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1. Introduction: Two important classes of molecules, such as thiophene (donor) and
perylene bisimide (PBIs) (acceptor), serve as the foundation for the current thesis.
Perylene bisimide is one of the most extensively studied fluorescent organic dyes.*! PBI-
based materials are chemically, thermally, and photophysically stable.[>*! The rich photo-
and electrochemistry provide a wide range of features to explore, such as visible light
absorption, tunable emission, and quantum vyield, and characteristic long-lived excited
states, as well as the ability to undergo efficient energy and electron transfer reactions,
making them ideal components in synthetic donor-acceptor assemblies.>®1 Hence, PBI-
based materials, to begin with primarily used as high-quality colorants in the pigment and
textile industry but recently found diverse applications in optoelectronic devices such as
organic solar cells (OSCs), light-emitting diodes (OLEDS), transistors, energy storage
devices, sensors, and lasers, etc.[>® Still there are new opportunities for PBIs to be more
functional. One among them is PBI-based functionalizable macrocycles. Donor-acceptor
linked -conjugated macrocycles are inspiring as modular building blocks for the
development of novel materials (1D and 2D polymers) and supramolecular structures that
allow both light harvesting and excitation energy transfer and electron transfer inside the
molecule's core.l’] The thesis entitled “New Molecular Designs for Donor-Acceptor
Strapped Macromolecules and Polymers of Perylenebisimide” explores new concepts in
macrocycles. The thesis is divided into four different chapters. In chapter 1, we describe
the nature of light harvesting, facts about the excited states, and intermolecular electronic
interactions. Additionally, a general overview of perylene bisimide molecules. Chapter 2
represent, Oligothiophene-Ring-Strapped Perylene Bisimides: Functionalizable Coaxial
Donor-Acceptor Macrocycles. Our macrocycle design with a supportive spatial
arrangement of the donor and acceptor units will urge more complex synthetic systems

with exciting electron transfer and charge separation features. In the following Chapter 3,
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the challenge that persisted in Chapter 2 was addressed. The design and synthesis of
Donor Strapped Perylene Bisimide Macrocycle and Lemniscate Dimer with Extended
Charge Separation is covered in Chapter 3, the new macrocycle design enables the
formation of higher analogs equally capable of stabilizing the charge-separated state. In
Chapter 4, we continue the discussion from chapters 2 and 3 and focus on Donor-
Strapped Perylene Bisimide Based Donor-Acceptor m-Conjugated Polymers and Larger
Macrocycles. This chapter covers the synthesis of two new alternate donor-acceptor
designs; donor-strapped acceptor polymer and a larger macrocycle of a donor-acceptor
macrocycle, exhibiting high solution processability.

2. Statement of a problem:

>

PBI-based n-conjugated macrocyclic compounds have been synthesized for the past few
years via Bauerle’s!*!! and Yamago’s*?l approaches. Interestingly, this methodology has
been utilized to create conjugated macrocycles.*>51 However, in those cases, yield is
significantly low for macrocycle formation through oligothiophenes.

Multi-gram synthesis is not feasible.

Wirthner and co-workers reported a donor-acceptor-based perylene bisimide macrocycle
containing an oligothiophene ring on the imide position that cannot be further
functionalized.

A new approach for the scalable synthesis of oligothiophene ring-strapped PBI-

macrocycle is still awaiting.

3. Objectives:

>

The aim of the thesis is to develop an effective method of synthesizing oligothiophene
ring-strapped PBIs on the bay position to overcome the low yield via FeCls mediated
oxidative coupling reaction and Glaser-Hay coupling reaction.

Our molecular design of the macrocycle points to the nearly orthogonal placement of
donor-acceptor units, facilitating exciting electron transfer and charge separation
features.

The synthesized oligothiophene ring strapped perylene bisimide macrocycles can be
further used as building blocks for the synthesis of corresponding monoimide-mono
anhydride and dianhydride macrocycles, and those will serve as a precursor for the

corresponding linear dimer and various 1D and 2D polymers, respectively.
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» To understand the transient absorption studies of donor-acceptor-based oligothiophene

strapped PBI macrocycles and their polymers.

4. Methodology and Results:
Chapter 2: Oligothiophene-Ring-Strapped Perylene Bisimides: Functionalizable

Coaxial Donor-Acceptor Macrocycles

Nature always inspires to draw new molecular and supramolecular designs to solve many
fundamental scientific challenges. For instance, the natural photosynthetic system having
long-lived charge separation (CS) is still a fascinating concept to mimic and realize in a lab.
The presence of an ordered molecular unit with optimized energy leads to efficient energy,
and electron-transfer (ET) processes urge the design of many synthetic analogues. A detailed
understanding of the topic revealed that the preferred orientation of chromophores in donor-
acceptor (D-A) assemblies support achieving long-lived CS. As a result, macrocyclic
structures have gathered special attention due to their unique structure and capability to place
chromophores in specific orientations, resulting in exciting optoelectronic properties.
However, the synthetic challenges limit the broad exploration of such systems. Hence, we
report the synthesis, crystal structure, and transient absorption of a new functionalizable
macrocycle consisting of oligothiophene-ring-strapped perylene bisimide molecules TSP1
and TSP2. Transient absorption features point to a sequential improvement in charge
separation from the macrocycle to the corresponding dimer (TSP1D and TSP2D) and 2D-
polymer (TSP-2DP) due to the distinct macrocycle design.

OligothiophenelRingiStrappediRelylenebisimidelViacrocycle

Tes=3.1ps T = 0.1 ps
Tpe = 245 ps (100%) Tpe = 105 ps (87.9%), 840 ps (12

Precise positioningrand frdonor and acceptor leads
1 Crdnsite . ) E \ ) > »;".‘.. k‘lmi..t&" '3

Figure 1. The schematic shows the correlation between the chemical structure and the TA

results.
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Measurements revealed that precise positioning and preferred orientation of donor-acceptor
units in the three-component 2D-polymer resulted in fast charge separation (zcs ~ 0.1 ps and
kes ~ 10 x 102 S1) and stabilized the charge-separated state (zcr ~ 105 ps (87.9 %) and 840
ps (12.1 %)) (Figure 1).

5. Summary: In conclusion, a new macrocycle with perylene bisimide perpendicular to the
strapped oligothiophene ring is synthesized and studied for its ET properties by TA. A nearly
orthogonal orientation of the D-A units in the macrocycle, confirmed by single-crystal X-ray
analysis, results in an ultrafast ET and stabilization of the CS state for a longer duration. The
unique macrocycle design achieved by the bay functionalization of PBI enabled the
development of the corresponding linear dimer and 2D polymer. Precise positioning of the D-
A units in the macrocycle prevents strong direct intermolecular interactions through z-z
stacking and slows down the charge recombination process. Hence, the presence of coaxial
thiophene-PBI macrocycle along with a second triphenylamine donor in the three-component
2D-polymer facilitates efficient CS and its stabilization. In short, a molecular design-assisted
control over the excited-state charge separation and its stabilization is demonstrated. Such a
nature-inspired synthetic route toward complex structures could lead to new materials for

artificial photosynthesis and organic electronics.

Chapter 3: Donor Strapped Perylene Bisimide Macrocycle and Lemniscate Dimer with

Extended Charge Separation

Macrocyclic structures are fascinating due to their unique design and capability to place
chromophores in specific orientations, resulting in exciting optoelectronic properties.
However, the synthetic challenges limit the broad exploration of such systems. Herein, the
continuation with chapter 2, we report a diacetylene-thiophene-ring strapped perylene
bisimide macrocycles such as SP1, SP2 and SP2D and its notably different electron transfer
features. Single-crystal analysis of the macrocycle points to the nearly orthogonal placement
of donor-acceptor units, facilitating better electronic communication between them.
Interestingly, introducing an alkyl substituent on the peripheral thiophene ring opened the
possibility of forming a higher oligomer macrocycle consisting of multiple strapped perylene
bisimide units. Diffusion and two-dimensional NMR experiments provided insight into the
structure of the figure-eight-shaped lemniscate dimer. Transient absorption measurements

showed faster electron transfer and extended stabilization of the charge-separated state. The
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thiophene-diacetylene-based ring is a better donor unit to facilitate rapid electron transfer and
long-lived charge separation in the macrocycle and its lemniscate dimer. The new macrocycle
design enables the formation of higher analogs equally capable of stabilizing the charge-

separated state.
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Multicomponent Macrocycles offers precise positioning and orientation of donor and acceptor units
facilitating rapid electron transfer and long lived charge separation
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Figure 2. Chemical structures of donor strapped perylene bisimide macrocycle

5. Summary: In conclusion, we describe the synthesis, crystal structure, and transient
absorption studies of novel thiophene-diacetylene strapped perylene bisimide macrocycles.
Single-crystal X-ray analysis shows the preferred perpendicular orientation of the planar
perylene bisimide inside the thiophene diacetylene ring. The presence of an alkyl chain on the
thiophene ring enables the formation of higher oligomers such as a dimer, trimer, and
tetramer. Transient absorption studies point to the stabilization of the charge-separated states
due to the unique macrocycle design. Though the placement of chromophores in the preferred
orientation in macrocycles is challenging, here, it is achieved through a unique molecular
design. Hence, it supports the electronic communication between the donor-acceptor units in
the molecule and enables fast electron transfer. Besides, it results in the formation of a higher
analog, figure-eight-shaped lemniscate dimer with similar electron transfer and stabilization
of the charge-separated states. The concept of functionalizable macrocycles offers the
inclusion of multiple donor-acceptor units in a single system and, at the same time, delivers
exciting electron transfer features due to the unique positioning in the macrocycle. Such
larger multicomponent macrocyclic systems are of fundamental importance and pave the way

for futuristic applications.
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Chapter 4: Donor-Strapped Perylene Bisimide Based Donor-Acceptor z-Conjugated
Polymers and Larger Macrocycles.

Over the past decade, significant developments have been achieved in understanding the
structure-function correlations determining material performance in organic electronics.*¢! 7-
conjugated polymers and small molecules, which can be solution-processed over large-area
substrates, are essential building blocks in developing printed light-harvesting technologies
and mechanically conformable circuit logics.[*®1"1 Consequently, high-throughput processing
techniques, including spin coating, inkjet printing, gravure printing, and flexographic
printing, can be used to create these devices on flexible substrates.[*’l Recently, optoelectronic
devices based on conjugated polymers are an effective alternative to microelectronics based
on inorganic materials because of their affordability, lightweight, broad absorption of light,
high charge carrier advantages, mobilities, and flexibility.[*8 Therefore, conjugated polymer-
based organic light-emitting diodes (OLEDSs), organic photovoltaic cells (OPVs), and organic
field-effect transistors (OFETSs) are slowly but surely making their way onto the market.[*81°
In this context, we continue with the similar molecular components from chapters 2 and 3 in
the final Chapter 4.

Donor-Strapped Perylene Bisimide Based Donor-
Acceptor m-Conjugated Polymers and Larger Macrocycles

N

Hanging Polymer Macrocycle of a Macrocycle

Figure 3. Perylene bisimide based donor-acceptor m-conjugated polymers.

In light of the above discussion, we have designed, synthesized, and characterized four novel

polymers (P1-P4) embedding a perylene bisimides (PBIs) acceptor along with the donor

2023-Ph.D.Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 20



Synopsis Report

segments by changing the orientation of thiopheneacetylene and bithiophene moieties as a
spacer with respective to PBIs. Our strategy synthesized a two-hanging and two-linear
extended m-conjugated copolymer based on donor and accepter unit via Hay-Glaser and
oxidative coupling reaction. For improved solubility, we have inserted a long branched alkyl
chain into the PBI unit and a Cs alkyl chain into the thiophene and bithiophene groups. The
structural architecture allowed for easy tuning of the energy levels of the resultant polymers.
All polymers exhibited excellent thermal, electrochemical, and photostabilities and high
solubilities in dichlorobenzene, CHCIs, THF, and chlorinated aromatic solvents. Applying
these electron acceptor polymers combined with suitable donor polymers to electron mobility

was also investigated.

5. Summary: In summary, we successfully synthesized and characterized four alternating D-
A m-conjugated polymers using PBI as the "acceptor" unit and thiophene as the "donor™ unit.
The synthetic difficulties in developing these highly electron-deficient PBI-based polymers
were successfully overcome via Hay-Glasear and Oxidative coupling reaction at room
temperature, greatly enlarging the library of bay functionalized n-conjugated materials. All
synthesized polymers are readily soluble in chloroform, THF, CH2Cl,, and chlorobenzene
solvents and can readily be processed by solution-casting. These studies set molecular design
guidelines for the subsequent generation of D-A conjugated polymers by illustrating clearly
the connection between the polymer's backbone structure and the length of the polaron
delocalization.

6. Future directions: Macrocycles have gathered exceptional attention due to their unique

structure in which one can place chromophores in specific orientations, to achieve exciting
optoelectronic properties. Such aesthetic molecular designs inspired by natural assemblies
will deliver efficient donor-acceptor systems for advanced applications. Here, we desing and
synthesized the Oligothiophene-Ring-Strapped Perylene Bisimides: A Functionalizable Co-
axial Donor-Acceptor Macrocycle (Chapter 2) showed a molecular design-assisted control
over the excited-state charge separation and its stabilization is demonstrated. Continution to
previous chapter, we synthesized anather rigid mactrocycles. The molecular structure of the
macrocycle with the diacetylene-thiophene-ring- strapped perylene bisimide is discussed here
(Chapter 3). As a result, it facilitates electronic communication and allows fast electron
transfer between the donor and acceptor units of the molecule. Such a nature-inspired
synthetic route toward complex structures could produce new materials for artificial

photosynthesis and organic electronics. As described in Chapter 4, perylene bisimide-based
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donor-acceptor m-conjugated polymers have great attention because of their potential for use

in low-cost, lightweight, solution-processable and flexible large-area panels. Due to this, an

alternating copolymer of perylene bisimide and bithiophene building blocks will promise

electron-transport materials for n-channel OFETSs, organic solar cells and electron-transport

materials for TA.
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Chapter 1: Sectiom 1
Nature Insights: Photoexcited State

Proeresses in Molecular Assemblies
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Chapter-1 Section: 1 Introduction of Nature and Artificial Photosynthesis

1.1.1. Introduction

In biological molecules, the transport of electrons has spurred innovative and enthusiastic ideas
for developing chemical systems with similar performance. In photosynthesis, two
thermodynamically challenging processes - 1) water oxidation and 2) carbon dioxide reduction -
are carried out by combining light harvesting, separation of photoinduced charges, and
catalysis.[*?l Moreover, photo-driven electron transfer (ET) in natural and synthetic donor-
acceptor (D-A) motifs has garnered much attention because of its importance in complex
biological processes such as photosynthesis,’? as well as solar light harvesting,®! and its
implications in the development of novel molecular machines for efficient light-to-energy
conversion. However, numerous researchers are exploring new approaches to the fundamentals
of electron-transfer reactions in streamlined model systems due to the significance and
complexity of these activities in nature. This research has mainly focused on exploring
photoinduced charge separation processes as a method of absorbing and storing solar energy.[“
The long-term objective of this study is to achieve sufficiently sophisticated knowledge of
photoinitiated electron transfer processes to develop laboratory systems for transforming solar
energy into chemical potential.*%1 A key source of inspiration for the invention of artificial
photosynthetic systems is the molecular mimicry of natural photosynthesis, in which successive
energy and electron transfer cascades promote long-lasting charge separation (CS) with 100%
efficiency.>"

Hence to study in detail and to investigate how the distance and orientation of donor-acceptor
units, electronic coupling, and free energy of the reaction affect the electron-transfer rate
constants, synthetic D-A units have been designed.[®! The components required for bio-inspired
units involving photochemical solar energy conversion are high electronic absorptions that cover
the solar spectrum, ease of synthesis, and stability. As in photosynthetic reaction center proteins,
multicomponent D-A units that work in multistep charge-separation reactions are well suited for
the production of long-running charge-separated states.[®*1 Modern molecular scale applications
in optoelectronics, photonics, and semiconducting might be affected by progress in research

aimed at removing barriers in this area.
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1.1.2. Natural Light Harvesting

In most photosynthetic organisms, light harvesting is a very effective process. Particularly well-
tuned mechanisms are the first stages of photosynthesis's light phase, the capture of light quanta,
and the fundamental charge separation process.>”1 The quantum efficiency of these fundamental
processes occurring within the photosystems in plants is remarkable, achieving 80% and 100% in
photosystems 11 and I, respectively.l®) One of the best examples of the effective use of solar
energy in nature is the light-collecting process used by photosynthetic bacteria, algae, and
plants.’@  Globally, the photosynthetic mechanism converts energy from sunlight into a proton
descent over the cellular membrane that drives a variety of chemical activities necessary for the
efficient conversion of light into biomass at a rate of 1.2 x 10*! terawatts (TW) per year (about

50 times the energy consumed by humans).110-42]
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Figure 1.1.1. Light-dependent reactions of photosynthesis at the thylakoid membrane

The process of turning sunlight into chemical energy takes place in and around the thylakoid
membranes of all organisms that engage in oxygenic photosynthesis and is referred to as the
"light reactions” (Figure.1.1.1). During the water oxidation into oxygen, oxygen evolving
complexes (OEC) present in photosystem Il (PSII) combine with the holes. Ferredoxin NADP+

reductase in photosystem | (PSI) absorbs the protons and electrons produced by water oxidation
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to make NADPH. Nature has created intricate biological material that will transform carbon

dioxide gas into carbohydrates for CO fixation (Figure 1.1.1).[1011]

1.1.3. Artificial Photosynthetic Systems

From a future point of view, the development of reusable energy sources has become crucial for
our planet. Traditional energy sources, including nonrenewable energy sources, were utilized in
various industries. Fossil fuels would eventually run out since they are a limited resource. Solar
energy is a renewable, non-depletable resource that meets about 10000 times the daily world
energy consumption. Therefore, if solar energy can be captured and used effectively, it can
supply all of our energy needs.[*% Solar energy harvesting, charge separation, and redox reactions
The three main solar energy conversion processes such as solar energy harvesting, separation of
charges, and oxidation-reduction reactions are mainly used in solar energy conversion processes,
and they are all extremely effective.[!012] Thus, "artificial photosynthesis" has emerged as an
interesting field of research in the upcoming years. It focuses to understand these processes in
plants and other organisms involved in photosynthesis and to imitate their mechanism of solar-
energy conversion in similar man-made models and systems, without compromising on

efficiency level for scale-up application. 53

1.1.3.1. Designing Artificial Photosynthetic Systems

The fundamentals of photosynthesis are utilized to develop artificial photosynthesis for the
production of solar fuels, including a) effective solar harvesting; b) the generation of CS states;
and c) water splitting, hydrogen and oxygen gas as well as carbon dioxide fixing into high value-
added products like CHs, CH3OH, HCOOH, etc. (Figure 1.1.2).120181  These are three basic
pathways of photo electrolysis (PE),[**l which uses electrodes with extra electrical energy called
photocatalysts, photovoltaic electrolysis (PV),*%! which uses solar energy cells to power an
electrolyzer, and photocatalysis (PC), which alters the rate of a photoreaction.l*®! This concept
presents some fundamental understandings for developing artificial photosynthesis. For
constructing a promising artificial photosynthesis system, we need to pay particular attention to
five essential aspects, as shown in Figure 1.1.2) Catalyst development is essential for using
stable, affordable, and abundant materials on Earth as photocatalysts across the entire solar
spectrum. 2) Manufacturing devices, taking scale-up applications into account, especially from a

system engineering perspective. 3) Designing device architecture; which is essential for
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improving photocatalytic activity.[!®) 4) Exploration of mechanisms; the novel, recently
discovered mechanisms that are significant and helpful will be represented in addition to
previously established ones. Photoreduction of CO, is challenging.[!”) 5) Theoretical
investigations; Computational research is a useful tool for understanding the oxidation-reduction
properties of photocatalysts, including band gap, group-edge orientations, optical absorbance,
and so on. Thus, when combined with experimental techniques, high-throughput computational
calculations may quickly be able to anticipate both favorable and unfavorable candidates, which

can speed up the discovery of potential photocatalytic applications. !
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Figure 1.1.2. a) From natural to artificial photosynthetic systems, generalized schematic
illustration of AP. WOC = water-oxidation catalyst, HEC = H; - evolution catalyst, CRC = CO- -
reduction catalyst. b) Schematic illustration of the five important aspects for artificial

photosynthetic systems.

1.1.3.2. Comparison of Natural and Artificial Photosynthesis

In biological systems, energy is captured during photosynthesis in the form of excited molecular
states. When these excited states reach reaction sites, the excitons is divided into a hole and an
electron via electron transfer to a specific molecular electron acceptor. The excited states then
travel through molecules until they reach their destination. This splitting of the exciton process
results in a maximum energy loss of ~ 200 mV, which is far less than what it costs to split the
exciton in solid-state silicon-based devices (Figure 1.1.3).[*% In these systems, specific chemical

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 28



Chapter-1 Section: 1 Introduction of Nature and Artificial Photosynthesis

species transport electrons, like the Quinone and Cytochrome, shuttles functioning in the electron
transport chain of photosynthetic and mitochondrial membranes.[**2 Precise molecular
identification is utilized in photosynthesis and oxidative phosphorylation to prevent undesirable
side reactions and "short circuits" and direct electrons to the precise locations required for the
intended biochemical reaction. Molecular recognition serves as the biological equivalent of the
wires in human-engineered systems and is a vital aspect of their operation. Furthermore,
biological systems normally function at ambient pressures and temperatures, with a pH close to
neutral, while utilizing only abundant earth resources. Future developments in the transmission
of energy in technology will be motivated by these unique biological characteristics.**! In
contrast to biological systems, technological systems use electromotive force (emf) to move
electrons down a wire.[*41%1 The direction of electron flow is determined by the electrical circuit
rather than molecular recognition. As demonstrated by the electronics industry, modern
technologies are capable of building very complicated circuits that deliver electrons to precise
locations.™™®) However, advanced semiconductors are still unable to match the atomic-scale
accuracy found in biological 'circuits.” Similarly, technological systems can still not benefit from
some of the most remarkable features of biology, such as proton motive force (pmf) driven
reactions, precise control of proton activity, and three-dimensional catalyst structures. [14¢160.19]
Considering these aspects, there is much to learn and be inspired by nature. Humans can now
manipulate matter on a scale comparable to that of the biological mechanism of life because of
recent developments in nanotechnology.[*®  As this science develops, it can be possible for
technology to create intricate, self-assembling, self-repairing materials that have traditionally
been the domain of biological systems. The creation of artificial systems will be guided by
the fundamental design principles derived from in-depth knowledge of natural systems.™*l The
study of artificial systems, on the other hand, will increase our knowledge or understanding of

complicated biological machinery and ultimately our ability to regulate it.
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Figure 1.1.3. Schematic illustration of the key steps in natural and artificial photosynthetic

systems.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 30



Chapter-1 Section: 1 Introduction of Nature and Artificial Photosynthesis

1.1.4. References

1
2
3
4.
5
6

10.

11.

12.

13.

14.

M. R. Wasielewski, J. Org. Chem. 2006, 71, 5051-5066.

H. B. Gray, J. R. Winkler, Chem. Phys. Lett. 2009, 483, 1-9.

D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40-48.

M. R. Wasielewski, Acc. Chem. Res. 2009, 42, 1910-1921.

M. R. Wasielewski, Chem. Rev. 1992, 92, 435-461.

T. Mirkovic, E. E. Ostroumov, J. M. Anna, R. van Grondelle, Govindjee, G. D. Scholes,
Chem. Rev. 2017, 117, 249-293.

G. Kodis, Y. Terazono, P. A. Liddell, J. Andréasson, V. Garg, M. Hambourger, T. A.
Moore, A. L. Moore, D. Gust, J. Am. Chem. Soc. 2006, 128, 1818-1827.

