Chapter 4: Exploring - Interactions and Electron Transport in Complexes Involving

Hexacationic Host and PAH Guest: A Promising Avenue for Molecular Devices
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In this Chapter, we have investigated the characteristic n-n interaction and electron transport
involved in the series of host-guest complexes formed between the hexacationic cage host (H)
and polyaromatic hydrocarbon (PAH) guests (G1-G7) using different quantum chemical
approaches. The perylene and naphthalene inclusion complexes G7cH and G1c=H have the
highest and lowest interaction energy values, respectively. Except for the complex G6cH,
others follow the increase in the interaction energy values with the increase in the number of
electrons of the guest. The bowl shape geometry of the corannulene (G6) guest inside the host
cavity causes the anomalous interaction energy of the G6cH complex. Moreover, this
geometrical pose of the corannulene molecule results in improper face-to-face overlaps with
the trispyridinium triazine (TPZ3") units of the host. The analysis of extended-transition-state
natural orbitals for chemical valence (ETS-NOCV) provided that dispersion interaction
contribution dominated in the complexes. We observed increased conductance value when
guest molecules were encapsulated inside the host cavity. The complex G7cH shows
maximum conductivity compared to others due to the maximum number of © electrons and the
highest interaction energy. This work anticipated the PAH molecules embedded host-guest
complex that can be utilized as molecular devices through n-r interaction and also offered new

insight into the development of supramolecular devices.

Xiv

TH-3363_176122035



Chapter 5: Insight into the Nature of Interaction between the Molecular Receptors based

on Dimethylpropanediurea and Resorcinol derivatives
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This Chapter explored the electronic structure and noncovalent interactions in a series of host-
guest complexes. These complexes comprised a propanediurea-based molecular clip receptor
and various guest molecules derived from resorcinol. These guest molecules were attached
with different electron withdrawing or donating groups. There are no significant changes in the
interaction energy value when the electron-donating groups are substituted. Introducing an
electron-withdrawing group on the resorcinol molecule increases the interaction energy. Also,
it increases the strength of the hydrogen bonding form between the guest’s hydroxy groups and
the host’s carbonyl groups. Energy decomposition analysis of the complexes found that the
role played by the electrostatic interaction term was more prominent when the guest molecule
derived from resorcinol had an electron-withdrawing group attached to it. In simpler terms, the
strength of the electrostatic forces between the host and guest molecules increased when the
guest molecule had a group that tended to pull electrons away.

XV
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Chapter 6: Investigation of the Noncovalent Interactions of the Histidine Functionalized
Perylene diimide (PDI) with amyloid-p (Ap) Fibrils Protein
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In this Chapter, we have explored the noncovalent interactions and the structural disruption of
the amyloid-g (Ap) fibril protein when the histidine functionalized perylene diimide (PDI-HIS)
binds with it. It is believed that the aggregation of amyloid-f (AS) peptides resulting in the
formation of senile plaque, is the primary cause of Alzheimer's disease (AD). The inclusion of
two histidine (HIS) moieties on the perylene diimide (PDI) makes it a biocompatible
compound. Experimental studies proposed that the PDI-HIS molecule co-assembly with the
amyloid-g (Ap) fibril through noncovalent interactions. However, there is still a gap in the
investigation of the interplay between the amyloid-g (Ap) fibril and the PDI-HIS system. In
addition, the PDI-HIS carboxylic acid groups will deprotonate and exist in the anionic form.
Therefore, in the current study, we delved into the interaction involved between PDI-HIS and
amyloid-g (Ap) fibrils. We have conducted computational studies using exhaustive molecular
docking to generate the docking poses and binding energies. Subsequently, the docked poses
were utilized, and 400 ns molecular dynamics (MD) simulations were performed to provide

the atomistic-detail insights into the molecule binding and interactions.
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Chapter 7: In Silico Designing of Alanine, Phenylalanine, and Tyrosine Functionalized

Perylene diimide (PDI) and Exploring their Nature of Interaction with amyloid-g (Ag)
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In this Chapter, we proposed three compounds that functionalized the perylene diimide (PDI)
with amino acids, namely Phenylalanine (PDI-PHE), Alanine (PDI-ALA), and Tyrosine (PDI-
TYR). We study the structural changes and noncovalent interactions when these compounds
bind with the amyloid-g (Ap) fibril protein. At human physiological pH (pH=7.4), the
carboxylic acid groups of the compound will be deprotonated and form an anion. Initially, the
binding poses and energies of the compounds in complexes with amyloid-g (Ag) fibril protein
were generated using molecular docking. Further, we performed 400 ns molecular dynamics
(MD) simulations for each of the docked poses of the complexes.

XVii
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Chapter 8: Summary and Conclusions

In essence, the final Chapter of the thesis summarizes the work conducted in the present study
and outlines potential avenues for further research. This Chapter encapsulates the main
findings, conclusions, and contributions of the current research while indicating the potential
directions for future investigations. It offers a wrap-up of what has been achieved and suggests
what can be explored in the research domain moving forward. In the first work, we have shown
the existence of different conformers through the torsional rotation of the ditopic receptor,
which can bind a maximum of two guest resorcinol molecules. Moreover, different
intramolecular noncovalent interactions and intermolecular hydrogen bonding between the
receptor and guest exist. In our second study, we demonstrated the noncovalent n-w interactions
and electron charges transport between a specific type of cage-shaped molecule with a positive
charge (referred to as the “hexacationic cage host H”) and polycyclic aromatic hydrocarbons
(PAHs) with different sizes and structures (designated as G1-G7). We examined these
interactions through various methods in quantum chemistry. In the third work, we explored the
effect of the noncovalent interactions in the host-guest complexes formed between the
propanediurea-based molecular clip receptor and different electron withdrawing and donating
groups substituted resorcinol molecule. The last two working Chapters highlighted the
noncovalent interactions of different amino acids: Histidine, Alanine, Phenylalanine, and

Tyrosine functionalized perylene diimide (PDI) with amyloid-g (Ap) fibrils.
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CHAPTER 1 1|Page

Chapter 1

Introduction

1.1. Noncovalent Interactions

Noncovalent interactions, also known as noncovalent bonds, refer to molecular interactions
that occur between one entity and another or within the same entity. Figure 1.1 illustrates the
noncovalent interaction between the two entities XY and DZ. In which, Y and D represent the
electron acceptor and donor atoms, respectively. When the two entities are arranged in a
favourable geometrical configuration, leading to the delocalization of electrons mainly from
the non-bonding orbital of D onto the antibonding orbital of XY. This non-bonded interaction
between the two entities is termed as noncovalent interaction. If the non-bonded interaction has
occurred within the same molecular entity, it is called as intramolecular noncovalent

interaction.

- @8- o+
XN e Do

Figure 1.1. Pictorial representation of noncovalent interaction between two molecular entities
XY and DZ.

Noncovalent interaction plays an essential role in various areas such as molecular
recognition,™™! molecular assemblies,>®! protein-ligand interaction,*! material sciences,®7]
biomolecular systems,®? and drug designing,l*® etc. The various types of noncovalent
interactions include hydrogen bonding (H-bond),1***4 van der Waals (vdW) interaction, 528l
- stacking,[**?% hydrophobic interaction,?*-%1 cation-r,124?81 anion-r,2"2%1 etc. Some of the
types of noncovalent interactions are displayed in Figure 1.2. Hydrogen bonding is one of the
well-known noncovalent interactions. It occurs when a hydrogen atom bonded to a strongly
electronegative atom (such as oxygen, nitrogen, or fluorine) is attracted to another

electronegative atom in a different molecule or within the molecule.
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Figure 1.2. Schematic illustration of various noncovalent interactions.

Recent scientific studies open the broader scope of H-bond formation to less electronegative
atoms such as sulphur (S),%31 carbon (C),*23 phosphorous (P),*4 and metals.®! van der
Waals (vdW) interaction*®2¢] originate from the temporary dipoles, dipole-dipole, and
induced-dipole interactions. n-r stacking interactions are mainly exhibited between aromatic
ring molecules. An example of - stacking is the interaction of n-electron clouds between the
two benzene rings.**2%371 Cation-r interaction involved the interaction of cation species with
the m-electron cloud of an aromatic ring.124261 For example, the interaction of sodium ion with
benzene ring.[*8 Anion-r interactions are a type of noncovalent interaction that exists between
the anion species and the n-electron cloud of the aromatic ring.1?”2°1 Example of the anion-n
interaction is the interaction of fluoride anion with the hexafluoro-substituted benzene
systems.[®®l Hydrophobic interactions are another form of noncovalent interaction that does not
directly involve the intermolecular attractive forces between two systems and is different from
other types of noncovalent interactions. These interactions occur between nonpolar systems in
the liquid phase (say water) in such a way that the tendency to form water-water hydrogen

bonding drives the nonpolar species to arrange themselves to have minimum surface contact.?*-
23]

1.2. Noncovalent Interactions in Supramolecular Host-Guest Chemistry
The primary development of supramolecular chemistry can be traced back to 1987 when Lehn,
Cram, and Pederson won the Nobel Prize for their groundbreaking contribution of host-guest

interactions.[*? After this, the popularity of supramolecular chemistry has increased among
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chemists, biologists, and material scientists, in which they employed different noncovalent
interactions, such as hydrogen bonding, n-7 stacking, electrostatic, van der Waals interaction,
hydrophobic interaction, to explain the interaction exhibited in the systems.[*1-46] Over the last
few decades, tremendous research efforts have been focused to study the host-guest complexes
based on macrocyclic host molecules. Numerous macrocyclic host systems, including
cyclodextrins (CDs),[*"#8491 calixarenes (CAs),[*531 crown ethers,54%1 cyclophanes,®!
cucurbit[n]urils (CBs),b% and pillar[n]arenes were reported.[52621 These systems
geometrically possess cavities to accommodate various guest molecules. In addition, the
cavities facilitate guest inclusion through noncovalent interactions. One of the key advantages
of such macrocyclic hosts is their ability to bind the specific guest selectively. The size, shape,
and functional groups of the host can be tailored to match the properties of the intended guest.
Among different macrocyclic host molecules, the involvement of CAs, CDs, and CBs in drug
delivery is experiencing a growing popularity.[%3-¢3 Cyclodextrins (CDs) macrocyclic ring
molecules, which are composed of a-1,4 glycosidic bond-linked oligosaccharides, have been
extensively used in enzyme technology,® catalytic reactions,®”! and pharmaceutics.[8!
Among the CDs family, the most commonly used are a, B, and y forms, distinguished by 6, 7,
and 8 glucose units.[® The external and internal regions of the CDs have a hydrophilic and
hydrophobic nature. They can potentially encapsulate a variety of guests, such as neutral

molecules, cationic and anionic guests, proteins, and polymer chains.[’%-74

Calixarenes (CAs) host consists of phenolic units and is linked by methylene bridges at the
meta-position. Geometrically, this host has a corn-like shape with a hollow cavity and two
distinct rims on the primary and secondary sides. The cavity dimensions of the CAs vary
depending on the number of phenolic units present.[5®% The lower and upper rims of CAs are
hydrophilic and hydrophobic due to the presence of phenolic oxygen and methyl groups,
respectively. Various guests, including small organic molecules, cations, anions, sugars, and
proteins, can fit inside the cavity of the CAs.%?l These host-guest interactions are mainly
governed by noncovalent interactions such as hydrogen bonding, hydrophobic, and ion-dipole

interactions.

Cucurbit[n]urils (CBs), a class of macrocyclic compounds, are significant in supramolecular
chemistry. One of the well-known members of the CBs family is cucurbit [7] uril (CB [7]),
which consists of seven glycoluril rings stacked on top of each other to form a tubular structure
with hydrophobic cavities in the interior and hydrophilic carbonylated rims.[“! The width

dimension of the CBs can be modulated with respect to the number of glycoluril units. Inside
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the cavity of CBs is a nonpolar and hydrophobic nature, capable of binding the neutral guest

molecules through noncovalent interactions. 6!

Designing host receptors for binding specific guest molecules needs to incorporate the
particular groups in the host. Based on the characteristic of the guest molecule, the host can be
tuned, like tuning host metal-organic frameworks (MOFs) to detect toxic pesticide guest
molecules.[’ Chetia et al.[’®! reported a host 2,6-bis(2-benzimidazolyl) pyridine to detect the
toxic benzene metabolites compounds like phenol, resorcinol, catechol, hydroguinone, and
para-benzoquinone. This host specifically binds the hydroquinone guest through hydrogen

bonding.

With the remarkable progress in host-guest chemistry, there is a plethora of literature for
designing, synthesizing, and computational studies of molecular hosts that can encapsulate
only a single guest species. However, the development and advancement of the ditopic
receptors host, capable of binding two guest molecules, are still limited. Reetz and coworkers
demonstrate that the ditopic receptor comprises crown ether and are covalently linked with the
Lewis-acidic boron center.’”l This receptor simultaneously formed complexes with the
potassium and fluoride ions. The potassium ion is bound inside the crown ether cavity, while
the fluoride ion is on the boron center. Reinhoudt and coworkers have reported the ditopic
receptor host comprises a Lewis-acidic uranyl center and is covalently linked to two benzo [15]
crown-5 units.l”® This receptor has the potential to recognize potassium and dihydrogen

phosphate ions.

1.3. Noncovalent Interactions in Electron Transport

Right Electrode

Left Electrode

Molecular Region

Au surface Au surface

Figure 1.3. Illustration of a molecular system connected to the Au-electrodes for electron

transport measurement.
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The involvement of noncovalent interactions is also seen in the electron charge transport
processes in biological and chemical systems. In biological systems, the electron charge
transport occurs through n-stacked DNA base pairs and amino acid residues.l"®8% Regarding
molecular systems, various groups have reported the process of electron charge transport
through n-m stacking interactions. A simple model for the measurement of conductance of a
molecular system connected to the gold (Au) electrode is shown in Figure 1.3. The conductance
measurement of a single molecular system consisting of multiple n-n stacked benzene rings in
a para-cyclophane scaffold provided evidence of electron charge transport across the two -
systems.B) Moreover, the electron charge transport process was also found in the
supramolecular host-guest system. Zhang et al. reported the electrical conductance of host-
guest complexes generated between the host cucurbit [8] uril (CB [8]), which has a
hydrophobic cavity environment, and guest that has three distinct viologens (bipyridinium)
derivatives molecular wires.[®21 A notable alteration in the conductance value was observed
when the viologen was accommodate inside the cavity of CB [8]. This finding highlighted the
influence of the host environment on the conductance of the guest molecule. Wen et al. reported
the conductance of a host-guest system featuring noncovalent bonding interaction between the
crown ether host and electron-deficient cationic guest.l®¥l Li et al. observed a notably elevated
level of molecular conductance in the complex comprising host dibenzo-24-crown-8 and guest
pyridinium-based molecular junction.®! In this direction, Stang and coworkers reported the
conductance of the host-guest complex form between the organoplatinum (1) metallocycle
hosts and fullerene (Cgo) guest. Using the scanning tunneling microscopy break junction
technique and measured the conductance of the host-guest complex. They observed that the
conductance of the metallocycle substantially increased when incorporating the Cg, guest.!®]
Stoddart and coworkers investigated the electrical conductivity of the 1:1 host-guest complex
generated between the viologen-based cyclophane host ExBox;*t and C,, guest molecule. This
inclusion complex undergoes self-assembly to one another through nonbonding interaction and
produces one-dimensional needle-like single crystals. The electrical conductivity of this crystal
is found to be on the order of 107 S cm™.[¥]

Tuning the electrical conductivity of the host-guest system by inserting different guests was
also reported. In this regard, the Kiguchi group synthesized the columnar self-assembled cage
host, which can accommodate the planar m-system guest molecule.®”! They found that the
conductance value of the complexes decreases as the number of the m-Systems guests increases.

However, the decrease in conductance per unit of electron transport distance is less significant
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than the reduction observed in conventional covalent molecular junctions with m-conjugation.
In addition, the same group also studied the electron transport properties of the complexes,
which consist of gold ion clusters embedded inside the cavity of the palladium-coordinated
self-assembled cage.l® This group investigated the electron transport properties of the
complexes, which consist of a pair of naphthalenediimide and triphenylene that bound within
the cavity of the palladium-coordinated self-assembled cage.[®® Inserting the same pairs, i.e.,
naphthalenediimide or triphenylene, enhances electronic conductivity, whereas introducing
diverse pairs results in additional rectification properties.

Theoretical studies of electron transport in the molecular system of n-n stacking interaction
were also reported. Yoshizawa and coworkers® studied the electron transport properties of
molecular systems with nitrogen-doped polycyclic aromatic hydrocarbons (PAH),
cyclophanes, and undoped PAH. Using nonequilibrium Green’s function (NEGF) method in
combination with the density functional theory (DFT), they investigated the electrical current
rectifying properties of the considered molecular systems. They observed that the electron-rich
nitrogen atom and electron-poor boron atom create the road for electrical conductance
channels. This presence substantially increases the electrical conductance. Yoshizawa and
Tsujit® also reported the electron transport properties of molecular systems consisting of a
sequence of multilayered cyclophanes, where hydroquinone acts as the donor unit and quinone
acts as the acceptor unit. The multilayered cyclophanes are double-layered, triple-layered, and
quadruple-layered. The conductance value was found to be decreased exponentially as the
length of the molecule increased. Frisenda et al.®Yl studied the role of quantum-interference
effects on the electron transport properties of the m-stacked dimer molecular systems. The
studied molecule is an oligo-phenylene-ethynylene (OPE3) n-conjugated molecule with either
one (S—OPE3) or two (S-OPE3-S) thiol anchoring groups. By employing ab initio calculations
and single-molecule conductance assessments, they revealed the presence of a quasiperiodic
destructive quantum interference pattern in the molecular systems. This study also highlighted
the possibility of controlling the molecular conductance by tuning the structure-property

relationship of n-stacked dimers.

1.4. Noncovalent Interactions in Protein-Ligand Interactions

Noncovalent interactions are indispensable in biomacromolecules, particularly in protein-
ligand interactions. These interactions control the biomolecules’ structural stability, protein
folding mechanisms, and enzymatic substrate binding in this context.[5810.91 |t also plays a

specific part in drug design and protein-drug binding.
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Alzheimer’s Disease (AD) is one of the neurodegenerative disorders, and the number of people
affected by this disease is increasing day by day and is considered one of the major concerns.l*
%I The causes of the disorder have been partially elucidated and continue to be a subject of
ongoing research. Many research groups proposed the factors involved in the initiation and
progression of this disease. The destruction of nerve cells and loss of memory and other
cognitive functions in the brain are the symptoms commonly occurring in the elderly
population.[*®%71 Some of the factors related to AD are an accumulation of insoluble senile
plaques, which are composed of amyloid beta (AB) fibrils,?®-2%1 and neurofibrillary tangles
(NFTs), which consist of hyperphosphorylated tau (pTau) protein.t%%1%1 AB fibrils are
obtained by the aggregations of the generated monomer AP resulting from the enzymatic
cleavages of amyloid precursor protein (APP). These fibrils destroy the function of brain neural
cells, resulting in synaptic dysfunction.®41%4l

In 1992, Hardy and Higgins proposed the amyloid cascade hypothesis.[*®! It has played an
important role in elucidating the origins and causes of Alzheimer’s disease (AD) and steering
research in this field for the last two decades.[®! This hypothesis proposed that the aggregation
of Ap monomers or oligomers resulting to the formation of senile plagues and neurofibrillary
tangles (NFTs). These plaques kill the brain cells, resulting in the gradual deterioration of
memory and cognitive decline, ultimately leading to the demise of affected individuals. Ap
peptides are generated products from the transmembrane amyloid precursor protein (APP) after
the cleavage by enzymes a, B, and y-secretases, as illustrated in Figure 1.4.091 When the o-
secretases proceed, the cleavage of APP yields two products: an N-terminal ectodomain known

as sAPPa and an 83-amino acid C-terminal membrane fragment (C83).

Further, the obtained 83-amino acid C-terminal membrane fragment is sequentially cleaved by
y-secretases and produces a non-pathogenic P3 peptide and APP intracellular domain (AICD).
This pathway of the cleavage process is known as non-amyloidogenic pathway. On the other
hand, when the -secretase cuts the APP, it generates an N-terminal ectodomain (sAPPf) and
99-amino acid C-terminal membrane fragment (C99). Sequentially, the y-secretases cleavage
the C-terminal membrane fragment (C99) and yield pathogenic AP peptide and AICD. This
cleavage process pathway is called the amyloidogenic pathway™®®%! (Figure 1.4) due to the
lack of inaccuracy in the cleavage by y-secretases, resulting in the formation of different lengths
of AB peptide. The most commonly obtained AP peptides are AP1-40 and AB1-42.1110]
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Figure 1.4. Schematic diagram of non-amyloidogenic and amyloidogenic pathways of APP
cleavage. AP part of protein and other regions are shown in green and purple colours,

respectively.

In 1984, the amino acid sequence contained in the AP was discovered.™™!] The AB1-40 consists
of eleven polar, seventeen hydrophobic, and twelve charged residues. On the other hand, in the
AB1-42 peptide, two extra hydrophobic residues are attached at the C-terminal.''? The

differences in the amino acid residues for both peptides are displayed in Figure 1.5.

Ap1-40

{Asp1}{Ala2}{Glu3}{Phe4}{Arg5}{His6}{Asp7 H{Ser8{Gly9{Tyr10}{Glu11}{Val12}{His13 }{His14}{GIn15}{Lys16}{

Leu17}{Val18}{Phe19}{Phe20}{Ala21}{Glu22}{ASP,.}{Val24}{Gly25}{Ser26}{Asn27}{Lys28}{Gly29}{Ala30}{Ile31

Hlle32HGly33}{Leu34}{Met35}{Val36}{Gly37}{Gly38}{Val39}{Val40}

Ap1-42

{Asp1}{Alaz}{Glu3}{Phe4}{Arg5}{His6}{Asp7 {Ser8{Glyo{Tyr10}{Glu11}{Vval12}{His13}{His 14}{GIn15}{Lys16}{

Leu17}{Val18}{Phe19}{Phe20}{Ala21}{Glu22}{ASP,,}{Val24}{Gly25}{Ser26 {Asn2 7}{Lys28}{Gly29){Ala30}{lle31

Hile32}{Gly33}{Leu34}{Met35}{Val36}{Gly37}{Gly38}{Val39}{Val40}{lle41}{Alas2}

Figure 1.5. Illustration of amino acid residues present in AB1-40 and Ap1-42.
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The AP monomer is an intrinsically disordered peptide (IDP) in aqueous environments. Rather
than adopting a single dominant folded conformation, AP peptide occupies a multitude of
different conformations. The structures of AR monomers are mainly obtained from the Nuclear
Magnetic Resonance (NMR) and molecular dynamics (MD) simulations. The monomers AB1-
40 and AP1-42 predominantly existed in the o-helical conformation under a membrane
environment. The amino acid residue region from Aspl to His14 of the Ap1-40 monomer
remains unstructured, and the segment spanning from Gly25 to Val36 features an a-helical
conformation.**®! The turn centered around the amino acid residues segment Gly25 to Asn27,
as shown in Figure 1.6b. The monomer AB1-42 consists of two a-helix regions. Helix I consists
of amino acid residues Ser8 to Val24, while helix 1l contains Lys28 to Val38, and the turning
region occurs around Gly25 to Lys28 (Figure 1.6b).1*4111 |n the complete water environment,
the amino acid residue region His13 to Asp23 of AB1-40 monomer exhibited 3-helix, and the
C and N-terminal remains unstructured (Figure 1.6a).1*'61 Many groups also reported the
molecular dynamics (MD) simulation studies of Ap monomers in aqueous and membrane
environments. Fels and coworkers conducted the molecular dynamics (MD) simulations of
full-length AP monomers within an aqueous environment.™*" Their findings revealed the
presence of a turn region spanning from Ala21 to Gly33, and the amino acid residues between
Aspl and Tyr10 exhibited significant flexibility. Using monomers’ peptides Ap1-40 and AP1-
42, Miyashita et al. performed the MD simulations based on the replica exchange in the
membrane environment.[**8 They observed that the C-terminal portion of both peptides prefers
a membrane environment, while the N-terminal region prefers an aqueous environment and
adopts a coiled structure. The molecular dynamic simulation was conducted by Valerio et al.
on the AB1-40, and they found that misfolded structure.[**°! Skelton and coworkers conducted
MD simulations involving AP1-40 and AP1-42 monomers within the explicit water
environment.*?% Their findings unveiled a significant increase in the presence of water
molecules surrounding Lys28 while simultaneously observing a decrease in water molecules
around Val24. These alterations in water molecule distribution were identified as pivotal

factors contributing to the formation of turns in the protein structures.
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PDBID: 2LFM PDBID: 1IYT
() (b)

Figure 1.6. Representation of monomer structures of (a) Ap40 (PDB ID: 2LFM) and (b)
AP42 (PDB ID: 11YT), respectively.

AP is typically a monomeric structure in the bloodstream and cerebrospinal fluid (CSF). The
misfolding monomers are formed in the initial step from the monomeric AB. They subsequently
led to the dimerization and the formation of oligomers and aggregations.*?-1%3 Based on the
AP polymerization model, the generation of the AP fibrils proceeds through three steps: (a)
nucleation, (b) elongation, and (c) saturation, as illustrated in Figure 1.7.2242271 |n nucleation,
monomers undergo conformational alterations and join together to form an oligomeric core
that comprises B-sheet structures. This step proceeds slowly due to the thermodynamic
instability associated with the self-association of monomers. After the formation of the nucleus,
the thermodynamically favourable elongation begins, leading to the generation of protofibrils,
which convert into mature fibrils during the saturation phase. The process of amyloid fibril
formation adheres to sigmoidal kinetics, where nucleation is succeeded by a phase of swift

elongation (growth), ultimately leading to a state of saturation.

/ Nucleation \( Elongation \( Saturation \
[
o ® 3
s e __00 ¢ —R[—8-
a 8 °
. oli
o LIRS Misfolded Dimers 1BOmErs Protofibrils Mature fibrils
Monomers
N AN A Y,

Figure 1.7. Different consecutive steps for the formation of Ap fibrils.
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There is a need for robust diagnostic tools for early AD detection, and effective treatments that
can efficiently halt the formation of amyloid fibrils. However, targeting amyloid fibrillation is
regarded as one of the most promising avenues in the quest to combat AD. Through this -
amyloid hypothesis, different species were used, such as metal ion chelators, small molecules,
peptides, and nanoparticles, to modulate the AP fibril.'?8131 Various naturally occurring
phytochemicals compounds were also reported that can inhibit the aggregation of Ap.[*32-134]
Currently, there are a few drugs available to treat this disease and approved by the Food and
Drug Administration (FDA), namely donepezil, tacrine, galantamine, rivastigmine, and N-
methyl-D-aspartate (NMDA)-receptor antagonist memantine.*** However, these drugs give
temporary relief to the patient. Different strategies are used to lower the production of AB
amyloid beta protein. The widely used strategies are (i) y-secretase and [3-secretase inhibitors
development,**61%71 (ij) reducing the APP expression, and (iii) development of molecules to
stop the (APB) amyloid beta protein aggregationt*®€l. However, developing inhibitors to inhibit
y-secretase and [B-secretase is not ideal because both enzymes are essential for normal
physiological function. Therefore, the widely use approach is designing a molecule to stop the
aggregation of (AP) amyloid beta protein. Some molecules and antibodies that went into
clinical phases Il and 11l were Tramiprosate (Alzhemed®),[3%1401 Splanezumab,™4-#4 and
Bapineuzumab (humanized 3D6).14-147 These molecules and antibodies have failed at clinical
stages Il and Ill. These prompted researchers to seek innovative approaches for the

development of drugs for Alzheimer’s disease (AD).

Perylene diimide (PDI)-based materials have gained significant attention in recent years and
are widely employed in the applications of optical and electrochemical properties.[*43141 This
molecule has a strong tendency to form self-aggregations through 7-x interaction and leads to
poor solubility in many organic solvents.*>-'52 The use of PDI-based materials in
biochemistry is very limited. Transforming such PDI molecules into biocompatible materials
makes it possible for researchers to delve deeper into the field of biochemical research.
Muthuraj et al. introduced a biocompatible compound, histidine-functionalized perylene
diimide (PDI-HIS), which is biocompatible.[*>%! This material has the potential to modulate the
aggregated AP peptides. Different types of noncovalent interactions mainly govern the driving
force for peptide-organic molecule interactions. So, understanding the noncovalent interactions
between the amino acid functionalized PDI and A proteins will generate the knowledge that

could be applied to designing new, more potential drug molecules.
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1.5. Motivation

Noncovalent Interactions have emerged as indispensable architects for shaping the structures
and functions of numerous supramolecular host-guest and biological systems. Beyond the
context of biological and molecular systems, these interactions are also seen in the realm of
material sciences and molecular drug design. In this investigation, supramolecular host-guest
and biological protein-ligand systems were considered in which AB peptides were the protein
of interest. A thorough examination explored the various noncovalent interactions such as van
der Waals forces, hydrogen bonding, hydrophobic interactions, and n-w stacking. In the context
of host-guest systems, there is a scarcity of experimental and computational studies that focus
on supramolecular host systems, which can exist in different conformations. Such possible
conformations are also possible in the ditopic receptor host 1,6-bis(2,6-bis(benzothiazol-2-yl)
pyridine-4-yloxy) hexane (bbh) which is lacking in the experimental studies reported by
Goutam et al.*>¥ This missing opportunity allowed diverse quantum chemical investigations
to explore the noncovalent interactions. The diversity in the involvement of noncovalent
interactions is well recognised and one of the critical aspects is the electron charge transport
through noncovalent interactions such as n-r stacking. So, supramolecular host—guest systems,
which have n-7 stacking interactions, are gaining much attention for constructing molecular
electronic devices. Zhang et al.[*>® reported that the cage-like hexatonic host (H*) could form
complexes with m-electron-rich polycyclic aromatic hydrocarbon (PAH) guests. However, the
possibility of electron charge transport through this - stacking interaction between the host

and guest is yet to be explored.

Further, in the direction of host-guest interactions, understanding the effect of electron-
withdrawing and donating groups on the host-guest systems consists of mainly hydrogen
bonding and n-r stacking interactions. Jansen et al.[*>® reported a molecular receptor based on
the 2,4,6,8-tetraazabicyclo [3.3.1] nonane-3,7-dione (propanediurea) and geometrically
exhibited U-shaped and capable of forming complexes with resorcinol molecule. Such complex
systems open an avenue to explore the effect of the electron-withdrawing, and donating groups
substituted guest molecules on the interaction energy interaction and nature of interactions. The
involvement of noncovalent interactions is not limited to host-guest systems. Therefore,
transitioning from the host-guest systems, these interactions play a crucial role in the protein-
ligand system. A peptide aggregations, the formation of A fibrils, and the destruction of the
brain neural cells are the main culprits of Alzheimer’s disease (AD). Designing an inhibitor

that can bind with AP fibrils protein through various noncovalent interactions and effectively
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destabilize the fibrils is one of the primary strategies for curing AD. Varieties of inhibitors have
been designed and reported, but none of them have succeeded so far. So, finding new molecules

is of utmost importance.

Utilizing systems such as perylenediimide (PDI) derivatives and exploring the nature of
interactions with A fibrils is also one of the possibilities for the inhibitor designing of AD.
The introduction of amino acid histidine (HIS) in the PDI system made it a biocompatible
material (PDI-HIS).[*%8 The perylene core present in the PDI systems has the potential to form
the noncovalent 7-n stacking interaction. Experimental finding reported that PDI-HIS binds to
the AP fibrils and eventually disaggregates the fibrils.*> However, the disaggregation process
and the interactions involved when the PDI-HIS binds on AP fibrils remain elusive. Further,
the experimental studies of PDI-HIS trigger to explore the other amino acids such as alanine,
phenylalanine, and tyrosine functionalized PDI. This thesis embarks on a journey through

noncovalent interactions in supramolecular host-guest and protein-ligand systems.

