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GENERAL REMARKS

Commercially available chemicals were utilized without further purification, and standard
procedures were followed to dry the solvents. Chromatography was conducted using either silica
gel (60-120 mesh) or neutral aluminum oxide. For thin-layer chromatography, aluminum sheets
pre-coated with silica gel were employed. IR spectra were acquired at room temperature using a
Perkin Elmer IR spectrometer (PerkinElImer UATR TWO). The spectral positions are reported in
wave number (cm™) units. NMR spectra were recorded using a 400MHz and 600 MHz Nuclear
Magnetic Resonance (NMR) Spectrometer (Make: Bruker, Model: AVANCE |1l HD). Chemical
shifts in 'H NMR spectra were referenced to TMS as an internal standard and reported in ppm.
Coupling constants were provided in Hz. Mass spectra were obtained using a MALDI-TOF mass
spectrometer (Matrix Assisted Laser Desorption lonization- Time of Flight, Make: BRUKER
Model: AUTOFLEX SPEED) with a-Cyano-4-hydroxycinnamic acid as a matrix. The liquid
crystalline behavior of the mesogenic compounds, including birefringence and fluidity, was
investigated using a polarizing optical microscope (Nikon Eclipse LVV100POL) equipped with a
programmable hot stage (Mettler Toledo FP90). Observations were made with clean glass slides
and coverslips. Differential scanning calorimetry (DSC) under a nitrogen atmosphere was used to
determine transition temperatures and associated enthalpy changes. A Mettler Toledo DSC1
instrument was employed, and the peak temperatures corresponding to transitions obtained from
DSC were consistent with the polarizing optical microscopic observations. The first heating and
cooling cycles were conducted at a rate of 5 °C/min, and the transition temperatures were recorded.
Variable temperature XRD studies were performed using samples filled in Lindemann capillaries.
A high-resolution X-ray powder diffractometer (PANalytical X’Pert PRO) equipped with a high-
resolution fast detector PIXCEL was used. The sample temperature was controlled using a Mettler
hot stage/programmer (FP82HT/FP90). Thermogravimetric analysis (TGA) was carried out using
a thermogravimetric analyzer (Mettler Toledo, model TG/SDTA 851 e) under a nitrogen flow at a
heating rate of 10 °C/min. UV-Vis spectra were recorded using a Perkin-Elmer Lambda 750
UV/VIS/NIR spectrometer. Fluorescence emission in solution state was investigated using either
a Horiba Fluoromax-4 fluorescence spectrophotometer or a Perkin Elmer LS 50B spectrometer.
Cyclic Voltammetry (CV) studies were conducted using a Metronm Autolab PGSTAT204

Electrochemical workstation with the assistance of NOVA software.
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PREFACE

Liquid crystals are unique states of matter with an intermediate order and mobility, also known as
mesophase. Molecules that exhibit liquid crystallinity are called mesogens. Liquid crystals have
orientational and sometimes positional order, making them anisotropic fluids stabilized by
anisotropic dispersion forces resulting from the association of anisotropic molecules. They have
combined properties of both the liquid state and crystalline state on a molecular, supramolecular,
and macroscopic level. They are sensitive to external stimuli such as temperature, pressure, light,
electric field, and magnetic field. Liquid crystals can be classified based on the molar mass of the
constituent molecules, the way the liquid crystalline phase was obtained, and the geometrical shape
of the cores. Conventional LCs include calamitic and discotic LCs, while non-conventional LCs
include a variety of mesogens like bananas, phasmidic, star-shaped, dendrimeric, oligomeric, and

polymeric LCs.

Liquid crystals can exist in different mesophases, including nematic (N) and smectic (Sm)
phases, which are stabilized by rod-like or calamitic molecules. Disc-like molecules exhibit
nematic phases known as discotic nematic (Ng) and can also form columnar phases (Col) with
different 2D lattices. Smectic LCs have the potential as charge carrier materials due to their layered
structure and strong face-to-face m-m interaction. Columnar phases are further classified into
different types based on the lattice in which the individual columns organize. These are such as
columnar hexagonal (Coln), columnar rectangular (Coly), columnar oblique (Colo,), columnar

square (Colsg), columnar plastic (Coly), columnar lamellar (Col.), and helical phase (H phase).

Liquid crystals (LCs) self-assemble into different mesophases based on their molecular
subunits, and these mesophases have potential applications in various fields. Smectic LCs have a
layered structure with strong n-m interactions, making them useful as charge carrier materials.
Discotic LCs exhibit discotic nematic and columnar phases, which offer pathways for charge
migration and self-organize into different 2D lattices. The columnar phase has inherent self-
assembling and self-healing abilities, enhancing its physical properties and making it a cheaper
alternative to inorganic semiconductors. Columnar LCs derived from electron-rich/poor
derivatives are ideal for organic solar cells and molecular electronic devices. They also have
potential applications in xerographic and laser printing, sensors, and organic light-emitting diodes
due to their conductive and luminescent properties.

Xiv
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This thesis entitled ‘Design and Synthesis of Liquid Crystalline Perylene Derivatives as
Materials for Organic Electronics’ comprises of five chapters. It describes the synthetic pathway
by a green method using a microwave reactor for new liquid crystalline organic materials. It also
reports their characterization, studies related to their structure-property relationship, their charge
carrier mobilities, and applications in OLEDs. All molecules exhibit room-temperature discotic
columnar liquid crystalline behavior and have been utilized for various applications. A brief

overview of the different chapters presented in this thesis is given below:

Chapter 1 is an introductory chapter on liquid crystals. It also includes literature reports
on perylene-based discotic liquid crystals. DLCs are generally formed by the stacking of disc-like
molecules with an intimate n-w overlap. Perylene, a rigid and highly conjugated aromatic system
composed of five fused benzene rings, exhibits strong n-m interactions that facilitate self-
organization into columnar structures and the formation of discotic liquid crystals. Intelligent
molecular engineering can provide access to tune its photophysical properties and self-assembling
behavior. This chapter also attempts to provide an overview of the advantages of the bay-annulated
perylene derivatives over bay-substituted ones for their liquid crystalline self-assembly.

Chapter 2 addresses the synthesis and characterization of a series of electron-deficient
perylene derivatives, substituted with 3,4,5-tridecyl phenyl moiety at the imide position (PBI,
PBI-N'°, PBI-S9, PBI-Sel%). Out of these, three derivatives were bay annulated with heteroatoms
like N, S, and Se in the bay positions of the perylene core via the Cadogan reaction. These
compounds were liquid crystalline at room temperature exhibiting a columnar hexagonal phase
exclusively, except S-annulated PBI which exhibited a columnar oblique phase. These self-
organizing organic semiconductors in one-dimensional (1D) columnar structures are unique by
having better solubility, ease of purification, reproducibility, and ease of handling in comparison
to polymers or single crystals. Detailed photophysical studies of these compounds show that they
exhibit high molar extinction coefficients with wide absorption spectra covering most of the visible
spectrum and bright red fluorescence, making them promising candidates for organic electronics.
Further, they exhibited technologically important red electroluminescence. One of the solution-
processed host-guest OLEDs (CBP as host at 1 wt.% PBI-N9) exhibited a maximum EQE of
4.9%, a lifetime of 12.4 h with an initial brightness of 2900 cd/m? and a deep red/NIR emission.

XV
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These results indicated that these materials exhibit significant potential in the field of columnar

liquid crystal-based deep red/NIR emitters.

Chapter 3 reports PBI and its heteroatom bay-annulated analogs bearing tri-n-
decyloxyphenyl moieties. Compounds PBI®, PBI-SO and PBI-Se®1? exhibited a columnar
rectangular phase, whereas the N-annulated perylene bisimide PBI-N©% exhibited a columnar
oblique phase, down to room temperature with a wide thermal range. These compounds exhibited
intense absorption spectra with high molar extinction coefficients. This is promising considering
their application potential in organic solar cells, where there is a scope to widen their absorption
range by structural modification. With low LUMO levels, they can also function as non-fullerene
acceptors for organic solar cells which are also promising for providing higher stability in organic
solar cells as compared to much-explored fullerenes. Considering the requirement of new n-type
semiconductors capable of self-assembly, this class of compounds is exceptional and encouraging.
These PBIs were tested for their charge carrier mobility by the space charge limited current
(SCLC) method and found that they exhibit ambipolar conductivity. In general, PBIs derived from
tri-n-alkyl anilines exhibit higher mobility values than the PBIs derived from tri-n-alkoxy anilines.
The only exception is found in the hole mobility value of PBI-N©1° which is almost double that of
the PBI-N°. S-annulated PBI derived from tri-n-alkyl aniline (PBI-S*°) was the best among these
compounds exhibiting the highest hole (8.39 x 102 cm?/ V.s) and electron (1.51 x 102 cm?/ V.s)
mobility values, which could be due to the S-S, S---O c-hole interactions, and better core-core

interaction in the columnar phase.

From the literature survey, it is evident that most of the reported PBIs are known for n-type
semiconducting behavior, while the present set of compounds is unique by showing ambipolar
conductivity. The present molecular design to achieve ambipolar conductivity can be further
improved by tuning the mesophase clearing temperatures, and type of the mesophase, and
enhancing the surface alignment. Further exploration of these compounds as a non-fullerene
acceptor for solar cells is currently being explored. In Chapter 4 a swallowtail has been introduced
to reduce the clearing point. This chapter provides a detailed investigation of perylene bisimide
(PBIST) and its heteroatom annulated derivatives (PBI-NST, PBI-SST, and PBI1-SeST) that possess
high solubility, strong fluorescence and form columnar phases at room temperature. These

modified PBIs with branched alkyl tails exhibit liquid crystalline behavior with low melting points.

XVi
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The compounds PBIST and PBI-NST form a columnar oblique phase, while PBI-SST and PBI-SeST
form a columnar hexagonal phase over a broad thermal range at room temperature. These PBIs
exhibit strong absorption spectra with high molar extinction coefficients. All the compounds
except PBI-SeST demonstrate strong fluorescence with high quantum vyield values. These
compounds are remarkable and promising for the development of new n-type semiconductors that
can self-assemble. The PBIs' charge carrier mobility was evaluated using the space charge limited
current (SCLC) method, and they were found to exhibit ambipolar conductivity. Previous studies
have shown that most PBIs exhibit n-type semiconducting behavior, but this group of compounds
is unique in that they demonstrate ambipolar conductivity. The current molecular design for
achieving ambipolar conductivity could be further optimized by adjusting the mesophase clearing

temperatures, mesophase types, and surface alignment.

In the preceding three chapters, all prepared PBIs possess a band gap of approximately 2.3
eV and an absorption range of up to 550 nm. Literature reports indicate that to enhance solar cell
efficiency, the molecule should possess a low band gap and a wide absorption range covering the
entire visible spectra up to 780nm. This can be achieved by extending the conjugation by coupling
benzenel,2-diamine with commercially available perylene bis anhydride (PBA) to form perylene
bis benzimidazoles (PBs). In earlier reports, we discovered solubility issues with these derivatives,
resulting in inseparable syn and anti-mixtures. To address this problem, in Chapter 5, PBs have
been synthesized by coupling 3,4-alkoxy benzene diamines with PBA and incorporated branched
chains at the alkoxy position of the benzene diamine. This improves solubility and enables us to
isolate these isomers. For the first time, anti-perylene-3,4:9,10-bis(benzimidazole) derivatives
were isolated and characterized successfully. Interestingly, these compounds exhibit a wide
absorption spectrum (400-800 nm) with a high extinction coefficient due to the expansion of the
perylene core by benzimidazole rings. The incorporation of hetero-atoms and expanded aromatic
skeleton lead to enhanced core-core interaction, higher clearing temperatures, observation of core-
core peak in the XRD studies, elevated LUMO and HOMO levels, and reduced bandgap, making
them ideal for organic solar cells. Additionally, these nitrogen-enriched polyaromatic heterocyclic
cores form a unique class of ambipolar organic semiconductors that self-organize with balanced
hole and electron mobility. These compounds exhibit high solution processability and stabilized

the room-temperature columnar hexagonal phase over a wide thermal range.

XVii

TH-3213_ 176122019



Chapter 1

Introduction to Liquid Crystalline Perylene Derivatives

TH-3213_ 176122019



1.1. Introduction

Liquid crystals (LCs) research has made considerable strides in the knowledge of supramolecular
self-assembling process and its implications in technology throughout the years. The development
and commercialization of liquid crystal displays has energized the field and spurred the scientific
community to seek out novel materials with intriguing properties.! It is crucial to comprehend the
structure-property interrelations in LCs since it enables us to use scientific knowledge, which calls
for an immensely interdisciplinary approach. This particular form of matter demonstrates a rare
amalgamation of mobility and order, bridging the gap between liquids and solids, and displays a
high sensitivity to various external stimuli including electrical fields, magnetic fields, temperature,
light, and pressure. Depending on the chemical makeup of LCs they might be inorganic, organic
or organometallic. Furthermore, LCs are widely categorized as thermotropic and lyotropic,
depending on their types of phase changes induced by external forces. A thermotropic LC typically
consists of two parts: a flexible chain or chains coupled to a hardcore by a variety of connecting
groups. However, even the sort of connecting group between these two units affects how the LC
self-assembly behaves. The categorization of LCs extends further into conventional and non-
conventional types, primarily depending on how the stiff anisotropic core is shaped. Calamitic LCs
(resembling rod shape) and discotic (resembling disc shape) LCs are considered as conventional
LCs, while non-conventional LCs comprise a diverse range of mesogens that deviate from the
traditional rod or disc shapes. Examples of non-conventional LCs include bent-cores (resembling
bananas), hybrid structures combining rod and disc-like elements (referred to as polycatenars or
phasmidic), star-shaped compounds, as well as dimeric, oligomeric, and polymeric mesogens. The
molecules within LCs have the propensity to arrange themselves parallel to each other or undergo
nano-phase segregation due to the presence of incompatible molecular components.! The self-
assembly of LCs typically follows the principle of condensed soft matter association, which
involves optimizing the interaction energy while considering the limitations imposed by excluded
volume effects. By balancing these factors, the LCs achieve their characteristic arrangements and
structures within the condensed soft matter framework. The promotion of LC self-assembly is
additionally aided to varying degrees by additional secondary interactions such as dipolar, Van der
Waals, quadrupolar, ionic interaction, -7 interactions, charge transfer, hydrogen bonding, and

metal coordination. In calamitic liquid crystals (LCs), their alignment parallel to each other plays
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a crucial role in stabilizing the nematic (N) phase. In this phase, the LC molecules exhibit
positional order but lack orientational order. On the other hand, when calamitic LCs transition into
the smectic (Sm) phase, they form layers with both positional and orientational order. Within the
smectic phase, the SmA and SmC classifications depend on the degree of tilt exhibited by the LC
molecules within the layers. The layered structure and strong aromatic overlap make Smectic LCs,
particularly the SmA phase, a promising option for use as charge transport material. Discotic liquid
crystals, on the other hand, stabilize either the columnar (Col) or the phase nematic phase
depending on the orientation of their disc-shaped molecules. The N phase is maintained by the
long-range orientational order of disc-like molecules, while the Col phase is maintained by the

stacking of these molecules on top of each other. (Figure 1.1).
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Figure 1.1. (a) Self-assembly of a typical rod-like molecule (8CB) to nematic (N) and smectic (Sm) phases; (b) a
series of disc-like molecules (benzenehexa-n-alkanoates) to form the Col phase.

