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Donor-acceptor systems exhibit distinctive attributes rendering them highly promising for
the emulation of natural photosynthesis and the efficient capture of solar energy. This dissertation
is primarily devoted to the investigation of these unique features within diverse donor-acceptor
system typologies, encompassing categories such as closely covalently linked, push-pull,
supramolecular, and multi-modular donor- acceptor conjugates. The research encompasses an
examination of photosynthetic analogs involving compounds such as chelated azadipyromethene
(AzaBODIPY), N,N-dimethylaminophenyl (NND), phenothiazine (PTZ), triphenylamine (TPA),
phenothiazine  sulfone  (PTZSO2), tetracyanobutadiene (TCBD), and expanded
tetracyanobutadiene (exTCBD). The strategic configuration of the donor (D), acceptor (A), and
spacer elements within these constructs serves to promote intramolecular charge transfer (ICT),
which are crucial for efficient charge and electron transfer. The employment of cutting-edge
analytical techniques, such as ultrafast transient absorption spectroscopy, is integral to the study.
Furthermore, a comprehensive suite of analytical methodologies including steady-state UV-visible
absorption spectroscopy, fluorescence and phosphorescence spectroscopies, electrochemical
techniques  (including cyclic voltammetry and differential pulse voltammetry),
spectroelectrochemistry, and density functional theory calculation (DFT), collectively contribute
to the comprehensive characterization of push-pull donor-acceptor systems, with a particular

emphasis on their potential as highly effective solar energy harvesting application.
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CHAPTER 1
INTRODUCTION

1.1  The Evolution of Energy Utilization: From Historical Landmarks to Sustainable
Adaptation in a Rapidly Changing World

Over 140 years ago, researchers began developing an innovative concept that would have
a significant influence on how we utilize energy in houses and workplaces. This concept found its
culmination in two pivotal moments in human history: the drilling of the first oil and gas well in
Pennsylvania in 1859 and the invention of the light bulb by Thomas Edison in 1879. These
landmark events marked the onset of a technological and industrial revolution that reshaped the
trajectory of human society. Since those transformative discoveries, the continuing advancement
of technology and industry has become inseparable from our daily lives, driving societal
development, and rendering it indispensable. In this context, energy establishes a central role in
controlling and adapting to our environment, enabling progress, and meeting the ever-growing
needs of a rapidly evolving world. The convergence of the bright idea pursued by inventors and
the subsequent innovations in lighting and energy extraction set in motion a cascade of
developments that have propelled humanity into an era where energy serves as the backbone of
modern civilization. 2

Energy is a fundamental concept that is core to numerous scientific disciplines and plays a
crucial role in various aspects of our daily lives. It is a measurable quantity that enables the
performance of work, the transfer of heat, and the generation of power. It takes on various
manifestations, including thermal energy, potential energy, kinetic energy, chemical energy, and
electrical energy (associated with the motion of charged particles). The understanding and
harnessing of energy has been a driving force behind human progress, leading to advancements in

technology, industry, and the overall development of societies.?
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Figure 1.1: Global energy use by sector (left) and by energy source (right). Adapted from reference
4.

In recent years, the demand for energy has been on the rise across various sectors, leading
to concerns about the sustainability of our energy resources. A recent report by the United States
Energy Information Administration (EIA) (Fig. 1.1) indicates a significant surge in energy usage
in the construction sector, encompassing residential and commercial buildings, with an anticipated
growth of 65% between 2020 and 2050.* Additionally, the global industrial sector is expected to
experience a more than 30% increase in energy consumption during this period. This escalating
demand can be attributed to several factors, including growth in global population, rising income
levels, urbanization, and increased access to electricity. As a result, it is crucial to address the
increasing energy demand and explore sustainable alternatives, such as hydro, wind, and solar

radiation, to ensure a more sustainable future.*

1.2 Transitioning Towards Renewable Energy for a Sustainable and Secure Future
The concept of energy is closely intertwined with environmental concerns and
sustainability. As both industrialization and the global population grow exponentially, so has the

demand for energy resources. Nonrenewable sources, such as petroleum, natural gas, and coal,



often referred to as fossil fuels, have historically served as the predominant sources of energy.
Fossil fuels are generated from organic material such as algae and plants buried in sediments and
in shallow oceans for millions of years. Over millions of years of tremendous pressure and
temperature, the remnants of these animals changed into the fossil fuels we know today.®> However,
the finite nature of fossil fuels and their negative environmental impacts, including pollution,
habitat destruction, and greenhouse gase (GHG) emissions, which include nitrous oxide (N20),
carbon dioxide (CO2), methane (CHa), and fluorinated gases, have raised concerns about their
long-term viability. In contrast, renewable energy sources such as solar electricity, wind, and
hydroelectric power is expected remarkable growth from 2020 to 2050, surpassing petroleum and
other liquid fuels to become the dominant energy source.* According to Figure 1.1, global
consumption of renewable energy is projected to grow annually by 3.1%, while petroleum and
other liquids, coal, and natural gas are expected to have growth rates of 0.6%, 0.4%, and 1.1%,
respectively.* Prioritizing the harnessing of renewable energy sources like solar, wind, and
hydroelectricity can contribute to the development of a sustainable and cleaner energy system that

mitigates environmental degradation and maintains ecological balance.

1.3 The Importance of Emphasizing Renewable Energy Sources

Renewable energy sources, including hydro, wind, and solar radiation, have become crucial
in the modern energy sector, playing a significant role in generating electrical energy. Currently,
these sources meet more than 22% of the global electricity demand, offering sustainable
alternatives to conventional fossil fuel-based systems. Their increasing prominence stems from
their ability to mitigate the environmental impact of energy production and contribute to a more

sustainable future. By harnessing the power of wind, water, and sunlight, these renewable



technologies are reshaping the energy landscape and facilitating the transition to a more diverse
and environmentally conscious energy system.®

Wind power (onshore and offshore) utilizes wind turbines to both harness and transform
the Kkinetic energy of the wind into electricity. It is a renewable and environmentally friendly
resource that operates without producing greenhouse gas emissions. With its abundance and
widespread availability, wind power serves as a viable option for electricity generation in various
regions. In the United States, as depicted in Figure 1.2, wind energy accounted for approximately
9% of the total electricity generation in 2022, and it is projected to reach 14% by 2025.” However,
the variability of wind availability is a challenge as it is reliant on weather conditions, necessitating
significant investments in infrastructure and careful selection of suitable wind farm locations.
Moreover, the integration of wind turbines into the power grid may require additional measures to

ensure stability, and concerns about their visual and noise impacts need to be addressed.®
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Figure 1.2: Electricity energy generation in U.S. 2022 by selected fuels. Adapted from reference 7.



Hydropower, a well-established technology, harnesses the potential energy of water
derived from rivers, lakes, or dams to generate electricity. It offers a range of positive aspects,
including the reliable provision of power that can be dispatched as needed, the ability to store
energy through reservoirs, and its valuable contribution to controlling floods and managing water.
Large-scale hydropower plants hold a significant role in the overall electricity production,
accounting for 6% of global output 2022, in which the U.S. contributed approximately 101,000
megawatts.” However, despite its benefits, the construction and operation of such plants present
significant environmental and social challenges, including changes to vegetation, the migration of
local communities, alterations to ecosystems, and the high cost involved, rendering it unfeasible
for implementation in many countries grappling with their socioeconomic situations. Concerns
regarding the limited availability of suitable dam locations and the potential implications of climate
change on water availability further underscore the need to question the long-term sustainability
of hydropower.®

Ultimately, solar energy stands as a highly promising option among the available
renewable energy sources to address the increasing global energy demand and ensure a secure
energy supply. With its environmentally friendly, safe, abundant, and adaptable qualities, solar
power emerges as a compelling substitute for traditional fossil fuels. According EIA, solar energy
has the potential to meet around 22% of the electrical demand in the United States by 2025’

emphasizing its substantial role in shaping the future energy scenario.

1.4 Solar Energy: The Future of Our Energy Needs
Solar power is an abundant, viable, clean, and naturally available source of energy. A
substantial amount of solar radiation reaches the earth annually, estimated to be around 120,000

TW (terawatts). Despite the atmosphere absorbing some of this energy, approximately 36,000 TW



still reaches the earth's surface.® To put this into perspective, current levels of global energy
consumption is roughly 13 TW, and it is projected to increase to 30 TW by 2050. However, by
utilizing solar cells with just 10% efficiency that cover 0.16% of the earth's landmass, it becomes
viable to generate an annual energy output of 60 TW. This level of energy production would be
more than enough to fulfill the global societal energy needs.% !

Solar energy is commonly regarded as a clean source of energy as it does not generate
GHGs and this makes it environmentally neutral. Therefore, solar energy is a viable solution to
help combat climate change, avoid raising the sea level, and preserve the delicate balance of plant
and wildlife.*? Overall, solar energy stands as a promising renewable energy source, capable of
meeting our future energy demands, while simultaneously reducing human impact on the
environment and promoting a sustainable way of life, thus playing a pivotal role in shaping our

energy future with advancements in technology.

1.5  Techniques of Capturing the Solar Radiant for Energy Production

The capture of solar energy is an essential mechanism that enables the conversion of the
sun's radiant energy into usable power. Solar energy has garnered substantial interest as a
renewable source because of its vast magnitude and global availability. In nature, solar energy is
naturally harnessed through photosynthesis, transforming it into chemical energy, the form of
carbon-carbon bonds, which is essential for all aerobic life on earth.*® Throughout human history,
innovative approaches have been developed to harness solar energy, with recent technological
advancements driving significant cost reductions of more than 70% in solar power generation.'*
Various techniques are employed to effectively capture solar energy, with two primary categories
of technological advice, active and passive techniques, playing a pivotal role. Passive systems

utilize architectural and design strategies to maximize solar energy utilization without relying on



mechanical or electrical components. This involves maximizing building orientation, using
materials with beneficial thermal qualities, and creating areas that encourage natural air
circulation. On the other hand, active photovoltaic systems harness sun's radiation in a direct
manner to produce either usable or storable energy. This involves mechanisms such as the
interaction of photons with semiconducting materials in solar heating and cooling systems (SHC),
concentrating solar power (CSP), and photovoltaic systems (PV).15 Active solar technologies play
a crucial role in harnessing solar energy efficiently and offer versatile applications, reducing

dependence on conventional energy sources.

1.5.1 Natural Photosynthesis

Photosynthesis is an essential biological process which consists of a number of
photochemical and enzymatic reactions. Chlorophyll, found within the chloroplasts of plant leaves,
is responsible for capturing light energy. This energy is subsequently used to promote the
transformation of water, carbon dioxide (CO.), and minerals into oxygen and energy-rich organic
molecules such as glucose. The process of photosynthesis can be divided into two main stages: the
light reactions, called non-cyclic photophosphorylation, and the dark reactions, named Calvin
cycle. During the light reactions, electron (¢") and proton (H*) transfer occur, while the dark
reactions involve the synthesis of carbohydrates from carbon dioxide.*® 17 As seen in Figure 1.3,
there are two reaction centers (RC), photosystem | (PSI), which holds a reduction catalyst, and
photosystem Il (PSII), an oxidation catalyst. The initial step of photosynthesis involves absorption
of solar energy by the antenna systems. In Photosystem |1, water splitting results in the release of
electrons and generation of hydrogen ions (H*) and oxygen atoms.*® Molecular oxygen (O2) is
formed when oxygen atoms combine and are released into the environment. Additional hydrogen

ions are pumped into the lumen by electron acceptor molecules.
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Figure 1.3: Schematic mechanism of photosynthesis in the thylakoid membrane: light reactions in
oxygenic photosynthesis. Adapted from reference 18.

This results in a high hydrogen ion concentration within the lumen. The adenosine triphosphate
(ATP), is a molecule that carries energy within cells, is produced by harnessing energy from
hydrogen ions (H") moving back across the photosynthetic membrane. The enzyme nicotine
adenine dinucleotide phosphate (NADPH) is generated through the capture of high-energy
electrons during PSI upon absorption of light. The electron transport chain provides new electrons
to Photosystem I. Subsequently, the Calvin cycle, or photosynthetic dark reaction, is powered by
ATP for energy and NADPH for the supply of hydrogen atoms.® 2% In summary, these critical
biochemical processes are represented as follows:

6 CO, + 12 H,0 + light energy — C¢H;,04 + 6 O, Eqg. 1.1
Eqg. 1.1 consists of two stages. The first process, known as the "light reaction,” involves the

splitting of water molecules. This reaction can be demonstrated as:



12 H,0 + light energy —» 6 CO, + 24 H" + 24 ¢~ Eq. 1.2
A reduction process that converts NADPH from its oxidized form (NADP?) to its reduced form
(NADPH) is linked to the oxidation of water during the light reaction. The reduction reaction is
illustrated as follows:*®

NADP* + H,0 - NADPH+ H* +0 Eqg. 1.3

1.5.2 Artificial Photosynthesis: Bridging the Gap between Nature and Solar Fuel Production

In recent years, inspiration has been drawn from nature, specifically the miraculous process
of photosynthesis, giving rise to an entirely novel field of research known as artificial
photosynthesis, which holds the potential to bridge the gap between the effectiveness and
environmental sustainability of natural photosynthesis and the commercialization of solar fuels,
thereby making it necessary to harness sunlight's energy and convert carbon dioxide into valuable
products, mitigating climate change, enabling sustainable energy production, and reducing
dependence on fossil fuels. The goal is to create artificial systems that are both innovative and
extraordinarily efficient, and to do so requires a careful replication of the complex mechanics and
basic principles of natural photosynthesis. These structures are designed to collect photons, the
fundamental particles of light energy, and transform them into electrons and holes. Photovoltaic
cells, commonly referred to as solar cells, are semiconductor devices crafted to convert sunlight
into electrical power. The specific semiconductor material used in the construction of PV cells
influences their characteristics, as illustrated in Table 1.1.2* Presently, the dominant choice for PV
systems in residential and commercial settings is crystalline silicon solar panels, specifically the
monocrystalline (c-Si) and multicrystalline (mc-Si) types. In fact, over 90% of all PV installations
consist of crystalline-silicon solar cells, which have a maximum power conversion efficiency

(PCE) of approximately 30%.2> 2 Nevertheless, the shortage of crucial materials such as high-



quality silicon crystalline wafers, contributes to the costly nature of the process. Extensive efforts
are underway to create advanced solar cells that can efficiently convert larger amounts of sunlight
into electricity while minimizing expenses. Although the research focus is moving away from
monocrystalline technology, the prices of alternative technologies need to decrease significantly
before they can be widely adopted.?

Table 1.1: The advantages and drawbacks of different types of photovoltaic devices. Adapted from
reference 21.

Highest conversion
efficiency (%)
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High efficiency and

Monocrystalline silicon | 24.7 + 0.5 High cost
mature technology
High conversion
Polysilicon 20.3+05 efficiency and mature High cost
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There is a high level of anticipation concerning OPV cells in the manufacturing of cost-
effective solar systems. According to the National Renewable Energy Laboratory (NREL), OPV
cells have shown remarkable promise in both cost-effectiveness and power conversion efficiency
(PCE) improvement. In just three years, from 2017 to 2020, the PCE of OPV cells increased
significantly from 11.5% to 18.2%.% Although OPVs currently have lower efficiency compared
to silicon-based devices, they offer certain advantages and have the potential to address some of

the limitations associated with inorganic photovoltaic devices (IPVs). Organic systems have the
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capability to utilize solar power in an environmentally sustainable fashion at a reduced cost, as
well as being lighter in weight. Additionally, organic systems offer greater flexibility compared to
inorganic systems as they can be manufactured using roll-to-roll techniques, allowing for efficient
large-scale production.?®

Simple OPV cells (Fig. 1.4%") generate electric power through the interface between donor
and acceptor materials. The process involves the separation of photo-generated excitons (electron-
hole pairs) at the donor-acceptor interface. When photons are absorbed, electrons are excited from
the donor’s highest occupied molecular orbital (HOMO) to the acceptor’s lowest unoccupied
orbital (LUMO), forming charge transfer (CT) states. By lowering overlap and Coulombic electric
charge interaction, this pair may dissociate into free charges or move to charge-separated (CS)
state. While the hole migrates to the anode (positive electrode) via the donor material, the separated
electron migrates through the acceptor layer in the direction of the cathode (negative electrode).?
Electricity is produced as a result of the movement of charges, which creates a difference in
electrical potential. However, sometimes the electrons and holes can recombine before reaching
the electrodes, which reduces the efficiency of electricity generation. This is known as charge
recombination (CR), which is clearly demonstrated in Figure 1.5. OPVs endeavor to elevate
electron transfer efficiency through the augmentation of charge separation while concurrently
mitigating instances of charge recombination. Additionally, energy losses denote the dissipation
of energy, diverting it away from productive electricity generation into the realms of heat or
inefficiencies within the energy conversion progression. These energy losses manifest at multiple
junctures during the device's operational cycle, spanning photon absorption, exciton dissociation,
charge transport, and charge collection processes. Enhanced efficiency within OPVs stems from

the astute selection of materials boasting attributes conducive to proficient photon absorption and
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charge generation. By judiciously engineering materials and interfaces, the dual objectives of
refining charge separation and ameliorating energy losses are realized. These ways, OPVs can

generate electricity more effectively compared to traditional silicon solar panels.?® 28 29
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Figure 1.4: Design of an organic photovoltaic cell displaying photoactive layer. Adapted from
reference 27.

Molecular Orbital

Exciton Charge transfer state Current

Potential Energy

D \
1
Photon —_——
% E(;] ECS \‘

QVoe

v

Absorber Interface Circuit

Figure 1.5: Photocurrent generation stages at an organic photovoltaic. The formation of charge
begins with photon absorption and the activation of a bound exciton state (left). To create free
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charges, this bound exciton must overcome coulombic attraction. With the addition of a donor-
acceptor interface, the electron and hole pair may be separated through a charge-transfer state
(center). This is Vo in the device at an open circuit (i.e., when the charge recombination balances
the photo generation of free charge). The difference in energy between the charge-separated state
(Ecs) and qVoc in the bottom panel is due to charge recombination. In the diagram, Eq is the band-
gap energy, Ecr is the energy of the charge-transfer state, AEr is the splitting of the quasi-Fermi
levels, S: P is the donor's singlet energy, Ecr is the energy of the charge-transfer state, and Ecs is the
energy of the charge-separated state. Adapted from reference 29.

In conclusion, the study and development of OPVs have shown significant promise in
increasing the efficiency of energy transfer, electron transfer, and charge separation mechanisms
for light-harvesting applications. By focusing on enhancing charge separation, reducing charge
recombination, and minimizing energy waste, the performance of OPVs pave the way for more
efficient and sustainable solar energy solutions. Throughout this dissertation, efforts have been
dedicated to exploring and understanding the intricacies of ultrafast electron transfer and charge
separation in donor-acceptor systems. These systems serve as the foundation for OPVs, which
harness the power of sunlight to generate electricity. While challenges and opportunities remain
in the development of ultrafast electron transfer and charge separation mechanisms in donor-
acceptor systems, this desire represents a significant step forward in the quest for high-
performance light-harvesting technologies. As the understanding of organic materials and
nanoscale engineering continues to advance, even greater strides are anticipated in improving the
efficiency and scalability of light-harvesting applications, ultimately contributing to a more

environmentally friendly and sustainable energy landscape.°

1.6 The Jablonski Diagram: A Tool for Exploring Molecular Electronic Energy Levels

The conversion of solar energy into chemical energy is a remarkable process in both natural
and artificial photosynthesis. To maximize the efficiency of this conversion and minimize energy
waste, efficient energy transfer is essential as mentioned previously. Photoinduced Energy

Transfer (PEnT) plays a crucial role in achieving this goal. PEnT involves the transfer of excitation
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energy between two chromophores, which are light-sensitive molecules acting as the donor and
acceptor. By utilizing PEnT, the system can optimize energy conversion and enhance quantum
efficiency.®

In the antenna system in natural photosynthesis, energy transfer pathways are crucial for
guiding the captured light energy towards the reaction center. Chromophores within the antenna
system absorb photons, leading to their electronic excitation. When the excited chromophore
returns to its ground state, the absorbed photon is released. The Jablonski diagram provides the
most comprehensive depiction of the processes of photon absorption and emission in
chromophores. It illustrates the energy levels and transitions involved, offering a clear
understanding of the mechanisms underlying these phenomena.?

The Jablonski diagram is named after Alexander Jablonski, a Polish physicist who made
significant contributions to the understanding of molecular spectroscopy. Figure 1.6% is a
schematical representation of the electronic energy levels and transitions within a molecule. It
provides a simplified depiction of the electronic structure and energy states of a molecule. In a
typical Jablonski diagram, the ground state (So) of the system is shown at the bottom, and the
excited states such as the first singlet excited state (S1), the second singlet excited state (S2), and
the first triplet excited state (T1) are represented by stacked horizontal lines above the ground state.
Thicker lines indicate electronic energy levels, while thinner lines represent the vibrational states
associated with each electronic energy level 3+

When a molecule is exposed to light, it absorbs energy and moves from its lowest energy
state to a higher energy state. This is known as absorption and happens quickly, usually within
femtoseconds. The molecule possesses the ability to become excited in two distinct states: the Sz

state, where unpaired electrons have opposite spins, and the T state, where unpaired electrons
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have the same spin. While in the excited state, the molecule can undergo different vibrational

transitions, corresponding to various vibrational excited states, represented by 1, 2, 3, 4, and 5.3¢
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Figure 1.6: Jablonski energy diagram illustrating the electronic and vibrational energy levels and the
possible radiative and non-radiative transitions of an excited molecule. Adapted from reference 33.

In the relaxation journey from an excited state to the ground state, there are different
pathways and processes involved. One pathway involves photoluminescence, specifically
fluorescence or phosphorescence. Fluorescence is a radiative decay process where the excited state
returns to the So by emitting light occurring at rates between 10° to 10° s. On the other hand,
phosphorescence is a radiative process involving the emission of photons, but it is not efficient at
room temperature and is typically observed at lower temperatures due to reduced thermal energy,
diminished non-radiative relaxation, and longer excited-state lifetimes. This fascinating
phenomenon occurs when the T1 relaxes back to the So by emitting phosphorescence at a notably

slower rate, approximately on the order of 10-3-10° s™. Another pathway is known as vibrational
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relaxation or internal conversion (IC). Here, the molecule relaxes from a higher vibrational level
in the excited state to a lower vibrational level within the same electronic state. This internal
conversion process happens at rates typically between 10*°-10% s, Another nonradiative process,
called intersystem crossing (ISC), provides an alternative route for the Sz to return to the ground
state by populating T state. In intersystem crossing, the S; state converts to the T1. This process
usually occurs at rates around 108 -10%° s2,

Besides the deactivation pathways previously mentioned, there are additional routes for an
excited system to return to its ground state, involving interactions with other molecular systems.
These crucial pathways include electron transfer, where the excited system donates an electron to
another molecular system or intramolecularly, resulting in changes to their electronic states and
energy levels. The details of electron transfer will be explained further in the subsequent section,
providing a more comprehensive understanding of this phenomenon. The second pathway is
energy transfer, where energy from the excited state is transferred to neighboring molecules,
leading to alterations in their energy levels. These processes play significant roles in natural
phenomena like photosynthesis. Understanding and replicating electron transfer and energy
transfer pathways are vital in designing synthetic systems that mimic photosynthesis, enabling
efficient solar energy conversion for sustainable energy production and storage. Furthermore, these
intricate pathways and processes contribute to the understanding of how excited states transition

to the ground state, shedding light on the complex dynamics of molecular spectroscopy.3* 38 3

1.7 Thermodynamic and Kinetic Aspects of Photoinduced Electron Transfer
Inter-and intramolecular PET is a fundamental chemical process characterized by the
transfer of an electron from a donor molecule to an acceptor molecule. This electron transfer

generates charge separation, a crucial phenomenon utilized in natural photosynthesis to convert
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solar energy into chemical energy. The initiation of electron transfer occurs upon the absorption
of photons, or light energy, leading to the excitation of electrons within the donor molecule.
Subsequently, the excited electron is transferred to the acceptor molecule. The occurrence of PET
enables the efficient conversion of solar energy into chemical energy, which is vital for organisms
to sustain themselves through the synthesis of complex organic compounds. A comprehensive
understanding of the thermodynamic and kinetic features of these processes is needed to reproduce
the charge separation mechanisms shown in natural photosynthesis.*> This understanding will
allow us to optimize favorable processes that lead to the formation of long-lasting charge-separated
states while minimizing unfavorable processes, such as rapid charge recombination, which result
in energy loss. To effectively utilize the energy of a charge-separated state, the rate of the forward
reaction (CS) must exceed that of the backward reaction (CR), providing sufficient time for
subsequent processes to harness that energy. For electron transfer to take place, as shown in Figure
1.7, it is essential for the system to absorb ultraviolet-visible (UV-Vis) light to promote an electron
from ground state to excited state. While this is happening, light should drive the transfer of an
electron from the LUMO of the donor molecule to the LUMO of the acceptor molecule (Fig 1.7b),
or from the HOMO of the donor to the singly occupied molecular orbital (SOMO) of the acceptor
through an alternative electron transfer mechanism, also called hole transfer (Fig. 1.7a). As aresult,
the acceptor molecule is reduced to A™ while the donor molecule is oxidized to D**.*! The
alignment of the HOMO and LUMO orbitals, in the donor and acceptor molecules plays a crucial
role in governing the charge transfer process. The careful selection of appropriate donor-acceptor
systems is essential to facilitate efficient photoinduced electron transport. A number of groups
studied various types of donor-acceptor architectures and have reported important insights into the

dynamics and kinetics of the PET processes.
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Figure 1.7: The description of photoinduced electron transfer events at a typical donor-acceptor
interface (a) from D to A*and (b) D* to A molecules, as modified from references 40 and 41.

Since 1960s, researchers, including Weller and colleagues,* focused on understanding the
driving force behind charge separation. The Rehm-Weller equation (Eq. 1.4) enables the
determination of the thermodynamic driving force for electron transfer between a photoexcited
donor and acceptor in a solution during PET. By quantifying the free energy requirements of the
redox processes resulting from PET, this equation aids in assessing the feasibility of the process.
Evaluating the free energies of charge-separated states (AGcs) and charge recombination (AGcr)
using the lowest excitation energy and the redox potentials of both donor and acceptor molecules

allows the feasibility of PET to be determined.** 4
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—AG ¢s = AEg_o — (—AG¢r) Eq. 1.4

—AG cg = (Eox — Era) + AGg Eg. 1.5

In the given equations, the symbol AEo.o represents the energy of the lowest excited singlet

state, while Eox and Erq denote the first half-oxidation and reduction potentials of the electron donor
and acceptor, respectively. On the other hand, the term AGs refers to the static energy or stability
energy, which can be determined using the dielectric continuum model, called implicit solvation,
and is expressed in equation form.* The dielectric continuum model aids in evaluating the stability

and static energy associated with the system under consideration.

—AGS=—422£0[(L+L— L )l_(L_FL)i Eq. 1.6

2Ry  2R_  Rp_p’les 2Ry  2R_J &g

Within the parameters of this equation, (Rp-a) represents the center-to-center distance
between the electron donor and electron acceptor. The symbol (e) denotes the elementary charge,
while (go) refers to the permittivity of vacuum. (R+ and R.) represent the radii of the radical cation
and anion, respectively. Additionally, (es and er) represent the dielectric constants of the solvents
employed for photophysical investigations and redox potential measurements, respectively. These
variables are essential for determining the physical and electrochemical features of the investigated
system.

The Marcus Theory is frequently utilized to elucidate the mechanism of electron transfer
(ET). To establish a deeper understanding of the relationship between reaction kinetics and
thermodynamics, Marcus conducted further research focusing on parameters such as
reorganization energy (1) and the free energy of activation (AG*). By comparing the energy
distributions of the donor and acceptor, Marcus made several noteworthy observations. It was

observed that the rate of electron transfer (ker) increases as the driving force for the reaction (AG°)

increases. As depicted in Figure 1.7, AG* the electron transport barrier decreases with increasing
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exothermicity of the process, reaching a point in Figure 1.8(3) where there is no barrier for the
reaction to proceed. This occurs when the potential energy curve of the product intersects with the
minimum of the reactant curve. Subsequently, the reaction barrier increases as the exothermicity
of the reaction continues to rise. Marcus categorized the regions along the curve where the rate of

electron transfer either rises or drops with increasing driving force as the "normal region™ and the

"inverted region," respectively (Fig. 1.7(a)).*®
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Figure 1.8: The Marcus curves depicting the normal and inverted regions in electron transfer (top).
The curves highlight the relationship between Gibbs free energy change and reorganization energy,
enabling differentiation between the two regions in Marcus's theory of electron transfer (bottom).

Modified from reference 45.
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Through the analysis of the geometric properties of parabolic curves representing the
energies of the reactant and product, Marcus derived Eq. 1.7. This equation establishes a
relationship between AG* and the A. It provides insights into how the thermodynamics of electron
transfer is linked to electron transport in the outer sphere, where the A accounts for the combined
contributions of solvation energy (Ai) and vibrational energy (Ao) in the electron transfer process,

represented as A= Ai +Xo. In the case of an isoenergetic process (where AG° = 0), the formula yields

AG* = %. This equation is a useful tool for determining the reorganization energy (A).

AGH=2 (142¢ 2 Eq. 1.7
4 2

Marcus employed the Arrhenius principle to establish a connection between the ket and
the AG* in Eq. 1.8. The frequency factor (Aet) represents the activation-less rate constant when
AG* approaches zero (or T approaches zero), signifying the frequency of effective associations at
an infinitely high temperature. This frequency, Aet(r), can be related to the unit of collision
frequency (Z) and the transmission coefficient k(r), which represents the probability of electron
transfer occurring once the reactant association complex reaches the transition state. This
relationship is given by the equation Aer(r) = Zk(r), where «(r) = &P, with «, being the
transmission coefficient at r = 0 and [} representing a constant related to the reorganization energy

and temperature.
kgr = Agre AGHRT Eqg. 1.8
Eq. 1.9 derived from transition state theory, after substituting the values for the frequency

factor (A), is as follows:*®

—-(AG0+1;)?

kET = —8e 4AikgT Eq 19
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In this equation, k represents the rate constant, ks is the Boltzmann constant (approximately 1.38
x 102 J-KY), T is the temperature in Kelvin, and h is Planck's constant (approximately 6.626 x 10"
3 J.s). By plugging in the known values for these variables and solving for the rate constant,
valuable insights into kinetics and temperature dependence of the electron transfer process can be
acquired. This equation allows researchers to understand how the rate of the process changes with
temperature and the efficiency of electron transfer.

In summary, the alignment of HOMO and LUMO orbitals and the application of theoretical
frameworks like the Rehm-Weller method and the Marcus theory are instrumental in
understanding and optimizing photoinduced electron transport processes. These approaches offer
valuable tools for designing and evaluating donor-acceptor systems with the potential for efficient
charge transfer, which is essential for various applications in chemistry, physics, and materials

science.*6 47

1.8 Unraveling the Mechanisms of Charge Transfer in Donor-Acceptor Systems: A Focus on
the differences Between Intermolecular and Intramolecular Processes

The investigation of intermolecular and intramolecular charge transfer processes has been
a central focus in the fields of chemistry and biochemistry. Intermolecular charge transfer involves
the interaction between an excited molecule and a neighboring molecule, where one molecule
serves as the electron donor and the other as the electron acceptor. This phenomenon occurs when
the donor and acceptor molecules are significantly separated in their ground state, leading to the
migration of excitons (electron-hole pairs) towards the interface, where the charge transfer event
takes place. The modulation of charge transfer rates in donor-acceptor systems is governed by a
complex interplay of various factors. One of the key considerations is the alignment of energy
levels between the donor and acceptor molecules. For charge transfer to occur efficiently, there

needs to be a suitable energy level match between HOMO and LUMO. Additionally, the polarity
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of the solvent in which these molecules are immersed can significantly impact the rate of charge
transfer. Solvent polarity influences the environment around the molecules and can either facilitate
or hinder the process. Another critical aspect to consider is the electronic architecture of the donor
molecule itself. The arrangement of electrons within the donor molecule and its electronic structure
play a pivotal role in determining how readily it can donate electrons to the acceptor molecule.
Beyond these factors, the intricacies of charge transfer at the interface are further influenced by
electrostatic interactions and electronic coupling between the donor and acceptor molecules. These
interactions can either promote or hinder charge transfer, depending on their strength and
orientation.