S. Fukuzumi, K. Ohkubo, T. Suenobu, Acc. Chem. Res. 2014, 47, 1455-1464.

Y. Wang, B. Tang, S. Zhang, RSC Adv. 2012, 2, 5964.

a) M. Hambourger, G. F. Moore, D. M. Kramer, D. Gust, A. L. Moore, T. A. Moore, Chem.
Soc. Rev. 2009, 38, 25-35; b) Y. Tachibana, L. Vayssieres, J. R. Durrant, Nat. Photonics
2012, 6, 511-518; c¢) H. Zhou, R. Yan, D. Zhang, T. Fan, Chem. Eur. J. 2016, 22, 9870-
9885; d) M. Antonietti, Angew. Chem. Int. Ed. 2013, 52, 1086-1087.

J. Striimpfer, M. Sener, K. Schulten, J. Phys. Chem. Lett. 2012, 3, 536-542.

Mirkovic, T.; Scholes, G. D., Photosynthetic Light Harvesting. in Photobiology: The
Science of Light and Life, Bjorn, L. O., Ed. Springer New York: New York, NY, 2015; 231-
241.

a)T. Faunce, S. Styring, M. R. Wasielewski, G. W. Brudvig, A. W. Rutherford, J.
Messinger, A. F. Lee, C. L. Hill, H. deGroot, M. Fontecave, D. R. MacFarlane, B.
Hankamer, D. G. Nocera, D. M. Tiede, H. Dau, W. Hillier, L. Wang, R. Amal, Energy
Environ. Sci. 2013, 6, 1074; b) S. S. Mao, S. Shen, Nature Photon 2013, 7, 944-946.¢) T. R.
Anderson, T. A. Slotkin, Biochem Pharmacol 1975, 24, 1469-1474; d) M. D. Karkas, O.
Verho, E. V. Johnston, B. Akermark, Chem. Rev. 2014, 114, 11863-12001; e) D. Kim, K. K.
Sakimoto, D. Hong, P. Yang, Angew. Chem. Int. Ed. 2015, 54, 3259-3266.

a) K. Sivula, F. Le Formal, M. Grétzel, ChemSusChem 2011, 4, 432-449; b) A. Paracchino,
V. Laporte, K. Sivula, M. Grétzel, E. Thimsen, Nature Mater 2011, 10, 456-461; c) M.
Woodhouse, B. A. Parkinson, Chem. Soc. Rev. 2009, 38, 197-210.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 31



Chapter-1 Section: 1 Introduction of Nature and Artificial Photosynthesis

15.

16.

17.

18.

19.

a) M. Graetzel, R. A. J. Janssen, D. B. Mitzi, E. H. Sargent, Nature 2012, 488, 304-312; b)
O. Khaselev, J. A. Turner, Science 1998, 280, 425-427.

a) K. Maeda, K. Domen, J. Phys. Chem. Lett. 2010, 1, 2655-2661; b) T. Hisatomi, J. Kubota,
K. Domen, Chem. Soc. Rev. 2014, 43, 7520-7535; ¢) S. J. A. Moniz, S. A. Shevlin, D. J.
Martin, Z.-X. Guo, J. Tang, Energy Environ. Sci. 2015, 8, 731-759; d) K. Maeda, K.
Teramura, D. Lu, T. Takata, N. Saito, Y. Inoue, K. Domen, Nature 2006, 440, 295-295.

a) S. J. Hamrock, M. A. Yandrasits, Journal of Macromolecular Science, Part C: Polymer
Reviews 2006, 46, 219-244; b) B. C. H. Steele, A. Heinzel, Nature 2001, 414, 345-352.

W. J. Jo, H. J. Kang, K.-J. Kong, Y. S. Lee, H. Park, Y. Lee, T. Buonassisi, K. K. Gleason,
J. S. Lee, Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 13774-13778.

BESAC Subcommittee on Grand Challenges for Basic Energy Sciences, Directing Matter
and Energy: Five Challenges for Science and the Imagination, US Department of Energy,
2007.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 32



Chapter-1 Section: 2 Progress in the Synthesis of Perylene Bisimide dyes

Chapter 1: Section 2

Progress in the Synthesis of Pervlene

Bisimide dves

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 33



Chapter-1 Section: 2 Progress in the Synthesis of Perylene Bisimide dyes

1.2.1. Introduction

The development of scientific and industrial dyes and pigments has given much attention to
dyestuffs based on perylene tetracarboxylic acid bisimide or perylene bisimide.? PBIs are
among the most well-known members of the polyaromatic hydrocarbon family, much as
porphyrins, cobalamins, and phthalocyanines, which are significant representatives of the
tetrapyrrole color class.’) Moreover, PBIs are a preferred chromophore due to their excellent
chemical and thermal stability, wide spectrum of visible light absorption, and distinctive
electrochemical properties. This remarkable function of PBIs has evolved not only due to their
characteristics but also as an outcome of the phenomenal advancement in synthetic chemistry for
these classes of dyes, particularly in the recent decade. PBIs are currently the focus of intensive
research in the field of functional organic optoelectronics materials, initially being utilized only
as red pigments and commercial pigments. In light of this, while the first 70 years of PBI
research were devoted to changed imide substituentst® (regulate their solubility), which is
essential to achieve the desired color, functionalizations of the electron-withdrawing aromatic
core (bay as well as ortho sides) were only addressed relatively to modify the fluorescence and
redox properties. 34 It has taken another 20 years to develop synthetic methods to functionalize a
specific area of the PBI aromatic ring. This study was driven by the use of PBIs in electronic
devices, solar energy systems, photonics, and as substrates for supramolecular photosystems.

1.2.2. Core-substituted Perylene Bisimide

As can be seen in Figure 1.2.1, which describes the structure of perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA), It is regarded as the parent molecule of this class of basic PBI dyes, with
the different location indicated with numbers. Modification of substituents in the imide N,N'-
region and the 1, 6, 7, and 12 regions of the hydrocarbon core (“bay” region) and 2, 5, §, and 11
regions of the hydrocarbon core (“ortho” region) has resulted in PBIs with various chemical and
physical properties.*®! According to the distributions of the HOMO, LUMO, and theoretical
studies, clearly shows that there is no electronic connection between the PBI core and any of the
substituents linked to the imide nitrogen. (681 As a result, the imide substituent has a very small
impact on the LUMO energy level, which is unaffected by the corresponding alkyl or aryl
functional group, and this impact is observed in the absorption spectrum of dichloromethane is
placed at 524, and 527 nm.[°®! The perylene "ortho" positions 2, 5, 8, and 11 are now
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functionalized using a wide range of methods, including arylation and alkylation,%
borylation,[** hydroxylation, ™1 halogenation,*? cyanation,*? and amination.[*¥! It is interesting
to note that while some of these substituents significantly reduce the fluorescence quantum
yields, others have little effect on the region of the absorption max. (505 nm for tetra-chlorinated
derivatives, 512 nm for tetraminated derivatives, and 520 nm for tetracyanated derivatives),

somewhat dissimilar from those for the corresponding bay-functionalized regioisomers.

(0] o]

"Imide" — Position

Functionalization N N_o
(o) o)

"ortho" — Position
Functionalization

"bay" — Position
Functionalization

"N" = imide-positions
O = bay-positions
Q = ortho-positions

Figure 1.2.1. Chemical modification of PBIs

1.2.3. Perylene Bisimide

Perylene, a stiff polycyclic aromatic structure, is functionalized at the 3,4- and 9,10-peri-region
containing two biscarboxylic acid imide groups is what gives PBI their adaptability for such a
wide and varied range of applications (Figure 1.2.1 and 1.2.2). The strong conjugation occurs
between the electron-donor perylene core and the effective electron-acceptor imide group (A-D-
A scaffold) increases the PBI absorption spectrum band from 435 to 525 nm (Figure 1.2.2).168]

Still, the aromatic scaffold's characteristic vibronic progressions are virtually intact. The mirror

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 35



Chapter-1 Section: 2 Progress in the Synthesis of Perylene Bisimide dyes

image fluorescence of PBI chromophore, with a luminescent quantum yield of (nearly), is one of
its most prominent features.[®! High luminescent quantum yields for PBIs have been reported in
all widely known solvents, namely alkyl, heterocyclic, chlorinated, and polarisation solvents.P!
This chromophore is remarkable for a variety of applications, the most significant of which are
red shade color pigmentst* and light emitters, including for single molecule spectroscopy.*4 It
exhibits strong temperature, chemical, and photochemical persistence. Due to the electron-
deficient nature of the m-conjugated framework, which makes it highly resistant to the oxidation
process and other decomposition mechanisms, this dye has an incredibly high degree of stability.
The properties of the electron-deficient material are confirmed by experiments involving cyclic
voltammetry. According to CV results, all PBIs-based materials have two reversible reduction
peaks around -1.0 V and -1.2 V in dichloromethane solvent v/s the ferrocene/ferrocenium redox
potential (Figure 1.2.2).I"1 The electronic properties of PBIs, such as energy levels and redox
potentials, are typically not significantly affected by functionalized at the two imide region. As a
result, molecule absorption and emission characteristics are not significantly altered. This is
because, as shown in figure 1.2.2.158 The HOMO and LUMO orbital nodes are located in the
imide region. Unlike fullerenes, air-stable organic semiconductor devices with significant
electron mobility can be created by modifying the packing arrangement and the placement of the
LUMO level. The latter was accomplished by simply substituted at the ortho- or bay-region of

the PBI aromatic core with the different functional chromophores.!

1.2.4. History

The PTCDA was initially discovered in the early 1910s (Figure 1.2.1).["151 PTCDA is the
starting material for synthesizing PBI derivatives in research and industry. As per Scheme 1.2.1,
PTCDA is commercially produced by oxidizing acenaphthene to obtain naphthalene
monoanhydride (NMO), which is subsequently subjected to ammonium hydroxide to obtain
naphthalene monoimide (NMI). At 200 °C, the naphthalene imide molecules were reacted with
potassium hydroxide to produce perylene-3,4,9,10-tetracarboxylicdiimide (PTCDI). Finally,
PTCDA is obtained when concentrated sulfuric acid is used to hydrolyze PTCDI at a temperature
of about 220 °C. PTCDA can react with different alkyl amines or aromatic amines can yield
soluble symmetrical organic PBI with high melting temperatures and high yields, which is useful

in the color and dyestuff industries.!?! colorant red 179, also known as dimethyl substituted PBI,
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was initially reported in 1913 and is primarily utilized as an industrial pigment.[2 Chemical,
thermal, optical, and weather stability are all outstanding attributes of these pigments.[>7]
Furthermore, after painting on plastics and glass, PBI-based paints have great migration stability

and can be quickly overcoated onto other painted surfaces.

Absorbance (a.u.)
(‘'n-e) Ayisuajuj

400 450 500 550 600 650 700
Wavelength (nm)

- — |
bz (1
AR R AR

15 10 -05 00 05 1.0
E/V vs. Fc/Fc'

LUMO HOMO

Figure 1.2.2. Typical functional properties of PBIs, UV/vis, fluorescence spectrum (solution and

solid state), cyclic voltammogram, and HOMO and LUMO orbitals. €]

As a result, various PBI analogs have been produced and used commercially since the early
1950s, including colorant red 179, colorant red 178, and colorant red 149 (Figure 1.2.3). colorant
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red 149 is yellow-shaded, while colorant red 178 and colorant red 179 are blue-shaded red

dyes.[>71 PBI-based colorants are now primarily utilized in textile applications and high-quality

industrial paints, especially for such automobile and carpet industries. The color's excellent

quality and stability compensate for their comparatively expensive cost.

Acenaphthylene

K2Cf207
—_—
AcOH

o‘o

(PTCDI)

o._N__oO

NH,OH
- O
NMI
0._0._0
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Scheme 1.2.1. Synthesis of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
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Figure 1.2.3. The chemical structure of three PBIs primarily used in industrial pigments.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR

Page 38



Chapter-1 Section: 2 Progress in the Synthesis of Perylene Bisimide dyes

1.2.5. Molecular Synthesis of PBIs
1.2.5.1. Imidization

The corresponding PBIs derivative is obtained in a condensation reaction between perylene
anhydride with an alkyl-amine and aromatic aniline, which is generally a high yield.[’? Although
recent work on PBIs for optoelectronics, photocatalytic processes, and supramolecular structure
demands soluble PBIs materials in common organic solvents, the colorant industry still needs
poorly soluble and high melting PBI-based materials. As a result, synthetic approaches for highly
soluble PBIs based on functionalized at the imide region have been developed. Solubilizing
groups such as aliphatic and aromatic amines inserted at the PBI imide region were a widely
used method for organic soluble symmetrical PBIs, reported by Langhals and coworkers in the
1990s as shown in Scheme 1.2.2.6%1

R |
N_O 0g 0.0 o

R
(o} N (o]
O‘O R-NH,, Zn(OAC), O‘e R-NH,, Zn(OAC), OO Oe R NH2 OO
Imidazole/quinoline Imidazole/quinoline t-BuOH ‘ |m|dazole ‘
>160 °C >160 °C Zn(OAC),

07 "N 70 0”7 70" ~o [o) |
R PTCDA
Symmetrical PBI Unsymmetrical PBI

: o] o] :
R—N O.O N-R; : R= bulk groups:

PBIs (R=R1=R2=R’)

O o _ T R1 =nCqoHz

: : R= branched side-chains:
"""""""""""""""""""" ’ R1 = 0-nCyyHys
R= flexible side-chains: m

\/\ R=

U e

Scheme 1.2.2. Synthesis of symmetrical and unsymmetrical PBIs with different parent groups on

each imide position.

Long alkyl chains with central positions connected to the perylene imide nitrogen which are
remarkably efficient solubilizing groups because the bulky substituents are pushed away from
the plane of the PBI dye molecule, restricting the stacking of the PBI moiety. The imide
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substituted aliphatic and aromatic PBI compounds show excellent solubility in halogenated
solvents. It is the conventional route to produce soluble symmetrically N,N'-substituted PBIs by
the condensation reaction of perylene dianhydride with alkyl or aromatic amines, in presence of
imidazole or quinoline as a solvent, zinc acetate as a catalyst, heated at above 150 °C. The
isolated yields often exceed 90%, and The products are simple to purify. (Scheme 2).[:%%]

There have also been reports on asymmetric PBIs with different functional groups on each imide
region. Because of divergence in amine reactivity with perylene anhydride, attempts to produce
compounds of this form by adding two different amines simultaneously or sequentially to
PTCDA are typically unsuccessful. Only lower yields of the desired products are usually
obtained, with the two symmetrical PBIs being the dominant species. One approach (Scheme
1.2.2) works on the partial hydrolysis of symmetrical PBIs to perylenemonoimide
monoanhydride molecules, which yields around 50%. The required asymmetrical PBI is obtained
by imidization of the mixed imide-anhydride with a second amine or aniline.[*®! Later, studies on
the alkaline hydrolysis of symmetrical PBIs molecules to gave perylenemonoimide
monoanhydride molecules, which yields about 50%. The required asymmetrical PBI is obtained
by condensation of the mixed perylene imide-anhydride molecules with a different alkyl or

aromatic amine or aniline.[®!

1.2.5.2. Halogenation at the “bay” and “ortho” Positions

Effective halogenation methods achieved for the perylene core provide high-value building
blocks for subsequent functionalization. Electrophilic substitution predominantly takes place at
the bay region of the PBI and PTCDA molecules due to the intrinsic reactivity of the carboxylic

acid group present in the perylene molecules.

1.2.5.2.1. Bromination at “bay” Position

Compared to the “ortho” position, the “bay” position is highly active for electrophilic
substitution reactions. Initially, on a bay position dibromo-PBls are usually synthesized
according to BASF developed method, which involves harsh condition; this methodology
involves PTCDA with bromine in conc. HSO4 at high temperature and then imidizing the
brominated on PTCDA (Scheme 1.2.3).171 According to Wiirthner et al.[*8], the reaction produces
mixture of of constitutional isomers 1,6- and 1,7-brominated PBIs 1,7-2a and 1,6-2a, as well as

the higher-brominated compound like 3, in a ratio of approximately 76:20:4, as shown in a
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Scheme 1.2.3. Further, imidization on regioisomeric mixture got the 1,6-4a, and 1,7-4a mixture
of regioisomers isolated with repeated recrystallization in a mixture of solvent (CH2CIl,/ACN) to

give milligram of 1,7-brominated PBI, which is isomerically pure.

fo) (o) o) o) (o) [o) (o] (o) (o] (¢] (0] (0]
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LRIt ! I Y]
Y
61%, (4:1)

Scheme 1.2.3. Synthesis of isomerically pure 1,7-dibromo-PBIs (1,7-4a) by bromination of
PTCDA and subsequent imidization PBI.

To synthesize the gram scale of 1,7-brominated PBIs, Rybtchinski, and coworkers developed a
better methodology with milder bromination condition.*®! After Imidization, core-unsubstituted
PBI molecules were treated with an excess amount of bromine in presence of dichloromethane to
give 1,6-4a and 1,7-4a brominated PBI compound in a 3:1 ratio around 90 % yield. Repetitive

crystallization was used to isolate the 1,7-4a isomers (Scheme 1.2.4).
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Scheme 1.2.4. Synthesis of isomerically pure 1,7-dibromo-PBls (1,7-4a) by bromination of PBI.

1.2.5.2.2. “Ortho” Borylation and “Ortho” Halogenation

Shinokubo* and Mullen™ firstly, separately published the synthesis of tetraborate PBI at the
2,5,8,11-positions (ortho) in 2011.142% Shinokubo and coworkers used an iridium catalyst. PBIs
6¢c, 6], and 6i undergo regioselective borylation (B2pinz) at the controlling imide carbonyl

functional groups at the proximal ortho-region (method A, Scheme 1.2.5).

.

(o)

Br Br
12 eq. CuBr, OO
—»
R dioxane/MeOH/H20 ‘
N._O 120°C, 12 h OO
Br B

Bpin 92 %

Bpin
O Ay
condition A IIR

> ‘ 8i R = CH(C7H4s),
condition B OO
R

Bpin Bpin o lll o
N™ "0 cl ci
R 12 eq. CuCl, OO

L
PBI
S dioxane/MeOH/H20 ‘
7c R = CH(CzHs), (59%) 120 °C,12 h

6c R = CH(C,H;),

6j R = CH(C5H,3), 7j R=CH(CsH,3), (78%) 87 % cl OO cl
(o)

6i R = CH(C7H1s), 7i R = CH(C7Hys), (70%)
9i R = CH(C/Hys), R

Scheme 1.2.5. Ortho-borylation and ortho-halogenation of PBIs. Conditions A: 8 eq. Bzpinz, 3-4
mol% [Ir(OMe)cod]., P(CeFs)s, dioxane, reflux, 2-4 d. Conditions B: 7.9-8.3 eq. B2pinz, 50
mol% [RuH2(CO)(PPhz)3s], mesitylene/pinacolone, 140 °C, 24-30 h.
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The yields varied from an estimated range of 60% to 80%. At the same time, as Ir catalyst was
used in the presence of 4.4'-ditert-tris (3,5-bis (trifluoromethyl)aryl) instead of
tris(pentafluorophenyl)phosphine ligand was used (method A, Scheme 1.2.5).[*Y G. Battagliarin
et al. obtained 7c, 7j and 7i in excellent yields by treating 6c, 6j, and 6i with Bopin under
presence of Ru catalysis by using RuH2(CO)(PPhs)s (methode B, Scheme 1.2.5).1%]

In view of Ru catalyzed activity, shows high regioselectivity can be due to the catalysts pre-
coordination to the PBI functional groups, Lewis base directing group, which promotes
cyclometallation via substitution into the ortho C-H bond to yield ruthenacycle intermediates.**l
Further, tetraborylated PBIs are also used to synthesize halogenated and cynated PBIs, PBIs core
substituted at ortho-region containing four heteroatoms. It is easy to synthesize ortho-tetrachloro
and ortho-tetrabromo-PBIs 9i and 8i via halogenation of PBI boronate ester 7i through
copper(I1)halide (Scheme 1.2.5).1*%

1.2.5.3. Substitution Reactions at Bay Positions

Changing the imide substituents has little effect on these PBI chromophores' optical and
electrical properties because the nodes are present in the HOMO and LUMO orbitals at the PBI
nitrogen atoms (Figure 1.2.2).15% Seybold and his BASF coworkers reported a more elaborate
synthesis method involving substituents to the so-called “bay” area of PTCDA and PBI
scaffold.!”l “The substitution at the bay position is the most successful approach for tuning the
absorption, emission, and redox properties of PBIs (Scheme 1.2.6).[*"1 However, substituting four
times in bay regions is also generally challenging. As a result, only a small number of
nucleophiles can efficiently react with four-fold bay halogenated PBIls (Scheme 1.2.6).["
Traditional nucleophilic substitution reactions, and several metal-catalyzed coupling reactions,
make two-fold bromine exchanges easier (Scheme 1.2.6). An enhanced solubility can be
obtained by the insertion of aromatic or aryloxy chromophore groups into the bay region of PBIs,
the steric interactions drive the substituents away from the PBI plane.["?]

Furthermore, these groups and minor substituents such as bromine might cause the twisting of
the dual naphthalene half parts in PBIs. Both effects improve PBI solubility by disrupting face-
to-face stacking. Besides, incorporating bulky alkylated or chromophore groups into the bay

region may increase solubility® in numerous orders of magnitude, for example, bay region
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substituted compound such as brominated N,N’-dioctyl PBI is soluble in most of the organic

solvents, but its non-brominated PBIs are partially soluble.
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Scheme 1.2.6. Synthesis of PBIs with various substituents in the bay positions.

1.2.6. Non-conjugated Macrocycles for Host-Guest Interaction

Non-covalent interactions are best studied in well-ordered and well-attributed porous cavities
that may enclose specific guest molecules. Recent investigations have been concentrated on the
integration of more notable functionalized compounds like fullerenes, 218 and other polycyclic
aromatic hydrocarbons,?*?1 whereas most initial studies on host-guest phenomena concentrated
on the metal complexes of relatively tiny molecules and ions. Normally in PBI-based systems,
host-guest interactions are hampered due to aggregation by the stacking of molecules. Generally,
there exist three main strategies for avoiding PBI dye aggregation. The first strategy involves
substitution on the imide region with large substituent groups that cover the faces of PBI to
prevent intermolecular interaction without compromising the planarity of the perylene core.[*%]
Second strategy makes use of steric bulk included on the perylene core at the bay region via
nucleophilic aromatic substitution reaction of halogenated PBI cores and can be used to insert

sterically bulky compounds. Although adding a steric barrier at the bay region minimizes
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stacking, the basic structure of a PBIs core is a planar aromatic form to typically gives a

twist.[720

1.2.6.1. Diastereomeric Perylene Bisimide Atropisomers
Most of the chiral molecules are commonly used in various fields, including molecular
switches,?? enantioselective catalysis,®! chiral recognition,? and nonlinear optics,?® in

addition to academic research on chirality as a key subject of chemistry and biology.
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Scheme 1.2.7. Synthesis of regioisomeric macrocyclic PBIs 6 and 7 and resolution of the atropo-
diastereomers of 6.

Moreover, because of their circularly polarised emission, chiral dopants or polymeric emitters
nematic crystals promise to be used in photo and electroluminescence devices, which should
enable stereo imaging.[?®l In 2007, According to Wirthner and coworkers, etherification with
diethylene glycol ditosylate yielded the regioisomers 6 and 7 that are diagonally bridged (1,7 and
6,12 linkage) and laterally bridged (1,12 and 6,7 linkage) as shown in a Scheme 1.2.7.171 Chiral
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column-based semipreparative HPLC was used to differentiate the atropisomers of the crosswise
bridged macrocycle 6. Using a combination of circular dichroism spectroscopy and quantum
chemical estimations, their exact configurations were established. These are the first two
examples of PBI diastereomeric atropisomers (P,R,R)-6 and (M,R,R)-6, respectively. As shown
in Scheme 1.2.7 of PBI 6, If the interconversion mechanism (P<M) is inhibited by effectively
bridging alkylene substituents at the bay region, stereocisomers of PBI with a pure (P) or (M)

helically twisted perylene possible to separate.[?’]