Two types of nematic phases can be formed in liquid crystals: the columnar nematic (Nc¢)
phase, wherein numerous short columns are organized without forming a two-dimensional lattice
structure, and the lateral nematic (Nr) phase, that involves the arrangement of various discotic
aggregates with only orientational order. The columnar (Col) phase occurs when disc-like

molecules are stacked vertically in a one-dimensional arrangement. Subsequently, these 1D
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columns are then assembled into several 2D lattice patterns. The 2D symmetry of these lattices
classifies the columnar phases into hexagonal (Coln), oblique (Colob), rectangular (Coly), and
tetragonal or square (Colsg)columnar phases. In the lamellar columnar (Col.) phase, the columns
formed by disc-like molecules (DLCs) are structured in a layered arrangement. Within the
columnar plastic (Colp) phase, the discs enclosed within the columns have the ability to rotate
around the axis of the column. Simultaneously, the molecules are free to rotate on their respective
positions, but their lateral and longitudinal movements are constrained.? Due to their inherent self-
assembling properties, columnar, smectic, and more recently nematic liquid crystals (LCs) have
emerged as highly promising materials for organic semiconductors involved in charge transport.
The remarkable characteristic of these liquid crystals (LCs) is their ability to form large-area films
with high levels of order, free from any distinct domains. This property is highly desirable for their
potential applications.®* The main objective of this introductory chapter is to concentrate on LC
perylene derivatives, particularly their annulated derivatives with various heteroatoms. The
discussion is specifically dedicated to exploring this particular topic. It is worth mentioning that
multiple scholarly reviews have already been published, delving into the self-assemblies of
perylenes and their wide-ranging applications.’

1.2. Discotics in Organic Electronics: Application

Despite their potential to function as "molecular wires," columnar phases have not yet made
a significant impact in organic electronics. The stacking of disc-like cores in columns, combined
with the insulating sheath of flexible tails, creates an intimate overlap that allows them to behave
as 1D-charge carriers. Currently, organic electronic devices including organic light-emitting
diodes (OLEDS), organic thin film transistors (OTFTSs), and organic photovoltaics (OPVs), employ

organic single crystals with high-purity or polymers as operational layers. (Figure 1.2).

The high cost and difficulties in producing superior grade organic single crystals mostly
make them impractical for widespread use, despite their excellent charge carrier mobility. Despite
their potential as affordable substitutes, polymers have low solubility and batch-to-batch
reliability. Additionally, the amorphous nature of polymers results in lower conductivity values in
juxtaposition to single crystals. In contrast, Col LCs offer scalability, reproducibility, and solution-

processability, but their conductivity is inferior to that of organic single crystals. However, this
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particular problem can be addressed through achieving an intricately organized columnar phase,
that can increase conductivity.
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Figure 1.2. (a) Schematic showing the device structure of organic heterojunction solar cell; (b) organic light emitting
diode; (c) homeotropic (face-on) alignment of columns; Schematic of the organic field effect transistor with (d) top-
contact device, where the source and drain electrodes are deposited on an organic semiconducting layer; (e) bottom-
contact device, where the organic semiconductor is deposited on to prefabricated source and drain electrodes; (f)
homogeneous (edge-on) alignment of columns.

The configuration of OLEDs and OPVs are almost identical, with both employing organic
semiconductor layers that are placed in between the two electrodes (as shown in Figure 1.2 a-b).
The main difference between the two lies in how they function: in OSCs, excitons produced via
absorbed light are separated into holes and electrons, which then migrate to their appropriate
electrodes under the device's electric potential. Conversely, in OLEDs, a voltage applied across
the electrodes causes the migration of holes and electrons that combine at the organic surface,
releasing lights. Consequently, OSC molecules require an expansive spectrum of absorbance and
a prominent exciton diffusion length, while OLED molecules necessitate an optimal conductivity
and a reasonably high photoluminescence quantum vyield (PLQY). Achieving optimal charge
carrier mobility requires an ideal alignment of the columns in either a ‘homeotropic' or 'face on’
orientation (Figure 1.2c). On the other hand, in OFETSs, the columns must be aligned in a
"homogeneous™ or "planar" manner between the drain and source electrodes (Figure 1.2d-f).°
Therefore, initiatives have been taken to develop Columnar Liquid Crystals (Col LCs) that can
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stabilize such required alignments. The majority of the Col LCs are created from electron-rich
moieties and function as "p-type" semiconductors, such as triphenylene, pyrene,
hexabenzocoronene, etc. However, there are fewer Col LCs originated from electron-deficient
moieties that act as "n-type" semiconductors, such as hexaazatriphenylene, naphthalenebisimide,
anthraquinone, etc. Having Col LCs that are n-type and tunable with optimal alignment features is
vital for improving the performance of all these devices. Perylene-derived Col LCs can function

as viable n-type materials, provided they undergo appropriate functionalization.

1.3. Perylene: a core with n-type semiconducting properties

Organic materials with high conjugation tend to have high crystallinity, which results in
reduced solubility in organic solvents. As a consequence, it becomes arduous to manufacture
superior quality thin films through solution processing methods. To address this issue, the general
design template for discotic liquid crystals (DLCs) includes the inclusion of numerous alkyl chains
on the outer edges. This enhances their processability, solubility, and facilitates purification
through recrystallization and gravity-based column chromatography.’ Furthermore, this promotes
their columnar self-assembly and lowers their melting point. However, if an excess alkyl chains or
hefty substituents are introduced, it can have an adverse effect on the self-assembling process and
1D-charge carrier mobility.
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LUMO (eV): -2.90 -3.15 -3.47
(a) Band gap (eV): 2.82 2.66 2.53
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Figure 1.3. (a) Structure of perylene with possible options for substitution; (b) three classes of most commonly studied
perylene derivatives for the application in liquid crystals and organic electronics (HOMO and LUMO frontier
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molecular orbitals and band gaps of PTE, PEI, and PBI have been calculated from DFT method employing B3LYP/6-
31G(d,p) functional for methyl derivatives).

Researchers have been intrigued by perylene derivatives for the past 20 years owing to
their straightforward functionalization and promising potentials in organic electronics. These dye
compounds possess a remarkable ability to absorb visible light, high quantum vyield of
photoluminescece, and a prolonged lifetime of fluorescence. Additionally, they possess
exceptional stability when exposed to thermal and photochemical degradation.® This perylene
moiety possess 12 positions which can be altered, offering a wide range of possibilities for
modification. These positions can be divided into three sets: bay positions (1,6,7,12), peri positions
(3,4,9,10), and headland positions (2,5,8,11), as illustrated in Figure 1.3a. Therefore, this perylene
core offers numerous possibilities to customize the self-assembly and chemical structure, allowing

for the adjustment of resulting properties.®

The classification of perylene-based LCs depending on the functional group linking the
primary disc-shaped perylene moiety to the flexible exterior chains can be done into three primary
categories (Figure 1.3b). Perylene tetra esters (PTES) are the initial; followed by perylene ester-
imides (PEIs) and perylene bisimides (PBIs) as the third class. Within these classes, additional
modifications were made to these classes by expanding the primary perylene moiety either along
the bay region or towards the long axis. Despite significant research efforts on exploring the charge
migration properties of perylenes,® a comprehensive analysis that considers both molecular
structure and self-assembly could reveal new possibilities for their potential applications. More
than 200 perylene derivatives with liquid crystalline properties have been reported over the years,
and research has been conducted on their potential use in the field of organic electronics. In the
forthcoming sections, a concise introduction will be presented, shedding light on liquid crystalline
perylene analogues and their possible implementation in the production of organic electronic

devices.

1.3.1. Liquid crystalline perylene bisimides

1.3.1.1. Liquid crystalline perylene bisimides with alkyl chains

Within the domain of organic electronics, PBIs are recognized as a prominent class of

acceptor materials with exceptional luminescent properties. They exhibit robust absorption
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attributes and electron affinities that are comparable to those of fullerenes. Notably, among PBIs,
dialkyl derivatives stand out with their remarkably low LUMO energy (-3.85 eV), granting them
superior acceptor capabilities. This advantage holds true even when compared to other aromatic
PBIs with comparable band gaps. This unique trait enables the potential of achieving charge
separation at interfaces between electronically complementary aromatic PBIs. Despite being
crystalline, PBI 2a serves as a valuable benchmark and has found extensive application as an active
n-type carrier in various organic electronic devices (see Figure 1.10).1° The remarkable
semiconducting characteristics of PBI 1a were showcased by Kim and coworkerst! through the
annealing of the vapor-deposited polycrystalline film in its liquid-crystalline (LC) phase, attributed
to its well-organised intermolecular structure. The elongation of the molecular chain, as observed

in derivative 1b and 1c, resulted in decreased clearing temperatures.

The inclusion of symmetric alkyl chains in a swallowtail configuration resulted in lowered
clearing temperatures for the compounds, albeit they exhibited a crystalline nature (2b-2e).1? 13

14 1t is worth noting that only compound 2¢ demonstrated a monotropic Coly phase.

2a:R = 'C2H5

) F s
1a: R = 'C7H15 2c:R= -C6H13
1b : R = -C4,Hy5 I I . 748

2d : R=-CgH
1c:R= 'C18H37 2e:R= -C»?1|']:3

Figure 1.4. Structures of PBIs with alkyl chains.

By incorporating branched aliphatic chains as N-substituents, as observed in PBIs 3a and
3b, the clearing temperatures were brought down. Here compound 3a possesses crystalline
behavior, whereas compound 3b remained in a liquid state.*® This demonstrates that the
asymmetrical arrangement of alkyl chains, transitioning from swallowtails to 1-hexyl nonyl (3a)
and 1-hexyl decyl (3b) effectively suppressed the isotropic temperature and mesomorphic behavior

simultaneously.
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In their study, Bock et al. sought to enhance the disc-like shape of PBIs by incorporating
multiple racemic branches into the alkyl chains. They hypothesized that this modification would
lead to an expansion in the volume of alkyl tails within the peripheral region. Compound 3c,
characterized by two distinct racemic centers in each alkyl chain and two alkyl chains in each
molecule, would give rise to a combination of four diastereomeric pairs of enantiomers and two
meso forms. While this modification did not impact the clearing temperature, it did lead to a
reduction in melting point. As anticipated, PBI 3c, featuring doubly racemic triple-tail alkyl chains,
demonstrated the stabilization of an enantiotropic Coln phase that spanned over a wide temperature
range, including RT. Additionally, this compound also displayed favorable homeotropic
alignment. The enhanced volume of alkyl chains surrounding the rigid core likely facilitated

efficient space occupation and effective nanosegregation, contributing to these observed

{:E {E (3¢)

Figure 1.5. Structures of PBIs with racemic branched chains.
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1.3.1.2. Liquid crystalline perylene bisimides with oligoethoxy chains

Initially, Cormier and colleagues documented several LC PBIs featuring linear (4a, 4b) or
branched (4c, 4d) aliphatic oligoethoxy chains in 1997.1° These compounds all displayed
thermotropic LC phases as confirmed by POM and DSC analysis. PBI 4c, in particular, exhibited
a room temperature LC phase with a clearing point near around 55 °C. When the thin film was
spin-coated and left undisturbed, it underwent slow crystallization over a period of 24 hours.
Alternatively, upon rapid cooling, it solidified into an isotropic glassy state, which then underwent
gradual crystallization. Notably, when the thin film was spin-coated onto untreated glass slides, it
spontaneously arranged itself into elongated, ribbon-like crystals. The examination of emissions
and absorptions yielded provided evidence that this inherent change was accompanied by a
reduction in the disarray of energy within the coating, leading to a diminished number of locations
that suppress excitons. The potential of these materials to repair defects and form a glassy state
shows promise in the advancement of organic semiconductors. Likewise, researchers have
examined various polyoxyethylene derivatives of PBIs in order to analyze their thermal
characteristics using techniques such as POM and DSC." The majority of these PBIs displayed a
liquid crystal phase that spanned a broad range of temperatures. Notably, when it comes to PBI
4d, which is a liquid crystal material at room temperature, its thin films demonstrated a remarkable
ability to self-organize into a precisely organized crystalline phase, showcasing outstanding

photophysical characteristics (Figure 1.6).

Thin polycrystalline films of LC PBI, 4a exhibited cyclic voltammograms that provided
clear indications of favorable interactions among the PBI molecules, suggesting their potential
attractiveness. According to these interactions and spectroelectrochemical observations, the film
undergoes two distinct structural rearrangements in order to accommodate the reduction to both
the anionic and dianionic states. To determine the film's redox conductivity relative to
electrochemical potential, interdigitated array electrodes were employed. Interestingly, the
conductivity reached a semiconducting level prior to the emergence of the first discernible
reduction wave. Remarkably, upon reducing the film by 1 equivalent of electrons, it exhibited a
maximum conductivity of 0.044 S/cm, which contradicted the anticipated behavior of this state as

a Mott insulator.!®
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Figure 1.6. Structures of PBIs with oligoethoxy chains.

The thin film states of three distinct LC PBIs, namely 4a,® 4d*>16, and 4e were scrutinized
for their physical and optical characteristics..'® To produce these films, a range of techniques were
employed, including Langmuir-Blodgett (LB) processes, thermal evaporation under vacuum, and
spin coating. Glass slides, glass slides coated with highly oriented pyrolytic graphite (HOPG), and
indium tin oxide (ITO) were among the substrates utilized for film deposition. XRD studies,
fluorescence spectroscopy, UV-Vis, and POM, were conducted to characterize all the films. As
shown in Figure 1.6, it was interestingly observed that modifications in the preparation
methods/conditions or the use of different substrates have a substantial impact the characteristics
of the produced thin films. Unlike many other materials that form thin films, these LC PBIs exhibit
a remarkable self-organizing ability, facilitating their rapid attainment of a stable, low-energy
configuration. This unique characteristic indicates their intrinsic inclination to self-assemble and
align themselves in a remarkably precise manner. It's interesting to note that neither the substrate
nor the deposition technique affects this ordering phenomena. The molecules exhibit a preference
for adopting a J-type arrangement, employing attractive n-m interactions, where the axis of n-n
stacking aligns parallel to the substrate. In the thin film state, the LC PBI (4a) molecules,
specifically the perylene cores, exhibit an orientation relative to the substrate. Along the stacking
axis, the molecules tilt at an approximate angle of 47 degrees, while perpendicular to this direction,
they tilt at around 58 degrees. Similar structures were observed in the two other LC PBIs, namely
4d and 4e. To elucidate this pronounced preferred orientation, an investigation was proposed to

11
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analyze the intermolecular steric and electronic interactions, as well as the interactions between
the substrates and the molecules. For comparison, thin films of compound 4a were also prepared
using vacuum deposition, leading to the formation of highly ordered films, which can be attributed
to the liquid crystalline properties of LC PBI 4a.®

Swallowtail substituted symmetrical PBIs (5a and 5b) with oligoethoxy chains made up of
two and three ethyleneoxy units, respectively, were presented by Thelakkat and coworkers. These
served to stabilize the Coln phase. Compounds 5a and 5b showed a substantially wider
enantiotropic thermal behavior than the symmetrical dialkyl swallowtail PBIs (2d ' and 2e, as
illustrated in Figure 1.4). Furthermore, the oligo-ethylene glycol chain lengths had an impact on
the isotropic temperature of PBIs. As anticipated, a comparatively lower clearing point was
observed for PBI 5b, owing to its lengthier oligoethoxy chains (consisting of three ethyleneoxy
units in each branch). However, as seen in Figure 1.7, the enthalpy change related to the Coln phase

to isotropic transition remained essentially constant.*3
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Figure 1.7. Structures of symmetrical PBIs with oligoethoxy chains.

Thermotropic PBIs (5c, 5d, and 5e) at room temperature (RT) that showed a variety of
mesophases were the subject of a study by Bijak et al.?® PBIs 5d and 5e showed a high relative
photoluminescence quantum yield and numerous ethylene-oxy repeating units. With the exception
of PBI 5¢, these PBIs' cyclic voltammogram examination identified one irreversible oxidation and
two reversible reductions peak. Additionally, the electrochemical band gap of these compounds,
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which ranged from 1.46 to 2.11 eV, was low. These PBIs are attractive materials for optoelectronic
applications due to their narrow band gap, strong fluorescence, single RT mesophase structure,
and superior processability. RT mesophases were generally stabilized and overall mesomorphic
behavior was enhanced by the inclusion of oligoethoxy chains. However, a disadvantage of
glycolic ether chains is their propensity to chelate with different cations, which could result in the
PBIs becoming contaminated with ionic contaminants and complicate their use in electrical

devices. (Figure 1.7).