1.6. Overview of Thesis

In this thesis, we explored various intramolecular and intermolecular noncovalent interactions
in the supramolecular host-guest complexes and protein-ligand interactions using different
quantum computational and molecular dynamics (MD) simulation methods. In Chapter 2,
theoretical and computational methodologies used in the calculations are briefly discussed.
Chapter 3 demonstrated the noncovalent interactions involved in the different conformers of
the ditopic (two binding sites) receptor host 1,6-bis(2,6-bis(benzothiazol-2-yl) pyridine-4-
yloxy) hexane and their complexes with resorcinol as a guest. Noncovalent interaction such as
n-n plays an essential role in the construction of the building blocks of organic semiconductors.
Taking these concepts into consideration, in Chapter 4, we explored the n-m interactions and
electron transport in the host-guest complexes formed between three dimensions’ hexa-cationic
host which consists of two triscationic n-electron-deficient trispyridiniumtriazine (TPZ%*) units
and is bridged face-to-face by three ethylene-triazole-ethylene and guest polycyclic aromatic
hydrocarbons (PAH). In Chapter 5, we explored the nature of the noncovalent interaction of
propanediurea based molecular clip receptors with different electron withdrawing and donating
groups substituted resorcinol molecules. In Chapter 6, we investigated the noncovalent
interactions between the amino acids functionalized perylene diimide (PDI) compounds and
amyloid-p (AP) fibrils. These fibrils are well recognized as the primary causative agents in the
development of Alzheimer’s disease (AD). In Chapter 7, we proposed three compounds

functionalizing the perylene diimide (PDI) with amino acids: phenylalanine, alanine, and
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tyrosine. A systematic study was carried out to explore the structural changes and noncovalent
interactions when these compounds bind with the amyloid-B (AB) fibril protein. The last

Chapter presents the summary of this thesis work.
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Chapter 2

Theoretical and Computational Methodologies

2.1. Electronic Structure Theory

For a molecular system consisting of n electrons and M nuclei, the fundamental quantum
mechanics that describe the system’s non-relativistic is given by a time-independent

Schrodinger equation and expressed as:
ﬁll)i('rl,'rz ...... ranlvRZ ...... RM) = Eil/)i(xl,xZ ...... Xn,Rl,Rz ...... RM) (21)

where H is the Hamiltonian operator of the electrons and nuclei of the systems. H comprises
the sum of kinetic energy and potential energy. i, represents the wavefunction of the i-th state
of the system, which describes the quantum state and E; denotes the corresponding eigenvalue
or energy states. The wavefunction . depends on the positions of electrons (r) and nuclei (R).

In terms of atomic units, H may be expressed asf!:

1

o — n 2 M 1
H=—%i13Vi = X4=1

2 n M Za n n 1 n M ZaZp
L yZ_yr ZApyn yn g 2428
o, VA T Zim1 2a=1, F Xi=1 j>17, Yy=12B>Ap (2.2)

In Eqg. 2.2, VZ and V3 are the Laplacian operators which involve the differentiation with respect

to coordinates of the i-th electron and the A™ nucleus. M, is the nucleus mass of 4, while Z,
and Zg represent atomic numbers of nuclei A and B, respectively. The distance between i-th

and j-th electron is represented by r;; while distance between the two nuclei A and B is denoted

by R,z. In addition, the distance between i-th electron and 4™ nucleus is represented by 7; 4.

In Eq. 2.2, the first and second terms correspond to the operators associated with Kinetic energy
of the electrons and nucleus, respectively. The third term accounts for the coulomb attraction
between the electrons and nuclei; the fourth and fifth terms deal with the repulsion between the
electrons and between the nuclei, respectively. Further, H can be rewritten as

H= T.(r)+ Ty(R) + Von(r, R) + Voo (1, 7) + Vyn (R) (2.3)

Where T,(r) and Ty (R) represent the kinetic energy of electrons and nuclei, respectively.

V.v(r,R) denotes the coulombic attraction between the electrons and nuclei, V,.(r,1)
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represents the electron-electron repulsion, and last term ¥y, (R) accounts the nuclei repulsion

interaction.

2.2. Born-Oppenheimer Approximation

The Born-Oppenheimer (BO) approximation™? is the central part of solving the quantum
chemical calculation of the system. Qualitatively, this approximation relies on the observation
that nuclei are exhibited heavier mass than electrons. In this scenario, the movement of
electrons in the field of fixed nuclei. Consequently, the second-term kinetic energy of the nuclei
of Eq. 2.3 can be disregarded, and the repulsion between the nuclei can be considered constant.
Furthermore, any constant added to the operator will only add to the operator eigenvalues and
do not affect on the operator eigenfunctions. The remaining first [T, (r)], third [V, (r, R)], and
fourth [V,.(r,7)] terms of Eq. 2.3 are collectively called the electronic Hamiltonian. So, the

electronic Hamiltonian part can be expressed as
Hor=Te1 (1) + Vey (1, R) + Ve (1, 7) (2.4)

and the electronic wavefunction is expressed as
Y, =9, R) (2.5)

In Eg. 2.5, the electronic wavefunction, y,;, accounts for the motion of electrons, and it
depends on the coordinates of the electrons and parametrically on the nuclear coordinates. The

Schradinger equation involving the electronic wave function is represented as
ﬁel‘/)el = Eellpel(r; R) (2.6)

Where, E,,; is the electronic eigenvalue of the corresponding eigen function y,;. The total
energy, E;,:, for the system with the fixed nuclei includes the nucleus-nucleus repulsion

energy term and is expressed as
Ewot =Ee + VNN(R) (2.7)

2.3. Hartree-Fock Method

The Hartree-Fock (HF) method is the fundamental method of quantum physics and chemistry,
which approximates the electronic structure of atoms and molecules. The method owes its
named after Douglas Hartree® and Vladimir Fock,”! who independently developed this

approach.
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In this method, a mean-field theory treats electrons in a many-electron system by considering

their average electrostatic interactions and neglecting the electron-electron correlation effects.

The electronic wave functions, ,;, of the molecular system consisting of n electrons can be

represented as a product of wave functions (¢,) of each electron known as Hartree product and

expressed as

Y, (ri,rz e ty) = ¢ (r1)d,(r2) d5(13) e, (10) (2.8)

The Hartree product (Eq. 2.8) does not account for the antisymmetry principle and violates the
Pauli exclusion principle.’! To solve this problem, ,;, represented in the form of Slater

determinant as

[$100) - $p(x) B5(x1) . B, ()

L P1G) 9,(2) p(x2) - B, ()

1,[)61(1‘1,7'2 ...... Tn): ﬁ (29)

¢1(n) Py(xn) P3(xn) .. @, (xp)
The quantity \% Is the normalization factor. In the Slater determinant expression of Eq. 2.9,
the rows are labelled by n electrons, while the columns are labelled by spin orbitals.

The main motive is to find a set of orbitals {¢_} that minimize the electronic energy. This led

to the Hartree-Fock equation:
fi i) = & ¢;i(r) (2.10)
Where f; is the Fock operator and €; is the orbital energy.
ANd f; = =2 V7 + Vere () + TILa[< @] | > — < ;| R | 1 >]
Where J and K represent the coulomb and exchange operators, respectively.

The solution to these equations provides the set of orbitals that minimize the electronic energy
within the Hartree-Fock approximation. This iterative procedure persists until self-consistency

is reached.
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2.4. Post-Hartree-Fock Methods

The Hartree-Fock (HF) method provides a good starting point for many calculations, but it fails
to adequately consider the electron correlation effects. To address this problem, several groups
introduced the post-HF methods to accurately add the electron correlation effects. Some of the
well-known post-HF methods are the Maller-Plesset perturbation (MP) theory,® coupled
clusters (CC),l"1% and multireference methods.'* In this context, the Maller-Plesset
perturbation theory (MP) and the extension of the coupled cluster method, such as the domain-
based local pair natural orbital coupled cluster theory with single, double, and perturbative
triple excitations [DLPNO-CCSD(T)] method,™?*% which we employed in our work are

discussed.

2.5. Mgller-Plesset Perturbation Theory

The Mgller-Plesset perturbation theory (MP) is one of the post-HF methods to correct the
electron correlation effects through perturbing the Hamiltonian. In this method, the full
Hamiltonian, H, consists of two parts; the unperturbed part Hamiltonian operator, H, , and the

perturbation part operator, A'.
H=H,+H (2.11)
The eigen value problem can be written as,
Ay, = (HO +H ) ¥, = B, (2.12)

This sum can be further written over Fock operators

Hy = EVFi(h+ V") (213)
and the perturbed part can be written as

A = Zi<j%j XAz (2.14)
Where V¥ is Hartree-Fock potential, which consists of Coulomb J and exchange K operators.
Through this method, the HF energy is expressed as

E(HF) = E” + EP (2.15)
which is the sum of zeroth and first order energies.

The correlation energy (E..) can be expressed as
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Ecorr = Z?lo=2 E(gn) (2-16)
For the second-order MP i.e., MP2 method, the correlation energy is written as

vir I<ijllab>|?
U gi+ei—gq—¢p

ES = - 135y, (217)

InEq. 2.17, a, b, and i, j represent the occupied and virtual orbitals while ,, &, , &;, and ¢; are

the corresponding orbital energies, respectively.

2.6. Domain-Based Local Pair Natural Orbital Coupled Cluster Theory with
Single, Double, and Perturbative Triple Excitations [DLPNO-CCSD(T)]

The chemical accuracy of the coupled cluster method is established as the primary approach
for quantum chemists. Upon closer examination, the benchmark energy obtained utilizing the
coupled cluster with single, double, and perturbative triple excitations [CCSD(T)] method is
treated as the “gold standard”.l*61"] However, CCSD(T) scales as N7 where N defined by the
system size. So, recovering the dynamic electron correlation for the large system is
computationally expensive. To generate close results to CCSD(T), an alternative method, such

as DLPNO approach, has been used in conjunction with CCSD(T).

In the DLPNO-CCSD(T) approach, using either Foster-Boys*®! or the Pipek-Mezey
methods,*® the occupied orbitals of HF are localized. The correlation energy (Eor) iS
represented as a sum of electron pair correlation energies &,, where r and s are occupied HF

orbitals. The E,,,, is expressed as

Ecorr =2 Zr,drr Fr,drrti + Zras Ers T E(T) (218)

Qrr
and pair energy under PNO (Pair Natural Orbital) approximation,

rs
Qrs brs

Ers = Zdrs Ers(idrs lj Ers)f (2.19)

In Eq. 2.18 and Eq. 2.19, d, and b, are PNOs for pair electron rs, while (id,|jb,) represent

~TS

the two electron integrals. ;" ; denotes the contravariant amplitude. The last term EM of

Eq. 2.18 accounts for the perturbative triple correction.

2.7. Density Functional Theory (DFT)
The basic idea behind the Density Functional Theory (DFT) is that the electronic energy of the

system containing electrons is obtained from the probability distribution, the total electron
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density p(r). Kohn and Shamf® introduced the DFT energy of a system as a functional of the

electron density p(r), and the expression is given as

Eprr [p(M)] = Tlp(M)] + Ven[p(M] + Vee[p(M)] + Exc[p(r)] (2.20)

where T[p(r)], V.nlp()], and V,.[p(r)] represent the kinetic energy of the non-interacting
electrons, nuclei electron attraction energy, and electron-electron repulsion energy. The last
term, E,.[p(r)], accounts for the exchange-correlation term. The second and third terms
Venlp()] and V,.[p(r)] are obtained from the classical expressions and are given in Eq. 2.21
and Eq. 2.21

Venlp(r)] = =X [3420 ar 2.21)

[p(r)] = 5 Jf £ ”(“)p“z) dridr, (2.22)

2.8. Exchange-Correlation Functionals

The E,.[p(r)] term in the DFT expression of Eq. 2.19 accounts for the electron correlations.
This term is the most complex and challenging part of the DFT total energy functional. The
E..[p(m)] is fragmented into two distinct parts, a pure exchange E,[p(r)] and a correlation part

E [p(r)], as expressed in Eq. 2.23

Exc [p(M] = ExlpM] + EclpM] = [ p(Mexlp(Mldr + [ p(Meclp(m]ldr (2.23)

The specific form of this functional is remains elusive and must be approximated. Over the last
few decades, a plethora of exchange-correlation functionals have been proposed, such as the
local density approximation (LDA),!?12% generalized gradient approximation (GGA),?42¢]
meta-GGA,?"l and hybrid functionals.?®?°l Some of the functionals, along with their

approximation, are displayed in Figure 2.1 in Jacob’s ladder form.B
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5
Double-Hybrid (B2riar)

‘? Hybrid methods (B3LYP, CAM-B3LYP, M06-2X,PBE0)
g
3
=
5 3 5
L Meta-GGA (MO06-L, TPSS, MPW1K) E
S g
2 Generalized gradient (PBE, BLYP, BP86, PBW91) @
approximation (GGA)
1 Local Density (VWN, GPW92)
Approximation (LDA)

Figure 2.1. Jacob’s ladder of quantum mechanical method in quantum chemistry shows

different approximations of DFT functionals and their accuracy level.

2.9. Dispersion-Corrected DFT

The importance of DFT method is quite well-known for calculating the electronic structures of
molecular systems. However, the standard functionals of DFT methods do not consider the
long-range dispersion interaction correction, which is indispensable for systems containing
noncovalent interactions such as hydrogen bonding, n-7 interactions, etc. To cooperate such
interactions, Grimme’s dispersion (D) correction®-331 method has been widely employed. In
this approach, the dispersion correction term Ey;,, is added to the DFT energy obtained from

the Kohn-Sham (KS) theory. The expression for the dispersion corrected DFT is written as
Eprr—p = Eks + Eqisp (2.24)

and

chB
Edisp = - ZAB Zn=6,8,10,... Sn @fdamp (Rap) (2-25)

In Eq. 2.25, the sum is over all the atom pairs, C48 represents the dispersion coefficient for the
atom pair AB, R, denotes the internuclear distance, s,, accounts for the scaling factor used for

correction to the repulsive behaviour, and fm, is the damping function.34

The expressions for the damping function f4.,,, are

faamp (Rag) = - (2.26)

-y
1+6(RaB/(Srn Rf)‘w)
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1
+e~ Y(RAB/Srn R'(;lB—l)

fdamp (Rap) = 1 (2.27)

Where R§E is the cutoff radius for the atom pair AB, ¥ denotes the global constant related to
the steepness of the functions for small interatomic distance, and s, ,, is the scaling factor that

depends on the density functionals (DFs).

The other DFT dispersion correction, which employed the damping function proposed by
Becke and Johnson,B®! is expressed as,

1 CAB CAB
EP3BI = _2y s 6 +s 8 2.28
disp 22486 e oy )T | R o+ (R T (229
and
_ cg® o
faamp,s) = 1 caB Rip + a, (2.29)

In Eq. 2.29, a; and a, are adjustable parameters and can be obtained from the benchmark

parameters.

2.10. Energy Decomposition Method
The most commonly used approach to estimate the strength of interaction between the two

molecules or fragments is calculated by using the supermolecular method, as shown in Eg. 2.30
AE = E(XY) —E(X) — E(Y) (2.30)

Where E(XY), E(X), and E(Y) are the energies of complex XY, fragment X, and fragment Y,
respectively. AE gives the single value interaction energy between the two molecules but could
not provide the different energy components involved in the interaction between two
fragments. The energy decomposition method is one of the ways to partition the interaction
energy into several meaningful and distinct components such as electrostatic, polarization,
charge transfer, exchange, and correlation contributions. So far, various methods have been
established to assign the energy components of the interaction between the two fragments.

In 1976, Kitaura and Morokuma!®® introduced the energy decomposition analysis (EDA) based
on the Hartree-Fock (HF) method. This approach decomposes the energy between the
molecular fragments into four components: electrostatic interaction, exchange, polarization,
and charge transfer. The symmetry-adapted perturbation theory (SAPT)® and natural energy

decomposition analysis (NEDA)E8! are also widely used to dissect the interaction energy. In
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the NEDA scheme, the calculation is based on the natural bond orbitals (NBOs) to build the
concept of Lewis structures and create localized molecular orbitals. However, SAPT is based
on the perturbation in which the interaction between the fragments is treated as a perturbation
to the non-interacting description. Recently, another category of energy decomposition scheme
called the extended transition state-natural orbital for chemical valence (ETS-NOCV) was
developed.! This scheme is developed by combining two parts: (a) extended transition state
(ETS) scheme, %41 which accounts for the energy decomposition approach, and (b) natural
orbitals for chemical valence (NOCV) method,*>#81 which deals with the changes in the charge
density associated to the bond formation between the atoms or molecular fragments. Overall,
this analysis will provide insight into the chemical bonds in terms of orbitals (NOCV) and
elucidate the charge rearrangement and energy contributions. In addition, ETS-NOCYV analysis
also provides about the types of bonding interactions, such as o, 7, 9, etc., involved in various
chemical bonds, including covalent bonds, intra and intermolecular interactions, and donor-

acceptor interactions.

In the ETS scheme, the total binding energy (AE;,:4;) between the two fragments (X and Y) is
partitioned into four physical meaningful components, Eq. 2.31

AEtopqr = AEPTP + AECISt 4 AEPOU 4 AEOTP (2.31)

Where, AEP™®P referred to as preparation or distortion energy. The AEP™®P deals with the
energy required to bring the molecular fragments (X and Y) from their equilibrium geometry
to the complex formation state (XY). The term AE®'St represents the classical electrostatic
interaction involved between the fragments in the complex. The third term, AEPe*Y denotes
the Pauli repulsive interaction between electrons of the two fragments in their complex
formation state. The last term, AE°™, accounts for the orbital interaction energy between the
occupied molecular orbitals of one fragment with the unoccupied molecular orbitals of another
fragment and also considers the mixing of occupied orbitals and virtual orbitals within the same

fragment.

2.11. Local Energy Decomposition Method

The other category of energy decomposition analysis (EDA) scheme called local energy
decomposition (LED) was introduced.*" In this approach, the energy decomposition is based
on the local coupled cluster method, DLPNO-CCSD(T). The DLPNO-CCSD (T) interaction

energy was dissected into repulsive electronic preparation, electrostatic, exchange, dispersion,

TH-3363_176122035



CHAPTER 2 31|Page

and nondispersive correlation. The dimerization energy (AE) of the two interacting molecular

fragments A and B, can be written as:
AE = AE9¢0-PTep 4 \Eit (2.32)

Where AE9¢°~P7¢P denotes the geometrical preparation energy which deals with the energy
required to distort the molecular fragments A and B from their isolated optimized equilibrium
geometries to adduct formation geometry AB. The term AE™t accounts for the interaction

energy of the molecular fragments A and B at the adduct geometry AB.

Using the post-HF method DLPNO-CCSD(T), the AE™ of Eq. 2.32 is divided into two parts,
namely, HF (AEZ¥) and correlation (AEZ™) contributions, and can be represented as:
AE™t= AEZY + AEZY (2.33)
In the LED scheme, the AEZY term of Eq. 2.33 is decomposed into various components under
the localization of the occupied orbitals of the DLPNO-CCSD(T) approach and represented as:

AERE = AEESP™P 4 B + Eoxen (2.34)

Where AEf,ﬁ;”re” represents the electronic preparation energy that is needed by molecular
fragments to bring the electronic structure to the optimal state for interaction. Furthermore,
E.is¢ and E,,., account for the electrostatic and exchange interactions, respectively, between

molecular fragments A and B. The expression for the term E,;; is written as:

z 7 : 20 . T
Eeist = Pxoy ZAX>BY —|R(X)_R(Y_)| —2 ZiX,Ay (ix —‘r(X)_R(Y)‘ i)+ 4ZiX>jy(lX ixljvjy)| (2.35)
A B i A
Eexen = PXHY[_Z Zix>jy(inY|inY)] (2.36)

Where Z, and Zy are the nuclear charges of atoms A and B at the position R4 and Ry in
fragments X and Y, respectively, and i and j denote the localized orbitals. The terms (ixix|jyjy)
and (iyjy|ixjy) represent the two-electron integrals. In Eq. 2.35, the second term accounts for

the attractive, and the first and last terms are repulsive.

The correlation energy part AEZ* of Eq. 2.33 can be obtained by combining the three
components: the energy (AEZY,) associated with the strong electron pairs correlation, which

is considered at the coupled cluster level, the correction term called weak pair electron
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correlation energy denoted as AEZ™,,» and this term compensates for the truncation of the pair
space and the truncation of the virtual PNO space, which is calculated at the MP2 level, and

last contribution arising from the perturbative triples correction, which is represented as

AEZY 7.
AEZ™ = AEfYsp + AESY,p + AEZY o (2.37)

Moreover, in the context of the DLPNO-CCSD(T) method, AEZ¥, can be decomposed based

on the localization of occupied and virtual orbitals as:
AE, = AESTRTP + AEC"D 4+ AEZSE, (2.38)

where AES"PT? AESTD and AEZSP, denote the electronic preparation energy, charge

transfer, and London dispersion, respectively.

Combining all the contributions obtained from the HF energy and correlation energy, the AE

for the adduct complex AB can be written as:

AE = AE9¢éo-prep 4 AE;;—Prep + Eoist + Eoxcn + AEgl_;z;rep + AECC—_S(p + AEgisg)P T

AEZyp + AEZ (2.39)

2.12. Basis Set Superposition Error (BSSE)

When the two atoms or fragments come into proximity, a condition arises that their respective
basis sets borrow from each atom and overlap. Subsequently, increased the size of the basis
sets functions and therefore stabilized the energy of the fragments. This effect increases as the

interatomic distances decreases, and the phenomenon is called basis set superposition error
(BSSE).[48’49]

One of the widely used prescription for eliminating the BSSE error is the Boys and Bernardi
counterpoise (CP) correction approach.% In order to understand this approach, let us consider
two fragments A and B. The interaction energy between the two fragments (4 and B) can be

calculated as:
AEM = ESb — ES — Eb (2.40)

where, superscripts ab, a, and b represent the basis sets while subscripts AB, A, and B denote
the molecular geometries. The EZZ term accounts for the energy of the dimer AB calculated at

the dimer basis set ab; E$ and EZ represent the energies of the isolated molecular fragments A
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and B on their own basis sets a and b. The extra stabilization energy acquired by the fragment

A due to the extra basis set extended from the fragment B (and vice versa) can be computed as:
E,(BSSE) = E3’ — E§ (2.41)
Eg(BSSE) = Egb — ED (2.42)

Where in Eq. 2.41 and Eq. 2.42, the energy [E4] of the molecular fragment A in its own basis
set is subtracted from the energy [E$?] of molecular fragment A in the dimer basis sets (and
same for molecular fragment B). We have assumed that the geometries of molecular fragments
A and B are in the dimeric forms. In calculating the energy of a molecular fragment A in dimer
basis set, one considered all the basis functions of molecular fragment B’s atomic centers and
neglecting the electrons and nuclear charges of fragment B. These functions on atoms of

fragment B are termed a ghost orbital. Likewise, the fragment B also estimated.

After subtracting Eqg. 2.41 and Eq. 2.42 from the interaction energy (Eg. 2.40), the counter
poise (CP) corrected interaction energy is given as:

AEI(CP) = ES — ES — E} — E® + EY — EZ® + EB (2:43)
AESF(CP) = Egp — ESP — EZP (2.44)

2.13. Molecular Electrostatic Potential

The molecular electrostatic potential (MEP)®52 at a given point, P(x, y, z), on the surface of
the molecule, is defined as the force acting on the positive test charge (a proton) located at the
point P under the electrical charge cloud generated from the molecules through electrons and
nuclei. The molecular electrostatic potential V (r) at a point r is given ast®®!

(r"ar’

! =]

V) = Sap = I * (2.45)

where Z, denotes the charge on nucleus A4, located at R4, p(r) accounts for the electron density
function at the point. The electrostatic potential V() can be estimated computationally and

investigated experimentally by diffraction methods.

2.14. Quantum Theory of Atoms in Molecules (QTAIM)
The Quantum Theory of Atoms in Molecules (QTAIM)B*%1 s a technique developed by Bader
and coworkers to provide the topological analysis of the electron density p. The basic idea of

this method is to use electron density p as a tool to identify and characterise the nature of
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chemical bonding in molecular systems. When observing the electron density p of a given
molecular system, its most prominent feature is that the maximum electron density is associated
near the atomic nuclei and comparatively lower concentration in other regions. The electron
density p is a function of three spatial coordinates, and one can analyse the associated gradient
vector field. The gradient of the electron density (Vp) is obtained and presented as

_ 1900 00
Vp(re) =T+ 5 ke, (2.46)

Where i, j, and k are unit vectors. In a molecular system, the electron density exhibits
maximum, minimum, and saddle points in space. These points are known as critical points
(CP),%® and at these points Vp(r) vanishes [Vp(7.) = 0]. Four possible critical points are
there: (a) nuclear critical points (NCP), (b) bond critical points (BCP), (c) ring critical points
(RCP), and (e) cage critical points (CCP). The classification and characteristics of these points
are identified by the number of non-zero eigenvalues obtained from the Hessian of p and their
sum of the signs of the eigenvalues. The second derivative V?p, which is defined as Hessian
of p and is expressed as—

%p  9%p 9%

ax2  9xdy 0xdz

9%p 9%p d%p
2 3 =L~
4 p(rC) " |layox ay2  oayaz

9%p 9%p d%p
dzdx 9zdy  0z2

(2.47)

After diagonalization, this matrix (Eq. 2.47), by setting the off-diagonal elements to zero with
the help of unitary transformation and obtaining the Laplacian of p to get the eigenvalues 4,,
Ay, and As.

a2 a2 a2
72p(r) =5+ ﬁ+ﬁ=al+ Ao+ A3 (2.48)

The critical points (CPs) are classified according to rank and signature. The rank of the CP
refers to the number of non-zero eigenvalues, and the signature is defined as the sum of the
signs of eigenvalues. The critical point is labelled using the notation (rank, signature). All four
possible types of critical points exhibited the identical number of non-zero eigenvalues of rank
three, while the signature varies. The four possibilities of CPs arise based on the signature

values and are discussed below in the following lines.

(@) (3,-3) critical point: All three eigenvalues are negative, meaning the electron density

falls in all three perpendicular directions of space and electron density p is a local
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maximum at the nucleus. Therefore, this critical point is called the nuclear critical point
(NCP).
(b) (3.-1) critical point: Two eigenvalues are negative, which means the electron density

p falls in two perpendicular directions in space and rises in the third direction. So, this
critical point appears as the saddle point of electron density. This critical point is
generally observed between the attractive atom pairs and is commonly termed a bond
critical point (BCP).

(c) (3, +1) critical point: Only one negative eigenvalue characterises the first saddle point.

The electron density p falls in one direction and rises in the other two directions of
space. This critical point generally appears in the center of the ring system and is
commonly known as the ring critical point (RCP).

(d) (3, +3) critical point: None of the eigenvalues are negative, and electron density p rises

in all three directions of space. This critical point appears in the center of the cage

system and is termed a cage critical point (CCP).

The number of critical points and types that can coexist in the isolated molecular system follow

the topological relationship given by Poincare’—Hopf:[7]
n(NCP) — n(BCP) + n(RCP) — n(CCP) = 1 (2.49)

Where n(NCP), n(BCP), n(RCP), and n(CCP) represent the number of the nuclear critical
point, bond critical point, ring critical point, and cage critical point, respectively. On the other

hand, for crystal or periodic molecular systems, the relationship is given by Morse:
n(NCP) — n(BCP) + n(RCP) — n(CCP) = 0 (2.50)

In the topological analysis of electron density, p(r), the Laplacian of electron density, V2p (),
provides the description of atomic interactions. The V2?p(,) < 0 indicates the concertation of
charge towards the interaction line. The concentration of charge leads to contraction of p(r;,)
perpendicular to the interaction line and lowers the potential energy. As a result, the attractive
force and bound shared interaction will be observed. The V2p(r,) > 0 indicates the interaction

is dominated by the contraction of p(r;,) towards the nucleus.

Some meaningful relationships are found between the energetic topological parameters and the
Laplacian of electron density [V2p(7,)] at the critical points. One of the important relationships

is the local form of the virial theorem:
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~V2p(r) = 26(r) + V(xe) (2.51)
H(rc) = G(rc) + V() (2.52)

Where G(r,), V(r.), and H(r,.) represent the kinetic energy, potential energy, and the total
energy densities, respectively. G(r,) and V(r.) are positive and negative quantities,
respectively. The balance between the G(7.) and V(r,) reveals the nature of interaction. If
|[V(r.)| > 2G(r.), thenin this condition the interaction is covalent. If [V (r.)] is one time more
than the G (), then V2p(r,) is positive and H(r,) is negative. In this condition, V?p(r.) and

H(r.) have been employed to characterise the bonding interactions.

2.15. Noncovalent Interaction Index

The noncovalent interaction (NCI) method, commonly known as the reduced density gradient
(RDG) method, is widely used to determine the weak interactions.®® In this method, the
identification of the strength of the interaction is based on the electron density p and its first
derivative or gradient of p (Vp). To identify the types of interactions, the NCI plots of RDG

and electron density, p, have been generated. The expression for the RDG is written as:

1 [Vp|
RDG =s = W [)47 (253)

RDG is a dimensionless quantity and used in DFT to describe the deviation from a
homogeneous electron distribution. The strength and types of interaction in the molecular
system can be predicted from the RDG versus sign(1,)p plot. In sign(1,)p, where A, is the

second eigenvalue obtained from the Hessian matrix of electron density p.

2.16. Natural Bond Orbital (NBO)
The natural bond orbital (NBO) method was developed by F. Weinhold and coworkers.® This

method is based on transforming a given wavefunction into a localized form corresponding to
the one-center (lone pair) and two-center (bond) elements of the chemist’s Lewis structure
picture. All possible interactions between ‘filled’ (donor) Lewis-type NBOs and ‘empty’
(acceptor) non-Lewis NBOs are investigated in this analysis, estimating their energetic
importance by second-order perturbation theory. Since these interactions lead to loss of
occupancy from the localized NBOs of the idealized Lewis structure into the empty non-Lewis
orbitals (and thus, to departures from the idealized Lewis structure description), they are

referred to as ‘delocalization’ corrections to the zeroth-order natural Lewis structure. For each
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NBO donor (i) and NBO acceptor (), the stabilization for (i — j) orbital interaction energy
E? is estimated using Eq. 2.54

.2
E2 = AE = ;-4

(2.54)

£j—£l'

Where q; is the donor orbital occupancy, F;; is the off-diagonal NBO Fock matrix elements,

and ¢; and ¢; are orbital energies.

2.17. Molecular Dynamics Simulations

Classical molecular dynamics (MD) simulations are a powerful computational technique used
in the different fields of science, including chemistry, physics, materials science, and biology,
to understand the behaviours of atoms or molecules over time. The MD simulation is based on
classical mechanics, which uses Newton’s second law equation of motion. Solving the equation
of motion provides velocity, a trajectory containing positions and accelerations of atoms along

the time. Newton’s equation of motion is expressed as,
E, = mya, (2.55)

Where F, is the force applied on the particle x of mass m, and a, is the acceleration of the

particle x.
d?ry Fy
ary
d—; =a, (2.57)
X Fx

Force is the derivative of potential with respect to position that can be calculated analytically.
In order to obtain the velocities and positions in the next time step, we have to integrate the
force. Few algorithms to integrate the equation of motion are Verlet®! Leapfrog,! and
Velocity Verlet.[6%]

2.18. Force Fields in Classical Molecular Dynamics

In classical molecular dynamics simulation, a force field is defined as the mathematical model
or expression describing the energy of a system, which depends on the coordinates of the
particles. It consists of interatomic potential energy and associated parameters. The parameters

are usually derived through either ab initio or semi-empirical quantum mechanical calculations
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or from experimental observations, including neutron, X-ray, and electron diffraction, as well
as nuclear magnetic resonance (NMR), infrared, Raman, and neutron spectroscopy data. The

typical expression of a force field is written as:¢254!

1 1 Vi
U= Zbondszkb (T‘ — T )2 + Zangleszka (9 - 90 )2 + Ztorsions? [1 + cos(nd) - 5)] +
12 6

0ij Ojj qi4qj
Zimproper Vimp + ZL] 451’] % - r_lej) + Zelec% (2-59)
ij ij 13

The first four terms’ summations include all over the bonds, angles, torsion angles, and
improper torsions, while the last two terms described the nonbonded interactions of repulsive
and van der Waals interactions (in this case by modelling with Lennard-Jones potential) and
the Coulombic interactions. Different types of available force fields are OPLS-AA, %
AMBER,%I CHARMM, 5l GROMOS, %81 MARTINI,'®*! etc.

2.19. Molecular Mechanics Poisson-Boltzmann or Generalized Born Surface
Area (MM/PB(GB)SA) Method

The binding free energy of the protein-ligand complexes was obtained by using the most well-
known method of molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) and
molecular mechanics generalized Born surface area (MM/GBSA).I'®7! |n this method, the
binding free energy of the ligand (L) to the protein (P) to form the complex (PL) can be
estimated as,

AGP™M = GPL — GP — G* (2.60)
In Eqg. 2.59, each term on the right-hand side can be represented by
GX = EMM + GS°L — TAS (2.61)
Further AG?™2 can be expressed as
AGP™@ = AH — TAS (2.62)

Where AH denotes the enthalpy associated with binding and —TAS accounts for the
conformational entropy when after the ligand is bind with protein. The estimation of entropy
term is computationally expensive and the omitted of this term is highlighted in the earlier

literature.[374]
The term AH can be decomposed as,

AH = AEMM 4+ AGSO! (2.63)

TH-3363_176122035



CHAPTER 2 39|Page

Where AEMM represents the change in the molecular mechanics (MM) energy in the gas phase
and the term AG *°! denotes the solvation free energy. Further, the molecular mechanics energy

AEMM can be expressed as,
AEMM — AEbonded + AEnon—bonded (2.64)

Where the AEP°™@€4 term is known as internal energies includes bond, angle, and dihedral
angle energies while AE™°n~Ponded tarm accounts for the electrostatic and van der Waals

energies. Therefore, both s AEPo™4ed gnd AE™°-bonded tarm can be written as,
AEDonded_ppbond 4 Apangle 4 Afpdihedral (2_65)
AETon—bonded _ Apele | ApvdW (2.66)
So, Eq. 2.64 can be rewritten as:
AEMM — AEbond + AEangle + AEdihedral + AEele + AEvdW (2_67)
The solvation free energy AG*°" term of Eq. 2.63 can be decomposed into
AGsol — AGpolar + AGnon—polar (268)

Where AGP°" and AG™"~P°le” terms account for the polar and non-polar contribution. The
polar contribution AGP°'%" is estimated by implementing the PB or GB approaches while the
AG™en-Polar non-polar contribution is calculated by using the solvent accessible surface area
(SASA) method.["]
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Chapter 3

Torsional Rotation in Ditopic Receptor Host and its Complex

Formation with Resorcinol Guest: A Computational Study

The work of this Chapter is published in ChemPhysChem 2023, 24, e202200928 (1-12).