Intramolecular charge transfer (ICT) is observed when the donor and acceptor moieties are
linked covalently, as seen in various small molecules. This linkage induces a significant
redistribution of charge within the excited molecule, resulting in a substantial excited state dipole
moment. Additionally, ICT is evident in conjugated systems, including oligomers or polymers,
distinguished by alternating single and multiple bonds, where n-orbital bonding plays a crucial
role in their electronic structure. Further elaboration on the concept of intramolecular charge
transfer in (D-n-A) systems, which stand for Donor-n-Bridge-Acceptor system, will be provided
in subsequent sections of this dissertation. In these (D-n-A) systems, charge delocalization occurs
over the participating n-bonds, leading to a decrease in the molecule's energy and an increase in
overall stability.

The efficiency of ICT is influenced by various factors, including the nature of the donor
and acceptor moieties. Parameters such as energy band alignment and twisting angles between
moieties significantly shape the charge transfer process. Additionally, solvent properties, such as

polarity, viscosity, and hydrogen bonding capability, impact the efficiency of ICT. Furthermore,
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the extent of the m-system, which determines the distance of charge transfer, also plays a critical
role in the overall charge transfer efficiency in these systems. 48 4°

A crucial aspect in understanding and optimizing intramolecular charge transfer is to
decipher the mechanism of charge hopping or transfer through n-conjugated spacers within donor-
bridge-acceptor (D-n-A) molecular assemblies. This area of investigation remains a subject of
active debate in the scientific community, as it holds the key to unlocking the full potential of ICT-

based applications in various fields of chemistry and biochemistry. 505

1.9  Design and Engineering of Current Photosynthetic Supramolecular Systems

In the pursuit of sustainable and renewable energy sources, artificial photosynthetic
systems have gained significant attention as promising platforms for converting solar energy into
usable forms. These intricate systems rely on the strategic integration of photo and redox active
chromophores, which are responsible for light-harvesting and reaction center functionalities,
inspired by the remarkable efficiency of natural photosynthesis. By mimicking the functions of
their natural counterparts, these commonly used chromophores form the foundation for designing
photosystems engineered to efficiently capture and convert solar energy. Among various
photoinduced energy and electron transfer processes, certain families of chromophores as shown
in Figure 1.9, including chelated Boron dipyrromethene (BODIPY), chelated azadipyromethene
(AzaBODIPY), naphthalocyanines, porphyrins, phenothiazine, phthalocyanines, and
triphenlamine (TPA),>? have emerged as key players, excelling as light-harvesting and primary
electron donor units. Complementing their roles, electron acceptors like fullerene, 1,2,4,5-
tetracyanobenzene (TCNB), tetracyanoethylene (TCNE), and Tetracyanoquinodimethane
(TCNQ)®® exhibit exceptional capabilities in capturing and facilitating electron transport within

the system, culminating in the successful completion of photoinduced energy and electron transfer
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processes. In the subsequent sections, this dissertation undertakes a literature review of artificial
photosynthetic systems, with a particular focus on those closely related to the systems studied

herein.>* %°
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Figure 1.9: The most common electron donor and acceptor units used in organic electronic materials.

1.9.1 AzaBODIPY -based Push-Pull Derivatives

Aza-BODIPY derivatives, also known as ADP, have garnered significant attention in the
scientific community due to their remarkable light absorption capabilities and versatility as
chromophores, stemming from their unique molecular architecture. The nomenclature is derived
from the substitution of the meso methene moiety in BOron DI-PYromethene with a nitrogen atom
at eight positions (Fig. 1.10). Although the original synthesis of these derivatives was documented
in 1993,% precursor versions without the BF. unit were already known as early as 1944.%7
However, it was the introduction of the BF2-chelated tetraarylazadipyrromethene version by
O'Shea et al. in 2002 that reignited interest in Aza-BODIPY dyes, primarily attributed to their
enhanced fluorescence properties and potential applications in photodynamic therapy.°®

These dyes exhibit a remarkable absorption range from visible to near-infrared with high
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extinction coefficients (7—8 x 10° Mt cm™), indicating their efficient light absorption capabilities.
Additionally, Aza-BODIPY derivatives demonstrate noteworthy fluorescence quantum yields (>
0.42), making them highly effective at emitting light upon excitation. The narrow HOMO-LUMO
gaps further facilitate facile light absorption and electronic transitions. Moreover, their exceptional
solubility in various organic solvents, minimal sensitivity to solvent polarity, and negligible blue

shift (6-9 nm) in absorption spectra during the transition from nonpolar to polar solvents

significantly enhance their adaptability for diverse applications.>®-5!
mesa
8
/ /
2/ 6
_—=N*___N N?\ _N
DN
FF4°F
BODIPY AzaBODIPY

Figure 1.10: The structures of basic BODIPY and aza-BODIPY with their respective IUPAC
numbering and typical notations.

Aza-BODIPY derivatives have become a focal point in chromophore research due to their
photochemical and photophysical properties. This has led to the development of various synthetic
approaches to create both symmetrical and unsymmetrical molecular configurations of these
derivatives. Their versatility has opened up numerous scientific and technological possibilities,
significantly advancing chromophore research. The dissertation primarily concentrates on
exploring photosynthetic donor-acceptor systems utilizing ADP as acceptor. The main aim is to
comprehend their crucial role in facilitating rapid photoinduced energy and electron transfer
processes. To support this investigation, a thorough review of literature on donor-acceptor systems
involving ADP is presented in the following section, providing valuable insights and establishing

a strong foundation for the application of these compounds in state-of-the-art research concerning
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electron transfer phenomena.

D'Souza and his colleagues aimed to replicate the energy and electron transfer mechanisms
observed in natural photosynthesis. To achieve this, they employed a supramolecular triad,
comprising three distinct molecules as illustrated in Figure 1.11. The triad consisted of an
azaBODIPY unit, which acted as a fluorescent dye, a zinc porphyrin (ZnP) entity that functioned
as a light-absorbing molecule, and fullerenes (Ceo) as three-dimensional electron acceptors capable
of receiving electrons. To enhance the interaction between the zinc porphyrin and fullerenes, the
Ceo molecules were chemically modified with two pyridine moieties, allowing them to coordinate
with both zinc porphyrins in the host system. An effective energy transfer process from the singlet
excited state of the zinc porphyrin (*ZnP") to the singlet excited state of ADP was observed. This
was evident from the spectral overlap between the emission of zinc porphyrin at wavelengths of

610 and 660 nm and the absorption of ADP at 680 nm.

Figure 1.11: Structure of triads and supramolecular tetrad. Adapted from reference 62.
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During the titration process of (MP)..azaBODIPY conducted in o-dichlorobenzene (DCB),
a study aimed to investigate the formation of a supramolecular tetrad, with specific attention given
to the complex (ZnP).-ADP:CeoPy2 by adding CeoPy2. The primary objective was to examine the
absorption spectra of ZnP during the absorption titration. The results indicated a red shift and
decreased intensity in the absorption spectra of ZnP, suggesting the presence of axial coordination.
Axial coordination refers to interactions or bonding that occur parallel to the molecular axis,
leading to changes in the electronic properties of ZnP, resulting in the spectral red shift and reduced
intensity. On the other hand, the absorption band at 667 nm corresponding to ADP remained
unchanged throughout the titration, indicating that ADP was not involved in the metal-ligand axial
coordination. Therefore, ADP did not contribute to the observed spectral changes in ZnP or
participate in the formation of the supramolecular tetrad complex (ZnP),-ADP:CeoPys.
Furthermore, fluorescence experiments revealed that the addition of CeoPy2 resulted in a reduction
in ZnP fluorescence, consistent with the occurrence of excited state events originating from a
single ZnP".

Femtosecond transient absorption spectroscopy was employed in toluene to investigate the
fluorescence quenching mechanism. Selective excitation of the ZnP moiety in ZnP,-ADP:CeoPy-
at 420 nm resulted in the immediate generation of a ZnP™ with a distinct peak at 458 nm. The
subsequent disappearance of this peak was succeeded by the appearance of two distinct peaks at
620 nm and 1000 nm, corresponding to the one-electron oxidized and reduced forms of (ZnP*")
and (Ceo™), respectively. These results offered further evidence for a photoinduced electron transfer
pathway in the supramolecular system. By monitoring the time profiles of ZnP** or Ceo™ radicals,
the Kinetics of electron transfer were analyzed, revealing a sluggish charge recombination rate (kcr

= 1.8x108 s'!) compared to the rapid charge separation rate (kcs = 6.2x10° s1). The final charge-
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separated state, denoted as CeoPy2":ZnP>""-ADP, exhibited a lifetime of approximately 5.5
nanoseconds.®? Subsequently, Energy transfer from the excited ZnP to the azaBODIPY unit was
witnessed, and, under specific conditions, electron transfer from photoexcited zinc porphyrin to
Ceo was also observed. With an incident photon-to-current conversion efficiency of up to 17%
achieved by the tetrad modified electrode, valuable insights into the energy and electron transfer
mechanisms within these supramolecular polyads and their potential applications in converting

light energy are provided by this study.
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Figure 1.12: Structure of dendritic azaBODIPY base systems. Adapted from reference 63.

In another study, Li et al. conducted a study where they designed and synthesized a series
of dendritic systems (a-c) comprising peripheral monostyryl BODIPY units that are connected to
a central azaBODIPY core (Fig. 1.12). The objective was to investigate the transfer of absorbed
energy from the peripheral monostyryl BODIPY units to the azaBODIPY core within these
compounds. The light-harvesting efficiency of these dendritic systems was remarkably high,
exceeding 90%. Furthermore, they observed that this efficiency increased as the number of
monostyryl BODIPY units in the system increased. This implies that the more peripheral
monostyryl BODIPY units there were, the better the energy transfer performance of the system.
The excellent energy transfer efficiency was predominantly attributed to a significant spectral

overlap between the fluorescence emission of the monostyryl BODIPY moieties and the Q-band
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absorption of the azaBODIPY unit. This favorable spectral match facilitated efficient energy
transfer from the periphery to the core, resulting in the observed high light-harvesting efficiency
of the dendritic systems.®3

In summary, Li et al. successfully designed and characterized a series of dendritic systems
that exhibit high light-harvesting efficiency. The efficient energy transfer within these dendritic
structures is primarily attributed to the favorable spectral overlap between the peripheral
monostyryl BODIPY units and the azaBODIPY core, enabling effective funneling of energy
towards the central core. This research holds significant potential for various applications that rely
on efficient light-harvesting systems, such as solar energy conversion and photochemical

processes.

1.9.2 Triphenylamine -based Push-Pull Derivatives

Triphenylamines, commonly referred to as TPAs, are tertiary amines characterized by the
replacement of all three hydrogen atoms in ammonia with aryl groups. These organic nitrogen
compounds and their derivatives play a crucial role in the production of a diverse range of
fluorescent and optoelectronic materials. The formation of stable aminium radical cations is the
primary reason for their practical utility.®* TPAs exhibit favorable charge transport properties in
different spectroscopic, electrochemical, and photophysical applications, owing to their high drift
mobility. TPA moieties possess unique nonplanar propeller-like structures and structural
flexibility, which make them ideal for producing fluorescent compounds that can be easily
modified for emission and mechanofluorochromic properties. These modifications involve C-N
vibrations and phenyl torsions. Moreover, TPAs are well-regarded for their high electron-donating
capacity, excellent thermal stability, and remarkable processability. As a result, they are highly

suitable for various applications, such as organic light-emitting diodes (OLEDSs), dye-sensitized
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solar cells (DSSCs), organic field-effect transistors, and other electrochromic systems.®®
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Figure 1.13: Structural variants of triphenylamine (TPA) cores and derivatives with amido-
substitution at ortho-, meta-, or para-positions on one phenyl arm. Adapted from reference 65.

Over the years, various methods have been developed since 1903 for synthesizing
triphenylamine-type molecules, resulting in economically viable forms of TPAs. Particularly
intriguing are the oligomeric and dendrimeric structures of TPAs, resembling stars, as potential
photo- and electro-active materials. By substituting the cores of TPA molecules with different
electron acceptor groups, bioimaging agents, solvatochromic probes, interesting aggregation-
induced emission (AIE) luminogens, and fluorescent chemosensors can be produced in certain
conditions.®® Researchers Yang and Ma conducted an investigation into the photophysical
behavior of donor-acceptor substituted molecules using triphenylamine (TPA) as the electron
donor. Through their studies, they revealed that these molecules could possess initial excited states
in the form of locally excited states (LE), charge transfer states (CT), or hybridized local and
charge transfer states (HLCT). In a separate study, Mandare et al. comprehensively explored
fluorescence labeling applications involving TPAs, with a specific focus on the para-substituted
derivatives known as TPA-p. TPA-p has garnered considerable attention as the preferred choice
among various positionally substituted variants due to its distinct advantage in efficiently emitting

light. This superior fluorescence quantum yield exhibited by TPA-p, when compared to other
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derivatives, makes it highly desirable for fluorescence-based labeling techniques. As a result, TPA-
p emerges as a promising candidate for achieving enhanced fluorescence performance and
sensitivity in a diverse range of labeling applications, contributing significantly to its prominent
position within the field of fluorescence research and technology.®>-8

The given statement underscores the significant potential of triphenylamine and its
derivatives as promising candidates for technological and scientific advancements in
optoelectronics, photonics, and organic photovoltaics. Julio et al. developed two distinct sets of
electron donors and acceptors, shown in Figure 1.14. The electron acceptor employed was [5,6]-
pyrrolidine-In-ScaN@Cgo, while the electron donor utilized was TPA. Moreover, analogous
versions of these donors and acceptors based on Ceo Were synthesized to facilitate comparative

analysis.
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Figure 1.14: Synthesis of triphenylaminofulleropyrrolidine system. Adapted from reference 69.

The primary objectives of this research encompassed the examination of the influence of

the donor's linkage position (N-substituted versus 2-substituted pyrrolidine) on the photoinduced
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charge-separated states generation, the assessment of the thermal stability of the conjugates under
elevated temperatures with respect to the retro-cycloaddition reaction, and the investigation of the
consequences resulting from the replacement of Ceo With 1h-ScsN@Cgo as the electron acceptor.
The findings of the study demonstrated that when the donor was attached to the pyrrolidine
nitrogen atom, the resulting dyad exhibited significantly enhanced stability of radical pairs in
comparison to the corresponding 2-substituted isomer. This effect was consistently observed
regardless of whether the electron acceptor used was Ceo Or Ih-ScaN@Cso. Moreover, the N-
substituted TPA-In-ScaN@Csgo dyad displayed notably superior thermal stability at elevated
temperatures compared to its 2-substituted counterpart. Furthermore, the dyads involving Ix-
ScsN@Cgo as the acceptor exhibited substantially prolonged lifetimes of charge-separated states
and lower first reduction potentials when compared to their Cso counterparts. These findings
provide compelling evidence supporting the suitability of In-ScsN@Csgo as an effective acceptor
for the construction of donor-acceptor conjugates.

The implications of these results are highly significant for the prospective utilization of Ix-
ScsN@Csgo dyads as potential materials in the fabrication of plastic organic solar cells. The
successful realization of these donor-acceptor conjugates and the comprehensive comprehension
of their intrinsic attributes open up novel avenues to enhance their efficacy in various electronic
and photonic applications. Particularly noteworthy is the enhanced thermal stability and
augmented charge separation efficiency observed in the N-substituted TPA-In-ScsN@Csgo pair,
which indicates the conceivable enhancement of stability and efficiency in organic solar cell
technology. Furthermore, the comparative superiority of Ih,-ScsN@Cso over Cgo as an electron
acceptor imparts invaluable insights into the judicious design of fullerene-based donor-acceptor

systems, thus facilitating the advancement of more proficient and enduring solar devices.®®
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Figure 1.15: Structural representation of all the push—pull triphenylamine dyes. Modified from
reference 70.

In another study, D’Souza et.al investigated star-shaped molecular systems comprising
multiple donor-acceptor entities surrounding a central electron donor, triphenylamine (TPA),
specifically TPA-DPP-Fc, TPA-(DPP-Fc)., and TPA-(DPP-Fc)z. To synthesize these systems, the
researchers employed Pd-catalyzed Sonogashira cross-coupling reactions, resulting in symmetric
and asymmetric donor-acceptor conjugates with up to three ferrocenyl (Fc)-diketopyrrolopyrrole
(DPP) entities linked to the central TPA electron donor. TPA was chosen for its ability to facilitate
intramolecular interactions, leading to distinguishable rate constants of charge separation and
recombination, and an extension of the m-conjugation, resulting in red-shifted optical properties.

Additionally, the inclusion of thiophene-DPP, which forms covalent bonds with small organic
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molecules, allowed for effective light absorption in the visible spectrum. The donor-acceptor
complexes substituted with 1,1,4,4-tetracyanobuta-1,3-diene (TCBD, an electron acceptor)
displayed broad absorption and strong intramolecular charge transfer (ICT) transitions, making
them appealing for optoelectronic applications. Comparative analysis showed red-shifted
absorbance in the DPP and Fc-DPP conjugates when compared to their respective control
compounds, suggesting the presence of ground-state interactions.

The quantitative reduction of DPP fluorescence in 1-3 were ranged from 60% to 73%,
indicating the presence of a small number of excited state events. Electrochemical studies were
conducted on Fc-DPP-TPA-based systems (4-6) with additional ferrocene units, resulting in a
decrease in oxidation potential. Interestingly, the charge-separated state Fc™*-DPP*-TPA exhibited
prolonged stability with an increased number of Fc-DPP entities in regions 4-6 compared to both
the Fc-DPP-control and simple DPP-derived donor-acceptor systems mentioned in the literature.
These states were found to exhibit an energy hierarchy, with TPA-DPP-Fc > TPA-(DPP-Fc), >
TPA-(DPP-Fc)s. Moreover, the study observed that the charge recombination process in the star
shaped TPA derivatives was slightly slower than anticipated. These significant findings shed light
on the intriguing behavior and stability of charge-separated states within the investigated TPA

donor-acceptor conjugates.’®

1.9.3 Phenothiazines and their Sulfone based Push-Pull Derivatives

In 1883, the chemical compound phenothiazine (PTZ) was first synthesized by Bernthsen
through a reaction between diphenylamine and sulfur. Since its discovery, PTZ has been
extensively studied in the field of dye chemistry.” However, in the last two decades, its
applications have extended to various other fields, leading to increased research on PTZ and its

derivatives. Scientists have developed diverse synthetic methodologies to synthesize cost-effective
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phenothiazine (PTZ) functionalized materials using inexpensive precursors. PTZ exhibits a
distinctive butterfly or bent-type non-planar conformation, which is pivotal for its optoelectronic
application. This feature impedes the formation of ground state aggregates and excimers, i.e.,
molecular arrangements in their lowest energy state and excited-state dimers, respectively. In
DSSCs and similar devices, the non-planar structure of PTZ mitigates charge recombination,
resulting in heightened device efficiency and more effective photovoltaic conversion of light into

electrical energy.”? "
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Figure 1.16: Chemical structure, DFT optimized views, energy levels, and ESP map of phenothiazine
(PTZ). Adapted from reference 77.

o

The symmetrical nonplanar structure of PDO (presumably phenothiazine dioxides)
undergoes a transformation from a donor-acceptor-donor (D-A-D) to a donor-acceptor-acceptor
(D-A-A) of PDO configuration by replacing the electron-donating sulfur atom with an electron-
withdrawing sulfone group (PTZ to PDO).” ® This substitution enhances the charge affinity of
the core unit. The improved intrinsic charge carrier transport properties observed in the D-A-D
structure can be rationalized by the reduction in energy of the HOMO, as proposed by the
molecular orbital hybridization theory.”® A comprehensive and systematic investigation has been
carried out to explore the effects of the sulfone group and various N-substituent groups on the

material characteristics and photovoltaic performance. The resulting PDO-based systems
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demonstrate outstanding attributes, including high hole mobility, favorable conductivity, and
appropriate HOMO and LUMO energy levels, establishing them as highly promising candidates
for photovoltaic applications.”’

Ding et al. investigated the impact of N-substitution and sulfur atom oxidation on two
systems called PDO1 and PDO2, which is shown in Figure 1.17, focusing on their molecular
configuration and photovoltaic performance. By introducing a sulfuryl group to the central
building block, they were able to control the energy levels of the HOMO and the electron density
in these systems. This modification led to significant improvements in the photovoltaic

performance of PDO1 and PDO2 compared to the previously studied PTZ system.
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Figure 1.17: The synthesis of PDO1 and PDO2 systems. Adapted from reference 78.

The enhanced photovoltaic performance of PDO1 and PDO2 with the addition of the
sulfuryl group can be attributed to several factors. Firstly, the optimal energy level alignment
facilitated efficient charge transport and separation in the photovoltaic device. Secondly, these
modified systems exhibited superior charge carrier mobility, enabling more efficient movement of
electrons and holes within the material. Thirdly, the introduction of the sulfuryl group resulted in
a lower bandgap, which allowed the material to absorb a broader range of photons from the solar

spectrum, thereby increasing the overall light harvesting efficiency. The researchers also observed
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that the molecular configuration of the PDO core unit became more planar, and the stacking
behavior between molecules became significantly stronger. This improved molecular arrangement
led to enhanced charge transport properties and reduced charge recombination, further contributing
to the improved photovoltaic performance of PDO1 and PDO2.

As a result of these beneficial modifications, the power conversion efficiency (PCE) of the
photoactive layer based on PDO2 reached an impressive 20.2%. This signifies that the photovoltaic
devices employing PDO2 as the active material achieved a high level of energy conversion from

light to electricity, making it a promising candidate for advanced photovoltaic applications.’®
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Figure 1.18: The synthesis of phenothiazine based thiazoline systems. Adapted from 79.

Chaudhary et al. focused on investigating the properties of certain D-n-A molecules
containing pyridyl and benzothiazole nitrogen atoms. In the presence of an acid, these nitrogen
atoms have a tendency to get protonated due to their possession of a lone pair of electrons. As a
result, the protonation makes these molecules more electron-deficient, leading to the manifestation
of strong ICT character. To address the challenges posed by this phenomenon, the researchers
aimed to design and synthesize pH-sensitive fluorescent probes. These probes were constructed
using phenothiazine-5-oxide as the donor unit and 2-arylthiazoline rings as the acceptor unit,

forming an A-D-A type of push-pull molecule. The push-pull nature of these molecules refers to
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the spatial arrangement of the donor and acceptor groups, which facilitates efficient charge transfer
between them.

The compounds under study for their behavior as acidochromic sensors for volatile acids,
specifically trifluoroacetic acid (TFA) and hydrogen chloride (HCI) in a solution state, contain a
thiazoline unit attached to pendant phenyl rings. The presence of this thiazoline unit makes these
compounds suitable for sensing the volatile acids mentioned. Acidochromic sensors are substances
that undergo a color change in response to changes in acidity or pH levels. In this case, the
compounds with the thiazoline unit are expected to exhibit a color change when exposed to volatile
acids. This color change is likely to be observable and measurable, making these compounds
potentially useful for detecting and monitoring the presence of volatile acids in a solution. The
specific mechanism of the color change in these compounds is likely related to the interaction
between the thiazoline unit and the acidic species. Acidic substances can potentially protonate the
thiazoline ring, leading to changes in the electronic structure and, consequently, changes in the
absorption or emission properties of the compounds, resulting in the observed color change.
Among the compounds studied, compound 3c exhibited a minimum detection limit of 0.98 parts
per million (ppm) for TFA, indicating its high sensitivity in detecting this acid. On the other hand,
compound 3a showed a minimum detection limit of 13.1ppm for HCI, demonstrating its excellent
sensitivity for detecting this acid at extremely low concentrations. To further understand the
electronic properties of these compounds and their protonated forms, the researchers employed
density functional theory (DFT) studies to calculate the HOMO-LUMO energy gap. This
theoretical approach allowed them to gain insights into the molecular electronic structure and aid
in explaining the experimental observations.

Understanding the behavior of these compounds as acidochromic sensors can have
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practical applications in various fields, such as environmental monitoring, industrial safety, and
chemical analysis, where the detection and quantification of volatile acids are essential. However,
it's important to note that the effectiveness of these compounds as sensors will depend on their

chemical properties and the specific experimental conditions in which they are used.”

1.10 Exploring the Vast Scope of this Study

In the current global scenario, addressing pressing environmental and energy challenges
has prompted a growing focus on renewable sources, particularly solar energy. Artificial
photosynthesis has emerged as a promising solution, with interdisciplinary scientists actively
involved in developing molecular photosynthetic systems capable of efficiently converting solar
energy into electricity or fuel. The urgency is driven by the energy crisis, compounded by
population growth, depleting fossil fuel reserves, and inadequate renewable energy infrastructure,
necessitating the transition to solar energy to meet global demands while minimizing
environmental impact. To achieve this transition, researchers are dedicated to designing and
synthesizing artificial photosynthetic analogues that can achieve high solar energy to electricity
conversion rates. Central to this research is the investigation of artificial photosynthetic systems
through the study of photochemical events in donor-acceptor systems that mimic natural
photosynthesis.

This current research is mainly involved in the design and characterization of donor-
acceptor photosystems that emulate the light-harvesting and charge separation functions observed
in natural photosynthesis. Novel donor-acceptor photosynthetic systems, including donor-
azaBODIPY push-pull systems, triphenylamine/phenothiazine-based push-pull derivatives, and
phenothiazine sulfone-derived donor—acceptor systems were actively constructing. The primary

objective of this research is to explore molecular structures that facilitate ultrafast electron and
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charge transfer, which play a critical role in optimizing primary events for light energy conversion
and advancing optoelectronics. These endeavors hold significant promise in contributing to a
cleaner and more sustainable energy by effectively harnessing abundant and renewable solar
energy.

Chapter 1 provides a comprehensive overview of artificial photosynthesis in comparison
to natural photosynthesis, focusing on the mechanisms of light-energy harvesting and energy
conversion through redox reactions in phototrophic organisms. It explores how artificial systems
aim to imitate natural photosynthesis to convert light energy into electricity or fuel. This chapter
covers principles related to the interaction of molecular species with light, including photophysical
and photochemical reactions, and discusses quantitative formulation and measurement techniques.
Proposing solar energy harvesting as a solution to the global energy crisis, it explains the complex
photochemistry involved and highlights the importance of replicating these processes in laboratory
settings. The basics of photochemistry, emphasizing energy pathways within a photochemical
system, are also presented. Additionally, physical-analytical chemistry principles are discussed to
optimize solar energy harvesting, specifically mentioning the utilization of the Marcus theory for
elucidating electron transfer mechanisms and the Rehm-Weller equation for determining
thermodynamic driving force during photoinduced electron transfer in a solution. The chapter
concludes by comparing intra- and inter-molecular charge transfer processes and gives examples
of such artificial photosynthetic systems, shedding light on their differences and advantages in the
pursuit of efficient solar energy conversion.

Chapter 2 offers a comprehensive overview of the analytical techniques used to explore the
photophysical and photochemical processes in the studied systems. These techniques encompass

steady-state and time-resolved spectroscopy, electrochemistry, and photochemistry methods. The
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chapter also provides a detailed discussion of the materials used in the research, as well as a list of
crucial instruments employed to study the photophysical properties of donor and acceptor systems.
Each instrument's significance in the investigation process is highlighted. The chapter concludes
by delving into electronic coupling calculations through computational studies, which combine
photochemical and physical concepts to enhance the understanding of the compounds being
studied. This in-depth analysis equips the reader with a comprehensive understanding of the
methodologies and tools used to investigate the intricate processes involved in the photophysical
and photochemical aspects of the donor-acceptor systems.

Chapter 3 delves into the realm of electron transfer phenomena within donor-acceptor
push-pull systems, incorporating the far-red absorbing sensitizer azaBODIPY along with various
nitrogenous electron donors through an acetylene linker. Advanced physical techniques, including
spectroscopic, electrochemical, spectroelectrochemical, and DFT computational methods are
employed to investigate the structural integrity and excited state properties of these systems. The
main focus is on understanding the role of nitrogenous donor, such as phenothiazine (PTZ), N, N-
dimethylaniline (NND), and triphenylamine (TPA), in governing far-red excited state CT and CS,
particularly in different solvent environments. Spectroelectrochemistry Results revealed
diagnostic azaBODIPY anion radical peaks (azaBODIPY™) in both visible and near-IR regions,
indicating charge separation in polar solvents, including benzonitrile, but also partial charge
transfer in nonpolar solvents, including toluene. The developed push-pull systems, linking high-
energy CT species TPA-TCBD to a near-IR sensitizer, demonstrate panchromatic light absorption,
and electron exchange between TPA-TCBD entities extending the lifetime of charge-separated
states.

Chapter 4 of this study focuses on investigating a novel mechanism designed to enhance
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the stability of CS states. The main idea revolves around facilitating the exchange of electrons
among different acceptor components within multimodular donor-acceptor conjugates. The
primary objective of this research is to create and characterize star-shaped conjugates featuring a
core triphenylamine (TPA) derived dimethylamine-tetracyanobutadiene (NND-TCBD) moiety. In
this study of these complexes, a fascinating phenomenon was observed, where electrons are
exchanged in the compounds that contain multiple electron acceptors. To better comprehend this
phenomenon, ultrafast spectroscopy was employed, enabling the effective demonstration of the
occurrence of charge separation in excited states. Furthermore, the influence of electron exchange
on prolonging the duration of charge-separated states in conjugates containing multiple acceptors
was investigated. Through the study of this process, insights can be gained into how this novel
mechanism could contribute to enhancing the stability of charge-separated states, thus potentially
improving the overall efficiency of donor-acceptor conjugates in various applications.

The second part of this chapter involves understanding the process of CT in multi-modular
push-pull systems, with a particular focus on its implications for technological advancements in
light energy conversion and optoelectronic device development. A series of symmetrical and
unsymmetrical push-pull systems (labeled as 1-4) was synthesized through Pd-catalyzed
Sonogashira cross-coupling and [2+2] cycloaddition-retroelectrocyclization Sonogashira cross-
coupling reactions. The systems consist of a centrally located core of (TPA), an end-capping unit
of phenothiazine (PTZ) acting as a donor (labeled as D'), and a central electron acceptor of
tetracyanobutadiene (TCBD) (labeled as A). The work also includes the synthesis of control
compounds (labeled as C1-C4) to evaluate the role of terminal PTZ in charge transfer events. The
analysis of photophysical and electrochemical properties, along with frontier orbital visualization

and femtosecond transient absorption spectral studies, aims to shed light on the excited charge
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transfer behavior and understand the significance of terminal PTZ in stabilizing the charge transfer
state. The findings from this study could potentially contribute to the design and optimization of
novel materials for more efficient light energy conversion and enhanced performance of
optoelectronic devices.