1.2.6.2. Perylene Bisimide Atropo-Enantiomers

A similar approach was used by the same group to synthesize chiral 1,7-aryloxy-substitute PBIs

(2) and effectively isolated their atropo-enantiomers using a similar process (M and P).

0
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Figure 1.2.4. a) Chemical structures of atropo-enantiomeric (P)-2a,b and (M)-2a,b; b) schematic

representation of homo- and heterochiral dimer aggregates derived thereof; c) CD spectra of (P)-
2b (solid lines) and (M)-2b (dashed lines) in CH2Cl> (blue lines) and n-hexane (red lines) at 298
K. Bottom: concentration-dependent UV/Vis absorption spectra of (rac)-2b in n-heptane at 331
K.

They were able to demonstrate for the first time through their spectroscopic analyses of racemic
and enantiopure PBI dyes that self-recognition wins over self-identity during the dimerization of
PBIs.(Figure 1.2.4a,b).[?81 Chiral recognition of PBIs 2b self-assembly was studied by CD,
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UV/Vis- absorption spectroscopy. Due to the inherent molecular chirality, the (P)-2b and (M)-2b
enantiomers of monomeric in CH2Cl> exhibit nondesignated spectra in the wavelength range
(400-600 nm) in a mirror-image relationship in their CD spectra (Figure 1.2.4c, top panel, blue
lines).[?8 It is possible to see a bisignate cotton effect (542 nm) for both enantiomers in the
nonpolar n-hexane due to the chiral excited state coupling of the transition dipole moments of the
chromophores (Figure 1.2.4c, upper panel, red lines). This causes dimer aggregates with a spiral
n-n stacking framework to form. According to the exciton chirality hypothesis, the (P)-2b
exciton coupling shows a negative sign (555 nm) for the corresponding dimer aggregation
denotes a left-handed helicity (M)-2b.[?

1.2.6.3. Doubly Encapsulated Perylene Bisimide

Thirdly, Bronstein and coworkers proposed a method where the PBI core is encircled using
alkylene straps which are enclosed, as demonstrated by other conjugated substances.?’-31 With
this approach, 1,3-dimethoxybenzene groups are inserted using a recently established
methodology on the ortho-region of PBIs. The PBI core is then wholly encapsulated by them
after being further functionalized with two rings (Scheme 1.2.8).1%2]

The final, doubly entrapped PBI-Encap, the 4% yield of the isolable product following column
chromatography, was obtained through the following encapsulation with dibromooctane under
basic, high-dilution conditions, as shown in Scheme 1.2.8. An analysis of PBI-Encap using a

single crystal X-ray diffraction revealed that the alkylene groups of the peripheral aryl units

engage in horizontal entrapped rather than vertical looping or cross entrapped (Figures 1.2.5).[32
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Scheme 1.2.8. Synthesis of the Doubly-Encapsulated PBI.
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Figure 1.2.5. Graphical representation of the potential encapsulation products; a) observed
horizontal encapsulation, b) vertical looping, c) crosses encapsulation, and d) single crystal X-

ray of PBI-Encap.

1.2.6.4. Photoresponsive Luminescent Macrocycles

A particular environment for the study of non-covalent interactions is provided by well-defined
and well organized pores with the capacity to enclose particular guest molecules.*? With this in
mind, in 2015, Spenst et al. synthesized p-xylylene bridged PBI cyclophane,® by condensation
of a bay-substituted perylene anhydride core with p-xylene diamine which produced a rigid,
covalently bonded PBI cyclophane (Scheme 1.2.9). For the complexation of wide aromatic
compounds exhibiting binding affinities up to 4.6x10* m™, such as perylene and anthracene, the

interchromophoric distance of around 6.5 A° creates the perfect rigid cavity.
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The complexation process increases the fluorescence of electron-poor guest molecules, whereas
the fluorescence emission of electron-rich guests is drastically reduced by the creation of D-A

charge-transfer complexes, as shown in Figure 1.2.6a.1%!

free
guest cyclophane

“turn-on“ “turn-off*

Strong emission Weak emission

Figure 1.2.6. a) Representative photograph for the “turn-on” (phenylnaphthalene@]1) and “turn-
off” (carbazole@]l) fluorescence sensing of electron-poor and electron-rich aromatic

hydrocarbons; b) Photoresponsive PBI cyclophane supramolecular elements.

Furthermore, in 2021, Ouyang et al. reported a specific class of PBI cyclophane macrocycles, in
which two bay-substituted perylene anhydride chromophores were connected through an
azobenzene bridge (Scheme 1.2.9).34 The researchers discovered that by combining electron-
rich azobenzene and electron-accepter PBI in a well-defined rigid cyclophane, as evidenced by
the PBI units considerable emission quenching, there is electrical contact between the PBI
chromophores and azobenzene. When azobenzene is exposed to ultraviolet light, it undergoes
photo-isomerization (Figure 1.2.6b). Under UV-visible light exposure, reversible photoswitching
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of the azobenzene chromophore is coupled by substantial electronic and structural changes in the
PBIl-azobenzene unit. It drastically affects the pore size of the PBI-azobenzene and the emission

behavior of the PBI chromophore as shown in Figure 1.2.6b.134

1.2.6.5. Perylene Bisimides- A Cyclic Host for Recognition of Fullerenes

Due to their high electron-accepting capabilities, fullerenes are prominent substances in
biomimetic D-A systems that simulate the mechanisms of natural photosynthetic centers’
intermolecular transfer of electrons.*3 According to the previous report, PBIs based macrocycles
have never been used as material in host systems for guest fullerenes molecules, because dyad
formation is electrically unfavorable due to the electron-poor nature of archetypal PBIs. To
recognize this, Beer and coworkers described a new design strategy and synthesized of a giant
macrocyclic host composed of two electron-donor bis-pyrrolidine PBI compounds that are
covalently connected; this structure is known as the "Green Box" because of its appearance
(Figure 1.2.7a).[%%l
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Figure 1.2.7. a) Synthesis of bis-PBI macrocycle Green Box 4 and 4" [Ceo/C70]; b) Photograph

showing naked eye color change upon mixing of equimolar solutions of Green Box and Cep in

nitrobenzene; c) Schematic showing the solvent tuneable ground and excited state electronic
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interactions of the Green Box host [4] donor-fullerene guest acceptor supramolecular complex
ensemble.

The Green Box recognizes pure fullerenes (Ceso/70) via interactions between the excited state and
non-covalent ground state during fullerene guest encapsulation (Figure 1.2.7b). A rare, thermally
permitted complete electron transfer from the non-conjugated Green Box macrocycle to Ceo is
made possible by raising the polarity of the suitable solvent, which is possible in low-polarity

solvents but not in high-polarity ones (Figure 1.2.7¢).[*l

1.2.7. Conjugated Macrocycles for Organic Electronics

In recent years, conjugated macrocycles have shown various potential applications in
optoelectronic materials. We must first comprehend what makes fullerenes valuable to build
optoelectronic materials which highlight fullerenes as n-type electron-transporting materials and
then seek to incorporate these qualities into other materials via synthetic chemistry. Four
structural and electrical characteristics of fullerenes make them useful: (1) fully delocalized and
conjugated m-space a three-dimensional geometry; (2) geometry in three dimensions; (3) the
surface's interior and exterior; and (4) a low-energy, vacant molecular orbital (s) that allow

receiving electrons. 378

1.2.7.1. Organic n-Type Electronic Materials

Nuckolls and coworkers synthesized the conjugated macrocycles in 2016 and in 2018 to imitate
fullerenes’ three-dimensional (3D) shape.®*“! The design provides numerous advantages,
including synthetic adaptability, broad but not "whole-molecule™ conjugation, and intramolecular
porosities that make it easier to incorporate guests and add sensing capabilities. Mainly three
primary macrocycles explored are represented in Figure 1.2.8.1*! These three structures differ in
the number of bithiophene or phenyl units attached to PBI units before being wrapped into
macrocycles. These “pseudo-fullerenes” are electronic and optoelectronic materials.[*%-4]

Prof. Bauerlel*?l and Prof. Yamago*! developed the stannylated aromatics method used to make
multinuclear platinum macrocycles, giving conjugated macrocycles. Nuckolls and coworkers
were inspired by this method and developed platinated and stannylated PBI moieties as crucial
intermediates. The multinuclear platinum macrocycle is used as an intermediate in each

synthesis; (PBIBBra4)s is obtained via an intermediate of trimeric platinum complex,% while
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(PBI-BP)s as well as (PBI-Ph-B-Ph). are obtained from an intermediate of tetraplatinum

complex.[2%

BP BP

Photodetectors

BP BP

o -
R
PDI-BBr)); PDI-Ph-B-Ph); ~{PDI-BP};

Figure 1.2.8. (a, b) Schematic showing the substituents for the conjugated macrocycles; (c)
structures of the three macrocycles: -(PDI-BBrs)3—, —(PDIPh-B-Ph),—, and —(PDI-BP)s—.

The color of isolated (PBI-BBr)s, (PBI-BP)4, and (PBI-Ph-B-Ph)2, are deep red, purple, and
black solids, respectively. The size of the macrocycles intramolecular cavities is one of the most
noticeable differences. The pore size is lowest observed in (PBI-BBra)s (1.1 nm),[*° highest in
(PBI-BP)4 (2.0 nm), and in-between pore size observed for (PBI-Ph-B-Ph)2 (1.6 nm).[2%l The
synthetic flexibility of the approach allows subunits with desired electrical characteristics to be
included in the macrocycles. Due to PBIs excellent electron-accepting capacity, DFT studies,

and electrochemistry estimations show that all molecule has a low-energy LUMO capable of
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taking at least two electrons. The LUMO energy levels for the three macrocycles are
approximated to be around 3.9 eV, based on the cyclic voltammogram which was used to
measure the first reduction potential.®Y  For (PDI-Ph-B-Ph), the electron-rich phenyl-
bithiophenephenyl essentially affects the HOMO.*%l Because the HOMO energy of (PDI-Ph-B-
Ph)2 is higher than that of the other remaining macrocycles (Figure 1.2.9a,b). Since their LUMO
energies are the same, the HOMO/LUMO gap is reduced, resulting in a red shift observed in the
UV-vis absorption spectrum (Figure 1.2.9c). The three macrocyclic devices' transfer curves are
shown in Figure 1.2.9d. The electron mobility of (PDI-BBra)s films is ~1.5x102 cm?/(V.s),
whereas for (PDI-BP)4 and (PDI-Ph-B-Ph). films is 1.5x10° cm?/(V.s).[44
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Figure 1.2.9. (a) HOMO and (b) LUMO of (PDI-Ph-B-Ph)2 showing charge transfer between

Wavelength (nm)

the bithiophenes and the PBIs. (c) UV—vis absorption spectra for the three macrocycles. (d)
Transfer curves for the three macrocycles. The source drain bias is 80 V. The curves for (PDI-
Ph-B-Ph)2—and (PDI-BP)4 overlap.
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Cyclic PBl-based devices generate significantly more photocurrent than acyclic-based
devices.®%®  This study suggests that cyclic acceptors have improved charge transfer and
photocarrier formation. According to the observed pattern, short acyclic molecules in particular
exhibit high LUMO levels, lead to more recombination and lower Jsc. The cyclic molecules have
a larger Jsc value than the acyclic molecules because they absorb more visible light. Electron
transports via the film morphology and acceptor phase are two essential aspects of OPV
efficiency. AFM pictures revealed clear perfect phase segregation for both -(PDI-BP)s and
(PDI-Ph-B-Ph)z2; in the acyclic controls, either over aggregation or extremely large domain sizes

occurred, with the former leading in carrier combination and low device performance.[3%41

1.2.7.2. Transport of Electrons in Giant, Conjugated Macrocycles

In 2018, Ball et al. successfully synthesized two conjugated distinct PBI-based macrocycles,%]
each of which, in 6% yield for trans-PBIls and 12% yield for cis-PBls, represents two hPBI2 in
dimer form as well as two phenyl-bithiophene-phenyl (Ph-B-Ph) molecules enclosed in a cyclic,
-a-b-a-b-, and isolated cDBDB as shown in Figure 1.2.10a,b.

4.8 nm

-4.8 nm

Height Sensor 1.0 ym

cis-cDBDB

5.0 nm

-5.0 nm

CiiHas CiiHas
trans isomer . trans-cDBDB

Height Sensor 1.0 ym

Figure 1.2.10. a) Structure of a cis-substituted hPBI dimer forming cis-cDBDB, (b) Structure of
a trans-substituted hPBI dimer forming trans-cDBDB, AFM of height images for c) cis-cDBDB
and d) trans-cDBDB films from OFETSs.
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Both cis-cDBDB and trans-cDBDB are metallic in nature and show dark purple solids. The
considering regiochemistry of the hPBI, attachments differs between the two macrocycles: the
orientation of Ph-B-Ph belts connected to the hPBI in dimer form show cis configuration, while
the other has them in a trans orientation (Figure 1.2.10 a,b). Next, the authors explored how the
interconnectivity of the macrocycles influences charge transfer in a thin film state. They
observed that both macrocycles produce thin layers in OFET devices that behave like n-type
semiconductors. According to OFET electron mobility, cis-cDBDB is significantly larger than
trans-cDBDB, trans-cDBDB transistors have a mobility of ~9.9x10* cm?/(V-s) compared to
transistors ~4.1x10°2 cm?/(V-s) for cis-cDBDB, due to the regiochemistry modification.%! To
comprehend why trans-cDBDB has substantially lower mobility than cis-cDBDB, they
recognize two points that significantly and generally affect the thin film state for charge
transport: (1) morphology of the film and (2) electronic and molecular framework (Figure 1.2.10
c,d).

1.2.7.3. Oligothiophene Strapped Perylene Bisimide

Nature inspires researchers to improve the chemical properties of D-A conjugated macrocycles,
which are composed of a series of construction materials that are similar like thiophene,?
phenylenes,[*3 porphyrins,*¥ carbazoles,*® BODIPY,“8] and PBIs.[3940]

CeHis CoHis
| N

CeH1s
x A s N
N N X (C4Hg)3Sn. S, N 2
@/@ \d s// Y S// () » ® Sn(C4Hy); 4 @
S NH2 M
o, o ii o, o CeHia CeHys o, o
—_—
> - - cis T Cois Pt Sy e b O3 o
6

04 0.

[}

2,74% 5T-PBI, 30%

e
|:4 X = Sn(CHg)s = 45%
5X = Sn(CyHg)s = 20%
OO ; 6 X = P{(COD)CI = 58%

7 X = PY{COD)CI = 82%

(5T)2-PBI, 4%

Scheme 1.2.10. i) Zn(OAc)., imidazole, microwave irradiation. ii) Sn(CsHo)3Cl, n-BuLi, THF,
RT, overnight. iii) Pt(COD)CI,, toluene, 95 °C. iv) Toluene, 75 °C, overnight, then dppf,
CHxCl;, RT, 6 h, then m-xylene, 120 °C, overnight. Dppf = 1,1’-Ferrocenediyl-

bis(diphenylphosphine); COD = 1,5-cyclooctadiene.

Moreover, connecting cyclo[n]oligothiophenes with electron-deficient PBIs generates

oligothiophene-strapped PBI. In light of this, Bold et al. successfully synthesized 5T-PBI and
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(5T)2-PBI of two conjugated macrocycles via a cross-coupling reaction by platinum-mediated,*®
including oligothiophene rings that interconnect to the imide regions of a PBI, shown in Scheme
1.2.10. All syn-arranged thiophene rings entirely encapsulate the planar PBI units through a 12-
membered macrocycle, as shown by the double-bridged PBI crystal structure (Figure 1.2.11a).
DFT calculation suggested that there may be little electronic interaction between the PBI
acceptor component and the electron donor oligothiophene chain, based on the localization and

shapes of the neutral (5T)2-PBI observed in the LUMO and HOMO (Figures 1.2.11D).
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Figure 1.2.11. a) LUMO and b) HOMO of 5T2-PBI based on geometry optimized structures

from DFT calculations. b) CV and DPV measurements of 5T-PBI and (5T)2-PBI. c¢) Crystal

structure of (5T)2-PBI, and d) transient spectra of macrocycles 5T-PBI and (5T)2-PBI obtained

by excitation at 530 nm in CHCl, (co = 10* M) at room temperature.
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In Figure 1.2.11c, CV and DPV experiments, 5T-PBI, and (5T)2-PBI both the compounds show
two reversible reduction peaks, In the negative potential PBI chromophore formed of an anionic
and dianionic radical anion, respectively. Both macrocycles oxidations must be distinguished.

The oxidation waves for the half cage of 5T-PBI show a single electron transfer, however, in a
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full cage of (5T)2-PBI, two bridge moieties are oxidized at once. In the two reversible oxidation
potentials, each oligothiophene ring contributed to the transfer of one electron.

In a charge-separated (CS) state generated by the extremely fast photoinduced electron transfer
from the electron-donor molecule such as the oligothiophene ring to the electron-acceptor PBI
subunit, both the radical anionic species created on the PBI unit and the radical cationic species
generated on the oligothiophene ring undergo rapid charge recombination within 8 and 12 ps,
respectively. The ultrafast photoinduced electron transfer from the oligothiophene ring to the PBI
subunit produces a charge-separated state in which both the radical anionic PBI and the radical
cationic oligothiophene undergo rapid charge recombination within 8 and 12 ps, respectively,
and kcs = 0.4 ps 5T-PBI and 0.2 ps* (5T)2-PBI, respectively (Figure 1.2.11d).18l

In 2022, the same group reported the synthesis of a sequence number of D-A half-macrocyclic

compounds that included an electron-withdrawing PBI unit connected with electron-donor a-

oligothiophene rings containing 4, 5, 6, and 7 thiophene subunits, through in a cross-coupling
reaction of Pt-mediated (Figure 1.2.12).[41 The macrocycles of 4T-PBI (14%), 5T-PBI (30%),
6T-PBI (13%), and 7T-PBI (3%) are synthesized with relatively low yields.

Figure 1.2.12. Molecular structures of the macrocyclic architectures 4T-PBI, 5T-PBI, 6T-PBI
and 7T-PBI.

Figure 1.2.13a shows that all macrocyclic compounds exhibit reversible redox waves in the
cyclic voltammetry. For all macrocycles, two reversible reduction waves were seen for all
macrocycles at around -1.00 V and -1.20 V, which are associated with the monoanionic and
dianionic PBI substances, respectively. However, the observed oxidation events within the series
show significant variation. Thus, while the first oxidation process for the 4T-PBI macrocycle, is
high, the oxidation of the remaining macrocycles, 5T-PBI through 7T-PBI, is occasionally
performed at significantly lower oxidation potentials. By comparing the second oxidation
potentials of the remaining macrocycles, 5T-PBI through 7T-PBI with 4T-PBI even more

variations were observed in the macrocyclic sequence as shown in Figure 1.2.13a. The DPV
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spectra with a greater level of wave-by-wave resolution provide the finest visualization of the

potential distinction between the dianionic and cationic states. (Figure 1.2.13b).
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Figure 1.2.13. a) CV, b) DPV measure,ements and ¢) EADS and transient absorption spectra of
4T-PBI, 5T-PBI, 6T-PBI and 7T-PBI (from bottom to top).

Transient absorption spectroscopy has revealed the spectral properties of the excited state, which
show the 7T-PBI oligothiophene macrocycle support complete charge separation into PBI
radical anions and oligothiophene radical cations, whereas the dyad with the 4T-PBI
macrocycle, lowest quarter thiophene exhibits a charge transfer state with imperfect charge

separation (Figure 1.2.13c).

1.2.8. Perylene Bisimide Based Donor-Acceptor Copolymers

Polymeric and organic molecules as semiconductors are advantageous over inorganic molecules
in manufacturing large-area, low-cost, and flexible electronic devices via solution-casting
techniques and high-throughput patterning processes like slot-dye printing or coating.["!
Additionally, flexible substrate integration is made possible by low-temperature
manufacturing,®2521 without affecting the functionality of the substrate, including polymers or
textiles.[>3

In the past few years, PBI-based D-A conjugated polymers are gained significant attention in the

optoelectronic field and show diverse applications, including organic field-effect transistors,
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supercapacitor electrodes, organic solar cells, organic light-emitting diodes, and organic
photovoltaics, etc. because of their novel characteristics such as easy processability, thermal
stability, low cost, high absorption coefficients, strong electron affinities, and favorable electron

transport mobility.[%*%]

1.2.8.1. PBI and Electron-Donating Unit Containing Donor-Acceptor

Copolymers

As shown in Figure 1.2.14, a variety of copolymers of PBI and several electron donor units
containing selenophene, fluorine, tellurophene, thiophene, thienothiophene, dithiophene,
cyclopentadithiophene, and benzodithiophene were synthesized. The optoelectronic
characteristics of PBIl-based polymers can be effectively modified by switching the donor
units. 61

To substantially tune the optoelectronic property, the convenient heteroatom-containing aromatic
rings, like selenophene, thiophene, and tellurophene are the basic derivatives and are typically
utilized as a conjugated bridge. Zhan et al. synthesized a PBI copolymer P1 with an alternating
pattern of PBI and dithienovinylene,[1 which gave a power conversion efficiency (PCE) of
1.00%. High electron mobilities have been made possible in thin-film transistors (TFTs) of the
organic molecule by the use of the weakly electron-donating unit consists of
chloronaphthalene.[®® Zhao and coworkers developed PBI-based copolymers P2, P3, P4, and P5,
which include thiophene, dithiophene, selenophene, and thienothiophene, respectively.®®! The
optical band gaps became narrower, and the HOMO energy levels increased due to the electron-
rich groups such as thienothiophene or dithiophene. As a result, compared to P2 and P3, the
absorption maxima of P4 and P5 were nearly 30 nm red-shifted and showed better PCE.
Tellurophene, like the thiophene unit, is a desirable building block for producing optoelectronic
devices because of the molecular size and significant spin-orbit interaction, which may lead to a
long-lived triplet state and effective interchain n-m layering. Huang and coworkers,®”
synthesized PBI and tellurophene-based copolymer P6. It displayed a red-shifted absorption
compared to its thiophene analog because tellurophene has a stronger electron-donating ability.
Excitingly, a film was found to display a clear bathochromic shift of 12 nm relative to that of the
solution, suggesting that the polymer may adopt H aggregation in the solid state. An average

efficiency of was 2.61% observed for P6 based solar cells.
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Figure 1.2.14. PBI and electron-donating group-based copolymers (EDGS)

Additionally, cyclopentadithiophene as a donor was used in 2015 by Zhou et al. to develop the
new PBI acceptor P7 copolymer,!® which has broad absorption in thin films from 300 to 850
nm. With the addition of 1.0% chloronaphthalene, P7 achieved a PCE of 2.13%. Furthermore,
using benzodithiophene or fluorene as electron-rich components, Huo and coworkers synthesized
PBI-based polymers P8 and P9 in 2017.121 A comparatively weaker lamellar packing and greater
steric hindrance was seen in P9 compared to P8. Therefore, P9 displayed a lower HOMO level
and a red-shifted absorption compared to P8. The P9 exhibited a PCE (4.47%), and is around 2-
fold higher than P8 (2.70%).

1.2.8.2. PBI and Electron-Withdrawing Unit Containing Copolymers
PBIs has been a low-lying LUMO levels, air-stable n-channel TFTs of organic materials were

developed using D-A polymers. Li et al. first synthesized the benzothiadiazole-based copolymers
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P10, P11, P12 and P13 (Figure 1.2.15).151 " In order to receive high electron mobilities and
extended the absorption spectra, an ethynyl n-linker between DiTh and PBI was used to afford
P12 and P13.[4 Furthermore, the photovoltaic performance of all perovskite solar cell (PSC)
devices based on P10-P13 acceptors was incredibly low. Later, Zhao et al. used thiophene as a
spacer to develop P14 having improved solar system efficiency and enabled a PCE of 4.07%.[¢°]
By combining PBI with weak acceptors, Yu et al. synthesized P15, P16, and P17.1¢! However,
fluorination of TPTQ used to have a pessimistic impact on a conjugated polymer system and
decreased the D-A compounds' dipole moment. As a result, P17 shows a lower PCE (1.43%)

than P16 (3.52%) and has lower electron-accepting properties.
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Figure 1.2.15. PBI and electron-withdrawing group-based copolymers (EWG)

Huang and coworkers come up with the PBI and indigo-based copolymers P18 and P19 in
2016,57 including 2-octyldodecyl and 2-ethylhexyl alkyl chains, respectively (Figure 1.2.15).
P19, a compound with a longer alkyl chain, showed a narrower band gap and a somewhat lower
LUMO than P18. As a result, a PCE of P19 (2.68 %) was obtained compared to P18 (2.2%).
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Diketopyrrolopyrrole (DPP), a popular building block with high redox properties and broad
absorption, is used in many devices. A PBI-DPP copolymer P20 was synthesized by Zhang et al.
and its absorption spectra covered the range from 300-1000 nm with an optical band gap of
HOMO-LUMO is 1.28 eV, and its PCE reached 2.01%.[68!