1.3.1.3. Liquid crystalline perylene bisimides with silyloxy chains

Instead of using alkyl chains, PBIs incorporating oligosiloxy chains at the terminus were
synthesized, as depicted in Figures 1.11 and 1.12. When symmetric PBIs with silyloxy chains were
compared for their thermal behavior, it revealed that PBI 6a, which contained two terminal chains,
displayed a crystalline structure with a lamellar arrangement.?* Similarly, the PBI with two cyclic
silyloxy derivatives (6f) also displayed crystallinity. These results imply that the oligosilyloxy
chains alone do not contribute enough thermal mobility to bring about a mesophase and reduce the
transitioning temperatures. In contrast, symmetrical swallowtail-type PBIs (6b-6e) featuring
silyloxy chains demonstrated a room temperature stabilized LC phases.?? These LC phases offer
greater flexibility and nanosegregation compared to alkyl chained swallow tailed PBIs (2b-2e),
but remained as crystalline. The significantly broad ranges of mesophases displayed by PBIs
incorporating oligosiloxane chains present an excellent opportunity to investigate their electron

transport mechanisms.

In the LC phase, PBI 6b demonstrated an exceptional electron mobility exceeding upto
102 cm?/V.s. Additionally, a transition from Col: - Col, phase was also displayed by this
compound, indicating a change in the orientation of the molecules.?® As we moved from compound
6b to 6¢ and 6d, the trimethylsilyl unit decreased while the length of the chains increased thanks
to the hydrocarbon spacer, increasing the clearing point. Conversely, in the case of PBI 6b, a
drastic decrease in the clearing point to approximately 50 °C was observed as the length increased
by adding a trimethylsilyloxy subunit. Regarding the swallowtail-type cyclotetrasiloxane
derivatives, PBI 6f and 69 exhibited a crystalline nature, while a liquid crystalline behavior was
noted for compounds 6h and 6i with an extended chain length. This difference may be attributed

to the lessened constraint on the movement of cyclotetrasiloxane subunits at the chain endpoints.
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Figure 1.8. Structures of the symmetrical PBIs with silyloxy chains 6a-i.
Compound 6h, specifically, demonstrated a Col, phase along with an impressive n-type

mobility of 0.001 cm?/V.s at room temperature.?* The prominent nanosegregation among the stiff
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aromatic cores and the cyclotetrasiloxane rings serves as the primary stabilizing force for this
columnar self-assembled phase. Additionally, the polymerization of the cyclotetrasiloxane

segment opens up fascinating prospects for the realm of organic electronics.

1.3.1.4. Liquid crystalline perylene bisimides with aryl groups

As shown in Figure 1.9, Wurthner et al. presented their findings on PBI 7b, which is
synthesized by condensation of perylene bis anhydride with 3,4,5-tridodecyloxy aniline. With
an excellent thermal stability, this compound demonstrated a broad range of stability in the Coln
phase spanning RT to 373 °C.% Additionally, another PBI variant containing trialkyl phenyl groups
(7a) displayed an extensive range of the Colx phase, howbeit with a reduced clearing temperature
that was reduced by approximately 70 °C.?® Additionally, PBI 7c, featuring chiral chains at
periphery, displayed a well structued Coln phase with helical arrangements of the molecules.
Higher levels of order and increased charge-carrier mobility have been brought about by the
presence of chiral peripheral chains in the Col phase. Consequently, this leads to an improvement
in their conductivity within the Col phase.?” The introduction of flexible chains instead of aromatic
groups, such as carbazolyl and dialkyl fluorenyl groups, did not bring about mesomorphic behavior
in the molecules due to their limited capacity for spacefilling.?® However, a different outcome was
observed when the 3,4,5-trialkoxy phenyl group was linked via a flexible -CH»- linkage, as
exemplified in PBI 8a. In this case, the isotropic temperature decreased whilst preserving the
mesomorphic behavior. Disorder in the Coln phase, similar to that seen in 7a and 7b, was also
observed. In the LC state, the measured conductivity, determined through steady-state space-
charge limited current, yielded a value of 0.2 cm?V.s, while compound 8a exhibited a higher
mobility of 1.3 cm?/V.s.% This surpasses the mobility value of amorphous silicon. In order to boost
the mobility in these materials, it is possible to employ suitable alignment techniques and select

electrodes with appropriate work functions to enhance charge injection.

In an investigation on dendronized PBIs, Percec and colleagues attached the 3,4,5-
tridodecyloxyphenyl units to perylene dianhydrides, using spacers of varying lengths (shown in
Figure 1.13).%° In contrast to compound 7b, these PBIs 8a-d demonstrated the Coln phase with a
reduced clearing point. As the spacer length increased, the clearing points decreased. Compounds
8a and 8b demonstrated liquid crystalline nature at RT, while a crystalline characteristic was

observed for compounds 8c and 8d at RT. These findings suggest that the PBI 7a (without any
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spacer), and compound 8b-8d containing di, tri, and tetramethylene spacers underwent self-
assembly into intricate helical columns produced from tetramers of PBI. Conversely, the self-
assembly of dendronized PBI 8a, with a single methylene spacer, led to the creation of helical
columns comprising PBI dimers. At elevated temperatures, the helical columns formed by
dendronized PBIs undergo self-organization to establish thermodynamically stable two-
dimensional (2D) Colh lattices, characterized by intracolumnar order. This self-assembly process
occurs rapidly. Conversely, at lower temperatures, dendronized PBIs exhibit self-organization
into thermodynamically stable three-dimensional (3D) columnar structures. For compounds 7a,
8b-8d, the self-organization results in a 3D columnar simple orthorhombic lattice, while
compound 7b forms a 3D columnar monoclinic lattice. The transition from the Kinetic two-
dimensional product to the closely related thermodynamically stable 3D lattices occurs through a
remarkably slow self-assembly process. These studies provide evidence for the self-assembly of
intricate helical columns formed by dimers and tetramers of dendronized PBIs. These structures
persist in both two-dimensional (2D) and three-dimensional (3D) lattices within the solid state.
Within the two-dimensional (2D) Coly phase characterized by intracolumnar order, the
dendronized PBI exhibits remarkable dynamics, enabling it to exit the columns and effectively
heal structural defects. This self-healing mechanism is a unique feature of these dendritic
structures. The observation of complex helical columnar arrays in both 2D and three-dimensional
(3D) periodic arrangements is a pioneering discovery in the field of self-assembling dendritic
structures. The racemic nature of these complex helical columns is worth noting. The elucidation
of general self-assembly processes within these category of compounds can contribute to our
understanding of charge carrier migration mechanisms. Moreover, it has the potential to enhance
the design strategies for developing supramolecular electronic materials based on PBIs and other
electron-deficient structures. These advancements are of utmost significance in the fabrication of

organic solar cells and other organic electronic devices.

In general, previously documented PBIs have been found to primarily stabilize columnar or
lamellar assemblies. However, Percec and colleagues demonstrated a remarkable discovery by
showing that a suitably functionalized PBI (8e) can undergo self-assembly to form supramolecular
spheres.® This particular PBI, modified at its imide groups with a second-generation dendron,
exhibited self-assembly into supramolecular spheres that arranged themselves into a body-centered
cubic (BCC) lattice. Upon functionalizing the imide groups of this PBI with a second-generation
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dendron, it exhibited self-assembly behavior, forming supramolecular spheres. These spheres
further organized themselves into a body-centered cubic (BCC) lattice, a phenomenon that is rarely
observed in self-assembling dendrons but commonly seen in block copolymers (Figure 1.13b).
Notably, at lower temperatures, these supramolecular spheres underwent assembly into a Coly

array, showcasing a rare transition from the Coly phase to the cubic phase.
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Figure 1.9. Structures of symmetrical PBIs with an aryl (7a-7e) and dendron substitution (8a-8e).

In their research, Asha and associates presented a collection of luminescent liquid crystalline
(LC) PBI analogues featuring ester/amide linkages and had end-caps comprising phenyl,
monododecyloxy phenyl, or tridodecyloxy phenyl substituents (depicted in Figure 1.10).% In polar
organic solvents such as toluene, dichloromethane, and tetrahydrofuran (THF), the amide-
functionalized collection of PBIs exhibited self-assembly into head-on or H-type aggregates,
regardless of their end-capping. Conversely, within the ester series, only the molecule with a
monododecyloxy phenyl end-cap displayed a propensity for self-organization into a typical J-type

or slip-stacked aggregation, specifically in solvent toluene.
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Figure 1.10. Structures of symmetrical PBIs with aryl groups connected with a long spacer (9a-9c, 10a-10e).
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In general, it was seen that the luminescence was diminished when the trialkoxyphenyl
group was coupled directly to the perylene moiety to produce PBIs. However, the researchers of
the study proposed that joining them with spacers would not only preserve the liquid crystalline
behaviour but also sustain photoluminescence in a condensed state. The amide and ester
derivatives in this study can be categorized into three groups: (a) those lacking terminal
substitutions, (b) those with monododecyloxy terminal substitutions, and (c) those with
tridodecyloxy terminal substitutions. Taking the first scenario as an illustration and look at ester
9a and amide 10a. In the case of amide 10a, both the melting and clearing points were observed
to decrease compared to ester 9a.

In contrast to 10a, the isotropic point was reduced and the melting point was rose when the
spacer length was increased from 6 to 12. This effect was shown in the amide 10d. Contrarily,
compound 10d’s mesophase was solidified throughout the cooling cycle, forming a glassy state.
The melting and clearing points of the tridodecyloxy analogue 9c were lowered and it showed a
room-temperature liquid crystal phase after the insertion of more flexible chains to the benzene
end cap of the esters (9b and 9c). This trend was not observed in the corresponding amide

derivatives. Compound 10b displayed higher melting and clearing points, whereas the
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tridodecyloxy analogue 10c demonstrated reduced temperatures for both. Nevertheless, increasing
the spacer length to 12 (10e) resulted in higher melting and clearing points compared to 10c, but

lower than those of 10d.
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Figure 1.11. Structures and Graphical representation of the thermal behavior of symmetrical PBIs with aryl groups

connected with different linking groups (11a-e).

Symmetrical PBIs, as described by Yang and colleagues, feature 3,4,5-tridodecyloxy
benzoyl moieties linked by various spacers that contain amines at their ends (Figure 1.11). The
symmetrical PBIs 11a and 11b showcased a RT columnar phase, characterized by soft-alkylene
spacers containing amine units. Conversely, compound 11c, featuring a rigid aromatic spacer,
displayed a crystalline nature.®® In a separate investigation conducted by Asha et al., PBIs 11d and
11e were reported, wherein the connection between the 3,4,5-tridodecyloxy benzoyl moieties
involved either cardanol or pentadecyl phenol (PDP).3* Notably, PBI 11d, distinguished by its
saturated side chain, exhibited a heightened level of crystalline order. Compound 11d
demonstrated a plastic Coln phase at low temperatures and a Col, phase at high temperatures. On
the other hand, compound 11e, featuring an unsaturated side chain, displayed a Coln phase that
extended across a wide temperature range. It's interesting to note that these PBIs' capacity to form
H-type aggregates was unaffected by the inclusion of the lengthy pentadecyl chain in the ortho-
position to the imide bond. Notably, the aggregate type was unaffected but the aggregate length

was drastically reduced when an alkyl chain bend was introduced via a cis-double bond.
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1.3.2. Heteroatom bay-annulated perylene bisimides

Following Cornier's findings on LC PBIs,*®'" numerous investigations on liquid crystals
synthesized from aliphatic or aromatic amines that are based on perylene bisimides, were
conducted. Various research groups have performed extensive studies to modify the physical
properties of perylene derivatives. One such advantageous strategy for changing the photophysical
properties of perylene derivatives is bay-substitution. However, due to the resulting twist, this
substitution can have an adverse effect on molecular planarity. Consequently, the interaction
between molecules becomes weaker, disrupting their self-assembly.®® This disruption is
undesirable because it affects the formation of organized structures. To overcome this challenge,
significant research has been performed to maintain molecular planarity while modifying the
physical properties of perylene derivatives. This was accomplished by expanding the aromatic
moiety of perylene compounds either along the bay-region or in the long axis.}* The
aforementioned modifications were well-documented to induce a hypsochromic or a bathochromic
shift in the absorption spectrum of the transformed compound.** In simpler terms, these alterations
lead to a shift towards longer or shorter wavelengths in the absorbed light by the transformed

compounds.

Incorporating heteroatom annulation into the aromatic moiety is an additional approach for
modifying properties while preserving molecular planarity. Recently, the inclusion of chalcogen
atoms has garnered significant attention in organic semiconductors.®® Among chalcogen atoms,
sulfur, and selenium have been extensively studied in organic semiconductors, while tellurium has
received little attention. The stabilization of molecular self-assembly and the consequent
enhancement of one-dimensional conductivity are notably facilitated by intermolecular
interactions involving chalcogen atoms, specifically S---S and Se---Se interactions.®"383°
Additional findings have been made addressing the incorporation of nitrogen, a heteroatom,
through annulation into the bay area of perylene analogues.*® This also results in changed aromatic
systems with enticing properties. Moreover, the inclusion of nitrogen into the molecular structure
fosters enhanced hydrogen bonding with nearby molecules, potentially aiding in the process of
self-assembly. Moreover, the alkyl substitution of nitrogen in the bay position through N-

annulation offers the possibility to boost solubility and reduce the transition temperature.*!
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Noteworthy research conducted by Wang et al. has presented perylene derivatives
annulated with nitrogen, sulfur, and selenium, demonstrating fascinating properties.*® Sun and
coworkers made an observation that the inclusion of sulfur into perylene (12a) results in
remarkable solid-state packing owing to strong S---S interactions.®” This unique packing
arrangement was employed to fabricate field-effect transistors from single crystals derived from
these compounds, exhibiting a high conductivity value of 0.8 cm?/V.s. Tan et al. noticed the
highest mobility value of 2.66 cm?/V.s by Se-annulated perylene (12b).3 The presence of shorter
Se...Se contacts (3.49 A) undoubtedly indicates that they are favorable for efficient carrier
transport, thereby enhancing mobility. In a similar way, Jiang and colleagues demonstrated the
fabrication of crystalline nanoribbon transistors using bis-S-annulated perylene (13), that displayed
an improved conductivity value of 2.13 cm?V.s.*® The inclusion of two sulfur atoms into the
molecular structure of perylene achieved highly structured packing once again, primarily attributed

to the presence of strong S---S interactions.

COL G GO T

Figure 1.12. Structures of heteroatom annulated PBIs.

A perylene tetra ester compound with annulation of sulfur in both bay regions was reported
by Mullen and colleagues. However, the liquid crystal behavior and photophysical characteristics
of these compounds were not described in their communication.*? Our prospect was that the
inclusion of strong S---S interactions between the S-annulated perylenes, along with the
incorporation of shape anisotropy, will enhance liquid crystal self-assembly. Our group also
showed interest in the inclusion of chalcogens such as selenium and sulfur into the aromatic
moieties to customize the self-assembly and electronic behavior. S-, Se- and N-annulated perylene
tetra esters (14a—e, 15a—e, 16a—e) (Fig. 1.13) stabilizing liquid crystallinity have been reported.**
46 All the bay-annulated perylene tetra esters (PTESs) with linear aliphatic chains (14a—d) were
observed to form a well-organized Coln phase with excellent homeotropic alignment except for

16d. Their mesophase range gradually decreased as the alkyl chain length increased. At higher
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temperatures, these compounds exhibited liquid crystalline behavior while at lower temperatures
they were found to display non-liquid crystalline properties. However, the introduction of
branched chains transformed these PTEs (14e, 15e, 16e) into room-temperature liquid crystalline
materials.*® In solution, N- and S-annulated PTEs emitted greenish and sky-blue emission, whereas
spin-coated thin films emitted yellowish-orange and greenish yellow emission respectively.
Consequently, PTE 14e and 15e were utilized as emitter layers in a host-guest OLED device,
resulting in a greenish emission.*® On the other hand, Se-annulated PTEs exhibited a weak green
emission in solution and thin film states owing to the quenching effect caused by the heavy atom,

selenium.*
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Figure 1.13. Structures of heteroatom annulated perylene tetra esters (PTES).