3.1. Introduction

Noncovalent interactions are the holy grail in nature and are central to biology, chemistry,
material science, and many more.*"1%1 Unlike covalent interactions, noncovalent interactions
range from angstroms to nanometres.['%! In creating large and complex molecular clusters,
contributions from noncovalent interactions are enormous.*% It is well known that
noncovalent interactions show reversibility, weak specificity, and moderate directionality
properties.'*] Thus, these interactions are generally the leading forces behind molecular
recognition,™® molecular self-assemblies,?® surface-molecule interactions and enzyme
catalysis.[?Yl They are exploited in research areas like supramolecular chemistry, drug design,

materials design, etc., to create new compounds, materials, and technologies.

57w

—
[ ; N
N
S-N5|SN-8 N-N-S|S-N-N

Figure 3.1. Molecular structures of different conformers, i. e., N-N-N|N-N-N, S-N-S|S-N-S

and N-N-S|S-N-N of the host bbh. The shaded green color region indicates the binding sites.

In 1978, Lehn coined the term “supramolecular chemistry” which suggests the “chemistry
beyond molecules”.[??) Supramolecular chemistry plays a prominent role in diverse fields,
namely self-interactions of nanomaterials,?® organocatalysts interaction,?! biological

processes such as substrate enzyme binding,®® protein-ligand,®! protein-protein
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interactions(?”! and many others. The exploration in this research area is gradually increasing.
Since the mid-twentieth century, the supramolecular chemistry of synthetic macrocyclic

receptors host has a great interest in different multidisciplinary areas of chemistry and biology.

The supramolecular host-guest complex formation and assemblies needed a specific interaction
between the host and guest. Pedersen reported the first artificial host-guest complex, in which
the alkali metal cations act as the guest species, and crown ether was considered a macrocyclic
host.[?] It is also noted that crown ethers are considered the first-generation macrocyclic host
in the area of supramolecular host-guest chemistry. Pedersen’s discovery of the host-guest
complex laid the foundation and platform for the design and construction of ample macrocyclic
host molecules having various applications, especially in the domains of sensors, biomedical,
and nanotechnology. In contrast to conventional molecular chemistry, which deals with the
covalent bond, supramolecular host-guest chemistry mainly relies on noncovalent interactions.
Further, such supramolecular system can be modulated to achieve different properties and

useful applications through external aid such as pH, light, salt, electrical input, temperature,
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Figure 3.2. Molecular structures of complexes I, I, and P.

In host-guest chemistry, the selective binding of guest molecules requires the designing of a
specific host system, which needs great effort and is the current focus of the research area. The
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commonly used approach is introducing the heteroatom(s), such as nitrogen, sulphur, oxygen,
etc., in the molecular structure of the host. Additionally, in host-guest complexes, the guest
molecules are encapsulated into the cavity of the host either partially or entirely. Therefore, the
compatibility of geometrical parameters such as the shape and size of the host cavity and the
guest molecule is essential in the formation of the host-guest complex. In such a complex, the
mutual orientation and interaction between the host and guest units are determined by the types
of noncovalent interactions involved between the recognition sites of the host and functional
groups present in the guest molecules.®31 Examples of these noncovalent interactions include
hydrogen bonding,®*¢! halogen bonding,*"! n-n stacking,*®! cation-z,[*°1 anion-x,*® van der

Waals,[PY etc.

Over the last few decades, diverse classes of supramolecular hosts molecules were reported,
which include cyclodextrins,®>% cucurbit[n]uril,®¥ calixarenes,® porphyrins,®®! crown
ethers,51 pillarenes,®® cyclophanes,® molecular tweezers,® and many more. These host
molecules have a rigid binding cavity with varying dimensions and are able to accommodate
the guest molecules.

Since the field of host-guest chemistry and its application is extremely vast, in this present
article, we have restricted our studies towards the host-guest complex formation between the
macrocyclic ditopic receptor host and resorcinol guest molecule. Here the ditopic receptor host
can accommodate a maximum of two guest molecules. Resorcinol has many industrial
applications and is used in synthesizing different products such as plastics, rubber,
pharmaceuticals, and cosmetics.’®t] However, the waste products from these industries are a
major cause of contributing resorcinol to polluting the environment. Some of the health hazards
due to the exposure of resorcinol molecule are: it suppresses the thyroid hormone in the human
body, 263 induction of chromatid ruptures, exchanges in Chinese hamster ovary cells,®4
carcinogenesis in the upper digestive tract,[® anomalies of hematology,® and even fatal cases
of the human fetus.[®”1 Apart from the above applications and hazards, it also shows medicinal

importance, such as antioxidant, antifungal, and anticancer.

Many research groups synthesized the supramolecular host systems which can bind the
resorcinol guest molecule and also discussed the involvement of noncovalent interactions.
Sijbesma et al.[%1 synthesized a series of molecular receptors having U-shaped geometry that
could bind the molecules such as resorcinol, phenol, catechol, and 2,7-dihydroxynapthalene.
Receptors based on propanediurea as building blocks have been reported by Jansen and co-
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workers.[! They found that some receptors bind the resorcinol molecule with a higher value
of association constant. Wang et al.’% synthesized heteroatoms bridged azacalix[4]pyridines
macrocyclic molecule and studied the noncovalent interactions involved in the formation of a
host-guest complex with resorcinol molecule. In this direction, the underlying noncovalent
interactions between the hosts calix [4] pyridine, azacalix[4]pyridines, and the guest resorcinol

were studied under the light of density functional theory (DFT) calculations.["]

Chetia et al.l’? synthesized a molecule 2,6-bis(2-benzimidazolyl) pyridine that selectively
binds the para-benzoquinone through hydrogen bonding among phenol, resorcinol, catechol,
and hydroquinone. Ditopic receptor host 1,6-bis(2,6-bis(benzothiazol-2-yl) pyridine-4-yloxy)
hexane (bbh) which has capable of forming 1: 1 and 1: 2 host-guest complexes with resorcinol
guest molecule, was also reported by Goutam et al.’®! This ditopic receptor selectively
recognized the resorcinol guest in the presence of the other molecules like catechol, phenol,
and hydroquinone. As confirmed by the NMR studies, their investigation observed that the
resorcinol molecule binds to the bbh through the formation of hydrogen bonding.[”*! M.Boca
et al.l’ reported the ligand 2,6-bis(benzthiazol-2-yl) pyridine, which has similarities to the
region of the binding site of the host bbh. They observed that the ligand existed in two isomeric
forms and underwent the facile dihedral angle rotation along the C-C bond connecting the
benzothiazole and pyridine rings. However, the dihedral angle rotation process of the host bbh
was not mentioned in the literature. Therefore, our hypothesis is the host bbh is also likely to
have the dihedral angle rotation as similarly observed in the ligand 2,6-bis(benzthiazol-2-yl)
pyridine and different conformers exist, as shown in Figure 3.1. From the above discussion, it
is yet to understand and investigate the stability of the conformers of host bbh. It is interesting
to study the nature of noncovalent interactions in the host-guest complexes formed between

the host bbh and guest resorcinol molecule.

In this Chapter, we investigate the intramolecular noncovalent interactions in different
conformers of the host, bbh, using different quantum mechanical approaches. This work also
accounts the analyses of torsional angle rotation and conformational preference of the host bbh
to bind resorcinol molecule. In addition, to gain more insight into the interaction energies and
nature of noncovalent interactions between the host and guest in complexes | (1:1) and 11 (1:2),
as presented in Figure 3.2, different theoretical calculations were considered. The
Computational Details used in these investigations are discussed in the following sections.
Results and Discussion are provided thereafter. A Summary of the salient results concludes
this Chapter.
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3.2. Computational Details

Geometry optimization and vibrational frequency calculation of conformers (N-N- N|N-N-N,
S-N-S|S-N-S, and N-N-S|S-N-N) of the host bbh were performed by combining Grimme’s
dispersion (D3) correction’® model with the DFT functional B3LYP,! utilizing the 6-
311++G(d,p) basis set. To obtain the torsional angle rotation barrier, we used the optimized
geometry of the conformers generated at the B3LYP-D3/6-311++G(d,p) level of theory. We
calculated the energies at 10° intervals (from 0° to 180°) by rotating the inter ring C-C bond
connecting the adjoining pyridine and benzothiazole rings of the conformers. Energies of all
these data points at different dihedral angles were obtained by fixing one dihedral angle and
optimizing the remaining degrees of freedom at the B3LYP-D3/6-311++G(d,p) level of theory,
following a similar protocol of Jackson et al.’’l However, the overstabilization and
delocalization error in DFT leads to inaccurate results of torsional barrier energies were also
reported elsewhere.”87 To deal with this problem, many groups used the wavefunction-based
method, such as the Mgaller-Plesset perturbation theory (MP2), which provided reliable results
of the torsional energy barrier.B®8 |n our work, we performed the calculations with a
computationally less expensive method, the resolution of the identity MP2 (RI-MP2) method,
which gives nearly identical results to that of the full MP2 method. The fixed dihedral angle
optimized geometries of the conformers obtained at the B3LYP-D3/6-311++G(d,p) method
were used as an input structure to perform the single-point energy calculations at the RI-
MP2/cc-pVTZ level of theory. Further, we consider the one binding moiety S-N-S of the parent
conformer S-N-S|S-N-S and perform the torsional potential energy surface (PES) scan. The
calculations were also performed in solvent phases acetonitrile and chloroform, using the
polarizable continuum (PCM) model.®?l To see the torsional energy barrier when both the
dihedral angles were rotated simultaneously, the relaxed potential energy surface scan of S-N-
S|S-N-S was performed by considering two dihedral angles. All the calculations related to the
B3LYPD3/6-311++G(d,p) level of theory were performed in the Gaussian 16 package®! and
for the RI-MP2/cc-pVTZ level of theory, we utilized the ORCA 4.2.0 program package. 4]

To understand the electrostatic interactions of the atoms present in the conformers, the partial
atomic charges using a reliable charge analysis method, ChelpG,[8 based on the electrostatic
potential fitting was employed. The analysis was performed at the B3LYP-D3/6-311++G(d,p)

theoretical accuracy.

To analyse the interaction energy, AE, of the host-guest complexes, geometry optimization,

and vibrational frequency calculations of the host bbh (N-N-N|N-N-N), the guest molecule
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resorcinol, and their complexes | (bbh: resorcinol) and Il (resorcinol: bbh: resorcinol) were
carried out using the dispersion (D3) corrected DFT functionals B3LYP, PBEO, and
TPSSTPSS with 6-311++G(d,p) and def2-TZVP basis sets.-89 The interaction energy, AE,
was predicted by applying the supermolecular approach, subtracting the energies of the
constituent fragments from the total energy of the complex as given in Eq. 3.1 and Eq. 3.2,

AEy;(1:1) = Eye — (Ey + E) (3.1)
AEguc(1:1) = Egyg — (Ey + 2E¢) 3.2)

Where Ey; and E;p are the optimized electronic energies of host-guest complexes 1:1 and
1:2, respectively, Ey and E,; are the optimized energies of the host and guest, respectively.
Basis set superposition error (BSSE)PY corrections were computed using the counterpoise

correction (CP) methods of Boys and Bernardi,’®™ as implemented in Gaussian 16 package.

The use of hybrid meta-generalized gradient approximation (hybrid meta-GGA) functional
MO06-2X to describe the hydrogen bonding and other weak interactions is also known.[®2%
Thus, in our calculations, we adopted the M06-2X level of theory in conjunction with the 6-
311++G(d,p) and def2-TZVP basis sets. In addition, Grimme’s composite functional PBEh-3c
was implemented in our calculations, which includes geometrical counterpoise (gCP) and
dispersion (D3) corrections.[*¥! Further, we estimated the interaction energy of complexes | and
Il by incorporating the dispersion correction model with the Becke-Johnson damping function
D3(BJ)® to the B3LYP, PBEO, and TPSSTPSS functionals. For the calculations with the
PBEh-3c functional, we utilized the ORCA 4.2.0 program package, and for the remaining
functionals, the calculations were performed in the Gaussian 16 package.

For benchmarking the interaction energy, AE, we designed a prototype complex P, as shown
in Figure 3.2, by considering only the binding moiety region of the host bbh and guest
resorcinol molecule. Before estimating the benchmark interaction energy, AE, we obtained the
interaction energy of complex P at the same level of theory and basis sets used in complexes |
and 1l. The optimized equilibrium geometry of complex P generated at the B3LYP-D3/6-
311++G(d,p) level of theory was used to calculate the interaction energy, AE, at the domain-
based local pair natural orbital coupled cluster theory with single, double, and perturbative
triple excitations [DLPNO-CCSD(T)],®! with employing the TightPNO and TightSCF
convergence criteria settings environment in the ORCA package. Two points extrapolation

complete basis set (CBS) limit was performed with the consideration of counterpoise correction
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employing the def2-TZVPP and def2-QZVPP basis sets. Further, to see the nature of
interactions between the host and guest in complex, the extended transition state-natural orbital
chemical valence (ETS-NOCV)P®® analysis was performed using the BP86-D3(BJ)/TZ2P
method as implemented in the ADF2021 software package.*”l Molecular electrostatic potential
surfaces (MEPS) analysis was performed to obtain information about the charge distribution
on the van der Waals surface of the molecules and explain the interactions between the host
and guest.l-11 Further, to see the underlying strength of the interaction between the host and
the guest, natural bond orbital (NBO) analysis was performed.[*%? In addition, to investigate
the nature of interactions in host-guest complexes, in detail, atoms in molecules (AIM),1%]
reduced density gradient (RDG), and noncovalent interaction (NCDI%! analyses were
performed in Multiwfnl%! program package. The visual molecular dynamics (VMD)!%!

program was used to visualize and plot the NCIs maps.

3.3. Results and Discussion
3.3.1. Conformational Analysis of Host bbh

The electronic energy of conformers of the host bbh calculated at the B3LYP-D3 level of theory
with 6-311++G(d,p) basis set follow the order S-N-S|S-N-S (0.00 kcal mol™) < N-N-S|S-N-N
(11.58 kcal mol™?) < N-N-N|N-N-N (26.17 kcal mol™?). The energy trends show that bbh
preferably exists in the S-N-S|S-N-S conformer. The molecular geometry of optimized
conformer S-N-S|S-N-S exhibited a planar structure with torsional angles 61, 62, 03, and 04
having the value of 0° as shown in Figure Al of Appendix-A. In the case of N-N-N|N-N-N
conformer, (Figure A2 of Appendix-A), the torsional angles ¢1 and ¢ are 28.52° and 30.44°,
respectively. In contrast, the remaining torsional angles ¢z and ¢4 values are 30.44° and 28.52°,
respectively. Further, the torsional angles y2 and y3 of conformer N-N-S|S-N-N values are close
to 0°, while the remaining torsional angles y1 and y4 have equal value of 22.66° (Figure A3 of
Appendix-A). The conformer having torsional angle value 0° and their corresponding adjoining
pyridine and benzothiazole rings show a planar structure. However, we have observed that the

twisted geometry structures for the torsional angle have non-zero values.

To shed in-depth insight into the stability of the conformers, the torsional rotation barrier and
possible interactions among them were calculated by generating the torsional potential energy
surfaces (PESs). We considered the parent conformer S-N-S|S-N-S and their extracted
fragment unit S-N-S (Figure A4 of Appendix-A) to perform the PES scan.
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—a— B3LYP-D3/6-311++G(d,p)
—a— RI-MP2/cc-pVTZ

Relative Energy (kcal mol™)

0 40 80 120 160
Dihedral angle 0, (degree)
(b)

Figure 3.3. (a) Molecular structure of the S-N-S|S-N-S conformer showing the dihedral angle
02 form by connecting the C-C bond between the pyridine and benzothiazole rings. (b) Potential

energy surface (PES) of dihedral angle 6> rotation from 0° to 180° with a step size of 10°.

The PES scan was performed by rotating across the inter-ring C-C bond from 0° to 180° with
an increment of 10° step size, as described in the Computational Details. The obtained PES
scan of the S-N-S|S-N-S conformer is portrayed in Figure 3.3, and their energy values along
with the corresponding angles, are provided in Table Al of Appendix-A. For the remaining
conformers, torsional PESs are provided in Table A2 of Appendix-A and Table A3 of
Appendix-A. Figure 3.3 shows that for the conformer S-N-S|S-N-S, 6,=0° conformation is
more energetically stable than the rotated 180° conformation. The maximum energy barrier
height of 8.22 kcal mol™ and 9.23 kcal mol were obtained for B3LYP-D3/6-311++G(d,p) and
RI-MP2/cc-pVTZ//IB3LYP-D3/6-311++G(d,p) level of theory, respectively. Similarly, the
equal value of torsional energy barrier height in the case of S-N-S was observed. In addition,
the torsional rotational barrier height is equal in both the cases of parent and fragmented
conformer. The torsional barrier height of the S-N-S conformer is reduced in the solvent
environment of acetonitrile and chloroform. The calculated barrier height at the B3LYP-D3/6-
311++G(d,p) level of theory is 6.34 kcal mol™ (acetonitrile) and 6.90 kcal mol™ (chloroform).
The PES scan (Figure A5 and Figure A6 of Appendix-A) and energy values, along with their
corresponding angles of fragmented S-N-S conformer, are provided in Table A4 and Table A5
of Appendix-A. Further, the torsional PES of the S-N-S|S-N-S conformer and the noncovalent
interaction (NCI) analysis were incorporated. The RDG isosurface maps at torsional angles 0°,
90°, and 180° of the conformers are presented in Figure 3.4. At 6,=0° torsional angle
conformation, hetero atom S---N interaction and weak hydrogen bonding (C-H---N) interaction

are seen between the C-H group of the middle pyridine ring and the nitrogen atom of the
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benzothiazole ring. In contrast, at angle 6>=180°conformation, we observed that the N---N
repulsive interaction and weak (C-H---S) interaction. The torsional PESs revealed that the weak
hydrogen bonding (C-H---N) and heteroatom S---N interactions are the driving forces to
stabilize the S-N-S|S-N-S conformer. However, the alternative N---N repulsive interaction and
the hydrogen bonding (C-H---S) lead the conformer to a higher energy level. So, the presence
of four intramolecular S---N and four hydrogen bonding (C-H---N) interactions make the S-N-
S|S-N-S conformer relatively more stable than others. Similarly, the torsional energy barrier is
nearly equal and close to 10 kcal mol™ for both N-N-N|N-N-N and N-N-S|S-N-N conformers.
Further, to see the effect on the torsional rotation barrier when the two dihedral angles were
rotated simultaneously, we performed a relaxed PES scan of two dihedral angles 61 and 0>
(Figure 3.5) from 0° to 360° in step size of 10° for the S-N-S|S-N-S conformer calculated at
the B3LYPD3/6-311++G(d,p) level of theory. The 3D PES, along with the contour plot, is
shown in Figure 3.5. The PES result infer that the energy required to cross the barrier is 17.0

kcal mol™?,

‘9)\"#"
2eve,

i

6,=90° 6,=180°

Figure 3.4. RDG isosurface maps at torsional angles 0°, 90°, and 180°for the S-N-S|S-N-S
conformer calculated at the B3LYP-D3/6-311++G(d,p) theoretical accuracy.

To understand the nature of interactions and stability of the conformers, we performed the
CHelpG charge analysis. We considered the optimized conformers calculated at the
B3LYPD3/6-311++G(d,p) level of theory. The atomic charges are presented in Figure A7 of
Appendix-A. The nitrogen atoms in each conformer bear a negative charge in the range of 0.52
to 0.58. Similarly, the sulphur atoms of benzothiazole possess negative charge ranging from

0.08 to 0.14. This fact rules out any possibility of electrostatic interactions between the sulphur
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and nitrogen atoms in the S-N-S|S-N-S and N-N-S|S-N-N conformers, although van der Waals
interaction may play a role. The S---N interaction distance calculated at the B3LYP-D3/6-
311++G(d,p) is 2.95 A which is considerably less than the sum of the van der Waals radii for
S (1.80 A) and N (1.55 A), at 3.35 A. From the NCI analyses of S-N-S|S-N-S and N-N-S|S -
N-N, (Figure A8 of Appendix-A) S---N interaction paths highlighted the existence of van der
Waals interaction. However, the projecting hydrogen atom (C-H groups) of the pyridine rings
carry positive charges ranging from 0.1 to 0.14 and can form the electrostatic interactions of
nitrogen-hydrogen and sulphur hydrogen as shown in Figure A7 of Appendix-A. Observing
the atomic charges of nitrogen and sulphur atoms, the nitrogen atom possesses more negative
charge value than the sulphur atom. It hence favours the C-H---N hydrogen bonding interaction

over the C-H---S interaction.

Q N j : Iy g i
{ NS LS s =N
k3 o Rotation 0° to 180° = 0.
- / ° N 'Y ‘ N /‘ v\/\/\ / N
Mo \/\/\/\ B
[¢] B #=5-C-C-N ° = N
57N ' T 5? 0= 5-C-C-N Y S’ f

(@)

360
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240

180

Dihedral angle 0,
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Relative Energy (kcal mol'1)
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0 60 120 180 240 300 360

Dihedral angle 62

Figure 3.5. a) Molecular structures of the S-N-S|S-N-S conformer showing dihedral angles 61
and 0. (b) Contour plots of 3D relax potential energy surfaces (PES) scan of dihedral angles
01 and 02 generated at the B3LYP-D3/6-311++G(d,p) level of theory.

Our theoretical investigation for the rotation of the torsional angle in the host bbh has correlated
with the experimental studies of M. Boca et al. ™! ligand 2,6-bis (benzthiazol-2-yl) pyridine.
The compound 2,6-bis(benzthiazol-2-yl) pyridine has a similar molecular structure to the
binding sites of the host, bbh. The X-ray structure studies of the ligand 2,6- bis(benzthiazol-2-

yl) reported that the free ligand exists in the S-N-S form, while in the complex, it exists in the
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N-N-N form.[™ This result shows the torsional rotation of the inter ring C-C bond between the
benzothiazole and pyridine rings. Therefore, we also agreed that torsional angle rotation existed

in the host bbh and exhibited effective binding sites to accommodate guest resorcinol molecule.
3.3.2. Interaction Energy

Interaction energy, AE, of the 1:2 host-guest complexes formed by the different conformers N-
N-N|N-N-N, S-N-S|S-N-S, and N-N-S|S-N-N of the host bbh with resorcinol guest molecule
were evaluated at the B3LYP-D3/6-311++G(d,p) level of theory. The highest AE value
corresponds to the complex’s host conformer N-N-N|N-N-N. The optimized geometries of all
the complexes and their corresponding interaction energy, AE, values are presented in the
Figure A9 of Appendix-A. Further, we computed the interaction energy, AE, of the host-guest
complexes by considering only the N-N-N|N-N-N conformer as the host. The AE of complexes
I (1:1) and Il (1:2) were calculated with the DFT functionals PBE0-D3 and TPSSTPSS-D3
with 6-311++G(d,p) and def2-TZVP as basis sets. We also evaluated the AE with the M06-2X
and PBEh-3c functionals. Additionally, for complexes I and 1l, we extended the calculations
using the dispersion correction model with the Becke-Johnson damping function D3(BJ) in
conjunction with B3LYP, PBEO, and TPSSTPSS functionals. To incorporate the BSSE effect,
the counterpoise corrections methods implemented in the Gaussian 16 package. The BSSE
corrected interaction energies for the complexes are tabulated in Table 3.1, while the
uncorrected interaction energies values are provided in Table A6 of Appendix-A. From Table
3.2, we observed that the AE values of complex | range from -18.06 to -21.65 kcal mol™ and
for complex 11 from -36.05 to -43.23 kcal mol™, respectively, in all the functionals. The AE of
complex Il is approximately twice that of complex I. Further, we considered the prototype 1:1
host-guest complex P (Figure 3.2), the fragmented part of complexes I and 11. The calculated
AE of the complex P at the different levels of theory are provided in Table 3.2. Comparing the
optimized interatomic bond distances calculated at the B3LYP-D3/6-311++G(d,p) level of
theory, between the host and guest, in complexes I, 11, and P, we observed that the distances
are almost equivalent and are presented in Figure A10 of Appendix-A. We also observed that
the AE value of 1:1 host-guest complexes of | and P are negligible differences (Table 3.1) and
for the 1:2 complex I, it is almost equal to twice that of complex I. These results also revealed
that the nature of the interactions between the host and guest within complexes I, Il, and P is

the same.
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Table 3.1. Interaction energy (AE) of complexes I, I, and P with counterpoise corrections. All

values are in kcal mol™.

Method AE (1) AE (1) AE (P)
B3LYP-D3/6-311++G(d,p) -21.65 -43.23 -21.45
PBE0-D3/6-311++G(d,p) -21.27 -42.46 -21.08
TPSSTPSS-D3/6-311++G(d,p) -20.64 -41.21 -20.41
M06-2X/6-311++G(d,p) -19.42 -38.57 -19.03
B3LYP-D3/def2-TZVP -20.92 -41.77 -20.89
PBEO-D3/def2-TZVP -20.27 -40.47 -20.12
TPSSTPSS-D3/def2-TZVP -19.65 -39.28 -19.49
MO06-2X/def2-TZVP -18.06 -36.05 -17.93
PBEh-3c/def2-mSVP -20.74 -41.41 -20.61
B3LYP-D3BJ/6-311++G(d,p) 2151 -42.95 -21.30
PBE0-D3BJ/6-311++G(d,p) -21.07 4212 -20.83
TPSSTPSS-D3BJ/6-311++G(d,p) -20.30 -40.49 -20.04
DLPNO-CCSD(T)/CBS -21.49
(def2-TZVPP/def2-QZ\V/PP)

To benchmark the, AE, we considered the complex P rather than complexes | and I, which
have large numbers of atoms. We chose the optimized structures of complex P obtained from
the B3LYP-D3/6-311++G(d,p) method and calculated the AE at the DLPNOCCSD(T)/(def2-
TZVPP/def2-QZVPP) level of theory, considering the complete basis set (CBS) limit and
counterpoise correction method. Comparing the interaction energy values of complex P (Table
3.1) evaluated from the DLPNO-CCSD(T) method and DFT functionals are found to be equal.

3.3.3. Extended Transition State-Natural Orbital Chemical Valence (ETS-NOCV)
Analysis

To see the nature of interactions in detail between the host bbh and guest in complexes I, 11,
and P, we employed the ETS-NOCV scheme. In this method, the interaction energy (AE;,;)
between the two fragments is decomposed into electrostatic (AE,;) interaction, Pauli
repulsion (AEpgy;), orbital (AE,,,) interaction and dispersion (AEy;s),) interaction energies.
The total interaction energy is given in Eq. 3.3. The result of ETS-NOCV analysis calculated
at the BP86-D3(BJ)/TZ2P (utilizing optimized geometries calculated at the B3LYP-D3/6-
311++G(d,p) method) level of theory for complexes I, 11, and P are presented in Table 3.2. For
the ETS-NOCV calculation of complex IlI, we have approximated as Type 1 [fragA
(resorcinol): fragB (bbh: resorcinol)] and Type 2 [fragA (resorcinol:bbh): fragB (resorcinol)].
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AEint = AEgise + AEpgyy; + AEorp + AEdisp (3.3)

Table 3.2. ETS-NOCYV results in the decomposition of total interaction energy (AE;,;) into
electrostatic (AE,;s;) interaction, Pauli repulsion (AEpgq;i), oOrbital (AE,,;) interaction, and

dispersion (AE 4, ) interaction. The energy values are in kcal mol.

Complex AE st AEpqyi AE,yp AEgisp AEin:
I -29.18 32.27 -15.77 -10.98 -23.71
Il (Type 1) | -29.08 32.21 1572 -10.98 -23.56
Il (Type2) | -29.08 3221 15.72 110.98 2356
P -28.96 32.03 -15.81 -10.97 -23.70

From Table 3.2, we observed that electrostatic interaction (AE,;s;) energy is one of the most
significant terms contributing to the interaction energy for stabilizing the complex. Further, it
is followed by orbital (AE,,,) interaction and dispersion (AE;s,) term. Representation of the
first three deformation densities contour plots, Ap;, Ap,, and Ap; and their corresponding
energy contributions AE; (orb), AE,(orb), and AE;(orb) of complex P are depicted in Figure
3.6. And complexes | and 1l are presented in Figure A11 of Appendix-A.

AE;(orb) =-4.38 AE;(orb) = -4.09 AE;(orb) =-1.46

Apl Apz

Figure 3.6. Contour plots of the deformation densities describing the O-H---N (Ap;), O-H---N
(Ap3), and C-H---N (Ap3) hydrogen bonding interactions of complex P (contour value=0.001).
Also showed their corresponding energy contributions [AE; (orb), AE,(orb), AE;(orb)] in

kcal mol™,
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In Figure 3.6, the deformation electron density (Ap) plots are presented to understand the
symmetry and the direction of the charge flow. The three leading deformation densities
components Ap,, Ap,, and Aps; and their corresponding associated energy contribution
AE;(orb), AE,(orb), and AE;(orb) of complex P, are also depicted in Figure 3.6. The
deformation densities, Aps, are portrayed in such a way that the red region marked the depletion
(Ap < 0, outflow) of electron density on bond formation while the blue region represents the
accumulation (Ap > 0, inflow) of electron density. In a simple way, the direction of the charge
flow is red to blue. The deformation density (Ap) plots of complexes | and Il are presented in
Figure A1l of Appendix-A. Further, the deformation densities, Ap;, Ap,, and Aps, are the main
components contributing to the host-guest bonding interaction in complex P. Similarly, we
observed the same in complexes | and Il, which are presented in Figure A1l of Appendix-A.
In Figure 3.6, we can see that two O-H---N hydrogen bonding interactions in the complex P
and their deformation densities Ap, and Ap, have almost equal amount of corresponding
energy contribution AE;(orb) = — 4.38 kcal mol?! and AE,(orb) = — 4.09 kcal mol?,
respectively. Further, the hydrogen bonding C-H:-:N (Aps) interaction contributes to the
stabilizing energy with AE;(orb) = —1.46 kcal mol™.

3.3.4. Electrostatic Potential (ESP) Analysis

To envisage further insight, the interactions between the host bbh and the resorcinol molecule
in complexes. The charge distribution on the van der Waals surface of the molecules has been
calculated using the electrostatic potential (ESP) method. Through this method, the properties
like reaction sites on the molecular surface, electrostatic interactions among the molecules
between the electron-rich and electron-deficient sites, etc., can be predicted. The 3D ESP maps
of the host bbh, the guest resorcinol molecule, and their complexes | and 11 are shown in Figure
3.7. Observing the ESP values of bbh and resorcinol, we found that the bbh molecule has two
maximum electrostatic potentials (Vs max and Vs, max ) Of equal values 28.12 kcal mol™ that
lies around the H atoms (Figure 3.7). However, the two minimum electrostatic potentials
(Vs1.min @nd Vsz min) OF equal values -55.56 kcal mol™, located near the N atoms binding sites
of bbh. On the other hand, for the resorcinol guest molecule, the two maximum ESP values
(Vs1max aNd Vs max) OF equal values 53.62 kcal mol™ were found near the hydrogen atom of
the O-H groups. In contrast, the minimum ESPs values (Vs pin and Vs, i) With an equal
value of -25.55 kcal mol™* are located around the O atoms. Hunter and co-workers [ pointed

out that the more negative ESPs value on the molecular surface acts as a better hydrogen
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acceptor. A higher positive ESP value has better hydrogen donor abilities. Therefore, the
nitrogen atom located at the region of the host molecule, which has the most negative ESP

value, will interact with the O-H group region of the resorcinol molecule with the maximum

ESP values.
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Figure 3.7. Molecular electrostatic potential values on the van der Waals surface of host bbh,
resorcinol, and complexes I and Il calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
Minima and maxima potentials are represented by cyan and orange, respectively. Blue and red
regions on the molecular surface indicate the negative and positive electrostatic potentials
regions, respectively. Vsi mqy and Vs 14, represent the two maximum electrostatic potentials,
while Vsi min and Vsp min represent the two minimum  electrostatic potentials (units in

kcal mol™?).
3.3.5. Quantum Theory of Atoms in Molecules (QTAIM) Analysis

To understand the nature of intermolecular interactions present in the host-guest complexes,
the quantum theory of atoms in molecules (QTAIM) analysis proposed by Bader!*%l was
employed. This theory is widely used to characterize the weak interactions between the
interacting atoms. This method analyses the wavefunction to find the bond critical point (bcp),
which gives the characteristic topological parameters between the interacting atoms. Electron
density p(r), Laplacian of electron density V2p(r), energy density H(r), Lagrangian kinetic
energy G(r), potential energy density, V(r), etc., are the main topological parameters used to
identify the nature of interactions between the interacting atoms. For the shared covalent bond

interactions, the electron density p(r) is large and V2p(r) < 0, whereas for the noncovalent
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hydrogen bond and ionic bond for the closed-shell shared systems, the value of V2p(r)> 0 is
positive, and p(r) is relatively low. [193107.108] |n Cremer and Kraka’s calculations,!%! they
obtained a positive value of V2p(r) for the covalent bond, which leads to an imperfect
conclusion for classifying the types of interactions. They proposed to include the parameters
G(r) and V(r) to interpret the nature of noncovalent and covalent interactions. The relation

among G(r), V(r), V?p(r), and to obtain H(r) are given in Egns. 3.4 and 3.5.
“V2p(r) = 26(r) + V(1) (3.4)

H(r)=G(r)+V(r) (3.5)

Espinosa et al.[**% proposed and classified the interactions according to the |V (r)|/G (r) ratio
value. When |V (r)|/G(r)<1, then there are closed-shell interactions, |V (r)|/G(r) > 2,
represents the shared shell type of interactions, and if the |V (r)|/G(r) values are observed
between 1 and 2, then the interactions are partially covalent and electrostatic. Closed-shell
interactions include noncovalent, ionic, and van der Waals, and shared-shell interactions define

covalent bond interactions.