1.2.9. Areas of Application

PBIs were recognized as strong candidates for OSCs because of their suitable LUMO levels,
exceptional optical and electronic properties as well as high mobility.>*%% PBIs represent among
the most actively researched topics in materials science and chemistry, notably in the area of
nanotechnology and nanoscience, where they have been widely exploited as basic components

for optoelectronic material.

1.2.9.1. Organic Solar Cell (OSCs)

In recent years, OSCs, a key type in photovoltaics, have gained popularity and significant
attention for generating electricity from pure solar energy by utilizing their adaptable processing,
large-area manufacturing, durability, and low cost.’'¥ To generate efficient OSCs, It has been
established that charge transport must occur after photoinduced energy or electron transfer from
the electron-donor group to electron-withdrawing aromatic units.[’®"1 In light of this, specified
architecture is another important aspect of future OSC device development that is greatly needed,
besides the chemical modification of D-A type PBIs, oligomers, or copolymers.[” Conversely,
different from the traditional vacuum-deposition technique, these homogeneous materials can be
easily assembled using solution-casting self-assembly, which represents a simple method to
make inexpensive and large-area OSCs.

Significant improvements has been made by preassembled 1D nanofibers and solution casting of
PBIs with necessary hole mobility in the D/A conjugated polymers in the heterojunction SCs,.
As an example shown in Figure 1.2.16a, of PBI1 xerogels containing amorphous hole
transferring conducting polymer and 1D nanowires, PvDMTPD has been tested in SCs (Figure
1.2.16b)."3™1 With these PBI1 and PvDMTPD heterojunction blends, a PCE of 0.041% has
been achieved.”® A system created by combining micrometer-long poly[2-methoxy-5-(3',7'-
dimethyloctyloxy)-1,4-phenylenevinylene] (P3HT) as donor polymer nanoribbons with PB12-C8

nanoribbons produced a more encouraging outcome with a PCE of approximately 1%.74]
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Figure 1.2.16. a) Schematic representation of organogel-polymer concept for realization of an
interpenetrating organic bulk heterojunction. b) Molecular structures of perylene bisimide

organogelator PBI and other polymers tested for SC.

PBIs and polythiophenes (PsHT), are the organic materials most likely to be used as electron
D/A in organic photovoltaics, respectively.[’®"!1 Wasielewski group recently developed several
fascinating photoinduced charge-separated devices.”™ The ortho-functionalized PBIs may attract
particular attention towards commercial PBIl-enrolled OSC devices because of the 1D
supramolecular self-assembly approach. Overall, the photovoltaic devices using PBI materials,
such as nanofibers, nevertheless have lower reported efficiency than fullerene-based materials.
This is mostly because the materials could be better organized and phase separated, which
restricts charge transport. The best way to deal with this problem might be to stack electron D/A

molecules columnar into various charge-transport channels.

1.2.9.2. Linear Optoelectronics

PBIl-based 1D self-assembled materials are excellent candidate for orientation-sensitive
technologies like optical sensors, polarized OLED displays, flexible displays, nanolasers, optical
waveguides, and electrical nanodevices.[’®" These properties, known as linear optoelectronic
characteristics, relate to the conductivity and uniaxial emission along a nanofiber's orientation. In
particular, it has been proven that J aggregates are less appropriate for optoelectronic
applications than H-type PBI aggregates.!® Nevertheless, Charge and energy transport along a
solid H-type nanofiber can be improved by molecular stacking, PBI compounds typically lose
their luminescence because of an aggregation-connected quenching effect that still restricts their
linear opticalelectronic characteristics in actual devices.’8! According to Zang et al. N,N'-

dicyclohexyl-substituted PBI 1D nanobelts exhibit persistent, self-wave directed fluorescence
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and strongly polarized, that results from a n-m stacking morphology known as the "flip-
flap".["88% Fyrther, upon receiving support from the rigid interactions of the stiff aryloxy-
substituents at the bay position, observed needle-shaped crystals of TBPCHPBI displayed a high
mobility of electron (1.8 cm? V! st). Crystals exhibited a luminescence quantum vyield of 0.32

and intense red emission (Figure 1.2.17).[84

Figure 1.2.17. a) Molecular structure and photographs of the crystals under b) visible light, and
C) upon excitation with UV light for TBPCHPBI.

1.2.9.3. Organic Field Effect Transistors (OFETS)

The stronger performance of OFETSs, particularly organic materials is widely desired for
lightweight, soluble, and flexible organic electronics like complementary inverts, ring oscillators,
and integrated circuits. 283 Now is the perfect opportunity and period to use PBIs solution-
casting 1D nanofibers in this area.[®3® Due to their strong electron-accepting properties,
favorable charge, and electron transport characteristics, to enhance the functionality of n-type
OFETs, intermolecular stacking helps generate ordered nanostructures of linear PBI
nanofibers.® The connections between PBIs' chemical structures and the efficiency of OFET

have been the subject of numerous investigations. 4]
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Figure 1.2.18. a), b) Chemical structures of the three perylenetetracarboxyldiimide (PBI)
derivatives of varying dialkyl chain lengths synthesized as n-type semiconductor. ¢) Schematic
of an inverter with p- and n-type nanowire networks covering interdigitated source drain
electrodes, d) a photograph of a substrate containing 13 discrete inverters, and €) a schematic

diagram of a single nanowire OFET.

In 2007, Xia and coworkers synthesized the PBI-C5, PBI-C8, and PBI-C13 molecules, which
attracted a lot of interest in this field (Figure 1.2.18a).[84#] Inverters with high performance can
be built, by mixing these n-p type transistors with hexathiapentacene nanowire OFETSs as shown
in Figure 1.2.18.% The imide nodes on the PBIs, there are no obvious variations in LUMO
energy levels and shape; nonetheless, the higher alkyl chain leads to higher charge and electron
mobility for OFET devices.[® because they transfer charges in a band-like manner, PBI-C8 and
PBI-C13 are also found to be significantly better options in the field of OFETs. 848587 pB|s
derivatives containing electron-withdrawing groups such as CN and CsF7 (Figure 1.2.18b) helps
to modify the LUMO energy levels, leading to developments.!® The ability to create nanowire
arrays of PBIs will probably be attainable by combining templating or etching technologies with

solution-form self-assembly, thus boosting the OFETSs effectiveness for commercial demands.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 65



Chapter-1 Section: 2 Progress in the Synthesis of Perylene Bisimide dyes

1.2.9.4. Chemical Vapor Sensing

Considering rapid globalization, digitization, and faster production methods within the industry,
it is necessary to monitor our global or geographic environment to maintain safe living and
working conditions so that our local areas might prosper. The primary tools for identifying and
keeping track of the flammable, dangerous, and explosive analytes that are prevalent in our
environment are sensors.®!l There has been a lot of interest in the development of chemical,

vapor, and gas sensors, including optical, fluorescent, electrical, and acoustic.®!
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Figure 1.2.19. Schematic diagram illustrating the major components required to evaluate an
electrical mode gas-sensing mechanism. The transducers are (a) FETs, (b) capacitors, and (c)

chemiresistors.

In the early years, PBI-based nanofibers were tested for their potential to detect changes in
electrical or fluorescent signals from a variety of reducing gaseous species, including nitric
oxide, organic amines, NHz carbon monoxide, and dioxide, due to their electron-poor
characteristics and n-type semiconductor,[76:88:89.90.91]

In 1975, Lundstrom and coworkers developed the core components of a FET-based gas sensor
for the initial time (Figure 19a).° Generally, electrical gas sensors typically use the three

equipment designs of a capacitor, FET, and chemiresistor to record these gas-solid interactions
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(amperometric and resistive).[®*l The major application of capacitive-type sensors is the detection
of molecules, including big entities like DNA,®* proteins,[®® humidity,® and general gases.[®"]
A typical capacitive-type sensor consists of two parallel electrodes and an active layer
sandwiched between them (Figure 1.2.19b). As shown in Figure 1.2.19c, most PBI-based sensors
are chemiresistive. A chemiresistor is typically made up of interdigitated electrodes connected to

a detection substance placed on an insulating substrate.[°8!
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Figure 1.2.20. (a), (b) SEM images of nanotubes and nanorods of PBI-l. (c) Resistance
modulation (R/Ro) vs. time (t) curve measured on a single nanotube and nanorods hydrazine
vapor. d) Response (1/10) of PBI, PBIS, PBISe devices in ammonia (100 ppm) and e) schematics

of the sensing mechanism.

In 2009, Huang and coworkers synthesized self-assembled 1D linear nanorods and nanotubes of
PBI-1 (Figure 20) through the vaporization of an aqueous solution of PBI-I and they were
utilized in resistive sensors.®® The self-assembled one-dimensional nanotubes (200-300 nm) and
nanorods (100-300 nm) (Figure 20a,b) of PBI-I showed significant sensitivity (100 and 1000
(R/R0), respectively) towards hydrazine and phenylhydrazine vapors at 10 ppm (Figure 20c), as
well as medium sensitivities (50 and 100, respectively) to vapors of triethylamine at 10 ppm.

A series of PBI, PBIS, and PBISe molecules were used to examine the chalcogenide
incorporation effect on the sensing of PBIs (Figure 1.2.20).11%! The PBI, PBIS, and PBISe sense
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showed responses to 100 ppm of NH4 gas when used in a two-probe approach (Figure 1.2.20e).
Interestingly, the selenide shows a decrease in current magnitude in comparison to carbocyclic
PBI when treated with 100 ppm of NHs gas. When compared to the same PBI, the PBIS
derivative increased. The PBIS finally demonstrated the best sensor performance, with response

magnitudes 1.5 and 3 times larger than PBI and PBISe, respectively (Figure 1.2.20d).

1.2.10. Conclusion

The journey of the PTCDA molecule started in 1917 as insoluble material. After a century,
PTCDA has replicated into a large family of synthetic dyes, pigments, and optoelectronic
materials, because of the excellent thermal-photo stability, significant absorption coefficient,
redox, and higher electron-accepting properties. Moreover, the substitutions at the imide, ortho,
and bay positions have yielded an enormous number of PBI derivatives with unique chemical
and electrochemical properties. To generate a huge family of PBIs, new functional demands and
the availability of unique synthetic procedures, such as simple synthetic pathways and effective
reactions under mild conditions with a wide range of substrates and effective functional group
tolerance, encouraged a structural modification that made it possible to access structures that
were elusive twenty years ago. These synthetic procedures help to control the optical,
electrochemical, and conformational properties of PBIs, molecular synthesis of PBIs is achieved
by different synthetic strategies like Imidization, ortho borylation, ortho halogenation, and
substitution reactions at bay positions. As a result, effective synthetic procedures were available
for the making of value-added PBI-based molecules such as small, star-shaped, oligomers,

dendrimers, non-conjugated macrocycles, conjugated macrocycles, and Polymers.

1.2.11. Future Perspective

The above-described section summarizes the recent synthesis development that happened in the
past twenty years of PBIs and the optical and electronic properties of their derivatives. Since the
field of PBIs is rapidly expanding, but still, the development of novel synthetic protocols is
essential for the ortho and bay position. As a result, the need to find more effective synthetic
methods to give solutions where its limits to use. These initiatives will be geared towards
minimizing the number of synthetic stages and by-product formation. Still, some problems exist
in the synthesis of donor-accepter conjugated macrocycles with two- and four-fold

functionalization of bay position.
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Hence, clever designing strategies and a facile synthesis approach toward D/A conjugated
macrocycle in a specific orientation with high yield will give a new future to the value-added
product of perylene derivatives. The number of functional groups that can be substituted into bay
areas is currently relatively small, despite some promising reports from recent years.
Furthermore, these reactions are often low yielding and, as a result, typically contribute as a
bottleneck for the synthesis.

To make PBIs marketable in the field of functional dyes, it will be necessary to address key
issues like the synthesis of materials with customized properties, including the scalability of the
approach, and the development of novel methodologies that would be more appealing to the
industrial sector and would enable large-scale production. One potential future direction in the
synthesis of PBI dyes could be the development of new synthetic routes that allow for the
controlled assembly of PBI molecules into well-defined nanostructures, such as nanorods,
nanotubes, or nanosheets. These PBI nanostructures have the potential to be used in various
applications, including sensors, catalysis, and drug delivery. Currently, the research on PBI dye
synthesis focuses on developing new synthetic routes that allow for the facile modification of the
PBI core structure and the attachment of various substituents to fine-tune their properties.
Additionally, efforts are being made to develop sustainable and environmentally friendly
synthesis methods.

PBI dyes have demonstrated potential in various optoelectronic applications. Integrating PBI
dyes into functional materials, such as metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), and supramolecular assemblies, could further expand their applications and
enhance their performance. With the growing interest in emerging technologies such as organic
bioelectronics, artificial intelligence, and quantum computing, exploring the potential of PBI
dyes in these fields could lead to new and exciting applications. For example, PBI dyes have
shown promise in biological imaging and sensing applications due to their strong fluorescence

and high photostability.
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Chapter-2

Oligothiophene-Ring-Strapped Perylene
Bisimides: Functionalizable Coaxial Donor-
Acceptor Macrocycles

OligothiophenelRingiStrappediRenylenebisimidellViacrocycle

Tes =3.1ps T = 0.1 ps
Tre = 245 ps (100%) Tpe = 105 ps (87.9%), 840 ps (1

ng and preferred orientation of donor and acceptor leads
= '&E\.’ﬁu'. talhicidilG & VCUKLIIdIFT ‘)._‘I_:a:'.l':',uk.;w

Aesthetic designs from nature enable to gain new knowledge and, at the same time, inspire to
materialize the unattempted scientific models. In this context, multicomponent macrocycles
embody the advantage of precisely positioning the structural units to achieve efficient
communication between them. However, a functionalizable macrocycle to achieve ultrafast
charge separation and stabilization has not been attempted. Here, we report the synthesis,
crystal structure, and transient absorption of a new functionalizable macrocycle consisting of
oligothiophene ring-strapped perylene bisimide. Transient absorption results point to a
sequential improvement in charge separation and stabilization from the macrocycle to the
corresponding linear dimer and 2D-polymer due to the unique design. Our macrocycle design
with a supportive spatial arrangement of the donor and acceptor units will urge more complex
synthetic systems with exciting electron transfer and charge separation features.

Publication: Angew. Chem. Int. Ed. 2023, e202212934.
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2.1. Introduction

Nature always inspires to draw new molecular and supramolecular designs to solve many
fundamental scientific challenges. For instance, the natural photosynthetic system having
long-lived charge separation (CS) is still a fascinating concept to mimic and realize in a lab.!*-
81 The presence of an ordered molecular unit with optimized energy leads to efficient energy,
and electron-transfer (ET) processes urge the design of many synthetic analogs. A detailed
understanding of the topic revealed that the preferred orientation of chromophores in donor-
acceptor (D-A) assemblies support achieving long-lived CS.1*¢1 Hence, many D-A-based
coaxial designs have been trialed in this direction to achieve better CS.I'1% Among those, a
combination of perylene bisimides (PBIs) with various donor molecules exhibited faster ET
and a long-lived CS state.™] PBIs are the widely studied dyes for the fascinating optical and
redox features, outstanding electron transport, and self-assembly to form diverse
nanostructures.[**-23l Hence PBIs found useful in various applications, including organic solar
cells, batteries, supercapacitors, sensors, photocatalysis etc.['61724-31  The synthetic
manipulation through core functionalization up to four bay positions (1,6,7,12) and four ortho
positions (2,5,8,11) resulted in numerous derivatives, and it made PBIs a favorite choice of
organic materials chemists.*2-3"1 Many supramolecular assemblies of PBIs with CNT, carbon
nanodots etc. have also been explored for ET studies.®®*l In addition, many complex
molecular architectures, polymers, and macromolecules of PBIs have been reported in
combination with other functional molecules.[**%1 The most exploited electron D-A pair of
PBIs and thiophenes has led to p-n-heterojunctions useful in energy harvesting and storage
devices.[**%] Many research groups were keenly involved in synthesizing PBIl-based
macrocycles, even using a D-A combination.[’-2 Ball et al. reported giant macrocycles of
fused PBI dimer, PBI (acceptor), and bithiophene (donor) strap achieved through
multinuclear metal (Pd/Pt) intermediates, and the former exhibits high electron mobility.[5°5%
However, a completely donor-strapped PBI remained unexplored until Wurthner and co-
workers reported macrocyclic D-A dyads through imide functionalization of PBI using cyclic
oligothiophene via a platinum-mediated cross-coupling reaction.®>%1 In all these
oligothiophene-PBI macrocycles, the yield was only moderate.>% Interestingly, the
macrocyclic dyad exhibited an ultrafast ET within ca. 1 ps from the donor oligothiophene to
the acceptor perylenebisimide. Though the donor-acceptor units are suitably placed in the
dyad, fast charge recombination within 8-12 ps was observed. Hence, alternate molecular

designs involving high-yield reactions might be considered to fasten the ET process and
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achieve a long-lived CS state. Herein, we synthesized half and full oligothiophene ring
strapped PBIs substituted at the bay position, resulting in a new D-A macrocycle dyad
(Scheme 1). Moreover, the functionalization of the macrocycle delivered the corresponding
linear dimer and two-dimensional (2D)-polymer. Our approach focused on bay substituted
strapped PBI with D-A units oriented nearly orthogonal to enhance the ET. Though many
strapped or encapsulated molecular systems have been reported,®*5 a combination of
electron-donating oligothiophene with electron-accepting PBIs may lead to exciting

heterojunction materials.

2.2. Experimental section
2.2.1. Electrochemical analysis
Cyclic voltammetry (CV) and Differential pulse voltammetry (DPV) measurements were
carried out on a CHI voltammetry analyzer at room temperature, employing a three-electrode
single compartment cell: glassy carbon electrode (company, d = 2mm) as working electrode,
a Pt wire as counter electrode and Ag/AgCl as a reference electrode. The supporting
electrolyte, Tetrabutylammonium hexafluorophosphate (n-BusNPFs), was previously dried
under vacuum, dichloromethane was dried and degassed before use, and all measurements
were performed under a nitrogen atmosphere. Ferrocene was used as an internal standard for
calibrating the potential (Erc+rc = 0.00 V).
The formal redox potentials (half-wave potentials) were calculated using the formula:
E12 = (Epa + Epc) / 2
Where Epa is the peak anode potential and
Epc is the peak cathode potential.
HOMO energies were calculated from the first formal redox potentials (half-wave potentials)
using the equation:
Enomo= —(4.8 eV + Eloxg vs. FCYFc)
However, LUMO energies were calculated from the first formal redox potentials (half-wave
potentials) using the equation:
ELumo= —(4.8 eV + Elweq vs. FCY/Fc)

2.2.2. Femtosecond transient absorption spectroscopy
The transient experiments were using a Helios Fire pump-probe spectrometer set up
(Ultrafast System). Ti:Sapphire amplifier system (Astrella, Coherent, 800 nm, 3mJ/pulse

energy, ~ 35 fs pulse width and 1 kHz repetition rate) was used to generate ultrafast pulses.
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The output of the laser pulse was then splitted into two parts (95:5) to generate pump and
probe beam. The higher energy beam travels to an Optical Parametric Amplifier (OPerA-
SOLO) to generate requisite pump wavelengths. The lower energy beam passes through
sapphire crystal in order to generate white light. A mechanical delay stage was in place to
maintain perfect delay between pump and probe beam. The transient data was recorded
keeping the sample in a 2mm quartz cuvette and analyzed using surface xplorer software. All

the experimental measurements were carried out at room temperature.

2.2.3. Computational Methods

All the DFT calculations were carried out by employing Gaussian09 software using
B3LYP/6-31G(d) level of theory. To save computational cost, the long alkyl chains were
truncated to methyl group. PCM solvation model was used to take account of long-range

interactions as well as the solvation effect of dichloromethane, respectively.

2.3. Experimental Procedures: Synthesis

2.3.1. Synthesis of oligothiophene ring strapped TSP1 and TSP2 macrocycles

Br CeHys 1) n-BuLi, THF, 78 °C CeHyy |
Cg¢H, 3MgBr 1h Sn_
B — e > N - <]
N/ (dpppINiCL,, (C;H5),0 \ /| 2) 78°c-RT, 12
Br Reflux, 15 h CeHas Me,SnCI CeHis
BT1 (90%) BT1 (81%)

Scheme 2.1: Synthesis of BT1 and BT2 molecules.
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Scheme 2.2: Synthesis of oligothiophene ring strapped TSP1 and TSP2 macrocycles.
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2.3.1.1. Synthesis of 3,3'-dihexyl-2,2'-bithiophene (BT1)[!
CeHis

/ \
W/

CeH13
In 250 mL two necked oven-dried round bottom flask hexylmagnesium bromide (65 mL, 2M
in diethyl ether) was slowly added to the solution of 3,3’-dibromo-2,2'-bithiophene (10 g, 10
mmol) and dichloro[1,3-bis(diphenylphosphino)propane]nickel (55 mg, 0.10 mmol) in
anhydrous diethyl ether (100 mL) at 0 °C. The reaction mixture was refluxed for 15 h under
an inert atmosphere. After completion, the reaction mixture was cooled to room temperature
and quenched by adding sat. NH4Cl. The mixture was extracted with CH.Cl>, washed twice
with brine, then dried over anhydrous Na>SOs, concentrated under reduced pressure. The
crude product was purified via silica gel column chromatography using petroleum ether as
the eluent to yield colorless oil (9.3 g, 90%).
IH NMR (400 MHz, CDCls): é [ppm] = 7.30 (d, J = 5.2 Hz, 2H), 6.98 (d, J = 5.2 Hz, 2H),
2.51 (t, J=7.2 Hz, 4H), 1.51-1.58 (m, 4H), 1.22-1.30 (m, 12H), 0.86 (t, J = 6.3 Hz, 6H).
13C NMR (100 MHz, CDCls): 6 [ppm] = 142.3, 128.7, 128.5, 125.2, 31.6, 30.7, 29.1, 28.8,
22.6,14.1.
HRMS (ESI): m/z calculated for C2oHa1S2 [M+H]": 335.1862, found: 335.1857.

2.3.1.2. Synthesis of (3,3'-dihexyl-[2,2'-bithiophen]-5-yl)trimethylstannane (BT2)5%

CeH1s |

Sn__
| Y |

CeHi3
In 100 mL two necked oven-dried round bottom flask added solution of 3,3'-dihexyl-2,2'-
bithiophene (5 g, 14.94 mmol) in 40 mL of anhydrous THF, 1.6 M n-butyl lithium (9.4 mL,
14.94 mmol) was added dropwise over a 10 min at -78 °C under inert atmosphere. The
mixture was stirred at -78 °C for the next one hour, and then trimethyltin chloride (3.9 g,
19.58 mmol) in THF was added dropwise. The reaction mixture was warmed to room
temperature and stirred for 12 h. The obtained clear solution was diluted with diethyl ether
and washed with water. The organic layer was dried over anhydrous Na>SQOs, and the solvents
were concentrated under reduced pressure. The crude product light brownish oil (1.97 g,

81%) was used without further purification for the next step.
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IH NMR (500 MHz, CDCls):  [ppm] = 7.28 (d, J = 5.2 Hz, 1H), 7.04 (s, 1H), 6.97 (d, J =
5.2 Hz, 1H), 2.49-2.54 (m, 4H), 1.52-1.57 (m, 4H), 1.22-1.28 (m, 12H), 0.86 (t, J = 6.3 Hz,
6H), 0.39 (s, 9H).