Chapter 5 addresses the critical challenge of extending the lifetime of charge-separated
states (CS) in artificial photosynthetic donor-acceptor (D-A) constructs, particularly in situations
where the (D-A) systems are closely spaced and strongly interacting. The fundamental objective
is to establish a future class of light energy harvesting technology. To achieve this, the study
focuses on utilizing the triplet excited state of the electron donor and excitation wavelength
selectivity. Novel push-pull systems (PTS2-PTS6) are synthesized and developed, utilizing
phenothiazine sulfone as the n-conjugated framework. These systems are designed to incorporate
highly efficient electron acceptors, namely 1,1,4,4-tetracyanobutadiene (TCBD) and cyclohexa-
2,5-diene-1,4-diylidene-expanded TCBD (exTCBD), with the aim of manipulating the spectral
and photophysical characteristics of the constituent components. The PTS2, in particular, exhibits
solvatochromism, aggregation-induced emission, and mechanochromic behaviors. Through
energy calculations and pump-probe spectroscopic studies, the work demonstrated that excitation
wavelength-dependent charge stabilization can effectively prolong the lifetime of CS in highly
interacting push-pull systems when excited at LE peak positions, as opposed to wavelengths
corresponding to the CT transitions.

Chapter 6 provides a comprehensive conclusion of the work done on ultrafast charge and
electron transfer systems, summarizing the results from Chapters 3 to 5, and outlining potential

future research directions in the field of photosynthesis and energy conversion.
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CHAPTER 2
MATERIALS AND ANALYTICAL METHODS

This chapter provides a comprehensive and in-depth analysis of the synthesis of diverse
supramolecular and ultrafast charge and electron transfer systems. It offers detailed insights into
the specific chemical reagents, solvents, and precursor materials used in the synthesis process.
Furthermore, the chapter thoroughly explores the physical methodologies employed to
characterize these systems, with a strong emphasis on the instruments utilized for this purpose.
Notably, the extensive discussion of the synthesis of the examined photosystems in chapters 3
through 5, originating from the prestigious research laboratory of Professor Rajneesh Misra at the
Indian Institute of Technology in Indore, India, contributes significantly to the advancement of
research in this fascinating scientific discipline. The abundance of information presented in this

chapter is vital for furthering knowledge and understanding in this field of study.

2.1  Materials

All the reagents and bulk solvents were purchased from commercial sources including
Aldrich Chemicals (Milwaukee, WI) and Fischer Chemicals. The tetra-n-butylammonium
perchlorate (TBA)CIOs used in electrochemical studies was from Fluka Chemicals or
MilliporeSigma. All chemicals were used as received unless otherwise indicated. All oxygen or
moisture-sensitive reactions were performed under an inert atmosphere such as a nitrogen/argon

atmosphere using the standard Schlenk method.

2.2 Analytical Methods
In this section, a detailed account of the experimental techniques utilized to investigate and
understand the photochemical and photophysical properties is provided, with specific emphasis on

the phenomena of charge, electron, and hole transfer reactions. The methods employed enable a
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detailed characterization of these processes, shedding light on the underlying mechanisms and

contributing to a deeper comprehension of the studied systems.

2.2.1 Steady State UV-Vis Absorbance Spectroscopy

The fundamental photophysical phenomenon underlying artificial photosynthesis,
encompassing its applications in both direct photon-to-electricity conversion (Photovoltaics) and
fuel generation, revolves around the absorption of light by the antenna chromophores. This process
initiates a sequence of photophysical and photochemical events, with the first step being the
absorption of light and the consequent photoexcitation of the antenna chromophore or the donor
molecule. This initial photoexcitation takes precedence over subsequent processes, such as
excitation energy transfer and electron transfer. In practical scenarios, such as in the realm of
photovoltaics, the excitation energy is harnessed from energy carrier photons originating from
solar energy.

The assessment of absorption spectra is conventionally accomplished through
spectrophotometric techniques, establishing research into the light-absorbing attributes of
synthetic photosensitizers as highly critical. In this dissertation, the research endeavors involved
employing a double-beam ultraviolet (UV) and visible (vis) spectrometer (Jasco V-670 and
Shimadzu UV 3600) between 300 nm to 1600 nm, a sophisticated instrument capable of
simultaneous reference and sample measurements, to systematically record the absorption spectra
of a specific target molecule. In this study, an experiment was conducted using an optically
identical quartz cuvette, which contained only the solvent, and served as a reference. The goal was
to subtract the absorption of the solvent from the absorption of a sample of chromophore in
solution, which had a known concentration (c). A xenon lamp was used as the excitation light

source for the experiment. The resulting spectra displayed the absorbed photon's wavelength on
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the x-axis and the absorption strength on the y-axis. The molecule's resonance frequency (v) is a
crucial determinant of permissible transitions within the molecular system, and these resonances,
occurring during allowed transitions, significantly govern the molecule's absorption properties. As
the energy difference between these transitions is quantized, only photons with specific energies
(wavelengths) can be exchanged. Consequently, similar molecules may exhibit identical
absorption properties, making the molecule's absorption a distinct characteristic of its electronic
structure. To calculate the energy (E) in joules or the () wavenumber (cm ) associated with a

particular transition, (Eq. 2.1)! can be employed where c is the light speed (2.99X10%° cm. s2).
E=h- Eq. 2.1
== Eqg. 2.2
In the context of photosynthetic chromophores, the absorption wavelength of a molecule,
along with its molar absorptivity (¢) or molar absorption coefficient, plays a crucial role in
understanding their spectral absorption properties in the UV-vis regions. The molar extinction
coefficient quantifies the number of photons absorbed by the molecule in (mole. It or MY) at a
specific wavelength, serving as a fundamental measure for comparing molecules' capabilities to
absorb electromagnetic radiation. The significance of a molecule's absorption in harnessing solar
energy relies on its molar extinction coefficient; molecules with low coefficients may have limited
impact. Consequently, when assessing the absorption properties of chromophores, both the
absorption wavelength and the molar extinction coefficient are pertinent factors. The Beer-
Lambert equation is utilized to calculate the molar extinction coefficient of a molecule in units of
(Micm).2
A = ebc Eqg. 2.3

The variable A represents the absorbance at a specific wavelength, while the variable b
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signifies the optical path length. By collecting absorbance values at different concentrations and
plotting them as absorbance versus concentration, the resulting slope on the graph provides the
molar extinction coefficient. This robust methodology facilitated a comprehensive analysis and

assessment of the molecule's light absorption properties.

2.2.2 Fluorescence and Phosphorescence Emission Spectroscopy

Fluorescence and phosphorescence are distinct radiative decay pathways, both involving
the emission of photons during the relaxation of a photoexcited molecule from its higher energy
excited state back to its lower energy ground state. Specifically, fluorescence occurs when photons
are emitted from the S; of the molecule, while phosphorescence involves photon emission from
T1. In Section 1.6, these two phenomena are discussed and differentiated based on their origins.
The Jablonski energy level diagram provides a comprehensive visualization of the energy states
and the transitions involved in fluorescence and phosphorescence processes, including IC and ISC.
A spectrofluorometer, equipped with excitation and emission monochromators, a Xenon-arc lamp
as the excitation light source, and a suitable emission detector, was utilized for measuring and
studying the emission spectra of fluorescence and phosphorescence, capturing emissions within
the desired wavelength range. These experimental tools and knowledge about radiative decay
pathways contribute to a deeper understanding of the light-matter interactions in molecules and
are essential for various applications, ranging from fluorescence spectroscopy in biological
research to phosphorescent materials in optoelectronics and sensors.

In the field of artificial photosynthesis, the fluorescence exhibited by molecules plays a
crucial role, as it is an essential prerequisite for their effective utilization in this process. However,
not all light-absorbing molecules possess the ability to fluoresce. Thus, a careful selection of

compounds based on their specific absorption characteristics and molar extinction coefficients is
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essential as an initial step in this research pursuit. Subsequently, understanding the photon
emission capability of the chosen compound becomes pivotal in comprehending its luminescent
behavior. To quantitatively evaluate the efficiency of the photon emission process, a metric known
as the quantum yield (®) is utilized by scientists. The quantum yield (®g) is a quantitative
measure used for assessing the yield of emitted photons and will be further discussed in the
following section.

As mentioned earlier, spectrofluorometers are instruments used to measure fluorescence or
phosphorescence. They resemble spectrophotometers in design and use monochromators to direct
light from a source through a sample to a detector. The key difference between luminescence and
absorption studies is the detector's position. In luminescence studies, the detector is placed at a
right angle (90°) to the sample, while in absorption studies, the detector is opposite the excitation
light source. This setup allows only emitted light, not incident light, to be observed. To excite the
sample, an excitation monochromator selects a specific wavelength of light based on the sample's
absorption spectrum. After excitation, the sample emits photons in different directions, which are
captured by an emission monochromator and directed to the detector. The signals generated by the
detector are interpreted as a spectrum, enabling researchers to analyze and study the luminescence
properties of the sample.

On the other hand, the phosphorescence phenomenon can be measured in a manner akin to
fluorescence, but only if the material exhibits phosphorescence at cryogenic temperatures achieved
by liquid nitrogen. To enhance phosphorescence, a heavy atom triplet sensitizer (e.g., iodine or
bromine) is introduced to promote intersystem crossing, a process that facilitates phosphorescence.
Achieving phosphorescence might necessitate cooling the sample to cryogenic temperatures with

liquid nitrogen. After the sample is prepared, it is dissolved in a solution that has the property of
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freezing into a transparent state. Once the sample is in this solution, it is then frozen inside a
specialized quartz Nuclear Magnetic Resonance (NMR) tube. The NMR tube is designed to
withstand low temperatures and is transparent to certain types of light, allowing for the analysis of
the phosphorescent properties using standard fluorescence measurement techniques.

A photosynthetic analogue is distinguished by two important characteristics: its quantum
yield and excited state lifetime. In the domain of synthetic chromophores employed for solar
energy harvesting and organic photovoltaics, the fluorescence quantum vyield ($5) and
fluorescence lifetime (1) constitute two essential characteristics. The fluorescence quantum yield
(Pr) represents the ratio of emitted photons to absorbed photons. Molecules exhibiting a higher
intensity of fluorescence emission demonstrate an enhanced fluorescence quantum yield, making
them particularly well-suited for implementation as photosensitizers in solar cell applications. The

quantum yield can be quantitatively expressed:®

__ #of emitted photons _ k-
T4 of aborbed photons - ky+knr

dp Eq. 24

The equation involves two crucial parameters: the rate of radiative decay (k) and the rate
of non-radiative decay (knr). Notably, when the rate of non-radiative decay is reduced to zero, the
qguantum yield of the molecular system becomes 1, signifying a perfect conversion of absorbed
photons into emitted photons. Minimizing non-radiative decay pathways through molecular design
or environmental optimization can significantly increase the quantum yield, making it relevant for
optoelectronic materials, where high quantum yields are sought-after for applications like light-
emitting devices and solar cells, as they ensure efficient energy conversion and minimize energy

losses.

IS AS S
s = 0, () EqQ. 2.5

An innovative approach for quantifying the fluorescence quantum vyield (®y) of a
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molecule. Instead of employing direct quantum yield measurements, the proposed method adopts
a comparative strategy. This entails comparing the fluorescence intensity (Ig) of the molecule
under investigation with that of a well-established reference standard (I,.), which could be free
base porphyrin, azaBODIBY, TPA, or similar compounds. The specific formula for this
comparison, provided in the text (Eq. 2.5), employs the relative quantum yield calculation method
to determine the @ of the molecules discussed in the dissertation. The formula involves variables
such as @ (quantum yield of the sample), ®,. (quantum yield of the reference standard), A and
A, (intensity of the absorption peaks of the sample and reference, respectively), and n, (solvent
refractive index of the sample) and n,. (solvent refractive index of the reference). By utilizing this
approach, researchers can assess the fluorescence efficiency of diverse molecules without
requiring absolute quantum yield measurements.®

Steady-state luminescence spectra were obtained using either a Varian (Cary Eclipse)
Spectrofluorometer, a Shimadzu UV-1700 PharmaSpec, or a Horiba Jobin Yvon Nanolog
spectrofluorometer, all of which were outfitted with PMT detectors for UV-visible light and
InGaAs photodiode for near-IR light. Additionally, an FTIR spectrometer (Equinox 55 from
Bruker Optics) equipped with a single reflection diamond ATR attachment (Dura- SamplIR 11 by

SenslR Technologies) was utilized to acquire mid-IR spectra in the range of 550-4000 cm'™.

2.2.3 Time-Resolved Fluorescence Emission Spectroscopy

The fluorescence lifetime (7) is a critical parameter that characterizes the time taken by a
fluorophore to transition from (S1) to (So). This temporal duration plays a vital role in advancing
artificial photosynthetic molecular systems. Understanding the fluorescence lifetime data is
essential for optimizing the performance and efficiency of these systems in light-harvesting and

energy conversion applications. Eq. 2.6 can be adapted and utilized to estimate the (7) in a specific
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format, providing valuable insights into the dynamics of the excited states. Additionally, it
empowers researchers to fine-tune the design and functionality of artificial photosynthetic

materials, thus facilitating further progress in the field.*

T=— Eq. 2.6

T kptkny

The fluorescence lifetimes of the chromophores were investigated employing the time-
correlated single photon counting (TCSPC) method, in which nano-LED (Light Emitting Diode)
excitation sources were utilized through a Horiba Jobin Yvon Nanolog spectrofluorometer. The
specific excitation wavelength of the nanoLED was carefully selected based on the absorbance
spectrum of the chromophores. For both steady-state fluorescence and time-resolved emission
measurements, a right-angle detection method was applied, and prior to measurements, all
solutions were purged with Argon gas. The fluorescence lifetime plot was represented as a decay
curve, displaying counts versus time. Subsequently, the obtained data was subjected to analysis
and fitted using computer software. This facilitated the determination of the chromophore's
lifetime as a monoexponential, biexponential, etc., with a CHISQ value less than 1.2, indicating a
good fit to the experimental data. This comprehensive experimental approach and data analysis
method contribute to a deeper understanding of the fluorescence behavior of the chromophores,
providing valuable insights into their photophysical properties and potential applications in various

fields, including optoelectronics and light harvesting.

2.2.4 Cyclic Voltammetry and Differential Pulse VVoltammetry

In the construction of a photosynthetic system, numerous factors, encompassing
thermodynamics and Kinetics, are pivotal in determining electron transfer efficacy. Primarily,
thermodynamics ascertains the feasibility of electron transfer. Secondly, kinetics governs the

electron transfer rate vis-a-vis competing processes. Thirdly, the efficiency of charge separation,

57



as characterized by the excitation energy assimilated by the charge-separated state, is paramount
for subsequent catalytic functions like proton reduction and carbon dioxide fixation. Moreover,
the quantum yield of the charge-separated state holds significant importance. The redox potentials
of the donor and acceptor are fundamental in achieving these objectives. The Rehm-Weller
approach and Marcus’ electron transfer theory facilitate the comprehension of these aspects,
especially when the optical and redox properties of the building blocks are well-defined.
Computational methods also aid in predicting essential properties before commencing synthesis.
Hence, it is crucial to investigate the first oxidation and reduction potentials of the donor and
acceptor chromophores using an electrochemical setup.

To attain the research objectives comprehensively, two distinct electrochemical techniques
were employed, namely cyclic voltammetry (CV) and differential pulse voltammetry (DPV). In
the CV experiments, the potential was cyclically varied between two predefined values, thereby
facilitating the elucidation of the redox behavior and identification of the oxidation and reduction
peaks. In direct contrast, differential pulse voltammetry methodically applies the potential in a
step-wise, unidirectional manner, offering unparalleled precision in determining the oxidation and
reduction potentials as compared to CV. The primary focal point of this study centers on the precise
elucidation of redox potentials of the chromophores employing the DPV approach, while CV is
employed to diligently monitor the reversibility of the detected peaks.>

This research employs a three-electrode electrochemical configuration to investigate the
redox potentials of chromophores. The experimental setup comprises an Ag/AgCl reference
electrode (RE), serving as a stable reference potential, a platinum button working electrode (WE)
that facilitates the redox reactions of the chromophores, and a platinum wire counter electrode

(CE) to ensure the continuity of the electrical circuit. The voltammograms obtained through this
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procedure offer detailed understanding of the current-potential (I-V) characteristics, thus revealing
essential electrochemical properties of the system. To acquire a cyclic voltammogram, the
potentiostat is employed to apply either positive (for oxidation) or negative (for reduction)
potential, initiating from a zero potential (typically) and reaching a vertex potential, after which it
returns to the initial potential, completing a full cycle.” In the dissertation, all the electrochemical
data presented were collected using three different instruments: an EG&G 263A Electrochemical
Analyzer, an AMETEK VersaSTAT 4 Potentiostat/Galvanostat Analyzer, and an AMETEK

PARSTAT 4000A Potentiostat/Galvanostat/EIS Analyzer.

2.2.5 Spectroelctrochemical Technique

Spectroelectrochemistry is a scientific approach that combines the principles of
spectrophotometry and electrochemical techniques. In this method, the sample under investigation
is repetitively analyzed using a spectrophotometer while redox potentials are applied. Key
components necessary for this methodology include the spectroelectrochemical cuvette, a mesh-
type working electrode, a standard reference electrode (RE), and a counter electrode (CE). The
spectroelectrochemical cuvette features a Y-shaped internal configuration, enabling simultaneous
measurements of optical and electrochemical properties of the sample. It accommodates three
electrodes (working, reference, and counter) and a 1 mm light path for spectroscopic analysis. The
working electrode, such as Pt mash type, facilitates the electrochemical reaction, while the
reference electrode, including an Ag/AgCl reference electrode, maintains a stable potential for
precise measurements. The counter electrode, like a Pt, balances the electrical flow. Researchers
can observe optical changes in the sample while applying redox potentials to the working
electrode. The Y-shaped design minimizes the volume of the solution, enabling efficient

measurements of fast reactions.®1°
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In the context of photoinduced electron transfer reactions, the transfer of electrons from
the photoexcited donor to the acceptor leads to the formation of charged intermediate species,
which act as the reaction products. The cation radical (D) and the anion radical (A~) exhibit
distinct absorption spectra in the solution due to subtle differences in their electronic structures
compared to the neutral species. The application of a specific oxidizing potential, determined from
the first oxidation potential of the donor chromophore in the D-A complex through CV, induces
the formation of a cation radical in the cuvette placed in the Spectrophotometer beam path (section
2.2.1). During the spectroelectrochemical experiment lasting approximately 15 minutes,
significant changes occur in the absorption spectra of the complex. Firstly, a prominent absorption
peak corresponding to the charged cation radical species emerges, signifying their accumulation
in the solution. Concurrently, there is a reduction in the absorption peaks of the neutral species,
indicating a conversion of some neutral species into the cation radical. The presence of a common
absorption point shared by the growing cation radical peak and the decreasing neutral species peak,
referred to as the isosbestic point, implies that a single equilibrium process governs the observed
transformations. In a similar manner to determining the absorption of the cation radical, the
absorption of the anion radical can be assessed by applying a reduction potential that corresponds
to the reduction potential of the acceptor moiety. This reduction potential can be obtained through
cyclic voltammetry. These two absorption characteristics of radical ions (the cation and anion

radicals) become highly significant in later transient absorption studies.

2.2.6 Transient Absorption Spectroscopy
Transient absorption spectroscopy, renowned as ultrafast spectroscopy due to its
exceptionally brief optical event durations measured in femtoseconds (107°) or picoseconds (10"

12 "is an extensively utilized and potent method for studying photochemical events in intricate
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chemical systems, encompassing donor-acceptor systems. Its advantages over other spectroscopic
methods are particularly evident when studying rapid and transient processes. The method employs
short-duration, intense pulses of light to selectively excite specific states or transitions in the
sample, with pulse durations much shorter than the time scales of the photochemical events being
studied. The experimental setup consists of two laser beams: the pump beam triggers the
photochemical event of interest, while the probe beam, with a controllable time delay, allows for
the observation of transient changes in the sample (Fig. 2.1)!*. By varying the time delay, transient
absorption spectroscopy captures the real-time evolution of the sample's electronic and vibrational
states during the photochemical event, providing insights into processes such as energy transfer,
electron transfer, absorption, and emission. The short pump pulse duration prevents interference
with the subsequent probe pulse, ensuring clear and accurate information about the sample’s
transient states. Another key advantage is the technique's capability to detect transient species,
including short-lived intermediates and excited states, which are typically challenging to observe

using other steady-state spectroscopic techniques.

pump pulse

chopper
' modified probe pulse I(T,A)

probe pulse [_(A)
) detection
W 1 variable delay time T

Figure 2.1: Schematic of employing a pump pulse principle in femtosecond transient absorption
spectroscopy.

In the studies presented in this dissertation, the ultrafast transient absorption spectroscopy

with femtosecond (fs) and nanosecond (ns) time scales was employed to investigate electron
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transfer and energy transfer processes in photosystems. The fs laser excitation source operates with
a pulse duration spanning 100 - 150 fs, while the ns excitation laser has a pulse duration of
approximately 7 ns. The instrument comprises essential components, including a fundamental laser
generator producing an intense 800 nm laser beam with a 100-femtosecond pulse duration. This
beam is split into two parts: 95% is directed through an Optical Parametric Amplifier (OPA) to
create beams of different wavelengths, while the remaining 5% is sent to a white light generating

crystal to obtain a broad-band white light continuum for further analysis as shown in Figure 2.2.1?
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Figure 2.2: A schematic of the working principal femtosecond transient absorption spectroscopy (fs-
TAS).

The probe beam, obtained through the delay line, is temporally delayed compared to the pump
beam and used to observe spectral changes in the sample during the ultrafast process. The pump
beam excites the sample, while the probe beam allows for observing the sample's behavior over

time. The Femtosecond transient absorption is equipped with an Ultrafast Femtosecond Laser
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Source (Libra) by Coherent, incorporating a diode-pumped, mode-locked Ti:sapphire laser
(Vitesse) and a diode-pumped intracavity doubled Nd:YLF laser (Evolution) to generate a
compressed laser output of 1.45 W. For a broader range of excitation wavelengths, a TOPAS-
Prime optical parametric amplifier (OPA) system by Light Conversion with a tuning range of 290-
2600 nm was used. A portion of the laser output was used for white light continuum generation,
and kinetic traces at specific wavelengths were obtained from time-resolved spectral data for
analysis. The combination of different laser sources and optical parametric amplifiers enabled a
comprehensive investigation of photochemical processes in the studied systems.*?

As previously discussed, the experimental configuration involves the utilization of two
laser pulses, namely a "pump™ pulse intended to stimulate molecules within a confined sample
region and a "probe™ pulse composed of white light to gauge the absorption behavior of species in
the same spatial domain. The pump pulse is adept at exciting a subset of molecules, inducing them
to transition into an excited state. To prevent interference with the probe measurement, the energy
from the pump pulse is intentionally not detected by the apparatus. Subsequently, the probe pulse
captures two distinct types of absorption phenomena: Excited State Absorption (ESA), stemming
from molecules elevated to higher energy levels by the pump pulse, and Ground State Bleaching
(GSB), which arises from molecules in their ground state being depleted due to the influence of
the pump pulse. In order to distinguish between these absorptions, the spectral data are presented
as changes in absorption (AA), derived by subtracting the signal obtained from the unpumped

sample from that of the pumped sample.!

AAQQ) = —log (—Xpumped Eq. 2.7

I(A)unpumped
Upon excitation of the molecular sample, a series of intricate optical phenomena ensues,

each contributing distinct signals. Ground-state bleaching is characterized by a decline in the
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absorbance of the So due to the partial depopulation of its energy levels. This event induces a
negative change in absorbance (AA < 0) at specific positions in the spectrum where steady-state
absorption bands are observable. Stimulated emission (SE) manifests when the probe pulse
engages with an excited molecule, stimulating the return of the molecule to the ground state
through the process of photon emission. This process leads to a reduction in the signal (AA) within
the probe range corresponding to the molecule's emission, resulting in a negative AA. Excited-
state absorption (ESA) takes place as the probe pulse further elevates an already excited molecule
to higher-lying excited states, resulting in a reduction of the probe pulse intensity. This occurrence
induces a positive change in absorbance (AA > 0). In instances where excitation yields a
photoproduct, the newly formed molecule interacts with the probe pulse, and the absorption of this

photoproduct (PA) generates a positive signal in the transient data.**

GSB SE  ESA PA
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product state
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Figure 2.3: Signal contributions in pump-probe femtosecond transient absorption spectroscopy (left)
and the Fs-TA spectrum displays GSB (dashed line), SE (dotted line), ESA (solid line), and the sum
of all contributions (gray line). Adapted from reference 11,13.

Pump-probe femtosecond transient absorption spectroscopy Yyields a three-dimensional

(3D) spectrum (Fig. 2.3)* 13, AA (4, 1), representing changes in absorption intensity (AA) as a
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function of wavelength (1) and time delay (). The method involves exciting the sample with a
pump pulse, creating transient species, and inducing changes in its electronic or vibrational states.
A delayed probe pulse then interacts with the modified sample, and its intensity is measured after
passing through the sample, capturing changes in absorbance at different wavelengths and time
delays. The resulting 3D spectrum displays distinct features (Fig. 2.3),* including Ground State
Bleach (GSB) indicating depletion of the ground-state population, Excited State Absorption (ESA)
showing increased absorbance due to excited states or transient species, and Stimulated Emission
(SE) revealing emission of photons as the sample relaxes to lower energy states.**: 13

The experimental data shows combinations of all states and is difficult to determine each
state at a specific time range. To define each state and time profile, analytical softwares (surface
Xplorer and GloTarAn) are used. Surface Xplorer focuses on conducting global analysis,
providing a comprehensive overview of the various photo-induced states present within the
sample. In contrast, GloTarAn offers an added advantage by enabling both global and target
analysis, empowering researchers to identify and examine specific states of interest within the
dataset. Global analysis involves subjecting the data to a multiexponential fit, where each exponent
corresponds to distinct photo-induced states, such as singlet excited state, triplet excited state,
charge-separated state, and others. However, it is essential to acknowledge that the fitting process
may not perfectly align with the actual number of states in the system due to complexities and
approximations inherent in the underlying mathematical framework employed during the analysis.

Global analysis assumes that each state in a system occurs independently and
simultaneously. This means that the decay or behavior of one state is not influenced by other states
in the system. When global analysis is applied to experimental data obtained using a femtosecond

technique, it produces a decay-associated spectrum (DAS), as shown in Figure 2.4(c).}* This
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spectrum gives a representation of the data where different states are deconvoluted, i.e., separated
from each other. However, the global analysis approach can lead to overestimation of the number
of states in the system because it assumes complete independence between them. One drawback
of global analysis is that it may show negative peaks in the spectra. These negative peaks occur
because the different species (states) are represented as a linear combination of each other, and
this can result in certain parts of the spectrum appearing to have negative values. Additionally,
global analysis cannot accurately determine the concentrations or populations of individual states
in the system. Its underlying assumption is that each state starts with 100% population and decays

independently over time. However, this assumption may not hold true when states interact with

each other.
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Figure 2.4: A Schematic of global (a, c) and target analysis (b, d). Adapted from reference 14.
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Target analysis, on the other hand, utilizes kinetic data provided by the user and performs
a multiexponential fit. Unlike global analysis, target analysis assumes that the states in the system
do interact with each other. This means that the behavior of one state can be influenced by other
states. With this assumption, target analysis can estimate the population of each state over time.
The results of target analysis are typically shown in a population versus time plot, as depicted in
Figure 2.4(b).** This plot displays the relative percentage of each state within the system as a
function of time. Moreover, the spectra of the individual states provided by target analysis are
termed species-associated spectra (SAS). Each component of the SAS shows the spectral features
of a specific state (or species) within the data, as illustrated in Figure 2.4(d).** In summary, global
analysis assumes independence between states and may overestimate the number of states and
produce decay-associated spectra, while target analysis considers interactions between states,
estimates their populations, and presents species-associated spectra showing the spectral features

of each state.
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CHAPTER 3
EXPLORING FAR-RED EXCITATION-INDUCED ELECTRON TRANSFER AND
NITROGENOUS DONORS' ROLE IN CHARGE SEPARATION: BRIDGING HIGH-
ENERGY STATES TO NEAR-IR SENSITIZERS FOR EFFICIENT ELECTRON TRANSFER

3.1 Far-Red Excitation Induced Electron Transfer in Bis Donor-AzaBODIPY Push-Pull
Systems; Role of Nitrogenous Donors in Promoting Charge Separation*

3.1.1 Introduction

The study of multi-modular donor-acceptor constructs=® has played a prominent role in a
range of applications in energy harvesting, organic electronics, and photonics.®X’ In this scenario,
the use of a T-bridge to covalently connect the donor and acceptor entities is recognized as a means
to enhance ICT in the excited state and finely adjust the optical and excited-state properties.
Furthermore, when employed in polar solvents, these ICT states have the potential to transition
into a fully separated state with complete charge transfer.18-2° The persistence of charge separated
state however depends on the low-lying triplet states of either the donor or acceptor. In such
instances, the CR could occur rapidly thus lowering their overall lifetime. In synthetic artificial
photosynthetic systems, long-lived charge-separated states (CSS) are often achieved by optimal
positioning of the donor and acceptor systems and following a multi-step sequential electron
transfer mechanism.?1"% In a few instances, heavy atom-bearing high-energy triplet sensitizers
have also been used to build donor-acceptor constructs to achieve long-lived CSS.?"?®

Among the electron donor or acceptor photosensitizers, BF2-chelated azadipyrromethene

(abbreviated azaBODIPY),? a structural analog of BF.-chelated dipyrromethene (BODIPY®),3031

* Section 3.1 is reproduced from Alsaleh, Ajyal Z., Dilip Pinjari, Rajneesh Misra, and Francis D'Souza. "Far-Red
Excitation Induced Electron Transfer in Bis Donor-Azabodipy Push-Pull Systems; Role of Nitrogenous Donors in
Promoting Charge Separation." Chemistry — A European Journal 29, no. 53 (2023): €202301659,
doi.org/10.1002/chem.202301659, with permission from John Wiley and Sons.
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has recently gained much attention for its novel photochemical properties, applicable in energy
harvesting, sensing and imaging applications.?®3° Depending upon the peripheral substituents,
azaBODIPYs absorb in the 300-850 nm region with very high molar absorptivity and desirable
emission in the red to the near-IR region (660-900 nm) with quantum yields exceeding 40%.3
One of the most interesting properties of azaBODIPYs is in their facile reduction making them
rarely encountered electron acceptor far-red capturing photosensitizer molecules.®? In addition,
azaBODIPYs are now being explored for applications involving near-IR absorbing dyes for
biological applications,®® photocatalysts,3* and triplet photosensitizers.*®

In recent years, we have been involved in exploring novel features of azaBODIPY in
photoinduced charge separation and stabilization, useful for light energy conversion and
optoelectronic materials. To summarize our key findings, when azaBODIPY was connected to
ferrocene, efficient photoinduced reductive electron transfer from ferrocene to 'azaBODIPY™ to
yield Fc*-azaBODIPY"~ was witnessed.>® Alternatively, when ferrocene was replaced by fullerene,
Ceo, Oxidative electron transfer leading to the formation of azaBODIPY"*-Cgo™~ was observed.®’
Excitation transfer was observed when either chlorophyll derivatives or BODIPY was covalently
linked to azaBODIPY.*® Interestingly, when two porphyrins were covalently linked to
azaBODIPY, the resulting ‘molecular clip’ supramolecularly bound to Ceo via metal-ligand
coordination. In this molecular system, energy and electron transfer events were possible to
regulate.®® Furthermore, by a combination of zinc porphyrin, BODIPY, and azaBODIPY, a novel
broad-band capturing and emitting supramolecular push-pull system capable of wide-band
emission was recently reported.*® Supramolecular donor-acceptor hybrids of zinc phthalocyanine
(ZnPc)-azaBODIPY and zinc naphthalocyanine (ZnNc)-azaBODIPY, that is, near-infrared

absorbing entities, were constructed and photoinduced electron transfer by near-IR excitation was
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witnessed,*! wherein ZnPc™*- azaBODIPY"~ and ZnNc"*- azaBODIPY "~ were the reaction products.
Directly connected azaBODIPY-donor systems exhibiting intramolecular charge transfer were
also reported.*? More recently, azaBODIPY was covalently linked to powerful electron acceptors,
tetracyanobutadiene (TCBD) and extended-TCBD, and the occurrence of excited state charge

transfer was successfully demonstrated.** These are in addition to studies reported by other

N
SO

azaBODIPY

groups.*-5

(NND),-azaBODIPY (TPA),-azaBODIPY (PTZ)2-azaBODIPY

Figure 3.1: Structures and abbreviations of pristine azaBODIPY, control azaBODIPYs carrying
ethynyl linkers, and nitrogenous amine donors carrying azaBODIPY push-pull systems studied in
the present investigation.

