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ABSTRACT

INVESTIGATING THE PHOTOPHYSICAL PROPERTIES
OF NOVEL CHLORIN DERIVATIVES AS
PHOTOSENSITIZER MOLECULES FOR

PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) is a non-invasive cancer treatment that offers sev-
eral advantages over traditional methods. This successful therapy has been effectively
applied in the treatment of various cancer types, especially tumors located near the
body surface. However, the limitations of photosensitizer (PS) molecules, particularly
for deep-seated tumors, impede the widespread clinical adoption of PDT. Consequently,
there is a need for novel photosensitizer molecules to improve treatment efficacy and
advance the field of cancer therapy. This study presents a comprehensive investiga-
tion into the photophysical properties of substituted chlorin derivatives as potential PS
molecules to enhance PDT. Density functional theory (DFT) and time-dependent den-
sity functional theory (TD-DFT), along with hybrid quantum mechanical/molecular
mechanical methods (hybrid QM/MM), were applied to examine their photophysical
properties. Moreover, the molecules are thoroughly investigated in various physiological
environments, including vacuum and water phase, encapsulated with drug carriers, and
on lipid membranes with molecular dynamics (MD) simulations. The results provide
insights into the absorption and emission spectra, natural transition orbitals, spin-
orbit coupling values, singlet-triplet energy gaps, and intersystem crossing channels of
these molecules. By demonstrating the photophysical properties of these customized
chlorins and their dependence on environmental factors, this research offers valuable

information for the design and optimization of such molecules.



OZET

YENI KLORIN TUREVLERININ FOTOFIZIKSEL
OZELLIKLERININ FOTODINAMIK TERAPI iCIN ADAY
FOTOSENSITIZER MOLEKULLERI OLARAK
ARASTIRILMASI

Fotodinamik terapi (PDT), geleneksel yontemlere kiyasla bircok avantaj sunan
invaziv olmayan bir kanser tedavisidir. Bu basarili tedavi, ozellikle viicut yiizeyine
yakin yerlegimli tiimorler igin olmak tizere cesitli kanser tiirlerinin tedavisinde etkili bir
sekilde uygulanmigtir. Bununla birlikte, fotosensitizer (PS) molekiillerinin sinirlamalari,
ozellikle derin yerlegimli tiimorler igin, bu terapinin klinik agidan yaygin olarak ben-
imsenmesini engellemigtir. Bu nedenle, bu tedavinin etkinligini artirmak ve kanser
tedavisi alanindaki ¢aligmalara katkida bulunmak i¢in yeni PS molekiillerine ihtiyag
vardir. Bu galisma, PDT’yi giiclendirmek icin potansiyel PS molekiilleri aday1 olabile-
cek siibstitiie klorin tiirevlerinin fotofiziksel ozelliklerine kapsamli bir aragtirma sun-
maktadir. Yogunluk fonksiyonel teorisi (DFT) ve zamana bagimh yogunluk fonksiyonel
teorisi (TD-DFT) ile birlikte hibrit kuantum mekanik/molekiiler mekanik yontemler
(hybrid QM /MM), bu molekiillerin fotofiziksel ézelliklerini incelemek igin uygulanmisgtir.
Ayrica, molekiiller vakum ortaminda, su i¢inde, ilag tasiyicilar: ile kapsiillenmis olarak
ve lipid membran tizerinde molekiiler dinamik (MD) simulasyonlar1 ile ayrintih bir
sekilde incelenmistir. Sonuclar, molekiillerin absorpsiyon ve emisyon spektrumlari,
dogal gecis orbitalleri, spin-yoriinge etkilesimi degerleri, singlet-triplet enerji bosluklar
ve sistemler arasi gecig kanallar1 hakkinda bilgi saglamaktadir. Bu arastirmada, foto-
sensitizer aday1 klorin molekiillerinin fotofiziksel ozellikleri ve cevresel faktorlere olan
bagimlhiliklar: incelenerek bu molekiillerin tasarimi ve optimize edilmesi i¢in degerli

bilgiler sunulmugtur.
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1. INTRODUCTION

1.1. Photodynamic Therapy

Photodynamic therapy (PDT) has gained significant recognition as a promising
and minimally invasive treatment approach for cancer [1]. This therapy employs the
principles of light-sensitive molecules to selectively eliminate target cancer cells or
organisms. PDT offers a range of advantages compared to conventional treatment
options, including minimal invasiveness, targeted specificity, and reduced systemic side
effects. Moreover, it ensures the preservation of healthy neighboring tissues while
selectively targeting diseased tissues, presenting an attractive alternative for cancer

treatment [2].
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Figure 1.1. Major components of PDT and its mechanism.



Photodynamic therapy involves the absorption of a photosensitizer (PS) molecule
by target cells or organisms. Upon photoactivation, typically with light in the visible
or near-infrared range at a specific wavelength, the PS molecule undergoes a series of
photochemical reactions. Following light absorption, the PS molecule engages in these
reactions, leading to the generation of reactive oxygen species (ROS), particularly
singlet oxygen [3]. The produced ROS are highly reactive and can induce oxidative
damage within the cell, including lipids, proteins, and DNA. This oxidative stress
ultimately triggers cell death, thereby establishing PDT as an effective therapeutic
strategy.

However, despite the promising potential of photodynamic therapy as a therapeu-
tic modality, there are certain limitations associated with the selection and properties
of photosensitizer molecules. Firstly, some PS molecules can only be applied to su-
perficial tissues and easily accessible areas due to the limited tissue penetration of the
activating visible light [4]. Ongoing research and development efforts aim to overcome
this limitation by designing PS molecules that can be activated with near-infrared or
lower-energy light [5]. Secondly, concerns arise regarding the stability of PS molecules,
as they may be prone to degradation or photobleaching, thereby reducing their effec-
tiveness. It is crucial to identify PS molecules that maintain stability in physiological
environments while exhibiting low biotoxicity for the success of PDT [6]. Another lim-
itation is the low oxygen levels in cancer cells, often referred to as hypoxia [7]. Tumor
cells reduce the supply of oxygen due to their high metabolic demands and abnormal
blood vessels. Since the interaction between the PS molecule and oxygen is necessary
for ROS generation, overcoming this issue becomes imperative. Studies in the liter-
ature have explored the use of oxygen-supplying agents in conjunction with PDT to
address this limitation [8]. Additionally, the synthesis of new PS molecules that yield
high ROS generation could be considered as an approach to enhance the efficiency of

PDT, even in environments with limited oxygen availability.



1.2. Chlorins

Chlorin molecules belong to the porphyrin family, which have a tetrapyrrole ring
structure. The fundamental difference between chlorins and porphyrins is the presence
of a reduced pyrrole ring, as depicted in Figure 1.2. This structural modification
enhances the absorption and emission properties of chlorin molecules, particularly in

the red region, making them ideal candidates for PDT applications.

Porphyrin Chlorin

Figure 1.2. Structures of porphyrin and chlorin in 2D.

Chlorin molecules exhibit strong absorption in the red-light region, typically
around 640-700 nm, allowing for deeper tissue penetration [9]. Moreover, this range
can be enhanced through modifications to the main ring or through metal coordination.
Upon light absorption, chlorins can undergo intersystem crossing to transition to the
excited triplet state [9]. These excited states can interact with ground state molecular
oxygen in the surrounding environment to generate ROS, including singlet oxygen. An
example of a chlorin derivative that has gained FDA approval is mTHPC, known med-
ically as Foscan® [10]. mTHPC possesses a unique structure derived from chlorophyll-
a, with enhanced photophysical properties and high absorption in the red-light region.
Foscan® has demonstrated efficacy in the treatment of head and neck cancers, partic-

ularly in cases where traditional treatments have limited effectiveness [11].

Although chlorin molecules possess favorable light-activation properties, there are
certain limitations that need to be considered for achieving optimal efficacy in PDT [12].

While they absorb light in the red spectrum, which allows for better tissue penetration



than shorter wavelengths, it is still inadequate for the treatment of deeply seated tumors
or anatomically complex regions. Another significant limitation is the potential for low
selectivity in targeting specific tissues or cell types. Increasing accumulation in diseased
tissues while reducing damage to healthy tissues and mitigating treatment side effects
is crucial. Therefore, addressing the limitations associated with selectivity and tissue

penetration depth is essential to further optimize chlorin-based PDT approaches.

1.3. Cyclodextrins

Cyclodextrins are cyclic oligosaccharides composed of glucose units linked by
a-1,4-glycosidic bonds, resulting in a bagel-like structure [13]. The most common cy-
clodextrins are a-cyclodextrin, S-cyclodextrin, and vy-cyclodextrin, consisting of six,
seven, and eight glucose units, respectively. Due to their hydrophobic cavities and hy-
drophilic outer surfaces, cyclodextrins can form host-guest inclusion complexes with a
wide range of guest molecules, including drugs and photosensitizers. These complexes
are formed through the encapsulation of guest molecules within the hydrophobic cavity
of cyclodextrins, resulting in enhanced stability, solubility, and controlled release prop-
erties. Furthermore, cyclodextrins can enhance the bioavailability and cellular uptake

of photosensitizers, thereby increasing their therapeutic efficacy.

L

Figure 1.3. A chlorin derivative molecule encapsulated by S-cyclodextrin hosts.



Some disadvantages of the mTHPC molecule include its low water solubility and
decreased selectivity due to aggregation, which can impact the effectiveness of PDT.
However, studies in the literature have indicated that encapsulation of mTHPC with
p-cyclodextrin (S-CD) can overcome these limitations [14]. In fact, there are even
studies utilizing liposomes to enhance the efficiency of this S-CD:mTHPC encapsula-
tion, further improving the efficacy of the cyclodextrin-mTHPC complex [15]. These
approaches have shown promise in addressing the challenges associated with low sol-
ubility, aggregation, and selectivity, thereby enhancing the therapeutic potential of
mTHPC in PDT.