HRMS (ESI): m/z calculated for CasHz0S2Sn [M+H]*: 499.1510, found: 499.1502.

2.3.1.3. N,N’-Dicyclohexyl-1,7-dibromoperylene-3,4:9,10-bisdicarboximide (1)

(0] o (o)
OO
(o) Q O (o)
Br

A 100 mL pressure tube is charged with1,7-dibromo-perylene tetracarboxylic acid anhydride
(600 mg, 1.09 mmol), cyclohexylamine (325 mg, 3.27 mmol), ethanol (30 mL), DMF (30
mL). The reaction mixture was stirred at 120 °C under an inert atmosphere for 3 h. After the
reaction, the tube cooled down to room temperature, and 250 mL CH.Cl,was added to the
reaction mixture. The organic layer was washed with (6x50 mL) of water; the combined
organic phases dried over anhydrous Na>SOs, and the solvents were removed under reduced
pressure. The crude product was purified by silica gel column chromatography using CH2Cl»-
petroleum ether (9:1 v/v) to give 1 as a red solid (628 mg, 81 %).
'H NMR (500 MHz, CDCls): 6 [ppm] = 9.46 (d, J = 8.2 Hz, 2H), 8.86 (s, 2 H), 8.67 (d, J =
8.2 Hz, 2H), 5.02 (tt, J = 3.7, 12.1 Hz, 2H), 2.55 (qd, J = 3.3, 12.5 Hz, 4H), 1.93 (d, J = 13.2
Hz, 4H), 1.76 (dd, J = 3.5, 8.2 Hz, 6H), 1.44-1.52 (m, 4H), 1.31-1.39 (m, 2H).
13C NMR (125 MHz, CDCls): ¢ [ppm] = 163.3, 162.7, 137.9, 132.7, 132.6, 129.9, 129.2,
128.4,127.0, 123.7, 123.3, 120.7, 54.2, 29.1, 26.5, 25.4.
FT-IR (cm™): 2953-2845, 1738, 1700, 1654, 1461, 1265, 1078, 1013, 790.
MALDI-TOF: m/z calculated for C3sH20Br2N2O4 [M+H]™: 711.0494, found: 711.0835.

2.3.1.4. N,N’-Dicyclohexyl-1,7-bis(4-methylphenoxy)perylene-3,4:9,10-bisdicarboximide
(rPBI)

To a degassed solution of 1 (70 mg, 98.25 umol) in dry DMF (10 mL), potassium carbonate
(41 mg, 294.27 umol) and 4-methylphenol (27 mg, 245.64 umol) was added. The reaction
mixture was stirred at 120 °C for 1 h. After being cooled to room temperature, the solvent is
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removed by rotary evaporation. The crude reaction mixture was extracted with CH>Cl,, and
the organic layer was washed with (3x30 mL) of water. The combined organic phase was
dried over anhydrous Na>SOs, and the solvent was removed under reduced pressure. The
compound was purified by silica gel column chromatography using CH2Cl>-petroleum ether
(7:3 v/v) as eluent to yield rPBI as a red solid (60 mg, 80 %).

'H NMR (500 MHz, CDClz): é [ppm] = 9.56 (d, J = 8.5 Hz, 2 H), 8.55 (d, J = 8.5 Hz, 2 H),
8.25 (s, 2 H), 7.26 (d, J = 8.2 Hz, 4 H), 7.06 (d, J = 8.2 Hz, 4 H), 4.99 (t, J = 12.1 Hz, 2 H),
2.46 - 2.57 (m, 4 H), 2.41 (s, 6 H), 1.89 (d, J = 12.5 Hz, 4 H), 1.69 - 1.79 (m, 6 H), 1.44 (q, J
=12.8 Hz, 4 H), 1.26 - 1.35 (m, 2 H).

13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.8, 163.4, 155.6, 152.7, 134.9, 133.3, 131.0,
130, 129.1, 128.7, 124.9, 124.2, 123.4, 123.3, 122.6, 119.6, 53.9, 29.1, 26.5, 25.4, 20.8.
MALDI-TOF: m/z calculated for CsoH42N20s [M]* 766.3043, found: 766.653.

2.3.1.5. N,N’-Dicyclohexyl-1,7-bis(2-bromo-4-methylphenoxy)perylene-3,4:9,10-bisdic-

arboximide (2a)
R

Br o0~N—O
OO
O=N O pr
R
=

A 250 mL two necked flask is charge with 1 (1g, 1.40 mmol), potassium carbonate (582 mg,
4.21 mmol), 2-bromo-4-methylphenol (656 mg, 3.51 mmol) and into that added anhydrous,
degassed DMF (100 mL) under argon, then the reaction mixture was stirred at 120 °C for 1 h.
After being cooled to room temperature, the solvent is removed by rotary evaporation. The
crude reaction mixture was extracted with CH2Cl, and the organic layer was washed with
(6x100 mL) of water. The combined organic phases dried over anhydrous Na SO, and the
solvents were removed under reduced pressure. The compound was purified by silica gel
column chromatography using CH2Cl>-petroleum ether (8:2 v/v) to give 2a as an orange solid
(1.08 mg, 83%).

'H NMR (400 MHz, CDClz): ¢ [ppm] = 9.67 (d, J = 8.4 Hz, 2H), 8.62 (d, J = 8.4 Hz, 2H),
8.09 (s, 2H), 7.58 (d, J = 1.2 Hz, 2H), 7.20 (dd, J = 1.2, 8.3 Hz, 2H), 7.04 (d, J = 8.3 Hz, 2H),
4.94-5.04 (tt, J = 3.5, 12.2 Hz, 2H), 2.45-2.57 (m, 4H), 2.42 (s, 6H), 1.89 (d, J = 12.6 Hz,
4H), 1.74 (d, J = 9.9 Hz, 6H), 1.43 (q, J = 12.8 Hz, 4H), 1.25-1.35 (m, 2H).
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13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.8, 163.4, 155.0, 149.0, 137.3, 134.8, 133.1,
130.1, 129.4, 129.2, 124.9, 124.2, 122.6, 122.6, 121.8, 121.2, 115.3, 54.0, 29.1, 26.5, 25.4,
20.6.

FT-IR (cm™): 2953-2850, 1742, 1705, 1658, 1462, 1378, 1257, 1189, 1080, 801.
MALDI-TOF: m/z calculated for CsoH41BraN2Os [M+H]*: 923.1331, found: 923.644.

2.3.1.6. N,N’-Dicyclohexyl-1,7-bis(2,6-dibromo-4-methylphenoxy)perylene-3,4:9,10-bisd-

icarboximide (2b)
R
Br o—_N——O Br
00
Br O 'I‘,; O pf

e

To a degassed solution of 1 (1g, 1.40 mmol) in dry DMF (100 mL), potassium carbonate (582
mg, 4.21mmol) and 2,6-dibromo-4-methylphenol (933 mg, 3.51 mmol) was added. The
reaction mixture was stirred at 120 °C for 1 h. After being cooled to room temperature, the
solvent is removed by rotary evaporation. The crude reaction mixture was extracted with
CHCl_, and the organic layer was washed with (6x100 mL) of water. The combined organic
phase was dried over anhydrous Na>SOs4, and the solvent was removed under reduced
pressure. The compound was purified by silica gel column chromatography using CH.Cl,-
petroleum ether (6:4 v/v) as eluent to yield 2b as an orange solid (1.1 g, 72 %).

1H NMR (400 MHz, CDCls): é [ppm] = 9.75 (d, J = 8.4 Hz, 2H), 8.68 (d, J = 8.4 Hz, 2H),
7.91 (s, 2H), 7.55 (s, 4H), 5.01 (it, J = 3.1, 12.0 Hz, 2H), 2.48-2.59 (m, 4H), 2.45 (s, 6H),
1.89 (d, J=12.1 Hz, 4H), 1.73-1.76 (m, 6H), 1.43 (q, J = 12.6 Hz, 4H), 1.25-1.35 (m, 2H).
13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.8, 163.6, 154.2, 145.7, 139.4, 134.0, 133.3,
130.0, 129.9, 129.6, 124.9, 124.2, 122.5, 121.7, 118.3, 117.8, 54.0, 29.1, 26.5, 25.4, 20.6.
FT-IR (cm™): 2957-2873, 1735, 1697, 1651, 1455 1380, 1259, 1193, 1081.

MALDI-TOF: m/z calculated for CsoH3z9BraN2Os [M+H]*: 1083.4780, found: 1083.635.

2.3.1.7.  N,N’-Dicyclohexyl-1,7-bis(2-(3,3'-dihexyl-[2,2'-bithiophen]-5-yl)-4-ethylphen-
oxy) perylene-3,4:9,10-bisdicarboximide (3a)
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CeHy3

A pressure tube (30 mL) was charged with 2a (500 mg, 540.72umol), (3,3’-dihexyl-[2,2’-
bithiophen]-5-yDtrimethylstannane (1.08 g, 2.16 mmol) and 10 mL freshly distilled dry
toluene. Pd(PPhz)2Cl2 (19 mg, 27.04 umol) was added to the reaction mixture. The mixture
was subsequently heated to 140 °C for 12h. After cooling to RT, CH2Cl>» was added to the
reaction mixture to stop the reaction. The later reaction mixture was passed through celite,
and the solvent was removed by evaporation under reduced pressure. The compound was
purified by silica gel column chromatography using CH.Cl-petroleum ether (5:5 v/v) as
eluent to yield 3a as a red solid (720 mg, 93 %).

IH NMR (400 MHz, CDCls): é [ppm] = 9.75 (d, J = 8.4 Hz, 2H), 8.58 (d, J = 8.4 Hz, 2H),
8.19 (s, 2H), 7.67 (d, J = 1.5 Hz, 2H), 7.32 (s, 2H), 7.16 (d, J = 5.3 Hz, 2H), 7.13 (dd, J = 8.2,
1.5 Hz, 2H), 6.96 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 5.3 Hz, 2H), 4.98 (tt, J = 3.1, 12.1 Hz, 2H),
2.48-2.56 (m, 4H), 2.47 (s, 6H), 2.27-2.38 (m, 8H), 1.87 (d, J = 12.9 Hz, 4H), 1.7(d, J = 9.5
Hz, 6H), 1.28-1.48 (m, 14H), 0.97-1.15 (m, 24H), 0.71 (t, J = 7.1 Hz, 6H), 0.76 (t, J = 7.1 Hz,
6H).

13C NMR (125 MHz, CDCls): ¢ [ppm] = 163.7, 163.4, 155.6, 148.4, 142.3, 142.1, 137.2,
135.7, 133.3, 130.0, 129.9, 129.2, 128.9, 128.5, 128.2, 127.5, 127.0, 125.2, 124.9, 124.2,
123.0, 1225, 122.2, 121.3, 53.9, 31.5, 31.4, 30.5, 29.0, 29.0, 28.8, 28.7, 28.6, 26.5, 25.4,
22.4,20.9, 14.0.

FT-IR (cm™): 2954-2852, 1738, 1694, 1657, 1592, 1405, 1327, 1262, 1196, 811.
MALDI-TOF: m/z calculated for CooHggN20sS4 [M+H]": 1431.6386, found: 1431.351.

2.3.1.8. N,N’-Dicyclohexyl-1,7-bis(2,6-bis(3,3’-dihexyl-[2,2’-bithiophen]-5-yl)-4-methyl-
phenoxy)perylene-3,4:9,10-bisdicarboximide (3b)
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CeHys
CeHis

In a pressure tube (30 mL), 2b (500 mg, 461.90 pmol), (3,3'-dihexyl-[2,2'-bithiophen]-5-
yl)trimethylstannane (1.84 g, 3.70 mmol) in 10 mL dry toluene was added, and Pd(PPhs)2Cl;
(17 mg, 23.10 umol) was used as catalyst. The mixture was subsequently heated to 140 °C for
12 h. After cooling to RT, CH2Cl, was added to the reaction mixture to stop the reaction. The
later reaction mixture was passed through celite and the solvent was removed by evaporation
under reduced pressure. The compound was purified by silica gel column chromatography
using CH2Cl2-petroleum ether (3:7 v/v) as eluent to yield 3b as a red solid (870 mg, 90%).

!H NMR (400 MHz, CDClzs): ¢ [ppm] = 9.95 (d, J = 8.5 Hz, 2H), 8.62 (d, J = 8.5 Hz, 2H),
8.0 (s, 2H), 7.55 (s, 4H), 7.19 (s, 4H), 6.93 (d, J = 5.2 Hz, 4H), 6.69 (d, J = 5.2 Hz, 4H), 4.95
(tt, J = 3.1, 12.1 Hz, 2H), 2.54 (s, 6H), 2.42-2.53 (m, 4H), 2.14-2.24 (m, 8H), 2.06 (dq, J =
13.7, 6.9 Hz, 8H), 1.87 (d, J =12.3 Hz, 4H), 1.67 (d, J = 9.6 Hz, 6H), 1.29-1.47 (m, 6H),
1.20-1.28 (m, 8H), 1.11 (dt, J = 13.9, 6.7 Hz, 8H), 0.96-1.05 (m, 30H), 0.79-0.96 (m, 18H),
0.76 (t, J = 7.2 Hz, 12H), 0.69 (t, J = 7.3 Hz, 12H).

13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.7, 163.4, 155.0, 143.3, 142.1, 141.8, 137.0,
136.7, 133.8, 130.0, 129.9, 129.6, 129.5, 129.2, 129.1, 128.2, 128.0, 127.9, 125.2, 124.6,
123.7, 122.1, 121.8, 118.8, 53.8, 31.5, 31.2, 30.3, 30.1, 29.0, 29.0, 28.8, 28.6, 28.5, 26.5,
25.4,22.6,225,21.1,14.0, 13.9.

FT-IR (cm™): 2957-2855, 1739, 1702, 1657, 1588, 1411, 1332, 1257, 1190, 733.
MALDI-TOF: m/z calculated for C130H155N206Sg [M+H]": 2095.9650, found: 2095.95.

2.3.1.9. Synthesis of TSP1

A solution of bithiophene precursor of 3a (200 mg, 139.66 pumol) was dissolved in dry
CHCI, (500 mL) and degassed for 30 min. The reaction mixture cooled down to 0 °C, and
iron (111) chloride (134 mg, 837.98 umol) was added portion-wise. The reaction was warmed

to room temperature and stirred for 2-3 hours.
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CeHiz CeHi3

The progress of the reaction was monitored by TLC, and once the starting material was
consumed, the reaction was quenched with methanol. The organic contents were extracted
with CH2Cl,and were washed with water (3x100 mL). The combined organic phase was dried
over anhydrous Na>SOgs, and the solvent was removed under reduced pressure. The crude
compound was purified by silica gel column chromatography using CH2Cl2-petroleum ether
(5:5 v/v) as the eluent to afford the cyclized compound, TSP1 as a red solid (172 mg, 86%).
!H NMR (500 MHz, CD2Cl2): é [ppm] =9.86 (d, J = 8.5 Hz, 2H), 8.52 (d, J = 8.5 Hz, 2H),
7.92 (s, 2H), 7.79 (d, J = 1.3 Hz, 2H), 7.33 (s, 2H), 7.30-7.33 (m, 2H), 7.23 (d, J = 8.2 Hz,
2H), 6.77 (s, 2H), 4.89 (tt, J = 3.5, 12.0 Hz, 2H), 2.55 (s, 6H), 2.45-2.51 (m, 4H), 2.38-2.45
(m, 8H), 1.83 (d, J = 12.6 Hz, 4H), 1.59-1.70 (m, 10H), 1.45-1.51 (m, 4H), 1.27-1.45 (m,
6H), 1.17-1.25 (m, 24H), 0.80-0.84 (m, 12H).

13C NMR (125 MHz, CD2Cl2): ¢ [ppm] = 164.2, 163.9, 156.8, 147.1, 141.1, 140.3, 137.8,
137.8, 137.7, 134.4, 132.0, 131.0, 130.2, 130.0, 129.8, 129.6, 129.6, 128.7, 128.6, 125.1,
124.6, 123.9, 123.6, 123.0, 122.0, 119.0, 32.2, 32.0, 30.7, 30.7, 30.0, 29.8, 29.7, 29.7, 29.5,
27.1,26.1,23.2,23.1,21.4,14.4.

FT-IR (cm™): 2951-2858, 1695, 1658, 1589, 1328, 1259, 1109, 815.

MALDI-TOF: m/z calculated for CeoHe7N206Ss [M+H]": 1429.6229, found: 1429.56

2.3.1.10. Synthesis of TSP2

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 88



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

A solution of bithiophene precursor of 3b (150 mg, 71.53 pumol) was dissolved in dry CH2Cl»
(500 mL) and degassed for 30 min. The reaction mixture cooled down to 0 °C, and iron (111)
chloride (128 mg, 786.78 umol) was added portion-wise. The reaction was warmed to room
temperature and stirred for 2-3 hours. The progress of the reaction was monitored by TLC,
and once the starting material was consumed, the reaction was quenched with methanol. The
organic contents were extracted with CH2Cl,and were washed with water (3x100 mL). The
combined organic phase was dried over anhydrous Na,SO4, and the solvent was removed
under reduced pressure. The crude compound was purified by silica gel column
chromatography using CH2Cl>-petroleum ether (3:7 v/v) as the eluent to afford the cyclized
compound, TSP2 as a red solid (115 mg, 77%).

IH NMR (500MHz, CDCls): é [ppm] = 9.77 (d, J = 8.5 Hz, 2H), 8.47 (d, J = 8.5 Hz, 2H),
8.24 (s, 2H), 7.53 (s, 4H), 7.22 (s, 4H), 6.69 (s, 4H), 4.91-4.98 (m, 2H), 2.52 (s, 6H), 2.44-
2.51 (m, 12H), 2.39-2.43 (m, 8H), 1.83 (d, J = 12.9 Hz, 4H), 1.65-1.72 (m, 6H), 1.58-1.62
(m, 8H), 1.46-1.52 (m, 8H), 1.30-1.42 (m, 6H), 1.20-1.26 (m, 48H), 0.81-0.86 (m, 24 H).

13C NMR (125 MHz, CDCls): 6 [ppm] = 164.0, 163.7, 156.8, 143.7, 140.7, 139.7, 138.8,
137.5, 136.4, 135.0, 132.8, 132.1, 130.2, 129.9, 129.3, 128.7, 128.7, 125.2, 123.5, 122.3,
122.2,122.0, 119.2, 77.3, 76.7, 53.7, 31.9, 31.6, 31.5, 30.2, 30.1, 29.7, 29.4, 29.2, 29.0, 29.0,
26.5, 25.4, 22.6, 22.5, 20.6, 14.0, 14.0.

FT-IR (cm™): 2951-2853, 1696, 1658, 1584, 1397, 1248, 1192, 814.

MALDI-TOF: m/z calculated for C130H151N206Ss [M+H]": 2091.9337, found: 2091.93.

2.3.2. Synthesis of TSP-Dimer (TSP1D and TSP2D) Macrocycles

\_s s/
t-BuOH, KOH
o oy e,
65°C,2.5h

Imidazole, Zn(OAc),
150°C, 12 h

R
TSP20 (79%) TSP2D (54 %) R

Scheme 2.3. Synthesis of oligothiophene ring strapped TSP1D and TSP2D dimer

macrocycles.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 89



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

2.3.2.1. Synthesis of TSP10

A two necked round bottom flask (100 mL) was charged with TSP1 (200 mg, 139.86 umol)
and KOH (392 mg, 6.99 mmol) was suspended in 60 mL t-BuOH, and heated to 60 °C for 2.5
to 3.5 h. The reaction progress was monitored by TLC to stop the reaction after a good
amount of cleaved product was observed. The reaction mixture was then brought to room
temperature and dissolved in CH2Cl>, washed with ag. HCI until washings were neutral, dried
over anhydrous Na»SOgs, filtered, and evaporated under reduced pressure. The crude
compound obtained was purified by silica gel column chromatography using CH.Cl,-
petroleum ether (7:3 v/v) as the eluent to afford the monoimide-anhydride TSP10O as a deep
red solid (153 mg, 81%).

'H NMR (400 MHz, CD2Cl2): ¢ [ppm] = 9.89 (dd, J = 6.6, 8.4 Hz, 2H), 8.50-8.56 (m, 2H),
7.95 (s, 1H), 7.89 (d, J = 1.63 Hz, 1H), 7.78 (dd, J = 1.6, 5.6 Hz, 2H), 7.32 (br. s, 2H), 7.31
(br. s, 2H), 7.22-7.26 (m, 2 H), 6.76 (s, 2 H), 4.88 (tt, J = 3.3, 12.0, Hz, 1 H), 2.56 (s, 3H),
2.55 (s, 3H), 2.37-2.52 (m, 10H), 1.83 (d, J = 12.5 Hz, 2H), 1.58-1.72 (m, 7H), 1.43-1.52 (m,
4H), 1.28-1.42 (m, 3H), 1.13-1.25 (m, 24H), 0.78-0.85 (m, 12H).

13C NMR (100 MHz, CD2Cl2): ¢ [ppm] = 164.1, 163.7, 160.6, 160.5, 157.5, 156.3, 146.9,
146.7, 141.2, 141.2, 140.7, 140.5, 138.0, 137.9, 137.8, 137.8, 137.7, 137.6, 136.3, 133.6,
132.2, 132.0, 132.0, 131.2, 131.1, 130.6, 130.5, 130.3, 130.0, 129.9, 129.6, 129.4, 129.4,
129.0, 128.8, 128.6, 128.6, 127.3, 125.4, 124.9, 123.9, 123.9, 123.8, 123.7, 123.6, 123.5,
121.1, 120.6, 119.2, 119.0, 117.8, 32.1, 32.0, 30.7, 30.3, 30.0, 30.0, 29.8, 29.7, 29.7, 29.6,
29.5,27.1,27.0,26.1,23.2,23.1,21.4,21.4, 14.4,

FT-IR (cm™): 2954-2852, 1766, 1735, 1697, 1658, 1591, 1493, 1317, 1258, 1189, 1011, 803.
MALDI-TOF: m/z calculated for CgaHgsNO7S4 [M+H]*: 1348.5287, found: 1348.607.

2.3.2.2. Synthesis of TSP20
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CeHis CeHi3

TSP2 (200 mg, 95.55 pumol) and KOH (322 mg, 5.73 mmol) was suspended in 60 mL t-
BuOH and heated to 60 °C for 3 to 5 h. The crude compound obtained was purified by silica
gel column chromatography using CH2Cl.-petroleum ether (6:4 v/v) as the eluent to afford
the TSP20 as a deep red solid (152 mg, 79%).

IH NMR (400MHz, CDCls): 6 [ppm] = 9.79-9.84 (m, 2H), 8.45-8.51 (m, 2H), 8.26 (s, 1H),
8.24 (s, 1H), 7.52-7.56 (m, 4H), 7.20-7.24 (m, 4H), 6.70 (s, 4H), 4.93 (tt, J = 4.4, 12.7 Hz,
1H), 2.54 (s, 3H), 2.53 (s, 3H), 2.45-2.51 (m, 9H), 2.38-2.44 (m, 9H), 1.84 (d, J = 12.8 Hz,
2H), 1.69 (d, J = 9.3 Hz, 3H), 1.60 (br. s., 8H), 1.45-1.53 (m, 8H), 1.32-1.42 (m, 3H), 1.22
(br. s., 48H), 0.80-0.86 (m, 24H).