In the present study, we report a new series of bisdonor-acceptor push-pull systems
featuring nitrogenous electron donors, viz., N,N-dimethylaniline (NND), triphenylamine (TPA),
and phenothiazine (PTZ) with the help of acetylene linkers (see Fig. 3.1 for structures along with
those of the control compounds). Here, the azaBODIPY core is different from the traditionally

used azaBODIPY in which two B-pyrrole-phenyl rings have been replaced with thiophene units

and the a-phenyl groups have acetenyl-phenyl entities. The immediate consequence of this small
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structural change is in extending the absorption envelope by 40 nm to the red making them far-red
absorbers. The significance of the nitrogenous donors in governing far-red excited state charge
transfer/separation as a function of solvent polarity is presented. Our studies demonstrate that in
nonpolar toluene, the push-pull systems undergo partial charge transfer while in polar,
benzonitrile, they undergo full charge separation. The persistence of the charge-separated state
(CSS) with respect to the nature of the donor, as revealed by transient pump-probe spectroscopic

studies is presented.

3.1.2 Results and Discussion

Synthesis of different donor substituted aza-BODIPY derivatives namely (NND)2-
azaBODIPY, (TPA),;-azaBODIPY, (PTZ).-azaBODIPY along with control azaBODIPYs (C1,
C2) is shown in Scheme 3.1. Dibromo-aza-BODIPY 1 was reacted with various ethynyl substituted
aryl derivatives (phenyl, anisole, N,N-dimethylamine, triphenylamine and phenothiazine) under
Pd-catalyzed Sonogashira coupling reaction to obtain C1, C2, (NND),-azaBODIPY, (TPA).-
azaBODIPY, (PTZ),-azaBODIPY with 85%, 80%, 75%, 82%, and 77% yield, respectively. This
reaction was carried out in a THF/TEA mixture (v/v,1:1) with Pd-catalyst at 60 °C for 12 hrs under
an argon atmosphere. The synthesis of triphenylamine based aza-BODIPY (TPA)2-azaBODIPY
was recently reported by us.*® The precursor dibromo-aza-BODIPY 1 was synthesized using a
reported procedure by reacting thiophene-2-carbaldehyde with 4-bromo-acetophenone.®® All the
aryl substituted azaBODIPY derivatives (C1, C2, (NND);-azaBODIPY, (TPA),-azaBODIPY,
(PTZ),-azaBODIPY) were purified by using neutral activated alumina.

The absorption and fluorescence spectra of the investigated compounds in benzonitrile,
DCB, and toluene are depicted in Figure 3.2 while the optical data are summarized in Table 3.1.

In benzonitrile, the pristine azaBODIPY peak located at 671 nm was shifted to 724 and 731 nm in
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C1 and C2, respectively. That is, a 43—-49 nm red shift as a consequence of the peripheral
substitution of thiophene and phenyl-acetenyl entities was witnessed. Appending electron donors
further shifted the peak maxima to another 20-30 nm depending on the type of donor entities.
These observations suggest electronic interactions between the azaBODIPY and donor entities via
the acetenyl linkers. Such a trend was also observed in DCB and toluene. For example, in toluene,
a 46-51 nm red-shift between azaBODIPY and C1/C2 and a further 20-30 nm after appending the

electron donor entities.
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Scheme 3.1: Synthetic route for various aryl functionalized azaBODIPY donor-acceptor constucts.

Table 3.1: Optical absorption and emission data for the investigated compounds in solvents of varying
polarity.

Compound Solvent Aabs, M
azaBODIPY 326, 511, 671 702 1.80 0.232
Cl 358, 551, 724 751 1.68 0.028
C2 PhCN 320, 552, 732 762 1.66 0.016
(NND),-azaBODIPY 359, 609, 758 -- -- --
(TPA),-azaBODIPY 367, 590, 745 -- -- --

73



Compound Aabs, NM dem, NM
(PTZ),-azaBODIPY 365, 584, 744 -- -- --
azaBODIPY 315, 503, 670 700 1.80 0.232
C1 356, 542,727 752 1.68 0.030
C2 DCB 350, 521, 737 763 1.65 0.025
(NND);-azaBODIPY 359, 615, 761 828 1.56 0.010
(TPA),-azaBODIPY 371,594, 751 -- -- --
(PTZ),-azaBODIPY 369, 570, 745 - - -
azaBODIPY 300, 506, 663 686 1.83 0.232
C1 354, 463, 535 751 1.69 0.033
C2 319, 492, 536 759 1.67 0.027
Toluene
(NND)z-azaBODIPY 351, 600, 750 813 1.59 0.019
(TPA),-azaBODIPY 366, 591, 742 77 1.63 0.018
(PTZ),-azaBODIPY 363, 575, 740 773 1.64 0.0007
a -from Refences 30.
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Figure 3.2: Absorption (a, b and c) fluorescence (d, e and f) spectrum of azaBODIPY (black), C1
(red), C2 (green), (NND);-azaBODIPY (blue), (TPA),-azaBODIPY (light blue), and (PTZ).-
azaBODIPY (magenta) in benzonitrile (a and d), DCB (b and ¢), and toluene (c and f). Samples were
excited at the far-red peak listed in Table 3.1.

74



Considerable red-shift in the fluorescence emission was also witnessed. At the excitation
of azaBODIPY absorption peak maxima, the fluorescence emission of azaBODIPY in
benzonitrile, located at 702 nm, was red shifted to 751 and 762 nm in C1 and C2. However, in the
push-pull systems, the emission was quantitatively quenched. Interestingly, in DCB and toluene,
although such a trend with respect to substitution was observed, the quenching was only nearly
50% in the case of (NND),-azaBODIPY and (TPA).-azaBODIPY push-pull systems (slightly
more in DCB), however, it was over 96% for (PTZ)2-azaBODIPY. These results indicate the
significance of the nature of donors and solvents in governing the fluorescence properties of the
investigated push-pull systems. The measured ®s are also listed in Table 3.1. Substantially lower
@ for C1 and C2 compared to azaBODIPY, and almost zero for the push-pull systems in
benzonitrile were noted. The singlet excited energy was calculated from the average energy of the
low energy absorption and fluorescence peak and was found to be ~1.67 eV which was about 0.13
eV lower than that of pristine azaBODIPY, being 1.80 eV. The triplet energy of azaBODIPY
reported earlier is about 0.92 eV.32% The fluorescence lifetime determined from the time-
correlated single photon counting technique resulted in a lifetime of ~4 ns for azaBODIPY that
was substantially lower in C1 and C2 ranging between 0.7-1.5 ns depending upon the solvent. For
the push-pull systems, due to low emissions, no reliable data could be secured.

Fluorescence studies were also performed by exciting the samples corresponding to the
absorption peak maxima of the nitrogenous donors. As shown in Figure 3.3, in benzonitrile,
pristine TPA and PTZ revealed absorption peak maxima at 330 and 370 nm, respectively. In the
push-pull systems, they revealed minor changes due to linkage and overlap of azaBODIPY
absorption in this region. Fluorescence peak maxima of TPA and PTZ were located at 405 and 488

nm, respectively. Interestingly, in the push-pull systems, these emissions were quenched over 95%

75



with no new peaks in the region of azaBODIPY emission suggesting that the quenching is likely

not due to energy transfer. Such a trend was also observed in toluene; however, the quenching was

~80%. The solvent polarity dependent quenching suggests it is due to charge transfer type

interactions.®
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Figure 3.3: Absorption (a, and b) fluorescence (c and d) spectrum of indicated compounds in
benzonitrile (a and c), and toluene (c and f). Samples were excited corresponding to the terminal
electron donor entities. The asterisks indicate grating scattered peaks, and in (d), the peak at 750 nm
of TPA is due to the second harmonic and not real fluorescence.

As the redox potentials of the donor and acceptor take up a key role in governing the free-

energy changes for electron transfer reactions, electrochemical studies using both differential pulse

voltammetry (DPV) and cyclic voltammetry (CV) were performed in benzonitrile. Figure 3.4

shows the DPVs of the compounds, while Table 3.2 lists redox potential along with the calculated

free-energy values for charge separation and recombination.
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azaBODIPY, and (e) (PTZ),-azaBODIPY in benzonitrile containing 0.1 M (TBA)CIO..

Table 3.2: Electrochemical redox potentials and free-energy changes associated with light-induced
electron transfer of the push-pull systems.?

Compound Redxc;tligg,c\ll VS. OxidAzt/igg,C\I/ VS. AG, 6V ‘ AS\;S, ‘
C1 -1.06, -0.22 1.27 -- -- --
C2 -1.06, -0.27 1.20 -- -- --
(NND).-azaBODIPY -1.02, -0.25 0.85,21.10 -0.094 -0.26 -1.36
(TPA)2-azaBODIPY -0.99, -0.21 1.0521.25 -0.086 -0.24 -1.37
(PTZ)2-azaBODIPY -0.89, -0.21 0.78,21,19 -0.086 -0.32 -1.31

a - Oxidation corresponding to the Donor entity. b - Estimated error in values = +5%
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The first reduction and first oxidation of C1 were located at -0.22 and 1.27 V vs. Ag/AgCl while
that of C2 these values were at -0.27 and 1.20 V resulting in an electrochemical redox gap of 1.47
to 1.49 V which was about 0.20 V smaller than that calculated from optical data (see Eo,o values
in Table 3.1). Importantly, the facile reduction of azaBODIPY in C1 and C2 was borne out. The
presence of donor entities in the push-pull systems revealed additional oxidation waves and they
appeared prior to the oxidation process of the azaBODIPY entity. Owing to the presence of two
donor entities in each push-pull system, the peak currents were roughly twice as much of the first
reduction of the azaBODIPY entity of a given push-pull system. Oxidation of NND, TPA, and
PTZ entities of the push-pull systems appeared at 0.85, 1.05 and 0.78 V, facile oxidation of PTZ
compared to the other two donors was clear from this study. Unlike the reversible azaBODIPY
first reduction, the oxidation process of the donor entities in the push-pull systems was quasi-
reversible.

Frontier orbitals of the investigated compounds on B3LYP/6-31G(d, p) optimized
structures® are shown in Figure 3.5. For C1 and C2 having no donor entities, the HOMO was
distributed all over the molecule including the phenyl-acetylene linkers (see Fig. 3.5 for C2),
however, the HOMO-1 was more on the phenyl-acetylene linkers. The LUMO was mainly on the
azaBODIPY part with considerable coefficients on the thiophene entities while the LUMO+1 were
distributed on the entire molecule without appreciable coefficients on the thiophene entities.
Having two donor entities on the azaBODIPY revealed notable changes (Fig. 3.5 b to d). In all
three push-pull systems, the HOMO was distributed on the entire molecule including the donor
entities but without contributions to the thiophene entities. Interestingly, the HOMO-1 was
localized symmetrically on the acetylene-donor part of the push-pull systems. The LUMO of the

push-pull systems was on the azaBODIPY entity with contributions on the thiophene units while
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LUMO+1 were on the azaBODIPY-acetylene part of the molecules. A charge transfer from

HOMO = LUMO or HOMO-1 = LUMO could be envisioned from the location of the frontier

e

orbitals.
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Figure 3.5: Frontier orbitals on B3LYP/6-31G (d, p) optimized structures of (a) C2 (b) (NND),-

azaBODIPY, (c) (TPA).,-azaBODIPY, and (d) (PTZ).,-azaBODIPY.
The redox potentials are used in combination with optical data to estimate the energies of

the radical ion pair states (Ecs) and free energy change for the charge separation (AGcs) by using
(Eq. 3.1)

the following equations:>®
Ecs = e[E /(D™ /D) — E1,2(A/A™)] + Gs
(Eq. 3.2)

AGes = Ecs — Eo—o
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where E12(D™*/D) is the first oxidation potential of the donor, E12(A/A™) is the first reduction

potential of the acceptor and Gs is the ion-pair stabilization energy,

—e?

4megesRp_a
where Rp.a is the centre-to-centre distance between the donor and acceptor, &s is the dielectric
constant of the solvent used for the optical and redox studies, in this case benzonitrile. The lowest
excited singlet state energy (Eo-o) is estimated from the crossing point of absorption and
fluorescence spectra as listed in Table 3.1.

The estimated free-energy values listed in Table 3.2 reveal that reductive electron transfer
(excited molecule accepting an electron) is indeed possible in these push-pull systems from one of
the donor entities to the single excited azaBODIPY. Energy level diagrams were subsequently
established using the information discussed in the above paragraphs and such diagrams are shown
in Figure 3.6. For C1 and C2, a simple scheme could be envisioned, that is, excitation of
azaBODIPY corresponding to its singlet state (low energy absorption peak maxima in Table 3.1)
would produce 'azaBODIPY". The 'azaBODIPY" thus produced could emit from the singlet
excited state (radiative fluorescence) or undergo nonradiative energy loss (thermal), or in part
undergo ISC to populate the triplet state. The 3azaBODIPY ™ would eventually return to the ground
state via the process of phosphorescence (Fig. 3.6a).

Interestingly, in the case of the push-pull systems where efficient fluorescence quenching
was observed, deactivation of tazaBODIPY" via radiative emission is going to a minor process,
and as charge separation is thermodynamically feasible, tazaBODIPY” could undergo reductive
electron transfer by abstracting an electron from one of the donor entities to the half-filled HOMO
(or HOMO-1) orbital, resulting in D**-azaBODIPY* (D = NND, TPA, or PTZ) charge separated

states. As the entities in the push-pull system are coupled, an intermediate charge transfer state,
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D%"-azaBODIPY?, prior to the solvated charge-separated state could also be envisioned. The
charge-separated state could return to the ground state directly by the process of charge
recombination either radiatively via the process of charge recombination emission or
nonradiatively. Alternatively, this state could populate the low-lying *azaBODIPY” (E1 ~ 1.0 eV).
The newly formed 3azaBODIPY™ would return to the ground state via phosphorescence or by
nonradiative mechanism. As no charge recombination emission was observed in benzonitrile for
the investigated push-pull systems, the latter mechanism of populating the azaBODIPY" could be
considered a more likely path (Fig. 3.6b). In nonpolar toluene, a complete charge separation is not
expected due to high solvation energy demand, however, a partial charge transfer could occur as

is supported by fluorescence quenching observed for these push-pull systems in toluene.
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Figure 3.6: Jablonski-type energy level diagram for the (a) control azaBODIPY and (b) push-pull
systems in benzonitrile. Solid line — most likely process, dashed line-less likely process.

Spectroelectrochemical studies were subsequently performed to characterize the one-
electron reduced and one-electron oxidized products of the investigated compounds, as shown in

Figure 3.7. For each process a potential 100 mV past the peak potential was applied and the spectra
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were recorded until no additional changes were observed. During the process of first reduction of
control azaBODIPY (C2), intensity decrease of the original peaks was associated with new peaks
456, 524, and 918 nm. Isosbestic points at 388 and 783 nm were also observed. Conversely, during
the first oxidation process, a decrease in intensity of the original peaks did not result in new peaks,
only an increase in intensity in the 300-320 nm range was observed. For the push-pull systems,
the spectral trends were almost similar but with slightly red-shifted peaks. For example, for
(TPA)2-azaBODIPY, new peaks of one-electron reduced product were located at 491, 533 and 924
nm, however, no new peaks were observed during the process of one-electron oxidation except for
a blue-shift of 10 nm in the case of (TPA):-azaBODIPY for the high-energy UV-band
corresponding to the TPA donor entities was observed. It is important to note that although the
oxidation is mainly donor-centered, the reduction in azaBODIPY peaks suggest strong electronic

coupling between them, as suggested by the distribution of the HOMO orbitals.
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Figure 3.7: Spectral changes during first reduction (top) and first oxidation (bottom) of (a) C1, (b)
(NND)2-azaBODIPY and (TPA).-azaBODIPY in benzonitrile containing 0.2 M (TBA)CIO..
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Finally, pump-probe studies were performed to probe photodynamics and secure evidence
of charge separation in the push-pull systems. Figure 3.8a shows the femtosecond transient
absorption (fs-TA) spectra at the indicated delay times of control azaBODIPY, C2 in benzonitrile.
The instantaneously formed *azaBODIPY" revealed excited state absorption bands at 438, 580,
and 1080 nm. In addition, negative peaks at 535, 663 and 738 nm were observed. By comparison
with the absorption and fluorescence, the first two peaks are attributed to the ground state bleaching
(GSB) and the latter to stimulated emission (SE). Decay of the positive peaks and recovery of the
negative peaks started slowly developing new peaks around 625, 678 and 830 nm that could be
attributed to 3azaBODIPY* although such a process was not complete within the delay time

window of 3 ns.

0.104
reme| 10
: ;.;;31:5 *  15.=7.90ps
° ‘;"?g”s 30'57 ° r:=1.03ns
: s 9 o =30
. .S =
55 760 £0.04
@ 143.7ps ZO
@ 2022
N 5022::: 0.5
@ 138ns
@ 257ns -1.04
0.10 . ' , - : 0.00 remrmerrest -
400 600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600 0.1 1 10 100 1000
Wavelength(nm) Wavelength(nm) Time (ps)
(b)
0.10, ——ee]
265ps
s 5413ps 0.08
* 957ps
s 1476
o 2256:: 2 5006
s 3038ps| O 5
65.76ps £ 5
04.7ps S ]
o s Zoos
@+ 2022ps
| s 5022
\‘ T laene 0.02
01300 600 800 10001200 1400 1600 0.00 et~
Wavelength(n) 600 800 1000 120014001600 0.1 1 _ 10 100 1000

Wavelength(nm) Time (ps)

Figure 3.8: Fs-TA spectra at the indicated delay times of (a) C2 and (b) (PTZ).,-azaBODIPY in
benzonitrile at the excitation wavelength of 668 nm. The decay-associated spectra and population
time profiles from GloTarAn analysis are shown in the middle and right-hand panels, respectively.
The DAS of T; state is not shown for clarity.
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The data was further analyzed using Global Target Analysis (Glotaran) program.>® A three-
component fit, representing So = S1 = T1 was adopted. The decay associated spectra (DAS) are
shown in Figure 3.8a middle panel were good complementarity between the two singlet states was
apparent. Time constants of 7.9 ps for So = S: population and 1.03 ns for the S; state were obtained
(Fig. 3.8a, right-hand panel). The Sy lifetime agreed well with the earlier discussed lifetime from
the TCSPC technique. A third component with a lifetime > 3 ns was also observed. Nanosecond
transient absorption (ns-TA) spectral studies resulted in weak/noisy spectra from where the time
constant for the triplet state was difficult to arrive.

Figure 3.8b shows the fs-TA spectra at the indicated delay times (PTZ)2-azaBODIPY in
benzonitrile. At the earliest delay time of 1-2 ps, peaks corresponding to both S; and CT state were
visible. ESA peaks at 500, 900 and 1317 nm were observed. In addition, negative peaks at 663 and
744 nm, corresponding to GSB and SE were observed. During the next 30 ps, the positive ESA
peaks experienced a small spectral shift, that is, the 900 nm peak shifted to 890 nm and the 1317
nm peak moved to 1346 nm, likely to the transformation of CT - CS was observed. In the next
30-100 ps range, new peaks started emerging at 626, 678 and 826 nm, attributable to the CS state
populating the triplet state. Glotaran analysis of the data by fitting S; > CT = CS - T; state is
shown in Figure 3.8b, middle panel. Good complementarity for the conversion of CT - CS
(inverse of the peaks between the two states) was observed. The derived time constants were found
to be 12.3 ps for the CT state and 84.9 ps for CS (Fig. 3.8b, right-hand panel).

As shown in Figure 3.9, fs-TA spectral features of the push-pull systems (NND).-
azaBODIPY and (TPA)2-azaBODIPY closely resembled that of (PTZ),-azaBODIPY. These
results conclusively prove charge separation in the push-pull systems. Time constants for the

different processes from Glotaran analysis are summarized in Table 3.3. In all, the CS state lasted
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between 50-200 ps depending on the nature of the Donor entity suggesting charge stabilization to

some extent in these push-pull systems in benzonitrile.
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Figure 3.9: Fs-TA spectra at the indicated delay times of (a) (NND).-azaBODIPY and (b) (TPA):-
azaBODIPY in benzonitrile at the excitation wavelength of 668 nm. The decay-associated spectra and
population time profiles from GloTarAn analysis is shown in the middle and right-hand panels,
respectively. The DAS of T, state is not shown for clarity.

Table 3.3: Kinetic values for different photo events of the studies systems.?

Compound l Solvent ‘ Trise, PS ‘ TSL, pS ‘ TCT, ps ‘ TCS, pS
C1 7.90 1000 -- --
C2 6.33 998 -- --
(NND),-azaBODIPY PhCN -- 4.23 16.99 194.5
(TPA),-azaBODIPY -- 3.55 9.51 49.99
(PTZ),-azaBODIPY -- 2.37 12.30 84.90
C1 Toluene 7.72 1060 -- --
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Compound l Solvent ‘ Trise, PS ‘ TS, ps ‘ TCT, ps ‘ TCS, PS

C2 6.53 1100 -- --
(NND).-azaBODIPY -- 5.97 265.4 --
(TPA)2-azaBODIPY -- 3.74 30.3 --
(PTZ).-azaBODIPY -- 3.10 90.3 --

a -estimated error = +10%

The photophysical properties were also monitored in toluene as charge transfer was
predicted for the push-pull systems due to substantial lowering of their fluorescence quantum
yields (Table 3.1). Figure 3.10a shows the fs-TA spectra at the indicated delay times for control
C2. Overall, the spectral features were similar to that observed in benzonitrile. Time constants for
the different events were evaluated by Glotaran analysis of the data by fitting So > S1 2> T1 =2
GS model (Fig. 3.10b, middle panel and right-hand panel) and the results are given in Table 3.3.
The time constants for S state agreed well with lifetimes determined from the TCSPC technique.

Fs-TA results obtained for (PTZ),-azaBODIPY are shown in Figure 3.10b. Immediately
after excitation, the spectrum recorded at a delay time of 1 ps revealed ESA peaks at 502, 898, and
1323 nm. In addition, GSB peaks at 660 nm and SE peaks at 744 nm were observed. The ESA
peaks at 502 and 898 nm had features of PTZ**-azaBODIPY*~ charge transfer state suggesting its
ultrafast occurrence from the initially formed azaBODIPY*. Decay and recovery of the positive
and negative peaks revealed another set of new peaks at 683 and 827 nm expected for
%azaBODIPY". The data was further subjected to Glotaran analysis by providing two kinetic paths,
Viz: So 2 S1 2 CT > CS > GS and So > S1 > CT - GS. The last one is without the charge
separated state. As shown in Figure 3.10(b) middle panel, the best fit was the latter model. This is
reasonable since formation of fully charge separated state, PTZ**-azaBODIPY*~, in the nonpolar

solvent is unlikely due to the high solvation energy requirement. The time constant for the CT state
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was about 90 ps (see Fig. 3.10b, right-hand panel).
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Figure 3.10: Fs-TA spectra at the indicated delay times of (a) C2 and (b) (PTZ)-azaBODIPY in
toluene at the excitation wavelength of 668 nm. The decay-associated spectra and population time
profiles from GloTarAn analysis is shown in the middle and right-hand panels, respectively. The
DAS of T, state is not shown for clarity.

For the next two push-pull systems, (NND):-azaBODIPY and (TPA).-azaBODIPY,
transient spectral features revealed features of charge transfer, however, not as well developed as
that of (PTZ).-azaBODIPY (Fig. 3.11). In these cases, although the 500 nm peak corresponding
to the charge transfer state was present, the 900 nm peak appeared as only a shoulder peak.
Glotaran analysis was subsequently performed by fitting the data to the So > S1 > CT > GS
model and the time constants are listed in Table 3.3. The CT states persisted more in the case of

(NND)2-azaBODIPY compared to (TPA).-azaBODIPY.
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Figure 3.11: Fs-TA spectra at the indicated delay times of (a) (NND),-azaBODIPY and (b) (TPA).-
azaBODIPY in toluene at the excitation wavelength of 668 nm. The decay-associated spectra and
population time profiles from GloTarAn analysis are shown in the middle and right-hand panels,
respectively. The DAS of T; state is not shown for clarity.

3.1.3 Conclusions

The newly synthesized donor-acceptor push-pull systems featuring far-red absorbing
sensitizer azaBODIPY as a photosensitizer-electron acceptor along with nitrogenous electron
donors N,N-dimethylaniline, triphenylamine, and phenothiazine revealed several interesting

features with regard to their excited state electron transfer properties. Using a range of physico-
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chemical techniques, it was possible to arrive at the structure of these push-pull systems. The
measured redox potentials revealed facile reduction of azaBODIPY and facile oxidation of
nitrogenous donors and the performed spectroelectrochemical studies revealed diagnostic peaks of
azaBODIPY"~ in the visible and near-IR regions. Further, free-energy calculations indicated charge
separation from one of the donor entities to the tazaBODIPY" to yield charge-separated states in a
polar solvent but only partial charge transfer in toluene. The fluorescence emission of
tazaBODIPY" and calculated quantum yields revealed a different level of quenching depending
upon the nature of the solvent and donor entities. Fs-TA studies confirmed the occurrence of charge
separation in benzonitrile, and kinetic analysis performed by GloTarAn analysis revealed the
charge-separated states to last about 50-200 ps depending on the nature of the donor. Finally, the
charge transfer states in toluene and charge-separated states in benzonitrile populated the low-

lying 3azaBODIPY* prior to returning the push-pull system to the ground state.
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3.2 Interfacing High-Energy Charge Transfer States to a Near-IR Sensitizer for Efficient
Electron Transfer upon Near-IR Irradiation*

3.2.1 Introduction

Near-IR absorbing molecular systems have been widely used in light energy harvesting,

* Section 3.2 is reproduced from Pinjari, Dilip, Ajyal Z. Alsaleh, Yuvraj Patil, Rajneesh Misra, and Francis
D'Souza. "Interfacing High-Energy Charge-Transfer States to a near-Ir Sensitizer for Efficient Electron Transfer
Upon near-Ir Irradiation." Angewandte Chemie International Edition 59, no. 52 (2020): 23697-705,
doi.org/10.1002/anie.202013036, with permission from John Wiley and Sons.
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sensing and biosensing, and biomedical applications. In the area of light energy harvesting, the
near-IR sensitizers offer maximum utilization of the useful sunlight in energy harvesting schemes,?
while in the area of sensors and biosensors, due to its spectral isolation, near-IR excitation provides
excitation selectivity from absorption interference of molecular/biomolecular species present in
the sensing environment.® In biomedical applications, near-IR probes are known for their deep
tissue penetration properties in imaging applications.*

Push—pull chromophores, derived from closely linked, highly interacting, electron rich and
electron deficient entities have been studied for variety of technological applications including
multi-photon absorption and organic photovoltaics, and optoelectronics in general.> Under the
conditions of strong intramolecular interactions, the push-pull systems are known to result in new
type of optical transition called ICT that is different from the regular n—=* type transitions of
individual chromophores (also called locally excited, LE transitions).® Due to their different origin,
spectral properties of ICT and LE transitions differ making this class of compounds as one of the
widely studied ones for various light induced applications.’

An elegant approach of building ICT molecular systems, developed by Diederich, involves
incorporation of a strong electron acceptor such as tetracyanoethylene (TCNE) in a highly facile,
catalyst-free [2+2] cycloaddition-retroelectrocyclization reaction with ethynyl functionalized
strong electron donor molecules.® Based on this concept, few groups have been successful in
building push-pull conjugates.®!! Research teams of Bottari, Torres, and Guldi have also reported
phthalocyanine-TCBD and subphthalocyanine-TCBD D-A systems.® Our groups have reported a
few TCBD functionalized chromophores, and established excited state charge separation useful
for optoelectronic applications.!

An elegant approach of building ICT molecular systems, developed by Diederich, involves
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incorporation of a strong electron acceptor such as tetracyanoethylene (TCNE) in a highly facile,
catalyst-free [2+2] cycloaddition-retroelectrocyclization reaction with ethynyl functionalized
strong electron donor molecules.® Based on this concept, few groups have been successful in
building push-pull conjugates.®** Research teams of Bottari, Torres, and Guldi have also reported
phthalocyanine-TCBD and subphthalocyanine-TCBD D-A systems.*® Our groups have reported a
few TCBD functionalized chromophores, and established excited state charge separation useful
for optoelectronic applications.!

In general, in polar solvents, ICT transitions of push-pull systems occur at the low-energy
side of the spectrum while that of LE transitions occur at the high-energy side of the spectrum.®
This trend could be reversed if a high-energy ICT exhibiting species can be connected to a near-
IR sensitizer.1% If this condition is met, due to different spectral origin, one could observe a reverse
trend in optical transitions, viz., low-energy LE and high-energy ICT transitions while extending
their spectral coverage. Such compounds due to varying optical properties can offer new class of
push-pull systems for light-induced applications. In the present study, an electron deficient near-
IR probe, azaBODIPY?? has been covalently linked to one or two TPA%*-TCBD?", charge transfer
(CT) entities® , as shown in Figure 3.12. The azaBODIPY used here absorbs in the near-IR region
of 740 nm region and emits in the 770 nm region, and is highly electron deficient. 2 This is unlike
the electron rich zinc phthalocyanine near-IR probe employed in a previous study.'® Importantly,
due to structural arrangement of placing the electron acceptor, TCBD between the electron donor
TPA and azaBODIPY, CT is mainly confined to the TPA-TCBD segment and not so much on the
TCBD-azaBODIPY segment as both TCBD and azaBODIPY are good electron acceptors (Fig.
3.12). Consequently, the original ICT from TPA-TCBD occurring in the high-energy side of the

spectrum is largely unperturbed while the low-energy LE transitions of the near-IR probe,
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azaBODIPY minimally affected. Further, to seek potential of this class of compounds for light
energy harvesting applications, excited state electron transfer upon near-IR and ICT excitations
has been investigated in both polar and nonpolar solvents using transient spectroscopy, and

meaningful structure-property relationships have been derived.

Figure 3.12: Structure of the high-energy charge transfer, TPA%-TCBD?, connected to near-IR,
azaBODIPY sensitizer, push-pull systems investigated in the present study.

3.2.2  Synthesis

Synthesis of azaBODIPY derived push-pull systems is shown in Scheme 3.2 while details
are given in the supporting information. Briefly, the di-bromo-aza-dipyrromethene la was
synthesized as per reported procedure. 3 The TPA based aza-dipyrromethene 1b was synthesized
by the Sonogashira cross-coupling reaction of di-bromo aza-dipyrromethene 1a with 4- ethynyl-
N,N-diphenylaniline in a THF/TEA mixture (v/v,1:1) at 60 °C for overnight under argon
atmosphere in 10% vyield. Further the triphenylamine based azaBODIPY 1 was synthesized by
chelating BF2 with aza-dipyrromethene 1b in presence of diisopropylethylamine at room
temperature (Scheme 3.2). The [2+2] cycloaddition-retroelectrocyclization reactions of TPA based
aza-dipyrromethene 1b with one and two equivalents of TCNE in dichloromethane at room
temperature for 4 hours resulted in mono-TCBD substituted aza-dipyrromethene 2a and di-TCBD

substituted aza-dipyrromethene 3a in 65% and 85% vyield respectively. The TPA based
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azaBODIPYs, 2 and 3 were obtained by the complexation reaction of aza-dipyrromethenes 2a and

3a with boron trifluoride etherate (BFs.OEt;) in dichloromethane solvent

and

diisopropylethylamine for 4 hours in 80% and 85% vyield respectively. The newly synthesized

compounds 1-3 were purified by column chromatography using neutral activated alumina.