In a recent study conducted by G. C. Welch et al., they introduced an N-annulated perylene
tetra butyl ester (17) as a potential material for alcohol-processed semiconducting films. When this
compound (17) was utilized as the active material layer in an OFET device, fabricated by
depositing it from a solution with 1-butanol as the solvent, it exhibited a p-type mobility of 0.39 x
1074 cm?/V.s.4
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Figure 1.14. Structures of N-annulated PTE.

Another set of unsymmetrical perylene diester monoimides (PEIs) with S-, Se-, and N-
annulation in the bay region (18, 19, 20) has also been reported by our research group (Fig. 1.15).
Unfortunately, due to their unsymmetrical chemical structure, these molecules were found to be
non-liquid crystalline. These PEIs, however, emitted white light when doped in polyvinyl
carbazole and used as an emitter layer in a host-guest OLED system.*849

C,H,00C COOC4Hy C4Hs00C COOC,Hy C,H,00C COOC,H,

COoL, CL O

h h )
C1gH3z CqgH37 CqgH37

18 19 20

Figure 1.15. Structures of heteroatom annulated perylene ester imides (PEIs).

A variety of perylene bisimides (PBIs) (21a, 22a, 23a) with heteroatoms including S, Se,
and N incorporated into the bay region were reported (Fig. 1.16).°° At the imide position, these
PBIs were functionalized with a 3,4,5-tri-dodecyloxy benzyl group. N- and S-annulated PBIs (21a,
22a) displayed an ordered Coln phase, whereas the Se-annulated PBI (23a) demonstrated both a
high-temperature Coln phase and a low-temperature Colo, phase. These compounds displayed
decreased melting and clearing temperatures, as well as enhanced solubility when compared to
conventional PBI. The absorption spectrum of the N-annulated PBI was slightly redshifted,
whereas the S- and Se-annulated PBIs showed a blue-shifted absorption spectra. In addition, bay-

annulation resulted in a broadened band gap for the S- and Se-annulated PBIs.
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Figure 1.16. Structures of heteroatom annulated perylene bisimides (PBIs) with trialkoxy benzyl moiety and branched
alkyl chains.

A separate set of bay-annulated PBIs (21b, 22b, 23b), with branched aliphatic 2-octyl-
dodecyl chains at the imide positions, was also documented by our research group (Fig. 1.16).%!
This modification significantly improved their solubility, and all of the PBIs, with the exception
of Se-annulated PBI (23b), displayed vibrant emission in both solutions and thin films. Despite
not possessing liquid crystalline properties, the thin film XRD analysis revealed a lamellar
arrangement in the film state. Consequently, these PBIs demonstrated excellent mobility values in
OFET devices. Among them, the S-annulated derivative (22b) showcased the highest n-type
mobility value of 0.0044 cm?/V.s, while the N- and Se-annulated derivatives exhibited values of
0.0038 cm?/V.s and 0.0022 cm?/V.s, respectively.

In a study conducted by Z. Wei et al., an intriguing helicity inversion phenomenon was
observed when chalcogen atoms (S and Se) were introduced into a perylene bisimide compound
(24, 25) that featured a chiral chain at the imide position. They postulated that chalcogen atoms
play vital roles in modifying the helical aggregations of these perylene derivatives through their
interactions governed by van der Waals forces. Furthermore, these chalcogenide-mediated
supramolecular interactions were successfully translated into nanostructures, ultimately

influencing the gas response properties of the devices.>?
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Figure 1.17. Structures of heteroatom annulated perylene bisimides (PBIs) with chiral alkyl chains.

J. Hua and coworkers successfully synthesized perylene bisimide (PBI) compounds with
varying substituents (N, S, Se) at the bay position (26, 27, 28). Then, for the objective of
photocatalytic H.O; evolution, these PBIs were used to build heterojunctions with g-CsN4. When
measured under visible light, the Se-PDI1/g-C3sN4 heterojunction produced H2O; at the highest rate
of all the PBIs, at 224.27 MhL. This number exceeds the value of plain g-C3N4 by 10.1 times. The
addition of substituents at the bay-region, that amplifies the differential in electron distribution
between the several layers inside the heterojunction, is credited with the improved performance.
Consequently, this disparity promotes the enhancement of the interfacial electric field, leading to

the observed enhancement in H,O- evolution.>®

0 °N” o 0“ °"N” SO0 0“ °N” 0
N N
26 27 28

Figure 1.18. Structures of heteroatom annulated perylene bisimides (PBIs) for photocatalytic H,O; evolution.
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G. C. Welch and colleagues published a study on their findings on an N-annulated PBI (29)
that was utilized as a non-fullerene acceptor in bulk heterojunction solar cells, yielding a PCE of
2.29%. In subsequent studies, they further explored the photophysical characteristics, self-
assembly, and solubility features of several N-annulated PBIs. This was accomplished by attaching
different functional groups such as amino, pyridine, iminopyridine, quaternary methyl ammonium,
urea, and hexadecyl substituents to the pyrrolic N-position of the N-annulated PBI1.>> Additionally,
they further explored the investigation of several dimers derived from N-annulated PDI, which
were applied in OPVs and OLEDs.>%-°

sessles

Figure 1.19. Structure of N-annulated perylene bisimide (PBI) utilized in solar cells.

Initially, Zhu et al. conducted the synthesis of a symmetrical bis-S-annulated PBI
compound derived from tetrachloro-PBI (30a). This was accomplished via a one-step palladium-
catalyzed reaction, incorporating a 2,6-diisopropyl phenyl group at the imide position. This
molecule was annulated with two five-membered sulfur heterocycles at the bay region. The
reaction employed BusSnSSnBusz as the sulfur source, with Pd(PPhs). serving as the catalyst and
toluene as the solvent.®® Subsequently, Jiang et al. reported a similar bis-S-annulated PBI molecule
(30b), featured with two polyhedral oligosilsesquioxane (POSS) nanoparticles at the imide
position. The presence of hefty substituents in these molecules facilitated a distinct dimer packing
arrangement. As a result, compound 30b exhibited improved fluorescence properties in both solid
and solution the state in juxtaposition to the reference compound, bis-S-annulated PBI, which
lacked a pendant POSS cage.®! using the aforementioned methodology, Zheng et al. synthesized a
comparable bis-S-annulated PBI molecule (30c) featuring with two branched aliphatic chains at
the imide position. They further substituted aryl groups at the ortho- position and utilized the

modified compound in a solar cell.®? Additionally, X. K. Ren et al. reported on a bis-Se-annulated
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PBI derivative (31), equipped with POSS nanoparticles. Surprisingly, despite the discrete
molecular packing observed in both solution and the crystalline state, its fluorescence was

significantly quenched.®®
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Figure 1.20. Structures of bis-chalcogen annulated perylene bisimides (PBIs).

Compound 32a, an unsymmetrically core-enlarged PBI moiety, S-PBI-2S (32a), annulated
with six- and five-membered sulphur heterocycles, was reported by Xiao and coworkers. Herein,
the synthesis of compound 32a was accomplished with an impressive yield by utilizing DMF and
elemental sulfur (Ss), starting from the 1,7-dinitro-substituted PBI. Notably, this molecule
exhibited a significant bathochromic shift in its absorbance up to 700 nm and possessed a low-
lying LUMO level at -3.99 eV. Furthermore, it demonstrated a high n-type mobility of 4.8 x 103

cm?/V.s in a solution processed OFET device.®*

Tang et al. presented a series of three newly synthesized perylene bisimides (PBI) that
incorporated [1,2] dithiine and sulfur annulation onto the PBI core (32b-d), each having distinct
branched alkyl chains. The compounds were prepared by conducting a sulfur-induced nucleophilic
substitution reaction in NMP solvent, starting from the 1,6-/1,7-dinitro-substituted PBI. The
incorporation of three sulfur atoms had a profound impact on the optical and electronic
characteristics of the PBI molecules. They exhibited absorption spectra with a redshift compared
to the parent PBI, owing to the presence of stronger electron-donating dithiano units. Interestingly,
these molecules displayed a non-fluorescent green color in solution, in contrast to the fluorescent
orange color observed for the parent PBI. Moreover, all these compounds demonstrated a narrow

band gap of 1.8 eV. When incorporated into organic thin-film transistor (OTFT) devices, these
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compounds demonstrated impressive electron mobility value of 0.008 cm?/V.s under ambient

atmospheric conditions.®®
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Figure 1.21. Structures of trisulphur annulated perylene bisimides (PBIs).

Gregg et al. documented the synthesis of a bis-dithiano perylene bisimide (24). In this
study, they converted the 1,6-/1,7-dibromo-substituted PBI by utilizing an excess of potassium
thioacetate in chloroform-methanol solvent. This transformation resulted in the formation of
1,6,7,12-tetrasulfur-annulated enlarged perylene ring systems. Compound 24 displayed the highest

absorption wavelength at 680nm in solution and at 785 nm in a thin film state.%®

24
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Figure 1.22. Structures of tetra Sulphur annulated Perylene bisimides (PBIs).

Z. Wang et al. incorporated a silicon (Si) atom into the bay regions of the PBI resulting in

the formation of monosila- (25) and disilaperylene bisimides (26), which contained one or two
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silole rings, respectively. These compounds were synthesized using a palladium-catalyzed Si—C
bond formation strategy, starting from 1,6,7,12-tetra chlorinated PBI. These modified compounds
exhibited significant bathochromic shifts in their absorption spectra and demonstrated excellent
fluorescence quantum yields. Moreover, when utilized in OFET devices, they achieved an
impressive n-type mobility of 0.30 cm?/V.s, indicating their promising performance in electronic

applications.®’
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Figure 1.23. Structures of monosila- and disila-annulated perylene bisimides (PBIs).
1.3.3. m-extended Perylene Bis(benzimidazole) derivatives

In order to achieve an extended absorption spectrum spanning the visible to NIR (near-
infrared) range along with low band gap and high thermal stabilities, the prospect of widening the
n-system of perylene moieties was explored. This investigation led to the consideration of two
elegant approaches. The first approach involved expanding the perylene moiety of PBIs to create
quaterrylene or terrylene bisimides,®® and The first approach focoused extending the m-system at
the carboxyimide position to produce perylenebis(benzimidazole) analogues. In the subsequent
approach, the synthesis of perylene bis(benzimidazoles) was accomplished by subjecting perylene
dianhydride and 1,2-diamine to refluxing conditions in high-boiling solvents such as acetic acid,
dimethyl naphthalene, imidazole, and quinoline with the aid of a Lewis acid.®®
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Figure 1.24. Structures of anti- and syn-Perylene bisbenzimidazole (PB).

With their remarkable photochemical and thermal stability, these perylene
bis(benzimidazole)s hold significant promise as a crucial class of organic electronic materials. In
1985, C.W. Tang employed perylene bisbenzimidazoles (PBs) as an n-type substance in the first-
ever organic thin film solar cell.” The device consisted of a two-layer thin-film structure composed
of copper phthalocyanine and a perylene bisbenzimidazole. This breakthrough achieved a notable
power conversion efficiency (PCE) of 0.95%. However, it is worth noting that the fabrication
process necessitated the vacuum evaporation of the materials, marking a limitation of the approach.
Subsequently, Forrest et al. made advancements in the device structure by introducing an exciton-
blocking layer across the metal cathode and the photoactive organic layers.”* Through the vacuum-
deposition method, they successfully attained a PCE of 2.4%. This modification proved to be
significant in improving the performance of the solar cell. Moreover, PBs were utilized by K.
Murata and colleagues as electron acceptors in three-layer solar cells.”? This implementation
resulted in an impressive power conversion efficiency of 3.51%. Additionally, PBs were employed
as electron transporters in p-i-n solar cells to expand the absorption spectrum of the active layer
system, further enhancing their potential in photovoltaic applications.”® Furthermore, S. R. Forrest
and his colleagues investigated the electron mobility of PBs using the space charge limited current
method, revealing a value of 2.4 x 10 cm?V-1s1.7 This finding highlights the favourable electron
transport characteristics of PBs. Expanding on the potential applications, P. Dhagat et al. prepared
high-quality monolayers derived from PB and incorporated them into organic thin-film transistors
(OTFTs).”® Remarkably, these PB-based OTFTs exhibited an excellent electron mobility of 0.05

cm?V-1s?, further emphasizing the suitability of PBs for electronic device technologies.
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PBs are characterized as low band gap materials with a notable feature of having a broad
absorption band that spans from the UV-Vis to the near IR region. In a study conducted by N.
Shimo et al., it was observed that PBs typically exist as a mixture of anti- and syn- isomers.”® Upon
separation, these isomers crystallize into distinct unit cells, with the syn-PB stabilizing in a
monoclinic structure, and the anti-PB adopting a triclinic structure. This finding sheds light on the
structural diversity and polymorphism exhibited by PBs, further contributing to their unique
properties and potential applications. The literature clearly indicates that PBs emerged as
promising materials even before their counterparts, perylene bisimides (PBIs).>’” However, over
time, the interest in PBs has diminished, which can be attributed to several challenges. One
significant challenge is the difficulty in achieving solution processability of PBs, hindering their
practical application. Moreover, the structural modification of PB cores and the separation of
isomers pose additional difficulties. When PBs undergo isomerization, two distinct isomers with
different electronic properties are formed. Unfortunately, there is currently no efficient method to
control the ratio of these isomers during synthesis. Consequently, the material properties of PBs
heavily rely on the isomer ratio, making it challenging to achieve reproducibility in their
performance. These factors collectively contribute to the reduced interest and limitations

associated with PBs in comparison to PBIs.
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Figure 1.25. Structures of di bay-substituted Perylene bisbenzimidazole (PB).

A novel approach was employed by Qian et al. to effectively distinguish the isomers of PBs. They

carried out trifluoromethylation at the bay-position, resulting in the isolation of three regioisomers
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(27, 28, 29) with quantitative yields (Figure. 1.25). Despite the successful separation of these

isomers, which exhibited distinct electronic properties, the process led to a loss of planarity in the
aromatic core.’
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Figure 1.26. Structures of tetra bay-substituted Perylene bisbenzimidazoles (PB).
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Figure 1.27. Structures of carboximide funtionalized perylene bisbenzimidazoles (PB).
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Hudhomme and colleagues noticed that substituting the bay positions by chlorine atoms (30a, 31a)
or tert-butylphenoxy groups (30b, 31b) did not lead to an enhancement the solubility of PBs in
common organic solvents and the isomers were not separable (Figure. 1.26).”° Then the inclusion
of long aliphatic chains on the diamines used for the coupling with PBA (32b, 33b) also did not
improve the solubility of PBs in common organic solvents and the isomers remained inseparable
(Figure. 1.27)."°

Thelakkat and co-workers approached this problem by introducing unsymmetrical
derivatives of perylene with an imide or diester unit at one end and a benzimidazole unit at the
other end of the perylene core (Figure 1.28). These modifications allowed for the preservation of
planarity while extending the m-conjugation system and tuning the optical properties of the
materials. The derivative featured with an imide unit (34) exhibited a Coln¢ phase (columnar
hexagonal disordered phase) at high temperatures, transitioning to a columnar hexagonal plastic
phase (Colnp) at lower temperatures. The extended m-conjugation in these derivatives, compared
to perylene bisimides (PBIs), led to a significant red-shift in absorption up to 650 nm. This
extended absorption was attributed to the benzimidazole units, resulting in a reduced optical

bandgap energy owing to the shift in the highest occupied molecular orbital (HOMO) value.®°
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Figure 1.28. Structures of unsymmetrical perylene benzimidazoles (PB).