13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.8, 163.5, 160.3, 160.1, 157.3, 156.4, 143.5,
143.3, 140.9, 140.8, 139.9, 139.8, 138.5, 138.5, 137.5, 137.5, 136.8, 136.7, 134.2, 133.0,
132.9, 132.2, 132.2, 132.0, 130.5, 130.3, 130.1, 130.0, 129.8, 129.1, 128.8, 128.5, 128.4,
128.1, 127.4, 125.5, 125.0, 124.3, 124.1, 123.1, 122.1, 121.4, 121.0, 119.3, 118.4, 117.4,
53.8, 31.9, 31.6, 31.5, 31.4, 30.3, 30.2, 30.1, 29.7, 29.6, 29.4, 29.3, 29.2, 29.2, 29.1, 29.0,
28.9, 26.5, 25.4, 22.7, 22.6, 22.5, 20.6, 18.7, 14.1, 14.0, 14.0, 14.0, 11.3.

FT-IR (cm™): 2957-2850, 1773, 1741, 1700, 1662, 1599, 1462, 1317, 1249, 1185, 1012, 807.
MALDI-TOF: m/z calculated for C124H140NO7Sg [M+H]*: 2010.8395, found: 2010.976

2.3.2.3. Synthesis of TSP1D
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A sealed tube (5 mL) was charged with TSP10O (100 mg, 74.14 umol), p-phenylenediamine
(6.5 mg, 59.31umol), Zn(OAc). (27 mg, 148.28 umol), and imidazole (500 mg), and heated
to 150 °C for 7 h. After completion of the reaction, the reaction mixture was allowed to cool
to RT, and it was quenched by the addition of hydrochloric acid (2N, 15 mL). The reaction
mixture was extracted with CH2Cl> (3x20 mL). The organic layer was dried over anhydrous
Na.SO4, and the solvent was removed under reduced pressure. The crude product was
purified by silica gel column chromatography using CH>Cl>-petroleum ether (7:3 v/v) as an
eluent to yield TSP1D as a deep red solid (64 mg, 62 %).

'H NMR (500MHz, CDClz3): ¢ [ppm] = 9.91 (t, J = 7.9 Hz, 4H), 8.62 (d, J = 8.5 Hz, 2H),
8.54 (d, J = 8.5 Hz, 2H), 8.03 (s, 2H), 7.96 (s, 2H), 7.79-7.81 (m, 2H), 7.78 (s, 2H), 7.37 (s,
4H), 7.34 (s, 4H), 7.33 (s, 4H), 7.26 (dd, J = 5.4, 7.9Hz, 4H), 6.78 (s, 4H), 4.86-4.95 (m, 2H),
2.56 (s, 6H), 2.54 (s, 6H), 2.47-2.52 (m, 8H), 2.40-2.46 (m, 12H), 1.84 (d, J = 12.3 Hz, 4H),
1.59-1.71 (m, 14H), 1.46-1.52 (m, 8H), 1.31-1.44 (m, 6H), 1.20 (br. s., 48H), 0.78-0.84 (m,
24H).

13C NMR (125 MHz, CDCls): 6 [ppm] = 164.2, 164.0, 163.8, 163.6, 157.1, 156.7, 147.1,
147.0, 141.1, 140.3, 137.8, 136.0, 135.3, 134.2, 132.0, 132.0, 131.1, 130.6, 130.2, 130.1,
130.0, 129.9, 129.6, 128.7, 128.6, 125.5, 125.1, 124.9, 123.9, 123.8, 123.6, 123.3, 122.9,
122.3, 121.8, 119.5, 119.0, 32.1, 32.0, 30.7, 30.3, 30.0, 29.8, 29.7, 29.5, 27.1, 26.1, 23.2,
23.1,21.4,14.4.

FT-IR (cm™): 2950-2856, 1738, 1700, 1654, 1588, 1458, 1330, 1256, 1081, 801.
MALDI-TOF: m/z calculated for C174H175N4012Ss [M+H]": 2768.0972, found: 2768.322

2.3.2.4. Synthesis of TSP2D

TSP20 (100 mg, 49.70 pmol), p-phenylenediamine (4.3 mg, 39.76 umol), Zn(OAc). (18 mg,
99.41 pmol), and imidazole (500 mg) was heated at 150 °C for 10 h under an argon
atmosphere. The crude product obtained was purified by silica gel column chromatography
using CH2Cl>-petroleum ether (4:6 v/v) as the eluent to yield TSP2D as a red solid (56 mg,
55%).
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'H NMR (500MHz, CDCls): é [ppm] = 9.81 (dd, J = 5.0, 8.5 Hz, 4H), 8.53 (d, J = 8.5 Hz,
2H), 8.48 (d, J = 8.5 Hz, 2H), 8.29 (s, 2H), 8.26 (s, 2H), 7.53 (s, 4H), 7.51 (s, 4H), 7.39 (s,
4H), 7.22 (s, 4H), 7.19 (s, 4H), 6.70 (s, 8H), 4.94 (t, J = 11.8 Hz, 2H), 2.53 (s, 6H), 2.50 (br.
s., 6H), 2.44-2.49 (m, 20H), 2.39-2.43 (m, 16H), 1.84 (d, J = 10.7 Hz, 4H), 1.67-1.72 (m,
6H), 1.58-1.63 (m, 16H), 1.49 (br. s., 16H), 1.34-1.41 (m, 6H), 1.22 (br. s., 96H), 0.79-0.85
(m, 48H).

13C NMR (125 MHz, CDCls): ¢ [ppm] = 164.0, 163.7, 163.4, 163.2, 156.9, 143.7, 143.6,
140.7, 139.8, 138.8, 138.7, 137.6, 137.5, 136.5, 136.4, 135.6, 135.1, 134.9, 132.9, 132.8,
132.1, 132.0, 130.5, 130.3, 130.2, 129.9, 129.5, 129.3, 129.2, 128.8, 128.7, 128.7, 125.6,
125.1, 123.6, 123.0, 122.8, 122.5, 122.1, 119.6, 119.2, 53.7, 31.9, 31.6, 31.4, 30.2, 30.1, 29.7,
29.4,29.2,29.0, 26.5, 25.4, 22.6, 22.5, 20.6, 14.

FT-IR (cm™): 2954-2852, 1713, 1697, 1657, 1597, 1461, 1328, 1257, 1092, 801.
MALDI-TOF: m/z calculated for C2s54H283N4012S16 [M+H]*: 4092.7189, found: 4092.9024
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2.3.3. Synthesis of TSP-2DP Polymer

TSP-2DP 72%

In TSP-2DP; alkyl chains and hydrogen atoms are removed for clarity

Scheme 2.4. Synthesis of TSP-2DP polymer.

2.3.3.1. Synthesis of TSP200

TSP2 (200 mg, 95.55 pmol) and solid KOH (536 mg, 9.56 mmol) was suspended in 60 mL t-
BuOH and heated to 100 °C for 4 to 5 h. The crude compound obtained was purified by silica
gel column chromatography using CH2Clz-petroleum ether (6:4 v/v) as the eluent to afford
the TSP20O0 as a deep red solid (136 mg, 74%).

'H NMR (400MHz, CDCls): é [ppm] = 9.87 (d, J = 8.5 Hz, 2H), 8.51 (d, J = 8.5 Hz, 2H),
8.28 (s, 2H), 7.55 (s, 4H), 7.22 (s, 4H), 6.71 (s, 4H), 2.55 (s, 6H), 2.50 (t, J = 8.11Hz, 8H),
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2.42 (t, J = 8.01Hz, 8H), 1.58-1.65 (m, 8H), 1.46-1.53 (m, 8H), 1.22 (br. s., 48H), 0.82-0.86
(m, 24H).

13C NMR (100 MHz, CDCls): é [ppm] = 160.0, 159.8, 157.0, 143.2, 141.1, 140.1, 138.3,
137.5, 137.1, 135.9, 133.0, 132.3, 131.9, 130.7, 129.9, 129.0, 128.3, 127.2, 123.2, 122.2,
121.2,119.3, 118.2, 31.6, 31.5, 30.2, 29.4, 29.2, 29.1, 29.0, 22.6, 22.5, 20.6, 14.0, 14.0.
FT-IR (cm™): 2957-2855, 1775, 1767, 1735, 1599, 1462, 1286, 1243, 1180, 1005, 808.
MALDI-TOF: m/z calculated for C118H12008Sg [M+H]": 1929.7453, found: 1929.854.

2.3.3.2. Synthesis of TSP-2DP

An oven-dried pressure tube (10 mL) charged with TSP20O (20 mg, 10.36 pmol),
triaminopheynilamine (2 mg, 6.91umol), Zn(OAc)2 (7 mg, 37.98 umol), and imidazole (1 g,
14.85 mmol). The pressure tube was heated at 160 °C for 48 h. The reaction mixture was then
cooled down at room temperature, and 20 mL of 2N HCI were added to the reaction mixture
and filtered. Polymer was washed with different solvents such as H,0, EtOH, CHCI3, CH.Cl>
and THF, dried in vacuum oven at 90 °C and TSP-2DP was obtained as a dark red solid (13.6
mg, 72 %).

13C CP-MAS NMR: 162.83, 155.24, 147.82, 139.38, 129.93, 122.74, 30.35, 23.08, 14.16
FT-IR (cm™): 3340, 3186, 2953-2850, 1707, 1673, 1597, 1506, 1395, 1342, 1278, 1250,
1175, 1145, 756.

2.4. Results and Discussion

Synthesis of half and full oligothiophene ring strapped PBI molecules TSP1, and TSP2 were
accomplished through aromatic nucleophilic substitution, Grignard recation, Sonogashira
coupling Stille coupling, and oxidative coupling reactions in good yields (Scheme 2.1,2.2).
The synthesis started with commercially available 1,7-dibromo-perylene-3,4,9,10-
tetracarboxylic dianhydride, which on treatment with cyclohexylamine in a mixture of DMF
and ethanol (1:1), gave molecule 1 with 81% vyield. Upon heating with 2-bromo-4-
methylphenol and 2,6-dibromo-4-methylphenol at 120 °C in the presence of K>COs in
dimethylformamide, molecule 1 yielded 2a (83%) and 2b (72%), respectively. Stille coupling
reaction of 2a and 2b with (3,3'-dihexyl-[2,2'-bithiophen]-5-yl)trimethylstannane delivered
3a (93%) and 3b (90%). Further, we optimized the oligothiophene ring closure using FeCl3
mediated oxidative coupling reaction to yield half and full oligothiophene ring strapped PBI
molecules TSP1 (86%) and TSP2 (77%) in high isolated yields with 100 % conversion. It
has to be noted that compared to other reported macrocycles, the yields of the present systems
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are significantly high.®%5% All the synthesized molecules were characterized by 'H, 3C
nuclear magnetic resonance (NMR), and matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS).

A detailed 2D-NMR study sheds light on the possible cross-coupling between the various
proton and nullifies any interaction between the protons of the thiophene ring and the PBI
units The structures of TSP1 and TSP2 were confirmed by extensive 2D NMR analysis.
The HMBC spectra of TSP1 helped to fix the position of protons aand b as these two
protons show strong cross-peaks with imide carbon (Figure 2.1). The *H-!H COSY spectra
of TSP1 provide a clear idea about protons that are chemically bonded and near to each other
(Figure 2.2). The strong cross-peaks were observed for PBI proton b, and ¢ confirm that these
two protons are from the unsubstituted side of PBI. Moreover, the substituted phenyl ring
protons d and e also show a strong cross-peak, helping to assign the respective protons in the
aromatic region. The H-'H NOESY of TSP1shows the cross-peaks for the d proton
(phenyl) with the center PBI (a, b, ¢ proton), indicating these protons are close to each other
in space. The cross peak for the phenyl ring proton f and thiophene ring proton g shows the
thiophene ring, i.e., sulfur atom from the thiophene ring is pointing inside (Figure
2.3). The *H-3C HSQC spectra show the protons attached to the respective carbon atoms
(Figure 2.4).
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Figure 2.1. HMBC spectrum of TSP1 at 500 MHz, recorded in CDCls; at 298 K.

Intermolecular cross-peaks are indicated by circles.
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Figure 2.2. COSY spectrum of TSP1 at 500 MHz, recorded in CDCls at 298 K.

Intermolecular cross-peaks are indicated by circles.
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Figure 2.3. NOESY spectrum of TSP1 at 500 MHz, recorded in CDCIlz at 298 K.

Intermolecular cross-peaks are indicated by circles.
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Figure 2.4. HSQC spectrum of TSP1 at 500 MHz, recorded in CDClz at 298 K.
Intermolecular cross-peaks are indicated by circles.
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In the case of full cage macrocycle TSP2, the HMBC spectrum shows strong cross-peaks
of a and b with imide carbon, which helped to fix the position of PBI protons (Figure 2.5). As
seen in Figure 2.6, the H-'H COSY shows the strong cross-peaks for the PBI proton b and c,
which are the only adjacent protons present in the TSP2 in the aromatic region. However, the
NOESY spectra show the cross-peak signals for phenyl proton d with thiophene proton e and
methyl protony. Moreover, the thiophene proton f shows cross-peak with alkyl z proton
indicating these two protons are closer in space (Figure 2.7). The PBI proton a shows cross-
peaks with thiophene proton e and phenyl proton d, indicating the position of PBI is
orthogonal and in-between these two rings (Figure 2.7). The *H-*C HSQC spectra help us

determine the protons attached to the carbon atoms (Figure 2.8).
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Figure 2.5. HMBC spectrum of TSP2 at 500 MHz, recorded in CDCl; at 298 K.

Intermolecular cross-peaks are indicated by circles.
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Figure 2.6. COSY spectrum of TSP2 at 500 MHz, recorded in CDCl; at 298 K.

Intermolecular cross-peaks are indicated by circles.
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Figure 2.8. HSQC spectra of TSP2 at 500 MHz, recorded in CDClIs at 298 K. Intermolecular
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To study the effect of core isolation of PBI using oligothiophene rings, absorption and
steady-state emission of reference molecule rPBI, and TSP1, 2 were recorded in CH.CI;
(Figure 2.9 a,b). Normalized absorption spectra showed a clear red-shift of around 18 nm in
the absorption maximum from rPBI to TSP1 and TSP2 (Figure 2.9¢). The emission intensity
of TSP1 and TSP2 in the solution is negligibly low in CHCl> (Figure 2.9b,d). A comparison
indicated no change in absorption or emission features upon oligothiophene ring closure

(Figure 2.9c,d). The variation observed in the visible and fluorescence color is displayed in

figure 2.9e.
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Figure 2.9. a) UV-Vis absorption and b) steady-state fluorescence spectra of rPBI, TSP1,
and TSP2 in CHCly; inset shows the chemical structure of rPBI. Normalized ¢) UV-Vis
absorption and d) steady-state fluorescence spectra of rPBI, TSP1, and TSP2 in CH2Cl> (Lex
=460 nm for rPBI, 475 nm for 3a, 480 nm for 3b, 480 nm for TSP1 and 485 nm for TSP2).
e) Photograph of rPBI, TSP1, and TSP2 in CH2Cl under visible and UV (365 nm) lights.

To see the redox behaviour of TSP1 and TSP2, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were recorded. These experiments were carried out in CH2Cl, (C =
1 mM) using BusNPFs as the supporting electrolyte. Two reversible reduction waves at
potentials of -1.22, -1.39 V for TSP1 and -1.24, -1.47 V for TSP2 (Figure 2.10,2.11, Table
2.5.1) were observed. Two reversible reduction waves point to the first and the second one-
electron stepwise reductive process leading to anion and dianion formation of PBI core. The
observed reduction potentials are slightly shifted to the negative potential than rPBI (Figure
2.12, Table 2.5.1). There are two reversible oxidation peaks at 0.54, 0.79 V for TSP1, and
0.57, 0.87 V for TSP2 in the positive potential sweep due to the oxidation of oligothiophene
rings (Figure 2.10,2.11, Table 2.5.1). Though the donor and acceptor units are linked together

in the macrocycles, the redox features indicate that the electronic states are only slightly
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Figure 2.10. CV and DPV measurements of a) TSP1 and b) TSP2 in CHCl, (C = 1 mM)
with BusNPFs at 100 mV/s scan rate.
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Figure 2.11. a) and ¢) DPV measurements at 100 mV/s scan rate (left) and calculated as
Ferrocene as internal reference standard (Erc+//c = 0.00 V) (right) of TSP1 and TSP2 (1 mM).
b) and d) CV at 100 mV/s scan rate (left) and CV calculated as Ferrocene as internal
reference standard (Erc+rc = 0.00 V) (right) of TSP1 and TSP2 (1 mM).
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Figure 2.12. a) DPV measurements at 100 mV/s scan rate (left) and calculated as Ferrocene
as internal reference standard (Erc+rc = 0.00 V) (right) of rPBI (ImM). b) CV at 100 mV/s
scan rate (left) and CV calculated as Ferrocene as internal reference standard (Erc+rc = 0.00
V) (right) of rPBI (1ImM).

The energies and electronic wave function distributions for the frontier molecular orbitals
(MOs) demonstrate predominant contributions of the oligothiophene unit in the highest
occupied molecular orbital (HOMO) and those of the PBI blocks in the lowest unoccupied
molecular orbital (LUMO) (Figure 2.13a,b), validating the preferred photoinduced ET
direction from oligothiophene to PBI blocks mediated through the lowest energy excited

states. The connection of the oligothiophene ring through oxygen to the PBI unit prevents

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 107



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

electronic communication between the D-A units. Besides, the presence of two phenyl rings
through ortho connection fails to delocalize the lobes all over the ring. The lack of CT bands
in the absorption spectra and photographs of TSP2 under visible light (Figure 2.9a, 2.14) and
the redox behavior of the macrocycles (Figure 2.10,2.11) ascertain the above observations.

HOMO LUMO
Figure 2.13. HOMO and LUMO of a) TSP1 and b) TSP2 based on geometry optimized

structures from DFT calculations, alkyl chains are replaced with methyl groups.
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Figure 2.14. a) Absorption and corresponding normalized spectra of TSP2 in 1. n-hexane, 2.

CCls, 3. THF, 4. CH2Cly, 5. DMF solution (C=1x 10° M, / =1 cm) at 25 °C, b) Steady state

emission and corresponding normalized spectra of TSP2 in (C=1x 10° M, [ =1 cm) at 25

°C (4ex = 485 nm) and Corresponding photographs of TSP2 under c) visible and UV (365 nm)

light.
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To understand the orientation of the oligothiophene ring around the PBI, a single crystal of
TSP2 was grown from CH2Cl.:CH3OH mixture. The final structure of TSP2 was confirmed
by single-crystal X-ray analysis of the needle-like crystals (Figure 2.15-2.18). The crystal
structure of TSP2 belongs to triclinic P-1 space group containing one and a half molecules in
the asymmetric unit (CCDC: 2166196). Out of two molecules, one of them occupies a special
position (inversion center) (Figure 2.16). Most of the n-hexane moieties display thermal
disorder due to conformational flexibility. The crystal structure shows that PBI is nearly
perpendicular (~80°) to the strapped oligothiophene ring (Figure 2.17). The thiophene core
unit of the TSP2 molecules, which occupies an inversion center, is more planar compared to
the thiophene core unit of the other TSP2 molecule, which is more twisted from the planarity.
The crystal structure is stabilized by several hydrogen-bonding interactions involving the
carbonyl group of the PBI unit and H-atom of the thiophene unit (C-Hee+0, 2.474 A, 144.5°
2573 A, 167.99). The crystal structure is also supported by several C-Heeez contacts
engaging alkyl chain C-H and z-cloud of thiophene moiety. Hence the presence of such
multiple noncovalent interactions was found to be the major driving force for extended

molecular packing.

\..
@ :.'.g;.

Figure 2.15. Crystal structure of TSP2 showing the individual molecule; hydrogen atoms are

removed for clarity.
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Figure 2.16. The unit cell of TSP2 viewed along a) a, b) b, and c) ¢ axes.

1

Figure 2.17. Crystal structure of TSP2. The hydrogen atoms and alkyl chains are removed

for clarity.
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Figure 2.18. The extended molecular packing of TSP2 shows the presence of both planar and

twisted PBI cores.
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Figure 2.19 a) Circular dichroism and b) UV-Vis absorption spectra of (P)-TSP1 and (M)-
TSP1 in CH:Cl, (C = 10° M).
As reported, strapped PBIs obtained through bay functionalization will result in M- and P-

isomers,®l and it is confirmed by the crystal structure of TSP2. Hence chiral separation was
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attempted for both TSP1 and TSP2, and only the racemic mixture of M-TSP1 and P-TSP1
isomers were successfully separated by semi-preparative high-performance liquid
chromatography (HPLC) on a chiral column using a mixture of n-hexane:isopropanol (95:5)
as eluent. The isomerically pure M-TSP1 and P-TSP1 were characterized by circular
dichroism (CD) spectroscopy. The mirror image CD signals confirm the formation of
atropisomers by TSP1 (Figure 2.19a,b).

Transient absorption (TA) spectroscopy was employed to elucidate the excited-state
dynamics in these systems. Figure 2.20a,b represents TA spectra of TSP1 and TSP2,
respectively, following the photoexcitation of 460 nm pump pulses probing in the visible
region of the spectrum for a variety of pump-probe delay times ranging between 2.5-200 ps

time scale.
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Figure 2.20. a) Femtosecond transient absorption spectra of a) TSP1, b) TSP2, and c) rPBI
in CH2Cl; after the laser excitation at 460 nm. d) Comparative dynamic profiles of TSP1 and
TSP2 monitoring at 745 nm.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 113



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

Both spectra possess two closely placed photoinduced bleach features around 520 and 563
nm (Figure 2.20a-c), resembling their peak positions in steady-state spectra. The 460 nm
pump does not possess enough energy to excite the thiophene ring. Hence, these negative
signatures must originate from the ground state bleaching (GSB) of So-Sn transitions in the
PBI moiety of the macrocycle (PBI*). Along with the presence of these GSB signatures, the
spectra were dominated by the presence of a broad photoinduced absorption signal
throughout the red regime peaking at around 750 nm. This spectrum is quite unique in nature
and different from that of rPBI (Figure 2.20c). The TA spectra of rPBI are composed of a
photoinduced bleach signal at 554 nm and a stimulated emission (SE) signature at 617 nm,
along with a sharp positive feature at 705 nm. This positive signal necessarily arises from the
photoinduced absorption of S; states. However, the positive features in TSP1 and TSP2 are
quite broad and very different from the rPBI positive signature. This must originate due to
the formation of PBI radical anion in the macrocycle system (Figure 2.21).157-6% nterestingly,
we did not observe any SE feature in the TA spectra of TSP1 and TSP2, unlike rPBI.

8
b) o rPBI
o TSP1
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Figure 2.21. a) Un-normalized dynamic profiles of rPBI, TSP1 and TSP2 monitoring the
positive signature at the red wing of the spectra, at 705, 745 and 745 nm, respectively. b)
Normalized dynamic profiles of rPBI, TSP1 and TSP2 monitoring the positive signature at
the red wing of the spectra, at 705, 745 and 745 nm, respectively.

Further, we monitored the dynamic profiles of these various features found in our systems to
examine different plausible phenomena occurring in the macrocycle, such as photoinduced
ET, separation of charge carriers, formation of cationic/anionic species, etc. These dynamic
profiles were fitted with multi exponential time components and listed in Table 2.5.2. In
Figure 2.20d, we have plotted the kinetic profiles of TSP1 and TSP2 monitoring at 745 nm
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(PBI radical anion position). The positive signal in the red region of the spectra may well be
composed of excited state absorption of PBI*, but the signal would be primarily dominated
by the PBI anion as the CS process is supposed to occur at a very fast time scale. The absence
of any SE signature in the macrocycle system substantiates this assumption. On applying
global fitting analysis, a short-lived SE signature appeared in the case of TSP1 (Figure
2.22a). It was associated with very fast decay (200 fs), and because of that, this feature was
not noticed in the normal spectra plot. For TSP2, we could not locate any SE signature
(Figure 2.22b). These observations point to a very fast charge separation process in these
macrocycles. In this case, the rise times were found to be enhanced from TSP1 to TSP2, as
well as their recovery dynamics. Here, these growth time scales necessarily signify the charge
separation process (zcs).’2%%1  From the multi-exponential fitting, charge separation
processes were found to be occurring in 1.8 ps (kcs ~ 0.5 x 102 S) and 3.1 ps (kcs ~ 0.3 x
102 S1) time scale for TSP1 and TSP2, respectively. The recovery of the radical anion in
TSP2 system takes place at a much slower rate than that occurs in TSP1, indicating superior
separation of charge in the closed cycle (Table 2.5.2). This data very well corroborates the
dynamical change found in the case of GSB and confirms the separation of charge from PBI*
(S1) to PBI anionic state. The macrocycle molecule, TSP2, allows extensive CS and would

be a great contender for organic photovoltaic material.
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Figure 2.22. Spectral distributions of the pre-exponential coefficients from the global fitting
for each of the calculated lifetimes, in case of a) TSP1 and b) TSP2.