The atom interaction path and electron density p(r) value at bcps of complexes | and 1l are
presented in Figure 3.8. At the same time, the remaining topological parameter values are also
provided in Table A7, Figure A12 and Table A8, Figure A13 of Appendix-A. From Figure 3.8,
we observed that complexes | and Il have similar nature of hydrogen bonding interactions such
as O-H--:N, C H:--N, and C-H:--O between the host bbh and the guest resorcinol. Complexes |
and Il exhibit two and four O-H:--N types of hydrogen bonding interactions. The electron
density p(r) and their corresponding V2p(r) values at the bcps of this interaction for both
complexes | and Il have almost equal values of 0.02 au and 0.07 au, respectively. Apart from
this interaction, there are also two each of C-H---N and C-H---O types of interactions present
in complex I (Figure 3.8). Similarly, complex Il has four each of the C-H---N and C-H---O
types of hydrogen bonding interactions. All these interactions satisfied the hydrogen bonding
criterion p(r) in the range of 0.002-0.035 au, and their corresponding V2p(r) in the range of
0.014-0.139 au, proposed by Koch and Popelier.™! Among all the interactions, the O H-:N
interaction has a larger p(r) value which results in strong interactions. Further, the interactions
O-H--:N, C-H-:-N, and C-H---O for both complexes I and Il are classified based on the ratio of
|[V(r)|/G(r). Inall these interactions, the ratio |V (r)|/G () is found to be less than one (0.78-

0.93), indicating the existence of closed shell interactions.
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pbep)
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Figure 3.8. QTAIM topological analysis of complexes | and Il showing atom interactions

paths and electron density p(r) [au] at bond critical point (bcp).

3.3.6. Natural Bond Orbital (NBO) Analysis

To probe the strength of interactions between the host and resorcinol guest molecule in

complexes | and |1, the NBO analysis was performed. This analysis measures the orbital

interactions between the donor and acceptor orbitals and provides the second-order
perturbation energies. The NBO results calculated at the B3LYP-D3/def2-TZVP level of

theory for both complexes are provided in Table A9 of Appendix-A. In both complexes, the

O-H:---N hydrogen bonding interactions involved were between the donor nitrogen lone pair

orbital of the host bbh and the corresponding antibonding orbital of the O H bond of the guest

resorcinol molecule. Similarly, the hydrogen bonding C-H---N involved the interaction of

nitrogen lone pairs orbital and antibonding orbital of the C-H bond.
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Figure 3.9. (a) RDG scatter plot for complex Il. (b) and (c) represent RDG isosurface maps

for complexes | and I1.
3.3.7. Reduced Density Gradient (RDG) Analysis

The reduced density gradient (RDG) analysis proposed by Yang and co-workers!*®l has been
adopted to acquire information about the noncovalent interactions between the host and guest
in both complexes I and I1. The hydrogen bonding and other weak interactions can be predicted
from the isosurface plot RDG versus sign(4,)p(r). The expression for the RDG is defined as
in Eg. 3.6.

1 [Vp|
RDG =s = W m (36)

In Eq. 3.6, sign(4,)p denotes the product of the A, and electron density p(r), with 4, being
the second eigenvalue of the Hessian matrix of electron density. Electron density p(r) and
sign(4;) signify the interaction strength and the type of interactions involved, respectively.
Since the RDG scattered plots of both complexes calculated at the B3LYP-D3/6-311++G(d,p)
theoretical accuracy have similar intensities, we have presented here only for complex II. The
isosurface maps (isovalue = 0.5) of complexes I and Il are presented in Figure 3.9. It is evident
from the RDG plot in Figure 3.9 that the presence of different colors region reflected the

TH-3363_176122035



62|Page

existence of hydrogen bonding and other weak interactions in complexes | and Il. Strong
hydrogen bonding O-H---N interactions between the host-guest in both complexes I and 11 are
supported by the existence of blue circular as shown in Figure 3.5. Meanwhile, the presence of
the other weak hydrogen bonding interactions C H---N and C H---O is suggested from the
appearance of the yellow-green colors in the isosurface maps. Further, the filled red color
region presented in the middle of the aromatic rings represented the repulsive interactions
(steric effect). Complexes I and 11 show similar nature of interactions when the bbh binds the

resorcinol guest molecule.

3.4. Conclusions

In this Chapter, we have explored the conformational preferences of the host bbh. The S-N-
S|S-N-S conformer is relatively more stable than the others. Torsional potential energy surfaces
(PESs) scan and NCI analysis identified that the intramolecular hydrogen bonding interactions,
C-H--:N and C-H-:--S play a prominent role in stabilizing the conformer. However, these
hydrogen-bonding interactions become non-existent through the rotation of the torsional angle
that contains the C-C interring bond between the pyridine and benzothiazole rings of the
conformers. The torsional barrier height of 8.22 kcal mol™ and 9.23 kcal mol™* were obtained
for the B3LYP-D3/6-311++G(d,p) and the RI-MP2/ccpVTZ//B3LYP-D3/6-311++G(d,p) level
of theory, respectively for the S-N-S|S-N-S conformer. In addition, for the N-N-N|N-N-N and

N-N-S|S-N-N conformers, the barrier height is approximately around 10.0 kcal mol™.

Our computations considered different DFT functionals to obtain the interaction energies and
the underlying nature of the noncovalent interactions between the N-N-N|N-N-N conformer of
the host bbh and the guest resorcinol. The interaction energy, AE, of 1:1 host-guest formation
in complexes | and P was equal. The DLPNO-CCSD(T) method was used to benchmark the
interaction energy, AE, by considering the prototype complex P. Extended transition state-
natural orbital chemical valence (ETS-NOCV) analysis revealed that the electrostatic
interaction between the host bbh and the guest resorcinol is the main contribution to stabilized
the interaction energy. The major component of electrostatic interactions in the interaction
energy reflected the presence of intermolecular hydrogen bonding interactions
O-H:-:N, C H:-:N, and C-H---0, in the host-guest complex. Further, the molecular electrostatic
potential (MESP) surface analysis showed an interaction between the maximum electrostatic
potential region of the resorcinol molecule that lies near the hydrogen atoms of the O-H groups.

In contrast, the minimum potential region was observed in the nitrogen atoms of the host bbh.
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The existence of intermolecular hydrogen bond interactions in all the complexes was confirmed
from the analyses of NBO, AIM, RDG, and NCI studies. In summary, these computational

studies provide important implications for designing new supramolecular host systems.
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Chapter 4

Exploring #—x Interactions and Electron Transport in
Complexes Involving a Hexacationic Host and PAH Guest: A

Promising Avenue for Molecular Devices

The work of this Chapter is published in Phys. Chem. Chem. Phys. 2023, 25, 26767.

4.1. Introduction

n-n stacking, a typical form of noncovalent interaction between the aromatic groups, has been
involved in various applications, including supramolecular chemistry, chemical sensing,?!
material sciencel®* and molecular biology.[! One important area of interest is electrical
conductivity through n-n stacking interaction in synthetic molecular systems, which will be
essential for constructing the building blocks of molecular electronic devices. In biological
systems, electron charge transport occurs in - stacked DNA base pairs and aromatic amino
acid residues.!®”1 Moreover, this electron transport process plays a key role in metabolism, !
photosynthesis,®! and repair of DNA damage.[’®) On the other hand, the conductance
measurement of synthetic molecular layers consisting of a paracyclophane scaffold***2 with
spontaneous w-n stacking has highlighted the evidence of electron transport across two m-
systems.*311 In extension to this, the electron charge transport in the supramolecular host—
guest complex, which consists of n-stacked interactions, was also studied and the molecular
electronic properties of the complex were tuned by accommodating different interesting guest
molecules.*>16] The scientific advent of molecular receptors or hosts based on the derivatives
of cyclophane has tremendously increased and governed enormous interest in the scientific
community owing to their wide range of applications, including catalysis,*”1 molecular
devices,[*®l etc. These receptors have exhibited the ability to accommodate electron-rich
polycyclic aromatic hydrocarbon (PAH) molecules.™*®! They can be classified into first, second,
and third dimensions. The first and second-dimension molecular receptors are generated from

the Ex"Boxg, as shown in Figure 4.1a, and the third-dimension molecular receptors are
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presented in Figure 4.1b, where n and m are variables that represent the different molecular
units to modulate the length and width of the receptors.’?°! Some of the possible molecular units
of n and m have been reported in the literature. Stoddart and coworkerst*®2! experimentally
characterized the complex formation between the receptors (ExBox** and Ex?Box**) and
PAH molecules. Inside the cavity of the second dimension ExBox;*, the sizeable spherical
fullerene, Cq4o, embedded and a 1:1 inclusion complex (CgocExBox3™) was obtained.™*® This
complex undergoes self-assembly through solvophobic processes and yields one dimensional
crystal arrays with a length span of millimetre size and shows electrical conductivity of 5.83 x
10" S cm™. In the absence of Cg,, the average electrical conductivity of the ExBox;* crystal
is1.20 + 0.17 x 10° S cm. 18

@ i
N N

| N o+ | _N/ DN o
Z NS 77\
—N
» @ @ +\
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@ »
"\ +
N N

Figure 4.1. Molecular structures representing (a) one and two-dimensional, and (b) three-

dimensional cyclophane derivative receptors. The m and n variables represent the molecular

units to modulate the length and width of the receptor, respectively.

The arrangement of stacked aromatic molecules shows significant potential as a fundamental
building block for developing molecular electronic devices. One of the promising approaches
IS integrating host—guest systems that are connected through noncovalent n-n interactions.
Kiguchi et al. also highlighted the electron transport in the caged molecule, enclosed with a =-
stacked aromatic molecule.[*>??1 Tang et al. reported the host—guest complex (metallocycle-
Ceo) form between the organoplatinum (11) metallocycle host and fullerene (Cg,) guest.[?®! In
addition, the host—guest system can further refine its electronic properties through the alteration
of the guest molecule. In this approach, our focus is examining host—guest complexes that arise

between the 3D cage like hexacationic host and different polycyclic aromatic hydrocarbon
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(PAH) guests. The three-dimensional cage-like molecular receptors Excage®* and
AzaExcage®*were also reported in the literature.[?*?%1 Both receptors were electron-deficient
and showed strong donor—acceptor interaction with PAH molecules. Recently, Zhang et al.
reported the three-dimensional hexacationic cage receptor (H®*) (Figure 4.2), which consists
of two triscationic n-electron-deficient trispyridinium triazine (TPZ**) units and is connected
in a face-to-face manner by bridging three ethylene-triazole-ethylene molecules.?®! In addition,
the receptor (H®*) formed 1: 1 inclusion complexes with PAH molecules (Figure 4.2), such as

naphthalene, anthracene, triphenylene, phenanthrene, pyrene, corannulene, and perylene.

14 Tre-
14 Tre-

CCO a%e

G2
Anthracene Phenanthrene

16 1Te-

10 Tre-
20\ oy *
OO NN < Rl

;"

G1

/2\
Naphthalene _;Z_N)N’ Pyrene
z N—% !
+ N N
_t\ 18 me-
20 Tre-
OO Host (H)
@ =
OO Tr|phenylene
G7
Perylene O'

Corannulene

Figure 4.2. Molecular structures of the host (H) and guest (G) molecules: naphthalene (G1),
anthracene (G2), phenanthrene (G3), pyrene (G4), triphenylene (G5), corannulene (G6), and
perylene (G7).

Utilizing different methods of density functional theory (DFT), many groups have studied the
properties such as electronic energy, geometries, modes of vibrations, the excitation energy of
receptors ExBox** and Ex"Box**, and their 1:1 complex formation with electron-rich
guests.[?2-2%1 Nagurniak et al. reported the nature of interactions using noncovalent interaction
(NCI) and energy decomposition analysis (EDA) approaches for the host—guest complexes
formed between the ExBox** and PAH molecules.*% However, the theoretical findings

devoted to studying the physical nature of interactions in the host-guest complex formed
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between the three-dimensional cage-like receptor and n-electron-rich guest molecules are still

limited to the best of our knowledge.

Herein, in this chapter we investigate the nature of interaction in the series of host—guest
complexes generated between the hexacationic host (H®*) and guests: naphthalene (G1),
anthracene (G2), triphenylene (G3), phenanthrene (G4), pyrene (G5), corannulene (G6), and
perylene (G7) (Figure 4.2) within the framework of quantum chemical approaches. At the same
time, we have explored the conductance and electron transport properties in our considered
host and host—guest complexes. Understanding the electron charge transport in connection with
n-m interaction in such a supramolecular host—guest complex at the molecular level gives a new
insight by providing essential information about the interaction strength, type of interaction,

and junction conductance.

4.2. Computational Details

The molecular geometries of host-guest complexes GlcH to G5cH and G7cH were
constructed according to the X-ray crystal structures reported by Zhang et al.*! To perform
the calculations uniformly, we considered the corannulene (G6) molecule encapsulated inside
the host cavity (H). Geometry optimization of the host (H), guests (G1-G7), and host—guest
complexes (GlcH to G7cH) applying appropriate charges (+6) was performed using the
Grimme’s composite functional PBEh-3¢ with the def2-mSVP basis set.*] The functional
PBEh-3c includes dispersion correction with Becke—Johnson damping (D3BJ) and also
considers three-body dispersion interaction via the Axilrod—Teller—Muto (ATM) method and
geometrical counterpoise corrections (gCP).[2-341 It has been extensively used for investigating
noncovalent interactions such as n=—= and hydrogen bonding in supramolecular host—-guest
systems (test sets S22[3%1 and S66[°¢) consisting of small to large numbers of atoms.E7] |t
demonstrated sufficiency in elucidating the noncovalent interactions and yielded molecular
structures with a close agreement with the reference structure.l*-3"1 Moreover, this functional
shows excellent performance in predicting noncovalent interaction energies of the systems. As
a result, we employed this functional for the preliminary investigation of our host-guest
systems. The interaction energy, AE, of the complex was estimated by employing the

supermolecular approach, as shown in Eq. 4.1,
AE :EHG _EH_EG (41)

Where Eyg, Ey, and Eg are the energies of the host—guest, host, and guest, respectively.

Subsequently, we have extended our investigation using the hybrid functional PBEO,8 with
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Grimme’s dispersion correction (D3) along with the Becke-Johnson (BJ) damping
function.?3* The basis set def2-TZVP developed by Ahlrichs and coworkers was
implemented in our calculation.®! The basis set superposition error (BSSE) was estimated by
implementing the counterpoise correction (CP)“% method. Earlier studies also reported the use
of the PBE0-D3(BJ) method to explore the noncovalent interaction in host—guest systems.[1:421
Simultaneously, we noted consistency in prior literature where the computed HOMO-LUMO
energy gap value, obtained through the PBEO functional, exhibited favourable alignment with
experimental findings.! 3 So, we have incorporated this functional in our work and opted for
the basis set def2-TZVP to balance the dependable interaction energy and computational cost
of our host—guest complexes, which comprise a substantial number of atoms. We also noticed
from the preceding literature that this basis set elucidates the noncovalent interactions. 144451
Furthermore, the interaction energy, AE, was estimated using the domain based local pair
natural orbital coupled cluster with single, double, and perturbative triple excitations [DLPNO-
CCSD(T)]6*1 method in conjunction with the def2-TZ\/P basis set under the environment of
TightSCF and NormalPNO setting. We performed the single-point energy calculation using
the optimized geometries obtained from the PBEO-D3BJ/def2-TZVP level of theory.

Ab initio molecular dynamics (AIMD) simulations were performed to access the
conformational stability of the host-guest complexes in the gas phase at the B97-3¢% level of
theory with the def2-mTZVP basis set. For all the complexes, the duration of the simulations
run was set as 1000 fs with a time step of 0.5 fs under the Berendsen thermostat temperature
of 298.15 K.

The PBEh-3c/def2-mSVP, DLPNO-CCSD(T)/def2-TZVP, and B97-3c/def2-mTZVP
calculations (AIMD simulations) were performed using the ORCA 4.2.0 software package.!!
In addition, the calculations for the PBEO/def2-TZVP and BSSE error were performed in the

Gaussian 16 package.®?

To estimate the physical nature of the interaction between the host and guest in complexes
GlcH to G7cH, we performed the energy decomposition analysis by implementing the
extended transition-state natural orbitals for chemical valence (ETS-NOCV) scheme.®! In this
calculation, the BP86*%°! functional proposed by Becke—Perdew, with Grimme’s dispersion
correction and the Becke—Johnson damping function (D3BJ) was employed. The basis set

TZ2P was applied, and the calculation was performed in the ADF2021 program package.® In
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the ETS-NOCV scheme, the total interaction energy, AEF¥_yocy, between the two interacting

fragments is partitioned into physically meaningful terms, as shown in Eq. 4.2,
AEZ¥s nocy = AE®St + AEP®U 4 AEOTD+AEAISP (4.2)

Where AE®'st represents the classical electrostatic interaction between the host and guest
fragments. The Pauli repulsive interaction term, AEP*“ provides the repulsive interaction
between electrons of the same spin in occupied orbitals of the fragments. The AE°™ term
corresponds to the orbital interaction between occupied and unoccupied orbitals of the
interacting fragments and accounts for the orbital interaction in the same fragments. Moreover,
the dispersion interaction (AE#P) term is obtained through the dispersion correction used in
the functional BP86-D3BJ. For G7cH complex, the orbital interaction component, AE°™ | is
decomposed into contribution AE?™ and the corresponding charge transfer channel can be

described through the deformation densities (Ap;).

To visualize the noncovalent interactions between the host and guest in the complexes, we
performed NCI® analysis via calculating the reduced density gradient (RDG), which used
electron density [p(r)] and its first derivatives [Vp(r)]. The reduced density gradient (RDG)(7]
is defined in Eq. 4.3,

1 |Vp|
RDG =9 = 2Gmyrs g (43)

Where Vp(r) represents the electron density gradient. To visualize the interactions, present in
the complexes, the scatter plot is generated by employing the RDG versus electron density
p(r) multiplied by the sign of A,, which can be denoted as a sign(4,)p(r), where A, is the
eigenvalue of the Hessian matrix of the electron density function. The term sign(4,)p(r)
distinguishes the attractive [sign(1,)p(r) < 0] and repulsive interactions [sign(A,)p(r) > 0].
The NCI analysis was performed using the Multiwfn program.®® The images of the molecular
structures were obtained using the UCSF Chimera 1.16 and VMD 1.9.3 software
packages.>®8% For generating the 3D NCI isosurface and AIMD molecular structures of the
complexes, we employed VMD 1.9.3 software, while the 2D RDG scatter graphs were

generated using the Gnuplot[®! package.

The transport properties of the optimized host and host—guest complexes were estimated using
the TRANSIESTA program with the combination of the post-processing tool TBtrans.[%?l The
TRANSIESTA code incorporates the nonequilibrium Green’s function (NEGF) and density
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functional theory (DFT) formalism.[®¥ Using the Landauer—Biittiker formula (Eq. 4.4) the

current flow through the systems was calculated. (6465
1(Vy) = Go [, " T(E,VIf(E — ) = f(E — up)]dE (4.4)

Where G, = 2e?/h denotes the quantum conductance (e and h are charges of electron and
Planck constant, respectively), and T (E, V},) is the transmission coefficient of electrons striking
at energy (E) while subject to a potential bias (V,). The Fermi distribution function is
represented by f(E). The chemical potential difference across left and right electrodes is
represented by u; and uz. The GGA-PBE exchange—correlation functional and the single-zeta
with polarization (SZP) basis setsf®! with an energy shift of 0.02 Ry was used to characterize
the central scattering region in the DFT framework. The temperature has been set at 300 K with
a 150 Ry energy cutoff for the current calculations. Furthermore, along the transmission path,

a 32 k-point grid was considered.[®®!

Furthermore, to calculate the density of states (DOS) of host—guest complexes G1cH and
G7cH, the optimization was performed using the Quantum ESPRESSO software package®”]
within the framework of DFT. The core electron was treated using the projected augmented
wave (PAW) pseudo-potential, and the exchange—correlation term was approximated by the
generalized gradient approximation (GGA) with the Perdew—Burke—Ernzerhof (GGA-PBE)

functional 881 A cut-off energy of 50 Ry and 5 x 5 x 1 k-point was employed.[%70

4.3. Results and Discussion

4.3.1. Host-Guest Interaction Energies and Geometric Features

When the inclusion complexes were formed inside the host cavity (H), the PAH molecules G1-
G5 and G7 were oriented in a parallel face-to-face geometry to the host’s TPZ3* units. Due to
the non-planar geometry, the corannulene (G6) exhibits a bowl-shaped geometry, and the
middle pentagon ring portion of corannulene exists in parallel relation to the middle triazine
ring of the host. For the empty host (H), the calculated distance between the two centers of the
triazine rings was found to be 7.8 A (PBE0-D3BJ/def2-TZVP), as shown in Figure 4.3. When
the PAH molecules were embedded inside the host cavity, a noticeable decrease in the distance
between the centroids of the triazine rings was observed. The distance between the two
centroids of the triazine rings of the host (H) in complexes G1cH to G5cH and G7cH were
found to have approximately equal values of 7.0 A. The complex G6CH incorporating
corannulene as the guest has exhibited the centroid distance 7.4 A. All the centroid distances
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of complexes G1cH to G7cH calculated at the PBE0O-D3BJ/def2-TZVP level of theory are
presented in the Figure B1 of Appendix-B.

The inter-distances between the guest and triazine ring of the host (H) in all the complexes
were in the range of 3.2-3.6 A and are provided in the Figure B2 of Appendix-B. The
corannulene formation complex G6cH shows the shortest host—guest distance. Our calculated
host—guest distances in complexes GlcH to G5cH and G7cH were in line with the
experimental distance (3.3 A) reported by Zhang et al.[?®!

Figure 4.3. Optimized geometry of the host (H) calculated at the PBEO-D3BJ/def2-TZVP level
of theory, (a) top view, and (b) side view of the host. The distance between two centroids of

triazine rings is 7.8 A.

To understand the strength of the host—guest interaction in complexes (G1lcH to G7cH), the
interaction energy, AE, was evaluated by employing two different DFT functionals, PBEh-3c
and PBEO0-D3BJ, with basis sets def2-mSVP and def2-TZVP, respectively. Using the
optimized geometries obtained at the PBE0-D3BJ/def2-TZ VP level of theory, we estimated AE
at the DLPNO-CCSD(T)/def2-TZVP level of theory. The AE values of all the complexes are
presented in Figure 4.4. Among the complexes, perylene inclusion complex G7cH shows the
highest interaction energy value of 61.32 kcal mol™. On the other hand, the naphthalene
inclusion complex GlcH has the least interaction energy value of 38.20 kcal mol™.
Meanwhile, complexes G6cH and G7cH have the same n-electron guests corannulene and
perylene, respectively, and were expected to have almost equal interaction energy values.
However, it can be seen from Figure 4.4 that there is a large difference in the interaction energy

value between the two complexes. The reason is likely due to the corannulene (G6) molecule-
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oriented non-planar and bowl-shaped geometry inside the host cavity (H), which results in the
improper n-x interaction with the TPZ3* units of the host. On the other hand, perylene (G7) has
a planar molecular structure and parallel relation to the TPZ** unit of the host (H) and can form
efficient n-mt interaction. Furthermore, we noticed a similar pattern of interaction energy values
in the DLPNO-CCSD(T)/def2-TZVP level as obtained in the PBE0O-D3BJ/def2-TZVP and
PBEh-3c/def2-mSV/P levels.

4
o
1
=
o
A
?
X
L
7

AE (Interaction Energy in kcal mol™)

GicH G2cH G3cH G4cH G5cH G6c H G7cH
Complex

Figure 4.4. Interaction energy, AE , of host—guest complexes (G1lcH to G7<H) calculated
using the PBEO0-D3BJ/def2-TZVP (black) and DLPNO-CCSD(T)/def2-TZVP//PBEO-
D3BJ/def2-TZVP (red) levels of theory. Here the interaction energy considered at the PBEO-
D3BJ/def2-TZVP level is BSSE corrected.

The distortion in the molecular geometry of the host (H) in complexes (G1cH to G7cH) was
directly related to the strain energy, AESE-%" of the host. This energy was estimated by taking
the energy difference between the optimized geometry of the host (H) and the geometry of the
host acquired in the host—guest complex formation. Likewise, the strain energy of the guest,
Angggitn, was also calculated. In extension, summing the strain energies of the host and guest
generated the preparation energy, AEP"®P of the complex, presented in Table 4.1. Among all
the host—guest complexes, G6cH shows the largest AES%™ value of 5.77 kcal mol™ followed
by the complex G7cH, which has a value of 5.61 kcal mol™?. The remaining complexes

displayed small strain energy, AESZ%™ values, ranging from 1.74 kcal mol® to
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2.69 kcal mol™. In the case of guest structures, there were no significant changes in Anggg‘;"

value.

Table 4.1. AESY 4" and AE;Q’;%@“ represent the host and guest strain energies, respectively,
and AEPTP denotes the preparation energy in complexes (G1lcH to G7cH) calculated at the
PBEO-D3BJ/def2-TZVP level of theory. Here, AEPT®P = AESLGIn 4 AESTA". The energy

values are given in kcal mol™.

Complexes AEStraimn AEStrain AEPTeP
1cH 1.86 0.09 1.95
2cH 2.56 0.16 2.12
3cH 2.22 0.19 2.41
4cH 2.69 0.23 2.92
S5cH 1.74 0.23 1.97
6cH 5.77 0.68 6.45
7cH 5.61 0.19 5.8

4.3.2. Ab initio Molecular Dynamics Simulations

Ab initio molecular dynamics simulations, based on quantum mechanics, was performed to
assay the stability of the complexes. In our computations, we employed DFT functional
B97-3c with the def2-mTZVP basis set. The simulation was conducted for 1000 fs with a step
size of 0.5 fs under the thermostat Berendsen temperature of 298.15 K for each complex. The
potential and total energy vs. time variation for all the complexes were investigated. The energy
variation plots for complex G7cH are presented in Figure 4.5, while the remaining complexes
are provided in the Figure B3 to Figure B8 of Appendix-B. The molecular structure snapshots

of the complex G7cH
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Figure 4.5. Ab initio molecular dynamics simulations of complex G7cH calculated at the B97-
3c/def2-mTZVP level of theory. (a) potential energy versus time and (b) total energy versus

time and (c) molecular snapshots of complex G7cH at 0, 500, and 1000 fs, respectively.

were collected at three different time steps, 0, 500, and 1000 fs, shown in Figure 4.5. From
Figure 4.5¢, within 500 fs, the guest perylene moves slightly away from the center of the host.
At 1000 fs, some molecular region of the perylene is outside the host environment. In the case
of the G1=H complex, the naphthalene guest remains inside the host cavity throughout the
simulation period, and the molecular geometries at three different time steps are provided in
the Figure B3 of Appendix-B. Within the 1000 fs, a certain portion of the anthracene molecule
of the G2cH complex is slightly moving outside the host cage. The collected molecular
structures of the G2c=H complex at different times is shown in the Figure B4 of Appendix-B.
On the other hand, the guests of complexes G3cH, G4cH, G5cH, and G6cH stayed within
the cavity of the host.

4.3.3. Energy Decomposition Analysis

To map the overall energy contributions from the host—guest interactions in complexes G1cH
to G7cH, we carried out ETS-NOCYV analysis. Both host and guest fragments were considered
in singlet electronic states. The interaction energy, AELY yocy, and their corresponding
energy component values of the complexes are provided in Table 4.2. The AEZ_yocr Values
become more negative when moving from G1cH to G7cH excluding G6cH. The highest and
lowest, AELX ooy, Values were found in complexes G7cH and G1cH, respectively. The
AEZE_ocy IS partitioned into Pauli repulsion (AEP@¥), electrostatic (AE€'SY), orbital

interaction (AE°™), and dispersion interaction (AE%P). From Table 4.2, it can be noted that
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the stabilizing energies of the complexes were mainly contributed from the dispersion
interaction term (AE®P). It shared the majority of the contribution (55.7-61.6%), followed
by electrostatic, AE®'St (25.5-29.4%), and orbital interaction term, AE°™® (12.7-16.4%).
Interestingly, we observed that the dispersion term (AE%P) increases from G1cH to G7cH.
The complexes GlcH and G7cH have the least and highest contribution AE4SP of
—38.60 kcal mol™ and —68.87 kcal mol?, respectively. Although G6cH and GcCH have the
same number of w-electron guests corannulene and perylene, respectively, the dispersion term
(AE#sP) contributed in G7cH was larger than that of the G6cH. The reason may be due to
the bowl-shaped geometry of corannulene, which could not properly interact with the TPZ3*
units of the host. Table 4.2 shows that complexes G7cH and G1cH have the largest and
smallest orbital interaction energy (AE°™) contribution. The AE°™ is comparatively less

among the energy components. The AE°™ value ranges from —8.04 to —20.16 kcal mol™.

Table 4.2. ETS-NOCYV analysis of host-guest complexes (G1cH to G7cH) calculated at the
BP86-D3BJ/TZ2P level of theory. Energy values are in kcal mol™.

1cH 2cH 3cH 4cH 5cH 6cH 7cH

AEZ vocy | -40.66 -54.38 -52.58 -56.06 | -62.86 -59.70 -71.76

AEPauli 21.99 32.67 30.17 45.14 35.32 55.70 50.90

AEe€!st -16.00 -23.19 -21.98 -28.7 -26.55 -33.99 -33.63
(255 %) | (26.6%) | (26.5%) | (28.3%) | 27.0%) | (29.4%) | (27.4 %)

AE©TD -8.04 -14.04 -11.48 -14.44 -12.52 -17.07 -20.16
(12.8%) | (16.1%) | (13.8%) | (142%) | (127%) | (14.7%) | (16.4 %)

AEd4isp -38.60 -49.81 -49.30 -58.05 | -59.11 -64.34 -68.87
(61.6%) | (57.2%) | (59.5%) | (57.3%) | (60.2%) | (55.7%) | (56.1%)

In Figure 4.6, the deformation electron density (Ap) plots of the complex G7cH are presented
to understand the symmetry and the direction of the charge flow. We obtained the five leading
deformation density components in which Ap;(m), Ap,(m), and Aps(m) are m—type
interactions, and their corresponding associated orbital interaction energy contributions are
AE;(orb) = —2.60 kcal mol?, AE,(orb) = —1.49 kcal mol?, and AE;(orb) = —1.40 kcal
mol, respectively. On the other hand, Ap, (o) and Aps (o) are o-type interactions, and their

corresponding orbital interaction energy contributions are AE,(orb) = —1.48 kcal mol™* and
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AEs(orb) = —1.00 kcal mol™, respectively. The deformation densities (Ap) are portrayed in
such a way that the red region marked the depletion (Ap < 0, outflow) of electron density while

the blue region represents the accumulation (Ap > 0, inflow) of electron density.

Aps(s), AE«{orb)=-1.48 " Aps(o), AEs(orb)=-1.00
Figure 4.6. The contour of deformation density contributions Ap;(m), Ap,(m), Aps(m),

Ap,(0), and Aps (o) between host and guest in complex G7cH. AE; (orb) to AEs(orb) (kcal
mol™) represent the corresponding orbital interaction energy. The contour value used to

visualize the deformation densities is 0.0001 au. Red and blue isosurface regions indicate the

density of outflow and inflow, respectively.