Q

= N =
Y,

N\,  Pd(PPh,),. Cul
= THF :TEA

1a

CH,Cl,, BF,.0Et,
DIPEA, RT, 4 hr

TCNE 1 eq.
DCM, RT, 4 hr

CH,Cl,, BF;.0Et,
DIPEA, RT, 4 hr

TCNE 2 eq.
DCM, RT, 4 hr

3a 85%

CH,Cl,, BF;.0Et,
DIPEA, RT, 4 hr

Scheme 3.2: Synthetic methodology for TPA-TCBD connected to azaBODIPY push-pull systems.
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3.2.3 Results and Discussion

Figure 3.13a shows the absorption spectrum of the investigated compounds in benzonitrile.
Compound 1 lacking TCBD entities between the TPA and azaBODIPY revealed two majors peaks
at 370 and 744 nm. The 744 nm peak was due to the Q-band transition of azaBODIPY while the
370 nm peak had contributions from both TPA and Soret band of azaBODIPY . Introducing TCBD
between TPA and azaBODIPY in 2, resulted in diminished intensity with a small red-shift of 6 nm
of the 370 nm peak with the appearance of a new peak at 491 nm. The origin of the new peak
stems from CT interactions between TPA-TCBD (TPA®*-TCBD?) from our earlier study,** and
a control experiment involving structurally similar N,N-dimethylaminophenyl-TCBD compound
whose CT peak was located at 478 nm (see Fig. 3.15). Introducing a second TCBD into the second
arm resulted in compound 3 exhibiting peaks at 380, 484 and 748 nm. The diminished intensity of
380 nm Soret band of azaBODIPY (without TPA contributions) and doubling the intensity of 484
nm peak due to the presence of two TPA**-TCBD?® CT entities was witnessed. Importantly, no
significant changes either in azaBODIPY Q-band position in the near-IR region or CT band
position from TPA-TCBD interactions in the visible region was observed suggesting that
azaBODIPY and TPA-TCBD entities are minimally involved in ground state charge transfer type
interactions in 2 and 3. Since ICT is solvent polarity sensitive, the optical studies were also
performed in nonpolar toluene. The absorption spectral trends were almost similar to that observed
in benzonitrile (see Fig. 3.15a for absorption spectra). Contrary to the expectations, due to their
positioning, location of the TPA%*-TCBD? charge transfer peak in 2 and 3 revealed only a small
red-shift (<3 nm) in toluene. Generally, a large red shift is expected in polar solvents for CT
absorption bands.®

Fluorescence of these compounds was also investigated. In benzonitrile, only compound 1
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was found to be weakly fluorescent with peak maxima around 856 nm. However, in toluene a
relatively more intense peak with a peak maximum at 780 nm was observed (see Fig. 3.13a).
Measured fluorescence quantum yields, ®f, were found to be 0.04 in toluene and <0.003 in
benzonitrile with respect to pristine azaBODIPY (df = 0.23%). Red shift of fluorescence in polar
media but not in absorption suggests stabilization of excited state dipoles and not the ground state
dipoles of 1. An optical gap of 1.55 eV in benzonitrile and 1.63 eV in toluene for 1 was possible
to arrive from these data (HOMO-LUMO gap, midpoint energy of 0,0 transitions of absorption
and fluorescence peaks). Lifetime of 1 in toluene measured using time correlated single photon
counting method (629 nm pulsed nanoLED excitation) was found to be 1.56 ns (see Fig. 3.15b for
decay profile). The lack of emission in 2 and 3 indicate occurrence of excited state events, such as
electron or energy transfer in 2 and 3 in both polar and nonpolar solvents.** For compound 1,
having electron rich TPA and electron deficient azaBODIPY, excited state CT appears to be

occurring, more so, in polar benzonitrile.
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Figure 3.13: Optical absorption in benzonitrile, and fluorescence in benzonitrile and toluene of
indicated compounds. Samples were excited at near-IR peak maxima.
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Figure 3.14: Absorption spectrum on control N,N-dimethylaminophenyl-TCBD compound in
benzonitrile.
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Figure 3.15: Absorption spectra of the indicated compounds in toluene, and (b) fluorescence decay
profile of 1 in toluene.

Systematic electrochemical studies using differential pulse voltammetry (DPV), cyclic
voltammetry (CV), and spectroelectrochemical studies in an optically transparent thin-layer cell-

assembly were carried out. The electrochemical redox potentials of multi-modular systems are key
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in accessing energetics of electron and energy transfer between the components while
spectroelectrochemical data is vital in securing spectral evidence of electron transfer products.
DPVs of the investigated compounds is shown in Figure 3.16 (a-b) in benzonitrile containing 0.1
M (TBA)CIOa. Reversibility of reach redox wave was assessed with the help of CV (see Fig. 3.17
for CVs). The first reversible reduction of 1 was located at -0.23 V vs. Ag/AgCl and was attributed
to reduction of azaBODIPY as TPA had no reduction in this potential range. The first quasi-
reversible oxidation was located at 1.10 V, and from earlier studies,*'? this was assigned to the
TPA oxidation while the subsequent oxidation located at 1.28 V was due to azaBODIPY oxidation.
The determined electrochemical HOMO-LUMO gap (potential difference between azaBODIPY
centered oxidation and reduction) was 1.51 eV that agreed well with the optical bandgap value of
1.55 eV discussed earlier. The TCBD entity in compound 2 revealed reversible reductions at -0.33
and -0.72 V while reduction of azaBODIPY was slightly facile and appeared at -0.09 V due to the
electronic influence of neighbouring TCBD. Assignment of TCBD reductions was based on a
control compound carrying a TCBD entity without the azaBODIPY (see Fig. 3.18 for the structure,
CV and DPV curves). The TPA and azaBODIPY oxidations revealed a slight 10-20 mV positive
shift. In the case of compound 3, where two TPA-TCBD entities are positioned on azaBODIPY
arms, the first reversible reduction of TCBD was found to be split and appeared at -0.25 and -0.38
V, that is, about 130 mV separation suggesting the TCBD entities interact through the azaBODIPY
n-system or could be due to different structural arrangement of the appended TCBD-TPA entities
as shown in Figure 3.19a(iii) and b(iii). The second TCBD reduction was located at -0.70 and had
the expected current of two one-electron reductions (from integrating the area under the curve).
Interestingly, the reversible azaBODIPY reduction appeared at +0.05 V, more positive than that

in 1 or 2 owing to the presence of two neighbouring TCBD entities. A slight anodic shift of
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oxidation potentials was also witnessed, however, the TPA and azaBODIPY oxidations were
overlapped. Importantly, both CT excitation at 490 nm (2.52 eV) or LE excitation (1.63 eV in
toluene and 1.55 eV in benzonitrile) are higher in energy compared to the energy gap (HOMO-
LUMO gap) between the donor-acceptor (TPA-azaBODIPY) confirming possibility of excited

state electron transfer in these systems.
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Figure 3.16: (a-c) DPVs of 1-3 in benzonitrile containing 0.1 M (TBA)CIO4. The “*” indicates
oxidation of ferrocene used as internal reference (Eox = 0.55 V). (d-f) Spectral change was observed
during first reduction of 1-3 in benzonitrile, 0.2 M (TBA)CIO,. Potentials past 80 mV of the first
reduction potential was applied in each case and spectra were recorded until no additional spectral
changes were observed. The spike in the spectra at 900 nm is due to change of visible to near-IR
detectors.
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Figure 3.17: Cyclic voltammograms of 1-3 in benzonitrile containing 0.1 M (TBA)CIO.. The “*”
indicates oxidation of ferrocene used as an internal reference. The reversibility of each redox process
was verified by changing the direction of the scan immediately after each redox process. The sharp
peak in the anodic side seen after scanning the potential beyond 1.5 V is due to surface adsorption of

oxidized TPA product.
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Figure 3.18: CV and DPV of control N,N-dimethylaminophenyl-TCBD compound in benzonitrile

containing 0.1 M (TBA)CIO..
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Figure 3.19: Frontier orbitals of compounds 1-3 generated on B3LYP/6-31G(d, p) optimized
geometries in (a) gas phase and (b) polar benzonitrile.

Next, spectroelectrochemical studies were performed to spectrally characterize the one-
electron oxidation and one-electron reduction products of compounds 1-3. For all three
investigated compounds no drastic spectral changes involving generation of new peaks during first
oxidation were witnessed (see Fig. 3.20), as this process was TPA centered. Only a small reduction
of peak intensities was observed, especially for the TPA absorption bands. Interestingly, during
first reduction which is azaBODIPY centered, decreased intensity of the azaBODIPY centered
peaks was accompanied by new peaks (see Fig. 3.16 d-f). Peaks of 1 were located at 495 and 930
nm while for 2, a single peak at 972 nm and for 3, signature peaks at 605 (shoulder type) and 992

nm was observed. One or more isosbestic points were observed in all three cases.
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Figure 3.20: Spectral change observed during first oxidation of 1-3 in benzonitrile, 0.2 M (TBA)CIOa.
Potentials past 80 mV from the first oxidation potential was applied in each case. The spike in the
spectra at 900 nm is due to change of visible to near-IR detectors.

The systematic bathochromic shift of the azaBODIPY near-IR peak on increasing the number of
TCBD entities suggests greater delocalization of the radical anion across the TCBD moieties.
Further, the final spectrum of the radical anion and radical cation of a given compound was
averaged and subtracted from the neutral compound, as shown in (see Fig. 3.21). This spectrum

would resemble the differential absorption spectrum of charge separation product from transient
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absorption studies. Main observations involved two negative peaks in the visible and far-red region
due to loss of original intensity of the neutral compound, and a broad positive peak in the near-IR

region covering 850-1200 nm region, corresponding to the radical anion absorption in this region.
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Figure 3.21: Differential spectrum of indicated compounds deduced for charge separated species
from spectroelectrochemical data (see text for details).

The electronic structures were computationally investigated to gain additional support on
the extent of orbital delocalization among different entities of a given push-pull system and orbitals
involved in charge transfer process. For this, the geometries were fully optimized on a Born-
Oppenheimer potential energy surface using B3LYP/6-31G(d, p) model chemistry,®® and the
frontier orbitals, generated both in gas phase and polar benzonitrile, as shown in Figure 3.19. In
the case of gas phase 1, the HOMO was delocalized over the TPA-azaBODIPY while the LUMO
was solely on the azaBODIPY. From the location of these orbitals a CT state, TPA%*-azaBODIPY?®

, could be arrived in the gas phase. In polar benzonitrile, however, the CT state could undergo

105



complete charge separation to yield TPA®*-azaBODIPY?® charge separated state upon
photoexcitation. This is supported by the frontier HOMO and LUMO where majority of the

HOMO on TPA arm (donor) and LUMO solely on azaBODIPY (acceptor) of 1 was observed (see

Fig. 3.19b(i)).
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Figure 3.22: Gas phase frontier orbitals for the investigated compounds on B3LYP/6-31G(d, p)
optimized geometries.

In the case of gas phase 2, HOMO on the TPA-azaBODIPY arm and LUMO on TCBD-
azaBODIPY and LUMO+1 on the TCBD (see Fig. 3.22 for HOMO-1 and LUMO+1 in gas phase)
was observed. From the orbital location, a TPA%*-(azaBODIPY-TCBD)*-TPA CT state could be

envisioned. Interestingly, in benzonitrile, HOMO mainly on the free TPA arm without TCBD, and
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LUMO on TCBD-azaBODIPY was observed. This suggests formation of TPA?®*- (azaBODIPY -
TCBD)*>-TPA electron transfer product in polar solvent. In the case of gas phase 3, HOMO-1 on
TCBD-TPA (Fig. 3.22), HOMO on azaBODIPY, LUMO on azaBODIPY-TCBD, and LUMO+1
on TCBD-TPA was observed. Symmetric distribution of LUMO on TCBD-azaBODIPY-TCBD
suggests formation of initial TPA%*-(TCBD-azaBODIPY-TCBD)>-TPA CT state. Interestingly, in
benzonitrile, majority HOMO on TPA-TCBD (more on TPA) and LUMO on TCBD-azaBODIPY
was observed. This suggests the CT state could undergo complete charge separation to yield
TPA-(TCBD-azaBODIPY-TCBD)*-TPA in polar media. These results suggest formation of CT
states in nonpolar solvent toluene, and charge separated state in polar solvent, benzonitrile in
compounds 1-3. The gas phase HOMO-LUMO were found to be 1.04, 1.06 eV and 1.08 eV that
compared with the electrochemical gap of 1.33, 1.21 and 1.25 eV, respectively, for 1, 2 and 3.
Having envisioned the different possibilities of CT and CS in these high-energy CT-near-
IR sensitizer conjugates, energy level diagrams were built to verify thermodynamic feasibilities of
the envisioned photo-events. Here, Eo o stands for excitation energy of 'azaBODIPY* (= 1.67 eV)
and Ecr stands for excitation energy of the CT state, TPA%*-TCBD? state (= 2.52 eV for 2 and
2.56 eV for 3) were calculated from the optical data. Please note that the Ect is higher by nearly
0.89 eV compared to Eo . The free-energy for charge separation, -4Gcs and charge recombination,
-AGcr Were estimated according to Rehm-Weller approach®® using following equations.
-AGcr = Eox — Ered + AGs (Eq. 3.4)
-AGcs = AEqo-(-AGcr) (Eg. 3.5)
where AEq.o corresponds to the excited energy Eo.o of 'azaBODIPY* and Ecr is that of TPA%-
TCBD? state (calculated from CT peak maxima). The term AGs refers to electrostatic energy

calculated according to dielectric continuum model (see Eq. 3.6). The Eox and Ered represent the
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first oxidation potential and the first reduction potential, respectively, of the donor (TPA) and
acceptor (azaBODIPY or TCBD) moieties of the conjugates.

AGs = €%/4 me, [ - 1/Rcc €r] (Eg. 3.6)
The symbols g and er represent vacuum permittivity and dielectric constant of benzonitrile used
for photochemical and electrochemical studies (= 26.0). Rcc are the center-to-center distance
between donor and acceptor entities from the computed structures.

Figure 3.23a shows the energy diagram for compound 1 having donor TPA and acceptor
azaBODIPY entities. In polar benzonitrile, CS from 'azaBODIPY" to yield TPA**-azaBODIPY*
is thermodynamically possible with an energy of charge separated state of 1.31 eV (=AGcr).
Formation of charge separation could also involve an intermediate CT state, as shown in Figure
3.23a. The energy of the CS state in this case is about 0.3 eV higher than that of 3azaBODIPY*
(Er ~ 1.0 eV),}” and under such conditions, the CS state could undergo CR to populate the low-
lying 3azaBODIPY™ state. The *azaBODIPY" could relax back to the ground state slowly via the
spin-forbidden triplet (phosphoresce) emission.

In the case of compound 2 (TPA-azaBODIPY-TCBD?®-TPA®), exciting the sample at 490
nm corresponding to the CT state would produce excited TPA-azaBODIPY-[(TCBD>-TPA")]"
state (Fig. 3.23b). Being higher in energy, this state could readily populate the *azaBODIPY" state
that could also be produced by direct excitation of 2 at 700 nm (LE excitation). Supported by the
earlier discussed spectral and computational studies, 'azaBODIPY* could yield TPA®-
(azaBODIPY-TCBD)>-TPA CT state, and in polar solvent would yield TPA**-(azaBODIPY-
TCBD)"-TPA CS product. Alternatively, the CT and CS states could be formed directly from the
excited TPA-azaBODIPY-[TCBD*-TPA®")]" in competition with populating the *azaBODIPY"

(see Fig. 3.23b). In nonpolar solvent, where the energy of CS state is higher than the CT state (lack
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of solvent stabilization), the CT state could relax directly to the low-lying 3azaBODIPY™ and then

return to the ground state (see Fig. 3.24 for energy diagram in toluene).
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Figure 3.23: (a-c) Energy level diagram depicting different CT and CS processes in compounds 1-3,
respectively, upon photoexcitation of either the CT or LE states in benzonitrile. Abbreviations: ADP
= azaBODIPY and T; = triplet emission. Solid arrow: most likely process, dashed arrow: less likely

process.
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Figure 3.24: Energy level diagram depicting different CT processes in compound 1-3 upon
photoexcitation of either the CT or LE states in toluene. Note: CT states are lower in energy
compared to CS states, therefore, CS state is not shown. Abbreviations: ADP = azaBODIPY and T =
triplet emission. Solid arrow: most likely process, dashed arrow: less likely process.

Likewise, in the case of compound 3, (TPA*-TCBD®-azaBODIPY-TCBD>-TPA?®"),
excitation of CT peak at 490 nm would produce the (TPA%*-TCBD?)-azaBODIPY-[(TCBD?-
TPA)]* state that would populate the low-lying ‘azaBODIPY* state or directly involve in
producing the TPA%'-(TCBD-azaBODIPY-TCBD)>-TPA CT state, supported by earlier
discussions (see Fig. 3.23c). In polar benzonitrile, the CT state could produce the TPA**-(TCBD-
azaBODIPY-TCBD)"-TPA CS state. This state, being higher in energy would populate the

3azaBODIPY* state prior returning to the ground state. Similar to that anticipated for 2, in toluene,
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the TPA%*-(TCBD-azaBODIPY-TCBD)>-TPA CT state could directly relax to the azaBODIPY"
without yielding a charge separated state (see Fig. 3.24 for energy diagram in toluene). In
summary, these energy level diagrams have helped to unravel different photo-events, and
successfully figure out structure-photofunctionality of these high-energy charge transfer-near-IR
sensitizer systems.

Finally, in order to verify whether near-IR excitation of azaBODIPY and direct excitation
of the CT band of TPA3*-TCBD?" in these push-pull systems would promote charge transfer and
charge separation, femtosecond transient absorption (fs-TA) spectral studies were performed.
Figure 3.25 (a-c) show fs-TA spectra at the indicated delay times of 1-3 in benzonitrile at the
excitation wavelength of 700 nm exciting mainly the azaBODIPY entity. The corresponding
spectra in toluene are shown in Figure 3.26. From earlier discussed spectral data, a charge
separation process was anticipated in the case of 1 in polar benzonitrile and may not be in nonpolar
toluene. Figure 3.23a shows fs-TA spectra at the indicated delay times of 1 in benzonitrile upon
azaBODIPY excitation. The *azaBODIPY" revealed positive peaks at 466 and 1206 nm due to
ESA and a negative peak at 750 nm due to GSB (see Fig. 3.27 for fs-TA of pristine azaBODIPY
revealing ~1100 nm near-IR singlet-singlet transition). Within the next 2-3 ps, peaks expected for
the charge separated state were evolved, especially 1~ peak expected in the 935 nm range. The
near-IR peak in the 1300 nm range is due to excited TPA (perhaps due to simultaneous excitation,
see Fig. S29 for fs-TA of a TPA control compound revealing ~1350 nm TPA* excitation, see Fig.
3.28 for fs-TA of a TPA control compound revealing ~1350 nm *TPA”" transition). However, as
shown in Figure 3.26a, spectra recorded for 1 in toluene revealed no strong spectral features
characteristic of the charge separated state from the initial CT state. Instead, weak features of

%azaBODIPY" started emerging (see Fig. 3.29 for nanosecond transient spectra of
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%azaBODIPY"™),!" suggesting CT state directly relaxing to the *azaBODIPY” instead of generating

charge separated species.
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Figure 3.25: (a-b) Fs-TA spectra of indicated compounds in benzonitrile at the excitation wavelength
of 490 nm corresponding to CT excitation. The species associated spectra and population kinetics
from global target analysis are shown on the middle and right-hand side panels for the corresponding
compound. SAS of T, state is not shown for simplicity, only the major species are shown. The sharp
peak at 490 nm both in fs-TA and SAS is due to excitation pulses. The spectra are blocked in the 800
nm region from the noises generated at the extreme end of the detectors.
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Figure 3.26: (a-c) Fs-TA spectra of indicated compounds in toluene at the excitation wavelength of
700 nm corresponding to azaBODIPY excitation. The species associated spectra from global target
analysis are shown on the right hand side panels for the corresponding compound. The sharp peak
at 700 nm both in fs-TA and SAS is due to excitation pulses. The spectra are blocked in the 800 nm
region from the noises generated at the extreme end of the detectors (detector change was at 800 nm).

The fs-TA transient spectra of 2 and 3 in benzonitrile proved formation of charge
separation upon near-IR excitation of azaBODIPY, as shown in Figures 3.25 (b and c). For both
compounds, faster recovery of the GSB/ESA peaks resulted in the expected 2° peak in the 970 nm
range and that of 3™ in the 990 nm range appeared as a shoulder peak to main peak at 1100 nm,
providing spectral evidence of charge separation. Changing the solvent to toluene provided very

weak spectral evidence for charge separation (Fig. 3.26).
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Figure 3.27: Fs-TA spectra and target analysis results on pristine azaBODIPY in toluene and
benzonitrile. The compound was excited at visible peak maxima. The near-IR band is due to singlet-

singlet transition.
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Figure 3.28: Fs-TA spectra and target analysis results on a control TPA compound in toluene and
benzonitrile. The compound was excited at visible peak maxima. The near-IR band is due to singlet-

singlet transition.
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Figure 3.29: Nanosecond transient absorption spectra of B-iodo azaBODIPY in toluene (Aex = 650
nm).

The transient data was subjected to global target analysis,'” and species associated spectra
(SAS) and population kinetics of different species were generated for the best fit. These results are
shown in Figure 3.25 middle and right-hand side columns for the corresponding system. In all the
studied systems, the data could be satisfactorily fitted to four components. The first SAS appearing
in 3-5 ps had peaks characteristic of tazaBODIPY* and the second SAS with features that could
be attributed to the anticipated charge transfer state while the third SAS had features expected for
the charge separated state from earlier discussed spectroelectrochemical results, thus confirming
occurrence of charge separation upon near-IR excitation in these conjugates. Finally, the last SAS
lasting over 3 ns had features of developing 3azaBODIPY ™ suggesting that the CS state relaxes to
the triplet state prior returning to the ground state (SAS not shown, see spectrum at latter delay
times in fs-TA spectra). Time constants evaluated from population kinetics plots (right hand panel)

are listed in Table 3.4.

115



Table 3.4: Time constants for various photo-events from global target analysis of transient data of
compounds 1-3 in benzonitrile and toluene.

Compound Solvent ;\m T(CT)int,ps | Ts1, PS | TcT, PS ‘ Tcs, PS ‘ TT11, NS
1 700 - 4.03 11.4 63.3 >3
2 - 3.68 12.9 725 >3
3 PhCN - 3.06 414 218.7 >3
2 490 1.02 7.25 28.4 295.5 >3
3 0.58 8.69 34.4 283.4 >3
1 700 -- 4.94 33.3 - >3
2 -- 4.68 20.1 - >3
3 Tol -- 4.32 53.9 - >3
2 490 2.22 12.67 34.8 - >3
3 1.33 18.18 49.7 - >3

Having established successful excited state charge separation upon near-IR irradiation,
next, compounds 2 and 3 having strong CT absorption in the visible region were excited at 490
nm corresponding to the high-energy CT state. Characteristic peaks of 'azaBODIPY™ started
developing from the initial excited CT state within the first 1-2 ps, as predicted from the energy
diagram in Figure 3.23 (b and c) (denoted as t(cmint in Table 3.4). Following this, photo-events
from azaBODIPY™ tracked largely that observed when azaBODIPY was directly excited, leading
to the process of charge transfer, charge separation and population of 2azaBODIPY”, as shown in
Figure 3.30. Changing the solvent to nonpolar toluene revealed CT formation without much
evidence for CS (see Fig. 3.31).

Glotaran analysis of these transient data needed up to five component fits resulting in five
SASs, as shown in the middle panel of Figure 3.30. The first SAS with a time constant of 0.5-2.2
ps was attributed to excited charge transfer state (denoted as t(cjint in Table 3.4), that relaxes to
populate the tazaBODIPY ™ in about 8-20 ps (see Fig. 3.30 right hand panel for population kinetics).

The time constant for this process was slightly longer than that observed for direct excitation of
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azaBODIPY at 700 nm where a time constant of 3-5 ps was observed. The third SAS attributed to
excited CT state (see Fig. 3.23 b and ¢, marked in red) had also had slightly large time constants
in the order of 28-50 ps as against 11-54 ps when the sample was excited at 700 nm. The fourth
SAS (blue) resembled to that expected for the charge separated state with higher time constants.

Finally, the slowly developing fifth SAS was attributable to *azaBODIPY".
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Figure 3.30: (a-b) Fs-TA spectra of indicated compounds in benzonitrile at the excitation wavelength
of 490 nm corresponding to CT excitation. The species associated spectra and population kinetics
from global target analysis are shown on the middle and right hand side panels for the corresponding
compound. SAS of T state is not shown for simplicity, only the major species are shown. The sharp
peak at 490 nm both in fs-TA and SAS is due to excitation pulses. The spectra are blocked in the 800
nm region from the noises generated at the extreme end of the detectors.
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Figure 3.31: (a-b) Fs-TA spectra of indicated compounds in toluene at the excitation wavelength of
490 nm corresponding to CT excitation. The species associated spectra from global target analysis
are shown on the right-hand side panels for the corresponding compound. The sharp peak at 490 nm
both in fs-TA and SAS is due to excitation pulses.
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Transient spectral results discussed above and the kinetic data secured from global target
analysis as summarized in Table 3.4 revealed several unprecedented observations. First and
foremost, the observation of near-IR excitation leading to charge separation in these novel ‘high-
energy CT coupled near-IR push-pull systems’ opens up new design strategies for wide-band
capturing, multi-modular push-pull systems for ultrafast charge separation. Second, presence of a
second TCBD in 2, made both tct and tcs last longer. It is likely that the electron exchange
between the two TCBD entities upon electro-reduction as shown in Figure 3.16b prolongs lifetime
of charge separated state, along with any structure variations, a property that was never been
reported to-date. Third, as a consequence of closely positioned, strongly interacting push-pull
nature of the present systems, changing the solvent from polar to nonpolar did not hinder the
process of charge transfer, although no clear evidence for charge separated state could be
established in toluene. Finally, exciting the samples corresponding to their high-energy CT states,
almost instantaneously populated the low-lying 'azaBODIPY”™ state (~2 ps) which in turn
promoted the subsequent CT and CS processes in sequence in polar benzonitrile.

It may be pointed out here that in benzonitrile at the excitation wavelength of 700 nm
corresponding to azaBODIPY, both tct and tcs of 1 are shorter than those observed for 2 and 3
(Table 3.4). This suggests existence of strong excited state interactions between electron rich TPA

and electron deficient azaBODIPY entities in 1.

3.2.4 Conclusions

In summary, this work reports on interfacing high-energy charge transfer states to near-IR
sensitizer for wide-band capture and ultrafast charge separation. Interfacing the high-energy
absorbing, one or two TPA%*-TCBD? charge transfer entities onto near-IR absorbing azaBODIPY

caused marginal perturbation of their ground state optical properties, however, their combination
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made them panchromatic light absorbing multi-modular systems. In compound 3, having two
symmetrically attached TPA-TCBD entities, electron exchange between the TCBD entities upon
electroreduction was observed, that is, electron exchange through the central azaBODIPY was
possible to witness. Presence of TPA-TCBD entities caused quantitative quenching of
azaBODIPY fluorescence indicating occurrence of excited state events. Electrochemical results
coupled with computational studies, revealed presence of different charge transfer and charge
separation states in 2 and 3. Further, spectroelectrochemical studies provided spectral proof in the
form of new near-IR bands upon one-electron reduction, and from further analysis of such data, it
was possible to deduce spectrum of the charge separated species. Finally, although fairly complex,
it has been possible to dissect different photo-events and successfully figure out structure-
photofunctionality in these high-energy charge transfer-near-IR sensitizer systems. That is,
systematic studies performed using fs-TA coupled with global target analysis successfully
demonstrated charge separation upon photoexcitation corresponding to either near-IR or CT
excitation in benzonitrile. The CS states lasted longer in 3 likely due to an electron exchange
mechanism, a result new to this class of compounds. The present strategy of building, broad-band
capturing, push-pull systems for excited state charge separation is expected to open up a new
direction in building novel multi-modular systems for different energy and optoelectronic

applications. Further studies along this line are in progress in our laboratories.
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CHAPTER 4
ENHANCING CHARGE STABILIZATION IN SYMMETRIC TRIPHENYLAMINE-
DERIVED CONJUGATES AND STAR-SHAPED PUSH-PULL SYSTEMS

4.1  Charge Stabilization via Electron Exchange: Excited Charge Separation in Symmetric,

Central Triphenylamine Derived, Dimethylaminophenyl-Tetracyanobutadiene Donor-

Acceptor Conjugates™
4.1.1 Introduction

Excited state charge transfer in donor-acceptor conjugates is one of the widely investigated
topics in recent years due to their usage in building energy harvesting photonics devices.!™*°
Understanding the principles governing the Kinetics of charge transfer and separation, securing
high charge separation quantum vyields, avoiding large energy losses, and prolonging the lifetime
of the radical ion-pairs by molecular engineering of the conjugates have been the main focus of
these studies.*? In simple donor-acceptor conjugates, charge separation from the excited singlet
state of the donor or acceptor can store the greatest amount of energy, however, since the process
originates from the singlet excited state, the charge separated states are generally short-lived. In
natural photosynthesis, lifetime of charge separation is prolonged by subsequent electron transfer
to secondary acceptors.?%-?2 This method of charge stabilization, optimizes the quantum yields but
comes at the cost of lowering the overall efficiency due to the energy losses encountered during
secondary electron transfer steps. Alternate approaches including electron/hole delocalization in

conjugates having closely interacting multiple donor or acceptor entities,*?* and utilization of

high energy triplet sensitizers to promote charge transfer from long-lived triplet excited states to

* Section 4.1 is reproduced from Yadav, Indresh S., Ajyal Z. Alsaleh, Rajneesh Misra, and Francis D'Souza.
"Charge Stabilization Via Electron Exchange: Excited Charge Separation in Symmetric, Central Triphenylamine
Derived, Dimethylaminophenyl-Tetracyanobutadiene Donor—Acceptor Conjugates,”" Chemical Science 12, no. 3
(2021): 1109-20. https://doi.org/10.1039/DOSCO4648E. Originally published by Royal Society of Chemistry under
CC-BY; authors retain copyright.

122


https://doi.org/10.1039/D0SC04648E

prolong lifetime of charge separated states?®2® have also been proven to work.