One of the attractions of the current design is the opportunity to functionalize the
macrocycles further. The present oligothiophene strapped perylene bisimide macrocycles
(TSP1,2) can be used for the synthesis of monoimide-monoanhydride (TSP10 and TSP20)
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(Scheme 2.3) and dianhydride (TSP200O) macrocycles (Scheme 2.4). Monoimide-mono
anhydride macrocycles can be used to prepare linear dimer analogs, and dianhydride
macrocycles can make various types of 1D and 2D polymers (Scheme 2.3,2.4). In order to
widen the scope of strapped PBIs, corresponding monoimide-monoanhydrides were
synthesized from TSP1 and TSP2 (Scheme 2.3). The formation of the anhydrides was
characterized by 'H, *C NMR, Fourier-transform infrared (FT-IR), and MALDI-TOF MS

and proceeded towards further synthesis (Figure 2.23).
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Figure 2.23. Comparison of the FT-IR spectra of a) TSP1 and TSP10O, and b) TSP2 and
TSP20.
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The reaction of the monoimide-monoanhydride derivative with benzene-1,4-diamine resulted
in the corresponding dimers TSP1D and TSP2D (Scheme 2.3). The formation of dimers is
confirmed by comparing the FT-IR spectrum of the starting materials and corresponding
dimers (Figure 2.24).
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Figure 2.24. Comparison of the FT-IR spectra of a) and b) TSP10 and TSP1D, and c) and d)
TSP20 and TSP2D.

'H NMR spectra of TSP1,2 and the corresponding dimers showed marked differences and
hence confirmed the formation of the latter (Figure 2.25,2.26). A singlet at 7.37 and 7.39 ppm
corresponding to the middle phenyl ring connecting the two macrocycles points to the
formation of TSP1D and TSP2D (Figure 2.25,2.26). The structure of TSP1D and TSP2D
was finally confirmed by extensive 2D NMR analyses (Figure 2.27-2.34).
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Figure 2.25. Comparison of the *H NMR spectra of TSP1 and TSP1D in CDCls.
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Figure 2.26. Comparison of the 'H NMR spectra of TSP2 and TSP2D in CDCls.
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As in the TSP1D molecule, the HMBC spectrum shows strong cross-peaks of a, a’ and b,
b’ with imide four carbon, which helped to fix the position of PBI protons (Figure 2.27). *H-
!H Correlation Spectroscopy (COSY) of TSP1D showed strong cross-peaks for the PBI
protons b, b’ and ¢, ¢" and confirmed that these two protons are from the unsubstituted side of
PBI (Figure 2.28). The phenyl ring protons f, f' show strong cross-peaks with methyl protons
y, ¥’ on it and adjacent thiophene ring protons g, g’ (Figure 2.28). The protons y, y' show
cross-peaks with protons e, e’ in the ortho position of the phenyl ring (Figure 2.28). Strong
intermolecular cross-peaks were observed between the protons of phenyl rings and PBI in the
Nuclear Overhauser Effect Spectroscopy (NOESY) spectrum, indicating their close proximity
(Figure 2.29). Phenyl proton d shows cross-peaks with protons a, a’ of PBI. We observed
cross-peaks of the thiophene protons f and g / h and z, which support their adjacent positions
in space. As shown in Figure 2.30, Heteronuclear Single Quantum Coherence (HSQC)
spectra helped assign the proton position with respect to the attached carbon. The HMBC
spectra of TSP2D indicate protons b, a, b’, and a’ belong to PBI (Figure 2.31). However, the
strong cross-peaks in H-'H COSY confirm protons b, ¢, and b’, ¢’ are on the same side of
PBI (Figure 2.32). The cross-peaks between PBI protons c, ¢’ with e, e’ (thiophene) and d, d’
(phenyl) in NOESY spectra show their close proximity (Figure 2.33). At the same time, the
cross-peaks with PBI protons a, a’ and b, b’ are also visible. Moreover, PBI protons a, a’ show
strong cross-peaks with e, ', and d, d’ of thiophene and phenyl ring, respectively. As shown
in figure S34, the HMBC spectrum shows strong cross-peaks of a, a’, b, b’ and ¢, ¢’ with
perylenebisimide carbon, which helped to fix the position of PBI protons. From 2D NMR
results, it can be concluded that the position of the PBI ring is orthogonal and in between the

thiophene and phenyl ring.
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Figure 2.27. HMBC spectra of TSP1D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.
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Figure 2.28. COSY spectra of TSP1D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.
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Figure 2.29. NOESY spectra of TSP1D at 500 MHz, recorded at 318 K. Intermolecular
cross-peaks are indicated by circles.
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Figure 2.30. HSQC spectra of TSP1D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR Page 122



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

cc

b’ a’
.l

Fpm

HMBC

@“ -
o

@t

4.

1B ORI (O e @ @i 10

1120

125

130

135

1140

145

150

1155

160

T 165

~170

b)

ppm

HMBC

~F161.5
~—F162.0

~F162.5

163.0

F163.5

~——164.0
~F164.5

~F165.0

165.5
166.0

I-166.5

~F167.0

~F167.5

Ppm

Fpm

160

“T161

“F1e2

163

T 164

1T 165

‘T 166

Figure 2.31. HMBC spectra of TSP2D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.

2023-Ph.D. Thesis: Veer Sairam Dnyaneshwar (CSIR-NCL), AcSIR

Page 123



Chapter-2: Oligothiophene-Ring-Strapped Perylene Bisimide

a’a d'd 8e’e f

T VS

a)
COSY -
| ' =3 1
- - RS
. 'S
: - =%
AR
S E 4
i
S S S S T S - WS
E R
g
f— ‘. 118
n&r L !
a’a . ----- N S S e— e A i ; e 8
’ o ‘ 5 5 5
b’ e | SRR AT
o (@ A
A e S U S S SN S W W 2
10 9 8 7 6 5 4 3 2 1 ppm
? CJ’lc M d’m f\
I J : /} e Fet

" l0.0

T v T ; \ T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

Figure 2.32. COSY spectra of TSP2D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.
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Figure 2.33. NOESY spectra of TSP2D at 500 MHz, recorded at 318 K.
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Figure 2.34. HSQC spectra of TSP2D at 500 MHz, recorded at 318 K. Intermolecular cross-

peaks are indicated by circles.
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Similar to TSP1 and TSP2, the corresponding dimers also exhibit two reversible oxidation
and reduction peaks in CV and DPV (Figure 2.35-2.37). Oxidation peaks at 0.52, 0.76 eV and

0.63, 0.96 eV and reduction peaks at -1.19, -1.40 eV and -1.22, -1.49 eV, were observed,
respectively, for TSP1D and TSP2D.
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Figure 2.35. CV and DPV measurements of a) TSP1D and b) TSP2D in CH.Cl, (C =1 mM)
with BusNPFe at 100 mV/s scan rate.
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Figure 2.36. a) DPV measurements at 100 mV/s scan rate (left) and calculated as Ferrocene
as internal reference standard (Erc+rc = 0.00 V) (right) of TSP1D (1 mM). b) CV at 100 mV/s

scan rate (left) and CV calculated as Ferrocene as internal reference standard (Erc+rc = 0.00
V) (right) of TSP1D (1 mM).
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Figure 2.37. a) DPV measurements at 100 mV/s scan rate (left) and calculated as Ferrocene
as internal reference standard (Erc+rc = 0.00 V) (right) of TSP2D (1 mM). b) CV at 100 mV/s

scan rate (left) and CV calculated as Ferrocene as internal reference standard (Erc+rc = 0.00
V) (right) of TSP2D (1mM).
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Figure 2.38. a) Absorption and corresponding b) normalized spectra of rPBI, TSP1 and
TSP1D in CH,Cl; solution (C=1x 10° M, /=1 cm) at 25 °C.
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Figure 2.39. a) Steady state emission and corresponding b) normalized spectra of rPBI,
TSP1 and TSP1D in CH,Cl; solution (C=1x 10° M, / = 1 cm) at 25 °C (ex = 460 nm for
rPBI, 480 nm for TSP1, and 485 nm for TSP1D).
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Figure 2.40. a) Absorption and corresponding b) normalized spectra of rPBI, TSP2 and
TSP2D in CH,Cls solution (C=1x 10° M, /=1 cm) at 25 °C.
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Figure 2.41. a) Steady state emission corresponding b) normalized spectra of rPBI, TSP2
and TSP2D in CH>Cl, solution (C =1 x 10° M, /=1 c¢m) at 25 °C (Jex = 460 nm for rPBI,
485 nm for TSP2, and 485 nm for TSP2D).

Dimers exhibited only a slight red shift in the absorption compared to TSP1, 2, and the
emission remained quenched (Figure 2.38-2.42). Such a coaxial D-A macrocycle dimer offers

the possibility of one-dimensional polymers for efficient electron and hole transport.t’-1%
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Figure 2.42. Comparison of the absorption spectra of TSP1D and TSP2D in CH.ClI; solution

(C=1x10°M,l=1cm)at25 C.
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After noticing the importance of the full oligothiophene ring around the PBI unit to support
ultrafast ET and stabilization of the CS state, a three-component 2D-polymer TSP-2DP was
synthesized wusing the dianhydride of TSP2 (Scheme 2.4) and N N!-bis(4-
aminophenyl)benzene-1,4-diamine (Scheme 2.4). Polymerization in the presence of
Zn(OAC)2 in imidazole started to precipitate TSP-2DP after 24 h, and the reaction was
completed after 48 h. The formation of 2D-polymer was characterized by solid-state *C
cross-polarization magic angle spinning nuclear magnetic resonance (*C CP-MAS NMR),
The formation of TSP-2DP analyzed by *C CP-MAS NMR spectrum showed signals at
162.8 (C=0), 155.2 (C-0, carbon of PBI, and oxygen of phenyl ring), and 147.8 (C-O/N, two
different carbons; one from (C-O) of the phenyl ring and another from (C-N) of
triphenylamine) ppm due to carbon atoms of PBI and triphenylamine (Figure 2.43). There are
signals at 139.3, 129.9, 122.7 ppm from remaining aromatic rings and at 30.3, 23.1, 14.1 ppm
from the alkyl chains also substantiate the incorporation of both monomers in the 2D-

polymer.

——30.35
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—139.380
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Figure 2.43. 13C CP-MAS NMR spectrum of TSP-2DP, asterisks denote spinning sidebands.
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Furthermore, TSP-2DP polymer conformed by FT-IR, X-ray photoelectron spectroscopy
(XPS), powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), CV, DPV
diffuse reflectance UV-Vis-NIR spectrum and morphological analyses (Figure 2.44-
2.51).18UA comparison of FT-IR spectra of TSP-2DP with the starting materials showed that
the characteristic N-H stretching bands at 3410 and 3340 cm™ and N-H bending band at 3205
cm™ of N N!-bis(4-aminophenyl)benzene-1,4-diamine and C=0 stretching bands at 1825,
1767, 1738 cm™ of the anhydride were disappeared, while intense new bands appeared at
1706 and 1671 cm™ (C=0), which can be assigned to vibrations of the imide carbonyl group
(Figure 2.44,2.45). The disappearance of the characteristic peaks (marked in the box)
suggested the complete consumption of monomers during 2D-polymerization (Figure 2.44).
Transmission electron microscope (TEM) images of TSP-2DP suspended in CH3OH
revealed the presence of multilayer stacks of the 2D-polymer structure (Figure 2.46b). It hints
at the extended 2D-polymerization during the reaction and further stacking between the 2D-

polymer layers.
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Figure 2.44. Comparison of the FT-IR spectra of TSP-2DP, TTA, and TSP200.
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Figure 2.45. Comparison of the FT-IR spectra of TSP-2DP, TTA, and TSP20O from a)

3600-1800 cm™ and b) 1800-700 cm™.
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Figure 2.46. a) XPS survey and, b) HR-TEM image of TSP-2DP suspended in CH3OH.
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Figure 2.47. XPS analysis showing profiles of a) Nis, b) Cis, ¢) Ozs, d) Szp of TSP-2DP.

The stability of TSP-2DP was checked by thermogravimetric analysis (TGA), and found that
5% weight loss occurred at 322 °C. It shows reasonably good stability of TSP-2DP compared
with the other reported 2DPs (Figure 2.48a). The PXRD pattern of TSP-2DP exhibited an
intense peak at 5.5 °. However, the complex structure of the monomer macrocycle and the

presence of long alkyl chains leads to a broad peak centred on 26 = 20° (Figure 2.48b).
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Figure 2.48. a) TGA and, b) PXRD pattern of TSP-2DP.

A comparatively broad solid-state diffuse reflectance UV-Vis-NIR spectrum of TSP-2DP is

in line with TSP2 and TSP2D, and points to the lack of ground-state charge-transfer
interaction between the D-A units (Figure 2.49a). Two reversible oxidation and reduction
peaks at 0.04, 0.63 eV, and reduction peaks at -1.28, -1.98 eV were observed in CV and
DPV, respectively, of the thin films of TSP-2DP measured in acetonitrile (Figure 2.49b).
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Figure 2.49. a) Solid-state diffuse reflectance UV-Vis-NIR spectra and, b) DPV and CV
measurements of TSP-2DP thin film in acetonitrile at 100 mV/s scan rate calculated as

Ferrocene as the internal reference standard (Erc+/rc = 0.00 V).
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Figure 2.51 a) SEM image and elemental analysis of b) C, ¢) N, d) S, ) O of TSP-2DP.
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In figure 2.52a presents the TA spectra of the polymeric TSP-2DP system, obtained
following the photoexcitation by 460 nm pump pulses. The spectra resemble the signature of
TSP1 and TSP2. However, the GSB signals are now red-shifted, and the radical anion
feature was also observed in the red wing of the spectra. We have compared the dynamic
profile of this feature in three different macrocyclic systems, TSP2, TSP2D, and TSP-2DP,
as shown in figure 2.52b. Interestingly, TSP2 and TSP2D possess almost the same dynamics,

and the only difference was the decreased growth time scale (Figure 2.53, 2.54, Table 2.5.2).
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Figure 2.52. a) Femtosecond transient absorption spectra of TSP-2DP in CH3OH after the
laser excitation at 460 nm. b) The comparative dynamic profiles of TSP2, TSP2D, and TSP-

2DP monitoring the PBI anionic signature at the red wing of the spectra.
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Figure 2.53. Femtosecond transient absorption spectra of a) TSP1D and b) TSP2D in

CHClI; after the laser excitation at 460 nm.
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Figure 2.54. The comparative dynamic profiles of a) TSP1, TSP1D and b) TSP2, TSP2D

monitoring the PBI radical anionic signature at the red wing of the spectra.

Hence, in the dimer system, the CS rate is getting increased. From multi-exponential fitting
data, the CS time scales were calculated, tcs ~ 1.0 ps (kcs ~ 1.0 x 10'? S1) and 0.7 ps (kcs ~
1.4 x 102 S1), respectively, for TSP1D and TSP2D . In the case of TSP-2DP, the CS rate
was found to be maximum (tcs ~ 0.1 ps and kcs ~ 10 x 102 Sty (Table 2.5.2). This is
attributed to the precise positioning of the D-A units and extreme interaction between donor
and acceptor due to close proximity. Interestingly, the recovery rate was found to be the
slowest in this polymeric system. This TSP-2DP radical anion decays biexponentially with
Tcr ~ 105 ps (87.9 %) and 840 ps (12.1 %) time components. Hence, TSP-2DP possesses not
only the fastest CS but also the slowest recovery time among all. As we moved from TSP2 to
TSP2D and to TSP-2DP, the CS time scale was changed from 3.1 to 0.7 and further to 0.1
ps, respectively, and recovery of the radical anion was significantly slowed down. It can be
attributed to the following reasons, 1. The covalently linked donor-acceptor macrocycle in the
dimer and 2D-polymer converts the CS into an efficient intramolecular process in the
individual macrocycle itself and thereby delays the charge recombination process. 2. The
presence of spatially and electronically separated donor-acceptor units connected in series is
most supportive in this process. 3. In the dimer and 2D-polymer, the macrocycle connected
by phenyl and triphenylamine units, respectively, imparts more rigidification than that of
TSP2. The global fitting analysis revealed the presence of a short-lived SE signature for
TSP1D, TSP2D, and TSP-2DP (Figure 2.55).
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Figure 2.55. Spectral distributions of the pre-exponential coefficients from the global fitting

for each of the calculated lifetimes, in the case of a) TSP1D, b) TSP2D and c) TSP-2DP.

NIR part of the TA spectra supports the radical cation formation (Figure 2.56, Table 2.5.2)
and hence unambiguously confirms the reason for long-lived charge-separated states in TSP
macrocycles.[52538% The trends in TA study indicate the strong supportive role of molecular
designt®l in fastening the CS process and its stabilization compared to the similar
macrocyclic D-A dyads of PBI and oligothiophene reported by Wairthner and co-
workers.[2%% A distinctly different photoinduced ET process is exhibited by the present D-A
macrocycle developed by the bay functionalization of PBI using an oligothiophene ring
connected through an electron-donating phenoxy group. D-A macrocycle synthesized through
bay functionalization of PBI supersedes the similar one obtained through imide
functionalization®25% in terms of fast electron transfer and stabilization of the CS state.
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Figure 2.56. Femtosecond transient absorption spectra of a) TSP2 and b) TSP-2DP in

CHCI, after the laser excitation at 460 nm. c) The comparative dynamic profile and d)

normalized profile of TSP2, and TSP-2DP monitoring the oligothiophene radical cation

signature at the red wing of the spectra.

2.5. Tables

Table 2.5.1. Optical and redox properties of rPBI, TSP1, TSP2, TSP1D, TSP2D and TSP-2DP.

Sample Amax, ab Emax Amax, em on, 1 on, 2 Ered, 1 Ered, 2 Ernomo ErLumo Eg
(nm) (Mtcm?) | (nm) €eVv) (V) |[@EV) | (V) (eV) (eV) (eV)
rPBI 542 49575 570 - - -1.14 | -1.30 - -3.66 -
TSP1 555 59858 534 0.54 0.79 | -1.22 | -1.39 -5.34 -3.58 1.76
TSP2 558 60600 534 0.57 0.87 | -1.24 | -1.47 -5.37 -3.56 1.81
TSP1D 562 58241 534 0.52 0.76 | -1.19 | -1.40 -5.32 -3.61 1.71
TSP2D 564 59945 535 0.63 096 | -1.22 | -1.49 -5.43 -3.58 1.85
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Table 2.5.2 Fitting parameters of transient dynamic profiles of PBI radical anion in TSP1,
TSP2, TSP1D, TSP2D, and TSP-2DP, along with rPBI, and oligothiophene radical cation
of TSP2, and TSP-2DP.

System | Wavelength Ty 31 7 73
(nm) (ps) (ps) (ps/ns) (ps/ns)

TSP1 745 1.8 71.4 (100 %) - -
TSP1D 741 1.0 57.3 (100 %) - -
TSP2 745 3.1 | 245.3 (100 %) - -
TSP2D 737 0.7 225 (100 %) - -
TSP-2DP 745 0.1 105 (87.9 %) | 840 ps (12.1%) -
rPBI 705 1.1 240 (48.5 %) 705 (51.5 %) -
TSP2 935 4.8 346 (100 %) - -
TSP-2DP 945 0.9 37.8(68.9%) | 234 ps (27.8%) | >1ns(3.3%)

2.6. Conclusion

In conclusion, a new macrocycle with a perylenebisimide acceptor unit perpendicular to the
strapped oligothiophene ring is synthesized and studied for its ET properties by TA. A nearly
orthogonal orientation of the D-A units in the macrocycle, confirmed by single-crystal X-ray
analysis, results in an ultrafast ET and stabilization of the CS state for a longer duration. The
macrocycle design achieved by bay functionalization of PBI enabled the development of the
corresponding linear dimer and 2D-polymer. Precise positioning of the D-A units in the
macrocycle prevents strong direct intermolecular interactions through z-z stacking and slows
down the charge recombination process. Hence, the presence of coaxial thiophene-PBI
macrocycle along with a second triphenylamine donor in the three-component 2D-polymer
facilitates efficient CS and its stabilization. In short, a molecular design-assisted control over
the excited-state CS and its stabilization is demonstrated. Such a nature-inspired synthetic
route toward complex structures could lead to new materials for artificial photosynthesis and

organic electronics.
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Donor Strapped Perylene Bisimide
Macrocycle and Lemniscate Dimer with
Extended Charge Separation
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Chapter-3

Donor Strapped Perylene Bisimide Macrocycle
and Lemniscate Dimer with Extended Charge
Separation
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Multicomponent Macrocycles offers precise positioning and orientation of donor and acceptor units
facilitating rapid electron transfer and long lived charge separation

Macrocyclic structures are fascinating due to their unique design and capability to place
chromophores in specific orientations, resulting in exciting optoelectronic properties.
However, the synthetic challenges limit the broad exploration of such systems. Herein, we
report a thiophene-diacetylene-based ring strapped perylene bisimide macrocycle and its
notably different electron transfer features. Single-crystal analysis of the macrocycle points to
the nearly orthogonal placement of donor-acceptor units, facilitating better electronic
communication between them. Interestingly, introducing an alkyl substituent on the
peripheral thiophene ring opened the possibility of forming a higher oligomer macrocycle
consisting of multiple strapped perylene bisimide units. Diffusion and two-dimensional NMR
experiments provided insight into the structure of the figure-eight-shaped lemniscate dimer.
Transient absorption measurements showed faster electron transfer and extended stabilization
of the charge-separated state. The thiophene-diacetylene-based ring is a better donor unit to
facilitate rapid electron transfer and long-lived charge separation in the macrocycle and its
lemniscate dimer. The new macrocycle design enables the formation of higher analogs

equally capable of stabilizing the charge-separated state.
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3.1. Introduction

The photosynthetic system is a perfect example, where chlorophyll molecules are organized
in an orderly pattern to ensure effective light harvesting and redox reactions.[*? Inspired by
this ideal concept, researchers have attempted to create various multicomponent n-conjugated
systems. Such macrocyclic arrays have attracted significant interest due to their promising
capability to efficiently collect solar energy and transform it into chemical, electric, or other
forms of energy.*"1 Although there have been many synthetic structural resemblances of
light-harvesting assemblies, it has only rarely been thought of to use the focused and
channeled excitation energy.®2% In this direction, there has been a lot of interest in
chromophores that can harvest light and create long-lived charge-separated states using
molecular assemblies, particularly macrocycles comprised of suitably placed donor and
acceptor units.' A variety of macro-cyclic arrays based on porphyrins,?
oligothiophenes,!*3l BODIPY 4 carbazoles,!**! and perylene bisimides (PBIs)>!® have been
used as light-absorbing components in macrocycles.