_EvT NN
strong attraction: weak interaction: strong repulsion
H-bonds T-T

Figure 4.7. NCI isosurface showing the noncovalent interactions in host—guest complexes

(G1lcH to G7cH).
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Figure 4.8. RDG scatter plots depicting the noncovalent interactions in host—guest complexes
(G1cH to G7cH).

4.3.4. Noncovalent Interaction (NCI), HOMO-LUMO Gap and Density of States (DOS)
Analysis

To probe the nature of noncovalent interactions between the host and guest in complexes
GlcH to G7cH, we implemented the NCI-RDGP’l method based on electron density
redistribution. Figures 4.7 and 4.8 depict 3D isosurface maps and 2D scatter plots of the
complexes. As seen in Figure 4.7, the region green sheetlike extended surface between the
guest and TPZ3* units of the host revealed the existence of n-m van der Waals interaction.
Furthermore, the m-m interaction region is correlated with the spike marked in the scatter plot
of Figure 4.8, and the electron density at this spike region is low and close to zero.

The frontier molecular orbitals of the host (H) and complexes (G1<H to G7<H) were extracted
utilizing the PBEO-D3BJ/def2-TZVP level of theory. Figure 4.9 illustrates the HOMO and
LUMO and their energy gap (AEzomo—rumo) OF the host and complexes. In the case of the
empty host (H) system, the HOMO resides on the triazole rings, while the LUMO is localized
on the TPZ3* unit. The empty host’s calculated AEyop0—Lumo OF the host was found to be
3.32 eV. However, AEgomo-Lumo Was reduced when the guest molecules (G1-G7) were
embedded inside the host cavity and formed complexes. Furthermore, the HOMO was
concentrated on the electron-rich guest, while the LUMO was located on the host in the

complex. In the naphthalene inclusion complex (G1cH), the energy gap (AEyomo—Lumo) Was
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found to be 2.88 eV which is greater than that of the perylene inclusion complex (G7<H) and
has a value of 1.9 eV, since naphthalene has a lower number of p electrons than perylene,
resulting in the lowering of the HOMO energy level in the G1cH complex. We also observed
that the calculated LUMO energy level of the host increased by 0.11 eV when it formed a
pyrene complex (G4cH). These changes in the energy level correlate with the cyclic
voltammetry experimental result (0.095 eV) reported by Zhang et al.l?®! Moreover, our
calculated AEyopmo—rumo Of complexes G1cH to G5cH and G7cH follows similar trends to
the UV-vis charge transfer (CT) absorption band centered A,,,,, obtained in the literature.[?6]
The experimental studies showed that, among all the complexes, the G7cH complex exhibited
a CT band centered at the longer wavelength region supporting our calculated smallest
AEyomo—Lumo Of the G7cH complex.
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Figure 4.9. Frontier molecular orbitals along with the HOMO-LUMO energy gap
(AEgomo-rLumo) Of the empty host (H) and host—guest complexes G1cH to G7cH obtained
using the PBEO-D3BJ/def2-TZVP level of theory.

The process of orbital mixing plays a pivotal role in elucidating the nature of the interaction
between the host and guest molecules. At the same time, this orbital hybridization will affect
how the system’s conductivity varies.’* To better understand the orbital overlapping of the
host—guest interaction, the density of states (DOS) was calculated for complexes G1c=H and
G7cH, which have a minimum and maximum number of n-electron guests, respectively. The
DOS of the G1cH shows no observable hybridizing states near the Fermi level (Er), as
depicted in Figure 4.10a. The localization of orbital mixings of the host and guest (G1)

predominantly occurs at energy levels below 2.0 eV in the valence bands (VVBs) and above 1.0
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eV in the conduction bands (CBs). This feature is characterized by a weaker interaction
between the host (H) and guest G1 molecules, resulting in minimal impact on the electronic
properties of the complex (G1cH). On the contrary, the notable orbital hybridizations between
the host and the guest molecule (G7) exhibit localization mostly near the Fermi level, Figure
4.10b. This indicates that the host—guest interaction is more prominent and, hence, has a

significant impact on the electrical characteristics of the complex.

30

3
220t
©
kS
2
w
@ 10
o

0

-2 -1
E-Ep(eV)
(@)

30
=
220
[
s
a
%] -
Q 10
a

0

-2 -1
E-Ep (V)
(b)

Figure 4.10. Density of states (DOS) plots of (a) G1cH (guest with the lowest number of r-
electrons) and (b) G7cH (guest with the highest number of n-electrons) systems. Cyan, purple,
and pink regions indicate the DOS of the host, the host after encapsulation of the guest and the

guest, respectively.
4.3.5. Conductance Measurements of the Host—-Guest Complexes

Gaining insight into the variations in conductance that occur when various polycyclic aromatic
hydrocarbon (PAH) molecules are incorporated within the host cavity is crucial for further
developing molecular devices and sensors. In this perspective, we performed a current-voltage
(1-V) calculation having an identical contacting geometry to compare the transport properties
of the host (H) and host—guest complexes (G1cH to G7<H). The transport device model was
implemented in the analysis, and it is divided into three sections: the left electrode, the
scattering zone, and the right electrode.™! The central scattering area includes the host—guest

complexes, and both electrodes comprised Au (111).14]
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Figure 4.11. (a) A schematic diagram of the modelled host—guest system sandwiched between
two Au (111) electrodes. (b) Linear fitting current—voltage (1-V) characteristics plots of the host
(H) and host—guest complexes (G1cH to G7cH). (c) Zero-bias transmission spectra of the host

(H) and host—guest complexes G1cH to G7cH.

Figure 4.11a depicts the model diagram of the host—guest system of our interest, which is
sandwiched between two Au (111) electrodes. The left and right electrodes of Au-atoms are
attached to the N-atoms of the centroid triazine rings at a distance > 3.10 A. The simulation
configuration illustrates a weak-coupling region in which the complex and electrode orbitals
are sufficiently separated to eliminate the interfacial states caused by direct interaction and
hybridization of the complex and electrode orbitals.[’? The earlier study indicates that the
conductance remains stable despite changes in contact configuration.®®”l In our work, we

considered only one interaction configuration.
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In Figure 4.11b, we have illustrated the computed linear fitting current-voltage (I-V)
characteristics plot of the host and host—guest junctions at a bias from 1.0 to +1.0 V [unfitted
I-V plot is provided in Figure B9 of Appendix-B. The I-V plots clearly show the fluctuation in
current with bias voltage for the host and all the host—guest complexes. The host’s electrical
current flow is noticeably lower than the host—guest structure, indicating the feasibility of
readily detecting the presence of a guest molecule. Furthermore, we have calculated the
conductance of the host and host—guest complexes from the I-V plot, as shown in the Table B2
of Appendix-B. Our investigation found that the G7cH complex shows the maximum
conductance value of 1.84 x10-° S, which contains the maximum number of z-electrons (20)
in the guest perylene (G7) molecule. In addition, the HOMO-LUMO energy gap of this
complex is 1.90 eV which is comparatively smaller than other complexes. The anti-aromatic
nature of perylene may also be one of the factors for getting maximum conductance value.[™!
The previous study revealed that pure perylene showed better conductivity than pyrene, and
we also obtained the same trend when the pyrene and perylene guest molecules were
encapsulated inside the cavity of the host (H).[”¥ Moreover, on comparing the conductance
between pure anthracene and naphthalene, naphthalene shows more conductivity, which is the
same as host-wrapped anthracene and naphthalene.’® Comparing the conductance of
complexes G2cH with G3=H and G6cH with G7cH (that have the same number of guest
molecule w-electrons), our calculations found that complexes having higher interaction energy

and smaller HOMO-LUMO energy gap value show better conductivity values.

The quantum transmission spectrum can effectively elucidate the properties of quantum
transmission. This spectrum reflects the coupling strength between the system and the
electrode. Additionally, the transmission channel signifies the coupling strength between the
molecular orbital and the energy band of the electrode.’® To understand the correlation
between the equilibrium conductance of the host-guest complexes with an increase in the
number of mn-electrons, we have plotted the zero-bias transmission spectra T(E,V) = 0 and
provided them in Figure 4.11c. All systems exhibit a clear resonance peak near the Fermi level
(Eg). Transmission spectra near the Fermi level (Er) are of particular interest because they
provide insight into the interaction between the energy of frontier molecular orbital and the
electronic state of the electrode surface, which ultimately determines the electron transmission
properties.l’”! Figure 4.11c shows that the resonating peak has a maximum value of 1.36Go for
the G7cH complex near the E, which corresponds to the maximum conductivity of the

complex.
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The preservation of the conductance order in all complexes is attributed to a substantial energy
gap in each case. During electron transportation, the transfer of electrons predominantly occurs
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO)."I Moreover, we also observed that at zero bias, the conductance of the host
is more than that of other host—guest complexes. However, the transmission probability at the
Fermi level (Er) is less pronounced with increasing the bias voltage (Figure B10 of Appendix-
B) and hence reduces the overall conductance of the host. We found that the presence of a guest
molecule significantly alters the conductance. The change in conductance depends on various
parameters, including the type of guest molecule, the number of n-electrons, the HOMO-
LUMO energy gap, and the interaction energy. Overall, this study showcases the approaches
to explore the supramolecular host—guest systems consisting of noncovalent n—m interaction

and intermolecular electron charge transport.

4.4. Conclusions

In this Chapter, we have examined the noncovalent interactions in the series of host—guest
complexes (GlcH to G7cH) formed between the hexacationic host (H®*) and polycyclic
aromatic hydrocarbon (PAH) guests (G1-G7) by employing different quantum chemical
methods. The ETS-NOCYV analysis of the complexes revealed that the dispersion interaction
part AE%SP_has a major contribution to the total interaction energy, AEFY_yocy-This result
indicates that mainly n—= interaction is involved between the host and guest in the complexes.
We found that perylene and naphthalene inclusion complexes G7cH and G1c<H show the
largest and smallest dispersion interaction values, respectively. In addition, the NCI isosurface
plots also confirmed the presence of n—r van der Waals interaction between the host and guest
in the complexes. The HOMOs of the complex are localized on the electron-rich PAH guests,
while the LUMOs exist on the pyridinium-conjugated triazine regions of the host. Among the
complexes, the HOMO-LUMO energy gap of G7cH, consisting of a perylene (G7) guest, is
the smallest. Interestingly, we observed that the HOMO-LUMO energy gap of complex G6cH
is relatively larger than G7cH, although both the guests in the complexes have the same
number of w-electrons. Furthermore, the molecular conductance of the empty host (H) and
host—guest complexes (GlcH to G7cH) was estimated using the nonequilibrium greens
function-density functional theory (NEGF-DFT). We have obtained that the conductance value
increases when the guest molecules are encapsulated inside the host cavity. The complex
G7cH, which has a 20 n-electron perylene guest, shows a maximum conductance value of

1.84 x 10°S. Nevertheless, our theoretical investigation suggests that the supramolecular host-
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guest based systems offer promising opportunities to explore intermolecular charge transport

between different aromatic groups.
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Chapter 5

Insight into the Nature of Interaction between the Molecular
Receptors based on Dimethylpropanediurea and Resorcinol

Derivatives

5.1. Introduction

Noncovalent interactions are integral part of various areas, including biological sciences,
construction of macromolecules, protein folding, material sciences, and supramolecular host-
guest chemistry.l81 Various types of these interactions are hydrogen bonding, n-n stacking,
cation-r, anion-m, etc.”"*4 The significance of these interactions is also explicitly seen in the
context of supramolecular host-guest interactions. Designing specific supramolecular receptors
and modulating them to accommodate particular guest molecules is considered one of the
formidable challenges within host-guest chemistry. Many receptors were reported, such as
crown ethers,*! cyclodextrins,*611 foldamers,[*8% calixarenes,?®* and cucurbiturils,?223
for binding varieties of guests. The molecular receptors based on glycouril were also reported
and showcasing there potential to form host-guest complexation with dihydroxyaromatics
molecules. Gosecki et al. both experimentally and theoretically demonstrated the two isomers
of glycouril molecular receptors, which have the side walls of N-(4-methoxyphenyl)
isonicotinamide. ?41 One of the isomers can bind the resorcinol molecule through an inner
mechanism, while the other isomer receptor has the potential to accommodate two resorcinol
molecules. Furthermore, a series of macrocyclic receptors based on propanediurea as the
fundamental building block were also reported.?>281 Inside the cavity of such a receptor, the
neutral dihydroxy benzene molecule can be accommodated via the formation of noncovalent
hydrogen bonding and =-m interaction. Jansen et al. synthesized a series of molecular clip
receptors utilizing 2,4,6,8-tetraazabicyclo[3.3.1]nonane-3,7-dione  (propanediurea) as
foundation.?”] These receptors feature a cavity generated from the side walls of two parallel

aromatic rings on the top of a bis-urea framework. Notably, these receptors exhibited U-shaped
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molecular geometry and possess the ability to bind the flat dihydroxy benzene and its
derivatives molecules. Moreover, the complex formation occurs through n-n and hydrogen
bonding interactions. Among the different synthesized receptors, the molecular receptor (A)
displayed in Figure 5.1 showed an exceptionally high binding constant (Ka) value when it binds
with dihydroxybenzene derivatives. This receptor’s affinity for dihydroxy aromatic molecules
makes them significant in designing the motifs for dihydroxy aromatic molecule removal
systems. Therefore, such molecular receptors serve as containers for accommodating the
dihydroxy aromatic molecules through hydrogen bonding and other weak interactions.

Resorcinol is significant in diverse areas such as medicinal applications, agrichemicals, clinical
trials, and electronic devices.[?®321 However, the health hazards and environmental pollution
associated with dihydroxy aromatic molecules, particularly resorcinol, are also widely
known.31 According to the World Health Organization (WHO), resorcinol is also one of the
compounds responsible for erythrocyte changes, thyroid dysfunction, and central nervous

system disturbances.**

R
OMe O OMe
L 107~
NTN R
OMe O OMe
HO OH
(a) (b)

R= H, Me, OMe, NHa.F, CI, NOo,NMe,,CF;, CN, CHO

Figure 5.1. Molecular structures of propanediurea-based host (A) and guest molecules
(G1-G11).

Lande et al. employed density functional theory (DFT) and other quantum topological analyses
to study the noncovalent interactions in inclusion complexes between resorcinol and calix [4]
pyridine or azacalix[4] pyridine.®®! Their finding demonstrated that the substitution of
heteroatom (-NH-) in place of -CH>- unit at the bridging point of calix [4] pyridine changes the
geometrical shape of the cavity from box-shaped to funnel one. Further, they observed that

intermolecular hydrogen bonding, n-n, and other weak interactions are mainly present in the
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complexes. Reek et al. reported experimental and molecular modelling using the semi-
empirical method AM1 to obtain the interaction energies between the diphenylglycoluril
molecular receptors and dihydroxy benzene molecules.®®! Hunter and Sanders studied the
substituent effect in the n-m stacking interactions through the electrostatic model.-3%1 Cozzi

and Siege also proposed the polar/r model to explain the -r stacking interactions.[*0-44]

Theoretical investigations have effectively demonstrated the comprehensive understanding and
interpretation of noncovalent interactions, yielding results that complement experimental
findings. However, the exploration aspects within the host-guest complexes utilizing
propanediurea-based receptor host (A) and various dihydroxybenzene derivative guests (G1-
G11) are relatively limited. Seizing this opportunity, we employed the density functional theory
(DFT),™! local energy decomposition (LED),*®! quantum theory of atoms in molecules
(QTAIM),#"48l and noncovalent interaction (NCI1)*?1 methods to explore the deeper insights
into the underlying noncovalent interactions within the host-guest complexes. Moreover, the
study considers electron-donating groups (—EDG) such as —CH3, —OCHz, —NH>, —NMe; and
electron-withdrawing groups (—EWG) such as —F, —Cl, —NO,, —CF3, —CN, —CHO
substituted to the parent resorcinol molecule are presented in Figure 5.1. This finding
illuminates how the -EDG and —EWG substituents affect the strength of the host-guest
interactions and their impact on the intermolecular n-w and hydrogen bonding interactions. The
Computational Details used in this study are discussed in the following sections. Results and

Discussion are provided thereafter. A Summary of the salient results concludes this Chapter.

5.2. Computational Details

The geometry optimization and frequencies calculation of the host, guest, and host-guest
complexes (A: G1 to A: G11) (Figure 5.1) were performed using the B3LYPPY functional
incorporating Grimme’s dispersion correction with the Becke-Johnson damping scheme
(D3BJ).552 The def2-TZ VP basis set was utilized in this investigation. The interaction energy,
AE;,;, of the host-guest complexes was estimated by implementing the supermolecular

approach
AEin = Eg¢ —E4 — Eg (5.1)

Where E4;, E4, and E; represent the optimized electronic energies of the complexes, host, and
guest, respectively, and the calculations were executed using the Gaussian 16 software

packages.!
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To probe the nature of host-guest interactions within complexes, the local energy
decomposition (LED)M8! analysis was performed by utilizing the domain-based local pair
natural orbital coupled cluster method with single, double, and perturbative triple excitations
[DLPNO-CCSD(T)] level of theory in conjunction with the correlation-consistent basis set cc-
pVTZ.[5+%6] Earlier studies also illustrated the use of correlation-consistent basis sets and
performed the LED analysis to explain the dispersion interaction.51 Under the LED
approach,“®l the dissociation energy, AE, of the complex consisting of two molecular

fragments, X and Y, can be expressed as,

XY XY XY
AE = AEgeo—prep + DEei_prep + ESiae + Eery + Eaisp + ES ) (5.2)
where AEg.,_,rep denotes the geometric preparation energy, AE,;_,, accounts for the

E(X’Y)

electronic preparation energy, E, .,

represents the electrostatic interaction resulting from the

distorted electron density distributions of the fragments, Eéﬁ;’;l) represents the exchange

interaction energy, which describes the stabilizing component of the interactions, Ey;), is the
dispersion interaction energy, and Eé{é% represents the charge transfer components. The

calculation for the LED analysis was performed using the ORCA software. [8:5
To understand the noncovalent interaction in complexes, we employed the quantum theory of
atoms in molecules (QTAIM) 47481 and noncovalent interaction (NCI) “91 analyses using the

Multiwfn program package.[®!

5.3. Results and Discussion

5.3.1. Geometrical Features of the Host and Host-Guest Complexes

The molecular geometry optimization of the host (A) was performed at the B3LYP-D3BJ/def2-
TZVP level of theory and the optimized structure is displayed in Figure 5.2. We found that the
distance between the centers of the two benzene rings on the side walls of the host, configured
in U-shaped arrangements, has been determined to be 5.1 A. Comparing our calculated
separation distance with the reported X-ray crystal structure distance of 6.4 A, "1 we found that
our calculated distance is shorter. However, upon encapsulation of guest inside the host cavity,
the distance separation between the two benzene rings was increased and approximately found
to be 6.0 A in all the complexes. Meanwhile, we noticed the calculated distance between the

guest and the benzene ring of the host in all the complexes is approximately 3.0 A.
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Figure 5.2. Optimized molecular geometry of the host (A) calculated at the B3LYP-
D3BJ/def2-TZVP level of theory and (a) and (b) represent the front and side views. The

distance between the center of two benzene rings of the empty host is 5.18 A.
5.3.2. Interaction Energies of Host-Guest Complexes

The interaction energy, AE;,;, was computed using the supermolecular approach (Eg. 5.1), as
described in the computational details section, to estimate the strength of the interaction
between the host and guest in complexes. In this method, AE;,,; is energy difference between
the host-guest complex and the sum of host and guest. The AE;,; value obtained using the
B3LYP-D3BJ/def2-TZVP level of theory is presented in Table 5.1.

In Table 5.1, the Set | complex exhibits the interaction energy, AE;,:, whose value ranges from
—35.18 kcal mol™ to —42.73 kcal mol, excluding the parent complex A: G1. Within the host-
guest complexes of Set I, the lowest interaction energy is observed in the parent complex
A: G1. The electron-donating groups substituted resorcinol guest binding to the host, increasing
the interaction energy, AE;,;. These variation in the AE;,,; values can be noticed in complexes
A: G2(—CHzs), A: G3(—0CHzs), A: G4(—NH2), and A: G5(—NMez) of Set I. Similarly, the
interaction energy, AE;,;, Vvalue increases for the complexes A: G6(-F), A: G7(—Cl),
A: G8(—NO2), A: G9(—CFs3), A: G10(-CN), and A: G11(—CHO) when the electron-

withdrawing group substituted guest embedded inside the cavity of host A.
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Table 5.1. Interaction energy AE;,, (kcal mol™) of the host-guest complexes calculated at the
B3LYP-D3BJ/def2-TZVP level of theory.

Complex -R AE;,; [R=4-position] Set | | AE;,; [R=5-position] Set II
A: Gl —H -35.05 -35.05
A: G2 —CHs -35.18 -34.90
A:G3 —0OCHs -40.67 -34.97
A: G4 —NH:2 -37.68 -34.21
A: G5 —NMe2 -39.86 -34.29
A: G6 —F -40.98 -36.15
A: G7 —ClI -39.16 -36.87
A: G8 —NO2 -42.73 -39.17
A: G9 —CF3 -38.59 -37.90
A: G10 —CN -37.52 -38.53
A:Gl1 —CHO -36.27 -37.58

In Set 1l of Table 5.1, the interaction energy, AE;,;, values for the host-guest complexes range
from —34.21 to —39.17 kcal mol™. Notably, within this set, we observed no significant variation
in AE;,; values among the complexes A: G2(—CHzs), A: G3(—OCHz3), A: G4(—NH>), and
A: G5(—NMey). Furthermore, no significant differences were observed in the AE;,; values
when compared with the parent complex A: G1. On the other hand, the AE;,; values were
found to be larger for the complexes A: G6(—F), A: G7(—Cl), A: G8(—NO>), A: G9(—CF3),
A: G10(—CN), and A: G11(—CHO) when compared to the parent complex A: G1. These
results suggest that the strength of interaction energy between the host and guest is diminished
when the guest features substituted electron-donating groups enclosed within the host’s cavity.
Conversely, the strength of the interaction energy increases when the guest molecules are

substituted with the electron-withdrawing groups. Further, these outcomes indicate that the
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strength of the interaction energy between the host and guest is weaker when the electron-

donating group is substituted at the 5-position of the resorcinol guest.
5.3.3. DLPNO-CCSD(T)-LED Analysis of Host-Guest complexes

The local energy decomposition (LED) analysis offers to decompose the energy of the
DLPNO-CCSD(T) method into distinct and physically meaningful components. These
components are geometric and electronic preparation, electrostatic interactions, interfragment
exchange, dynamic charge polarization, and London dispersion contributions. Herein, we
performed the LED analysis of all the host-guest complexes A: G1 to A: G11 and the results
are tabulated in Table 5.2. The dispersion interaction energy E;, in all the complexes of Set
| was found in the range of —10.76 to —11.77 kcal mol™? (Table 5.2). In Set I, we observed no
substantial differences in the Eg;, contributions. On the other hand, we noticed that the
contribution of the electrostatic interaction energy E,;; term for the complexes in Set | is
comparatively higher than in Set I. The complex A: G8(—NO>) shows the highest electrostatic
interaction energy E,;s; term, which is also similarly observed in Set Il. The exchange energy

E,.cr contribution ranges from —27.79 to —30.36 kcal mol™.

The dispersion interaction energy, Eg;s,, between the host and guest in the complexes of Set 11

is in the range of —10.60 kcal mol™ to —11.64 kcal mol™. Among the various complexes of Set
I, we observed that complex A: G4 (—NHz) shows the highest contribution of dispersion
interaction energy of —11.64 kcal mol™*. We have noticed that the variations in the dispersion

energy term are relatively small across the different complexes.

Further, we observed that the electrostatic interaction energy E,;s; is significantly significant
in all the complexes. The complex A: G8(—NOz2) shows the highest E,;s; contribution, with a
value of —138.14 kcal mol?, followed by complex A: G10(—CN), which has an E,;, value of
—136.30 kcal mol™t. These results revealed that when the electron-withdrawing groups are
substituted on the guest resorcinol of the parent complex A: G1, the contribution of E,;
increases, which can be seen in complexes A: G6(—F) to A: G11(—CHO) (Table 5.2). On the
other hand, there are no significant differences in the exchange energy E.,., in all the

complexes of Set Il.

Comparing the complex A: G8(—NO3) of Set | with Set Il, we observed that the electrostatic
intermolecular interaction term between the host and guest in Set | is significantly larger than

that of Set Il. These results suggest that the electron-withdrawing group —NO- introduced at
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the 4-position of the resorcinol guest is more considerable in the electrostatic interaction with
the host compared to the 5-position.

Table 5.2. Dispersion energy (Eg;sp), electrostatic (E,s.), and exchange (E.,c,) interactions

(kcal mol™?) contribution of the host-guest complexes obtained from the DLPNO-CCSD(T)-

LED computation.
Complex Set I [R = 4-position] Set Il [R = 5-position]

Eaisp Eeist Eexch Eqisp Eeist Eexch
A: Gl -11.13 -126.30 -27.79 -11.13 -126.30 -27.79
A: G2(—CHs) -10.91 -13861 | -2873 | -11.26 | -126.24 -28.00
A: G3(—O0CHy) -10.94 -131.76 -29.14 -10.74 -127.21 -28.15
A: G4(—NHy) -11.22 -129.71 -28.99 -11.64 -125.39 -28.00
A: G5(—NMe») -11.77 -130.61 -29.67 -11.58 -125.68 -28.29
A: G6(—F) -10.76 -133.35 -28.72 -11.46 -130.40 -28.13
A: G7(—Cl) -11.38 -138.32 -29.70 -11.53 -132.38 -28.47
A: G8(—NO2) -11.69 -150.71 | -30.94 -10.69 | -138.14 -28.84
A: G9(—CF3) -10.91 -138.61 -28.73 -11.20 -134.75 -28.66
A: G10(—CN) -11.59 -145.88 -30.36 -10.75 -136.30 -28.66
A: G11(—CHO) -11.09 -138.84 -29.42 -10.60 -133.12 -28.46

5.3.4. NCI Analysis of Host-Guest Complexes

The noncovalent (NCI) interaction analysis proposed by Yang and co-workerst*®l was
employed to identify the noncovalent interactions between the host and guest in complexes A:
G1to A: G11. The interaction is characterized based on the reduced density gradient (RDG),

and the expression of RDG is written as,

1 Vol

RDG =S= 2(37-[2)1/3 p4—/3

(5.3)
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where Vp represents the gradient of electron density p. The product sign(A,)p represents the
color code, i.e., the different bonding interactions (attractive or repulsive). The 4, is the second
eigenvalue of the Laplacian (V2p = A;+ 1,+13). The values 1,<0, 1,=0, and 1,> 0 denote
favorable, van der Waals, and unfavorable interactions, respectively. The NCI-RDG isosurface
plots of complex A: G8(—NO.), which has the highest host-guest interaction energy value in
both Set | and Set Il, is displayed in Figure 5.3, while the remaining complexes are presented
in Figure C1 and Figure C2 of Appendix-C. Figure 5.3a and Figure 5.3b show that the existence
of m-m interaction is represented by the green color region between the aromatic benzene ring
of the host (A) and guest. Additionally, the presence of a blue circular region denotes the
formation of hydrogen bonding (O—H:--O) between the oxygen atom of the carbonyl groups
of the host A and the hydroxy groups of the guest. The smaller red color region present inside
the ring represents the steric repulsion. The RDG scatter plots of the complex A: G8(—NOy)
are presented on the right side of Figure 5.3, and the remaining complexes are presented in
Figure C3 and Figure C4 of Appendix-C. Blue and green color spikes regions of the RDG plots
represent the hydrogen bonding and weak interactions such as van der Waals, respectively. The

red spike region of the RDG plots indicates the steric repulsion.

7
sign(Z)p (a.u.)

Figure 5.3. RDG isosurface (left) and scatter (right) maps of complex A: G8 (—NO>) depicting
the noncovalent interactions regions. (a) and (b) represent the complex A: G8 (—NO3) of Sets

I and 11, respectively.
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5.3.5. QTAIM Analysis of Host-Guest Complexes

(0-+H—0) 0.0358 F (0-+H—0) 0.0387

(C--C) 0.0074 ‘ 0.0074 (C--C) (C--C) 0.0066 0.0066 (CC)

0.0066 (C--C)

70U v0.0358 (0-+H—0) AL 0.0387 (0-H—0)
(@)

Figure 5.4. Electron density p [au] at the bond critical points (bcps) of the intermolecular

interaction paths between the host and guest in complexes (a) A: G1 and (b) A: G8 of Set II.

In order to delve deeper into the atom-atom interaction between the host and guest for the
complexes A: G1to A: G11, the quantum theory of atoms in molecules (QTAIM) analysis was
performed. Based on the electron density (p) and other topological parameters such as
Lagrangian kinetic energy (G), potential energy density (1), and energy density (H) at the bond
critical points (bcps), the nature of intermolecular interactions can be classified. From this
analysis, we observed the stronger interaction is hydrogen bonding (O---H—O) form between
the oxygen atom of the carbonyl group of the host and the hydroxyl groups of the guest
molecule. Besides this hydrogen bonding, there is the existence of C-:--C interaction between
the guest molecule and host, which represents the existence of n-n interaction. The electron
density (p) values at the bcps on the intermolecular interaction path of complexes A: G1 and
A: G8 of Set Il are displayed in Figure 5.4. Complexes A: G1 and A: G8 of Set Il have the
same number of bcps. We have noticed that the electron density (p) values at bcps of the
hydrogen bonding interaction (O---H—O) path of complex A: G8 is comparatively larger than
the parent hydrogen bonding interaction of complex A: G1. This result indicates the hydrogen
bonding O---H—O present in the complex A: G8 is stronger than the complex A: G1.

Consequently, incorporating an electron-withdrawing group onto the resorcinol guest molecule
increased the strength of the hydrogen bonding interaction. However, there are no significant
changes in the electron density values at the bcps of the C---C interaction path in both
complexes. In addition, we also observed other weak intermolecular interactions, including

C—H:---mand C—H---O. Similarly, the increase in the electron density values at the bcps of the
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hydrogen bonding O---H—O is observed when the resorcinol guest molecule is substituted with
other electron-withdrawing groups such as —F, —Cl, —CFs, —CHO, and —CN. However, the
impact of the changes on the electron density values at the bcps is less significant when the
electron donating groups (—CHs, —NMez, —NH»2, —OCHj3) are substituted. Similar effect was
also observed for the complexes of Set I.

5.3.6. HOMO-LUMO Analysis of Host-Guest Complexes

‘M’ w 3&’ % 3,,3 ?zs,% ‘M’ g <l Q,

R
a‘ 5 -
LUMO
HOMO
o0 ] ° 8
@ B Q v v ,
oo o%) @ §i®y:5 9,090 "a a"ﬁ W ¥
g "’ ssJ P,‘igj ;;: ,' X *‘,!zs;’: ‘o5
A:G1  A:G2  A:G3  A:G4 A:G5 A:G6  A:G7 A:G8 A:G9 A:G10  A:G11

Figure 5.5. Frontier molecular orbitals of host-guest complexes A: G1 to A: G11 of Set Il
obtained at the B3LYP-D3BJ/def2-TZVP level of theory.

The frontier molecular orbitals, HOMOs (highest occupied molecular orbitals) and LUMOs
(lowest unoccupied molecular orbitals), of the host-guest complexes of Set Il were obtained at
the B3LYP-D3BJ/def2-TZVP level of theory. The HOMOs and LUMOs of host-guest
complexes of Set Il are displayed in Figure 5.5, and the similar orbital localized were also
observed in complexes of Set I. From Figure 5.5, we observed that the LUMOs of complexes
A: G1 to A: G7 localized on the host molecule while the HOMO resides on both molecular
surfaces of host and guest molecules except for complex A: G4, which is localized on the guest.
On the other hand, the LUMOs of complexes A: G8 to A: G11 are distributed over the
molecular surface of the guest, and also the location of the HOMOs remains on the host and
guest.

5.4. Conclusions

In this Chapter, we have examined the noncovalent interactions, which primarily focus on
hydrogen bonding and n-7 interaction within the 1:1 complex formed by propanediurea-based

molecular clip host and resorcinol guest, along with its derivatives molecules. We found that
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electron-withdrawing groups such as —NO; and —CN substituted guest molecules strongly
bind to the host. The impact on the interaction energy changes is less when the electron
donating groups (—CHs, —NMe,, —NH2, —OMe) are substituted to the resorcinol molecule.
The local energy decomposition (LED) analysis of the complexes shows that the electrostatic
interaction energy between the host and guest is significant when the electron-withdrawing
group moieties are present on the guest. However, the dispersion interaction energy
contribution has no significant changes when the parent resorcinol guest molecule is modulated
with the electron-withdrawing and donating groups. In future, we hope this work will stimulate
the research community to design different cavity-size supramolecular receptors for binding

varieties of guest molecules.
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Chapter 6

Investigation of the Noncovalent Interactions of the Histidine
Functionalized Perylene diimide (PDI) with Amyloid-g (Ap)

Fibrils Protein

6.1. Introduction

One of the main pathological hallmarks of Alzheimer’s disease (AD) is the accumulation of
the amyloid-B proteins peptides (AP).I**I These APs are derived from the Ap precursor protein
(APP) through an enzymatic cleavage process and are released into the extracellular
environment.’® The neurotoxicity characteristics of the AP, as well as the aggregation
properties of both the AP forms (AB40 and AB42), play a significant role in deteriorating the
memory function of the AD’s patient.['-*? Regulating the production of Ap and their toxicity,
inhibition of the AP peptides aggregations using the compounds including small
molecules,**4 natural products,™>161 peptides,*"*°! and metal chelating agents?®-??! are the
active research fields of AD. However, several drug molecules targeting the AP have

encountered various obstacles.