1.4. Aim of the Thesis

This thesis aims to investigate the potential of chlorin derivatives and under-
stand their photophysical properties to achieve more effective PDT outcomes. The
study seeks to expand the repertoire of photosensitizers by discovering compounds
with enhanced properties or shedding light on the necessary features to improve the
efficacy of photodynamic therapy. The findings will serve as inspiration for the devel-
opment of more effective photosensitizers and ultimately lead to improvements in the

field of cancer therapy.
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Figure 1.4. 2D structure of the selected chlorin derivative molecules.



In this study, chlorin derivatives synthesized by Cheng et al. [16] were selected for
investigation. The selection of these molecules was based on the similarity of the Ar3
molecule to mTHPC and the presence of different versions of meso-substitutions on the
Ar3 molecule. Through the comprehensive analysis of these molecules, it is expected
that the effects of these substitutions will be uncovered, thereby making valuable con-
tributions to future research in the field of photosensitizer design. Additionally, it is
hypothesized that zinc coordination and nitrogen-containing substituents can enhance
intersystem crossing through heteroatom effects [17], allowing the molecule to transfer
its energy to the triplet state instead of releasing it via fluorescence or heat. Further-
more, it is expected that reducing the distance between the chlorin ring and functional
groups attached to it, along with the variability of the R group between methyl and
hydrogen, would minimize the rotation of these groups within the molecules. This rea-
soning supports the idea that these molecules have the potential to efficiently utilize

their energies for photosensitizing purposes.

Various aspects of these chlorin derivatives will be investigated, including their
absorption and fluorescence spectra, singlet-triplet energy gaps, spin-orbit coupling val-
ues, and lowest triplet state energies. To achieve this, various computational techniques
such as Density Functional Theory (DFT), Time-Dependent Density Functional Theory
(TD-DFT), and Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) meth-
ods will be employed. Molecular dynamics (MD) simulations will also be conducted to
understand the behavior of molecules under different physiological conditions, such as
in vacuum, water, encapsulated with cyclodextrins in water, and within a bilayer lipid

membrane.



2. METHODOLOGY

2.1. Density Functional Theory

Density functional theory is a computational method frequently employed to
investigate the electronic structure and properties of molecules or systems [18]. DFT
is founded upon several fundamental theorems, originating from the pioneering work
of Hohenberg and Kohn [19]. In essence, these theorems succinctly state that the
ground-state electron density uniquely determines all ground-state properties and wave
functions of a system, and that the energy associated with the electron distribution
can be defined in terms of the electron density. Thus, they provided a simpler avenue
for solving the Schrodinger equation by bypassing the complexity associated with the
many-body wave function. Ground state electronic energy, E, can be written within

this Kohn-Sham approach as
E = Er+ Ev + Ej + Exc, (2.1)

where Fr is the kinetic energy of the electrons, Ey is the external potential energy
acting on the electrons, E; is the classical Coulomb interaction energy between the elec-
trons, and Fxc is the exchange-correlation energy representing the quantum mechanical
effects of electron-electron interactions. The exact form of the exchange-correlation en-

ergy is unknown, and it is typically approximated by using various density functionals.

As mentioned earlier, the main concept behind DFT is to introduce an alterna-
tive solution for calculating the total energy of many-electron systems by expressing
it in terms of the electron density p(r), instead of the computationally demanding
many-body wave function. The Kohn-Sham equations [20] facilitated the practical
implementation of DFT by introducing fictitious non-interacting electron sets with
an effective potential, thereby enabling the determination of the density of the real

interacting system.



The total energy of the Kohn-Sham system, denoted as Fxg, can be expressed as

Exs|p] = Txs|p] + Verlp), (2.2)

where Tks|[p] represents the kinetic energy of the Kohn-Sham electrons, and Vig[p] is the
effective potential that includes both the external potential and the Hartree potential

arising from the electron-electron Coulomb interaction.

By varying the Kohn-Sham total energy, Exgs[p], with respect to the Kohn-Sham
wave functions, v;(r), while keeping the electron density fixed, the following set of

equations known as the Kohn-Sham equations can be expressed as

(—h—2V2 + Veff(r)> Yi(r) = ei(r), (2.3)

2m

where ¢; is the energy of the i-th electron, and r is the position vector. The effective
potential, Veg(r), is obtained by assuming that it is equal to the actual interacting

electron density of the Kohn-Sham system. The electron density can be computed as
2
p(r) = 1i(r)”, (2.4)

where p(r) is the probability density at a position vector 7.

The Kohn-Sham equations are solved in a self-consistent manner by iteratively
adjusting the Kohn-Sham wave functions and electron density until a self-consistent so-
lution is reached. This iterative process continues until the Kohn-Sham wave functions

and electron density converge to a consistent solution.
2.2. Functionals

In DFT, functionals are mathematical functions that approximate the exchange-
correlation energy which is not precisely known. Functionals provide a practical way to
account for the quantum mechanical effects of electron-electron interactions, enabling
the description of these interactions in a quantitative manner. These functionals possess
distinct strengths and limitations, and there is no universal type of functional that
works best for all systems. Therefore, selecting an appropriate functional for a specific

problem requires careful consideration and often involves comparing with experimental



data or higher-level theoretical calculations.

The simplest approach is the Local Density Approximation (LDA) by Kohn-
Sham [20]. LDA assumes the local density as a homogenous electron gas and the
variation in density is low. It offers lower computational cost; however, it may fail to

capture spatial variations of the electron density.

Generalized Gradient Approximation (GGA) [21] functionals are an improved
version of LDA that considers not only the local electron density but also its gradi-
ent. By incorporating the spatial variation of the electron density, GGA functionals
offer more accurate calculations of molecular systems and properties. They can bet-
ter capture non-uniform electron densities, thereby providing improved descriptions of

chemical bonds and reactivity.

The most widely used functionals are hybrid functionals [22]. These functionals
hybridize the exact exchange derived from Hartree-Fock theory with the remaining
exchange-correlation energy from other sources, which can be either ab initio or empir-
ical. The most popular hybrid functional is BSLYP which is named after Becke, Lee,
Yang, and Parr [23]. In this functional, the LYP correlation functional is combined

with Becke’s three-parameter exchange functional.

Range-separated functionals differentiate long-range and short-range electron-
electron interactions, utilizing Hartree-Fock exchange for the former and local DFT
exchange for the latter [24]. LC (Long-Range Corrected) functionals in range-separated
functionals incorporate exact Hartree-Fock exchange to improve the accuracy of long-
range interactions [25]. CAM (Coulomb-Attenuating Method) functionals, on the other
hand, are a more general variant that use a Coulomb-attenuating method with ad-
justable parameters to control the balance between short-range and long-range con-
tributions in the exchange-correlation functional, often including empirical corrections

for enhanced accuracy [26].
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wBI97X-D is a range-separated hybrid functional that incorporates an additional
dispersion correction, renowned for its accuracy in capturing the subtle effects of disper-
sion forces and non-covalent interactions [27]. Also, both CAM-B3LYP and wB97X-D
functionals have been noted for their computational performance in determining exci-
tation energies, orbital energies, and charge transfer excitations [28]. While wB97X-D
appears to be a suitable candidate for the calculations in this thesis, it is crucial to
emphasize that the choice of functional depends on the specific system and property of
interest. Researchers typically select functionals based on their known performance and
compare them to experimental or high-level theoretical data. In this thesis, the selec-
tion of the functional was guided by benchmarking data, including X-ray diffraction of
Zn-coordinated chlorin ring [29-31], as well as a comparison between the experimental
absorption spectra [16] of the selected chlorin derivative molecules and their theoretical
spectra obtained using different candidate functionals. This approach ensured a careful

and informed choice of the functional for the calculations conducted in this study.

2.3. Basis Sets

Basis sets are mathematical function sets used to describe the wave functions of
electrons. They are necessary to approximate the behavior of electrons in molecules,
representing atomic orbitals. Basis sets are typically chosen to balance computational

efficiency and accuracy in calculations.

Slater-type orbitals (STOs) [32] are algebraic functions with explicit mathemati-
cal expressions that exhibit appropriate behavior near the nucleus, while Gaussian-type
orbitals (GTOs) [33] facilitate calculations by following a smooth and continuous Gaus-
sian distribution. While STOs are suitable for core electron calculations, GTOs are

computationally efficient and more commonly used in electronic structure calculations.

Pople basis sets [34], developed by John Pople, allow for the adjustment of elec-
tron density by utilizing a combination of Gaussian functions to represent valence

orbitals. The representation of Pople basis sets, such as 6-31+G*, signifies that the
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core atomic orbital consists of 6 primitive Gaussians, while the valence orbitals are
divided into two groups: one with 3 primitive Gaussians and another with 1 primitive
Gaussian function. “4+G*” refers to the inclusion of additional polarization or diffusion

functions for valence orbitals.

Effective Core Potentials (ECPs) [35] simplify calculations by utilizing a simplified
potential to represent an atom’s core electrons, resulting in computationally efficient
calculations with reduced electron counts. Among the widely used ECPs, SDD [36]
and LANL2DZ [37] are particularly favored for systems containing heavy atoms, where

the impact of core electrons on valence electrons is relatively diminished.

In this thesis, as mentioned in the functionals section, the basis set to be used in

calculations was determined using benchmark data.

2.4. Polarizable Continuum Model

The Polarizable Continuum Model (PCM) is a widely employed computational
model in the field of theoretical chemistry, specifically designed to incorporate solvent
effects [38]. It provides a practical and efficient approach to describe the impact of
solvents on molecular properties by treating the solvent as a continuous medium with
a defined dielectric constant. By doing so, PCM enables the calculation of solvent

energies and related properties in a computationally feasible manner.