PBI is one of the most distinctly studied fluorescent dyes among organic materials.!*”]
Moreover, PBIs are indeed a preferred chromophore due to their excellent chemical and
thermal stability, wide spectrum of visible light absorption, and distinctive electrochemical
properties.[®181° The chemical functionalization of PBIs is possible at many positions,
including the imide-, ortho-, and bay positions.[**1 However, since the imide nitrogen atoms of
PBI act as the nodes of frontier orbitals, linking PBI units through these nitrogen atoms
would not disrupt the PBI frontier orbitals.l!3!°1 On the other hand, introducing new
substituents at the bay positions of PBI has shown to be successful in changing the frontier
orbital levels. Besides, specific substituents in the bay position facilitate easy tuning of the
optoelectronic characteristics, making them ideal for light harvesting and luminescent
applications.”® Nuckolls and coworkers previously reported that PBls-based cyclic
conjugated macrocycles generate substantially higher photocurrent than acyclic-analogs.?!! In
2021, the research group of Waurthner reported a completely strapped donor-acceptor PBI
through imide position exhibiting ultrafast electron transfer??l Moreover, a considerable
number of a-conjugated macrocyclic oligothiophenes containing various cyclo(n)thiophenes
have been reported through the thiophene-acetylene linkage by Béauerle and coworkers.[*®!
Recently, our group also reported another oligothiophene strapped PBI, functionalized on the
bay position via oxidative coupling reaction, along with corresponding linear dimer and 2D

polymer.lZ2l Our aim was to develop macrocyclic donor-acceptor systems with extended
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charge separation (CS) and stabilization. In this work, we demonstrate another
straightforward approach with acetylene chemistry,?! which allows easily achievable
covalently bonded, rigid macrocyclic scaffolds. The unique design consists of rigid donor-
acceptor units orientated nearly orthogonal to each other for improved CS. Most importantly,
the Hay-Glasear coupling reaction yields diacetylene-thiophene-strapped PBIs (SP1 and 2) in
good vyield and opens up the possibility of generating a dimer (SP2D) and higher analogs
(Scheme 3.3). The present study describes the rational design, synthesis, and electron transfer

properties of new donor-acceptor macrocycles.

3.2. Experimental section
3.2.1. Electrochemical analysis
Cyclic voltammetry (CV) and Differential pulse voltammetry (DPV) measurements were
carried out on a CHI voltammetry analyzer at room temperature, employing a three-electrode
single compartment cell: glassy carbon electrode (company, d = 2mm) as working electrode,
a Pt wire as counter electrode and Ag/AgCl as a reference electrode. The supporting
electrolyte, Tetrabutylammonium hexafluorophosphate (n-BusNPFs), was previously dried
under vacuum, dichloromethane was dried and degassed before use, and all measurements
were performed under a nitrogen atmosphere. Ferrocene was used as an internal standard for
calibrating the potential (Erc+rc = 0.00 V).
The formal redox potentials (half-wave potentials) were calculated using the formula:
E12 = (Epa + Epc) / 2
Where Epa is the peak anode potential and
Epc is the peak cathode potential.
HOMO energies were calculated from the first formal redox potentials (half-wave potentials)
using the equation:
Enomo= —(4.8 eV + Eloq vs. FCYFC)
However, LUMO energies were calculated from the first formal redox potentials (half-wave
potentials) using the equation:
ELumo= —(4.8 eV + Elweq vs. FCY/Fc)

3.2.2. Femtosecond transient absorption spectroscopy

The transient experiments were using a Helios Fire pump-probe spectrometer setup (Ultrafast
System). Ti: Sapphire amplifier system (Astrella, Coherent, 800 nm, 3mJ/pulse energy, ~ 35
fs pulse width, and 1 kHz repetition rate) was used to generate ultrafast pulses. The output of
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the laser pulse was then splitted into two parts (95:5) to generate the pump and probe beam.
The higher energy beam travels to an Optical Parametric Amplifier (OPerA-SOLO) to
generate requisite pump wavelengths. The lower energy beam passes through sapphire crystal
in order to generate white light. A mechanical delay stage was in place to maintain perfect
delay between the pump and probe beam. The transient data was recorded while keeping the
sample in a 2mm quartz cuvette and analyzed using surface explorer software. All the

experimental measurements were carried out at room temperature.

3.2.3. Computational Methods

All the DFT calculations were carried out by employing Gaussian09 software using
B3LYP/6-31G(d) level of theory. To save computational cost, the long alkyl chains were
truncated to a methyl group. PCM solvation model was used to take account of long-range

interactions as well as the solvation effect of dichloromethane, respectively.

3.3. Experimental Procedures: Synthesis
3.3.1. Synthesis of Triisopropyl((5-(trimethylstannyl)thiophen-2-yl)ethynyl)silane (T2)

_ <7 <
2-bromothiophene T1(86%) T2 (92%)

Scheme 3.1. Synthesis of T2. (i) (Triisopropylsilyl)acetylene, Pd(PPhs)2Cl,, Cul, EtsN, THF,
RT, 12 h, (ii) a. n-BuLi, THF, -78 °C, 1 h; b. MesSnCl, -78 °C to RT, 12 h.

3.3.2. Triisopropyl((5-(trimethylstannyl)3-hexylthiophene-2-yl)ethynyl)silane (T6)

Br CeHiz CeHis CeH1z

' <-si
3-bromothiophene T3 (77%) T4 (95%) T5 (91%) 7/
e [S\
= S|>\ )\
T5 Té (87°/)

Scheme 3.2. Synthesis of T6. (i) a. Mg, l2, CsH13Br, THF, Reflux, 5 h; b. Ni(dppp)Cl., THF,
Reflux, 15 h, (ii)) NIS, CH2CIl2:AcOH (1:1), RT, 12 h, (iii) (Triisopropylsilyl)acetylene,
Pd(PPhs)2Cl,, Cul, DIPA:THF (1:1), 60 °C, 12 h, (iv) a. n-BuLi, THF, -78 °C, 45 min; b.
MesSnCl, -78 °C to RT, 12 h.
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3.3.3. Synthesis of Diacetylene-Thiophene-Ring-Strapped PBIls Macrocycles of SP1,2
and SP2D

R
N

Ay

07 °N" "0 R TIPS TIPS .
R P
3

L,
=

=

\fks{:\-
.

TIPS

. == <
R Tps7 TIPS R’

4b (86%) 5b (97%)

/!
n=0, SP2D (3%)
n =1, SP2T (trace)
=2, SP2TT (trace)

Scheme 3.3. Synthesis of diacetylene-thiophene strapped PBIs. (i) Pd(PPhs)2Cly, toluene, 140
°C, 12 h, (ii) TBAF, THF, RT, 15 min., (iii) TMEDA, CuCl, THF, RT, 6 h, (iv) TMEDA,
CuCl, THF, RT, 12 h.

Scheme 3.1.
3.3.1.1. Synthesis of Compound (T1):[%]

30 mL schlenk tube was charged with 2-bromothiophene (1.5 g, 9.20 mmol), Cul (53 mg,
276.02 pmol), and Pd(PPh3):Cl> (194 mg, 276.02 pumol). To that, THF (15 mL) and
triethylamine (5 mL) were added, kept in an ice-cold solution, degassed for 30 min., and
Triisopropylsilylacetylene (2.27 mL, 10.12 mmol) was added drop by drop. The mixture was
stirred at room temperature for 12 h. After completion of the reaction, dichloromethane was
added, and the resultant mixture was filtered through celite. The filtrate was extracted with
water, and the solvent was removed under reduced pressure and dried over anhydrous
Na2S04. The crude product was purified by silica gel column chromatography using
petroleum ether to obtain pure product triisopropyl(thiophen-2-ylethynyl)silane T1.

Nature and Yield: colorless oil, 2.1 g (86%).

IH NMR (500 MHz, CDCls): 6 [ppm] = 7.22-7.25 (m, 2H), 6.96 (dd, J = 5.0, 3.7 Hz, 1H),
1.13 (s, 21H).
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13C NMR (125 MHz, CDCls): 8[ppm] = 132.4, 126.9, 126.8, 123.6, 99.3, 95.3, 18.6, 11.3.
HRMS (ESI): m/z calculated for C1sH25SSi [M+H]*: 265.1441, found: 265.1440.

3.3.1.2. Synthesis of Compound (T2):[?
:SnK >~
I /SK-\(

In a 50 mL two-neck round bottom flask, a solution of triisopropyl(thiophen-2-
ylethynyl)silane (1.5 g, 5.67 mmol) in 20 mL anhydrous THF was refrigerated to -78 °C
under argon. To that, n-butyllithium (1.6 M, 3.9 mL, 6.24 mmol) was added dropwise over 15
minutes and stirred for 1 h at -78 °C. Later, a solution of trimethyltin chloride (1.47 g, 7.37
mmol) in THF was added dropwise, and the reaction mixture was warmed to room
temperature and stirred for 12 h. The clear solution was diluted with diethyl ether and rinsed
with water. The organic layer was dried over anhydrous Na>SOs, and the solvents were
concentrated at  reduced  pressure.  Triisopropyl((5-(trimethylstannyl)thiophen-2-
yl)ethynyl)silane (T2) was obtained as a light brownish oil without further purification.
Nature and Yield: light brownish oil, 2.23 g (92%).

'H NMR (200 MHz, CDCls): §[ppm] = 7.32 (d, J = 3.37 Hz, 1H), 7.05 (d, J = 3.37 Hz, 1H)
1.11 (s, 21H), 0.36 (t, 9H).

HRMS (ESI): m/z calculated for C1gH33SSiSn [M+H]": 429.1089, found: 429.1098.

Scheme 3.2.
3.3.2.1 Synthesis of Compound (T3):128

| \

A 100 mL two-neck round bottom flask (1.04 g, 42.94 mmol) containing magnesium and I,
was flame-dried under vacuum and filled with argon. To that, 30 mL of anhydrous THF was
added and refluxed. 1-bromohexane (5.15 ml, 36.80 mmol) was added dropwise while
keeping the THF refluxing. After that, the suspension was stirred for 5 h under argon until all
of the magnesium had reacted. The hexylmagnesium bromide product was transferred to a
second 100 mL two-neck flask chilled with ice and containing (582 mg, 1.07 mmol) of
[Ni(dppp)Cl2] and (5 g, 30.67 mmol) of 3-bromothiophene in 30 mL of anhydrous THF
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through a cannula needle. The reaction mixture was refluxed by stirring under argon for 15
h. After that, the reaction was cooled by pouring a solution of diluted HCI and ice. Following
phase separation, the aqueous phase was extracted with ethyl acetate, and the content of
organic phases was washed with (3x50 mL) of water and, one time, with 25 mL of saturated
aq.NaHCOs. The organic layer was dried over NaSOa, and the solvent was removed under
vacuum. The crude product was purified by silica gel column chromatography using
petroleum ether as the eluent to obtain the product (T3).

Nature and Yield: colorless oil, 4 g (77%).

'H NMR (500 MHz, CDCls): ¢ [ppm] = 7.25 (dd, J = 5.01, 2.8 Hz, 1H), 6.93-6.96 (m, 2H),
2.64 (t,J = 7.5 Hz, 2H), 1.59-1.67 (m, 2H), 1.30-1.37 (m, 6H), 0.90 (t, J = 6.3 Hz, 3H).

13C NMR (125 MHz, CDCls): § [ppm] = 143.3, 128.3, 125, 119.7, 31.7, 30.5, 30.3, 29,
22.6,14.1.

HRMS (ESI): m/z calculated for C1oH17S[M+H]": 169.1051, found: 169.9772.

3.3.2.2. Synthesis of Compound (T4):

N

In a 50 mL round bottom flask, 3-hexylthiophene (T3) (3.1 g, 18.42 mmol) was dissolved in
anhydrous dichloromethane and acetic acid (1:1, 30 mL). To that, N-iodosuccinimide (4.14 g,
18.42 mmol) was added portion-wise. The reaction mixture was stirred for 12 h at room
temperature. After 12 h, the reaction was quenched with sodium thiosulfate, and the
compound was extracted with ethyl acetate. The combined organic layer was washed with
water (3x25 mL), dried over anhydrous Na>SOs, and concentrated to obtain a yellow oil. The
crude product was purified by silica gel column chromatography using petroleum ether as the
eluent to get the product (T4).

Nature and Yield: colorless oil, 5.15 g (95%).

'H NMR (400 MHz, CDClz): & [ppm] = 7.39 (d, J = 5.5 Hz, 1H), 6.77 (d, J = 5.5 Hz, 1H),
2.56 (t, J = 6.5 Hz, 2H), 1.58 (m, 2H), 1.30-1.38 (m, 6H), 0.91 (t, J = 6.5 Hz, 3H).

13C NMR (125 MHz, CDCls): & [ppm] = 147.2, 130.3, 127.9, 73.9, 32.1, 31.6, 29.9, 28.9,
22.6,14.1.
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HRMS (ESI): m/z calculated for CioH1s1S [M]*: 293.1939, found: 293.2957 and C1oH16lS
[M+H]": 295.0017, found: 295.3023.

3.3.2.3. Synthesis of Compound (T5):

TN —

=T

In a 30 mL Schlenk tube, 2-iodo-3-hexylthiophene (T4) (1 g, 3.40 mmol), Cul (26 mg, 136
umol), Pd(PPh3).Cl2 (95 mg, 136 umol) in anhydrous THF (8 mL), and diisopropyl amine (8
mL), was added. The schlenk tube was kept in an ice-cold solution, degassed for 30 min. and
Triisopropylsilylacetylene (1 mL, 4.59 mmol) was added. The reaction mixture was stirred at
60 °C, for 12 h. Dichloromethane was added, and the resultant mixture was passed through
celite before being washed with water. Under reduced pressure, the solvent was removed
after drying over anhydrous Na»>SO4. The crude product was purified by silica gel column
chromatography using petroleum ether as the eluent to obtain the product (T5).

Nature and Yield: colorless oil, 1.08 g (91%).

IH NMR (500 MHz, CDCls): & [ppm] = 7.12 (d, J = 5.3 Hz, 1H), 6.84 (d, J = 5.3 Hz, 1H),
2.72 (t, J =7.75 Hz, 2H), 1.58-1.65 (m, 2H), 1.28-1.35 (m, 6H), 1.14 (s, 21H), 0.89 (t, J = 6.8
Hz, 3H).

13C NMR (100 MHz, CDCls): & [ppm] = 148.6, 128.1, 125.5, 118.7, 99.1, 97.1, 31.7, 30.3,
29.7,29.1, 22.6,18.7,14.1, 11.3.

HRMS (ESI): m/z calculated for C21Hs7SSi [M+H]*: 349.2380, found: 349.2375.

3.3.2.4. Synthesis of Compound (T6):

In a 100 mL round Dbottom flask, a solution of ((3-hexylthiophene-2-
yl)ethynyDtriisopropylsilane (1.5 g, 4.30 mmol) in 20 mL of anhydrous THF was cooled to -
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78 °C under an argon atmosphere. Then 1.6 M n-butyllithium (3 mL, 4.73 mmol) was added
dropwise and stirred for 45 minutes. The solution of trimethyl tinchloride (1.11 g, 5.59 mmol)
in THF was added drop-by-drop to the reaction mixture, maintaining -78 °C for 30 minutes.
The mixture was then warmed to room temperature and stirred for 12 h. The clear solution
was diluted with diethyl ether and rinsed with water. The organic layer was dried over
anhydrous Na>SO4 and the solvent was removed under reduced pressure. Triisopropyl((5-
(trimethylstannyl)3-hexylthiophene-2-yl)ethynyl)silane (T6) was obtained as the crude
product as a light brownish oil and used directly without further purification.

Nature and Yield: light brownish oil, 1.92 g (87%).

'H NMR (500 MHz, CD2Cl2): & [ppm] = 6.92 (s, 1H), 2.71 (t, J = 7.75 Hz, 2H), 1.59-1.65
(m, 2H), 1.29-1.36 (m, 6H), 1.13 (s, 21H), 0.88 (t, J = 7.17 Hz, 3H), 0.35 (t, 9H).

HRMS (ESI): m/z calculated for C24H4sSSiSn [M+H]*: 513.2028, found: 513.2017.

Scheme 3.3.3.

N,N’-Dicyclohexyl-1,7-bis(2,6-dibromo-4-methylphenoxy)perylene-3,4:9,10-bisdicarboximide

(3) was synthesized in quantitative yield by adapting a previously reported chapter.?®l

3.3.3.1. Synthesis of 4a:

10 mL pressure tube was charged with compound 3 (200 mg, 184.76 umol), triisopropyl((5-
(trimethylstannyl)thiophen-2-yl)ethynyl)silane (513 mg, 1.20 mmol), and Pd(PPhz)2Cl. (6.5
mg, 9.24 umol) in 4 mL anhydrous toluene. The reaction mixture was subsequently heated to
140 °C for 12 h. Further, the reaction mixture was allowed to cool down to room temperature,
followed by adding dichloromethane, passing through celite before water workup, and the
solvent was removed by evaporation under reduced pressure. The crude product was purified
by silica gel column chromatography using dichloromethane-petroleum ether (6:4 v/v) to

obtain pure product 4a.
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Nature and Yield: Red solid, 296 mg (88%).

IH NMR (500 MHz, CDCls): ¢ [ppm] = 9.96 (d, J = 8.4 Hz, 2H), 8.66 (d, J = 8.4 Hz, 2H),
7.94 (s, 2H), 7.52 (s, 4H), 7.10 (d, J = 3.8 Hz, 4H), 6.83 (d, J = 3.8 Hz, 4H), 4.96 (t, J = 12.0
Hz, 2 H), 2.52 (s, 6H), 2.43-2.51 (m, 4H), 1.87 (d, J = 13.0 Hz, 4H), 1.70 (d, J = 12 Hz, 6H),
1.28-1.45 (m, 6H), 0.91-0.97 (m, 84 H).

13C NMR (125 MHz, CDCls): 6 [ppm] = 163.7, 163.4, 154.7, 143.5, 138.9, 137.1, 133.6,
1325, 131.1, 129.9, 129.3, 129.2, 128.6, 126.1, 124.9, 124.3, 124, 122.5, 121.4, 118.3, 98.8,
97.2,53.9, 29.7, 29, 26.5, 25.4, 21.1, 18.4, 11.1.

FT-IR (cm™): 2942, 2866, 2142, 1701, 1661, 1594, 1514, 1461, 1407, 1330, 1260, 1199,
882, 761, 679.

MALDI-TOF: m/z calculated for C110H131N206S4Si4 [M+H]*: 1815.7967, found: 1815.75.

3.3.3.2. Synthesis of 4b:

CgHys Tis\ TI\PS CgHy3

\ \/
CeHiz TIPS TIPS CgHys

e

10 mL pressure tube was charged with compound 3 (300 mg, 277.14 umol), triisopropyl ((5-
(trimethylstannyl)3-hexylthiophene-2-yl)silane (950 mg, 1.86 mmol), and Pd(PPhs3).Cl., (10

mg, 13.86 pumol) in 4 mL anhydrous toluene were added. The reaction mixture was
subsequently heated to 140 °C for 12 h. Further, the reaction mixture was cooled down to
room temperature, followed by adding dichloromethane and passing through celite before
water workup, and the solvent was removed by evaporation under reduced pressure. The
crude product was purified by silica gel column chromatography using dichloromethane-
petroleum ether (5:5 v/v) to obtain pure product 4b.

Nature and Yield: Red solid, 511 mg (86%).

'H NMR (400 MHz, CDClz): ¢ [ppm] = 10.06 (d, J = 9.2 Hz, 2H), 8.70 (d, J = 9.2 Hz, 2H),
7.96 (s, 2H), 7.50 (s, 4H), 7.11 (s, 4H), 4.95 (t, J = 12.01 Hz, 2 H), 2.51 (s, 6H), 2.41-2.50
(m, 4H), 2.29 (ddd, J = 14.7, 9.0, 6.1 Hz, 4 H), 2.18 (ddd, J = 14.7, 8.6, 6.5 Hz, 4 H), 1.87 (d,
J=12.2 Hz, 4 H), 1.69 (d, J = 9.2 Hz, 6 H), 1.20-1.48 (m, 8 H), 0.94-1.00 (m, 84 H), 0.70-
0.92 (m, 24 H), 0.55- 0.61 (m, 6 H), 0.53 (t, J = 7.61 Hz, 12 H).
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13C NMR (100 MHz, CDCls): & [ppm] = 163.7, 163.2, 154.9, 148.8, 142.9, 137.3, 133.8,
130.6, 129.8, 129.2, 128.9, 127.1, 124.9, 124.2, 122.4, 120.9, 119.3, 118, 99, 98.5, 53.9, 31.2,
29.6, 29.5, 29, 28.8, 26.5, 25.4, 22.3, 21.1, 18,5, 13.9, 11.1.

FT-IR (cm™): 2922, 2856, 2136, 1702, 1655, 1599, 1469, 1403, 1329, 1263, 1198, 881, 750,
675.

MALDI-TOF: m/z calculated for C13aH179N206S4Sis [M+H]*: 2152.1723, found: 2152.13.

3.3.3.2. Synthesis of 5a:

To a 25 mL round bottom flask, compound 4a (100 mg, 55.04 pumol) was added by
dissolving in 10 mL anhydrous THF under an argon atmosphere, then tetrabutylammonium
fluoride hydrate (246 mg, 825.61 umol) was added. The solution was stirred at room
temperature for 15 minutes. The reaction was monitored by TLC and confirmed the product.
Later, the mixture was quenched with water, and the workup was done with dichloromethane.
The organic layer was dried over anhydrous Na>SO4, and the solvents were concentrated
under reduced pressure. The crude product was purified by silica gel column chromatography
using dichloromethane-petroleum ether (8:2 v/v) as eluent, affording compound 5a.

Nature and Yield: Red solid, 64 mg (97%).

'H NMR (500 MHz, CDClz): é [ppm] = 9.82 (d, J = 8.4 Hz, 2H), 8.65 (d, J = 8.4 Hz, 2H),
7.90 (s, 2H), 7.54 (s, 4H), 7.09 (d, J = 3.8 Hz, 4H), 6.91 (d, J = 3.8 Hz, 4H), 4.96 (t, J = 12.0
Hz, 2H), 3.76 (s, 1H), 3.18 (s, 3H), 2.53 (s, 6H), 2.49-2.44 (m, 4H), 1.85-1.89 (m, 4H), 1.72
(m, 6H), 1.40 (g, J = 12.8 Hz, 4H), 1.28-1.33 (m, 2H).

13C NMR (100 MHz, CDCI3): é [ppm] = 163.8, 163.4, 154.8, 143.9, 139.1, 137.2, 133.4,
133.3, 131.1, 129.9, 129.4, 129.1, 1285, 126.3, 124.8, 124.1, 122.9, 122.6, 121.7, 118.4,
82.5,76.4,54.0, 31.6, 29.1, 26.5, 25.4, 21.1, 14.1

FT-IR (cm™): 3309, 3253, 2957, 2929, 2873, 2095, 1767, 1721, 1693, 1655, 1590, 1459,
1329, 1263, 1193, 733.

MALDI-TOF: m/z calculated for C74Hs1N206Ss [M+H]*: 1191.2630, found: 1191.430.
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3.3.3.3. Synthesis of 5b:

R=--

The synthesis of 5b followed a similar process to that of 5a. In 15 mL THF, 4b (200 mg,
92.87 umol) and Tetrabutylammonium fluoride hydrate (260 mg, 928.73 pumol) were added
and stirred at room temperature for 15 minutes. The completion of the reaction was
monitored by TLC. The crude product was purified by silica gel column chromatography
using dichloromethane-petroleum ether (7:3 v/v) as eluent, affording compound 5b.

Nature and Yield: Red solid, 138 mg (97%).

'H NMR (400 MHz, CDClz): 6 [ppm] = 10.03 (d, J = 8.5 Hz, 2 H), 8.70 (d, J = 8.5 Hz, 2
H), 7.90 (s, 2 H), 7.54 (s, 4 H), 7.14 (s, 4 H), 4.95 (t, J = 12.1 Hz, 2 H), 3.29 (s, 4 H), 2.53 (s,
6 H), 2.41-2.50 (m, 4 H), 2.29-2.38 (m, 4 H), 2.20-2.28 (m, 4 H), 1.87 (d, J = 12.8 Hz, 4 H),
1.68 (t, J = 10.6 Hz, 6H), 1.31-1.47 (m, 6 H), 0.93-1.05 (m, 16 H), 0.76-0.89 (m, 16 H), 0.66
(t, J=6.6 Hz, 12 H).

13C NMR (100 MHz, CDCls): ¢ [ppm] = 163.7, 163.3, 154.8, 149.2, 143.1, 137.5, 137.2,
133.7, 130.5, 129.9, 129.3, 129.2, 128.6, 127.2, 124.9, 124.1