Earlier studies reported that monomeric state of A is nontoxic,?324 but, upon self-aggregation
generated various forms such as oligomers, fibrils, and mature fibrils, which significantly
escalate the toxicity.?>?%1 Since identifying AP as an important target for AD, various
molecules, including natural products such as alkaloids, terpenoids, polyphenols, etc., have
been studied to develop drugs for AD.!*581 |n vitro studies found that curcumin compound and
its derivatives inhibit and destabilize the Ap fibril formation.?”] Flavonoid compounds such as
quercetin and rutin exhibited the inhibition of AP fibril formation and disaggregated Af
fibril.?81 In vitro studies demonstrated that the bioactive compound 7-methyl gallic acid
extracted from the Terminalia chebula and Terminalia arjuna plants effectively inhibits and
disaggregates the AP fibril.[?®] Compounds such as melatonin and serotonin exhibited

neuroprotective properties and can inhibit and destabilize the Ap fibril.30-32]
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Perylenediimide (PDI) compounds are extensively explored in the domain of organic
fluorescent materials due to their properties such as strong absorption in the visible region, high
fluorescent quantum yields, optoelectronic properties, and potential to co-assembly with other
supramolecular compounds.3-%] Due to the significant - interactions between the perylene
cores of the PDI and its derivates, they exhibit a high tendency to aggregate themselves.*":3
Different PDI derivative compounds were reported by introducing the substituents on the side
or end chain of the PDI. Such modified PDI derivatives have been widely used in various fields,
including  photocatalysis,°1  optical ~sensing,*? light-emitting  diodes,*  organic
electronics/semiconductors, etc.*243 Besides the above applications, PDI derivatives are also
used in biochemical research. Barooah et al. reported the phenylalanine-derivatized
perylenediimide (L-Phe-PDI) and studied the interaction with a model protein and insulin.®4!
Bioimaging investigation for the interaction of L-Phe-PDI with AB-mutant Drosophila fly
exhibited that L-Phe-PDI can cross over the blood-brain/blood-retina barrier with no toxicity.
In addition, they also observed that this compound shows disintegration of the AP fibril
aggregates.[*l lyer and coworkers reported the histidine (HIS) functionalized perylenediimide
(PDI-HIS) material which is biocompatible.[**! Moreover, the thioflavin T(ThT) assay, along
with the spectroscopic and microscopic investigation, demonstrates that PDI-HIS molecule co-
assembly with AB40 and amyloid aggregates in cerebrospinal fluid (CSF), leading to the

formation of hybrid micro-rod structures.[*)

1\ o 0o o

Figure 6.1. Molecular structure of histidine (HIS) functionalized perylenediimide (PDI-HIS).

Several computational molecular dynamics (MD) simulation studies have been documented
about the atomic-scale mechanisms of molecules binding with AP fibrils. A combination of in
vitro and MD simulation studies reported that the naturally occurring compounds Brazilin and
hematoxylin extracted from the sappan wood show the effect of altering the A monomer and
mature fibrils.[*647] Lemkul et al. highlighted the alteration of AP fibril by the bioflavonoid
compound Morin.[“®1 This compound entered the hydrophobic core region of the Ap fibril and

alters the salt bridge between Asp23 and Lsy28. Tianhan Kai et al. demonstrated the natural
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product compound Tabersonine can interact with the aromatic and hydrophobic residues of 3-
sheet grooves of the AP fibrils and inhibit the aggregations.*1 MD simulation studies
demonstrated that the natural product compound dihydrochalcone extracted from pepper can
potentially disrupt the AP fibrils.!

Moreover, the compound epigallocatechin-3-gallate was also reported as a B-sheet breaker and
inhibits the aggregations.®] Gupta et al. investigated the effect of the four phenolic
compounds, namely caffeic acid, epigallocatechin, gallic acid, and ellagic acid, on the AB
fibrils using molecular docking and molecular dynamics simulations.® In their investigation,
the compound ellagic acid was the best binder to the A fibril and destabilized the A fibril.
Agrawal et al. studied the molecular dynamics (MD) simulations for the interaction of 12-
crown-4 molecule with AB1-40 fibrils.>¥] They found that the 12-crown-4 entered into the
hydrophobic region of the AP fibril and interacted with the hydrophobic residues of the fibrils.
This process results in the breaking of intersheet hydrophobic interactions and the opening of
the U-shaped topology of the AP fibrils.5
B-sheet region-1

Residues (11-19) Connecting segment
Residues (20-30)

N-terminal disordered region - 2/ /’-—*--\__/
Residues (1-10) B-sheet region-2
Residues (31-38)
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Figure 6.2. Illustration of single trimer AB1-40 (AB40) fibril structure consisting of B-sheet
region-1, B-sheet region-2, N-terminal disordered region, and connecting segment. The below

box shows the residues 1 to 40 present in the single chain of AB40 fibrils.

In this chapter, we have explored the modulating or disrupting effect of PDI-HIS on the AP
fibril by implementing molecular docking and molecular dynamics (MD) simulations studies.

Under physiological conditions the two nitrogen atoms present in the imidazole ring of the
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histidine (HIS) have possibility to exhibited three protonation states 6 (N-H) or &€ (N-H) or
combination of both.®*! At this moment, we consider & and ¢ states of histidine present in PDI-
HIS. The detail studied of & form of PDI-HIS (Figure 6.1) are presented in this Chapter while
the € form are presented in the Appendix-D. Moreover, the noncovalent interactions between
the PDI-HIS and A fibril were also examined. We considered the single trimer AB40 fibril
unit, as presented in Figure 6.2 for our study, which is obtained from the three trimeric units of
the AP fibril (PDB: 2M4]).5% This AB40 structure comprises an N-terminal disordered
segment encompassing residues 1-10, two B-sheets regions containing residues 11-19 and

residues 31-38, and a connecting segment. For the covinent

6.2. Computational Details

6.2.1. Electronic Structure Calculations

The molecular geometry optimization and vibrational frequency calculation of the histidine
functionalized perylenediimide (PDI-HIS) was performed using the Minnesota Functional
MO06-2X with def2-TZVP basis set.’®%"1 In this optimization, we considered the total charge of
the PDI-HIS to be -2, which arises due to the deprotonation of the two carboxylic acid groups
present in the PDI-HIS. The calculation was performed in the Gaussian 16 software

package. !
6.2.2 Molecular Docking Analysis

Molecular docking calculations were performed using the Autodock Suite 4.2.15% petween the
optimized molecule PDI-HIS and amyloid-3 protein (AB40) to generate the different protein-
ligand docked poses. All the required input files, such as PDBQT for molecular docking, were
obtained using the AutoDockTools. The three-dimensional molecular structure of AB40 fibril
(PDB: 2M4J) was obtained from the protein data bank (PDB) and considered a receptor protein
in our investigation. The AB40 fibril used in this study is the single trimer unit (Figure 6.2),
extracted from the experimental reported three trimeric units and arranged in three-fold
symmetry. The preparation for docking includes adding Gasteiger charges into the ligand and
considering polar hydrogen atoms to both the protein and ligand since the specific binding site
of AB40 fibril is not known. Therefore, we performed the blind docking, considering the entire
protein surface. In this process of docking, the protein AB40 fibril was treated as a rigid entity,
while the molecule PDI-HIS was regarded as a flexible system. The grid box size measuring

126 x126x 68 A2 around the AB40 fibril protein was employed, with a grid default spacing of
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0.375 A. The Lamarckian genetic algorithm (GA) was implemented to search the

conformation. %

Further, in our molecular docking calculations, the following parameters were considered: GA
population size of 150, maximum energy evaluation of 2500000, maximum number generation
of 27000, and rate of gene mutation and crossover are 0.02 and 0.08, respectively. The ten
docked poses were generated, and visualization was done using the visual molecular dynamics
(VMD) 1.9.3 software package.[®"]

6.2.3. Molecular Dynamics Simulations Studies

The selected docked complexes of PDI-HIS-AB40 obtained from the molecular docking
calculations were subjected to perform the MD simulations using the GROMACS software.[%?]
The restrained electrostatic potential (RESP) approach was implemented to obtain the atomic
charges of the PDI-HIS, and calculation was performed at the M06-2X/def2-TZVP level of
theory using the Gaussian and Multiwfn software packages.[®¥! Using the Sobtop package, 64
the general Amber force field (GAFF)®® parameters for the PDI-HIS were generated. For the
APB40 protein and ions, we employed the Amber99sb-ildnp.ff force field.[*®! The protein-ligand
complex was solvated in the cubic box size of 9.5 x 9.5 x 9.5 nm? with the single-point charge
(SPC) water model.[®” Proper numbers of eleven Na* ions were added to maintain the system’s
neutrality. Subsequently, the energy minimization was conducted using the steepest descent
minimization algorithm with 5000 steps. The complexes were equilibrated for 100 ps under the
canonical NV T ensemble, followed by 100 ps and isobaric-isothermic NPT ensemble.[86% The
temperature and pressure used in the study are 310 K and 1 atm pressure, respectively. The
hydrogen bond of the AB40 and PDI-HIS was constructed using the LINCS algorithm.["™ The
long-range electrostatic interactions were determined using the Particle Mesh Ewald (PME)

method with a cut-off value of 1.2 nm.["1]

Moreover, the van der Waals interaction was estimated with a cut-off value of 1.2 nm.
Subsequently, the equilibrated system was subjected to a production MD for 400 ns for each
docked pose. The MD trajectories were visualized using the VMD package.5] Without PDI-
HIS molecule, MD simulations were performed to check stability and the changes on the
geometrical structure of the AB40 fibrils (nine Na* ions were added to maintain neutrality) and

their U-shaped feature. The simulation was conducted for 400 ns.
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6.2.4. Analysis of MD Trajectories

The generated MD trajectories were used for extracting several parameters through the tools
available in the GROMACS software.[52] The structural stability of the AB40-PDI-HIS system
was estimated by calculating the Ca-RMSD (Root Mean Square Deviation) using the g_rms
tool. The g_hbond tool was employed to estimate the quantity of hydrogen bonds within the
AP40 fibril, both with or without PDI-HIS. The solvent-accessible surface area (SASA) of the
AP40 fibril with and without PDI-HIS systems was obtained through g_sasa module. In this
analysis, the SASA value will be computed across the protein chain surface of the AB40, which
provides information about the structural changes of the protein. Further, we assessed the
secondary structural content of the Ap40 fibril, and the analysis was conducted by utilizing the

dictionary of the secondary structure of proteins (DSSP) tool.
6.2.5 Binding Free Energy Analysis by MM/PB(GB)SA

In order to estimate the interaction of AB40 with PDI-HIS, the binding free energy analysis
was conducted by employing the most popular method known as Molecular
Mechanics/Poisson-Boltzmann (Generalized-Born) Surface Area [MM/PB(GB)SA].l'>78 In
MM/PB(GB)SA method, the binding free energy of the complex system can be obtained as

AGbinding = AEMM + AGpolar + AGnon—polar —TAS (61)

In Eq. 6.1, AEy, denotes the molecular mechanics energy contribution in a vacuum
environment. The components AG,q, and AGyon—po1ar account for the polar and non-polar
contribution to the solvation energy. The polar contribution AG,,,, Can be estimated by
Poisson-Boltzmann (PB) or GB (Generalized-Born) methods. Meanwhile, AGyon—poiar
contribution to the binding energy is estimated through the solvent-accessible surface area
(SASA). We have neglected “TAS” term since estimating the entropy component is
computationally expensive. The gmx_MMPBSA tool,[’®] in cooperation with the GROMACS
package, calculates binding free energy. In binding free energy calculations, we considered the

last 20 ns trajectory employing a time interval of 100 ps to reduce the computational cost.

6.3. Results and Discussion
6.3.1. Molecular Docking of Ap40 Fibril with PDI-HIS

The Computational Details section explains the molecular docking procedure of AB40 with

PDI-HIS. The generated ten docked poses are displayed in Figure 6.2. The binding energies of
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the ten docked poses obtained through molecular docking range from —7.97 kcal mol™ to —5.62
kcal mol™* (P1 to P10). The amino acid residues of AB40 fibrils participated in the interaction
with PDI-HIS for the docked poses (P1 to P10) are presented in Table 6.1. Among the docked
poses, P1 exhibited the highest binding energy value in magnitude, while P10 displayed the
lowest. The more negative value signifies that PDI-HIS strongly binds to the AB40 fibrils.
Docked poses P1, P2, and P3 exhibited similar binding regions of the PDI-HIS molecule
(Figure 6.2). Some of the common residues of AB40 involved in the interactions for these three
docked poses are namely Lys16 and Val18 of chain A; Lys16, Leul7, and Val18 of chain B;
Lys16, Leul?7, and Vall8 of chain C. In the case of docked poses P4 and P6, the common
residues that participated in the interactions with PDI-HIS are Val12, His13, and His14 of chain
A; Vall2, His13, and His14 of chain B; Val12, His13, and His14 of chain C. On the other hand,
in docked pose P5 the involved residues are Lys16, Leul7, Val18, Phel9, Phe20, Ala21, Gly29,
Ala30, 1le31, 1le32, and Leu34 of chain C. Moreover, in docked pose P7, PDI-HIS interacts
with residues Vall12, His14, and Lys16 of chain A and Lys16 of chain C. In docked pose P8,
residues Hisl14, GInl15, Lys16, Leul7, Phenl19, and Leu34 of chain C are exhibited in the
interaction with the PDI-HIS molecule. The docked pose P8 consists of residues Val12, His13,
and His14 of chain A; Val12, His13, His14, and Lys16 of chain B; Lys16 of chain C. Finally,
the residues Phe20, Lys28, lle3l, 1le32, Gly33, and Leu34 of chain C of AB40 exhibited

interaction with PDI-HIS molecule in P10.
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Figure 6.3. Docked poses P1 to P10 obtained from the molecular docking of PDI-HIS with
AP40 fibril,
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Table 6.1. Generated docked poses (P1 to P10) with their binding energy (AG) (in kcal mol™)

and residues involved in the interactions.

Docked Pose | Binding Energy, AG | Residues involved

P1 —7.97 A (Lys16, Leul?, Val18); B (Lys16, Leul7, Vall8)
; C (Lys16, Leul7, Vall8)

P2 —7.69 A (Lys16, Leul?, Val18); B (Lys16, Leul7, Vall8)
; C (Lys16, Leul7, Vall8)

P3 —7.21 A (Lysl6, Vali8); B (Lys16, Leul?7, Vali8);
C (Lys16, Leul?, Vall8)

P4 —6.41 A (Val12, His13, His14); B (Vall2, His13, His14);
C (Vall2, His13, His14)

P5 —6.27 C (Lysl6, Leul7, Vall8, Phel9, Phe20, Ala21,
Gly29, Ala30, lle31, 1le32, Leu34)

P6 —6.19 A (Vall2, His13, His14); B (Vall12, His13, His14);
C (Val12, His13, His14)

P7 —6.14 A (Vall2, Hisl4, Lys16); B (Lys16)
P8 .62 C (His14, GIn15, Lys16, Leul7, Phenl9, Leu34)
P9 —5.49 A (Vall2, His13, His14); B (Val12, His13, Hisl4,

Lys16); C (Lys16)

P10 —5.37 C (Phe20, Lys28, 1le31, le32, Gly33, Leu34)

6.3.2. Molecular Dynamics Simulations Studies of PDI-HIS with Ap40 Fibril

The AP40-PDI-HIS docked poses obtained from the molecular docking studies were
considered for performing the MD simulations. The binding pattern of the PDI-HIS on the
region of AB40 fibril in docked poses (P1, P2, P3, P4, and P6) were similar (Figure 6.3). At the
same time, we also noticed that the docked poses P5, P8, and P10 have similar PDI-HIS binding
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locations on the AB40 fibril. Moreover, in docked poses P7 and P9, we observed identical
binding modes of PDI-HIS. Therefore, out of the ten generated docked poses, we have selected

three pocked poses, namely P1, P5, and P7, for performing the MD simulations.

In order to understand the conformational changes and stability of AB40 fibril, we performed
the MD simulations of 400 ns in the absence of PDI-HIS. Different snapshots of the AB40
structures collected at various times are presented in Figure 6.4. Subsequently, the MD
simulations of the docked pose P1, P5, and P7 were performed. The comparison plots of Ca-
RMSD of AB40 fibril with or without the PDI-HIS molecule are presented in Figure 6.5. In the
absence of PDI-HIS, the Ca-RMSD value of the AB40 showed a rise to approximately 1.2 nm
within the initial 1 ns simulation time. Afterward, the RMSD value decreased, fluctuated, and
remained stable during the simulation. This observation aligns with the MD simulation studies
of the AB40 reported by Agrawal et al.®®l. Therefore, these results revealed that the structure
of the AB40 fibril is stable in the water solvent environment. The MD simulations result of the
docked pose P1 showed that the Ca-RMSD of the AB40 in the PDI-HIS system is closely
similar to the Ca-RMSD of the AB40 without PDI-HIS system (Figure 6.5a). At the initial time
t = 0 ns, the PDI-HIS bound on B-sheet region-1 of AB40 fibril with the interaction of residues
Lys16, Leul7, and VVal18 of chains A, B, and C (Figure 6.6). After 100 ns, the PDI-HIS started
moving towards the cavity region of AB40 fibril. However, we could not observe the PDI-HIS
entered inside the cavity region of the AB40 under the considered simulation time of 400 ns.
Likewise, for the P5 docked pose, the Ca-RMSD (Figure 6.5b) of AB40 fibril showed a slightly
similar pattern as observed in the P1. During the simulation time of 400 ns, the PDI-HIS of P7
confined on the chain C near the cavity region of AB40 fibril (Figure 6.7). After 260 ns, the
structural disruption of the AB40 fibril due to the presence of PDI-HIS was slightly increased.
This observation correlates with the Ca-RMSD (Figure 6.5b) and AB40 fibril structural
changes (Figure 6.7).
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Figure 6.4. Some snapshots from the MD simulations representing the structures of the Ap40

fibril protein in water collected at different times.

Moreover, in the case of P7, the Ca-RMSD value of AB40 increases and reaches the maximum
value of approximately 1.4 nm at around 100 ns, as shown in Figure 6.5c. Afterward, the
RMSD decreased and fluctuated before maintaining the equilibrium throughout the simulation.
The structural disruption effect of PDI-HIS on the AB40 fibril is very significant in this case.
This effect can be observed from the structural changes of the AB40 fibril presented in Figure
6.8. Att =0 ns, the PDI-HIS bound on the B-sheet region-1 of the AB40 fibril with a maximum
number of residues interaction of chain A. Over time, some residues, the parts of the N-terminal
regions of chain A, started wrapping on the PDI-HIS (Figure 6.8) and slightly separated

between chains A and B.
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Figure 6.5. Ca-RMSD of AB1-40 fibril in the absence and presence of PDI-HIS; (a) Ca-RMSD
of AB40 fibril in docked pose P1; (b) Ca-RMSD of the AB40 fibril in docked pose P5; and (c)

Co-RMSD of the AB40 fibril in docked pose P7.
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Figure 6.6. Some snapshots from the MD simulations representing the structures of the AB40-

PDI-HIS of the P1 system collected at different times.
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Figure 6.7. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-HIS of the P5 systems collected at different times.

‘r\
4 ll ‘
j ~
t=50 ns 7
C\if \W xQ/ £‘\ §
g S
\
t=200 ns t=250 ns
,@J
‘fﬂif
t=300 ns t= 350 ns t=400 ns "~

Figure 6.8. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-HIS of the P7 system collected at different times.

6.3.3. Hydrogen Bonding Interactions

The crucial role played by the noncovalent interactions, such as hydrogen bonding, for the
stability of the protein is well known. Both theoreticall"! and experimentall® studies
highlighted the importance of the hydrogen bond network in enhancing the stability of the
APB40 fibril protein. Moreover, in AB40 fibril, the interpeptide hydrogen bonds influenced the
structural stability and aggregations. Therefore, evaluating the quantity of hydrogen bonds
present in the systems of AP40 with and without the PDI-HIS molecule is necessary. The
variation of overall intra and interpeptide hydrogen bonds present in AB40 with a simulation

time for the docked poses P1, P5, and P7 are illustrated in Figure 6.9. Throughout the 400 ns
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simulation period, we observed that the quantity of hydrogen bonds in the AB40 fibril of P1
and P5 was slightly diminished than that of the AB40 fibril system in water (Figure 6.9a and
Figure 6.9b). This result suggests that the destabilizing effect of PDI-HIS on the AB40 is less

significant in the case of P1 and P5.

Meanwhile, we found that the quantity of hydrogen bonds present in the AB40 of the P7 was
significantly lower than the AB40 in the water system, which can be seen in Figure 6.9c. This
result indicates that PDI-HIS destabilized the AB40. Furthermore, this reduction in the number
of hydrogen bonds can be correlated with the Ca-RMSD (Figure 6.5¢) and the structural
changes of AB40 in the presence of PDI-HIS (Figure 6.8). At time t = 150 ns (Figure 6.8), the
chain A region started separating away from chain B, resulting in increased interpeptide
distances, and these consequences yield lesser chances of forming inter-hydrogen bonding

between the chains.
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Figure 6.9. Number of hydrogen bonds of AB40 in water (black) and AB40-PDI-HIS of (a)
docked pose P1 (red), (b) docked pose P5 (blue), and (c) docked pose P7 (green).

6.3.4. Solvent Accessible Surface Area (SASA) Analysis

SASA value of AB40 fibril protein was calculated in water, P1, P5, and P7. This value provides
the water accessibility on the surface of protein. Moreover, it also suggested about the structural
looseness of the protein. As the value increases, the structure of the AB becomes more flexible
and relaxed. Figure 6.10 displays the variation of the SASA value of AB40 with time for the
systems water and docked poses P1, P5, and P7. From Figure 6.10a and Figure 6.10b, the
SASA value of AB40 in water is slightly lower than that of P1 and P5. This result shows that

the exposure of protein chains of the AB40 in water solution is much less.
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Furthermore, these results also indicate that the extent of structural disruption of AB40 fibril
by PDI-HIS in P1 and P5 systems is less significant. On the other hand, we observed that the
SASA value of AB40 fibril in P7 was comparatively larger than that of the values in the water
system, as shown in Figure 6.10c. This major difference in the SASA value revealed that
without PDI-HIS, the AB40 fibril exhibited stable conformation. But in the presence of PDI-
HIS, the disruption of the chains for the AB40 increased and, consequently, more exposure to
solvent environment. Notably, the elevated value observed in the SASA value in Figure 6.10c
implies that PDI-HIS destabilized the AB40 fibril.
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Figure 6.10. SASA value of AB40 in the absence of PDI-HIS (black); SASA value of AB40 in
(@) P1 (red), (b) P5 (blue), and (c) P7 (green).

6.3.5. Secondary Structure Analysis

Earlier studies have highlighted that B-sheet is the primary structural constituent of the A
fibrils.5271 Additionally, it plays a significant role in the stability of the fibrils. Therefore,
evaluation of B-sheet content is necessary to understand the effect of the ligand. In this
direction, we have performed the secondary structure analysis for the systems AB40 in the
absence of PDI-HI and AB40-PDI-HIS in P1, P5, and P7 docked poses by using the dictionary
of the secondary structure of proteins (DSSP) tool. The plot for the profiles of the secondary
structure of AP40 variation with time for the considered systems is presented in Figure 6.11.
Figure 6.11 provides information about the contents of coil, B-sheet (B-sheet), B-bridge (B-
sheet), bend, turn, and 3-Helix in AB40 fibril. From Figure 6.11, the red region represents the
residues involved in the B-sheet content. The amount of B-sheet content of AB40 fibril in P7

(Figure 6.11d) is significantly lesser when compared to AB40 in water (Figure 6.11a). On the
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other hand, the reduction in the B-sheet content is less significant in P1 (Figure 6.11b) and P5
(Figure 6.11c). In addition, the bend content of AB40 in P7 was increased with time, but this
change is less in P1 and P5. Moreover, the variation of the other secondary structural

parameters in P1, P5, and P7 are comparatively less pronounced.

Residue
Residue

(b)

Residue
Residue

0 100 200 300
Time (ns)

0 (d)

[ ] Coil ] B-Sheet Jjj B-Bridge [l Bend [_] Turn [ 3-Helix [_] Chain_Separator

Figure 6.11. Representation of secondary structures of (a) Ap40 in water, (b) AB40-PDI-HIS
in P1, (c) AB40-PDI-HIS in P5, and (d) AB40-PDI-HIS in P7.

Furthermore, the reduction in the amount of B-sheet content of AB40 in P7 can also be
correlated from Figure 6.12b. From Figure 6.12b, we observed that around 110 ns, the residues

involved in the B-sheet configuration started decreasing. However, there were no significant
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changes in the B-sheet content for the P1 system, which is illustrated in Figure D1 of Appendix-
D.

A minute decreased in the coil content of AB40 was observed in the systems P1, P5, and P7
when compared with the water system, which can be seen in Figure D1 and Figure D2 of
Appendix-D, and Figure 6.12a. Simultaneously, we have noticed a rise in the quantity of bend
content of AB40 in P7 (Figure 6.12c). A slight increase in the bend content of AB40 in P1 and
P5 (Figure D1 and Figure D2 of Appendix-D) was observed. So, the substantial loss in f-sheet
content and generated secondary structure parameters indicate that the PDI-HIS disrupted the

ABA40.
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Figure 6.12. Representation of secondary structures of AB40-PDI-HIS of P7 for (a) coil
content, (b) B-sheet content, and (c) bend content in AB40-water and AB40-PDI-HIS.

6.3.6. Binding Free Energy Analysis between Ap40 and PDI-HIS

To gain more insight into the interactions between the AB40 and PDI-HIS in P1, P5, and P7
docked poses, the binding free energy (AGbinding) Was estimated by implementing the
MM/PB(GB)SA method. The mathematical relations and approximation utilized in this
method were discussed in the computational details section. The AGbinding Values of P1, P5, and
P7 were —24.67 + 7.68, —17.74 + 3.96, and —62.29 + 2.39 kcal mol™, respectively. The
AGhvinding Value of P7 is relatively higher than that of P1 and P5. Further, the van der Waals
interaction energy (AEvaw) component in all the systems was favourable for binding. However,
the electrostatic interaction (AEeiec) contribution was unfavourable for binding. Both the polar
(AGpoiar) and non-polar (AGnon-polar) coONtributions to the solvation energy (AGsolv) prefer
favourable binding. Meanwhile, we observed that the contribution of polar (AGpolar) iS More

dominant than the non-polar (AGnon-polar), @s seen in Table 6.2.
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Table 6.2. Binding free energy, AGbinding, (in kcal mol™) of P1, P5, and P7 docked poses.

P1 P5 P7
AE vaw —37.20 £ 1.23 —26.76 + 1.73 —69.15 + 0.44
AEelec 162.00 £ 4.70 133.09 + 1.98 167.59 +2.21
AEmm 125.47 + 4.86 106.33 + 2.63 98.45 + 2.25
AG polar —146.28 + 5.95 —121.17 £+ 2.97 —154.20 + 0.80
AG non-polar —3.86 + 0.02 —2.90 +0.01 —6.54 + 0.07
AGsoly —150.14 + 5.95 —124.07 + 2.97 —160.74 + 0.80
AGhinding —24.67 + 7.68 ~17.74 + 3.96 —62.29 + 2.39

6.3.7. Interaction Analysis between Ap40 and PDI-HIS in P1, P5, and P7
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Figure 6.13. Showing the interaction form between the Ap fibril and PDI-HIS at 400 ns for the
systems P1, P5, and P7. The spike near the residues denotes the hydrophobic interactions, and
the green line represents the existence of hydrogen bonding interaction (hydrogen bond

distance in A). A, B, and C represent the chains of Ap fibril.

The interaction between the AP fibril and PDI-HIS was computed using the Ligplot plus.® In
this analysis, we considered the structure of the Ap40-PDI-HIS system at 400 ns for P1, P5,
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and P7. Figure 6.13 displays the types of interactions and the residues involved. In P1, the
hydrophobic interactions between the residues in chain C and PDI-HIS were exhibited. On the
other hand, besides hydrophobic interaction, hydrogen bonding interactions were observed in
P5and P7. The residue Phel9 of chain C forms the hydrogen bonding interaction with the PDI-
HIS in P5 (Figure 6.13). Likewise, the residues Tyr10 and Gly9 of chain A participated in the
hydrogen bond formation (Figure 6.13) with PDI-HIS in P7.

6.4. Conclusions

In this chapter, we have investigated the modulating effect of histidine-functionalized
perylenediimide (PDI-HIS) on the single trimer unit of AB40 fibril. Through molecular docking
studies, we obtained the ten docked (P1 to P10) complexes formed between APB40 and
PDI-HIS. Out of the ten docked poses, we selected three docked complexes, namely P1, P5,
and P7, and performed the molecular dynamics (MD) simulations studies of time 400 ns. The
MD simulations of P1 and P5 revealed that the PDI-HIS was confined towards the cavity of
the AB40. On the other hand, in the P7 docked pose, the PDI-HIS bound toward B sheet region-
1 of the AB40. During simulations, a slight interchain separation between chains A and B was
observed in P7. This result is correlated with the parameters observed in RMSD, SASA, and
hydrogen bond analysis. The [3-sheet content of AB40 in P1 and P5 is slightly reduced when
compared with the AB40 in the absence of PDI-HIS.

Meanwhile, a notable decreased in [B-sheet content was observed in P7 docked pose.
Comparatively, AGuinding Value of P7 exhibited higher than that of P1 and P5. Further, the
binding energies indicate that the PDI-HIS prefers to bind in the 3 sheet region-1 of the AB40
as observed in the P7 docked pose. Furthermore, the van der Waals interaction and solvation
energy are the main dominant contributors to bind the PDI-HIS on AB40. The contribution is
comparatively larger in P7 than in P1 and P5. Furthermore, hydrophobic and hydrogen bonding
interactions were mainly involved between the PDI-HIS and AB40 fibril. This finding provides
the roadmap for studying other PDI derivative compounds for treating Alzheimer’s disease and

is presented in Chapter 7.
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Chapter 7

In Silico Designing of Alanine, Phenylalanine, and Tyrosine
Functionalized Perylene diimide (PDI) and Exploring their
Nature of Interaction with Amyloid-g (48) Fibrils

7.1. Introduction

Alzheimer’s disease (AD) is one of the neurodegenerative disorders diseases and globally
affected approximately 46.8 million people in 2015 and is estimated to reach 131.5 million by
2050.1%21 Individuals who are diagnosed with AD show the symptoms of memory loss,
problems with visualization, and language deterioration. The pathological hallmark of this
disease is the existence of extracellular senile plaques and intracellular neurofibrillary tangles
inside the brain, which are obtained from the amyloid-p peptide and tau protein.l*! Several drug
molecules were identified for addressing AD, but all of them failed to cure with the efficacy

limited to treating symptoms. [

The two most important forms of amyloid p (Ap)-peptides are AB1-40 and AB1-42.151 These
forms of AP are obtained from the amyloid B precursor protein (APP) via the process of
enzymatic cleavage.[d So far, many factors and hypotheses have been proposed regarding the
occurrence of AD. Out of these, the amyloid hypothesis earned a significant interest, which
talked about the aggregations of amyloid B-peptides that cause AD.! Earlier studies reported
that the monomeric form of A is soluble and non-toxic.[*'% However, aggregated amyloid B-
peptide species exhibited cytotoxicity, including oligomers, protofibrils, and mature fibrils.[>*
Therefore, the occurrence of AD is related to the aggregation of AB. As a result, it is essential

to focus on the development of compounds that inhibit the aggregations.

Several species were synthesized targeting to inhibit the aggregation of AP peptides. These
species include small molecules extracted from plant sources, !4 peptides,517]

nanoparticles,[82% and metal-chelating compounds.?*-23l The polyphenol natural compounds,
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such as resveratrol®! and epigallocatechin-3-gallate,’*! obtained from the plant sources
exhibited the inhibition of AP aggregations. The molecular dynamics (MD) simulations studies
revealed that both compounds bind to the AP through noncovalent interactions and inhibit the
aggregations. The binding of the resveratrol compound with A peptide occurred through n-n

interactions.