In recent years, the design and synthesis of n-conjugated symmetrical and unsymmetrical
donor-acceptor chromophores have been extensively investigated due to their potential
applications in organic photovoltaics,?”*° molecular electronics®! and bioimaging.®® The star-
shaped n-conjugated molecular systems exhibit many advantages over linear conjugated molecular
systems including excellent solubility and lesser aggregation.®® Tuning of electronic and photonic
properties of these systems can be achieved by modulating the design of donor or acceptor units
and connecting m-spacer unit.>*3® The small organic n-conjugated donor-acceptor systems exhibit
low band gap, intense absorption, and strong intramolecular interactions.3*® In several of these
studies, triphenylamine, a classical nonplanar propeller shaped optoelectronic molecule, has been
extensively used; extending their applications for developing field effect transistors, sensors, and
solid state fluorescent and smart fluorescent materials.3%-4°

Tetracyanoethylene (TCNE) is a strong electron acceptor due to presence of four cyano
groups, undergoes [2+2] cycloaddition reaction with electron rich alkynes to form cyclobutene
rings followed by retroelectrocyclization reaction to give 1,1,4,4-tetracyanobutadiene (TCBD)
derivatives.*! The donor-acceptor systems containing TCBD acceptor are potential candidates for
organic photovoltaics and non-linear optics due to strong intramolecular charge transfer (ICT) and
lower HOMO-LUMO gaps.*>*  Photochemical behavior of few donor-TCBD derived systems
have been reported in literature.*->® Although with high quantum yields, due to close proximity
between the donor and acceptor entities, ultrafast charge separation and recombination was
observed in these systems. That is, no charge stabilization could be accomplished. In this regard,
developing higher analogs of donor-TDCB bearing systems that would exhibit novel

photochemical properties including charge stabilization have been scarce due to the associated
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synthetic challenges. A recent example involves Cs-symmetric central truxene-derived
phenothiazine-TCBD and its expanded molecular systems.>* Although elegant, the central truxene

made exclusively of saturated carbons played no role in stabilizing the charge separated states.
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Figure 4.1: Structure and abbreviation of star-shaped, central triphenylamine derived,
dimethylamine-tetracyanobutadiene conjugates, 1-4 and the control compounds, C1-C2 newly
designed, synthesized to demonstrate charge stabilization via electron exchange in the present study.

In the present study, we hypothesize that by choosing a redox/photoactive central unit
instead of truxene, we could modulate the properties that would lead to novel redox- and
photochemical discoveries. With this in mind, we have newly designed and synthesized star-

shaped symmetric compound (NND)3-TPA, 1 and their TCBD functionalized symmetric and
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unsymmetric derivatives (NND-TCBD1.3)3-TPA, 2-4 (see Fig. 4.1 for structures; NND = N,N-
dimethylaminophenyl, TPA and TCBD = 1,1,4,4-tetracyanobutadiene). These novel systems show
strong ICT with lowered HOMO-LUMO gaps. Further, upon electroreduction of NND-TCBD
entities in compounds 3 and 4 containing two and three NND-TCBD entities, electron exchange
among the NND-TCBD was witnessed. Femtosecond transient absorption studies revealed the
occurrence of ultrafast charge transfer processes in these systems. Importantly, charge stabilization
in 3 and 4 was witnessed as a consequence of electron exchange. These unpresented new findings
provide a new mechanism of stabilizing the charge separated states via electron exchange in multi-

modular donor-acceptor conjugates.

4.1.2 Synthesis

Scheme 4.1 shows the developed synthetic scheme for compounds 1-4 and their controls.
Briefly, the symmetric (NND)s-TPA, 1 was synthesized in 60% vyield by the Pd-catalyzed
Sonogashira cross coupling of tris-(4-iodo-phenyl)-amine and 4-ethynyl-N,N-dimethylaniline in
degassed THF:TEA (1:1) under argon atmosphere, in the presence of Pd(PPhs)s and Cul. Next,
(NND-TCBD1.3)3-TPA, 2-4 were synthesized via [2+2] cycloaddition-retroelectrocyclization
reaction with the strong electron acceptor TCNE. The reaction of 1 with one equivalent of TCNE
in DCM at room temperature for 4 h resulted in an exclusive mono TCBD bearing (NND-
TCBD1)s-TPA, 2 in 63% yield. Similarly, the reaction of 1 with two equivalent of TCNE in DCM
solvent at 40 °C for 12 h resulted in (NND-TCBD2)s-TPA, 3 in 65% yield, whereas upon increasing
the reaction temperature to 80 °C in DCE solvent for 24 h using four equivalent of TCNE with 1,
resulted in symmetrical (NND-TCBD3)s-TPA, 4 in 70% vyield. The control compound C1 was
synthesized by the Pd-catalyzed Sonogashira cross-coupling reaction of 4-ethynyl-N,N-

dimethylaniline and iodobenzene in 60% yield. The acetylene linked control compound C1 further
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subjected to [2+2] cycloaddition-retro-electrocyclization reaction with one equivalent of TCNE at

room temperature for 8 h, which resulted in TCBD substituted control compound C2 in 82% yield.

The newly synthesized compounds were purified over silica gel (100-200 mesh) column

chromatography using Hexane:DCM as solvent.
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Scheme 4.1: Synthetic scheme of compounds (NND)s-TPA, 1 and (NND-TCBD1.3)s-TPA, 2-4.

4.1.3 Results and Discussion

Absorption spectrum of the investigated compounds is shown in Figure 4.2a. Control C1,

having only a NND entity without either TPA or TCBD entities revealed an absorption band at
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342 nm. In case of control C2, having an electron acceptor, TCBD next to the electron donor, NND
entity, promoted charge transfer interactions between them. Consequently, two peaks, the first one
at 315 and a second broad peak corresponding to charge transfer absorption at 478 nm, was
observed. For compound 1, having a central TPA and three terminal NND entities revealed a single
absorption peak at 386 nm. As predicted, no charge transfer type peak was present. However, in
the case of compounds 2-4, having one, two and three TCBD entities between the NND and TPA
entities, the expected charge transfer peak in the 478-484 nm region was possible to witness. In
addition, a UV peak at 372 nm for 2, 350 nm for 3 and, <300 nm for 4, respectively, was also
observed. Intensity of the charge transfer band increased with increasing the number of TCBD
entities. Due to spectral similarities between C2 and compounds 2-4, and enhaneced absorption of
the charge transfer band with increase in TDCB, it was possible to conclude that the origin of the
charge transfer band is primarily due to interaction between NND and TCBD entities with lesser

contributions from TPA interaction with TCBD. Optical data is summarized in Table 4.1.
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Figure 4.2: (a) Absorption and (b) fluorescence spectra of indicated compounds in DCB. Compound
1 was excited at 386 nm. No measurable emission was observed for compounds 2-4 upon exciting the
samples either at the locally excited or charge transfer absorption peak positions.
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Table 4.1: Absorption and fluorescence, redox potentials (V vs. Ag/AgCl), and free-energy changes
for charge recombination (CR), charge separation (CS), and charge transfer (CT) for the investigated
central triphenylamine derived, dimethylamine-tetracyanobutadiene conjugates in DCB.

zm‘ E(10°M?* | Aem, ‘ Red2 | Red-1 | Ox-1 | ox2 | ox-3

System -AGcr | -AGcs | -A4GcT

nm cm?) nm | TCBD | TCBD | TPA | NND | NND

CL | 337 2.99 - - - 0.96 — - - —
327 1.16

C2 | 4% >3 0.73 | -0.39 - 1.43 - - - ~

1 384 6.89 420 | - — 080 | 115 - - - ~
372 4.40

2 phts 51 419 | -069 | -043 | 088 | 130 | 145 | 111 | 1.85 | 256
354 1.80 -0.33?

3 177 543 418 | 073 | 5o | 096 120 | 150 | 101 195 | 259
316 1.63 -0.30%

4 176 5oe M7 | 070 | 5o | 135 | 163 - 135 | 161 | 2.59

Among the investigated compounds, only compound 1 revealed fluorescence emission as
shown in Figure 4.2b. A broad peak with maxima at 420 nm and spectrum spanning the 400-575
nm range was observed (estimated quantum yield = 0.43). Lifetime from single photon counting
technique revealed a monoexponential decay with a lifetime of 1.16 ns. For compounds 2-4, having
1-3 numbers of strong electron acceptor TCBD entities, no measurable emission, either at the
locally excited or charge transfer band positions, was observed; perhaps such emission were too
weak to detect. In any case, the strong quenching observed in the case of compounds 2-4 suggest
occurrence of excited state events such as energy or electron transfer in the highly interacting push-
pull conjugates.

Next, in order to seek possible intramolecular interactions among the NND-TCBD entities
via central TPA in compounds 3 and 4, electrochemical studies using differential pulse (DPV) and
cyclic voltammetry (CV) were performed in DCB containing 0.1 M (TBA)CIO4. The site of
electron transfer was arrived from control C1 and C2 and remainder of compounds, and is
summarized in Table 4.1 and representative voltammograms are shown in Figure 4.3. Complete

CVs are shown in Figure 4.4.
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Figure 4.3: DPVs (left panel) and CVs (right panel) of indicated compounds in DCB containing 0.1
M (TBA)CIO.. For DPV: scan rate = 5 mV/s, pulse width = 0.25 s, pulse height = 0.025 V. For CV:

scan rate = 100 mV/s. The “*’ in left panel represents oxidation peak of ferrocene used as internal
standard. Note: the first reduction corresponding to TCBD in 3 and 4 is a split wave (see text for

details).
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Figure 4.4: CVs of indicated compounds in DCB containing 0.1 M (TBA)CIO,. Scan rate = 100 mV/s.
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Key observations from electrochemical studies involved: (i) The first oxidation of C1
located at 0.96 V vs. Ag/AgCl was anodically shifted to 1.43 V in C2 due the presence of electron
deficient TCBD. The TCBD reductions, all one-electron reversible, were located at -0.39 and -
0.73 V. (ii) Compound 1 revealed two oxidations, the first one at 0.80 V and a second one at 1.15
V. From the peak currents and by comparison with oxidation potential of C1, the first oxidation to
TPA and the second one to NND entities was possible to arrive. (iii) In the case of compound 2,
having a single NND-TCBD entity, the TPA oxidation was shifted to 0.88 V while the NND
oxidations were split and appeared at 1.30 and 1.45 V owing to the presence of two types of NNDs
(one linked to TCBD and another without TCBD). The TCBD reductions were located at -0.43
and -0.69 V. (iv) Introduction of a second TCBD entity in 3 and a third one in 4 revealed additional
interesting features. As predicted, oxidation peaks revealed further anodic shift especially for TPA
oxidation. Interestingly, the first reduction of TCBD in both compounds 3 and 4 were found to be
split waves. The split reduction peaks for 3 were located at -0.33 and -0.48 V, that is, a 140 mV
potential difference while for 4, the split peaks were located at -0.30 and -0.40 V, that is, about
100 mV potential difference. The second reduction of TCBD in both 3 and 4 were one-electron
reductions without noticeable splitting. The splitting of first reduction show electron exchange
among the NND-TCBD entities in 3 and 4 via the central TPA entity.

The electron exchange between the NND-TCBD entities upon first electroreduction of
compounds 3 and 4 motivated us to perform computational studies to probe their electronic
structures. Compounds 1-4 were fully optimized on a Born-Oppenheimer potential energy surface
at the B3LYP/6-31G* level calculations.’’” The generated frontier orbitals on the optimized
structures are shown in Figure 4.5. The Cz type symmetry originating from the central TPA entity

was obvious in all these compounds. In the case of 1, the HOMO was distributed evenly on the
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entire molecule while the LUMO coefficient was slightly more on one of the arms. In the case of

2, the HOMO was localized NND-TPA arms while the LUMOs were on the TCBD entity with

some contributions extending into the NND and TPA entities.
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Figure 4.5: Frontier HOMO, LUMO and LUMO-+1 of investigated compounds from the B3LYP/6-
31G** optimized structures (see Sl for coordinates of computed structures).
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The energy difference between the two LUMOs was 0.0211 hartrees. In the case of compound 3,
the HOMO occupied only the NND-TPA arm while the LUMOs occupied the two NND-TCBD
with almost even distribution. The energy difference between the two LUMOs was 0.00527
hartrees. This situation was also true for compound 4, where the LUMO was distributed over two
NND-TCBD entities while the LUMO+1 had contribution on all three NND-TDBD entities. The
energy difference between the LUMOs was 0.0047 hartrees. Splitting of the first reduction peak
due to electron exchange in the case of compounds 3 and 4 can now be attributed to energetically
closely spaced LUMOs.

One of the approaches to visualize the spectrum of charge separation products is by
performing spectroelectrochemical studies followed by spectral interpretation. Here, by applying
appropriate potentials corresponding to oxidation or reduction, spectrum of the radical cation and
radical anion can be generated. Subsequently, the average of the radical cation and radical anion
spectrum will be digitally generated and subtracted from the spectrum of the neutral compound.
This represents the differential absorption spectrum of the charge separation product. Positive
peaks represent transitions associated with the electron transfer product while negative peaks
represent depletion of the absorption of the neutral compound.> We have used this approach in
the present study as shown in Figure 4.6 (a-c). Spectral changes associated during first oxidation
of 3 is shown in Figure 4.6a. A new peak during the process of oxidation was observed at 662 nm.
The spectral changes were minimal in the visible region as the main 478 nm peak was due to NND-
TDCB charge transfer transition whereas the oxidation was on the TPA entity (vide supra),
ascertaining the earlier discussed site of electron transfer. On the contrary, the spectral changes
during first reduction (Fig. 4.6b) revealed drastic decrease in intensity of the charge transfer band

with broad positive spectral features in the 600-800 nm range. It may be mentioned here that during
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both oxidation and reduction, now new peaks beyond 800 nm was observed. The spectrum
generated for the charge transfer product using the above-described procedure is shown in Figure
4.6¢. Such spectrum revealed a positive peak at 670 nm and depleted peak at 478 nm. Witnessing
such a spectrum in transient absorption spectral studies would provide direct proof of charge
transfer in these donor-acceptor conjugates. Similar spectra were derived for compounds 2 and 4

(see Fig. 4.7).
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Figure 4.6: Spectral changes observed during (a) first oxidation and (b) first reduction of 3 in DCB
containing 0.2 M (TBA)CIOs4. (c) Spectrum deduced for the charge separation state using
spectroelectrochemical data (see text for details, and Fig. 4.7 in SI for complete results). (d) Energy
level diagram showing possible charge transfer and charge separation events upon photoexcitation
of the compounds 2-4. NND without linked TCBD in 2-3 is not shown in the abbreviated formula for
simplicity.
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using spectroelectrochemical data (see text for details) is show on the right-hand panel for each

compound.

An energy diagram was established to visualize the energetics of charge transfer and charge
separation states in these conjugates, as shown in Figure 4.6d. Energy of different states were
established from free-energy calculations,®*° as listed in Table 4.1. From such a diagram, it was
clear that excitation of the conjugates, 2-4 either that the locally excited (near-UV) or charge

transfer (visible) peak positions would produce the respective excited states. The excited state
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species, (NND-TCBD)1.3-'TPA" formed from the locally excited state would readily produce
initial charge transfer state, (NND-TCBD)1.3>-TPA%* involving one of the NND-TCBD entities
(free NND is not abbreviated for simplicity). Such a state can also be produced by direct excitation
of the visible charge transfer band. The charge transfer state thus generated could further undergo
electron transfer to generate the (NND-TCBD1-3)*-TPA*®* charge separated species. Although
initial charge separation state would involve only one of the NND-TCBD entities, due to electron
exchange, the anion radical could spread over other NND-TCBD entities, as suggested by the
earlier discussed frontier LUMOs. Finally, the charge separated species could relax back to the
ground state.

In order to probe the anticipated photochemical events and to seek the effect of multiple
NND-TCBD entities in prolonging lifetime of charge separated states via the earlier discussed
electron exchange mechanism, femtosecond transient absorption studies (fs-TA) were performed.
Three solvents of varying polarity were used as the solvent polarity would influence lifetime of
charge separated states, and samples were excited at both locally excited (350 nm) and charge
transfer (500 nm) peak positions.

As shown in Figure 4.8a(i), singlet excited state of compound 1 (*TPA") in benzonitrile
was formed instantaneously upon 350 nm laser excitation featuring excited state absorption (ESA)
maxima at 533, 601 and 1382 nm (see spectrum at 2.22 ps) as well as ground state bleach in 400-
450 nm range. To gather insight into the deactivation, global target analysis 6%-°* was performed.
A kinetic model including three species was satisfactory. The species associated spectra (SAS)
and population kinetics of the three species is shown in Figure 4.8a, ii and iii, respectively. The
first species with a lifetime of ~200 fs was within the temporal resolution of our instrument that

decayed to develop the second component with singlet excited state features with a lifetime of 49
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ps. The third component which could be attributed to the decaying singlet to triplet state had a time

constant of about 2.30 ns. Due to lack of any TCBD entities in 1, no electron transfer could be

detected.
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Figure 4.8: Fs-TA spectra at the indicated delay times, (a-d, panel i), species associated spectra (a-d,
panel ii), and population kinetics (a-d, panel iii) of compounds 1-4 (a through d) in benzonitrile. The
samples were excited at 350 nm corresponding to locally excited state.
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In contrast to the spectral features of compound 1, the donor-acceptor conjugates 2-4
revealed the anticipated ultrafast charge transfer and charge separation processes. In the case of 2,
where only one NND-TCBD entity is present, occurrence of relatively simple photoinduced charge
transfer could be envisioned. However, in the case of 3 and 4 featuring two and three entities of
NND-TCBD attached to TPA, a symmetry breaking charge transfer could be envisioned due to
presence of multiple numbers of equally positioned acceptor entities. Presence of higher number
of acceptors could improve the charge transfer by the respective statistical factor or even more by
quantum coherence effects.%? The first panel in Figure 4.8 (b-d) show transient spectra at the
indicated delay times for compounds 2-4. The ESA peak of the singlet excited state located in the
450-500 nm range revealed rapid decay with new peaks in the 610-620 nm range and near-IR
range. These spectra were subjected to target analysis that required three components for
satisfactory fit. These SAS are shown in Figure 4.8 (b-d), middle panel. In all these, the first
spectrum with characteristic features of the singlet excited state had a time constant of less than 1
ps, and as predicted, the magnitude of these time constants further decreased with increase in the
number of NND-TCBD entities (statistical factor of quenching). The second SAS with time
constants of 3.48-5.64 ps has been attributed to the charge transfer state. Here, the depleted peak
intensity in the near-IR region has been tentatively assigned to stimulated emission of CT state.
With the decay of the second component, the third component was evolved that has been attributed
to the charge separated species as this spectrum resembled largely that derived for charge
separation product from the earlier discussed spectroelectrochemical studies (see Fig. 4.6¢). It may
be mentioned here that the SAS of third component is distinctly different from the triplet state SAS
shown in Figure 4.8a, panel ii. The time constants for the charge separated state were found to be

14.9, 32.68 and 75.1 ps, respectively, for compounds 2, 3, and 4. These results reveal persistence
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of the charge separated state in compounds 3 and 4 compared to that in 2.

Intrigued with these findings, next, we changed the solvent to less polar DCB and nonpolar
toluene. In both of these solvents the spectral trends were almost the same (see Figs. 4.9 and 4.10).
Further, target analysis was performed to evaluate the Kinetic factors as listed in Table 4.2. Such
data confirmed persistence of charge separated states in both solvents. Changing the excitation
wavelength to 500 nm corresponding to the charge transfer also revealed excited state charge
separation (Figs. 4.11, 4.12 and 4.13). In this case, the data could be satisfactorily fitted to two
components, one to the excited state charge transfer with time constants of few ps and the second
one for the charge separated state. It may be mentioned here that irrespective of the excitation
wavelengths (LE or CT), the SAS generated for charge transfer and charge separation states

revealed close resemblance.

Table 4.2: Time constants evaluated from GloTarAn target analysis of fs-TA spectral data in solvents
of varying polarity and at different excitation wavelengths for the investigated central
triphenylamine derived, dimethylamine-tetracyanobutadiene conjugates.

Compound Solvent

1 842 - --

2 2.36 4.17 17.02
350

3 1.56 10.01 39.32

4 Toluene 0.54 25.37 93.20

2 - 3.59 14.92

3 500 - 7.29 24.10

4 - 16.8 56.30

1 111 -- --

2 1.99 3.87 16.40
350

3 1.14 8.12 37.59

4 DCB 0.35 13.6 87.70

2 -- 249 13.93

3 500 -- 5.78 20.45

4 -- 8.76 60.41

1 PhCN 350 49 - --
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Compound Solvent

2 0.89 3.48 14.9

3 0.80 4.99 32.68
4 0.67 5.64 75.10
2 = 1.38 10.23
3 500 = 3.69 24.65
4 = 4.98 43.29
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Figure 4.9: Fs-TA spectra at the indicated delay times of compounds 1-4 in DCB. The samples were
excited at 350 nm corresponding to local excited state. The SAS and population kinetic plots are

shown in the middle and right panels.
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Figure 4.10: Fs-TA spectra at the indicated delay times of compounds 1-4 in toluene. The samples
were excited at 350 nm corresponding to local excited state. The SAS and population Kinetic plots are
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Figure 4.12: Fs-TA spectra at the indicated delay times of compounds 2-4 in toluene. The samples
were excited at 500 nm corresponding to charge transfer band. Right hand panel shows the

population Kinetics. The dip at 500 nm is due to excitation laser.
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As pointed out earlier, in synthetic multimodular donor-acceptor systems, charge
stabilization is often achieved by following the mechanism of natural photosynthesis where
electron migration occurs across the system distantly separating the positive and negative ions thus
minimizing their electrostatic attraction.?>?> Electron/hole delocalization in multiple donor or
accepting bearing systems, and utilization of high-energy triplet sensitizers to promote electron
transfer from the long-lived triplet excited states are also some of the known mechanisms to extend
the lifetime of the charge separated species. The present multi-modular systems, 3 and 4, differ in
their design wherein the same acceptor unit, NND-TCBD is covalently linked to the central TPA.
Electron exchange has been witnessed upon first reduction of these compounds unlike that in 2
bearing a single NND-TCBD entity. It appears that such electron exchange is responsible for

extending the lifetime of the charge separated states in these novel donor-acceptor conjugates.

4.1.4 Conclusions

In summary, we have developed exceptional molecular donor-acceptor systems consisting
of Cz symmetric central triphenylamine derived, dimethylamine-tetracyanobutadiene conjugates.
In these systems, the NND-TCBD promoted charge transfer extending the absorption covering the
visible region. Electrochemical studies revealed electron exchange in compounds 3 and 4 carrying
multiple numbers of NND-TCBD entities. Frontier LUMO energy levels and orbital coefficients
helped us in rationalizing such electron exchange. The spectrum of the charge transfer state was
possible to deduce from manipulation of spectroelectrochemical data. Finally, we have been able
to demonstrate the effect of electron exchange in prolonging the lifetime of charge separated states
in compounds 3 and 4 from fs-TA spectral studies in solvents of varying polarity. To our
knowledge, this is the first report where such a charge stabilizing mechanism involving electron

exchange has been proposed and demonstrated experimentally. The present findings are very
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important to further our understanding on the fundamentals of electron transfer in multi-modular
systems; strengthen our knowledge on the early events of natural photosynthesis and seek novel
applications in optoelectronics. In this context, it may be pointed out here that in bacterial
photosynthesis, the primary electron donor is an electronically interacting bacteriochlorophyll
dimer, [BChI]2.%® The initial electron transfer species, [BChl]>™ could slow down the charge
recombination via a similar electron exchange mechanism and could be a reason for natural choice

of a bacteriochlorophyll dimer instead of a monomer.
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Gibbs free-energy change associated for excited state charge separation (CS) and dark
charge recombination (CR) were estimated according to equations i-iii

-AGcr = Eox — Ered + AGs (')
-AGcs = AEoo — (-AGcRr) (i)

where AEqo corresponds to the singlet state energy of 1. The term AGs refers to electrostatic
energy calculated according to dielectric continuum model (see equation iii). The Eox and
Ered represent the oxidation potential and the first reduction potential, respectively.

AGs = Y4 1t g [ - 1Rcc &r) (iii)

The symbols &0 and er represent vacuum permittivity and dielectric constant of DCB used
for photochemical and electrochemical studies (= 9.93). Rcc are the center-to-center distance
between donor and acceptor entities from the computed structures. Energy of charge transfer
was calculated from peak maxima of charge transfer peak.
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4.2  Star-Shaped Triphenylamine-Tetracyanobutadiene-Phenothiazine Push-Pull Systems:
Role of Terminal Phenothiazine in Improving Charge Transfer”

4.2.1 Introduction

Over the years, organic m-conjugated chromophores have been the subject of intense
research due to their wide-ranging applications in materials science, optoelectronics, and
biomedicine.1*® Among these, the m-conjugated, spatially close, donor-acceptor (D-n—A) push-
pull compounds have become one of the successful strategies in the design and synthesis of
optoelectronic materials. The strongly interacting D-n-A type push-pull systems can lower the
optical band gap and extend the absorption spectrum towards longer wavelengths.?0-21
Advantageously, the energy levels and band gaps of such push-pull systems can be tuned
effectively by the selection of acceptor and donor entities, and m-bridge and spacer.2%-2

The triphenylamine (TPA) core is one of the widely used electron-donating units for the
construction of Cs star-shaped molecules due to the sp® hybridized orbital of the nitrogen atom.
TPA generally shows good electron-donating and high charge-transporting properties.?>-28

Similarly, another electron donor, phenothiazine (PTZ), is an important class of heterocyclic

compound with a slightly non-planar geometry due to the presence of electron-rich nitrogen and

* Section 4.2 is reproduced from Yadav, Indresh Singh, Ajyal Z Alsaleh, Blake Martin, Rajneesh Misra, and Francis
D’Souza. "Star-Shaped Triphenylamine—Tetracyanobutadiene—Phenothiazine Push—Pull Systems: Role of Terminal
Phenothiazine in Improving Charge Transfer," The Journal of Physical Chemistry C 126, no. 31 (2022): 13300-10.
With permission from the American Chemical Society.
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sulfur heteroatoms.?®*0 PTZs have been extensively used for chemical sensors, photovoltaic
devices, and organic light-emitting diodes (OLEDs).>**3 Phenothiazine as such is a colorless
compound with an absorption maxima around 316 nm. The structure of phenothiazine possesses
some unique features different from that of a typical triarylamine. The two phenyl groups of
phenothiazine are nearly coplanar, allowing the extension of the n-delocalization over the entire
molecule. The electron-rich nature of a phenothiazine provides a good relay for the electron
migration in multi-modular donor-acceptor systems.

Tetracyanoethylene (TCNE) is a powerful electron acceptor and its reaction with n-
conjugated electron-rich alkynes by a [2 + 2] cycloaddition—retroelectrocyclization reaction,
according to Diederich’s procedure,3*% results in push-pull systems carrying electron-deficient,
tetracyanobutadiene (TCBD) electroactive unit. The strong push-pull effects result in electron
polarization (also often termed as ground state charge transfer) resulting in a new low-energy
optical transition extending the optical coverage. Making use of the facile reaction and optical
properties they have extensively explored building TCBD-substituted push-pull systems,3"4° and
polymers as promising materials for photovoltaic applications.*° Our groups have explored a
wide variety of donor-functionalized TCBD-based molecular systems exhibiting novel optical and
excited-state properties including ultrafast charge transfer and intervalence charge transfer
properties.>1-61

In the present investigation, making use of the novel electronic and structural properties of
TPA, PTZ and TCBD, we have designed, symmetric and asymmetric, multi-modular push-pull
systems, 1-4 wherein the TCBD is positioned between the terminal PTZ and central TPA entities
(Fig. 4.14). The number of TCBD entities has been varied to probe their effect on both ground and

excited-state properties. Further, the second series of compounds lacking the terminal PTZ, C1-
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C4, have also been synthesized to investigate the role of terminal PTZ in 1-4 in governing the

excited-state charge transfer events. Key findings are summarized in the following paragraphs.
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3 g
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Figure 4.14: Structure and abbreviation of star-shaped, central triphenylamine derived,
phenothiazine-tetracyanobutadiene conjugates, 1-4 (abbreviated as (PTZ-TCBD)o.3-TPA-(PTZ)o.;
(PTZ-TCBD)o-TPA-(PTZ)3=1; (PTZ-TCBD):-TPA-(PTZ). =2, (PTZ-TCBD),-TPA-(PTZ). = 3, and
(PTZ-TCBD)3-TPA-(PTZ), = 4 and the control compounds, C1-C4 (abbreviated as (Ph-TCBD)o.3-
TPA; (Ph-TCBD),-TPA =C1; (Ph-TCBD):-TPA = C2, (Ph-TCBD),-TPA = C3 and (Ph-TCBD)s-TPA
= C4) synthesized to probe excited-state charge transfer events.

4.2.2 Synthesis

Scheme 4.2 shows the developed synthetic scheme for compounds 1-4 while details are
presented in the experimental section. Briefly, the symmetrical compound 1 was synthesized by
the Pd-catalyzed Sonogashira cross-coupling of tris-(4-iodophenyl)-amine (1a) and corresponding
3-ethynyl-10-propyl-10H-phenothiazine (1b) in the presence of Pd(PPhs)s and Cul in degassed
THF: TEA (1:1) under argon atmosphere at 65 °C for 16 h which resulted in 1 at 66% yield. The
TCBD functionalized symmetrical and unsymmetrical compounds 2—4 were synthesized via [2+2]

cycloaddition-retro-electrocyclization reaction with the strong electron acceptor TCNE.?® The
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reaction of symmetrical 1 with one equivalent of TCNE in DCM at room temperature for 4 h
resulted in an exclusive mono- TCBD substituted unsymmetrical compound 2 in 62% vyield.
Similarly, the reaction of symmetrical 1 with two equivalents of TCNE in DCM solvent at 40 °C
for 12 h resulted in di-TCBD substituted unsymmetrical 3 in 65% yield, whereas increasing the
reaction temperature to 60 °C for 24 h using four equivalents of TCNE with symmetrical 1 in DCE

solvent resulted in tri-TCBD substituted symmetrical 4 in 68% yield.
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Scheme 4.2: Synthetic scheme of compounds 1-4.

The control compounds, C1-C4 were synthesized according to the earlier reported
procedure.5? All of the reported compounds were purified through silica gel (100-200 mesh)

column chromatography using Hexane: DCM solvent.
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4.2.3 Results and Discussion

Absorption and emission properties of compounds C1-C4 and 1-4 were subsequently
investigated to evaluate the effect of TCBD in these compounds and the role of the second electron
donor, PTZ in 1-4. Compound C1 revealed a single absorption band located at 372 nm (see Table
4.3 for spectral data). The introduction of TCBD resulted in two peaks, the first one in the 300-
340 nm range and the second one in the 450-650 nm range (see Fig. 4.15a). The first one was
attributed to the normal n—r* transition while the second one was for the ground state charge
transfer (or charge polarization, TCBD>-TPA®"). Importantly, as the number of TCBD entities
increased, a systematic blue-shift of both peak maxima was witnessed. Interestingly, the
introduction of the second electron donor, PTZ revealed better optical coverage in 2-4 extending
the absorption well into the near-IR region (Fig. 4.15b). The spectrum of 1 revealed two peaks, the
first one as a shoulder-type peak at 330 nm while the second one at 394 nm. Introducing the TBCD
revealed a total of three absorption bands, two in the 300-420 nm region attributable to the n—n*
transitions of the PTZ and TPA entities and a broader peak in the 420-750 nm range due to charge
polarization. Similar to C2—C4, with the increase in TCBD entities in 2—4, a systematic blue shift
was observed for both types of peaks suggesting that the PTZ is involved in the charge polarization,
that is, the formation of PTZ>-TCBD?®-TPA type species (with some contributions from TPA, vide
supra).

Table 4.3: Absorption and luminescence spectral details of the investigated compounds in DCB.

Compound ‘ Absorption, nm ‘ Fluorescence, nm ‘ Phosphorescence, nm
Cl 373 417 698
C2 343 431 512 _ _
C3 314 395 520 _ _
C4 303 497 517 _ _
1 323 393 470 701
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Compound Absorption, nm Fluorescence, nm Phosphorescence, nm
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Figure 4.15: Absorption (a and b), fluorescence (c), and phosphorescence (d) spectra of the indicated
compounds in DCB. Phosphorescence was recorded at 77K. The samples were excited at peak
maxima located in the 300-400 nm region of the corresponding compound (see Table 4.3).