In a subsequent study, Thelakkat et al. replaced the imide unit of the perylene imide

benzimidazole derivative with a diester unit while retaining the benzimidazole unit (35). Linear

33
TH-3213_ 176122019



and branched alkyl chains were attached to the ester units, and two alkoxy or alkyl chains were
introduced at the benzimidazole moiety to enhance flexibility and solubility (Figure 1.29).8! The
resulting perylene diester benzimidazoles (PEBIs) exhibited extended absorption range, reaching
up to 680 nm in the red region of the spectrum. This red-shift in absorption, approximately 130
nm longer compared to perylene bisimides (PBIs), was attributed to the extended m-conjugation

facilitated by the presence of benzimidazole moieties.

The shift in absorption wavelength led to a reduction in the optical bandgap energy,
primarily owing to the shift in the highest occupied molecular orbital (HOMO) value. All the PEBI
dervatives showed self-organization into Col, phases at higher temperatures, specifically under
250°C. Notably, compound 35b and 35c effectively maintained room temperature (RT) Col
phases. Compound 35a exhibited lamellar ordering, while compound 35b displayed a columnar
hexagonal plastic phase (Colnp) at RT. These properties make the unsymmetrical perylene diester
benzimidazoles an extremely intriguing class of n-type materials suitable for various applications
in the field of organic electronics. Their extended absorption in the red region, enhanced self-
organization into liquid crystalline phases, and the potential for room temperature stability

contribute to their attractiveness for various optoelectronic applications.

C12H250’/‘ ;:":; j\(OCqus
C12H250 oc12H25
N N
O O ’

o) o
37

37:R = 'COchch(C10H21)C16H33

38a:R=-H
CsH19 D 38b: R = -OCHj,

38c: R=-NO,
C9H19

Figure 1.29. Structures of symmetrical and unsymmetrical perylene benzimidazoles (PB).
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In the study conducted by P. Lazarev et al., an unsymmetric perylene benzimidazole
derivative (36) was reported.®? Due to the unsymmetrical nature of the molecule, six regioisomers
were formed. Although these regioisomers were not separated, the researchers utilized the mixture

of isomers as a nonlinear dielectric material for energy storage in capacitors.

In another study by Do et al., they reported on soluble perylene benzimidazole derivatives
(37) that possessed symmetrical structures.®® Additionally, they investigated asymmetric imide
benzimidazoles in which the incorporation of electron-donating methoxy groups (38b) or electron-
withdrawing nitro groups (38c) on the imidazole benzene unit allowed for the alteration of LUMO

levels.

1.4. Conclusion and Perspective

Indeed, the exploration of perylene-based materials has expanded significantly in recent
years, moving beyond their traditional use as dyes. By employing synthetic alterations and
substitutions, perylene derivatives can be adjusted to achieve various chemical and physical
characteristics, as well as facilitate their supramolecular self-organization. The manipulation of
these compounds' properties relies on the ability to control their tunability. In the realm of this
field, comprehending the connections between structure and properties becomes imperative due to

the pivotal role that noncovalent interactions play in these mechanisms.

Liquid crystalline behavior in perylene derivatives has attracted considerable attention due
to its potential applications in organic electronic devices. The ability to yield liquid crystalline self-
assembly, even at room temperature, has been demonstrated in various derivatives, particularly
perylene bisimides. However, there are other classes of perylene derivatives, including perylene
tetra esters, perylene ester imides, core elongated derivatives and bay-extended derivatives, that
remain less explored and offer untapped potential.

Incorporating heterocyclic units and functionalizing peripheral chains provide additional
avenues for fine-tuning the self-assembly and electronic behavior of perylene analogues. By
delving into these alterations, a vast array of possibilities emerges for manipulating the
optoelectronic characteristics of perylene derivatives, thereby broadening their practical
applications. Furthermore, studying the alignment of liquid crystalline perylene derivatives within

device configurations is crucial for optimizing device performance. Understanding and controlling
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the alignment of these materials concerning electrodes, as well as their interactions with other
components within the device structure are key factors in achieving efficient charge transport and

light emission.

Perylene bisimides (PBIs) have emerged as promising n-type semiconductors and potential
as viable substitutes for fullerenes in organic photovoltaics. Their superior stability, optoelectronic
properties, supramolecular self-assembly, and solution processability make them highly attractive
for device applications. Ongoing research and development efforts aim to harness the advantages
of PBIs and optimize their performance as electron acceptors in organic solar cells. Additional
knowledge is necessary to comprehend perylene bisbenzimidazoles (PBs) due to their significant
potential in organic electronics. Through appropriate structural design, it can be possible to isolate
the syn- and anti-isomers of PBs, make them soluble, and facilitate their ordered self-assembly.
Moreover, if these molecules could arrange themselves into columns of limitless length by
stacking atop one another, it would result in one-dimensional (1D) charge carrier mobility along
the columns. This advancement would reintroduce their viability for utilization in organic
photovoltaics (OPVs) and organic field-effect transistors (OFETs). Collaboration between
chemists and device scientists is vital to meet the specific requirements of various devices and

drive the development of materials that can replace conventional inorganic semiconductors.

Incorporating liquid crystalline properties into perylene derivatives can further enhance
their applicability in OLEDs and OFETSs, improving their processability and performance.
Interdisciplinary efforts combining chemical synthesis expertise with device engineering
knowledge are key to achieving highly ordered self-assembled organic semiconductor materials.
These materials should be solution-processable, cost-effective, and stable under ambient
conditions. Advancements in this field have the potential to revolutionize the semiconductor
industry by providing environmentally friendly and versatile alternatives to traditional inorganic
semiconductors. Keeping this in mind the following chapters will discuss the molecular design of
perylene derivatives to introduce liquid crystallinity, tune the photophysical properties and their

application in organic electronic devices.
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Chapter 2

Columnar liquid crystals based on hetero atom bay-annulated

perylene bisimides derived from tri-n-alkyl anilines and their

TH-3213_ 176122019

application in OLEDs

*RT Col, phase
# Quantum Yield: 86%

* Longer device lifetime
#Deep red-NIR OLEDs
*EQE : 4.9%;

® Brightness: 2900 cd/m?




2.1. Introduction

It is almost a century passed after the discovery of perylenebisimides (PBIs), with their
journey from red colored industrial vat dyes,! to one of the important class of functional dyes
which can also work as highly tunable organic semiconductors.? Much of the synthetic efforts from
different research groups were devoted to alter the solubility, self-assembly, pigment color,
photophysical as well as electrochemical behavior® and also driven by the aim to realize new
perylene derivatives with a potential in organic electronics*?! and supramolecular self-assembly.??
24 High fluorescence quantum vyield, facile tunability of the emission color, high
thermal/photo/chemical stability?>2°, good electron mobility, ease of the molecular structure
tunability make perylene derivatives as materials of choice in the detection of different organic
amines including illicit drugs.?>?* The electron deficient nature of perylene bisimides makes them
a good class of inexpensive n-type semiconductors that are inevitable for the growth of organic
semiconducting materials. This is because there are many electron-rich, hole conducting p-type

organic semiconductors are available, but not many n-type counterparts.®

Perylene bisimides (PBISs) as such, are highly insoluble pigments often associated with high
melting points. This often limits their application in the above-said avenues. In order to make them
processable, one has to improve their solubility. Furthermore, if such molecular systems are able
to self-assemble then it will improve their applicability in organic electronic devices due to their
enhanced intermolecular order. Thus, the development of such self-organized organic
semiconductors is considered to be a unique area. Here, in addition to the molecular property, their
intermolecular interactions through several secondary interactions (n-m interactions, H-bonding,
hydrophobic interactions, van der Waals interactions, dipole-dipole interactions) need to be
considered during the molecular design.??* Obviously due to the large aromatic core, the perylene
derivatives exhibit strong n-m interactions. However, the availability of twelve functionalizable
(four each peri-, bay- and ortho-) positions, provide much required handles to control the self-
assembly as well as functional behaviors of these molecules.*® PBIs, synthesized by the
condensation of perylene tetracarboxylic acid dianhydride (PTCDA) with appropriate alkyl amines
or aryl amines bearing flexible alkyl/alkoxy chains have exhibited the ability to stabilize different
supramolecular self-assemblies like fluorescent J-aggregates, light harvesting complexes, vesicles,
liquid crystals and so on. Bay-substitution provides an another useful tunable handle to alter their
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physical properties and self-assembling behavior.?2?* This strategy alters the molecular planarity
and in turn impacts the self-assembly behavior of the PBIs. However, annulating the bay-position
with heteroatoms is a powerful strategy to alter the physical properties while preserving the
planarity and self-assembly.®*-3® Using this methodology, a series of hetero atom bay-annulated
perylene tetraesters,3*33 perylene diester imides®*3> and their bisimide analogues®®-3" were also
prepared, which exhibited promising photophysical, electrochemical properties and self-

assembling behavior.

PBIs and their derivatives are often considered as potential substitutes to fullerenes, which
are commonly utilized as n-type materials in organic photovoltaics.*?* However, they have a long
way to reach that stage which requires structural modification and studies. Incorporation of various
hetero-atoms for example, oxygen, nitrogen, sulphur and selenium in the bay-region of perylene
derivatives by annulation is one such attempt. In particular, sulfur and selenium incorporation in
organic semiconductors is a theme of intese research due to the additional intermolecular S---S
and Se---Se interactions, that promote the molecular self-assembly and 1D conductivity.38-46
Especially, chalocogen atoms like S and Se when form covalent bonds, their bonding orbital have
a deficiency of electronic charge in its outer (noninvolved) lobe, which is known as a o-hole. If
the atom is sufficiently polarizable, the o-hole may have a positive electrostatic potential which
can interact with a nucleophilic site in its proximity to form a noncovalent bond or it can form the
same with the regions of negative electrostatic potential on the same atoms. This is similar to the
case of thiazole and selenazole nucleoside drugs exhibiting antitumor activity depending upon the
particular conformations that are stabilized by intramolecular S---O and Se---O electrostatic
interactions, which is shown to involve sulfur and selenium o-holes.*’*3 This kind of secondary
bonding interactions also play a role in the organization of organic semiconductor materials on a
molecular scale.*’ Thus in addition to S-S, Se-Se interactions, there is a possibility of S---O and
Se---O interactions in the case of S and Se-bay annulated PBIs (with the carbonyls of imide units).
Thus there is a possibility to have an enhanced intermolecular interaction, assisted by strong
intermolecular orbital coupling leading to a higher charge carrier mobility®® when such molecules

are assembled in a columnar structure.

Thus the the design and the syntheses of self-assembling perylene based materials, aimed

at the application in organic electronics, motivated to prepare hetero atom bay-annulated PBIs by
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condensing tri-n-alkyl benzeneamines with PTCDA. The molecular design with a central perylene
core attached with flexible peripheral chains was aimed to obtain columnar (Col) liquid crystalline
phases which act as one dimensional (1D) nanostructured channel for the conduction of charge
carriers along the packing direction. 24°* Further there are not much reports on OLEDs based on
perylene derivatives, in comparison to their utilization in organic solar cells (OSCs) and organic
field effect transistors (OFETS). There are few reports based on perylene tetraesters and PBIs as
emitter materials in OLEDs.%>®7 In the past, there are reports on bright green electroluminescent
room temperature columnar LCs based on heteroatom (N, S and Se) bay-annulated perylene
tetraesters. They exhibited better efficiency when doped in polyvinylcarbzole (PVK) host.*® A
white electroluminescence was also reported in such host guest OLEDs prepared by doping bay-
annulated perylene ester imides (PEIs) doped in PVK with TPBi as an electron injecting layer.*
Welch’s group extensively used N-annulated PBI dimer for the realization of air stable red
OLEDs.%®%° Considering the few reports on the application of PBI based fluorescent Col LCs,
further encouraged to synthesize highly fluorescent hetero atom bay-annulated PBIs, which could
self-assemble into highly ordered Col phases with a bright potential in the fabrication of OLEDs.
Further, it is a distant dream to have a single layer OLED, with a solution processable self-
assembling organic semiconductor with good conductivity, high quantum yield, and a proper
match with the electrode work function. Though it is difficult to achieve all the functions in a
single material, it was a pleasant surprise to find that these derivaties are the first examples of
PBIs/bay-annulated PBIs which are liquid crystalline at room temperature exhibiting high EQE.
In particular, the solution processable NIR fluorescent OLED based on PBI-N°, displayed a
maximum EQE of 4.9%, with a lifetime of 12.4 h with an initial brightness of 2900 cd/m? and a
deep red/NIR emission.

2.2. Results and discussion

2.2.1. Synthesis and molecular structural characterization

The synthetic approach utilized for the preparation of target PBIs is outlined in scheme 2.1.
Heteroatom bay-annulated PTCDAs (2-4) were achieved starting from PTCDA in good yields as
per the earlier reports.®® The tri-n-alkyl phenyl-functionalized PBIs have been synthesized in four
steps similar to the reported method (outlined in scheme 2.2).%°
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Scheme 2.1. Synthesis of target perylene bisimides. Reagents and conditions: (i) KOH, H,O, 70°C, 0.5 h, 1 M HCI,
Aligquat 336, KI,1-bromobutane, reflux, 12 h (76 %); (ii) NaNOz, HNOs, 0 °C, 1 h (90 %); (iii) Triethyl phosphite, 160
°C, reflux, 4 h, N2 (60 %); (iv) NaH, 1-lodoethane, Dry THF, reflux, 17 h (75 %); (v) p-Toluene sulphonic acid
monohydrate, toluene, 100 °C, 30 h (90%); (vi) 8, zinc acetate, imidazole, 165 °C, microwave, 30 min. (80-90%);
(vii) Sulfur powder, anhydrous NMP, N2, 70 °C, 0.5 h, 180 °C, 17 h (55%); (viii) Selenium powder, anhydrous NMP,
N2, 70 °C, 0.5 h, 180 °C, 17 h (55 %).

First the precursor 1,2,3-triiodo-5-nitrobenzene (6) was prepared by diazotization reaction
from 2,6-diiodo-4-nitro aniline (5). Then it was subjected to Sonogashira coupling reaction with
1-decyne to obtain the product 3,4,5-tris(1-decynyl)-nitrobenzene (7) in 70 % yield. Hydrogenation
of the precursor 7 in the presence of catalyst Pd/C, reduced the nitro group and carbon-carbon
triple bonds to get the aniline 8.° Finally, the perylene tetracarboxylic bisanhydrides and its
heteroatom bay-annulated derivatives were separately condensed with the aniline 8 in presence of
imidazole and zinc acetate in a microwave reactor to give the final desired product with 85 %

yield.3 The crude compounds were then subjected for repeated column purifications on neutral
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alumina with ethyl acetate-hexane mixture as an eluent to obtain the final products as gummy
solids. All these PBIs were completely characterized by *H NMR, *3C NMR, IR spectroscopy and
mass spectrometry.

CgHqz
| NH | I I P c:10H2c1: H
2 R 1 21
(i) /@i (ii) = (iii) /@[ °
O,N | O5N | H,>N C.oH
N 2 10H21
02 \\
5 6 7 CgH47 8

Scheme 2.2. Synthesis of 3,4,5-tri-n-decylaniline. Reagents and conditions. (i) NaNO, H.SO., AcOH, H,0, KI, 90
°C, (91 %) (ii) Cul, EtsN, Pd(PPhs).Cl,, 80 °C, 4 h, (89 %), (iii) EtOAc, MeOH, H,-Pd/C, RT, overnight (95 %).