On the other hand, epigallocatechin-3-gallate binds to AP peptide via hydrophobic, n-7t, and
hydrogen bonding interactions.?®! The exploration of carbon nanotube material to stop the Ap
peptide aggregations was also reported. Recent studies suggested that single-walled carbon
nanotubes (SWCNTs) showed the inhibition of AB aggregations.[?6-28] Moreover, the hydroxyl
content of SWCNT also appeared to inhibit the AB fibrillogenesis.?®! Zhao et al. reported the
carboxylated single-walled carbon nanotubes (SWCNT-COOH) and observed that it inhibited
the AP aggregations.*® Further, they found that SWCNT-COOH depolymerises the mature
fibrils of AB. Moreover, the MD simulations studies showed that SWCNT-COOH binds to the
different regions of trimer AB40.% This binding involved noncovalent interactions such as -
n, hydrogen bonding, and electrostatic salt bridge interactions. Due to these interactions, a

substantial structural disruption in the AB40 and lowered the quantity of B-sheet content.

The perylenediimide (PDI) compounds and their derivatives are treated as one of the best for
constructing the n-type semiconductor.®l Several studies also reported using PDI and its
derivatives as dyes,?l sensors,3l and organic electronic materials.*>%1 It is also used as a
photosensitizer to degrade phenolic compounds.B”l Moreover, the PDI molecule and its
derivatives can self-assemble through noncovalent n-m stacking interactions.®® 3% Such self-
assembly systems were used in diverse applications. Many groups reported the biocompatible
materials derived from the PDI by substituting the amino acids. Chen et al. reported four PDI
derivatives functionalized with amino acids: L-phenylalanine, L-alanine, L-glutamic, and L-
tyrosine.”*% These systems showed the selective binding with anion ions like fluoride and
hydroxide. The L-phenylalanine functionalized PDI exhibited the disintegration of A
aggregations.[*] Tyer and coworkers studied the effect on the AB40 when it interacts with the
histidine-functionalized perylenediimide (PDI-HIS).*?l They observed that PDI-HIS co-
assembled with AB40 and turned into micro-size structures. Ultimately, these results lead to
the disintegration of the fibrils. At the same time, MD simulation studies detailed in Chapter 6
revealed that PDI-HIS effectively disrupted the AB40 structures.
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In this chapter, we performed MD simulations to explore the structural disruption impact of
L-alanine perylenediimide (PDI-ALA), L-phenylalanine perylenediimide (PDI-PHE), and L-
tyrosine perylenediimide (PDI-TYR) on Ap40 fibril. We have also investigated the
noncovalent interactions between the considered amino acids functionalized PDI and AB40

fibril.
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Figure 7.1. Molecular structures of phenylalanine (PHE), alanine (ALA), and tyrosine (TYR)
functionalized perylenediimide (PDI) (a) PDI-PHE, (b) PDI-ALA, and (c) PDI-TYR.

7.2. Computational Details

7.2.1 Optimization of the Molecular Structures

The M06-2X functional™l and the def2-TZVP basis set,[*“l was employed for conducting the
geometry optimization of PDI-PHE, PDI-ALA, and PDI-TYR (Figure 7.1). At the same level
of theory frequency analysis was performed. The calculations were executed in the Gaussian
16 software package.[*’! To attribute the deprotonation of the two carboxylic groups in the

system, we assigned a -2 charge during the optimization.
7.2.2 Molecular Docking Studies

The optimized PDI-PHE, PDI-ALA, and PDI-TYR structures were utilized for molecular
docking calculations. The calculations were performed using the Autodock Suite 4.2.1.1¢1 The
single trimer unit amyloid B protein (AB40) is considered a receptor, and PDI-PHE, PDI-ALA,
and PDI-TYR systems were treated as ligands. Using AutoDockTools, the necessary input
files, such as PDBQT [Protein Data Bank, Partial Charge (Q), & Atom Type (T)], for the
molecular docking calculations were generated. The three-dimensional protein structure of the
single trimer unit AB40 was obtained from the protein data bank (PDB) (PDB ID: 2M4J).1"]
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The single trimer unit AB40 fibril structure considered in this study is shown in Figure 6.2 of
Chapter 6.

Further, we considered the addition of Gasteiger charges into the ligand and keeping polar
hydrogen atoms. Since the specific binding site of the AB40 fibril is not known, we executed
the blind docking by considering the grid box size of 126 x126x 68 A to cover the maximum
area of the protein. In addition, we considered AB40 fibril protein was treated as a rigid entity
while PDI-PHE, PDI-ALA, and PDI-TYR systems were treated flexibly. Likewise, in Chapter
6, we used the Lamarckian genetic algorithm (GA)™“® for conformation search. The parameters
such as GA population size of 150, maximum energy evaluation of 2500000, maximum number
generation of 27000, rate of gene mutation, and crossover are 0.02 and 0.08, respectively. Ten
docked poses were generated, which formed between the AB40 and each ligands PDI-PHE,
PDI-ALA, and PDI-TYR.

7.2.3 Molecular Dynamics Simulations Studies

The resulting protein-ligand docked complexes obtained from the molecular docking
calculations were utilized to perform the MD simulations. To fit the atomic charges of the
ligand, we have calculated the charges by employing the restrained electrostatic potential
(RESP) approach at the M06-2X/def2-TZ VP level of theory.[*3#4 The force field Amber99sb-
ildn.ffl1 was used for the AB40 protein and the general Amber force field (GAFF)P% was
utilized for the ligand systems (PDI-PHE, PDI-ALA, and PDI-TYR). The GAFF force field
parameters are generated by using the Sobtop package.®*! The protein-ligand complexes were
solvated in a cubic box size of 9.5 x 9.5 x 9.5 nm? with the single-point charge (SPC) water
model.5?l To preserve neutrality, eleven Na* ions were added to each protein-ligand system.
Subsequently, the energy minimization was conducted by implementing the steepest descent
minimization algorithm and encompassing 5000 steps. Under the canonical NVT ensemble,
the complexes were equilibrated for 100 ps and followed by the NPT ensemble.[5354 The
LINCS algorithm was implemented for the hydrogen bond of AP40 and ligand systems.[%
Long-range electrostatic interactions were computed using the Particle Mesh Ewald (PME)[¢l
method, employing a cutoff value of 1.2 nm, and the van der Waals interaction was determined
with the cutoff value of 1.2 nm. The obtained equilibrated protein-ligand systems were used to
carry out the production MD for 400 ns. We considered the temperature and pressure conditions
of 310 K and 1 atm, respectively. On the other hand, we considered the MD simulations of the

AP40 fibril in the absence of ligands in water, as in Chapter 6. The calculations were executed
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using the GROMACS package.®”! The protein, ligand, and protein-ligand complexes were
visualized using the UCSF Chimera 1.1681 and visual molecular dynamics (VMD) 1.9.3
packages.[>%

The binding free energy (AGuinding) Of the protein-ligand complexes was estimated by using the
Molecular Mechanics/Poisson-Boltzmann (Generalized-Born) Surface Area
[MM/PB(GB)SA]®%3 method and Eq. 6.1 provided in Chapter 6 was used. In this
investigation, we used the gmx_MMPBSA®? tool with obtained MD simulation results.
Likewise, in Chapter 6, we considered the last 20 ns trajectories employing the time interval of

100 ps for estimating AG binding.

7.3. Results and Discussion
7.3.1. Molecular Docking of Ap40 Fibril with PDI-ALA

Molecular docking calculations were performed between the AB40 protein and ligands PDI-
ALA, PDI-PHE, and PDI-TYR. The protocol employed in the molecular docking calculations
is discussed in the Computational Details section. The protein-ligand docked poses are
presented in Figures 7.2, 7.3, and 7.4 for PDI-ALA, PD-PHE, and PDI-TYR, respectively. The
corresponding binding energy (AG) (in kcal mol™) of the docked poses, along with the residues
involved in the interactions, are displayed in Tables 7.1, 7.2, and 7.3 for PDI-ALA, PDI-PHE,
and PDI-TYR, respectively.

Table 7.1 shows that the value of the ten docked poses for the PDI-ALA system ranges from
—8.24 kcal mol* (A1) to -6.67 kcal mol™ (A10). Docked pose Al showed the highest value of
AG, while A10 exhibited the lowest. In this docked pose, PDI-ALA interacts with chain C
residue’s GInl5, Lys16, Leul7, Phel9, Phe20, Lys28, Ile31, Leu34, and Val36 of AB40. These
interactions can be seen in pose Al of Figure 7.2 and Table 7.1. Moreover, the docked pose
A10 has the lowest value of AG, where the number of residues involved in the interactions with
PDI-ALA is comparatively lesser than Al. Meanwhile, we observed an electrostatic interaction
between the residue Lys28 of chain C and the carboxylic group of PDI-ALA in Al. However,

such kind of interaction is missing in docked pose A10.

In docked pose A2, PDI-ALA binds on the B-sheet region-1 of AB40 (Figure 7.2) and it
interacts with residues Lys16, Leul7, and Val18 of chains A, B, and C. Docked poses A3, A4,
A5, A6, and A7 showed the similar binding sites (Figure 7.2) as observed in Al and also
observed almost equal value of as shown in Table 7.1. Further, in docked conformations A8
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and A9, PDI-ALA exhibited identical residue participation during the interactions and are
displayed in Table 7.1.

Figure 7.2. Docked poses Al to A10 obtained from the molecular docking of AB40 fibril
with PDI-ALA.

Table 7.1. Generated docked poses (Al to A10) with their binding energy (AG) (in kcal

mol™) and residues involved in the interactions.

Docked Pose | Binding Energy, AG Residues involved
Al —8.24 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
lle31, Leu34, Val36)
A2 —8.14 A (Lys16, Leul7, Val18); B (Lys16, Leul?,
Vall8) ; C (Lysl16, Leul7, Vall8)
A3 —-7.97 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
Ile31, Val36)
Ad —7.96 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
Val36)
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A5 —7.95 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
11e31, Leu34, Val36)

A6 —7.95 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
lle31, Leu34, Val36)

A7 —7.81 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
Leu34, Val36)

A8 —7.07 A (Vall2, His14, Lys16); B (Lys16)

A9 —7.06 A (Vall2, His14, Lys16); B (Lys16)

Al10 —6.67 C (GIn15, Lys16, Leul7, Phel9, lle31, Leu34,
Val36)

7.3.2. Molecular Docking of AB40 Fibril with PDI-PHE

For the molecular docking of AB40 with PDI-PHE, the binding energy AG of the generated ten
docked poses ranges from —6.86 kcal mol™ (P1) to —5.19 kcal mol? (P10), respectively. All
the ten docked poses and their corresponding residues in the interactions are presented in Figure
7.3and Table 7.2. From the docking results, we found that docked pose P1 exhibited the highest
value of AG in magnitude, in which the PDI-PHE binds on B-sheet region-1 of Ap40 (Figure
7.3). The residues interacting with PDI-PHE in pose P1 are Lys16, Leul?, and Vall8, each
from chains A, B, and C of AB40. In the docked pose P2, the PDI-PHE is bound on the chain
C region of AB40, and the residues that participated in the interactions are Lys16, Leul7,
Val18, Phel9, Ile31, 1le32, Gly33, and Leu34. On the other hand, PDI-PHE binds on the
maximum region of chain A region and the small region of chain B of AB40 in docked pose
P3. The residues involved in the interactions include Vall12, His13, His14, Lys16 of chain A,
and Lys16 of chain B. The docked pose P4 showed a similar interaction to that observed in
P1. In docked pose P5, the ligand PDI-PHE binds on the chain C side of AB40, and the residues
involved in the interactions are presented in Table 7.2. At the same time, docked poses P6, P7,
and P8 exhibited the same type of interactions with residues Lys16 of chain A, Val12, His13,
Hisl14, Lys16 of chain B and Vall12, His13, and His14 of chain C. In addition, AG values of
these three docked poses are almost equal (Table 7.2). In the P9 docked pose, the ligand PDI-
PHE showed interactions with Val12, His13, His14 of chain A, His14, Lys16 of chain B, and
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Lys16 of chain C. Lastly, the docked pose P10 exhibited interactions with Val12, His13, His14,
Lys16 of chain A and Val12, His13, His14, Lys16 of chain B.

Figure 7.3. Docked poses P1 to P10 obtained from the molecular docking of AB40 fibril with
PDI-PHE.

Table 7.2. Generated docked poses (P1 to P10) with their binding energy (AG) (in kcal mol™)

and residues involved in the interactions.

Docked Pose | Binding Energy, AG | Residues involved

P1 —6.86 A (Lys16, Leul?, Val18); B (Lys16, Leul?,
Vall8) ; C (Lys16, Leul7, Vall8)

P2 —6.78 C (Lysl16, Leul?, Vall18, Phel9, 1le31, 1le32,
Gly33, Leu34)

P3 —6.59 A (Vall2, His13, His14, Lys16); B (Lys16)

P4 —6.32 A (Lysl6, Leul7, Val18); B (Lys16, Leul?,
Vall8) ; C (Lys16, Leul7, Vall8)

P5 —5.85 C (Phe20, Asp23, Val24, Gly25, Lys28, 1le31,
lle32, Gly33, Leu34)
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P6 —5.74 A (Lys16); B (Vall2, His13, His14, Lys16) ;
C (Vall2, His13, Hisl14)

P7 —5.72 A (Lys16); B (Vall12, His13, His14, Lys16) ;
C (Val12, His13, His14)

P8 —-5.57 A (Lys16); B (Vall2, His13, His14, Lys16) ;
C (Vall2, His13, His14)

P9 —5.42 A (Vall2, His13, His14) ; B(His14, Lys16);
C (Lys16)
P10 —5.19 A (Vall2, His13, Hisl14, Lys16); B (Vall2, His13,

His14, Lys16)

7.3.3. Molecular Docking of AB40 Fibril with PDI-TYR

In the molecular docking calculations of AB40 with PDI-TYR, the computed binding energies
(AG) for the ten docked poses range from —8.59 kcal mol? (T1) to —4.87 kcal mol™? (T10),
respectively. Figure 7.4 illustrates the docked poses, while Table 7.3 provides the AG value of
each pose and detailed information about the interactions between AB40 and PDI-TYR. In
docked pose T1, the ligand PDI-TYR bind on the chain C region of AB40 and residues GIn15,
Lys16, Leul7, Phel9, Phe20, Lys28, Gly29, Ala30, lle31, Leu34, and Val36 are participated
in the interactions. Other docked poses T3, T4, and T7, are also bound on the chain C region,
and the corresponding residues involved in the interactions are presented in Table 7.3.
Moreover, the docked poses T2, T5, and T10 exhibited a similar type of ligand binding
location, and some residues of chains A, B, and C are involved in the interactions. In the docked
pose T6, the PDI-TYR interacts with residues Val12, His13, His14, and Lys16 of chain A and
Lys16 of chain B. Further, in docked pose T8, the residues involved are Tyr10, Vall2, His14
of chain A, Tyrl0, Vall2, His14, Lys16 of chain B, and Lys16 of chain C. In T9, PDI-TYR
establishes interactions with residues Val12, His13, His14, and Lys16 of chain B and Val12,
His13, His14, and Lys16 of chain C.
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Figure 7.4. Docked poses T1 to T10 obtained from the molecular docking of AB40 fibril with
PDI-TYR.

Table 7.3. Generated docked poses (T1 to T10) with their binding energy (AG) (in kcal mol™)

and residues involved in the interactions.

Docked Pose | Binding Energy, AG Residues involved

Tl —8.59 C (GIn15, Lys16, Leul?, Phel9, Phe20, Lys28,
Gly29, Ala30, lle31, Leu34, Val36)

T2 —7.92 A (Lys16, Leul?, Val18, Ala21); B (Lys16, Leul?,
Val18) C (GIn15, Lys16, Leul7, Val18)

T3 —7.66 C (His14, GIn15, Lys16, Leul7, Phel9, Phe20,
Gly29, Ala30, 1le31, Leu34)

T4 —7.59 C (Phe20, Ala21, Asp23 Gly25, Lys28, 1le31,
lle32, Gly33, Leu34, Met35, Val40)

T5 —6.40 A (Lys16, Val18); B (Lys16, Val18) C (GIn15,
Lys16, Leul7, Vall8)

T6 —6.25 A (Vall2, His13, His14, Lys16); B (Lys16)
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T7 —5.86 C (GIn15, Lys16, Leul?, Vall8, Phel9, Phe20,
11e31, Leu34, Val36)

T8 —5.16 A (Tyrl0, Vall2, His14); B (Tyr10, Val12, His14,
Lys16); C (Lys16)

T9 —4.93 B (Vall2, His13, His14, Lys16); C (Vall2, His13,
His14, Lys16)

T10 —4.87 A (Hisl14, Lys16); B (His14, Lys16) C (His14,
Lys16)

7.3.4. Molecular Dynamics Simulations Studies of PDI-ALA, PDI-PHE, and PDI-TYR
with Ap40 Fibril

7.3.4.1. Molecular Dynamics Simulations Studies of PDI-ALA with Ap40 Fibril

The docked poses (Ap40-PDI-ALA) resulting from the molecular docking calculations were
subsequently used for the molecular dynamics (MD) simulations studies. From Figure 7.2, we
have noticed that docked poses Al, A3, A4, A5, A6, A7, and A10 have almost similar binding
locations of PDI-ALA on AB40 with slight differences in the number of residues involved in
the interactions. Moreover, PDI-ALA has closed related binding modes in A8 and A9 docked
poses. On the other hand, in docked pose A2, the binding region of PDI-ALA on AB40 is
different from others (Figure 7.2). So, among the ten docked poses (Al to A10), we considered
Al, A2, and A8 for MD simulations. The protocol employed in the calculation of MD
simulation is discussed in the Computational Details section. Figure 7.5 illustrates the
comparative Ca-RMSD (root mean square deviation) plots for AB40 fibril, both in the presence
(Al, A2, and A8) and absence of PDI-ALA. The Ca-RMSD values for the systems AB40 in
water and AP40 in docked poses Al, A2, and A8 are represented in black and red in Figure
7.5. Inthe absence of PDI-ALA, Ca-RMSD values of AB40 are averaged to 0.8 nm and slightly
increased to 1 nm after 130 ns in the case of docked pose Al. However, there are no significant
differences in the Ca-RMSD values of AB40 of A2 and A8 compared to the AB40 in the water
system, which can be seen in Figure 7.5b and Figure 7.5c. In addition, the visual representation
of different configurations of the AB40-PDI-ALA system for Al, A2, and A8 collected at
different times are displayed in Figure 7.6, Figure 7.7, and Figure 7.8, respectively. From

Figure 7.6, in the Al system at time t = 0 ns, the PDI-ALA interacts with a few residues from
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the B-sheet region and connecting region of chain C of Ap40. Afterward, the disruption of the
chains in the connecting region of the AB40 was found, and this can be seen from the structure
of the AB40 at time t = 150 ns to t = 400 ns (Figure 7.6). However, the disruptive effect of PDI-
ALA on the AB40 structure is almost negligible in the cases of A2 and A8 docked poses, which
can be noticed from the Ca-RMSD values in Figures 7.5b and 7.5c.

Further, in the A2 docked pose, we observed that the PDI-ALA was confined to the B-sheet
region of the AP40 during the initial simulation time. After some time, the PDI-ALA moves
towards the connecting regions of the protein. These movements can be noticed from the
structure of the AB40-PDI-ALA displayed in Figure 7.7 at time t = 0 ns to t = 400 ns. In the
case of the A8 docked pose (Figure 7.8), during the considered simulation time, the PDI-ALA
is confined to the B-sheet region of the AB40 protein. This result led to an almost negligible

disruption effect on the AB40 protein structure.
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Figure 7.5. Ca-RMSD of AB40 fibril in the absence and presence of PDI-ALA; (a) Ca-RMSD
of AB40 in docked pose Al; (b) Ca-RMSD of AB40 in docked pose A2; and (¢) Ca-RMSD of

AP40 in docked pose A8.
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Figure 7.6. Some snapshots from the MD simulations representing the structures of the
AB40-PDI-ALA of the Al system collected at different times.

t=100 ns

t=250 ns
< " — > a\i
t=300 ns t=350 ns t=400 ns

Figure 7.7. Some snapshots from the MD simulations representing the structures of the
APB40-PDI-ALA of the A2 system collected at different times.
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Figure 7.8. Some snapshots from the MD simulations representing the structures of the
AB40-PDI-ALA of the A8 system collected at different times.

7.3.4.2. Molecular Dynamics Simulations Studies of PDI-PHE with Ap40 Fibril

Likewise, in the PDI-ALA system, we have selected five docked poses, namely P1, P2, P3, and
P5, for the AB40-PDI-PHE to perform the MD simulations studies. The structural changes of
the AB40 protein in P1, P2, P3, P5, and AB40 in water are investigated by assessing the Ca-
RMSD values. The comparison of Ca-RMSD values of the AB40 protein is displayed in Figure
7.9. In the P1 docked conformation, the Ca-RMSD values of AB40 reached the average value
of 1 nm during the initial 150 ns, then slightly increased and fluctuated and touched the
maximum peak of 1.2 nm at around 360 ns (Figure 7.9a). Gradually decreased and maintained
stability. This variation in the Ca-RMSD value can be correlated with the structural disruption
of AB40 fibril (Figure 7. 10). The structures of the AB40-PDI-PHE extracted at different times
for the P1 system obtained from the 400 ns simulations are presented in Figure 7.10. Over the
first 150 ns, PDI-PHE was localized within the B-sheet region-1 of the protein (Figure 7.10).
Subsequently, it initiated a transition, shifting towards the connecting region, Ap40, which can
be observed in the configuration of Ap40-PDI-PHE at times 200 ns to 400 ns (Figure 7.10). At
the same time, the disruption of chains A, B, and C in the connecting region of the AB40 protein
was observed. This movement can be correlated with the slight increase in the Ca-RMSD value
after 150 ns (Figure 7.9a).

In the case of the P2 docked pose, the Ca-RMSD value increased and reached approximately

1.1 nm during the initial 1 ns (Figure 7.9b), then slightly fluctuated and remained stable in the
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remaining simulation time. From Figure 7.11, we observed that at t = 0 ns, PDI-PHE was bound

on the chain C region of the AB40. After 50 ns, it started closer toward the connecting region

of the AB40, and a slight disruption in the structure of AB40 was found.

In docked pose P3, the Ca-RMSD value of AB40 is almost equal to the Ca-RMSD value of
AB40 in water (Figure 7.9c¢) for the first 165 ns. Afterward, a slight elevation in the Ca-RMSD
value was maintained and stable during the simulation. Further, we observed that PDI-PHE

localized on the B-sheet region of AB40 throughout the simulation (Figure 7.12).
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Figure 7.9. Ca-RMSD of AB40 fibril in the absence and presence of PDI-PHE; (a) Ca-RMSD
of AB40 in docked pose P1; (b) Ca-RMSD of AB40 in docked pose P2; (¢) Ca-RMSD of AB40
in docked pose P3; and (d) Ca-RMSD of AB40 in docked pose P5.
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Figure 7.10. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-PHE of the P1 system collected at different times.

t=100 ns

t=250 ns

t=300 ns

t=400 ns

Figure 7.11. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-PHE of the P2 system collected at different times.
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Figure 7.12. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-PHE of the P3 system collected at different times.

t=400 ns

Figure 7.13. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-PHE of the P5 system collected at different times.

In the case of PS5, the Ca-RMSD value of AB40 is increased sharply to approximately 1.2 nm
within the initial 40 ns (Figure 7.9d), and it undergoes decreased and further increased to 1.2
nm around 100 ns. Subsequently, we found a decreased in the Ca-RMSD value between the
approximate time intervals of 130 ns to 180 ns, suggesting that PDI-PHE is shifting from the
core cavity site to the external region of the AB40. This shifting can be observed by assessing
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the binding location of PDI-PHE on the surface of the AB40 at times 100 ns to 400 ns (Figure
7.13). Further, after 270 ns, the Co-RMSD value of AP40 stabilized and maintained

equilibrium.
7.3.4.3. Molecular Dynamics Simulations Studies of PDI-TYR with Ap40 Fibril

The docked poses T1, T2, T6, and T8 (Figure 7.4) were selected to perform the molecular
dynamics (MD) simulations studies for 400 ns. The plots of Ca-RMSD value of AB40 for these
docked poses and comparison with the value of AB40 in water are illustrated in Figure 7.14.
Meanwhile, the structures of the AB40-PDI-TYR extracted at different times for the docked
poses T1, T2, T6, and T8 are displayed in Figures 7.15, 7.16, 7.17, and 7.18.
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Figure 7.14. Ca-RMSD of AB40 fibril in the absence and presence of PDI-TYR; (a) Ca-RMSD
of AB40 in docked pose T1; (b) Ca-RMSD of AB40 in docked pose T2; (c) Ca-RMSD of AB40
in docked pose T6; and (d) Ca-RMSD of AB40 in docked pose T8.

The Ca-RMSD value of AB40 in water closely resembled those of T1, T2, T6, and T8 (Figure
7.14). These results revealed that the disruption impact of PDI-TYR on the structure of AB40
is practically negligible. From Figure 7.15, in the T1 docked pose, the PDI-TYR is confined to
the chain C region of the AB40, and destabilization on the structure of AB40 is significantly
less. On the other hand, in T2 and T6 docked poses, the PDI-HIS localized on the p-sheet
region-1 of the Ap40 (Figure 7.16 and Figure 7.17). Furthermore, in the T8 docked pose, we
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observed during the initial simulation time that the PDI-TYR binds on the B-sheet region-1,
and after some time, it moved towards the chain A connecting region of AB40. This can be

seen from Figure 7.18.

Figure 7.15. Some snapshots from the MD simulations representing the structures of the AB40-

PDI-TYR of the T1 system collected at different times.

t=300 ns t=350 ns t=400 ns

Figure 7.16. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-TYR of the T2 system collected at different times.
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t=350 ns t=400 ns

Figure 7.17. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-TYR of the T6 system collected at different times.

t=300 ns t=350 ns t=400ns

Figure 7.18. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-TYR of the T8 system collected at different times.
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7.3.5. Hydrogen Bonding Interactions

Noncovalent interactions, particularly hydrogen bonding, play an essential role in the stability
of proteins. Both theoretical®! and experimental studies(®® have highlighted the significance
of hydrogen bond networks in fortifying the stability of the AB40 fibril protein. Moreover, in
APB40 fibrils, interpeptide hydrogen bonds play a pivotal role in structural stability and
aggregations. Therefore, it is necessary to evaluate the quantity of hydrogen bonds in AB40
protein, both in the absence and presence of PDI-ALA, PDI-PHE, and PDI-TYR. Figure 7.19
presents the plots depicting the variation of the total number of hydrogen bonds present in AB40
vs. time (ns) for the system PDI-ALA, while the remaining systems, PDI-PHE and PDI-TYR,
are displayed in Figure E1 and Figure E2 of Appendix-E, respectively.
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Figure 7.19. (a) Number of hydrogen bonds of AP40 in water (black) and AB40-PDI-ALA
(red) system of docked poses (a) Al, (b) A2, and (c) A8.

From Figure 7.19, we observed that the total number of hydrogen bonds present in AB40 of A1l
is slightly lower than that of the AB40 system in water. However, in the case of A2 and A8
docked poses, there are no significant changes in the number of hydrogen bonds during the
simulation time of 400 ns. These findings revealed that the disruption of the structure of the
AP40 protein due to the presence of PDI-ALA is significantly larger in Al. On the other hand,
the AB40 structural disruption is less in A2 and A8 docked poses (Figure 7.19). With regard to
PDI-PHE, there was no substantial reduction in the number of hydrogen bonds of AB40. These
results provided that the destabilization effect of PDI-PHE on AB40 protein is minimal. The
plots illustrating the variation of quantity of hydrogen bonds over simulation time (ns) for the
docked poses P1, P2, P3, and P5 can be seen in Figure E1 of Appendix-E.
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Furthermore, in the case of PDI-TYR, we observed a reduced number of hydrogen bonds of
AP40 for the docked poses T1, T2, and T6. However, in the T8 docked pose, the number of
hydrogen bonds present in AB40 closely resembled to the AB40 in water without PDI-TYR.
This finding is depicted in Figure E2 of the Appendix-E.

7.3.6. Solvent Accessible Surface Area (SASA) Analysis

To delve deeper into the impact of PDI-ALA, PDI-PHE, and PDI-TYR on the structure of the
AP40 protein, the SASA value was obtained from the MD trajectory results. Figure 7.20
displays the SASA values of AB40 in the absence of ligand, and it is marked with black colour.
For the docked poses A1, P5, and T2, which have respective ligands PDI-ALA, PDI-PHE, and
PDI-TYR, the SASA value of AB40 are denoted by the colours red, blue, and green,
respectively. The SASA values for the remaining docked poses are presented in Figure E3,
Figure E4, and Figure E5 of Appendix-E. SASA value is linked to the structure of the AP
protein. The increased in the SASA value indicates the easily accessible of solvent molecule
on the surface of the protein and a higher degree of looseness in the structure of the Ap. From
Figure 7.20, we found that the SASA value of AB40 in docked poses Al and T2 increased with
time. On the other hand, in the case of the P5 docked complex, which consists of AB40 and
PDI-TYR, the SASA value increased sharply for the first 50 ns, then gradually decreased and
fluctuated. This increase in the SASA value indicates that disrupting the stable structure of the

AP40 trimer in the presence of ligands.
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Figure 7.20. Solvent-accessible surface area (SASA) value of AB40 in water (black); (a) SASA
value of AB40 in the presence of PDI-ALA for docked pose Al (red); (b) SASA value of AB40
in the presence of PDI-PHE for the docked pose P5 (blue); and (c) SASA value of AB40 in the
presence of PDI-TYR for the docked pose T2 (green).
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7.3.7. Secondary Structure Analysis

The secondary structure analysis was conducted to explore the contents of 3-sheets, coil, and
bend of the protein in the AB40 in water, Al, P5, and T2. Previous investigations have provided
that AP fibrils are predominantly composed of -sheet structures and take a crucial role in the
stability of the fibrils and aggregations. So, the investigation of B-sheet content on AB40 in the
absence and presence of PD-ALA, PDI-PHE, and PDI-TYR is needed. The analysis was
performed using a dictionary of the secondary structure of proteins (DSSP) tool. The plot
consisting of the profiles of coil, B-sheets, and bend content structure of AB40 variation with
time for the docked pose Al is presented in Figure 7.21, while the docked poses P5 and T2 are
presented in Figure E6 and Figure E7 of Appendix-E.

80
—— Coil (Water) —— B-sheet (Water) 35 ——Bend (Water)

Coil (PDI-ALA) % -sheet (PDI-ALA) Bend (PDI-ALA)

Number of Residues
Number of Residues
Number of Residues

1 L 1 10 L 1 1 1 1 L
0 100000 200000 300000 4000( 0 100000 200000 300000 4000 0 100000 200000 300000 400000

Time (ps) Time (ps) Time (ps)

(@ (b) )

Figure 7.21. Representation of secondary structures of AB40-PDI-ALA of docked pose Al for
(@) coil content, (b) p-sheet content, and (c) bend content of protein in AB40-water and AB40-
PDI-ALA.

As we noticed from Figure 7.21a, the changes in the amount of coil content in AB40 protein,
both in the absence and presence of PDI-ALA, are almost negligible. However, we found that
the quantity of B-sheet content in Ap40 was reduced when the PDI-ALA binds to the protein
(Figure 7.21). This result indicates that PDI-ALA accelerates the structural disruption and
instability of AB40. At the same time, we observed an increased bend content of AB40 (Figure
7.21c). Further, this result revealed that the disrupted p-sheet is converted into other secondary

structure forms.
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7.3.8. Binding Free Energy Analysis using MM/PB(GB)SA method

To enhance our understanding of the interactions between the AB40 and considered ligands,
we calculated the binding free energy (AGbinding) for Al, P5, and T2 systems. The AGbinding fOr
Al, P5,and T2 is calculated by employing the MM/PBSA method, and the results are presented
in Table 7.4. The computed AGvinding Values for the systems Al, P5, and T2 are—41.25 +
4.41,—17.74 + 3.96, and —34.44 + 8.9, kcal mol?, respectively. From Table 7.4, among the
Al, P5, and T2 systems, we observed that AGbinding Value of Al for the ligand PDI-ALA is
relatively higher than that of P5 (PDI-PHE) and T2 (PDI-TYR). Likewise, in our previous
investigation of the PDI-HIS ligand, we also found that the van der Waals interaction energy
(AEvaw) components in the systems Al, P5, and T2 were favourable for binding. On the other
hand, the electrostatic interaction (AEeec) components were unfavourable for binding.
Meanwhile, the contribution of polar (AGpoiar) and non-polar (AG non-polar) terms to the solvation
energy (AGsov) prefer favourable binding. Furthermore, we also noticed that the contribution
of polar (AGpolar) is more significant than the non-polar (AGnon-polar), Which can be seen in Table
7.4.

Table 7.4. Binding free energy, AGbinding, (in kcal mol™?) of the A1, P5, and T2 docked poses.