Among the investigated compounds only C1 and 1 were found to be luminescent upon
excitation of the samples corresponding to the n—n* peak maxima (Fig. 4.15c). The fluorescence
maxima of C1 were located at 416 nm while that of 1 was located at 470 nm. Direct excitation of
the charge transfer peaks in the visible region and extending the monitoring window did not show
new peaks corresponding to charge transfer emission. It is likely that the intensities of such peaks
are low. Lifetimes of C1 and 1 determined from the time-correlated single counting technique were
found to be 2.89 ns for C1 and 2.59 ns for 1 (see Fig. 4.16 for delay plot). Phosphorescence of both

C1 and 1 was also recorded at liquid nitrogen temperature (Fig. 4.15d). Peak maxima of C1 were
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located at 698 nm while that of 1 was at 701 nm.
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Figure 4.16: Fluorescence decay profiles of (a) C1 and (b) 1 in DCB.

Next, electrochemical studies using both cyclic (CV, to check reversibility) and differential
pulse voltammetry (DPV, for peak potential measurement) were performed in DCB containing 0.1
M (TBA)CIOs. CVs and DPVs are shown in Figures 4.17 and 4.18, respectively, while the data
are summarized in Table 4.4. The first oxidation of C1 bearing only TPA was located at 1.12 V
vs. Ag/AgCI while for 1 having both PTZ and TPA, oxidation at 0.94 and 1.19 V was observed,
and by comparison, the first oxidation to the PTZ entity and the second one to TPA entity was
possible to arrive. The electron-deficient TCBD is known to reveal two one-electron reductions,
this seems to be the case in the C2-C4 and 2—4 series. In the case of C2—-C4, the first reduction of
TCBD was located at -0.19, -0.14, and -0.11 V, that is, TCBD reduction progressively became
easier. Importantly, in the case of C3 and C4, the first reduction was a split peak, suggesting
electron exchange between the TCBD entities.>® On the oxidation side, the first oxidation of C2—
C4 was located at 1.35, 1.46, and 1.67 V. This was also the trend for subsequent oxidations. That

IS, increasing the TCBD entities made the oxidation process gradually harder.
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Figure 4.17: Cyclic voltammograms of the indicated compounds in DCB containing 0.1 M
(TBA)CIO..
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Figure 4.18: Differential pulse voltammograms of the indicated compounds in DCB containing 0.1 M
(TBA)CIO..
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Table 4.4: Electrochemical redox potentials of the investigated compounds in DCB containing 0.1 M
(TBA)CIO..

’ Potential E vs. Ag/AgCI

Compound AEip, V
‘ Eox ‘ Ered ‘
C1 1.12 1.62 >3.0
1 0.94 1.19 151 >3.0
C2 1.35 1.67 -0.19 -0.59 1.54
2 0.87 1.03 1.27 1.44 -0.28 -0.60 1.15
C3 1.46 1.44 1.56 -0.14 -0.26 -0.65 1.60
3 1.03 1.38 1.64 1.83 -0.16 -0.29 -0.67 1.19
C4 1.67 -0.11 -0.24 -0.60 1.78
4 1.03 1.38 1.63 1.89 -0.19 -0.31 -0.62 1.22

The electrochemical redox gap (AEz2), that is, the potential difference between the first oxidation
and first reduction was 1.54 V for C2, 1.60 V for C3, and 1.78 V for C4. This trend was consistent
with the blue shift observed along with the series in the optical absorption spectral studies. Such a
trend was also observed for compounds 2—-4, however, due to facile reduction of PTZ over TPA,
the measured AE12 were even smaller. AE12 values of 1.15 V for 2, 1.19 V for 3, and 1.22 V for 4
were observed, a trend that was also consistent with red-shift optical coverage of 2—-4 compared to
C2-C4, and comparatively shrinking of the gap along with series due to increased number of
TCBD entities.™ It is of significance to note reduced AE1/, with the addition of the second electron
donor in the investigated series of compounds, 2—4.

Geometry optimization followed by generating frontier orbitals to visualize donor-acceptor
push-pull sites within the studied molecules was performed. For this, the structures were optimized
on the B3LYP/6-31G* basis set, and functional,®® and frontier HOMO and LUMO were generated,
as shown in Figure 4.19. As expected, the HOMO of both C1 and 1 were spread all over the
molecules. In the case of C2 and 2, HOMO spreading on the TPA and PTZ-TPA arms away from

the TCBD entity and LUMO on TCBD was obvious. This trend was also observed for C3 and 3,
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where HOMO on TPA and PTZ-TPA arms lacking TCBD was witnessed (more on the PTZ site).
The LUMOs were on both TCBD entities. In the case of C4 and 4, HOMO on the central TPA and
PTZ-TCBD arm, and LUMO on two of the TCBD entities were witnessed. These results reveal
charge transfer type interactions in C2-C4 and 2-4 involving neighboring TPA/PTZ electron
donor and TCBD electron acceptor. Importantly, in cases 2 and 3, the presence of HOMO on free
PTZ and LUMO on TCBD with a center-to-center distance of 16.4 A was possible to arrive. In

this instance, selective excitation of the free-PTZ entity could result in charge separation.

HOMO LUMO HOMO LUMO

Figure 4.19: Frontier HOMO and LUMO on B3LYP/6-31G* optimized structure of the investigated
compounds.
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Figure 4.20: Energy level diagram demonstrating excited charge transfer and charge separation
events upon photoexcitation of C2-C4 and 2—4 push-pull systems. The energy of the charge transfer
states, (Ph-TCBD)1.3>-TPA?®* in the case of C2-C4, and (PTZ-TCBD)1.3*-TPA-(PTZ)o-2%" in the case
of 2-4 are the energy difference between the respective HOMO and LUMO levels arrived from the
DFT calculations. Under the conditions of Act excitation, the excited state species is the excited singlet
charge transfer complex, 1[(Ph-TCBD)1.s*-TPA%")]" in the case of C2-C4 and 1[(PTZ-TCBD).s*-
TPA-(PTZ)o2*"]" in the case of 2-4; not shown in the diagram for brevity. The energy of the charge-
separated states was calculated according to the Rehm-Weller approach in DCB.

From the spectral, luminescence, computational, and electrochemistry data, energy level
diagrams were established to visualize different photochemical events in the studied push-pull
systems (Fig. 4.20). The HOMO-LUMO energy gap from the computational studies was used as
the energy of the CT state, Ecr in the energy diagram. The energy of the charge-separated state in
benzonitrile was calculated according to the Rehm-Weller approach ® using optical and
electrochemical data according to the following equations.

-AGcRr = Eox — Ered + AGs (Eq4.1)

-AGcs = AEo.0-(-AGcr) (Eq4.2)
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AGs = €%/4 me, [ - 1/Rcc €r] (Eq 4.3)
where AEqo corresponds to the singlet state energy of 1. The term AGs refers to electrostatic energy
calculated according to the dielectric continuum model (see Eq. 4.3). The Eox and Ereq represent
the oxidation potential and the first reduction potential, respectively. The symbols &0 and &r
represent the vacuum permittivity and dielectric constant of DCB used for photochemical and
electrochemical studies (= 9.93). Rcc is the center-to-center distance between donor and acceptor
entities from the computed structures. The energy of charge transfer was calculated from the peak
maxima of the charge transfer peak.

In the case of compounds C2—-C4 (see Fig. 4.20a), excitation of TPA corresponding to its
n—n (locally excited, LE) peak maxima, would populate the singlet excited state ![(Ph-TCBD);.3-
TPA]" having enough energy to promote the charge transfer event to yield (Ph-TCBD)1-3>-TPA).
Direct excitation of the CT band would produce the singlet excited state of the charge transfer
state, ![(Ph-TCBD)1-3 >-TPA )] ™. In a polar solvent such as benzonitrile, the CT state could
undergo the charge-separated (CS) state producing radical ion-pairs, (Ph-TCBD)13 >-TPA ¥) in
competition with populating the low-lying triplet excited state, *[(Ph-TCBD):s-TPA]". A
relatively complex situation arises in compounds 2—4 due to the presence of PTZ with and without
connected TCBD entity(ies) (Fig. 4.20b). In this instance, the [(PTZ-TCBD)1.3-TPA-(PTZ)o-2]"
state produced by LE excitation would promote the CT state to produce (PTZ-TCBD)1.3 *-TPA-
(PTZ)o-2%*. Direct excitation corresponding to CT peak maxima, could also populate the [(PTZ-
TCBD)1-3-TPA-(PTZ)o-2]" state. From the location of the frontier orbitals, formation of [(PTZ-
TCBD) *-TPA-(PTZ)2 **]" in the case of 2, formation of }[(PTZ-TCBD).%-TPA-(PTZ) %]" in the
case of 3, and formation of ![(PTZ-TCBD)s *-TPA®"]" in the case of 4 could be envisioned. Since

the energy of these CT states is higher than CS state, the resulting CT state could populate the
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triplet state or end up producing charge separates states, viz., [[PTZ-TCBD) ~-TPA-(PTZ). ** in
the case of 2, (PTZ-TCBD), “-TPA-(PTZ) ** in the case of 3, and (PTZ-TCBD)s -TPA **]" in the
case of 4. A charge-separated state may be preferred in cases 2 and 3 due to the distal positioning

of the free PTZ and PTZ-TCBD, donor, and acceptor entities.
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Figure 4.21: Spectrum deduced for the charge separated states from spectroelectrochemical studies
of the indicated compounds in DCB.

In an effort to arrive at the spectrum of the charge transfer/separation species,
spectroelectrochemical studies on both series of compounds, viz., C2-C4, and 2-4 were
performed. For this, spectral data during the process of first oxidation and first reduction for each
compound was recorded by applying appropriate potentials (100 mV past the redox peak
potentials). The final spectrum of the cation and anion were digitally added and subtracted with

the neutral species to generate the differential absorption spectrum corresponding to the charge
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transfer/separation species. Figure 4.21 shows the spectrum for each push-pull system generated
in this fashion. The main features involved depleted peaks in the 300-340 nm range and 500-515
nm range. For compounds 2—-4, another depleted peak in the 380-390 nm range was also observed.
Should there is excited-state charge transfer/separation in these push-pull systems, the spectrum

of the transient species corresponding to the CT state should match closely with that of the

spectrum arrived from spectroelectrochemical studies.
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Figure 4.22: Fs-TA spectra at the indicated delay times of (a) C1 and (b) 1 in benzonitrile. DAS and
SAS spectra are shown on the right-hand side of each spectrum.

Having detailed the possible photochemical events in the studied push—pull systems as
summarized above, next, transient pump-probe spectral studies were performed using both LE and

CT excitation wavelengths. Figures 4.22 (a and b) show the femtosecond transient absorption (fs-
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TA) spectra of C1 and 1 (having no TCBD) in benzonitrile, respectively, along with the decay-
associated spectra (DAS) and species associated spectra (SAS) from Glotaran analysis®®® of the
transient data. In the case of C1, the singlet excited state (S1) species obtained within the first 6—7
ps revealed a broad excited state absorption (ESA) peak at 527 nm. The decay of this peak was
associated with another less intense broad peak with maxima at 540 nm. A two-component fit was
representing the initial S; and a triplet excited state, T: formed from the process of intersystem
crossing (ISC) was satisfactory whose DAS and SAS spectra are shown on the right-hand side of
Figure 4.22a. The lifetime of the T, state was 1.76 ns suggesting the formation of a short-lived
triplet excited state. In the case of 1, the S; state formed within the first 2-3 ps, revealed ESA
peaks at 623 nm. With time, a blue shift accompanied decay and a new peak at 412 nm was
witnessed. A two-component fit was representing the initial S; and the T state was satisfactory
whose DAS and SAS spectra are shown on the right-hand side of Figure 4.22b. The lifetime of the
T, state was found to be 2.20 ns, not significantly different from that of C1.

Next, photophysical properties of the relatively simpler version of push-pull systems, C2—
C4 were performed in polar benzonitrile as the charge separation process is favored in polar
solvents (Fig. 4.23). The samples were excited at 350 nm corresponding to the LE excitation. In
all three systems, the S; species formed within the first 1-3 ps, revealed two main ESA peaks, the
first one in the 490 nm region and the second one in the 630 nm range. There was a systematic
blue shift of the first peak with the increase in the TCBD entities, that is, peak locations at 498 nm
for C1, 481 nm for C2, and 478 nm for C3 were witnessed. The decay of this peak was associated
with an initial negative signal in the 500 nm range, and the recovery of this signal was associated
with a new peak in the 550 nm range. The DAS and SAS spectra for each compound are shown

on the right-hand side. A three-component fit representing S1 > CT - T1 was satisfactory.
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Figure 4.23: Fs-TA spectra at the indicated delay times of compounds C2—-C4 in benzonitrile (Aex

350 nm). Decay and species-associated spectra from Glotaran analysis are shown on the right-hand
side. The dashed line in the SAS panel corresponds to the spectrum deduced for the CT state from

spectroelectrochemical studies.

The DAS spectra in the middle panel nicely demonstrate the sequential occurrence of these events
while the SAS spectrum attributed to the CT state (red trace) agreed well with the spectrum
deduced for the CT state from spectroelectrochemical studies (dashed magenta line). These results
unequivocally prove the occurrence of CT in C2-C4 in DCB. In all these systems, the spectrum

attributed to the T state (blue line) was almost similar and agreed with that observed for C1 in
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Figure 4.22. The time constants of the CT states (average lifetime of the state) were 8.43, 22.09,
and 24.14 ps, respectively for C2, C3, and C4, that is, with an increase in the number of TCBD
entities, improved lifetimes for the CT states to some extent were witnessed. Lifetimes of the T

state were in the range of 1-3 ns. Compounds C2-C4 were also excited at 500 nm corresponding

to the charge transfer band (see Fig. 4.24).
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Figure 4.24: Fs-TA spectra at the indicated delay times of compounds C2-C4 in benzonitrile (Aex =
500 nm). Decay and species associated spectra from Glotaran analysis are shown on the right-hand
side. The spectrum is blocked in the 500 nm range to avoid scatted excitation light.
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The instantaneously formed [(Ph-TCBD)1.5>-TPA>")]" was characterized by an ESA peak in the
602-606 nm range, and a negative peak in the 510-520 nm range, expected for the CT state from
the earlier discussed spectroelectrochemical data. A two-component fit was satisfactory in the
Glotaran analysis whose DAS and SAS are shown in Figure 4.24 on the right-hand side of the
corresponding transient spectra. The first state, the singlet excited CT state revealed lifetimes of
5.82, 11.82, and 34.47 ps, respectively, for C2, C3, and C4, lightly lower than those observed for
the CT state time constants for the samples excited at 350 nm corresponding to LE state. The
spectral features of the second component were that of the T1 state, however, the time constants
were much smaller in the range of 55-81 ps. The data were also subjected to a three-component fit
to seek any long-lived component representing the charge-separated state. However, no strong
evidence of charge-separated product could be obtained.

Next, transient spectra of compounds 2—4 were recorded in benzonitrile, excited at 393 nm
corresponding to the LE state. Figure 4.25 shows the spectral data along with the DAS and SAS
from Glotaran analysis. The [(PTZ-TCBD)13-TPA-(PTZ)o-2]" formed within the first few ps was
characterized by an ESA peak at 620-640 nm range along with a negative peak in the 500 nm
range. The decay of the ESA peak was accompanied by a blue shift along with a shoulder peak in
the 540 nm range. A three-component fit in Glotaran representing S1 = CT - Ty was satisfactory
whose spectra are shown on the respective right-hand side. As observed for compounds C2-C4,
the SAS spectrum obtained for the Ty state was in agreement with what was observed for
compound 1. Importantly, the SAS spectrum corresponding to the CT state matched well with that
arrived from spectroelectrochemical results. Time constants of the CT state were 24.94, 43.10, and
57.89 ps, respectively, for 2, 3, and 4. Importantly, these values were much higher than that

observed for C2-C4 lacking the terminal electron donor, PTZ. The T: state had time constant
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values ranging between 880-910 ps. The data was also subjected to four-component fits, both
sequential and simultaneous modes to seek any long-lived CS states. However, no such events
could be observed suggesting that the CT state transforms into the corresponding triplet state, as

shown in the energy diagram in Figure 4.20.
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Figure 4.25: Fs-TA spectra at the indicated delay times of compounds 2-4 in benzonitrile (Aex = 393
nm). Decay and species-associated spectra from Glotaran analysis are shown on the right-hand side.
The dashed line in the SAS panel corresponds to the spectrum deduced for the CT state from
spectroelectrochemical studies.

Finally, compounds 2—-4 were also excited at 500 nm corresponding to the CT state, as

shown in Figure 4.26. The ![(PTZ-TCBD)1.3%-TPA-(PTZ)o-2>*]" formed revealed an ESA peak in
the 650 nm region and a negative peak in the 500 nm range. Decay/recovery of these peaks was

associated with a new peak in the 600 nm region suggesting that the !CT" transforms into a T state
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prior to returning to the ground state. A two-component analysis representing *CT" = T was

satisfactory in these systems, as shown by DAS and SAS spectra on the right-hand panels. Time

constants for the *CT" states were found to be 5.74, 7.09, and 8.32 ps, much smaller than when the

samples were excited at their respective LE states. Importantly, with an increase of TCBD entities,

time constants for CT state improved. The time constants for the T: state also followed such a

trend with the highest time constants of about 600 ps in the case of 4.
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4.2.4 Conclusions

In summary, a novel series of push-pull systems by introducing a powerful electron
acceptor, TCBD between the donor entities of a C3 symmetric TPA-(PTZ)s molecular scaffold has
been synthesized via Pd-catalyzed Sonogashira cross-coupling reaction, followed by [2+2]
cycloaddition-retroelectrocyclization reaction. As a control, a TPA scaffold lacking PTZ was also
synthesized. The number of TCBD entities was varied between 1 and 3 in these push-pull systems
to evaluate the effect of TCBD entities in promoting charge polarization in the ground state and
excited state charge transfer, and the role of PTZ in stabilizing the charge transfer states. The strong
push-pull effects promoted charge polarization resulting in the extension of the absorption
covering the 300-800 nm range. Electrochemical studies revealed electron exchange resulting in
the splitting of the first reduction wave of TCBD in compounds C3, C4, 3, and 4 carrying two or
three TCBD or PTZ-TCBD entities. Frontier orbitals on energy-optimized structures helped in
arriving at different charge-transfer states. The spectrum of the charge transfer state was possible
to arrive from spectroelectrochemical data. Finally, using pump-probe spectroscopy followed by
Global target analysis, it has been possible to demonstrate the occurrence of excited charge transfer
in these compounds, when the samples were excited both at the locally excited and charge
polarized absorption peak maxima. The significance of the additional electron donor in these
multi-modular systems in prolonging the lifetime of the charge transfer is borne out from the

present study.
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CHAPTER 5
EXCITATION WAVELENGTH-DEPENDENT CHARGE STABILIZATION IN HIGHLY
INTERACTING PHENOTHIAZINE SULFONE-DERIVED DONOR-ACCEPTOR
CONSTRUCTS*

5.1 Introduction

Following the early events occurring in natural photosynthesis,® the study of artificial
photosynthetic multi-modular DA constructs®® has played a prominent role in the production of
n-conjugated systems useful for a range of applications in energy harvesting, organic electronics,
and photonics.®8 In this context, close proximity and high exergonicity of DA constructs can be
utilized to facilitate intramolecular charge transfer (ICT) and fine-tuning of the optical and excited-
state properties,'®2° however, excited state CS and charge recombination (CR) processes in such
systems occur rapidly, making them less appealing in light energy harvesting applications. In
synthetic artificial photosynthetic systems, long-lived CSS is often achieved by optimal
positioning of the donor and acceptor systems and by following a multi-step sequential electron
transfer mechanism.?*2® In a few instances, heavy atom-bearing triplet sensitizers have also been
used,?”-28 however, such strategy in the directly connected highly interacting DA constructs has
been nonexistent.

The TCBD and exTCBD-based directly connected DA push-pull systems?®-3? show strong
ICT covering absorption in the visible and near IR regions, that is, exhibiting optical properties of

black absorbers. Photosensitizers such as porphyrins, phthalocyanines, subphthalocyanines,

* This chapter is reproduced from Sheokand, Manju, Ajyal Z Alsaleh, Francis D’Souza, and Rajneesh Misra.
"Excitation Wavelength-Dependent Charge Stabilization in Highly Interacting Phenothiazine Sulfone-Derived
Donor—Acceptor Constructs," The Journal of Physical Chemistry B 127, no. 12 (2023): 2761-73, with permission
from the American Chemical Society.
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BODIPYs, azaBODIPYs, triphenylamine, phenothiazine, and diketopyrrolopyrroles have been

used in these constructions to extend the optical coverage into the visible and near-IR region.3°
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Figure 5.1: The molecular structures of phenothiazine sulfone-based push-pull constructs.

Sadly, owing to close proximity and high exergonicity, the excited state CS and CR in these
systems occurred within a few picoseconds.3*? Extending the lifetime of the CSS in these systems
thus far has been a challenge. In the present study, we have overcome this issue by designing multi-
modular DA systems derived from a bis-phenothiazine-phenothiazine sulfone (PTZ-PTZSO»-
PTZ, PTS2 in Fig. 5.1) scaffold. Introducing TCBD and exTCBD into PTS2 (PTS3-PTS6 in Fig.
5.1) modulates the energy levels of the DA constructs in such a way that the charge transfer process

can be initiated from the 3PTZ* state>® when they are excited at wavelengths corresponding to the
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locally excited (LE) states. Owing to the spin-forbidden CR process, long-lived CSSs are observed.
Interestingly, when the molecules are excited at the ICT peak positions, the CSS of the singlet
character reveals ultrafast CR (spin allowed process) without prolonging its lifetime. This study
has provided us with an opportunity to modulate the Kinetics of electron transfer to secure the
much-desired long-lived CSSs as a function of excitation wavelength in highly interacting DA

constructs.

5.2  Synthesis

PTS2 bearing two terminal PTZ units and a central PTZSO; was synthesized as the starting
material for introducing TCBD and exTCBD entities. The synthesis of PTS2 was carried out via
the Pd-catalyzed Sonogashira cross-coupling reaction of dibromo-substituted phenothiazine
sulfone 1 with 2.2 equivalent of ethynyl phenothiazine 2 in THF/TEA (1:1) solvent at 70 °C for 12
h. Following purification by column chromatography, PTS2 was obtained with 76% yield (Scheme
5.1). The starting compounds, bromo-substituted PTZSO>, 1 and ethynyl phenothiazine, 2 were
synthesized using reported procedures.>® A control compound, PTZ-control, with phenyl rings as

the end-capping unit has also been synthesized.

3

THF:TEA
ethynyl-PTZ 60°C, 12 h PTZ-control

Scheme 5.1: Synthetic scheme of PTZ-control compound.

The TCBD and exTCBD featured phenothiazine sulfone DA constructs, PTS3-PTS6, were
synthesized via the Pd-catalyzed Sonogashira cross-coupling reaction and [2+2]
cycloaddition—retroelectrocyclization reaction. Here, we have varied the acceptor from mono-

TCBD to bis-TCBD in PTS3-PTS4, and additionally exploited the exTCBD unit from mono-

176



eXTCBD to bis-exTCBD in PTS5-PTS6. The [2 + 2] cycloaddition—retroelectrocyclization
reaction?®-% of chromophore PTS2 with 1.1 equivalent of TCNE in dichloromethane solvent for
24 h at room temperature resulted in unsymmetrical chromophore PTS3 in 56% yield, whereas the
reaction of PTS2 with 2.2 equivalent of TCNE resulted in symmetrical chromophore PTS4 in 70%
yield. The expanded TCBD functionalized unsymmetrical chromophore PTS5 was synthesized via
[2 + 2] cycloaddition—retroelectrocyclization reaction of PTS2 with 1.1 equivalent of TCNQ in
DCE solvent for 48 h at 120 °C in 48% yield. The reaction of PTS2 with 2.2 equivalent of TCNQ
resulted in the expanded TCBD functionalized symmetrical chromophore PTS6 in 56% yield

(Scheme 5.2). The synthetic procedure for control compound PTS1 is given in Scheme 5.3.
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Scheme 5.2: Synthetic route of symmetrical and unsymmetrical PTZSO-based push-pull PTS3-
PTS6.
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Scheme 5.3: Synthetic route of PTS1.

5.3  Results and Discussion
5.3.1 Absorption Spectra

The optical properties of the PTS1-PTS6 constructs were recorded in dichloromethane as
shown in Figure 5.2 and the data are listed in Table 5.1. The absorption spectrum of symmetrical
PTS2 shows an absorption band at 389 nm, which is attributed to the m—r* transition. The
absorption spectra of TCBD functionalized unsymmetrical and symmetrical chromophores, PTS3
and PTS4 exhibited multiple absorption bands (300—460 nm) in the lower wavelength region
attributed to the m—r* electronic transitions. The broad absorption band for PTS3 and PTS4 at the
longer wavelength of 570 nm and 546 nm, respectively, is ascribed to the ICT transitions (also
known as intramolecular charge polarization) due to the strong D-A push-pull interactions. The
symmetrical chromophore PTS4 showed a comparatively broad ICT band compared to the
unsymmetrical PTS3 owing to the incorporation of an additional TCBD unit. The chromophores
PTS5 and PTS6 incorporated with exTCBD acceptor showed a broad absorption in the longer
wavelength region of 550—1000 nm which could be attributed to the ICT transitions and the
absorption band around 400 nm in the lower wavelength region to the m—* electronic transitions.
The ICT band of PTS5 and PTS6 was red-shifted by 90-120 nm due to the incorporation of
stronger acceptor exTCBD units than the chromophores PTS3 and PTS4 having comparatively

weaker TCBD (vide supra).

178



0.6

PTS2
——PTS3
0.5 1 PTS4
——PTS5
-E 0.4 |——PT356
7
= 0.3
C
0.2
0.1
0.0

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5.2: Electronic absorption spectra of PTS2-PTS6 donor-acceptor constructs in
dichloromethane.

Table 5.1: Photophysical and electrochemical data of chromophores PTS1-PTS6.

Compound |, Felonl | HOMO | LUMO | g | 45 (owo,
PTS2 381 (54140) —5.06 —2.60 1.81 3.40
PTS3 456 (26140), 570 (10160) -5.34 -4.15 1.04 2.09
PTS4 450 (38390), 546 (18410) ~5.59 ~4.25 1.21 2.05
PTS5 406 (35410), 660 (14240) -5.31 —4.21 0.98 1.46
PTS6 448 (15570), 663 (7850) —5.42 -4.23 0.96 1.62

(a) HOMO-LUMO energy gap from electrochemical studies by using cyclic voltammetry. (b) Theoretical energy gap
calculated from density functional theory.

5.3.2 Solvatochromism
The effect of solvents of different polarities on the ICT transition of PTS2 was investigated

through absorption and emission spectroscopy (Fig. 5.3). The ICT transition is expected to enhance
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the dipole moment of the molecule in the excited state resulting in a polarized excited state.**-%°
The reorganization of polar solvent molecules around the polarized excited state results in the
stabilization of the excited state which is observed via the redshift in the emission spectrum of
PTS2 on varying the solvent polarity from non-polar (cyclohexane, toluene) to polar solvent (1,4-
dioxane, THF, chloroform, dichloromethane (DCM)). In contrast to the absorption spectra (see
Fig. 5.4), the emission spectra of PTS2 exhibit noticeable change due to the formation of a more
polarized excited state than the electronic ground states. In the non-polar solvent, i.e. cyclohexane,
a blue color emission was recorded at 453 nm with a shoulder peak at 479 nm owing to the
localized excited (LE) emission. On increasing the solvent polarity from toluene to DCM, the peak
corresponding to LE emission was merged into CT emission, and a broad spectrum with emission
maxima was recorded at 473 nm (toluene), 475 nm (1,4-dioxane), 483 nm (chloroform), 488 nm
(THF), and 497 nm (DCM), respectively. The chromophores PTS3-PTS6 were non-emissive in
the solvents of varying polarities as emission gets quenched by the incorporation of TCBD and

exXTCBD electron acceptor units.
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Figure 5.3: The normalized emission spectrum of PTS2 in solvents of varying polarities.
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Figure 5.4: Absorption spectrum of PTS2 in solvents of different polarities.

5.3.3 Aggregation-Induced Emission (AIE)

The PTS2 is supposed to exhibit aggregation-induced emission owing to the AIE active
butterfly-shaped phenothiazine unit, which shows strong yellow color emission in the solid-state.>?
The PTS2 is readily soluble in DMF and the gradual increase of water fraction in DMF results in
the formation of nano-aggregates. The PTS2 exhibits a light yellow color emission at 524 nm in
pure DMF. The addition of water up to 30% results in a gradual decrease in the intensity of
emission spectra which is attributed to the stabilization of the CT state in the solvent of high
polarity. At a 40% water fraction, a new emission peak appeared at 563 nm, which showed a
redshift of 39 nm. The enhanced emission at 40% water fraction could be assigned to the formation
of nano-aggregates, and the intensity of AIE gradually increases up to 70% water fraction. At high
water concentrations, a slight decrease in the emission intensity was observed, which is attributed
to the formation of large-sized nano-aggregates, which are less exposed to radiation as compared
to smaller aggregates. The AIE behavior was also studied using absorption spectroscopy (Fig. 5.5).

The absorption spectra for chromophore PTS2 revealed no significant change up to 60% water
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fraction, above which there was a scattering of light or the Mie effect®” observed due to the
formation of nanoaggregates. The AIE behavior of PTS2 is shown in Figure 5.6 under UV
illumination. The chromophores PTS3-PTS6 incorporated with TCBD and exTCBD units are not

fluorescent in the solid state and were not susceptible to exhibiting AIE behavior.
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Figure 5.5: Electronic absorption spectra of PTS2 in DMF-water mixtures (0% to 90% water).
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Figure 5.6: (a) Emission spectrum of PTS2 in DMF-water mixtures (0-90% water), and (b) plot of

fluorescence intensity vs. % of water fraction (f,) (PTS2 concentration = 10 pM; intensity was
calculated at Amax). The top panel shows a picture of the PTS2 solution in DMF on increasing the

addition of water under UV-light illumination.
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5.3.4 Mechanochromism

Compound PTS2 was predicted to exhibit mechano-responsive behavior owing to the
conformationally flexible butterfly-shaped phenothiazine moiety in the molecular framework.>2-%3
The attachment of phenothiazine units via triple bond at 3 and 7 positions could enhance the
flexibility of donor phenothiazine unit around the central phenothiazine sulfone moiety and
promote physical structural change owing to a twisted structure on applying the mechanical
stimuli. The pristine form of PTS2 is light orange in color and emits at 568 nm. The application of
mechanical grinding of PTS2 resulted in bright yellow emission at 540 nm (Fig. 5.7). The powder
X-ray diffraction (PXRD) of PTS2 in the pristine and ground state, shown in Figure 5.8, revealed
the amorphous nature of PTS2 in both states and there is no major structural change upon grinding

the material.
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Figure 5.7: Solid state emission of PTS2 in the pristine and milled form.
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Figure 5.8: PXRD graph of PTS2 in the pristine and grounded state.
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5.3.5 Theoretical Studies

The density functional theory (DFT) calculations on PTS2-PTS6 were performed to
optimize the molecular geometry and electronic properties using the B3LYP/6-31G** basis set.>
In order to reduce the computation time, the propyl substituent was used instead of the octyl
substituent at the central PTZSO>. The TCBD and exTCBD substituted chromophores PTS3-PTS6
exhibited a non-planar framework owing to the presence of a butterfly-shaped PTZSO: unit as the
central core and additional acceptor TCBD units (Fig. 5.9). The frontier orbitals of PTS2-PTS6
are shown in Figure 5.9. The HOMO energy level in PTS2 is distributed throughout the molecule
but the LUMO is concentrated mostly on the PTZSO, unit with some contributions to the terminal
phenothiazine entities. In the unsymmetrical chromophores PTS3 and PTS5, the electron density
of the HOMO is mainly concentrated on the terminal PTZ unit with some coefficients on the
phenyl ring of the central PTZSO>. In these molecules, the LUMO is predominantly concentrated
on the acceptor TCBD unit and extended toward the central PTZSO> unit. In the case of TCBD
functionalized symmetrical chromophores PTS4 and PTS6, the electron density of the HOMO
energy levels was mainly concentrated on the terminal donor PTZ unit. The incorporation of
additional TCBD or exTCBD in PTS4 and PTS6 tends to increase the acceptor character and the
LUMO energy levels were localized on the TCBD unit. The outcomes of the theoretical
calculations show excellent intramolecular electronic communication. The electron-withdrawing
character of the TCBD/exTCBD acceptor units caused a significant decrease in the HOMO-
LUMO energy gap in PTS2-PTS6. The theoretically calculated HOMO-LUMO gaps for PTS2-
PTS6 are 3.44, 1.94, 2.19, 1.49, and 1.69 eV, respectively. These values are in good agreement
with experimental data calculated from electrochemical studies (vide supra). The HOMO-LUMO

gap in PTS2-PTS6 follows the order PTS2 > PTS4 > PTS3 > PTS6 > PTS5, which is reflected in
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their electronic absorption. The chromophore PTS2 with a high HOMO-LUMO gap has exhibited
absorption in the lower wavelength region, whereas the TCBD/exTCBD functionalized PTS3-

PTS6 showed red-shifted absorption in the NIR region due to the tuned HOMO-LUMO gap.
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Figure 5.9: Optimized structure, frontier HOMO and LUMO orbitals of PTS2-PTS6.