2.2.2. Thermal behavior

The thermal behavior of heteroatom bay-annulated PBIs was investigated by polarizing
optical microscopy (POM), differential scanning calorimetery (DSC), thermogravimetric analysis
(TGA) and X-ray diffraction (XRD) studies. The phase transition from crystal to LC phase was at
first examined with the help of POM observation, which showed the appearance of strong
birefringence coupled with an increase in the fluidity of the compounds on heating. The phase
transition temperatures and the corresponding changes in enthalpy were confirmed by DSC
thermograms. These values were in agreement with peak temperatures noted in POM studies
(Table A 2.2). Analysis of the optical textures observed in POM and the information obtained from
XRD studies showed the nature of the mesophase under examination. From the TGA, it was found
that, all the PBIs exhibit almost equal thermal stability. The temperature at which the 5 weight
percent weight loss was observed varied from 346 °C to 356 °C (Fig. 2.1a, Table A 2.2). Under
POM observation all the three PBIs (PBI°, PBI-N and PBI-Se'%) exhibited textures
corresponding to columnar hexagonal (Coln) phase, whereas PBI-S'° showed columnar oblique
(Colob) phase (Fig. 2.1b). DSC thermograms showed that the mesophases were stable over a broad
thermal range including ambient temperature. The assignment of the Col phases was confirmed
from the powder XRD studies carried out at different temperatures (Table A 2.3, Fig. A17-18).
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Figure 2.1. TGA plots (heating rate of 10 °C/min, Nitrogen atmosphere, inset shows the temperatures at which 5 wt%
decomposition occurs) (a); and bargraph showing the thermal behavior (b) of compounds PBI°, PBI-N°, PBI-S'°
and PBI-Se (considered the second heating scan).

For example, compound PBI'® which was a sticky mass, sandwiched between a glass slide
and coverslip, on slow heating in a programmable hotstage placed under a POM showed an
increase in the fluidity and birefringence. The viscous mass was shearable on the application of
mechanical stress and transformed into an isotropic liquid at =~ 328 °C (Fig. 2.2a). Slow cooling of
the isotropic liquid at a rate of 5 °C/min, showed the growth of broad leaf like texture emerging
from large homeotropic domains, which is a characteristic feature of Coln phases (Fig. 2.2a). The
texture remains unaltered even at room temperature, while the DSC shows no signature of
crystallization, confirming that the Col phase is stable even at room temperature (Fig. 2.2b).
Powder XRD studies were carried out at different thermal intervals to analyze the mesophase
structure. XRD patterns obtained at 200 °C, 100 °C and at room temperature were almost identical.
As an example, the plot of intensity vs 26 obtained for compound PBI* at 100 °C (Fig. 2.2c)
showed a strong peak corresponding to a d spacing of 27.74 A, followed by weaker peaks centered
at smaller d spacings in the ratio of 1: 1/\3: 1/¥4: 1/3: 1/712. These values could be indexed to the
(10), (12), (20), (30) and (22) reflections of the Colx phase (Fig. 2.2c). In the wide angle region,
two diffuse peaks were found with d-spacings of 4.65 A and 4.12 A. The first diffuse peak is
arising from the packing of aliphatic tails, while the second peak corresponds to the stacking of
the cores within the columns. The intercolumnar distance or the lattice constant ‘a’ was found to
be 32 A, which is much lower than the molecular diameter of the compound PBIY in its all
extended form (44.8 A) (Fig. 2.2d). This difference of around 30% can be accredited to the folding

of alkyl chains or their interdigitaion with the neighbouring columns. Further confirmation of
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interdigitation being responsible comes from the following observation. As seen in Table A2.3,
the d spacing decreases by 2.5% when the temperature is lowered from 200 °C to room
temperature. Generally, the columnar phase exhibits a negative thermal expansion in the column
diameter owing to the stretching of the peripheral alkyl chains when the temperature is lowered.
Consequently, the d value should increase on lowering the temperature contrary to the
experimental data quoted in Table A2.3. This is, however, possible if interdigitation is the
governing mechanism, the extent of which increases as the temperature is lowered. A third
possibility is that the discs are tilted within the columns, but the tilt direction is not correlated. This
argument gets further support from the fact that the extent of interdigitation expected otherwise
would be nearly over the entire length of the chain, which would make the discs completely flat
and thus, the core-core peak should be very strong and sharp. But the peak due to core-core
correlations is quite weak (see Fig. 2.2c, inset). The reduction in the dio values as the temperature
is lowered would thus be due to increased tilt of the discs. Tetracatenars exhibiting the columnar
phase have been proposed to have tilted-but-uncorrelated columns.®* A more realistic situation in

the present case is perhaps a combination of both tilt and interdigitation.
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Figure 2.2. POM image of the Coly phase at 100 °C for compound PBI*° (a); DSC thermogram for the first cooling
(blue trace) and second heating (red trace) taken at 5 °C/min (b); Powder XRD pattern at 100 °C over the low angle
region, with the lattice indices marked against the lowest angle peak (main panel) and subsidiary peaks (middle inset).
The top inset depicts the diffraction in the wide angle region with the two vertical lines pointing to the maxima arising
from the alkyl chain and correlated core-core regions, respectively. (c); Schematic diagram showing the Coly phase
and the formation of a disc by the side by side arrangement of two molecules (d).
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Another feature to be noted in the XRD pattern is the presence of a weak, but diffuse peak
in the intermediate angles (~ 8 A), labelled as halo in Table A2.3. The unmistakable presence of
this peak, suggests the possibility of some sort of dimer formation within the column, but loosely
held. From the lattice constant ‘a’ the lattice area (S) and molecular volume (V) were calculated.
The number of molecules forming an individual disc was found to be approximately 2 (Fig. 2.2d,
Table A2.3), where the individual disc is formed by the lateral arrangement of two PBI¥
molecules. Similar arrangement of PBI molecules in the Coln phase is reported earlier.%?
Observation of Coln phase in PBI is in line with the earlier report on the stabilization of Coln
phase in the case of PBI with six dodecyl chains.®®

Perylene bismides PBI-N® and PBI-Se'° showed Col, phase for a wide thermal range
including room temperature as confirmed by the DSC thermograms (Fig. 2.3b and 2.3e). However,
PBI-N exhibited a fernlike texture, while the compound PBI1-Se'? exhibited a mosaic texture
(Fig. 2.3a and 2.3d), which are usually observed for Col, phases.®* The XRD scans at three
different temperatures are shown in Fig. A17, exhibiting features qualitatively similar to those for
PBI'°. The most notable difference being the presence of many peaks arising from the 2D lattice.
However, just as for PBI, the reflections index to the Coln phase (See Table A2.3). This
compound also presents two diffuse reflections in the wide angle region corresponding to the
spacing between the alkyl chains of neighbouring discs and the correlation between the molecular
cores. Again, there is a quantitative difference with respect to the data for the unsubstituted
perylene bismide. For example, at 200 °C, the latter has an alkyl chain spacing of 4.85 A, whereas
the PBI-N° compound has a much larger value of 5.68 A suggesting that the chains are more
disordered in the latter case. The temperature dependence of this spacing is also more for the N-
annulated PBI. Concomitantly, the cores are also more separated than in the unsubstituted
compound, indicating a slightly more disordered column. This could be arising from the fact that
the (N-ethyl) substitution is quite bulky taking more space in the out-of -plane direction. Fom the
data it was revealed that the molecules forming a disc was found to be almost one, with the
intracolumnar distance lower than that observed for PBI%C. The XRD pattern of PBI-Se'?, indexed
to a Coln phase, exhibited no surprises, but for the fact that the spacing corresponding to the core-
core correlation is substantially reduced (~10%) with respect to that for the unsubstituted

compound. However, the peak is broader than for PBI?, indicating a less packed system, arguably
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due to the presence of the bulky Se entity. In view of the data on the PBI-S'° compound, to be

discussed below, it may be said that the Se-Se interaction is still weak.
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Figure 2.3. POM image of the Coly, phase at 100 °C (a); DSC thermogram for the first cooling (blue trace) and second
heating (red trace) taken at 5 °C/min (b) for compound PBI-N*%; Powder XRD pattern at 100 °C obtained for compound
PBI-N° (c); POM image of the Coly, phase at 100 °C (d); DSC thermogram for the first cooling (blue trace) and second
heating (red trace) taken at 5 °C/min (e) for compound PBI-Se'?, Powder XRD pattern at 100 °C obtained for
compound PBI-Se'? (f).

50
TH-3213_ 176122019



The compound PBI-S*%stands apart from the other compounds in many respects. It exhibits
an optical texture, which is different from those for the other compounds (Fig. 2.4a). As seen in
the DSC thermogram, the compound has a mesophase spanning over a broad thermal range
including ambient temperature (Fig. 2.4b). The POM images obtained at different thermal intervals
and XRD patterns obtained at 200 °C, 100 °C and at room temperature are essentially similar (Fig.
2.4c, Table A2.3 and A18), but again are different from those for the other bisimides studied here.
For example, the diffraction pattern obtained at 100 °C (Fig. 2.4c) showed many peaks at low angle
that can be indexed into Col phase with a parallelogram lattice bearing an oblique symmetry
(Colob), with lattice parameters a = 30.5A, b =28.9 A and a tilt angle y = 65.2°. Interestingly, the

core-core separation distance between the discs in a column was 3.98 A.
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Figure 2.4. POM image of the Colq, phase at 100 °C (a); DSC thermogram for the first cooling (blue trace) and second
heating (red trace) taken at 5 °C/min (b); Powder XRD pattern at 100 °C obtained for compound PBI-S° (c); Schematic

diagram showing the Colgy, phase formed by compound PBI-S (d).

From these values, it is evident that each unit cell is comprising of 1 molecule (Table A2.3,
Fig. 2.4c, d). Coloy, phase is often found with the molecules with greater core-core interactions®®4,
However, considering that both the Se and N-ethyl PBIs show a smaller core-core distance indicate
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that this parameter is not the only one that decides the presence of an oblique lattice. The second
obvious reason is the strength of the secondary interaction, being the S---S interaction and/or S---O
o-hole interaction for PBI-S'9, It is possible that these secondary interactions are present in each
of the hetero atom annulated compounds, but is maximized for the sulphur compound, as also
suggested by the highest clearing point observed amongst the four compounds studied. Such
organization of columns in oblique lattice is not often seen in literature, one example is a PBI

bearing siloxane substituents at imide position.%

2.2.3. Photophysical properties

Photophysical behavior of these PBIs were investigated by measuring their absorption and
fluorescence spectra in solutions and spin coated thin films on quartz substrates (Table 2.1 and
Fig. 2.5). Well-structured absorption spectra with characteristic four vibronic bands were observed
for all PBIs in solution state with the longest absorption wavelength was positioned in the range
of 503-532 nm. Compound PBI-N*° was slightly red-shifted with respect to PBI*°, whereas PBI-
S'% and PBI-Se'? exhibited hypsochromic absorption spectra. All the PBIs showed high molar
extinction coefficients at their absorption maxima (e: 70,500 to 1,27,000 Lmol™*cm™). The optical
band gap deduced from the red edge of the absorption spectra showed a similar value for PBI
and PBI-N'°, whereas that of the PBI-S'° and PBI1-Se'°® showed an increase. Fluorescence spectra
of these compounds displayed two maxima, with the high intensity one was in the range of 509-
539 nm (Fig. 2.5b). These PBIs exhibited bright yellowish green fluorescence in solution state
(Fig. 2.6). The Stokes shift was in the range of 191-249 cm™. Relative quantum yield of these
compounds were measured with respect to Rhodamine 6G and was found to be in the range of
0.02 to 0.86 (Fig. A15). Among these compounds PBI-N° exhibited a highest quantum yield of
0.86. PBI-Se'? exhibited a weak emission along with the lowest quantum yield, which was
attributed to the heavy atom quenching effect.%6-%¢ All the compounds in the neat state showed a
hypsochromic absorption and bathochromic emission spectra corresponding to their solutions (Fig.
2.5). PBI, PBI-N and PBI-S exhibited a bright red emission, while PBI-Se'° did not show
any perceivable emission (Fig. 2.6). The hypsochromic shift in the absorption maxima in the solid
state indicate the formation of H-aggregates with the molecules arranged in a cofacial (head-head)
manner. Although the H-aggregates are known to be non-emissive, there are some examples with

emissive H-aggregates in literature.°
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Table 2.1. Photophysical properties of PBIs in solution? and thin film® state.

Entry Absorption | Emission® Stokes | Molar Quantum | AE g op° Absorption | Emission | Stokes

[nm] [nm] Shift extinction yield? [eV] [nm] f Shift
(cm™) | coefficient () (Qs) [nm] (cm?)
(L molt cm)

PBIY 429, 459, 534, 580, 249 98,000 0.62 2.29 490, 545 642 4832
491, 527 622

PBI-N° 433, 465, 539, 595, 244 1,27,000 0.86 2.28 499, 547 638 4368
496, 532 625

PBI-S% 413, 440, 509, 550, 234 94,500 0.39 241 473,519 618 4960
469, 503 593

PBI-Se'° 421, 446, 517,531, 191 70,500 0.02 2.37 478, 530 624 4895
475, 509 552

aMicromolar solutions in CHCIs. PPrepared by spin coating of millimolar solution in toluene. ¢ The excitation

wavelength Aex = 527, 532, 503 and 509 nm respectively, for compounds PBI°, PBI-N°, PBI-S'° and PBI-Se™, ¢

Relative quantum yields are calculated with respect to Rhodamine-6G (Aex = 530 nm) in ethanol solution as the standard

and compounds in CHCIs. ¢ Calculated from the red edge of the absorption band. f Excited at the absorption maxima.
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Figure 2.5. Absorption spectra (a) and emission spectra (b) of compounds PBI°, PBI-N°, PBI-S!° and PBI-Se®®
(Solid lines represent the spectra obtained for micromolar chloroform solutions and dotted line represent the spectra
obtained for thin films).
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Figure 2.6. Micromolar solutions and spin coated thin-films of PBIs under the illumination of UV light (A =365 nm).
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Thermal and solvent vapour annealing treatments were tried on the drop-casted films in order
to understand the occurrence of any rearrangement in the solid phase. Nearly similar result was
obtained either by heating the films at 100 °C for 10 minutes or by exposing them to
dichloromethane vapour for 10 min. The dropcasted thin films on quartz plates did not show much
difference in their absorption spectra, (Fig. A1l and A12) except a slight broadening of the
absorption spectra and a slight increase in the intensity of the longer wavelength absorption
maximum. This could be linked to the reorganization of these molecules into different aggregates
upon annealing and a change of orientation to the quartz substrate, affecting their optical and
electronic properties.”® The time resolved fluorescence studies of PBIs in micromolar chloroform
solution showed the monoexponential decay of the excited species (t1 = in the range of 0.9 to 40
ns for different PBIs Fig. A16 and Table A2.1).