PCM was initially introduced as a theoretical framework to incorporate solvent
effects [39]. In PCM, the solute molecule is placed within a cavity created either based
on the solute’s molecular surface or using a set of atomic spheres. The solvation energy
in PCM is calculated by considering the interactions between the solute and the solvent.

It is typically expressed as the sum of various contributions:
AGsolvation - AGcavity + AGdispersion + AGelectrostatic + AGrepulsion- (25)

In this equation, AGayity represents the creation of a void in the solvent to accommo-

date the solute, AG gispersion accounts for attractive London dispersion forces between
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nonpolar molecules, AGgjectrostatic cOnsiders electrostatic interactions between charged
or polar species, and AG,epuision quantifies the energy needed to overcome steric re-
pulsion. By summing these terms, PCM provides an estimate of the overall solvation

energy.

The initial model of PCM is referred to as D-PCM (Dielectric PCM), while PCM
is generally used to represent all the models. Within PCM, two commonly employed
approaches are integral equation formalism (IEF-PCM) [40] and conductor-like screen-
ing model (COSMO) [41]. The main difference between IEF-PCM and COSMO lies
in their treatment of outlying charge effects. IEF-PCM incorporates a more rigorous
approach to account for these effects through the integral equation formalism, while
COSMO utilizes a simpler dielectric scaling factor. While COSMO can achieve similar
solvation energies to IEF-PCM by using a simple dielectric scaling factor, IEF-PCM
offers a slight theoretical advantage in accounting for outlying charge effects, although
other factors such as cavity construction and basis set choice have a greater impact on

the quality of the calculations [42].

2.5. Time-Dependent Density Functional Theory

Time-Dependent Density Functional Theory (TD-DFT) [43] is an extension of
DFT that allows for the investigation of electronic excitations and dynamic properties.
While DFT is suitable for calculating ground-state properties, TD-DFT combines the
time dependence of electronic density to explore excited states and electronic transi-

tions.

In TD-DFT, the main objective is the time-dependent electron density, denoted as
p(r,t). Like DFT, the fundamental concept is to express the total energy of the system
as a functional of the time-dependent density, denoted as E[p(r,t)]. TD-DFT maps
an interacting electron system in an effective potential to a non-interacting electron

system using the time-dependent Kohn-Sham scheme. The time-dependent Kohn-
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Sham equations can be written as follows:

- ; = th—1) . 2.
( 2mv + Veg(r, t)) i (r, t) zhat@/},(r, t) (2.6)
In this equation, v;(r, t) denotes the time-dependent wave function of the i-th electron,

while Vig(r,t) corresponds to the time-dependent effective potential.

TDA-DFT, or Tamm-Dancoff Approximation within Density Functional Theory
[44], is a simplified version of TD-DFT where only the most dominant excited state
is considered for a given electronic transition. It provides a computationally efficient

approach for calculating excited states while retaining some level of accuracy.

Configuration Interaction Singles (CIS) [45] and Random-Phase Approximation
(RPA) [46-48] are wave function-based methods used for studying excited states. CIS
focuses on single-electron excitations in the ground state, while RPA treats excitations
as collective electron oscillations. In that manner, TD-DFT and RPA are related but

not the same, while CIS and TDA-DFT are also related but not identical [49].
2.6. Wigner Distribution Function

The Wigner distribution function is a mathematical method employed to describe
the joint time-frequency behavior of a quantum system [50]. By enabling the acquisition
of dynamic geometries, the Wigner distribution provides a perspective on the dynamic
geometries and trajectories of particles, offering insights into the analysis of electronic

excitations and their dynamics.

The generation of the Wigner distribution requires geometry optimization fol-
lowed by a frequency calculation at a stationary point [51]. However, for large multi-
atomic systems, the generation of Wigner sampling becomes challenging due to the

high computational cost associated with frequency calculations.

The definition of the Wigner distribution depends on the wave function of the

system. For a one-dimensional quantum system with a continuous wave function 9 (x),
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the Wigner distribution is given by the following equation:

Wiep) =5 [ 0le+ /20l - y/2)e dy. .1

In this equation, “x” represents the position of the particle, “p” represents its mo-

mentum. The integral over “y” represents the interference between different position-

momentum pairs, resulting in the Wigner distribution.
2.7. Natural Transition Orbitals and &s Index

Natural Transition Orbitals (NTOs) [52] are constructed to describe electronic
transitions between molecular states and visually represent the redistribution of elec-
tron density. They are derived by diagonalizing the transition density matrix, which

stems from the difference in wave functions between excited and ground states.

Natural Transition Orbitals (NTOs) are localized orbitals that focus on regions
where the electron density changes during a transition. The shape and spatial dis-
tribution of NTOs provide insights into the nature of the excited state, including the
character of the electronic transition (e.g., m-7* or n-7*). NTOs facilitate the cal-
culation of transition dipole moments, oscillator strengths, and other spectroscopic

properties associated with electronic transitions.

The @s index is a quantitative measure used to assess the degree of charge sepa-
ration between two entities in an excited state [53]. It provides a measure of electron

transfer or the redistribution of electron density along a bond or between specific atoms.

The @s index quantifies the degree of charge transfer between two entities in an
electronic transition, ranging from 0 to 1. A value of 0 indicates no overlap between
detachment and attachment densities, while a value of 1 represents no electronic density

fluctuation.
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2.8. Spin-Orbit Coupling

Spin-orbit coupling (SOC) is a relativistic effect that arises due to the interaction
between the spin of an electron and its orbital motion [54]. In DFT, SOC is incorpo-
rated by adding a spin-orbit interaction term to the Kohn-Sham Hamiltonian, which

describes the behavior of electrons.

Spin-orbit coupling offers valuable insights into the electronic structures, spectro-
scopic properties, and spin-related phenomena of molecules, especially those containing
heavy elements. SOC plays a critical role in two important processes: internal conver-
sion (IC) [55] and intersystem crossing (ISC) [56]. IC refers to the non-radiative tran-
sition between states with the same spin multiplicity, while ISC involves non-radiative
transitions between states with different spin multiplicities. SOC can enhance the ISC
rate, allowing efficient population transfer between singlet and triplet excited states.

This ISC process is crucial for the generation of reactive oxygen species during PDT.

In spin-orbit coupling calculations, the spin-orbit energy can be computed as
Eso = / U* HyoW dV, (2.8)

where Fgo is the energy, Hqo is the spin-orbit coupling Hamiltonian, and dV' denotes
integration over the entire volume of the system. The integral represents the expec-
tation value of the SOC operator in the given wave function. Calculation of matrix

elements using the spin-orbit coupling operator can be performed as

(@ Hso|®s), (2.9)
where Hgo is the spin-orbit coupling Hamiltonian operator. Definition of the spin-orbit
coupling operator can be written as

Hgo = €L - S. (2.10)
In this equation, L is the electron’s orbital angular momentum, while S is the intrinsic

spin. & represents the spin-orbit coupling constant, which quantifies the strength of

the spin-orbit interaction.
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2.9. Force Fields

Force fields are mathematical equations and parameters that define the potential
energy functions used to calculate the forces acting on atoms in a system. They play
a vital role in describing the interactions that govern the behavior and dynamics of
molecules. Together with Newton’s laws of motion, these force fields simulate the
movement and behavior of molecules over time. Typically, force fields consist of several

components to account for different types of interactions:

Etotal — Z kb — Tk eq)
Z kﬁ Js eq)

1
n Z 3 Sko. (1 + cos(ng,, i — 5¢m))] (2.11)
oo\ 12 oii\°
4 ii - — (=
+Z 6][(7%) <”j)]
1,5 (i#7)
495
_l_
2 Treors
0,5 (i#£5)

In this equation, the total potential energy (Ei.a1) in a standard force field is the
sum of various energy contributions. The first term represents the energy from bond
stretching, where k; is the bond force constant and 7, is the bond length. The second
term accounts for angle bending energy, with £y as the angle force constant and 0; as
the angle measurement. The third term represents the energy from dihedral angles,
where kg, is the torsional force constant, n,,, is the periodicity, and ¢; denotes the
dihedral angle. The fourth describes van der Waals interactions, with ¢;; as the energy
parameter and o;; as the distance parameter between non-bonded atom pairs. Finally,
the last term represents electrostatic interactions, where ¢; and g; are the charges of

atom pairs, r;; is the distance, and ¢, is the permittivity of free space.

Force fields have certain limitations. They may have limited accuracy when ap-
plied to molecules or systems not included in their training sets. Developing accurate

force field parameters requires extensive experimental and quantum mechanical data,
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which can be time-consuming and challenging, especially for new or complex systems.
Force fields rely on simplified mathematical models and empirical parameters, lead-
ing to approximations and inherent limitations in capturing all aspects of molecular

interactions accurately.

Two of the most popular force fields used in molecular dynamics simulations
are AMBER (Assisted Model Building with Energy Refinement) [57] and CHARMM
(Chemistry at Harvard Macromolecular Mechanics) [58]. AMBER is widely used for
simulating biomolecular systems, including proteins, nucleic acids, and carbohydrates,
while CHARMM is versatile, covering a broad range of biomolecules such as proteins,
nucleic acids, lipids, carbohydrates, and small molecules. Other popular force fields
include OPLS-AA (Optimized Potentials for Liquid Simulations - All Atom) [59] and
GROMOS (Groningen Molecular Simulation) [60], which are commonly used for sim-

ulating organic and small molecules in MD simulations.

2.10. Molecular Dynamics

Molecular Dynamics is a computational simulation technique that studies atomic
and molecular behavior by numerically solving the motion equations derived from clas-
sical and statistical mechanics principles, typically represented by Newton’s equations.

The equations of motion can be expressed as
d27"i .
miﬁ = Ly

where m; represents the mass of particle 7, r; denotes the position vector of particle 7,

(2.12)

F; represents the net force acting on particle 4, and ¢ signifies time.