Al PS T2
AE vaw —32.57 £ 0.68 —26.76 £ 1.73 —42.83 £ 1.16
AEclec 80.60 + 0.95 133.09 +1.98 120.43 +7.33
AEvM 48.03 £ 1.17 106.33 + 2.63 77.60 £ 7.42
AG polar —85.22 £ 4.25 —121.17 £ 2.97 —106.44 + 5.04
AG non-polar —4.06 + 0.04 —2.90 + 0.01 —5.59 £ 0.03
AGsolv —89.03 £ 2.8 —124.07 + 2.97 —160.74 + 0.80
AGbinding —41.25+ 4.41 —17.74 + 3.96 —34.44 + 8.97
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7.3.9. Interaction Analysis between AB40 and PDI-ALA, PDI-PHE, PDI-TYR in Al, P5,
and T2
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Figure 7.22. lllustration of the interactions between AP fibril and ligands PDI-ALA, PDI-PHE,
and PDI-TYR at 400 ns for the systems Al, P5, and T2, respectively. The spike near the
residues denotes the hydrophobic interactions, and the green line represents the existence of
hydrogen bonding interaction (hydrogen bond distance in A). A, B, and C represent the chains
of AB fibril.

Using Ligplot plus,®® depicting the interactions between the Ap fibril and ligands PDI-ALA,
PDI-PHE, and PDI-TYR corresponding to Al, P5, and T2, respectively, are generated. For this
evaluation, the A fibril-ligand complex at 400 ns was extracted from the MD trajectory results,
and the interactions are illustrated in Figure 6.13. Hydrophobic interactions between the ligands
and A fibril were observed in all the systems. Besides this interaction, the hydrogen bonding
interactions were also evident in Al and T2 (Figure 7.22). The residues of Ap fibril involved
in the hydrogen bonding formation with PDI-ALA in Al are GInl15, Leul7, and Lys28 of chain
C and Gly37 and Gly38 of chain B. On the other hand, residues Arg5 and His6 of chain A,
Arg5 of chain C, and His14 of chain C participated in the formation of hydrogen bonds with
PDI-TYR in T2. Overall, the hydrophobic and hydrogen bonding interactions are the main
driving forces of ligands to bind A fibril.
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7.4. Conclusions

In this chapter, we explored the modulating impact and nature of interactions of alanine,
phenylalanine, and tyrosine substituted perylenediimide (PDI-ALA, PDI-PHE, PHE-TYR) on
the AB40. Using molecular docking, we have obtained ten docked complexes Al to Al10, P1
to P10, and T1 to T10 for PDI-ALA, PDI-PHE, and PDI-TYR, respectively. We have selected
a few docked poses and comprehensively investigated the structural effect and other properties
of AB40 through molecular dynamics (MD) simulations studies. From the MD results, we
found that the disruption in the structure of Ap40 was highly observed in the docked poses A1,
P5, and T2 of PDI-ALA, PDI-PHE, and PDI-TYR, respectively. The binding free energy
analysis, utilizing the MM/PB(GB)SA method in conjunction with simulation results, revealed
that A2 exhibited the highest binding free energy in comparison with P5 and T2. van der Waals
interactions and solvation energy contributions were identified as the primary contributors to
the binding of PDI-ALA, PDI-PHE, and PDI-TYR to AP40. Our study predicted that
hydrophobic and hydrogen bonding interactions are the primary driving forces for ligands to
bind AB40 fibril. These findings suggest that PDI-ALA, PDI-PHE, and PDI-TYR have a
propensity to bind on AB40 and disrupt the structure, making it a promising candidate for

further exploration in the development of compounds for Alzheimer’s disease treatment.
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Chapter 8

Summary and Conclusions

Noncovalent interactions are widely involved in diverse applications such as supramolecular
host-guest interaction, conformational stability of molecular systems, protein-ligand
interactions, material science, etc. A few of these interactions are hydrogen bonding, n-n
stacking, cation-z, anion-m, etc. Additionally, n-7 interaction also served as an electron charge
transport system in the host-guest complex. Furthermore, the popularity of noncovalent
interactions is also seen in the protein-ligand interactions. One key focus domain involves the
binding of inhibitors or drug molecules with amyloid-p (Ap) fibrils protein. These fibrils are
considered the primary cause of the development of Alzheimer’s disease (AD). Taking the
opportunity of quantum chemical and classical molecular dynamic (MD) methods,
computational exploration was conducted to study the noncovalent interactions in
supramolecular host-guest systems and protein-ligand systems. The work covered in this thesis

is divided into five main parts:

The beginning of this thesis’s Chapter 3 is devoted to the investigation of stability and torsional
rotational barriers of different conformers of ditopic host 1,6-bis(2,6-bis(benzothiazol-2-yl)
pyridine-4-yloxy) hexane (bbh). In addition, the intermolecular interactions present in host-
guest complexes formed between bbh and resorcinol guest. The DFT calculation results
revealed that a conformer that has intramolecular C-H:--N and C-H-:--S interactions is
relatively more stable than others. Through torsional rotation within the bbh system, these
intramolecular were vanished. The energy decomposition analysis (EDA) results of the host-
guest complexes formed between the bbh and resorcinol guest provided that electrostatic
interaction components dominantly contributed to the host-guest interaction. Furthermore, the
noncovalent (NCI) analysis confirmed the existence of intermolecular hydrogen bonding and

other weak interactions in complexes.

In Chapter 4, utilizing the DFT functional in conjunction with Grimme’s dispersion correction,
the intermolecular ©-m interaction was investigated in the series of host-guest complexes
formed between the electron deficient hexacationic cage host (H) and polycyclic aromatic
hydrocarbon (PAH) guests namely, naphthalene (G7), anthracene (G2), phenanthrene (G3),
pyrene (G4), triphenylene (G5), corannulene (G6), and perylene (G7). Excluding the complex
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formed with corannulene (G6) the interaction energy (AE) of the remaining complexes showed
an increase with the rise in the number of n-electrons of the guest. The abnormal value in the
AE of the complex formed by G6 may be the existence of the bowl-shaped geometry inside the
cavity of the host H. The energy decomposition analysis (EDA) of the complexes unveiled that
a major factor in the host-guest binding was contributed from the dispersion interaction term.
Furthermore, the conductance measurement showed an increased in the conductance value of
H when guest molecules were accommodated inside the cavity of the host. The maximum

conductance value was observed in the complex which has perylene (G7) as a guest.

In Chapter 5, noncovalent interactions such as hydrogen bonding and 7-n interaction present
in the series of 1:1 host-guest complexes formed between the propanediurea-based molecular
host and resorcinol guests in which a variety of electron withdrawing and donating were
substituted. There are no significant changes in the interaction energy value when the electron-
donating groups are substituted. However, the increased in the interaction energy value was

observed when the electron-withdrawing groups were substituted on resorcinol.

Chapter 6 explores the impact of structural disruption on the amyloid-p (Ap) when it interacts
with the histidine functionalized perylene diimide (PDI-HIS). The molecular docking and
molecular dynamics (MD) simulation results showed that PDI-HIS disrupted the structure of
the AP40 fibril. The solvent accessible surface area (SASA) value of AB40 was found to be
increased when the Ap40 interacted with PDI-HIS. This increased in the SASA value indicates
the looseness and conformation changes of AB40. Furthermore, in the presence of PDI-HIS,
the quantity of hydrogen bonds, and B-sheets content in AB40 was found to be reduced. These
results showed the disruption and instability of the structure of AB40 fibril. Furthermore, the

existence of hydrophobic and hydrogen interactions was observed between PDI-HIS and A40.

In Chapter 7, the study focused on three compounds (PDI-ALA, PDI-PHE, and PDI-TYR)
which are obtained from PDI by substituting with amino acids namely phenylalanine (PDI-
PHE), alanine (ALA), and tyrosine (TYR) to see the modulating effect on the structure of the
AP40 and interaction involved. Molecular docking and molecular dynamics (MD) simulation
results revealed that all the compounds PDI-ALA, PDI-PHE, and PDI-TYR show a disruption
effect on the structure of AB40 fibril. Similarly, as observed in the PD-HIS system, the overall
number of intra and inter chains hydrogen bonds and quantity of B-sheets content of AB40 was
reduced. The binding free energy results suggest that these compounds have the potential to
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bind on AB40 protein. Interestingly, PDI-ALA shows the highest binding free energy among

the three compounds.

This thesis highlighted the fundamental properties and important applications of noncovalent
interactions in the context of host-guest and protein-ligand systems. The work presented in this
thesis will contribute to designing the supramolecular host molecule. Further, this thesis’s work
will also help in the domain of material science for the development of electronic materials
composed of supramolecular systems. Furthermore, the study of ApB40 protein interaction with

amino acid functionalized PDI molecules will trigger the finding of drug molecules for AD.
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Appendix-A
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Figure Al. Optimized geometry of the S-N-S|S-N-S conformer showing their torsional angles
(61, B2, 03, and 04) values calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
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Figure A2. Optimized geometry of the N-N-N|N-N-N conformer showing their torsional

angles (@1, @2, 3, and ¢@4) values calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
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Figure A3. Optimized geometry of the N-N-S|S-N-N conformer showing their torsional angles
(v1, 72, V3, and v4) values calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
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Figure A4. Molecular structure of the S-N-S conformer calculated at the B3LYP-D3/6-
311++G(d,p) level of theory.
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Figure A5. Torsional potential energy surface (PES) of the S-N-S conformer. The relative
energy values in kcal mol™. The RI-MP2/cc-pVTZ //B3LYP-D3/6-311++G(d,p) denotes the
single point energy calculation at the RI-MP2/cc-pVTZ to the optimized geometry calculated
at the B3LYP-D3/6-311++G(d,p).
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Figure A6. Torsional potential energy surfaces (PESs) of the S-N-S conformer in the (a) gas
phase, (b) chloroform, and (c) acetonitrile. The relative energy values in kcal mol™* were
calculated at the B3LYP-D3/6-311++G(d,p) level of theory.

TH-3363_176122035



170|Page

[-0.54) N=

S[-0.15]
@ N-N-N|N-N-N

N-N-S|S-N-N

S-N-S|S-N-S

Figure A7. CHelpG charge analysis of conformers N-N-N|N-N-N, S-N-S|S-N-S, and N-N-
S|S-N-N calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
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Figure A8. Noncovalent Interactions (NCI) plots of N-N-N|N-N-N, S-N-S|S-N-S, and N-N-
S|S-N-N, conformers calculated at the B3LYP-D3/6-311++G(d,p) level of theory.
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Figure A9. Binding energies of trimer complexes form between the conformers S-N-S|S-N-S
and N-N-S|S-N-N of host bbh with resorcinol guest molecule calculated at the B3LYP-D3/6-
311++G(d,p) level of theory.
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Figure A10. Interatomic distances of complexes I, Il, and P calculated at the B3LYP-D3/6-
311++G(d,p) level of theory.
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Figure A1l. Contour plots (contour value 0.001) of deformation densities Ap1, Ap2, and Ap3
describe the hydrogen bonding interactions of complexes | and Il. And also shown their

corresponding energy contributions [AE; (orb), AEz(orb), AEs(orb)] in kcal mol™.
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Figure A12. Optimised geometry of dimer complex I and key noncovalent interactions analysis
through the AIM formalism calculated at the B3LYP-D3/6-311++G(d,p) level of theory. Major

interactions and their corresponding electron densities p(r) [au] at the bond critical points

(bcps).
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Figure A13. Optimised geometry of dimer complex Il and key noncovalent interactions
analysis through the AIM formalism calculated at the B3LYP-D3/6-311++G(d,p) level of
theory. Major interactions and their corresponding electron densities p(r) [au] at the bond
critical points (bcps).
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Table Al. Torsional potential energy surface (PES) of the S-N-S|S-N-S conformer. The
relative energy values in kcal mol. The RI-MP2/cc-pVTZ//B3LYP-D3/6-311++G(d,p)
denotes the single point energy calculation at the RI-MP2/cc-pVTZ to the optimized geometry
calculated at the B3LYP-D3/6-311++G(d,p).

02 B3LYP-D3/ RI-MP2/cc-pVTZ //IB3LYP-D3/6-
(Degrees) 6-311++G(d,p) 311++G(d,p)

0 0.00 0.00
10 0.19 0.19
20 0.69 0.77
30 151 1.71
40 2.57 2.97
50 3.89 4.43
60 5.21 5.96
70 6.46 7.39
80 1.47 8.51
90 8.09 9.16
100 8.22 9.24
110 7.91 8.87
120 7.40 8.28
130 6.97 7.66
140 6.59 7.18
150 6.46 6.90
160 6.46 6.82
170 6.59 6.89
180 6.65 6.95
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Table A2. Torsional potential energy surface (PES) of the N-N-N|N-N-N conformer. The
relative energy values in kcal mol. The RI-MP2/cc-pVTZ//B3LYP-D3/6-311++G(d,p)
denotes the single point energy calculation at RI-MP2/cc-pVTZ to the optimized geometry
calculated at the B3LYP-D3/6-311++G(d,p).

RI-MP2/cc-pVTZ //IB3LYP-D3/6-
¢2 (Degrees) B3LYP-D3/6-311++G(d,p) 311++G(d,p)

0 7.59 8.22
10 7.53 8.12
20 7.34 7.99
30 7.28 8.00
40 7.34 8.20
50 7.66 8.60
60 8.03 9.11
70 8.47 9.60
80 8.66 9.87
90 8.47 9.72
100 7.91 9.07
110 6.90 7.95
120 5.65 6.50
130 4.27 4.90
140 2.89 3.32
150 1.69 1.94
160 0.75 0.87
170 0.13 0.21
180 0.00 0.00
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Table A3. Torsional potential energy surface (PES) of the N-N-S|S-N-N conformer. The
relative energy values in kcal mol®. The RI-MP2/cc-pVTZ //B3LYP-D3/6-311++G(d,p)
denotes the single point energy calculation at RI-MP2/cc-pVTZ to the optimized geometry
calculated at the B3LYP-D3/6-311++G(d,p).

Y2 (Degrees) B3LYP-D3/6-311++G(d,p) RI-MP2/cc-pVTZ

0 0.00 0.00
10 0.19 0.24
20 0.73 0.89
30 1.63 1.93
40 2.78 3.28
50 4.12 4.82
60 5.52 6.42
70 6.84 7.90
80 7.90 9.07
90 8.56 9.78
100 8.75 9.95
110 8.54 9.67
120 8.13 9.17
130 7.73 8.65
140 7.46 8.25
150 7.38 8.05
160 7.44 8.04
170 7.58 8.15
180 7.66 8.21
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Table A4. Torsional potential energy surface (PES) of the S-N-S conformer. The relative
energy values in kcal mol™. The RI-MP2/cc-pVTZ //B3LYP-D3/6-311++G(d,p) denotes the
single point energy calculation at RI-MP2/cc-pVTZ to the optimized geometry calculated at
the B3LYP-D3/6-311++G(d,p).

Dihedral Angle (Degree) B3LYP-D3/6-311++G(d,p) RI-MP2/cc-pVTZ

0 0.00 0.00
10 0.13 0.19
20 0.63 0.77
30 144 1.72
40 2.57 2.97
50 3.83 4.43
60 5.21 5.96
70 6.46 7.38
80 1.47 8.50
90 8.09 9.14
100 8.22 9.23
110 7.97 8.87
120 1.47 8.29
130 6.97 7.69
140 6.65 7.22
150 6.46 6.95
160 6.46 6.89
170 6.59 6.95
180 6.65 6.99
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Table A5. Torsional potential energy surface (PES) of the S-N-S conformer in the solvents,
acetonitrile and chloroform, calculated at the B3LYP-D3/6-311++G(d,p) level of theory.

B3LYP-D3/6-311++G(d,p) | B3LYP-D3/6-311++G(d,p)
Dihedral angle (Degree) (Acetonitrile) (Chloroform)

0 0.00 0.00
10 0.13 0.13
20 0.56 0.56
30 1.19 1.26
40 2.13 2.26
50 3.14 3.39
60 4.27 4.58
70 5.21 5.65
80 5.96 6.46
90 6.34 6.90
100 6.21 6.90
110 S5.77 6.59
120 521 6.02
130 4.64 5.52
140 4.20 5.15
150 4.02 4.96
160 4.02 4.96
170 4.08 5.08
180 4.14 5.08
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Table A6. Interaction energies (AE) of complexes I, 11, and P without BSSE corrections. All

values are in kcal mol™.

Method AE (1) AE(I) AE(P)
B3LYP-D3/6-311++G(d,p) -2357 -47.03 -23.33
PBE0-D3/6-311++G(d,p) -23.46 -46.89 -23.32
TPSSTPSS-D3/6-311++G(d,p) -22.88 -45.73 -22.66
M06-2X/6-311++G(d,p) -21.56 -42.89 -21.22
B3LYP-D3/def2-TZVP -22.32 -44.57 -22.14
PBEO-D3/def2-TZVP -21.56 -43.05 -21.41
TPSSTPSS-D3/def2-TZVP -21.07 4211 -20.91
MO06-2X/def2-TZV/P -19.20 -38.32 -19.07
B3LYP-D3BJ/6-311++G(d,p) -23.39 -46.73 -23.18
PBEO-D3BJ/6-311++G(d,p) -23.25 -46.53 -23.07
TPSSTPSS-D3BJ/6-311++G(d,p) -22.54 -45.00 -22.28
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Table A7. Important noncovalent interactions involved in complex I. The topological

parameters were derived through Atoms-in-Molecules (AIM) Analysis',

Interaction(s)" r (A) p(r) | V2p(r) | H(r) G | V(@) | IVOUG()

4aC—H---O 239 | 0.0118 | 0.0377 | 0.0011 | 0.0083 | -0.0071 0.8612

°O—H--*N 2.01 | 0.0251 | 0.0780 | 0.0013 | 0.0182 | -0.0169 0.9295

| °C—H:-*N 2.32 | 0.0144 | 0.0448 | 0.0019 | 0.0093 | -0.0075 0.8006

dC—H--N 2.84 | 0.0066 | 0.0231 | 0.0010 | 0.0047 | -0.0037 0.7821

‘O—H--*N 2.02 | 0.0256 | 0.0792 | 0.0012 | 0.0186 | -0.0174 0.9362

C—H---0 239 | 0.0117 | 0.0373 | 0.0011 | 0.0082 | -0.0071 0.8610

'o(r)= electron density, V2p(r)= Laplacian electron density; H(r)=Total electron energy density,
G(r)= Kinetic energy density, \/(r)= Potential energy density at the bond critical points. "See
the bond interactions path in Figure A12.
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Table A8. Important noncovalent interactions involved in complex Il. The topological

parameters were derived through Atoms-in-Molecules (AIM) Analysis',

Interaction(s) | r (A) | p(r) V2p(r) | H(r) G(r) V(r) IV(N)IG(r)

4aC—H---O 2.38 | 0.0118 | 0.03877 |0.0011 | 0.0083 |-0.0071 |0.8612

bO—H---N 2.02 | 0.0251 |0.0780 |0.0013 |0.0182 |-0.0169 | 0.9289

‘C—H--'N 2.83 | 0.0066 | 0.0231 | 0.0010 | 0.0047 |-0.0037 |0.7823

dC—H---N 2.32 | 0.0144 | 0.0447 |0.0019 | 0.0093 |-0.0075 | 0.8005

‘O—H:-'N 2.01 | 0.0256 |0.0792 |0.0012 | 0.0186 |-0.0174 | 0.9357

fC—H---0 2.39 | 0.0117 | 0.0874 | 0.0011 | 0.0082 |-0.0071 |0.8610

YC—H---0 2.38 | 0.0118 |0.0377 |0.0011 |0.0083 |-0.0071 | 0.8612

O—H--'N 2.02 | 0.0251 |0.0780 |0.0013 | 0.0182 |-0.0169 | 0.9289

“C—H--'N 2.83 | 0.0066 |0.0231 | 0.0010 |0.0047 |-0.0037 | 0.7823

C—H---N 2.32 | 0.0144 |0.0447 | 0.0019 |0.0093 |-0.0075 | 0.8005

“O—H:-'N 2.01 | 0.0256 |0.0792 |0.0012 | 0.0186 |-0.0174 | 0.9357

fC—H---0 2.39 | 0.0117 |0.0374 |0.0011 |0.0082 |-0.0071 | 0.8610

Ip(r)= electron density, V?p(r)= Laplacian electron density; H(r)= Total electron energy
density, G(r)= Kinetic energy density, V/(r)= Potential energy density at the bond critical points.
Ii See the bond interactions path in Figure A13.
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Table A9. Natural Bond Orbital (NBO) results of complexes I and 11 calculated at the B3LYP-
D3/def2-TZVP level of theory.

Complex | Interactions Donor Acceptor Second order perturbation energy
of Interactions (kcal mol™t)

O—H:--‘N Lp(N21) o*(H102—099) 7.73

I C—H--*N Lp(N6) o*(H96—C99) 2.45
O—H---N Lp(N34) o*(H101—0100) 7.26
O—H---N Lp(N21) o*(H116—0113) 7.69
C—H---N Lp(N6) o*(H110—C105) 2.44
O—H--‘N Lp(N34) o*(H115—0114) 7.23

1
O—H:---N Lp(N74) o*(H102—099) 7.69
C—H:--N Lp(N62) o*(H96—C91) 2.44
O—H:---N Lp(N87) o*(H101—0100) 7.23
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Appendix-B
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Figure B1. Centroids distances of Host (H) in complexes G1cH to G7cH calculated at the
PBEOQ-D3BJ/def2-TZVP level of theory.

Figure B2. Distances between host and guest in complexes G1lcH-G7cH, calculated at the
PBEO0-D3BJ/def2-TZVP level of theory.
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Figure B3. Ab initio molecular dynamics simulation of complex (G1cH) calculated at the
B97-3c/def2-mTZVP level of theory.
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Figure B4. Ab initio molecular dynamics simulation of complex (G2<H) calculated at the
B97-3c/def2-mTZVP level of theory.
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Figure B5. Ab initio molecular dynamics simulation of complex (G3<H) calculated at the
B97-3c/def2-mTZVP level of theory.
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Figure B6. Ab initio molecular dynamics simulation of complex (G4cH) calculated at the
B97-3c/def2-mTZVP level of theory.
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Figure B7. Ab initio molecular dynamics simulation of complex (G5cH) calculated at the

B97-3c/def2-mTZVP level of theory.
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Figure B8. Ab initio molecular dynamics simulation of complex (G6cH) calculated at the
B97-3c/def2-mTZVP level of theory.
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Figure B9. I-V plot of host and host-guest complexes at the reverse and forward bias.

Figure B10. Transmission spectra of the host (H) at voltage -1.0 eV to +1.0 eV.
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Table B1. Interaction energy, AE (kcal mol™), of host-guest complexes GlcH-G7cH,
calculated at the PBEh-3c/ def2-mSVP level of theory.

Complexes AE
GlcH -34.02
G2cH -44.02
G3cH -50.42
G4cH -43.14
G5cH -43.38
G6cH -41.00
G7cH -51.96

Table B2. Conductance value and R? values of the host and host-guest complexes.

Complexes Conductance (S)x10° R2-value

H 0.97 0.97
GlcH 1.61 0.97
G2cH 1.54 0.98
G3cH 1.11 0.98
G4cH 1.52 0.98
G5cH 1.51 0.98
G6cH 1.32 0.98
G7cH 1.84 0.99
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Appendix-C

Strong attraction Weak Interactions Strong Repulsion
(H-bonds) (T-m)

Figure C1. NClI isosurface plots illustrating the noncovalent interactions in host—guest
complexes A1:G1 to A1:G11 for Set II.

TH-3363_176122035



192 |Page

Strong attraction Weak Interactions Strong Repulsion
(H-bonds) (T-m)

Figure C2. NCI isosurface plots illustrating the noncovalent interactions in host—guest
complexes A1:G1 to A1:G11 for Set .
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Figure C3. RDG scatter plots of the host—guest complexes A1:G1 to A1:G11 for Set II.
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Figure C4. RDG scatter plots of the host—guest complexes A1:G1 to A1:G11 for Set I.
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Appendix-D
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Figure D1. Representation of secondary structures of AB40-PDI-HIS of docked pose P1 for
(@) coil content, (b) B-sheet content, and (c) bend content, for AB40 in water and presence of
PDI-HIS.
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Figure D2. Representation of secondary structures of AB40-PDI-HIS of docked pose P5 for
(@) coil content, (b) B-sheet content, and (c) bend content, for AB40 in water and presence of
PDI-HIS.
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PDI-HIS (Histidine in g-form, N-H)
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Figure D3. Molecular structure of histidine (HIS) (e-form, N-H) functionalized
perylenediimide (PDI-HIS).

Molecular Docking

The molecular structure of the e-form histidine functionalized perylenediimide (PDI-HIS) is
displayed in Figure D3. Using the same protocol as Chapter 6 we performed the electronic
structure and molecular docking calculation. The obtained ten docked poses are presented in

Figure DA4.

Figure D4. Docked poses P1 to P10 obtained from the molecular docking of PDI-HIS with
AB40 fibril.

The binding energy (AG) of all the docked poses (P1 to P10) and the amino acid residues of
AB40 fibril involved in the interactions with PDI-HIS are presented in Table D1. Out of the
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ten docked poses, P1, P3, and P5 were selected to conduct the MD simulation. The same
protocol of MD simulation as in Chapter 6 is employed in this analysis.

Table D1. Generated docked poses (P1 to P10) with their binding energy (AG) (in kcal mol™)

and residues involved in the interactions.

Docked Pose | Binding Energy, AG | Residues involved

P1 -7.11 C (GIn15, Lysl16, Leul7, Vall8, Phel9, Phe20,
Lys28, lle31, Leu34, Val36)

P2 —6.58 C (GIn15, Lys16, Leul?7, Phel9, Phe20, Lys28,
Leu34, Val36)

P3 —6.46 A (Vall2. His13, His14, Lys16); B (Lys16)

P4 —6.36 A (Hisl14, Lys16); B (Vall12, His13, His14, Lys16);
C (Vall2, His13, His14)

P5 —6.26 A (Vall12, His13, His14); B (Val12, His13, His14);
C (Val12, His13, His14)

P6 —6.03 A (Lysl6); B (Vall2, Hisl3, Hisl4, Lys16); C
(Val12, His13, His14)

P7 —5.91 A (Vall2, His13, Hisl4, Lys16); B (Vall2, Hisl3,
His14, Lys16,); C (Lys16,)

P8 —5.82 A (Hisl4); B (Vall2, Hisl13, Hisl4, Lysl6,); C
(Vall2, His13, His14, Lys16)

P9 —5.55 C (Phe20, Lys28, 1le31, 11e32, Gly33, Leu34)

P10 —5.45 A (Vall12, His13, His14); B (Vall2, His13, His14);
C (Vall2, His13, His14)
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Molecular Dynamic (MD) Simulations
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Figure D5. Ca-RMSD of AB40 fibril (black) in the absence of PDI-HIS and Ca-RMSD of
AP40 fibril (red) in the presence of PDI-HIS for the docked poses P1, P3, and P5.

Figure D5 illustrates the comparison of the Ca-RMSD value of AB40 fibril in water with the
values of P1, P3, and P5 which have PDI-HIS. In P3, the Ca-RMSD value of AB40 gradually
increased and reached the point of approximately 1.4 nm at around 180 ns, and maintained
equilibrium in the remaining time. In P1 and P5, the changes in the deviation of the Ca-RMSD
value of AB40 fibril is less when compared to the Ca-RMSD value of AB1-40 in water. The
structure of the AB40-PDI-HIS collected at different times for P1, P3, and P5 are presented in
Figure D6, Figure D7, and Figure D8, respectively.
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t=100 ns
t=250 ns

t=300 ns t=350 ns t=400 ns

Figure D6. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-HIS of the P1 system collected at different times.

(V
t=300 ns -, t=350ns t=400 ns

Figure D7. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-HIS of the P3 system collected at different times.
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t=300 ns t=350 ns

Figure D8. Some snapshots from the MD simulations representing the structures of the AB40-
PDI-HIS of the P5 system collected at different times.
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Hydrogen Bonding Interactions
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Figure D7. Number of hydrogen bonds of AB40 in water (black) and in the presence of PDI-
HIS in docked pose P1, P3, P5 (blue).

The quantity of hydrogen bonds present in the AB40 is slightly reduced (Figure D7) when the
PDI-HIS is bind on the protein.
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Solvent Accessible Surface Area (SASA) Analysis
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Figure D10. SASA value of AB40 in the absence of PDI-HIS (black); SASA value of AB40 in

P1, P3, and P5 (green).

The increased in the SASA value of ApB40 was observed in P3 (Figure D10). This indicates
that the water accessibility on the surface of AB40 is increased and the flexibility of the protein
increased. However, in the case of P1 and P3 the SASA value showed almost similar pattern

with water.
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Secondary Structure Analysis
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Figure D11. Representation of secondary structures of AB40-PDI-HIS of P1 for (a) coil
content, (b) B-sheet content, and (c) bend content in AB40-water and Ap40-PDI-HIS.
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Figure D12. Representation of secondary structures of AB40-PDI-HIS of P3 for (a) coil
content, (b) B-sheet content, and (c) bend content in Ap40-water and Ap40-PDI-HIS.
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Figure D13. Representation of secondary structures of AB40-PDI-HIS of P5 for (a) coil
content, (b) B-sheet content, and (c) bend content in Ap40-water and Ap40-PDI-HIS.

Secondary structure analysis of AB40 for P1, P3, and P5 are presented in Figure D11, Figure
D12, and Figure D13, respectively. In P3 and P5, the number of resides exihibited in the coil
structure formation is slightly less when compared with P1. On the other hand, the quantity of
[-sheet content is significantly reduced in P3 (Figure D12b). The impact is very low in the
case of P1 and P5. Furthermore, the number of residues involved in the conversion of bend
structure in P3 (Figure D12c), and P5 (Figure D13c) are comparatively larger than P1 (Figure
D11c). This result indicates that the extent of the disruption effect of PDI-HIS on the structure
of the AB40 is large in P3.
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Binding Free Energy

207 |Page

Table D2. Binding free energy, AGuinding, (in kcal mol ™) of P1, P3, and P5 docked poses.

P1 P3 P5
AE vaw —33.73 £1.39 —52.23 +1.60 —35.46 + 0.22
AEelec 133.69 + 1.96 149.14 + 2.31 117.53 £ 3.20
AEMM 99.96 + 2.40 96.91 + 2.81 82.07 + 3.20
AGpolar —120.53 £ 5.37 —133.84 £ 1.94 —116.08 £ 1.26
AGon-polar —3.44 + 0.04 —6.23 +£ 0.03 —4.80 + 0.06
AGsolv —123.96 + 5.38 —140.07 £ 1.94 —120.88 £ 1.26
AGhbinding —24.00 £ 5.89 —43.17 £ 3.41 —38.82 + 3.44

The AGvinding Value (Table D2) of P1, P3, and P5 show that PDI-HIS has potential to bind on

AP40 fibril. Among the selected docked poses, P3 shows the highest AGbinding Value.
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Interaction Analysis
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Figure D14. Illustration of the types of interaction form between the AP fibril and PDI-HIS at
400 ns for the systems P1, P3, and P5. The spike near the residues denotes the hydrophobic
interactions, and the green line represents the existence of hydrogen bonding interaction
(hydrogen bond distance in A). A, B, and C represent the chains of Ap fibril.
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Appendix-E

Number of Hydrogen Bonds
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Figure E1. Number of hydrogen bonds of AB40 in water (black) and AB40-PDI-PHE (blue)
for the systems P1, P2, P3, and P5.
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Number of Hydrogen Bonds

o
(=]

80

[=))
=]

Number of Hydrogen Bonds
-~
=

wn
=}

s
o

1
100

1
200
Time (ns)

T1

1
300

400

I
100

200
Time (ns)

Teé

1
300

400

Number of Hydrogen Bonds

Number of Hydrogen Bonds

1 1
200 300
Time (ns)

T2

1
100 400

1 | L

200
Time (ns)

T8

400

] ]
100 300

Figure E2. Number of hydrogen bonds of AB40 in water (black) and AB40-PDI-TYR (green)
for the systems T1, T2, T6, and T8.
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Figure E3. Solvent-accessible surface area (SASA) value of AB40 in water (black), SASA
value of AB40 (red) in the presence of PDI-ALA for docked pose A2 and A8.
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Figure E4. Solvent-accessible surface area (SASA) value of AB40 in water (black) and SASA
value of AB40 (blue) in the presence of PDI-PHE for docked pose P1, P2, and P3
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Figure E5. Solvent-accessible surface area (SASA) value of AB40 in water (black) and SASA
value of AB40 (green) in the presence of PDI-TYR for docked pose T1, T6, and T8.
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Figure E6. Representation of secondary structures of Ap40-PDI-PHE of docked pose P5 for
(@) coil content, (b) B-sheet content, and (c) bend content of protein in AB40-water and AB40-
PDI-PHE.
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Figure E7. Representation of secondary structures of AB40-PDI-TYR of docked pose T2 for

(@) coil content, (b) B-sheet content, and (c) bend content of protein in AB40-water and AB40-

PDI-TYR.
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