5.3.6  Electrochemical Studies

The redox properties of chromophores PTS1-PTS6 were evaluated by the means of cyclic
voltammetry (CV) in o-dichlorobenzene (DCB) containing 0.1 M TBA(CIO), as a supporting
electrolyte. The voltammograms are shown in Figure 5.10 and the peak potentials are listed in
Table 5.2 while the calculated energy gap (difference between the first oxidation and first

reduction) is given in Table 5.2.
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Figure 5.10: Cyclic voltammograms of PTS1-PTS6 recorded in 0-dichlorobenzene, 0.1 M (TBA)CIO,

at scan rate of 0.1V s.

Table 5.2: Electrochemical peak potentials, measured from differential pulse voltammetry of the
investigated compounds in DCB containing 0.1 M (TBA)Cl..

Potential V vs. Ag/AgCI

Compound e
‘ oxidation reduction
PTS1 1.63 -0.95 -1.72
PTS2 0.86 1.36 1.80 -0.95 -1.72
PTS3 0.88 1.06 1.47 1.90 -0.16 -0.54 -1.03 -1.75
PTS4 1.07 1.87 -0.14 -0.57 -1.13 -1.72
PTS5 0.95 1.50 -0.03 -0.13 -1.02 -1.72
PTS6 0.95 1.28 0.27 -0.01 -0.13 -1.03 -1.72

PTZ-control with only a PTZ entity revealed oxidation at 0.81 V vs. Ag/AgCl
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corresponding to PTZ%** process. PTS1 with only a PTZSO; group revealed a quasi-reversible
reduction at -0.95 V vs. Ag/AgCl suggesting it is fairly electron-deficient due to the sulfone group.
Irreversible oxidation at Epa = 1.63 V was also observed. The oxidations of PTZ entities in PTS2
were located at 0.86 and 1.36 V while the reduction corresponding to the central PTZSO, was at -
0.95 V. The electron donor role of PTZ and acceptor role of PTZSO; in PTS2 is thus born out. In
the cases of PTS3 and PTS4, with one and two entities of TCBDs, additional cathodic processes
corresponding to TCBD reductions were observed. In PTS3, two reductions at -0.16 and -0.54 V
corresponding to TCBDY and TCBD™/> were witnessed while the PTZ oxidation was slightly
anodically shifted and appeared at 0.88 and 1.06 V. The first oxidation was due to the PTZ entity
far from TCBD and the second peak was due to PTZ close to TCBD. An anodic shift of about 180
mV in the latter process is due to the electronic effect induced by the neighboring TCBD entity.
In the case of PTS4, although the TCBD reductions appeared to have almost the same potential,
the PTZ oxidation appeared as a single peak at 1.07 V as both PTZ entities were close to TCBD.
In the case of PTS5 and PTS6, having one and two entities of exTCBDs, reductions corresponding
to the exTCBD occurred at much lower potentials compared to that observed for TCBD in PTS3
and PTS4. The first two reductions of exTCBD in PTS5 were located at -0.03 and -0.13 V and
oxidation at 0.95 V corresponding to PTZ entities (overlap of two anodic waves) were observed.
A similar trend was also observed for PTS6. In this case, exTCBD reductions were at -0.01 and -
0.13 V, and the first oxidation corresponding to phenothiazine was at 0.90 V. The electrochemical
redox gap, 4E, followed the order: PTS6 < PTS5 < PTS3 < PTS4 < PTS2. This trend agrees well

with the optical coverage of these compounds displayed in Figure 5.2.

5.3.7 Energy Consideration for Excited-State Electron Transfer

In benzonitrile (solvent used in photochemical studies), PTS2, absorption, and
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fluorescence peak maxima were located at 370 and 500 nm, respectively, not significantly different
from that observed in DCB, from which an Eoo value of 2.90 eV was calculated. The
phosphorescence spectrum of PTS1 is shown in Figure 5.11. Triplet emission at 520 nm was
observed from which energy of the triplet state, Et = 2.38 eV was obtained. The singlet lifetime
of PTS2, from the time-correlated single-photon counting (TCSPC) technique, was found to be
4.6 ns which was smaller than that of PTS1 being 5.8 ns (both monoexponential decays),

suggesting the occurrence of excited state events in PTS2 (see Fig. 5.12 for decay curves).
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Figure 5.11: The phosphorescence spectrum of PTS1 at liquid nitrogen temperature in O-free
toluene.
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Figure 5.12: Fluorescence decay curves of (a) PTS1 and (b) PTS2.
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The absorption and emission spectra of PTZ-control are shown in Figure 5.13. Absorption peak
maxima at 349 nm, fluorescence peak maxima at 460 nm, and phosphorescence (at liquid nitrogen
temperature) at 532 nm was observed. The singlet lifetime of PTZ-control from the TCSPC
technique revealed a monoexponential decay with a lifetime of 5.09 ns. From the phosphorescence
peak maxima, triplet energy for 3PTZ" was calculated to be 2.32 eV. In order to visualize the
possibility of excited-state charge transfer, using the optical, computational, and redox data, energy
level diagrams were established. Free-energy of charge separation and charge recombination was
estimated using the Rehm-Weller approach.>® Figure 5.14 (a and b), respectively show the energy
level diagrams of PTS2, and TCBD-derived systems (PTS3 and PTS4), while Figure 5.15 shows

eXTCBD-derived systems (PTS5 and PTS6).
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Figure 5.13: (a) Absorption and (b) emission spectra (hex = 349 nm) of PTZ-control in benzonitrile.
The phosphorescence was recorded at liquid nitrogen temperature in O.-free toluene.

As shown in Figure 5.14a, in the case of the quadrupolar PTS2 system comprised of two
PTZ electron donors and one PTZSO:; electron acceptor, photoinduced electron transfer (PET)

from both singlet and triplet excited states yielding PTZ**- PTZSO,"-PTZ charge-separated state

189



in benzonitrile is thermodynamically possible. The relatively high energy of 3PTZ" (2.32 eV) or 3

PTZSO," (2.38 eV) formed from the intersystem crossing of the respective singlet excited states

was realized to be an important contributor. If electron transfer indeed originates from the 3PTZ"

or 3PTZSO." then the charge-separated state would also be a triplet state. Under such

circumstances, charge recombination would be a slow process as this is a spin-forbidden process.

Relatively long-lived charge-separated states could be anticipated from such a process.
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Figure 5.14: Energy level diagrams showing different photochemical events in (a) PTS2 triad and (b)
TCBD bearing systems under local excitation (LE) and charge transfer (CT) peak positions (see text
for details). Note - Excitation of PTS3 and PTS4 corresponding to their CT would produce their

singlet excited states, not shown for brevity.
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Figure 5.15: Energy level diagram showing different photochemical events in PTS5 and PTS6 upon
excitation corresponding to LE and CT peak positions. Excitation of PTS5 and PTS6 corresponding
to their CT would produce their singlet excited states, not shown for brevity.

The energy diagrams for systems showing strong charge transfer events are shown in
Figures 5.14b and 5.15. From the earlier discussed optical data, two types of excitation processes,
viz., local excitation (LE) and charge transfer (CT), are possible in both TCBD and exTCBD
possessing systems. The energy of the CT state evaluated from computational results (energy
difference between HOMO and LUMO levels) and CS state from the traditional Rehm-Weller
approach (including the energy of solvation from the Dielectric continuum model)*® are utilized in

the construction of these diagrams. It is important to note that both Ect and Ecs are well-below
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those of both Es and Et energies under the conditions of LE excitation. Under such circumstances,
3PTZ" formed upon intersystem crossing (ISC) of PTZ" can be involved in the CT and CS
processes resulting in the radical ion-pair formation of triplet character. However, when these
systems are excited at longer wavelengths corresponding to CT peak maxima, the Ect would be
much lower than either Ect or Ecs states. If ET occurs, the resulting CS product will be of singlet
character, and under such circumstances, faster CR to the ground state could be expected due to
the singlet nature of the product, lowering the overall lifetime of the CSS. Importantly, due to the
high exergonicity of the CS events, much faster electron transfer events could also be anticipated.
It may be mentioned here that in a recently reported study by us featuring PTZ monomer and dimer
carrying TCBD and exTCBD, the Et and Ect were almost the same, especially in the case of
TCBD systems, creating a ping-pong effect between triplet and charge-transfer states.*® The
present study with a central PTZSO2 seems to lower the Ect energy facilitating CT and CS
originating from the triplet state.

Pump-probe spectroscopic studies using 100 fs laser pulses of selected wavelengths are
subsequently performed to witness the charge transfer/separation and kinetics as a function of
excitation wavelengths involving the LE and CT peak positions. In order to help interpret the
transient spectral results, the oxidized and reduced species of the investigated compounds were
generated as shown in Figure 5.16. The oxidized species of PTZ2 exhibited a low-intensity new
peak at 470-550 nm, however, no new peaks were observed during the reduction of PTZ2. The
oxidized species of PTS3 and PTS4 revealed a new peak in the 600 nm region while the reduced
species revealed a broad peak spanning the 500-800 nm range. Similarly, a new peak in the 980
nm region for the oxidized species of PTS5 and PTS6, new peaks at 645, and a broad peak spanning

880-1400 nm with peak maxima at 1142 nm for the reduced species were observed.
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Figure 5.16: Spectral changes associated with chemical oxidation and reduction of (a) PTZ-control
oxidation from spectroelectrochemistry (left) PTS1 oxidation (right). Oxidation (left) and reduction
(right of (b) PTS3 and (c) PTS5 in DCB. Nitrosonium tetrafluoroborate was used as an oxidizing
agent and bis(cyclopentadienyl) cobalt was used as a reducing agent.

Figure 5.17a shows the femtosecond transient absorption (fs-TA) spectra at the indicated
delay times for PTZ-control in benzonitrile at the excitation wavelength of 395 nm. The PTZ"
formed was characterized by a broad negative signal covering the 480-500 nm range, and from
the earlier discussed spectral data, this has been attributed to the process of stimulated emission
(SE). Recovery of this signal was slow consistent with its long singlet lifetime of 5.09 ns. The
recovery was associated with the slow growth of a new signal in the 580-600 nm which could be

attributed to the 3PTZ". In the case of PTS1 having only a PTZSO,, the fs-TA spectral features
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were different (see Fig. 5.17b). A strong excited state absorption peak (ESA) spanning the 500-
600 nm region was observed with a negative peak in the 490 nm range due to SE. Decay/recovery
of the positive and negative signals was accompanied by new peaks at 520, 600, 734, and 761 nm
attributable to the triplet excited state.
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Figure 5.17: Fs-TA spectra at the indicated delay times of (a) PTZ-control (excitation = 395 nm), (b)
PTS1 (excitation = 366 nm) and (c) PTS2 (excitation = 366 nm) in PhCN. (d) shows the population
kinetics of different photo-events of PTS2.

The fs-TA spectra of the triad PTS2 having two PTZ and a central PTZSO- are shown in
Figure 5.17c. It may be mentioned here that at the excitation wavelength of 366 nm both
chromophores are likely to get excited resulting in oxidative (from excited PTZ) and reductive
(from excited PTZSO:) electron transfer events. From Figure 5.14a, charge separation from both
the singlet and the triplet excited states was expected although the latter would be the primary
contributor. The transient spectra revealed a strong peak at 606 nm with small spectral shifts during

the course of the experiment. Since both 3PTZ" and PTZ"* signals are expected in this region, from
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the spectral trends, the presence of both 3PTZ" and PTZ'* at the earlier delay times and only PTZ"*
at the latter time was obvious. That is, >PTZ" and 3PTZSO," involvement in CS and not their singlet
excited states was obvious. Expectedly, 3PTZSO," peaks, expected in the 520, 600, 734, and 761
nm range (see Fig. 5.17b), were absent further confirming its involvement in the charge separation
process. The majority of the signal persisted beyond the 3 ns, the delay time of our instrument
setup, further supporting the CS process to originate from the triplet excited state. The data was
further subjected to global target analysis®®®” wherein both two-component fit (representing T1 >
CS) and three-component fit (representing S1 = T1 = CS) was applied. The lifetime of the long-
lived component, attributable to the CS state was 6.13 ns, however, this could be considered the
lower limit as much of the signal was still present.

Next, the push-pull systems derived from TCBD, PTS3, and PTS4, were investigated by
exciting the sample at 400 nm corresponding to the LE state. As shown in Figure 5.17b, at this
excitation wavelength, the PTZ" is expected to undergo 1SC to produce *PTZ" that would
eventually promote CT and CS states of triplet character. This seems to be the case in the data
shown in Figure 5.18. In the case of PTS3, the !PTS3" formed within about 2 ps revealed ESA
peaks at 535, 734, 758, and 898 nm (see Fig.5.18a). A negative peak at 456 nm representing SE
was also observed. decay/recovery of the ESA/SE peaks resulted in a spectrum with a peak maxima
at 637 nm attributable to *PTS3" state (see spectrum at 3.97 ps). The decay of this peak was
associated with a blue shift with a peak maxima at 601 nm. From the earlier discussed
spectroelectrochemical results on PTZ3, this could be attributed to the charge-separated state (both
oxidized and reduced PTZ3 had positive absorbance in this region as shown in Figure 5.18b.
Glotaran analysis was subsequently performed for a three-component fit representing S1 2> T1 2>

CS processes. The species-associated spectra (SAS) for each species are shown in Figure 5.18a
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middle panel while population kinetics are shown right the right-hand panel. The SAS spectra
closely resembled that expected for the given species. From population Kinetics data, the average
lifetimes for T, and CS were found to be 11.55 and 3.10 ns. Lifetime for the CS state was generally
higher than that reported for other donor-TCBD systems by us and others®®->® wherein singlet
excited state species were involved in promoting CS events. A similar trend representing S1 = T1
—> CS processes was observed in the case of PTS4 (see Fig. 5.18b) wherein the SAS spectra closely
resembled that expected for the given species. From population Kinetics data, the average lifetimes
for Ty and CS were found to be 9.52 ps and 5.22 ns. We also analyzed the data by a four-component
fit representing S; = T1 - CT > CS processes. However, both CT and CS were very close

suggesting these two processes occur almost simultaneously.
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Figure 5.18: Fs-TA spectra at the indicated delay times of (a) PTS3 and (b) PTS 4 at the excitation
wavelength of 400 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different species.
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Figure 5.19: Fs-TA spectra at the indicated delay times of (a) PTS5 and (b) PTS6 at the excitation
wavelength of 400 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different species.

Next, fs-TA studies on PTS5 and PTS6 carrying a much stronger electron acceptor
exTCBD were performed by exciting the samples at 400 nm representing LE excitation. The
energy diagram (Fig. 5.15) also predicted the possibility of CT and CS processes originating from
the 3PTZ" and 3PTZSO;" thus enhancing the lifetime of the CS products. Figure 5.19 shows the fs-
TA spectra at the indicated delay times, SAS, and population kinetics representing the S1 2> T1 2>
CS processes of these two compounds. Spectral appearance in the 800-1000 nm range suggests
the strong spectral overlap of different states including the CT state. Thus, the SAS attributed to
the T state could have contributions from the CT state also. Our attempts to separate these two
events were not fully successful. Importantly, the SAS representing the CS state clearly revealed
the expected near-IR peak of PTZ5" in the 1000-1400 nm range confirming its presence. The

lifetimes of the T1 and CS from population kinetics were found to be 14.22 ps and 3.23 ns for
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PTS5 and 15.13 ps and 2.26 ns in the case of PTS6. Due to the higher exergonicity of exTCBD
systems, faster CS events in PTS5 and PTS6 compared to PTS3 and PTS4 have been witnessed.
As discussed earlier, excitation of the PTS3-PTS6 corresponding to their CT state peak
position is expected to generate their corresponding !CT" states, viz., [PTZ-(TCBD- PTZSO2)% -
TCBD-(PTZ)*]" in the case of PTS3, Y[PTZ-(TCBD)?-(PTZS02-PTZ)%*]* in the case of PTS4,
YPTZ-(exTCBD-PTZS0,)*-(exTCBD-PTZ)%]" in the case of PTS5, and [(PTZ-exTCBD)%-
(PTZS02-PTZ)3]" in the case of PTS6, respectively (derived based on the location of the frontier
orbitals in Fig. 5.9). The !CT" states thus produced could undergo CS, especially in polar
benzonitrile utilized here, or relax to the ground state directly. If it undergoes the former process,
due to the singlet origin of the charge-separated product, the lifetime of such species would be
much shorter than that discussed earlier for the triplet state-originated charge separation. In order
to confirm this, fs-TA spectral studies on PTS3-PTS6, excited at their CT peak maxima, were
performed. Figure 5.20 shows data corresponding to PTS3 and PTS4 while Figure 5.21 shows that

of PTS5 and PTS6.
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Figure 5.20: Fs-TA spectra at the indicated delay times of PTS3 and PTS 4 at the excitation
wavelength of 555 nm corresponding to the CT state. The middle and right-hand panels show,
respectively, SAS and population kinetics of different species.
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Figure 5.21: Fs-TA spectra at the indicated delay times of (a) PTS5 and (b) PTS6 at the excitation
wavelength of 680 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different photo events.

As can be seen from the presented data, all of the photochemical events were completed
within about 80 ps for both TCBD or exTCBD bearing push-pull compounds, a good sign that
these are 'CT" = CS originated species. The SAS spectra attributed to the CS state matched closely
to the earlier discussed results when LE excitation was used, including the near-IR peak in the case

of PTS5 and PTS6 (see Fig. 5.21). The lifetime of the charge-separated states of singlet character

from the analysis of population kinetics was found to be 16.36 ps for PTS3, 15.15 ps for PTS4,
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19.9 ps for PTS5, and 21.6 ps for PTS6. It may be mentioned here that the spectra associated with
the charge-separated state appear slightly different due to different excited state species produced
at different wavelengths. These lifetime values are comparable to the lifetime of other Donor-
TCBD and Donor-exTCBD systems (Donor = electron-rich photosensitizer), reported earlier,30-%

all originating from their respective singlet excited states.

5.4  Conclusions

Extension of the lifetime of charge-separated states in strongly interacting push-pull
systems by making use of the triplet excited states formed with the choice of excitation
wavelengths has been successfully demonstrated. To accomplish this task, electron-rich
phenothiazine and electron-deficient phenothiazine sulfone were used to form the initial triad.
Several interesting properties, including mechanochromism, solvatochromism, and aggregation-
induced emission were observed in this triad. The introduction of stronger electron acceptors,
TCBD and exTCBD resulted in intramolecular charge transfer both in the ground and excited
states. The formation of high-energy triplet states (2.32-2.38 eV) of both phenothiazine and
phenothiazine sulfone was established from phosphorescence studies suggesting that they can
promote electron transfer resulting in long-lasting, charge-separated states of triplet character
irrespective of the nature of electron acceptors, PZSO, or TCBD/exTCBD due to thermodynamic
feasibility of such reactions. This phenomenon was possible to demonstrate using femtosecond
transient absorption spectral studies where excitation of the studied push-pull systems
corresponding to the locally excited state resulted in the formation of the triplet excited states of
the probes by intersystem crossing and due to their high energy, they were able to promote charge
separation. The lifetime of the charge-separated states was much higher than what would be

expected from their singlet excited state. Alternatively, excitation of the push-pull systems
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corresponding to their charge-transfer state also promoted charge separation but due to the singlet

character of the products, fast charge recombination was witnessed. The present study brings out

the significance of high-energy triplet states and excitation wavelength selection, the two key

parameters, in promoting and stabilizing charge separation in highly interacting push-pull systems.
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CHAPTER 6
SUMMARY AND FUTURE PERSPECTIVE DIRECTION
6.1 Summary

The escalating global energy demand and environmental impacts resulting from
nonrenewable fossil fuel usage have spurred the search for sustainable energy solutions. Artificial
photosynthesis, which efficiently harnesses solar energy, emerges as a promising strategy to
address rising energy needs and environmental concerns. The primary goal of artificial
photosynthesis is to develop innovative technologies that convert solar energy into electric current
or storable fuel energy, inspired by natural photosynthesis mechanisms. By understanding the
efficient light energy harvesting and charge separation processes in natural photosynthesis,
artificial photosynthesis aims to design molecular and nanohybrid systems to achieve clean,
affordable, and sustainable energy production. Investing in renewable energy infrastructure further
supports this endeavor, promising a future free from dependency on finite fossil fuels and a more
sustainable planet for humanity.

The dissertation focuses on exploring innovative molecular and supramolecular donor-
acceptor architectures, aiming to replicate the early stages of natural photosynthesis involving
charge and electron transfer events. Through ultrafast transient absorption spectroscopy, various
donor-acceptor systems were extensively analyzed to investigate their photochemical events. The
data analysis provided valuable insights into the subtle differences among donor-acceptor systems,
crucial for understanding natural photosynthesis and enhancing solar energy harvesting efficiency.
The work involves designing, synthesizing, and studying artificial photosynthesis systems to
harness light energy, with a key goal being the achievement of long-lived charge-separated states

through covalent interactions and multi-modular donor-acceptor systems with electron transfer
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processes. These advancements hold promise for developing renewable energy technologies like
photoelectrochemical devices, solar fuels, and solar catalysts.

Chapter 3 of the dissertation explores innovative donor-acceptor push-pull constructs with
a focus on a far-red absorbing sensitizer, azaBODIPY, as the electron acceptor. These push-pull
systems consist of different nitrogenous electron donors (N,N-dimethylaniline, triphenylamine,
and phenothiazine) connected through an acetylene linker. The investigation utilizes
spectroscopic, electrochemical, and computational methods to study the structural integrity and
photochemical events of these systems. Charge separation is confirmed through
spectroelectrochemical studies in polar solvents, indicating the presence of (azaBODIPY™") peaks
in the visible and near-IR regions. The synthesized push-pull systems exhibit panchromatic
absorption, resulting from intramolecular charge transfer and near-IR absorption from
azaBODIPY. Excited state electron transfer properties are explored using different techniques,
revealing efficient charge separation in various solvents. The charge-separated states show
lifetimes of 50-200 ps, depending on the donor's nature. The successful combination of high-
energy charge transfer states with near-IR sensitizers holds promise for optoelectronic
applications, opening up possibilities for novel multi-modular systems in energy and
optoelectronic research.

Continuing with the focus on novel push-pull systems, the subsequent part of this chapter
investigates combinations of triphenylamine-tetracyanobutadiene (TPA-TCBD) and azaBODIPY
to achieve efficient excited state charge separation for potential optoelectronic applications across
a wide optical range. These systems exhibit panchromatic light absorption by combining
intramolecular charge transfer with near-1R absorption. Electrochemical and computational studies

are used to visualize excited state events and determine energy levels. Femtosecond transient
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absorption (fs-TA) studies monitor charge transfer events, revealing the impact of solvent polarity,
linked CT entities, and excitation wavelength on the CS state lifetime. Remarkably, in compound
3, electron exchange between symmetrically attached TPA-TCBD entities extends the CS state
lifetime. The combination of TPA-TCBD with azaBODIPY creates a panchromatic light-
absorbing system. Spectroelectrochemical studies confirm the presence of different charge transfer
and charge separation states, allowing deduction of the charge-separated species' spectrum upon
one-electron reduction. The research demonstrates efficient charge separation upon near-IR or CT
excitation, suggesting potential applications in energy and optoelectronic systems.

Chapter 4 presents a series of push-pull systems (1-4) composed of triphenylamine (TPA)
and phenothiazine (PTZ) as donor molecules, along with a central electron acceptor, TCBD.
Control compounds (C1-C4) were synthesized to investigate the influence of terminal PTZ on
charge transfer events. These systems exhibited a broad intramolecular charge transfer band in the
visible-near IR region, resulting from strong push-pull interactions. Electrochemical studies
revealed multiple redox processes, while spectroelectrochemical analyses provided insights into
the spectral features of charge transfer species. Computational methods (DFT) were utilized to
visualize the charge transfer within different donor and acceptor entities. Excited charge transfer
was demonstrated through femtosecond transient absorption spectral studies. Notably, the
application of pump-probe spectroscopy followed by Global target analysis confirmed excited
charge transfer in the presence of PTZ, which effectively stabilized the charge transfer state. The
integration of computational methods and spectroscopic techniques contributed valuable insights
into the charge transfer processes, offering potential implications for advancements in light energy
conversion and optoelectronic devices.

The latter part of this chapter focuses on m-conjugated donor-acceptor chromophores and
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their properties, along with their applications in organic photovoltaics, molecular electronics, and
bioimaging. Star-shaped m-conjugated molecular systems are preferred due to their improved
solubility and reduced aggregation. The design flexibility of these systems allows for the
adjustment of electronic and photonic properties by modifying donor, acceptor, and n-spacer units.
Commonly used components in these systems are Triphenylamine and Tetracyanoethylene
(TCNE). This study addresses the challenge of achieving charge stabilization in donor-TCBD
systems. It presents the development of molecular donor-acceptor systems containing C3
symmetric central triphenylamine-derived dimethylamine-tetracyanobutadiene conjugates, which
promote charge transfer and extend absorption into the visible spectrum. The investigation
involves electrochemical analysis and manipulation of spectroelectrochemical data to determine
the charge transfer state's spectrum. The results demonstrate how electron exchange prolongs the
lifetime of charge-separated states, indicating a proposed and demonstrated charge-stabilizing
mechanism. The significance of these findings lies in enhancing our understanding of electron
transfer in multi-modular systems, which could have potential applications in optoelectronics. An
analogy is drawn to bacterial photosynthesis, where a similar electron exchange mechanism might
explain the preference for a bacteriochlorophyll dimer over a monomer as the primary electron
donor.

The main objective of Chapter 5 was to enhance the stability of donor-acceptor (DA)
structures, critical for developing advanced light energy conversion devices in artificial
photosynthesis, by increasing the lifetime of charge-separated (CS) states. This is especially
crucial when DA structures are closely spaced and strongly interacting. Dr. Rajneesh Misra and
his student designed new push-pull systems (PTS2-PTS6) based on a n-conjugated phenothiazine

sulfone (PTZSOy) framework and incorporated potent electron acceptors (TCBD and exTCBD) to
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modify their spectral and photophysical properties. The PTS2 system exhibited intriguing
characteristics such as solvatochromism, aggregation-induced emission, and mechanochromic
behaviors. Excitation wavelength played a significant role in charge stabilization, with LE peak
positions demonstrating notable effects compared to CT transitions. The bis-phenothiazine-
phenothiazine sulfone scaffold (PTZ-PTZSO:-PTZ) was designed to tackle rapid charge
recombination in multi-modular donor-acceptor (D-A) systems. To enhance charge transfer from
the triplet excited state of the electron donor (3PTZ") during the LE (locally excited) state
excitation, the scaffold incorporated TCBD (tetracyanobuta-1,3-diene) and exTCBD (extended
tetracyanobuta-1,3-diene) moieties. Phosphorescence studies revealed the formation of high-
energy triplet states at (2.32-2.38 eV) in both phenothiazine and phenothiazine sulfone, enabling
efficient electron transfer and resulting in long-lasting charge-separated states with triplet
character, independent of the electron acceptors used, due to thermodynamic feasibility.
Femtosecond transient absorption spectral studies demonstrated the formation of triplet excited
states via intersystem crossing, enabling effective charge separation and leading to significantly
longer lifetimes of charge-separated states than those from singlet excited states. However, charge
separation from singlet excited states exhibited rapid charge recombination. In conclusion, this
study underscored the importance of high-energy triplet states and excitation wavelength selection
as critical factors for promoting and stabilizing charge separation in highly interacting push-pull
systems.

This work's findings provide a valuable understanding of photochemical processes in
diverse donor-acceptor systems, facilitating informed design and synthesis of solar energy
harvesting devices, ultimately paving the way for a solar-powered future. The study highlights the

rapid charge transfer and light absorption properties of most push-pull systems across the visible
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and near-IR spectrum, indicating their potential application in optoelectronic devices, such as bulk

heterojunction solar cells, for enhanced light energy conversion.

6.2  Future Perspective Direction

The research presented in this dissertation paves the way for exciting future directions in
the field of optoelectronics and energy research. Building on the success of the donor-acceptor
push-pull systems investigated here, there are several promising avenues for further exploration.
First, the fine-tuning of these push-pull systems with a focus on achieving even longer charge
separation lifetimes could significantly enhance their efficiency for energy harvesting applications.
The research in Chapter 3, for instance, has already demonstrated efficient charge separation, but
the lifetimes of these separated charges vary depending on the donor molecule used. Future work
should aim to precisely control and increase these lifetimes, possibly by exploring different donor
molecules or modifying existing ones. Longer charge separation lifetimes are desirable because
they provide more time to capture and utilize the separated charges in various energy applications.

Furthermore, exploring the scalability and compatibility of these multi-modular systems
for real-world applications, such as solar cells or light-emitting diodes (LEDs), represents an
important next step. Integration with existing materials and technologies, as well as developing
novel device architectures, will be essential for translating these findings from the lab to practical
use. In addition, the potential for these systems to operate in diverse environmental conditions,
including different solvents and excitation wavelengths, should be thoroughly investigated. This
research could lead to the development of adaptable optoelectronic materials capable of efficient
charge separation under various circumstances.

Moreover, the environmental impact of materials and processes used in constructing light-

harvesting devices and LEDs are another vital aspect of future research. As concerns about
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sustainability and eco-friendliness continue to grow, rising the ecological footprint of artificial
photosynthesis technologies becomes increasingly important. Researchers should focus on
developing environmentally responsible approaches that minimize the environmental burden
associated with the production and operation of these devices, thereby aligning light energy
harvesting with the principles of green and sustainable technology.

Lastly, a promising avenue for improving energy conversion efficiency is offered by the
exploration of multi-exciton generation within donor-acceptor push-pull systems. The potential
for generating multiple electron-hole pairs from a single photon is being investigated, and
profound implications for enhancing the performance of energy conversion devices are witnessed.
By harnessing the phenomenon of multi-exciton generation, the quantum yield of these systems
can be significantly enhanced, making them more efficient in converting light energy into
electricity. Great potential for advancing the state of the art in light energy harvesting is held by
this area of research, and it should be pursued diligently in the future.

In conclusion, as the field of optoelectronics continues to evolve, interdisciplinary
collaboration between chemists, physicists, and engineers will be instrumental in harnessing the
full potential of these push-pull systems. Overall, the future of this research lies in expanding its
application scope, improving its efficiency, and addressing practical challenges to enable

innovative solutions in the realms of energy and optoelectronics.
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