To describe the interatomic interactions in an MD simulation, a force field is
employed. The force field potential energy function captures the energetic contributions
arising from bonded and non-bonded interactions among atoms, as mentioned earlier

in 2.9.
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Integration methods play a crucial role in the temporal progression of MD simula-
tions. Various algorithms, such as the Verlet algorithm [61] or leapfrog algorithm [62],
are employed to numerically integrate the motion equations. These algorithms update
the positions and velocities of atoms based on the forces acting upon them, allowing the
simulation to progress incrementally over time. Here are the equations of the Velocity

Verlet [63] algorithm:

ri(t + At) = 1i(t) + vi(t) - At + 21 :

m;

Fi(t + At) = —=VU (ry(t + At)), (2.13)

m;

In these equations, involving position, force, and velocity updates, respectively, the

[Fi(t) + Fi(t + At)] - At.

terms have the following meanings: 7;(t) denotes the position of the particle at time
t, v;(t) represents its velocity, F;(t) represents the force acting, and At is the time
step used for integration. The updated position of the particle at time t + At is
given by r;(t + At), while the updated velocity at the same time is represented by
v;(t + At). These variables are crucial in the algorithm for accurately tracking the

particle’s position and velocity over time.

Velocity Verlet algorithm calculates the positions and velocities of particles si-
multaneously at each time step, ensuring a more accurate treatment of the initial time
step compared to the basic Verlet algorithm. By incorporating the current and fu-
ture accelerations, the Velocity Verlet algorithm provides a more stable and accurate

trajectory of the system over time.

MD has made significant advancements in conjunction with improvements in
computational power, algorithmic developments, and the refinement of force fields.
These advancements have enabled researchers to explore increasingly complex and
realistic systems, push the boundaries of scientific understanding, and facilitate the

discovery of new materials, drugs, and technologies.
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2.11. Hybrid Quantum Mechanics / Molecular Mechanics

Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) is a computational
method used to combine quantum mechanics and molecular mechanics for investigation
of complex chemical systems [64]. This method allows for the description of electronic
structure and chemical reactions at a quantum mechanical level, while considering the

influence of the surrounding molecules using classical force fields.

The hybrid QM/MM potential energy incorporates interactions within the QM
and MM regions as well as between QM and MM atoms, with various approaches
available to describe the challenging QM /MM interactions. Subtractive and additive
schemes are commonly employed in QM/MM simulations [65]. Subtractive schemes
involve performing MM and QM calculations for different regions and obtaining the
QM/MM energy by subtracting an MM calculation. However, accurately representing
electrostatic interactions is challenging in these schemes due to fixed atomic charges
and the absence of realistic MM parameters for the QM region. In contrast, additive
schemes incorporate MM and QM calculations for specific regions and explicitly handle
QM/MM coupling terms, enabling a more realistic description of electrostatic interac-
tions. As a result, additive schemes are more prevalent in QM /MM applications. The

equation for the additive QM /MM approach can be written as
E = Equ + Evia + EQM/MM, (2.14)

where Equ is the energy of the QM region, Eyny is the energy of the MM region, and
Eqwm/vu is the interaction energy between the QM and MM subsystems.

QM/MM electrostatic interactions can be treated at different levels: mechani-
cal, electrostatic, or polarized embedding [66]. Mechanical embedding treats the QM
and MM regions independently, without explicit interactions, where QM is treated
quantum mechanically and MM is treated classically. Electrostatic embedding incor-
porates explicit electrostatic interactions between QM and MM regions, enabling the
description of long-range electrostatic effects. Polarization embedding accounts for po-

larization effects between QM and MM regions, capturing induced dipole moments in
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the MM region due to the QM region and vice versa, providing a dynamic description

of polarization in the MM environment.

There are few approaches to treat the boundary between QM and MM regions,
such as Link-Atoms and Localized orbitals [67]. The link atom method is employed by
introducing a fictional atom, typically hydrogen, to connect the QM and MM regions,
ensuring a seamless potential energy surface. This artificial atom exists solely in the
QM calculation. Conversely, localized orbitals methods replace the QM-MM bond with
double-occupied molecular orbitals, positioned either on the QM or MM atom. These

orbitals undergo optimization during the self-consistent field (SCF) iterations.
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3. RESULTS AND DISCUSSION

3.1. PART I. Quantum Mechanics

3.1.1. Conformational Analysis

The geometry optimization and conformational analysis of the molecules were
performed using the Gaussian 16 program package [68]. Calculations were carried out
at the wB97X-D/6-31+G(d,p) theoretical level, based on the results of a benchmark
analysis previously conducted in our group. Furthermore, as reported in the subse-
quent section, the accuracy of this level was validated by comparing the calculated
spectra with experimental data. The solvent environment was evaluated using the self-
consistent reaction field (SCRF) theory with IEF-PCM method. The lowest energy
conformers of the molecules in the gas, dichloromethane (DCM), and water phases
were obtained. For the geometry optimization of the Ar4 molecule, the LANL2DZ

basis set was employed specifically for zinc atom to reduce the computational cost.

Figure 3.1. The optimized structure of the Arl molecule in the aqueous phase using

the wB97X-D/6-314+G(d,p) level of theory.
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Ar2-H

Ar4-H-c Ar4-M-c

Figure 3.2. Optimized structures of the molecules in the aqueous phase using the

wB97X-D/6-31+G(d,p) level of theory.
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Figure 3.3. Ar4-M-c (rotated view).

Specifically, conformational variations were analyzed when amino groups were
substituted with methyl or hydrogen since the rotation of these amino groups could
lead to different conformers. Based on the relative orientations of the functional groups,
the molecules were labeled as “t” and “c” for their similarity to trans and cis conforma-
tions, respectively. Additionally, “M” and “H” letters were used to denote methyl and
hydrogen substitutions within the molecules. Given that the sole distinction between
these molecules lies in their meso-substitution patterns, the term “functional groups”

was employed throughout this study to refer to these variations.

Regarding the chlorin ring, it was observed that zinc coordination and meso-
substituted functional groups did not disturb the planarity of the ring. It was observed
that functional groups in close proximity to the sp® carbons adopt a more perpendicular
orientation relative to the ring plane, influenced by the hydrogen atoms on this bond.
Similarly, in the Ar4 molecule, it was observed that the two chlorin rings are positioned
perpendicular to each other. The location of the functional groups was again named
“c” and “t” for the Ar4 molecule, but the similarity to the cis and trans conformations

in this molecule is not as obvious as the others.
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3.1.2. TD-DFT Benchmark Analysis

TD-DFT calculations were conducted to investigate the electronic spectra, and
the obtained results were compared against experimental UV-Vis spectra [16] as part of
a benchmark analysis. Both Tamm-Dancoff approximations (TDA) and standard TD-
DFT approaches were employed in the analysis. These calculations were performed
in DCM as in the experiment to validate the accuracy of the theoretical level. In
this study, the wB97X-D, CAM-B3LYP, and LC-BLYP functionals were utilized in
combination with the 6-31+G(d,p) basis set. Thus, the effects of different functionals
on the systems were investigated. Absorption peaks in the Q-Band region of the

calculated and experimental spectra were compared in Table 3.1.

The TDA-DFT results exhibited a noticeable blue shift compared to the TD-
DFT results. Taking this shift into account, the calculations proceeded with TD-DFT,
which yielded results closer to the experimental findings. Overall, the functionals
produced similar band shapes, but the LC-BLYP functional exhibited higher energy
in the Soret region and lower energy peaks in the Q-Band region. The alignment of
the band shapes with the experimental results was more similar for CAM-B3LYP and
wBI97X-D functionals compared to LC-BLYP functional. The maximum absorption
peaks of CAM-B3LYP and wB97X-D were compared, and the wB97X-D has slightly
closer peak to the experimental. Due to the minimal difference observed in the ability
of these functionals to accurately reproduce the band shapes of the molecules, it was

decided to continue with wB97X-D for future investigations.

Upon comparing the theoretical and experimental spectra, it was observed that
as the molecular size increased, a red-shift was evident in the absorption spectra.
However, this trend was interrupted by the experimental peak observed in the Ar4-
H molecule. No such difference was observed in the calculated spectra. The reason
for this discrepancy could be attributed to the static nature of the obtained spectra
or the absence of explicit solvent. Additionally, the effect of methyl and hydrogen

substitutions on the molecular dynamics may also contribute to this discrepancy.
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Table 3.1. Comparison between calculated and experimentally observed maximum

absorption values in the Q-Band region.

Molecule | Functional | TD-DFT (eV) | TDA-DFT (eV) | Exp. (eV)
wBI7X-D 2.25 2.42
Arl CAM-B3LYP 2.27 2.43 2.02
LC-BLYP 2.17 2.45
wBI97X-D 2.23 2.40
Ar2-H CAM-B3LYP 2.25 241 2.00
LC-BLYP 2.16 2.44
wBI7X-D 2.22 2.39
Ar3-M-c¢ | CAM-B3LYP 2.24 2.40 1.98
LC-BLYP 2.16 2.43
wB9I97X-D 2.22 2.39
Ar3-M-t | CAM-B3LYP 2.24 2.40 1.98
LC-BLYP 2.16 2.43
wBI7X-D 2.21 2.36
Ar4-H-¢ | CAM-B3LYP 2.22 2.37 2.05
LC-BLYP 2.15 2.42
wBI97X-D 2.20 2.37
Ard-M-c | CAM-B3LYP 2.21 2.36 1.93
LC-BLYP 2.13 2.41
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Figure 3.4. TD-DFT (left) and TDA-DFT (right) calculations using wB97X-D,
CAM-B3LYP, and LC-BLYP functionals for Arl, Ar2, and Ar3 molecules.
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Figure 3.5. TD-DFT (left) and TDA-DFT (right) calculations using wB97X-D,
CAM-B3LYP, and LC-BLYP functionals for Ar4 molecules.