2.2.4. Electrochemical properties

Cyclic voltammetry (CV) studies were conducted to understand the electronic levels of the
molecules which play an important role in the energy and electron transfer process as well as the
reversibility of a redox process. Electrochemical studies of PBIs were carried out in anhydrous
dichloromethane solutions. The energy levels (HOMO and LUMO), band gap values of all the
PBIs PBI, PBI-N°, PBI-S'? and PBI-Se'° are tabulated in Table 2.2. PBIs due to their electron
deficient nature are considered as n-type semiconductors and known to possess high electron
affinity. The optical band gap Eg,opt Was then estimated from the red edge of the absorption spectra
(Table 2.2). Energy levels of LUMO was deduced by using the formula ELumo =~ (4.8 —E1/2, re,rc”
+ Ered, onset) €V, While HOMO energy levels were determined by using the formula Exomo = ELumo
- E g,0pt.. From the electrochemical studies, it was observed that the bay-annulated PBIs exhibited
elevated LUMO levels in comparison to PBIC,

A small increase of 0.20 eV in the HOMO level was observed in the case of PBI-N,
whereas PBI-S'° and PBI-Sel® showed a lowering of HOMO levels by 0.05 and 0.02 eV,
respectively. The values obtained from CV studies showed the same general trend and were
comparable to the values obtained from DFT calculations. In comparison to PBIs prepared from
alkylamines, PBI9 exhibited an increased LUMO level and a decreased HOMO level. It is to be
noted that in comparison to heteroatom bay-annulated PBIs prepared from alkylamines, PBI-N?°,
PBI-S™ and PBI-Se'? exhibited lowered HOMO and LUMO levels.*’
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Figure 2.7. Cyclic voltammograms of PBIs (a); Energy band level diagram showing HOMO and LUMO energy levels
of PBIs (b).

Table 2.2. Electrochemical®? data and data obtained from DFT" calculations for compounds PBI°, PBI-N°, PBI-
S0 and PBI-Se,

Electrochemical data Data from DFT calculations
Entry Eistred | ELumo®® | Enomo!®? | AE g opt“ | ELumo!®™ | Enomol® | AE g4t
PBI" -0.60 -3.70 -5.99 2.29 -3.35 -5.88 2.53
PBI-N' | -0.78 -3.52 -5.79 2.27 -3.23 -5.87 2.64
PBI-S | -0.66 -3.64 -6.04 2.40 -3.31 -6.02 2.71
PBI-Se!® | -0.65 -3.65 -6.01 2.36 -3.29 -5.99 2.70

(41 0.5 mM Dichloromethane solutions; Plexperimental conditions: Ag/AgNO; as reference
electrode, glassy carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a
supporting electrolyte, room temperature; 1 in volts (V); [ in eV; [ estimated from the formula
by using Erumo= -(4.8 - B2, Fofer + E red, onser) €V; [ estimated from the formula Exomo = Erumo -
Egop) €V; Ein, rorer = 0.50 V. [Elcalculated from the red edge of the absorption band of each
compound." Obtained from DFT calculations by employing the combination of Becke3-Lee-
Yang-Parr (B3LYP) hybrid functional and 6-31G(d,p) basis set using the Gaussian 09 package

2.2.5. Density Functional Theory Studies

Density functional theory (DFT) quantum mechanical calculations were carried out to cross
check the experimental data obtained from photophysical and electrochemical studies, by
employing the combination of Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G(d,p)
basis set using the Gaussian 09 package. Further, this is also expected to afford information on the
geometry, electronic structure, molecular conformation and frontier molecular orbitals (FMOs:
HOMO and LUMO) of PBI¥®, PBI-N'°, PBI-S'° and PBI-Sel®. Fig. 2.8 shows the energy
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minimized space filling models of all the PBIs studied. Pictures of FMOs and the differences in
their energies gives us a knowledge about the length of conjugation, the energy levels of HOMO
and LUMO and band gap, which in turn helps in the comparison of the PBIs with their hetero atom
bay-annulated PBIs.

PBI-Se'

<
k

%
o

A
A 4

Figure 2.8. Optimized geometry of compounds PBI* (a), PBI-N' (b), PBI-S'° (c) and PBI-Se° (d).
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Figure 2.9. Frontier molecular orbitals of compounds PBI1% (a); PBI-N*° (b); PBI-S° (c) and PBI-Se'? (d) obtained
from DFT calculations at the B3LYP/6-31G(dp) level. Ex and EL denote energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.

The contours of the HOMO and LUMO of PBIs are provided in Fig. 2.9. It is seen that the
HOMO-LUMO energy levels of these PBIs are dispersed on the central aromatic ring, but not on
the trialkyl benzene moieties because of the nodes on the nitrogen atoms of imide units. In the case
of bay-annulated PBIs, LUMO was found to be spreading over hetero atom. The theoretical band
gaps obtained for PBI, PBI-N9, PBI-S° and PBI-Se®® were 2.53 eV, 2.64 eV, 2.71 eV and 2.7
eV respectively, found to be slightly higher than the optical bandgap (Table 2.2).

2.3. Electroluminescence Studies

The bright deep red or near infrared emission of the liquid crystalline PBIs in solid state
and their high solubility in organic solvents motivated us to investigate their applicability in the
fabrication of OLEDs. Solution-processed OLEDs were fabricated by following device structures:
indium tin-oxide (ITO)/PEDOT:PSS (35 nm)/ PVK (20 nm)/ Neat-Films of PBI-N* or PBI* or
PBI-S* or PBI-Set (20 nm)/ TPBi (40 nm)/ LiF (1 nm)/Al (200 nm) and indium tin-oxide
(ITO)/PEDQT:PSS (35 nm)/ PVK (20 nm)/CBP: 1, 3 and 5 wt% PBI-N* or PBI* or PBI-S* or
PBI-Se (20 nm)/ TPBI (40 nm)/ LiF (1 nm)/Al (200 nm). In which, Neat films were prepared by
PBI-N* or PBI® or PBI-S* or PBI-Se. PEDOT:PSS and LiF were incorporated as a hole-
injecting and electron-injecting layer, respectively. Poly(vinyl carbazole) or PVK served as a hole-
transporting and electron blocking layer. Different emissive layers were prepared by doping CBP
host with 1, 3 and 5 wt% PBI-N* or PBI® or PBI-S* or PBI-Se. TPBi was used as electron-
transporting and hole-blocking layer. ITO and Al served as anode and cathode. The energy-level
diagram of the studied OLEDs having LCs as neat films or doped with CBP host is displayed in
Fig. 2.10 (a).

The key electroluminscent (EL) properties of all organic LEDs are shown in Fig. A19-A22
(see appendix 2.6) and pertinant data are summarized in Table A2.4 (see annexure 2.6). As
observed, the neat films based solution-processed OLEDs displayed poor performance. The PBI-
N©, PBI®, PBI-S', and PBI-Se neat-film based devices displayed a maximum luminance of 676,
294, 293, and 177 cd/m?. The key reasons why the neat films based devices displayed poor

performances may be the mismatch of hole-injection and electron-injection barriers which causes
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the imbalance of charge carriers in emissive layer, formation of non-radiative exciton formation at
HTL and neat-films interface, and concentration quenching due to the aggregation of liquid
crystals.”*"® It is reported that the employement of appropriate host and effective emissive layer
formation improves the performance of fluorescent liquid crystals.%® Hence, by observing both
photophysical and electrochemical properties, a carbazole based bipolar organic host CBP has

been utilized as an appropriate material for making efficient emissive layer matrix.

The doping concentration of the Col LCs affects the device performance and light emission
process. It can be observed that the devices fabricated with PBI-N°, PBI°, PBI-S'°, and PBI-
Sel? displayed the best EL performance at 1 wt%. For example, 1 wt% PBI-N'° based device
exhibited a compartively good performance among all of the emitters. The resultant device
displayed the best EQE of 4.9% with CIE coordinates of (0.46,0.32) (see Table A2.4 in supporting
information). As observed, doped devices exhibited reduced current densities with sufficient
enhancement in the brightness. As the dopant concentration increases from 1 to 5%, the current
density and luminance decreases from higher to lower brightness (see in Fig. A19a-b, A20a-b,
A2la-b, and A22a-b in appendix 2.6). It can be observed that the doped devices showed lower
operating voltage and it increases with the dopant concentration from 1 to 5 wt%. The reason why
the device shows this behaviour may be attributed to following key factors: imbalanced charge
transport in the emissive layer, injection of less charge carriers, trapping of charge carriers, and
aggregation of materials at the higher doping concentration.”®’® We have also observed that the
power efficacies and current efficacies of doped devices decrease as the doping concentration
increases resulting in the reduced device performance (Fig. A19c-d, A20c-d, A21c-d, and A22c-d
in annexure 2.6).

The increase in the concentration may also alter the crystallinity and the thin film morphology
of composite material.®84 Furthermore, higher doping concentrations of emitters may lead to
nonradiative decay of excitons due to the Auger recombination 88, We have also observed the
effects of doping concentration on EL spectra of these devices. With the increase in dopant
concentration from 1 to 5 wt%, the EL spectra of the devices shifted more towards red region. It
also exhibited higher increment in intensity of IR emission peaks as the concentration increases
from 1 to 5 wt% (Fig. A19e, A20e, A21e, and A22¢ in the appendix 2.6 ). Interestingly, theoretical
singlet and triplet energy levels of CBP are significantly higher than that of the LCs, PBI-N0,
PBI®, PBI-S!, and PBI-Sel? which helps in efficient energy-transfer from host to guest.®” The
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energy transfer paths are shown in Figure A23.
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Figure 2.10. (a) Energy-level diagram of OLEDSs consisting of neat films and CBP-doped with different emitters,
PBI-N, PBI%, PBI-S™¥, and PBI-Se'?. The electrolumniescent performance of Deep-red-NIR OLEDs fabricated by
PBI-N, PBI', PBI-S' and PBI-Se' respectively: (b) current density versus voltage curves, (c) luminance versus
voltage curves, (d) power efficacy versus luminance curves, (e) current efficacy versus luminance curves, and (f) EL

spectra. (g) Photograph of an electricity-operated NIR organic LED based on best performing emitter PBI-N°.

The comparative key EL performances of best performing device at optimized concentration
are displayed in Figure 2.10(b-f) and pertinant data are listed in Table 2.3. The 1 wt% PBI-N*° LC
based OLED exhibited a PEmax of 7.2 Im/W, a CEmax 0f 6.9 cd/A, an EQEmax 0f 4.9 %, and a Lmax
of 2,900 cd/m?. While, 1 wt% PBI based device displayed a PEmax of 2.4 Im/W, a CEmax Of 2.7
cd/A, an EQEmax of 4.3 %, and a Lmax of 1,366 cd/m? The 1 wt% PBI-SX based device
demonstrated a PEmax 0f 1.3 Im/W, a CEmax of 1.3 cd/A, an EQEmax of 2.1 %, and a Lmax of 683
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cd/m2. The 1 wt% PBI-Sel® based device exhibited a PEmax of 1.2 Im/W, a CEmax of 1.4 cd/A, an
EQEmax 0f 1.6 %, and a Lmax of 210 cd/m?.

Table 2.3. Summarized of OLEDs Consisting of 1.0 wt % Emitters, PBI-N*, PBI%°, PBI-S, and PBI-Se®® doped in
the CBP Host.

Guests | Dopant | Von Power efficacy Current efficacy (cd/A) External quantum efficiency ClExy Lmax
con. | (v (Im/W) (%) @100 cd/m
(wt%) ) Max. 100 1,000 | Max 100 1,000 | Max 100 1,000 cd/m? 2
cd/m | cd/m? . cd/m? | cd/m? . cd/m? cd/m?
2
i 31 72 | 40 | 24 |69 | 53 | a2 | 49 | 44 32 (0'46)'0'32 230
PRI ) 2a | 18| 08 | 27| 27 | 16 | 43| 43 18 (0'44)*0'28 136
1.0
Pgl! 2 13 | 08 - I - | 21| 20 (0'43)*0'25 683
PBI- 4, (0.40,0.23
Sel0 0 1.2 1.2 - 14 i3 - 1.6 1.6 ) 210

As observed, the PBI-N° based device showed superior performance in terms of higher
current-density and luminance in comparison to PBI*, PBI-S'° and PBI-Se?, as shown in Fig.
2.10b and 2.10c. This higher current-density may be attributed to more electron charge-trapping
in PBI-N° as comparison with other liquid crystals. We also observed that all the devices
displayed diode characteristics. Moreover, a rapid increment in forward bias current is observed
for PBI-N° based OLED, indicating a smaller sheet resistance of the device in comparison to
other LCs. Additionally, PBI-N'® based device displayed low turn-on voltage (3.0 V) in
comparison to other devices, which may be attributed to higher hole-mobility, lower hole-injection
layer (-0.01) and efficient charge balance into emissive layer. The maximum power efficacy
attained for PBI-N° based organic LED is 7.2 Im/W which is higher than that of PBI° (2.4 Im/W)
based device at 5 cd/m?, as shown in Fig. 2.10d, and current efficacy also exhibited similar trend

in curves, as shown in Fig. 2.10e.

The normalized electroluminescence (EL) spectra of all OLED devices is shown in Fig. 2.10f.
These EL spectra were obtained from the device fabricated with 1 wt% PBI-N°, PBI°, PBI-S,
and PBI-Se!? doped in CBP host, at a brightness of 100 cd/m?. The main emission peaks are
displayed at 620, 636, 604, and 616 nm for PBI-N°, PBI%°, PBI-S'°, and PBI-Se® based devices,
respectively. These main emission peaks almost matched to the solid-state emission spectra of the
PBIs, confirming the direct excitation of PBI cores. A shoulder peak with lower intensity at 780

nm was also observed in EL spectra of all devices extending the emission to NIR region. The
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shoulder peaks may be attributed to the extensive aggregation of these molecules.®® The extensive
aggregation may lead to the excimer emission, which gave extra peak of 780 nm in the EL
spectra.8®%° Moreover, EL spectra of PBI-N'° based OLED is wider than that of the other liquid
crystals, which suggest that the recombination zone of the charge carriers is wider as compared to
other devices. The proper dispersion of guest LCs in host matrix facilitates the radiative decay of
singlet excitons, resulting in the efficient electroluminescence. A photograph of the electricity-

operated NIR emitting OLED based on the best performing emitter PBI-N° is shown in Fig. 2.10g.
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Figure 2.11. Operational lifetime of organic LEDs with emitter PBI-N%°, PBI'®, PB1-S1°, and PBI-Sel®,

The significant performance of the liquid crystals inspired us to check their device
operational stability. Operating lifetime of the devices, fabricated with these LCs, was measured
at the initial brightness of 100 cd/m?. The operational device lifetimes are shown in Fig. 2.11. The
lifetimes up to 50% of initial luminance were found 12.4, 7.2, 5.4, and 4.9 h, for PBI-N°, PBI,
PBI-S, and PBI-Se'%respectively. PBI-N'° LC-based device displayed ~2.5 folds longer device
lifetime than that of PBI-Se'® based device. This longer device lifetime may be attributed to high
current-efficacy of PBI-N° based device as compared with other devices. These results indicate
that the PBI-N° based device is comparably stable while applying external voltages. Thus,
excellent efficiencies and longer device lifetime of PBI-N'°based device, confirms that the present
design approach is promising to achieve efficient and stable deep red-NIR OLEDs. Although
further improvement of the luminance and operational lifetime is required to realize the
commercial value of these materials, present results will encourage the researchers working in this

area.
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2.4. Conclusions

In essence, we have synthesized highly fluorescent electron deficient PBI and heteroatom
bay-annulated PBIs stabilizing ordered columnar phase over a broad thermal range including
ambient temperature. These PBIs are appended with tri-n-decylphenyl groups to provide the
flexibility and stabilize the liquid crystallinity. Compounds PBI°, PBI-N° and PBI-Se'®
exhibited columnar hexagonal phase, whereas the S-annulated perylene bisimide PBI-S'°
exhibited columnar oblique phase. The absorption spectra of these molecules exhibited high molar
extinction coefficients which will be promising for organic solar cells with a scope to improve
further and also to cover the entire visible spectrum by the suitable structural modulation. All the
compounds except PBI-Se!® were found to be highly fluorescent with good quantum yield. The
optical band gaps were found to be around 2.3-2.4 eV, with slight differences observed in the
HOMO and LUMO levels. Considering the need of new n-type semiconductors with good
emission properties, this class of compounds is unique and promising with the additional
advantage of columnar self-assembly. The PBIs alone did not show good electroluminescence,
however, the host-guest OLEDs prepared by using a carbazole based bipolar host CBP showed a
significant improvement. Among the studied PBIs, host-guest OLED with PBI-NC as the emitter
exhibited a promising electroluminescence with low turn on voltage. This deep red-NIR OLED
also showed better operational device lifetime in comparison to other PBIs. Thus, these compounds
can be considered as potential solution processable, stable emissive materials for the application
in technologically important deep red-NIR OLED:s.