3.1.3. Electronic Spectra Analysis

Following the benchmark analysis, the optimized geometries of the molecules
were utilized to obtain their electronic spectra in the aqueous phase using the TD-
DFT method at the wB97X-D/6-31+G(d,p) level. In order to account for the effects
of dynamic interactions on the electronic spectra, the Wigner Distribution Function
was employed. A total of 100 new geometric distributions were generated from the
ground-state structures, and at specific intervals, 50 geometries were selected. These
calculations were performed using the Newton-X [69] program package. For each of the
50 selected geometries, vertical transitions were computed, and 20 excited states were

calculated for each transition. The vertical transitions were convoluted with Gaussian

functions with a full-width at half-length (FWHL) of 0.20 eV.
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Figure 3.6. Static (left) and dynamic (right) superimposed absorption spectra of the

molecules in water at the wB97X-D/6-31+G(d,p) level.

Incorporating the dynamic effects in the calculations led to a noticeable red-shift

in the Q-Band region of the absorption spectra. Moreover, the application of Wigner

sampling resulted in the broadening of the band shapes. However, a general blue shift

was observed in the calculated spectra compared to the literature value of chlorins [9].

This shift can be attributed to the fact that the PCM method does not explicitly

account for specific solvent-chromophore interactions [70].

Table 3.2. Q-Band peak comparison of static and dynamic absorption spectra.

Molecules | Static (eV) | Wigner (eV)
Arl 2.26 2.19
Ar2-H 2.24 2.17
Ar2-M 2.25 2.13
Ar3-H-c 2.26 2.15
Ar3-H-t 2.24 2.15
Ar3-M-c 2.23 2.18
Ar3-M-t 2.23 2.11
Ar4-H-c 2.21 -
Ard-M-c 2.20 -
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Considering the importance of low energy absorption in photodynamic therapy,
more emphasis has been placed on absorption in the Q-Band region. When comparing
between molecules, a slight red shift tendency was observed in the Q-Band region as
the size of the molecule increased as shown in Table 3.2. As observed in the zoomed-in
Figure 3.7, the substitutions on the chlorin ring lead to a slight red-shift. This shift is

also noticeable in the absorption edges around 400 nm in the Soret region.

The presence of a higher energy peak observed in the Ar3-M-c molecule deviates
from the anticipated trend. This deviation could be attributed to the broadening effect
that could potentially mask the resolution of maximum peak present in the Wigner-

based spectra of the Ar3-M-c molecule.
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Figure 3.7. Zoomed-in view of the Q-Band region in the absorption spectra obtained

through Wigner sampling.

Due to the computationally expensive nature of quantum mechanical calculations,
especially for larger molecules like Ar4, this study only reports the statically obtained
spectra for Ar4 in terms of electronic spectra analysis. However, the noteworthy low-
energy absorption observed in the QQ-band region of this molecule holds promise for

future higher level QM calculations.
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Figure 3.8. Emission spectra of the molecules in water at the wB97X-D/6-31+G(d,p)

level.

The emission spectra of the molecules were also calculated based on their op-
timized S1 geometries. In the near-infrared (NIR) region, molecules exhibited emis-
sion peaks around 700 nm and demonstrated distinct characteristic. Specifically, the
methyl-substituted derivatives exhibited a single peak around 420 nm, whereas the
hydrogen-substituted derivatives displayed a bifurcated peak structure. However, in-
corporating dynamic effects could provide more comprehensive insights into emission
spectra analysis. In this study, emission spectra were generated based on a single

geometry, limiting the ability to capture dynamic contributions.

3.1.4. Natural Transition Orbitals and ¢s index

The excitation characteristics of the molecules were investigated through a Nat-
ural Transition Orbital (NTO) analysis with the Nancy EX [71] software. Oscillator
strength, occupied and virtual NTOs, and the @s index of the molecules were provided

in Tables 3.4 to 3.12.

The findings revealed that the molecules primarily displayed localized 7-7* transi-
tions, predominantly occurring on the chlorin ring. Oscillator strengths were generally
low for the S1 and S2 transitions, while the S3 and S4 transitions exhibited higher

values, depending on the substitution. Notably, hydrogen-substituted molecules ex-
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hibited high oscillator strengths for the S3 and S4 transitions. However, in the case of
methyl-substituted molecules, either the S3 or S4 transition displayed a low oscillator
strength. Specifically, in the Ar3-M molecules, the S3 transition exhibited a low os-
cillator strength, while the S4 transition demonstrated a high value. Ar2-M molecule
exhibited the opposite behavior, with the S3 transition displaying a high oscillator

strength and the S4 transition showing a low value.

For Ar4 molecules, it was noted that the oscillator strength was low for the first
four transitions. In the investigation of the first ten levels of this molecule, it was ob-
served that the S5, S7, and S8 transitions exhibited high values of oscillator strength for
hydrogen-substituted molecules. On the other hand, for methyl-substituted molecules,
the S7, S8, and S9 transitions displayed high oscillator strengths.

Table 3.3. Oscillator strengths for higher states in Ar4-H-c and Ar4-M-c.

Transition | Ar4-H-c | Ar4-M-c
S0 — SH 2.2421 0.2217
S0 — S6 0.4301 0.0100
S0 — S7 1.0627 2.6468
S0 — S8 1.1031 1.0559
S0 — S9 0.1812 1.4480
S0 — S10 0.1255 0.0725




Table 3.4. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Arl for the first four transitions.

Arl oNTO vNTO
S0 — S1
@, Lowdin = 0.9389
&, Mulliken = 0.9835
f=10.1568
2.26 eV
S0 — S2
@, Lowdin = 0.9320
&, Mulliken = 1.0392
f =0.0261
2.63 eV
S0 — 83
&, Lowdin = 0.9364
&, Mulliken = 1.0071
f=1.6435
3.42 eV
S0 — S4
&, Lowdin = 0.8752
@, Mulliken = 0.9816
f = 1.1980
3.61 eV




Table 3.5. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Ar2-H for the first four transitions.

Ar2-H oNTO vNTO
S0 — S1
@, Lowdin = 0.9332
&, Mulliken = 1.0033
f =0.1810
2.24 eV
S0 — S2
@, Lowdin = 0.9172
&, Mulliken = 1.0719
f = 0.0531
2.65 eV
S0 — 53
&, Lowdin = 0.9257
&, Mulliken = 1.0080
f = 1.5800
3.39 eV
S0 — 5S4
&, Lowdin = 0.8633
&, Mulliken = 1.0262
f =1.2940
3.59 eV




Table 3.6. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Ar2-M for the first four transitions.

Ar2-M oNTO vNTO
S0 — S1
@, Lowdin = 0.9364
&, Mulliken = 0.9972
f=0.1791
2.25 eV
S0 — S2
@, Lowdin = 0.9250
&, Mulliken = 1.0697
f=0.0433
2.66 eV
S0 — 53
d, Lowdin = 0.9289
&, Mulliken = 1.0087
f = 1.5881
3.40 eV
S0 — 5S4
&, Lowdin = 0.5014
@, Mulliken = 0.5568
f = 0.0648
3.42 eV




Table 3.7. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Ar3-H-c for the first four transitions.

Ar3-H-c oNTO vNTO
S0 — S1
@, Lowdin = 0.9130
&, Mulliken = 0.9986
f=0.1177
2.26 eV
S0 — S2
@, Lowdin = 0.8834
@, Mulliken = 1.0322
f=0.2177
2.59 eV
S0 — 53
&, Lowdin = 0.8377
&, Mulliken = 0.9623
f=1.0783
3.25 eV
S0 — 5S4
@, Lowdin = 0.8938
&, Mulliken = 1.0410
f=1.3218
3.32 eV




Table 3.8. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Ar3-H-t for the first four transitions.

Ar3-H-t oNTO vNTO
S0 — S1
@, Lowdin = 0.9233
@, Mulliken = 1.0201
f=10.1093
2.24 eV
S0 — S2
@, Lowdin = 0.8944
&, Mulliken = 1.0490
f =0.1003
2.62 eV
S0 — 53
&, Lowdin = 0.8469
&, Mulliken = 0.9301
f=0.9977
3.18 eV
S0 — 5S4
&, Lowdin = 0.8606
&, Mulliken = 1.0283
f=1.3924
3.44 eV




Table 3.9. Occupied and virtual NTO’s (o0NTO and vNTO) with ®s values and

oscillator strengths of Ar3-M-c for the first four transitions.

Ar3-M-c oNTO vNTO
S0 — S1
@, Lowdin = 0.9282
@, Mulliken = 1.0221
f=0.1612
2.23 eV
S0 — 52
@, Lowdin = 0.9216
&, Mulliken = 1.0919
f=0.0704
2.61 eV
S0 — 53
@, Lowdin = 0.4798
&, Mulliken = 0.5389
f = 0.1006
3.02 eV
S0 — 54
&, Lowdin = 0.9312
&, Mulliken = 1.0548
f=1.6016
3.33 eV




Table 3.10. Occupied and virtual NTO’s (oNTO and vNTO) with @s values and
oscillator strengths of Ar3-M-t for the first four transitions.

Ar3-M-t
S0 — S1
@, Lowdin = 0.9258
&, Mulliken = 1.0358
f =0.1609
2.23 eV
S0 — 52
@, Lowdin = 0.9185
&, Mulliken = 1.1076
f = 0.0604
2.62 eV
S0 — 53
@, Lowdin = 0.4475
&, Mulliken = 0.5046
f = 0.0557
3.02 eV
S0 — 54
@, Lowdin = 0.9252
&, Mulliken = 1.0791
f=1.6354
3.33 eV




Table 3.11. Occupied and virtual NTO’s (oNTO and vNTO) with @s values and

oscillator strengths of Ar4-H-c for the first four transitions.

Ar4-H-c oNTO vNTO
S0 — S1
@, Lowdin = 0.9203
@, Mulliken = 1.0207
f = 0.2543
2.20 eV
S0 — S2
@, Lowdin = 0.9309
@, Mulliken = 1.0306
f=0.0744
2.24 eV
S0 — S3
&, Lowdin = 0.8937
@, Mulliken = 1.0560
f = 0.3027
2.55 eV
S0 — 5S4
&, Lowdin = 0.9099
@, Mulliken = 1.0530
f=10.0448
2.59 eV




Table 3.12. Occupied and virtual NTO’s (oNTO and vNTO) with &s values and

oscillator strengths of Ar4-M-c for the first four transitions.

Ar4-M-c oNTO vNTO
S0 — S1
@, Lowdin = 0.9183
&, Mulliken = 1.0146
f=0.3136
2.20 eV
S0 — S2
@, Lowdin = 0.9309
@, Mulliken = 1.0295
f =0.0874
2.24 eV
S0 — S3
&, Lowdin = 0.9190
@, Mulliken = 1.0826
f=0.1681
2.58 eV
S0 — 5S4
&, Lowdin = 0.9318
@, Mulliken = 1.0825
f=10.0102
2.60 eV
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3.1.5. Spin-Orbit Coupling and Singlet-Triplet Energy Gaps

The spin-orbit coupling values and energy gaps between singlet and triplet states
were calculated at the wB97X-D/DZP level of theory using the zeroth-order regular ap-
proximation (ZORA) [72-74] with solvent effects considered through the conductor-like
screening model (COSMO). These calculations were performed using the Amsterdam

Modeling Suite (AMS) [75,76].

The calculations revealed the presence of degenerate singlet and triplet states,
which are crucial for facilitating intersystem crossing and populating the triplet state.
Upon examining the non-zero SOC values associated with these energy levels, it is
evident that the intersystem crossing probability is not expected to be restrictive for
these molecules in the context of PDT activity. These values, along with the corre-
sponding S-T gap values, were reported in Tables 3.13 to 3.19. Significant non-zero
SOC values, many of which surpassing the moderate threshold of 0.20 cm™ [77], have
been revealed. In particular, the S4 level of the molecules was found at close energies

to TH and exhibited a high SOC constant in the transition between these levels.

Table 3.13. Energy gaps and Hso matrix for Arl.

<SHso[T > (cm') | T1 T2 T3 T4 T5 T6 T7
S1 0.07 137 146 0.06 0.11 0.20 0.33

52 1.91 0.07 0.05 1.15 097 042 0.15

S3 1.21 0.15 0.02 1.15 026 0.08 0.23

S4 0.15 1.59 091 0.06 030 0.73 0.19

S-T Gap (eV) TT T2 T3 T4 TS T6 T7
S1 0.92 047 0.10 -043 -1.17 -1.18 -1.52

52 1.41 095 0.59 0.06 -0.68 -0.69 -1.03

S3 1.77 1.31 094 0.42 -0.32 -0.34 -0.67

S4 208 1.63 1.26 0.73 -0.01 -0.02 -0.36




Table 3.14. Energy gaps and Hso matrix for Ar2-H.

<S|Hso|T > (cm™) | T1 T2 T3 T4 T5 T6 T7
S1 0.03 1.32 1.49 0.09 0.28 0.18 0.50
52 1.80 0.09 0.08 1.22 0.85 0.63 1.20
S3 1.36 0.14 0.06 1.10 0.05 0.16 0.52
S4 0.07 162 091 0.08 0.36 0.63 0.52
S-T Gap (eV) TT T2 T3 T4 T T6 T7
S1 091 048 0.06 -0.44 -1.14 -1.16 -1.36
52 1.40 096 0.54 0.05 -0.65 -0.68 -0.88
S3 1.78 1.35 093 043 -0.27 -0.29 -0.49
S4 2.09 165 124 0.74 0.04 0.01 -0.18
Table 3.15. Energy gaps and Hso matrix for Ar2-M.
<S[Hso/T > (em!)| TI T2 T3 T4 T5 T6 T7
S1 0.03 1.24 146 0.04 0.52 0.25 0.52
52 1.76 0.07 0.05 1.17 1.08 0.88 0.96
S3 1.30 0.11 0.06 1.11 0.55 0.14 0.53
S4 0.58 1.59 0.57 0.37 0.70 0.34 0.80
SH 0.62 1.53 0.70 0.28 0.77 0.50 0.68
S-T Gap (eV) T1 T2 T3 T4 ThH T6 T7
S1 0.92 048 0.07 -043 -1.09 -1.15 -1.18
S2 1.41 097 056 0.06 -0.60 -0.66 -0.69
S3 1.78 1.34 094 0.44 -0.22 -0.29 -0.32
S4 2.07 163 1.23 0.73 0.07 0.00 -0.03
SH 211 1.67 127 0.77 0.11 0.04 0.01
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Table 3.16. Energy gaps and Hso matrix for Ar3-H-c.

<S|Hso|T > (cm™) | T1 T2 T3 T4 T5 T6 T7
S1 0.06 093 1.34 0.20 0.69 0.17 0.44
52 1.33 033 0.15 1.08 1.05 0.88 1.09
S3 1.34 0.06 0.12 0.75 0.54 042 0.35
S4 0.39 141 0.68 0.35 0.27 0.73 0.53
S-T Gap (eV) TT T2 T3 T4 T T6 T7
S1 0.88 0.58 0.05 -0.27 -0.98 -1.06 -1.14
52 1.22 093 0.39 0.07 -0.64 -0.71 -0.80
S3 1.69 139 086 0.54 -0.17 -0.25 -0.33
S4 1.79 149 096 0.64 -0.07 -0.15 -0.23
Table 3.17. Energy gaps and Hso matrix for Ar3-H-t.
<S[Hso/T > (em!)| TI T2 T3 T4 T5 T6 T7
S1 0.13 1.00 1.40 0.20 0.81 0.13 0.62
52 1.50 0.17 0.19 113 1.13 0.59 1.14
S3 1.42 036 0.19 085 0.26 0.17 0.70
S4 0.43 146 0.79 0.43 057 0.69 0.39
S-T Gap (eV) T1T T2 T3 T4 T5 T6 T7
S1 0.92 0.52 0.10 -0.35 -1.04 -1.10 -1.14
52 1.34 095 053 0.08 -0.61 -0.67 -0.71
S3 1.68 1.28 0.86 041 -0.28 -0.34 -0.38
S4 1.95 155 1.14 0.69 0.00 -0.06 -0.11
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Table 3.18. Energy gaps and Hso matrix for Ar3-M-c.

<S|Hso|T > (cm™) | T1 T2 T3 T4 T5 T6 T7
S1 0.08 1.11 1.38 0.22 1.15 0.30 0.36
S2 1.68 0.27 027 1.01 1.17 084 1.04
S3 1.66 0.93 0.72 061 0.50 091 0.20
S4 1.02 0.80 055 1.16 0.79 0.43 0.79
S-T Gap (eV) TT T2 T3 T4 T T6 T7
S1 093 049 0.12 -0.38 -0.76 -1.10 -1.10
52 1.39 094 0.57 0.07 -0.31 -0.64 -0.65
S3 1.71 1.27 090 0.40 0.01 -0.32 -0.32
S4 1.80 136 099 048 0.10 -0.23 -0.23
Table 3.19. Energy gaps and Hso matrix for Ar3-M-t.
<S[Hso/T > (em!)| TI T2 T3 T4 T5 T6 T7
S1 0.09 1.20 140 0.25 1.19 0.17 0.44
S2 1.78 0.41 0.23 1.05 1.05 0.87 0.87
S3 1.65 1.10 0.80 0.64 0.43 0.99 0.13
S4 1.15 0.56 045 1.18 0.89 0.52 0.62
S-T Gap (eV) T1T T2 T3 T4 T5 T6 T7
S1 0.93 049 0.12 -0.39 -0.77 -1.10 -1.11
52 1.40 095 0.58 0.07 -0.31 -0.64 -0.65
S3 1.72 128 091 040 0.02 -0.31 -0.32
S4 1.79 135 098 047 0.09 -0.24 -0.25
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3.1.6. Energy Levels and ISC Pathways

A comprehensive analysis was conducted to compare the outcomes of the SOC
analysis and the oscillator strengths derived from the NTO analysis, with the aim of
identifying potential channels for intersystem crossing. When singlet and triplet states
have similar energies (degeneracy), the system is more prone to undergoing intersystem
crossing [78]. In such cases, the presence of a high spin-orbit coupling value aids in
the blending and connection of these degenerate states, facilitating efficient conversion

between different spin configurations.

By integrating these analyses, singlet-to-singlet transitions exhibited high oscil-
lator strength were identified, along with triplet states that are degenerate with these
singlet levels. The SOC values corresponding to these singlet and triplet levels were
examined, leading to the formulation of ISC pathways for these molecules. A visual

representation of the resulting ISC pathways can be observed in Figure 3.9 and 3.10.
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Figure 3.9. Proposed ISC pathway for Ar3-M-c.

Furthermore, the lowest triplet energy level (T1) for all molecules was found to
be approximately 1.25 eV. This means that the necessary energy threshold for efficient
energy transfer to molecular oxygen was exceeded. Since the energy difference between
ground-state triplet (T0) and singlet oxygen (S1) is 0.98 eV [79], exceeding this level

is important for successful energy transfer.
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The pathways illustrated for intersystem crossing relaxations were primarily fo-
cused on the S4 state. In all molecules except Ar2-M, the calculated ISC probability
was notably high for the transition from S4 — T5. Although there were other triplet
states in close energy proximity to the S4 level with high SOC values, the figures aimed
to depict the most probable and obvious paths.

For Ar2-M, it is worth noting that despite the low calculated oscillator strength
for the SO — S4 transition, the oscillator strength is high for the SO — S5 transition.
The transition from S5 — T7 stood out due to its low energy gap and high spin-
orbit coupling value. Despite the high oscillator strength observed for the SO — S3
transition, it is important to note that there is a considerable energy difference of 0.44
eV between S3 and the nearest lower-energy triplet state, which is T4. On the other
hand, although the energy gap between S3 and T5 is smaller, measuring 0.22 eV, the
fact that T5 is situated at a higher energy level implies that this particular transition

may be regarded as less probable in comparison.

Additionally, in the case of Ar3-H-c, even though T is energetically higher than
5S4, the energy difference between them is merely 0.07 eV. This small energy difference
renders the transition more likely compared to the scenario for Ar2-M. Furthermore,
when examining a similar molecule, Ar3-H-t, it is observed that the same transition
exhibits an energy gap of 0.00 eV. Therefore, even though this transition has the triplet
state slightly higher in energy, it is considered to be more probable compared to the
case of Ar2-M.

In the analysis of Ar3-M-c and Ar3-M-t molecules, it was found that the tran-

sition from S4 — T5 demonstrated the highest SOC values among all the molecules,

1

measuring 0.79 and 0.89 cm™ respectively. Additionally, the corresponding S-T gaps

for these transitions were determined to be 0.10 and 0.09 eV.
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following ISC, internal conversion (IC), and energy transfer (ET).
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3.2. PART II. Molecular Dynamics

3.2.1. Computational Protocol

The molecular dynamics simulations were performed utilizing the AMBER22
software package [80]. Antechamber [81] program was employed for force field parame-
terization. The Generalized AMBER Force Field (GAFF) [82] was used to assign atom
types and necessary bond parameters. Accurate charge distributions were obtained by
fitting charges to the electrostatic potential using the standard RESP protocol [83].
The ZAFF [84] force field was specifically employed to accurately represent the coor-

dination chemistry of zinc-coordinated structures.

The simulations were carried out under the constant pressure and temperature
(NPT) ensemble at 1 atm and 300 K. Temperature regulation was achieved using
the Langevin thermostat [85] with a collision frequency of 1 ps™!, while pressure was
controlled by the Berendsen barostat [86]. Long-range electrostatic interactions were
accounted for using the Particle-Mesh-Ewald [87] method. A cutoff distance of 8 A
and a timestep of 2 fs were used for all simulations. A periodic boundary condition
(PBC) was implemented to create an infinite system. The aqueous environment was
represented using the TIP3P [88] water model in a cubic box, with a distance of 20
Angstroms maintained between the molecules and the periodic walls. For membrane
simulations, the size of the periodic box was determined using VMD (Visual Molecular

Dynamics) [89] after constructing the system.

Four distinct environments were investigated in this study: gas phase, aqueous
phase, encapsulation with g-cyclodextrins in an aqueous environment, and in an inter-
action with a bi-layer biological membrane model. The parameters utilized for these
systems are summarized in Table 3.20. The analyses of these systems were carried
out using CPPTRAJ [90], which is available within the AMBER software package.
Gnuplot and VMD were employed for generating the graphical representations.
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Table 3.20. Summary of the system details for all MD simulations.

Parameter

Detalils

Software Package

AMBER22

Force Field Parameterization

Antechamber program

Force Field

Generalized AMBER Force Field (GAFF)

Charge Fitting

RESP protocol

Zinc Coordination

ZAFT force field

Ensemble NPT (constant pressure and temperature)
Pressure 1 atm

Temperature 300 K

Thermostat Langevin

Barostat Berendsen

Long-Range Electrostatics Particle-Mesh-Ewald (PME)

Cutoff Distance 8 A

Timestep 2 fs

Periodic Boundary Condition | Applied

Aqueous Environment Model | TIP3P water model

Box Shape Cubic

Box Length 20 A between molecules and periodic walls

Membrane Dimensions

Periodic box with approximate dimensions of 104x104x126

Environments Investigated

Gas Phase

Aqueous Phase

Cyclodextrins (CDs) Encapsulation
Bi-Layer Biological Membrane Model

Energy Minimization

Steepest Descent followed by Conjugate Gradient, 10000 steps each

Heating

Gradual heating to 300 K over 10 ps

Equilibration

10 ps production run

Production Simulations

100 ns per system; lipid membrane simulations extended to 200 ns

Cyclodextrin Coordinates

PDB ID: 3CGT

Carbohydrate Force Field

GLYCAMOGj force field

PS:3-CD Complex

Modeled in a cubic water box with a 1:2 stoichiometry

Biological Membrane Model

150 POPC units on each layer, constructed using CHARMM-GUI

Lipid Bilayer Force Field

Lipid17
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The systems underwent energy minimization using 10000 steps of the steepest
descent algorithm followed by 10000 steps of the conjugate gradient algorithm. The
minimization process consisted of two steps, initially applying restraints to all molecules
except water and subsequently releasing all constraints on the entire system. To achieve
equilibration, the systems were gradually heated over a period of 10 picoseconds until
reaching a temperature of 300 K. This was followed by a 10-picosecond small production
run to establish a well-defined and reproducible state. However, a specific protocol
was implemented for membrane equilibration, which involved the gradual removal of
restraints on lipids. This protocol was followed to prevent uncontrolled movements
and clashes of lipids, thereby ensuring stability and controlled dynamics throughout
the simulation. Production simulations of approximately 100 ns were conducted for
each system, with lipid membrane simulations extended to 200 ns to accurately capture

the localization of the molecules on the membrane.

For the cyclodextrin delivery system, [-cyclodextrin was selected based on its
suitable size to efficiently encapsulate the molecules. The coordinates of S-cyclodextrin
were obtained from cyclodextrin glycosyltransferase (PDB ID: 3CGT) using VMD
software. The carbohydrate parameterization was performed using the GLY CAMOG;
[91] force field. The 5-CD:PS complex was prepared with a stoichiometry of 1:2 and

modeled in a cubic water box.

To construct the biological membrane model, 150 units of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) on each layer, obtained through the CHARMM-
GUI [92] interface, were employed. The membrane was solvated with TIP3P water
and counterions K+ and Cl-. The Lipid17 [93] force field accurately represented the
POPC lipid bilayer. The dimensions of the periodic box were adjusted based on the
coordinates of the water molecules in the constructed membrane model, resulting in

approximate dimensions of 104x104x126.
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3.2.2. MD simulations

3.2.2.1. Stability of the Molecules. The root-mean-square deviation (RMSD) analysis

of the MD simulations provided insights into the stability and dynamics of the molecules
under investigation. The RMSD of the molecules were calculated over the course of the
simulation using the first frame as a reference. During the analysis, distinct patterns
were identified in regions where the RMSD values exhibited sudden changes. Specif-
ically, for hydrogen-substituted molecules, rotational motion of the functional groups
was observed in those regions. On the other hand, in the case of methyl-substituted
molecules, the fluctuations were less prominent, with only minor variations observed
in some frames. Apart from out-of-plane bending motions of the ring and nitrogen
inversions, no significant changes or rotations were observed in the overall molecular
structure for methyl-substituted molecules. To further investigate the persistence of
these RMSD changes, the simulation for Ar3-M-c was extended to 200 ns, allowing for

an assessment of the continued evolution of RMSD over an extended time period.

To facilitate a more detailed quantitative analysis of the RMSD results, a small-
scale cluster analysis was performed between Ar3-M-t and Ar3-H-t. Coordinate RMSD
was used as the distance metric, and the DBSCAN algorithm [94] was employed with
a minimum of 25 points and an epsilon of 0.9 for clustering. The corresponding results

are summarized in Table 3.21.

Table 3.21. Summary of the cluster analysis between Ar3-M-t and Ar3-H-t.

Cluster Frames Frac AvgDist Stdev Centroid AvgCDist

2813 0.563 1.265 0.308 1268 0.908
Ar3-M-t
1 1988 0.398 1.240 0.318 1617 0.908
1436 0.287 1.093 0.231 1395 2.851
Ar3-H-t 731 0.146 0.999 0.173 2855 2.069

N = O

280 0.116 0.952 0.153 2624 2.719
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The analysis of the Ar3-M-t revealed the presence of two distinct clusters, while
Ar3-H-t exhibited three identified clusters. Molecules with methyl-substituted groups
exhibited greater structural stability and fewer conformational changes compared to

hydrogen-substituted molecules.

The impact of these groups on [-CD encapsulation simulations has also been
investigated. The 100 ns simulations revealed that hydrogen-substituted molecules
exhibited a higher degree of conformational flexibility, as indicated by Figure 3.11.
The RMSD graphs for the aqueous phase are shown in Figure 3.12, while similar
results in the vacuum, S-CD encapsulation, and membrane simulations can be found

in Appendix.
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Figure 3.11. RMSD graphs obtained from $-CD encapsulation simulations of Ar2 and

Ar3 molecules.
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Figure 3.12. RMSD analysis of the MD simulations in water.
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3.2.2.2. Dihedral Angle Distributions. To further examine the conformational dynam-

ics of the molecules, the dihedral angle distributions of the substitutions were analyzed.
Since the Ar3 molecule contains two substituents, the analysis of these groups utilized

the terms “dihedral 1”7 and “dihedral 2”7 to differentiate between them.

The molecules with hydrogen-substituted groups displayed full rotation through-
out the simulation. On the other hand, methyl substitution hinders the rotation of
the both functional groups unlike hydrogen-substituted ones. The dihedral angle dis-
tributions revealed distinct patterns for these groups, as shown in Figure 3.13. This
observation suggests that hydrogen-substituted molecules possess the potential to dissi-
pate energy through non-radiative decay via this rotational motion, which differs from
the behavior observed in methylated molecules. Additionally, the deviation observed
in the experimental absorption spectra between Ard-H and Ar4-M molecules may be

attributed to the rotational effects exerted by these molecules.
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Figure 3.13. Dihedral angle distributions of dihedral 1 between Ar3 molecules.

An investigation was conducted to assess the impact of S-CD encapsulation on
the aforementioned rotation. Although at first glance, it might seem that 5-CD would
prevent these rotations, it was observed that 5-CD did not hinder these rotations of
the hydrogen-substituted groups. This can be attributed to the fact that the -CHj
groups at the end of the functional groups, do not form hydrogen-bond interactions

with the -OH groups in the cyclodextrin ring. In another study that focused on the
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examination of cyclodextrin encapsulation of mTHPC, it was reported that the rotation
of groups at the same position was restricted [95]. For mTHPC, the reverse was
observed because mTHPC has phenol groups that contain -OH groups at the end
instead of -CHj3. Additionally, since these substituents are attached to the chlorin ring
through nitrogen rather than sp? carbon as in mTHPC, it is plausible to hypothesize

that the nitrogen inversion effect may also contribute to facilitating these rotations.

During the VMD hydrogen bond analysis, it was observed that the nitrogen
atoms of the functional groups formed intermittent hydrogen bonds with cyclodextrin
throughout the simulation. However, this interaction did not hinder the rotation. In

fact, due to the rotation, it can be inferred that this hydrogen bond is not consistently

maintained.
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Figure 3.14. Dihedral angle distribution of Ar3-H molecules with 8-CD encapsulation.

In the case of membrane simulations, it was observed that the rotation of the
functional group located within the membrane was hindered. This may be attributed
to the hydrophobic interactions between the embedded portion and the lipid chain. To
thoroughly analyze this distinction, the dihedral angle distributions obtained from the
whole membrane simulations were compared with the distributions obtained during the

final 50 ns of the simulations when the molecules were embedded within the membrane.
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3.2.2.3. Encapsulation Analysis. Furthermore, we investigated the encapsulation of

the molecules within cyclodextrin rings during the simulations. In these simulations,
an unbound segment was observed within the cyclodextrin ring, where a specific portion
appeared to be disconnected. It was observed that the connection between a carbon
atom in the first residue and an oxygen in the last residue was absent, leading to a
disconnection in the ring structure. By using LEaP from Amber, the unbound seg-
ment within the cyclodextrin ring was successfully reconnected, ensuring the structural

integrity of the ring structure.

Figure 3.16. 8-CD:Ar3-M-c complex showing 1:2 stoichiometric ratio.

Unlike the mTHPC molecule, in these molecules, it can be observed that the
substituent attached to the nitrogen atom, specifically the 4-methylphenyl ring, bends
towards the plane of the ring. In the case of mTHPC, the presence of an sp? carbon
instead of nitrogen allows these groups to maintain a 180-degree orientation relative to
the ring. This angular difference makes the encapsulation of these substituents with
cyclodextrin challenging. Therefore, the encapsulation was modeled using groups that

do not contain nitrogen.

The distances between the cyclodextrin rings and the molecules were monitored
over the simulation time. It was measured based on the center of mass of the molecule
and the center of mass of the cyclodextrin ring. Consistent distances were observed

throughout the simulation as shown in Figure 3.17.
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3.2.2.4. Localization Analysis. The positioning of the molecules within the lipid mem-

brane was analyzed to understand their localization and interactions in this environ-
ment. The results indicated that the molecules preferentially reside slightly below the
polar heads of the lipids. This specific localization was observed consistently through-
out the time interval of 150 ns to 200 ns. To gain further insights, we generated electron
density plots (Figure 3.19) to visualize the distribution of electron density throughout

the simulation.

=20 b

Distance from Lipid Bilayer Center

. . .
[¢] 0.1 0.2 0.3 0.4 0.5
Electron Density

T
Pt h—

@ 40 [ rd-H-c |
£ WAT ——
O

(]

5} i
>

o

2

T

2 i
=

£

o

& i
[

(%]

f=)

kel

]

2 i

0 0.1 0.2 0.3 0.4 0.5

Electron Density

Figure 3.18. Localization of Ar3-M-c and Ar4-H-c on the membrane with their

electron density plot.

Due to their amphiphilic nature, the molecules exhibited interactions with both
the polar head groups and hydrophobic lipid tails of the membrane. It is anticipated
that this localization within the membrane will not impede their interaction with molec-

ular oxygen and will facilitate the generation of singlet oxygen.
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3.3. PART III. QM /MM Calculations

3.3.1. QM /MM Protocol

The QM /MM absorption spectra were obtained from the MD simulations by us-
ing the Amber + TeraChem [96-98] interface. TD-DFT calculations were performed
on 50 snapshots extracted from the MD trajectories to obtain the absorption spec-
tra. Specifically for lipid membrane simulations, the snapshots were selected from the
interval where the molecules were localized within the lipid membrane. Since the Ter-
aChem software package did not include the wB97X-D functional, the wB97X-D3 [99]
functional was used as an alternative. The LANL2DZ basis set was applied to the
zinc atom, while the 6-31+G(d,p) basis set was utilized for the remaining atoms in
the molecules. Molecules were treated with QM methods, while the surrounding mem-

brane, the cyclodextrins, and water molecules were treated with MM.

3.3.2. QM /MM Absorption Analysis

Comparison of the absorption spectra obtained from QM/MM simulations and
Wigner sampling for Arl molecule is shown in Figure 3.20. In the Q-Band region, the
absorption exhibited characteristic similarities between the two methods, although the
QM /MM approach resulted in a lower energy peak. In the Soret region, Wigner sam-
pling displayed a single strong peak with a slight shoulder, whereas QM /MM exhibited
two split peaks. Given the significance of the Q-band absorption in this study, the sim-
ilarity observed in the absorption profiles obtained from both the QM and QM/MM
methods, as well as the agreement with the utilized force field and QM theory level,

were considered satisfactory.

The QM/MM calculations provided insights into the absorption properties of
the molecules in various environments. The resulting absorption spectra, as depicted
in Figure 3.22, demonstrate the consistent and distinct photophysical characteristics

of the molecules across different settings, including water, water with cyclodextrin
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encapsulation, and the lipid membrane. These findings highlight the robustness of the
molecules’ photophysical features and suggest their potential for diverse applications

in different environmental conditions.
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Figure 3.20. Comparison of the absorption spectra obtained from QM /MM

simulations and Wigner sampling.
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Figure 3.21. QM/MM absorption spectra of the molecules in water.

The effect of cis and trans conformers on the Ar3 molecules was not investi-
gated in QM /MM calculations for the hydrogen-substituted molecules, as the obtained

snapshots yielded the same molecular conformation.
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4. CONCLUSION

In conclusion, this thesis aimed to explore the potential of chlorin derivatives and
elucidate their photophysical properties to enhance the effectiveness of photodynamic
therapy. The study aimed to expand the repertoire of photosensitizers by identifying
compounds with improved properties or shedding light on the essential features neces-
sary for enhanced PDT efficacy. The findings from this investigation provide valuable
insights and inspiration for the development of more efficient photosensitizers, thereby

contributing to advancements in the field of cancer therapy.

The chlorin derivatives were carefully selected for investigation based on their
structural resemblance to mTHPC and the presence of different meso-substitutions.
Through a comprehensive analysis, the impact of these substitutions was thoroughly
examined, providing significant contributions to future research endeavors in photo-

sensitizer design.

Various computational techniques, including DFT, TD-DFT, and QM /MM meth-
ods, were employed to probe the photophysical properties of these molecules. Molecular
dynamics simulations were conducted to investigate the stability and behavior of the
molecules in diverse environments such as vacuum, water, cyclodextrin encapsulation,
and lipid membranes. Analysis of RMSD revealed distinct conformational variations,
particularly in molecules with hydrogen substitutions, indicating the presence of non-
radiative decay pathways. Dihedral angle distributions further demonstrated the ro-
tational motion of functional groups and the hindered rotation in methyl-substituted
molecules. Encapsulation analysis indicated the stability of the molecules within cy-
clodextrin rings, while localization analysis in lipid membranes demonstrated a prefer-

ence for positioning slightly below the polar heads of lipids.

Electronic spectra analysis unveiled characteristic absorption peaks in the Q-Band

region, with a red-shift tendency observed as the molecular size increased. NTO and ®s
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index analysis indicated predominant localized 7-7* transitions occurring on the chlo-
rin ring. Furthermore, the analysis of singlet-triplet energy gaps in this study provided
valuable insights into the presence of degenerate singlet and triplet states. Correspond-
ing non-zero values of spin-orbit coupling were identified, further supporting the like-
lihood of intersystem crossing between these singlet and triplet states. Based on these
findings, potential pathways for intersystem crossing were identified, indicating the
likelihood of efficient energy transfer to molecular oxygen. Notably, the photophysical
characteristics of the molecules demonstrated consistency across various environments,

as evidenced by the absorption spectra obtained through QM /MM simulations.

Based on the comprehensive investigation of chlorin derivative molecules, it is evi-
dent that all of them hold promise as potential photosensitizers for photodynamic ther-
apy. However, the stability analysis elucidated differences in conformational dynam-
ics, with hydrogen-substituted molecules displaying more significant conformational
changes compared to methyl-substituted counterparts. Considering these compelling
factors, the methyl-substituted chlorin derivative molecules emerge as promising can-
didates for further exploration and development as highly efficient photosensitizers in

the field of cancer therapy.
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APPENDIX A: RMSD GRAPHS

In this section, RMSD graphs of membrane, encapsulation, and vacuum simula-

tions are presented.
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Figure A.1. RMSD graphs obtained from vacuum simulations.
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Figure A.2. RMSD graphs obtained from membrane simulations.
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Figure A.3. RMSD graphs obtained from encapsulation simulations.