2.5. Experimental section

In this section the detailed synthesis procedure and the molecular structural
characterization data have been presented for the intermediates and target compounds mentioned
in the scheme.

Procedure for the synthesis of 3, 4, 5-triiodonitrobenzene (6):

An ice-cold solution of sodium nitrite (1.37 g) in concentrated sulfuric acid (7.7 mL) was
added dropwise into a well-stirred suspension of 2,6-diiodo-4-nitroaniline (5.5 g, 0.014 mol) in
acetic acid (33 mL) in an ice-bath. The reaction mixture was kept below 25 °C with stirring until
all diiodonitroaniline was dissolved. The resulting deep yellow solution was poured into ice water
(200 mL). Urea (0.5 g) was added into the above reaction solution to remove the excess nitrous
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acid and then filtered. The filtrate was added with the solution of potassium iodide (3.30 g) in
water (16.5 mL) dropwise with vigorous stirring, leading to the formation of a yellow precipitate.
The reaction mixture was heated to 85-90 °C in a water-bath, and afterwards cooled to room
temperature. Sodium bisulfite (0.5 g) was added into the reaction solution to remove excess iodine.
The yellow precipitate was separated by filtration and washed with water, then dried in vacuum.
The crude product was purified by silica gel column chromatography with n-hexane
/dichloromethane (1:1) as eluent to give a yellow solid. (6.40 g, 91%). Rf = 0.6 (5% EtOAc-
Hexane). 'H-NMR (600 MHz, CDCl3, 299 K): § = 8.61 (s, 2H, Ar-H). *C NMR (150 MHz, CDCls,
298.1K): 6 147.50, 132.86, 131.02, 106.96; MALDI-TOF exact mass calculated for CsHzIsNO-
(M+H™): 501.73, found: 501.89.

Procedure for the synthesis of 3,4,5-tris(1’-decynyl)-nitrobenzene (7):

To a well stirred suspension of 3,4,5-triiodonitrobenzene (3.0 g, 6.0 mmol),
bis(triphenylphosphine)-palladium(l1) dichloride (252 mg, 0.30 mmol), copper(l) iodide (115 mg,
0.60 mmol) in triethylamine (80 mL) under argon atmosphere at 80 °C, 1-decyne (2.737 g, 19.8
mmol) was added dropwise and the reaction mixture was stirred for another 4 h, maintaining the
same conditions. After cooling to room temperature, the solid precipitate was filtered and the
filtrate was concentrated by rotary evaporation. The residue was purified by silica gel column
chromatography with n-hexanes to obtain a brown oil (2.9 g, 89%). Rf = 0.70 (5% EtOAc-Hexane).
!H NMR (600 MHz, CDCls3, 299 K): & =8.08 (s, 2H, Ar-H), 2.54-2.46 (t, 6H, J = 7.0 Hz, C=CCH>),
1.65 (m, 6H, CH>), 1.4-1.1 (m, 30H, CH), 0.88 (t, 9H, J = 6.7 Hz, CH3). MALDI-TOF exact mass
calculated for CasHssNO2 (M+H™): 532.42, found: 532.67.

Procedure for the synthesis of 3,4,5-trisdecylaniline (8): &

1,2,3-Tri(1-decynyl)-5-nitrobenzene (1.5 g, 2.82 mmol) was dissolved in a mixture of ethyl
acetate (25 mL) and methanol (5 mL). Argon was bubbled through the solution for 15 minutes
after which Pd/C (160 mg) was carefully added and the mixture was subsequently subjected to
hydrogenation in a Parr hydrogenation apparatus at 150 psi for 24 h. Upon completion of the
reaction, the suspension was filtered and the filtrate was concentrated in vacuo to yield a reddish
brown viscous liquid (1.38 g, 95%). Rt = 0.3 (5% EtOAc-Hexane). *H NMR (600MHz, CDCls,
299 K): 6 =6.38 (s, 2H, Ar-H), 2.47 (t, J = 7.4 Hz, 6H, ArCH>),1.6-1.0 (m, 48H, aliphatic), 0.88
(t, J = 6.8 Hz, 9H, -CH3). MALDI-TOF exact mass calculated for C3sHesNH2 (M+H*): 514.94,
found: 514.64.

General procedures for synthesis of PBIs 3°

Compounds 1-4 (1 eq.), tridecyl aniline (2.2 eq.), zinc acetate (2 eq.) and imidazole (1 g)
were taken in a microwave vessel, flushed with nitrogen and put in microwave reactor. The mixture
was heated to 165 °C for 35 minutes at 35 W and 100 psi pressure. After cooling, reaction mixture
was poured into a 2N HCI (10 mL) solution and extracted with chloroform. Organic layer was
washed with water and saturated sodium chloride solution. The crude compound was purified by
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neutral alumina column chromatography using 50% chloroform-hexane system. Further
purification was done by recrystallization from chloroform-methanol system.

PBI® : Rt = 0.6 (10% EtoAc-Hexane); Dark red waxy solid, yield: 86%; IR: Vmax in cm™: 2955,
2924, 2854, 1698, 1664, 1592, 1504, 1464, 1439, 1404, 1371, 1332, 1240, 1196, 1114, 858, 809,
744, 722; 'H NMR (600 MHz, CDCls, 299 K): 8.73 (d, J = 12 Hz, 4H, Ha), 8.63 (d, J = 6 Hz, 4H,
Har), 6.98 (s, 4H, Har), 2.65 (m, 12H, 6 x -CH2), 1.6 (m, 12H, 6 x -CH2), 1.5-1.1 (m, 84H, 42 x -
CHz), 0.88 (m, 18H, 6 x -CH3); 3C NMR (150 MHz, CDCl3, 298.1 K): & 163.85, 142.41, 139.52,
134.99, 132.34, 131.91, 129.87, 126.78, 126.40, 123.84, 123.41, 33.39, 32.18, 32.14, 31.50, 30.98,
30.67, 30.25, 29.92, 29.88, 29.86, 29.74, 29.66, 29.64, 22.59, 22.91, 14.37, 14.35; MALDI-TOF
exact mass calculated for CosH13sN204 (M+H)* : 1384.07, found: 1384.031.

PBI-N°: R+ = 0.6 (10% EtOAc-Hexane); Dark red waxy solid, yield: 86%; IR: Vmax in cm™: 2955,
2923, 2854, 1706, 1667, 1595, 1561, 1466, 1427, 1364, 1351, 1319, 1244, 1185,1127, 845, 807,
744, 722; *H NMR (600 MHz, CDCls, 299 K): 9.03 (s, 2H, Har), 8.94 (d, J =12Hz, 2H, Ha/), 8.87
(d, 3 =12 Hz, 2H, Har),7.06 (s, 4H, Har), 4.98 (d, J = 6 Hz, 2H, N-CH2) 2.69 (m, 12H, 6 x -CH>),
1.66 (m, 3H, N-CH2-CHa), 1.58 (m, 12H, 6 x -CH), 1.42-1.26 (m, 84H, 42 x -CH>), 0.88 (m, 18H,
-CHs); 3C NMR (150 MHz, CDCls, 298.1 K): § 165.67, 164.54, 142.47, 139.57, 134.63, 133.87,
132.76, 130.25, 128.20, 126.69,124.06, 123.14, 122.99, 120.16, 119.21, 41.96, 32.17, 30.29,
30.24, 29.92, 29.79, 29.75, 29.71, 29.68, 29.60, 22.94, 22.90, 17.07, 14.38, 14.34; MALDI-TOF
exact mass calculated for CogH142N304 (M+H)" : 1425.10, found: 1425.049.

PBI-S1°: R = 0.6 (10% EtoAc-Hexane); Orange red waxy solid, yield: 78%; IR: Vmax in cm™
12955, 2923, 2854, 1706, 1667, 1595, 1561, 1466, 1427, 1364, 1351, 1319, 1244, 1185,1127, 845,
807, 744, 722; *H NMR (600 MHz, CDCls, 299 K): 9.39 (s, 2H, Har), 9.03 (d, J = 12 Hz, 2H, Ha),
8.99 (d, J =12 Hz, 2H, Har),7.03 (s, 4H, Har), 2.67 (m, 12H, 6 X -CH2), 1.6 (m, 12H, 6 x -CH>),
1.5-1.1 (m, 84H, 42 x -CHy), 0.88 (m, 18H, 6 x -CH3); *C NMR (150 MHz, CDCls, 298.1 K): &
164.54, 164.09, 142.48, 139.57, 138.63, 133.87, 132.76, 132.13, 130.25, 128.20, 126.69, 126.50,
124.06, 123.73, 123.38, 122.99, 33.40, 32.17, 32.13, 31.50, 30.97, 30.68, 30.24, 29.92, 29.88,
29.86, 29.75, 29.66, 29.64, 29.59, 29.05, 22.94, 22.90, 14.38, 14.34; MALDI-TOF exact mass
calculated for CosH137N204S(M+H)*: 1414.03, found: 1414.509.

PBI-Sel®: Rt = 0.6 (10% EtoAc-Hexane); Dark red waxy solid, yield: 76%; IR: Vmax in cm™:
2955, 2923, 2854, 1706, 1667, 1595, 1561, 1466, 1427, 1364, 1351, 1319, 1244, 1185, 1127, 845,
807, 744, 722; *H NMR (600 MHz, CDCls, 299 K): 9.37 (s, 2H, Ha), 8.94 (d, J =12 Hz, 2H, Ha/),
8.92 (d, J =12 Hz, 2H, Har), 7.03 (s, 4H, Har), 2.67 (m, 12H, 6 x -CH>), 1.6 (m, 12H, 6 x -CH>),
1.5-1.1 (m, 84H, 42 x -CH>), 0.88 (m, 18H, 6 x -CHs); 3C NMR (150 MHz, CDCls, 298.1 K): §
164.54, 164.05, 142.46, 140.99, 138.63, 139.53, 134.88, 133.95, 132.69, 130.50, 126.50, 124.95,
123.55, 123.08, 122.53, 33.40, 32.18, 32.14, 31.49, 30.99, 30.69, 30.26, 29.93, 29.88, 29.87, 29.75,
29.67, 29.65, 29.59, 29.05, 22.95, 22.91, 14.38, 14.35; MALDI-TOF exact mass calculated for
CosH137N204Se(M+H)* : 1461.97, found: 1461.935.
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2.6. Appendix
2.6.1. NMR Spectra
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Figure Al. *H NMR (600 MHz) spectra of PBI*® in CDCls.
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Figure A2. 3C NMR (150 MHz) spectra of PBI? in CDCls.
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Figure A4. 3C NMR (150 MHz) spectra of PBI-N? in CDCls.

66
TH-3213_ 176122019



0L—

wTL—

868
6651
ST0e-T
se06

08E'6—

o,

CioHz1

CioHas
N

CioH2q

iR

C1oHas

CaoHas
PBI-§!

CoHay

e

L=
o
L
S
wmoo.:
ws| o
-
14T
v
o3| -
r
L=
~
0
e
Fara
L=
«
L w
B
L=
]
L\
=
LS
w
L
I
L=
o
L
@
Lo
Ewr N
n
e
L=
@
L
@
w0z 9
L[
HIS.Al.__._
@
Q
Fo
2

Figure A5. *H NMR (600 MHz) spectra of PBI-S° in CDCls.

LPEHT
m_‘m.zuv.

606TT
mem.mﬂ”vl
15062
165623
SHIET
99967
I506T
199°62:

9T6'6T
LPTOE

B6'0E
00s1E
LETTE
BLTTE
S0P'EE:

GI0EL

Uil

& &

T k4

2 o 2
= Q Q, (o] O 5=
3 Sad 3%
2 BN
250glelefetF:
-

o o

CioHa
CioHaf

==

T T T T T T T T
170 160 150 140 130 120 110 100

T
180

Figure A6. 13C NMR (150 MHz) spectra of PBI-S% in CDCls.

67

TH-3213_ 176122019



1£8'0) TSEHT
68 olﬁ . Eﬂ.Ev -

o7 LS
& a FIEE
BLE T p— . -—
ek —_— - 9T 05671
e — -70°71 £50'6T
60T — — 28| " e

uwe 75967
0EE'T LI96T
¥hL6T
WRET
1857 99'67
EEB6T

09, | 06
397 dl”L €691
ey = Wmcz 166'0F
8397 £64TE
T
812
G0F'EE

15

g
25 20

3.0

35

4.0

ST0YLA,

Tl

45
CioHz4
CioHz1
Se
PBI-Sc!

kY

I

E]

UOO‘ODQC
OO~

(o} o b

I

E]

o

CioHz

CioHzq
Os N o
Se
0” N o

CioHz : CioHzq

CioHz1

PBI-Se!
T
5.0

6.0

6657717
ST0ETT
185°E7T - — e
oma...dM =
06921 J—
9997 T\.

g

6.5

7.0

280 — - |J L sov [
sTLi—

8.0

fi e

50'p9T
EM.SHU-

9.0

- r. Iu T
OLEE— s - I w0t

T
9.5

T
10.0

Figure A7. 'H NMR (600 MHz) spectra of PBI-Se® in CDCls.

B0 70 &0 50 40 30
68

a0

120 110

130

170 160 150

180

Figure A8. 3C NMR (150 MHz) spectra of PBI-Se'? in CDCls.

TH-3213_ 176122019



2.6.2. Photophysical studies
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Figure A9. Overlay of absorption (blue trace) and emission (cyan trace) spectra of PBIs in micromolar chloroform
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Figure A10. Overlay of absorption (blue trace) and emission (cyan trace) spectra of PBIs in thin film state.
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2.6.3. Quantum yield measurement (Relative)

Quantum yield was measured according to established procedure by using rhodamine 6g in ethanol
as the standard. Absolute values were calculated according to the following equation: Qs = Qr X
(ms/ mg) X (ns / nr)?, Where, Q: Quantum yield, m: Slope of the plot of integrated fluorescence
intensity vs absorbance (Calculated from Fig.A13), n: refractive index (1.361 for ethanol and 1.445
for chloroform). The subscript R refers to the reference fluorophore i.e. rhodamine 6G solution in
EtOH and subscript S refers to the sample under investigation. In order to minimize re-absorption
effects, absorbance was kept below 0.15 at the excitation wavelength of 527, 532, 503 and 509 nm
respectively for compounds PBI'°, PBI-N'°, PBI-S' and PBI-Se'°. Quantum Yield of Rhodamine
6G in EtOH is 0.95. Simplified equation for the calculation after substituting the appropriate values
is given below and values obtained are given in table below.

Qs=0.95 x (ms/ mz) x (1.445/1.361)>

Compounds ms mR Qs abe
PBI© 8.44794 x 108 1.4208 x 10° 0.62
PBI-N 1.26959 x 10% 1.5694 x 1010 0.86
PBI-S° 5.10306 x 108 1.3867 x 10° 0.39
PBI-Se®® 2.73086 x 107 1.3942 x 10° 0.02
3 1l T 1.6x10°
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Figure A15. Plots of integrated photoluminescence intensity vs absorbance of reference compound PBI% (a), PBI-
N2 (b), PBI-S¥(c) and PBI-Se?° (d) respectively.
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2.6.4. Time resolved photoluminescence studies
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Figure A16. Fluorescence decay plots of compounds PBI° (a), PBI-N* (b), PBI-S'°(c) and PBI-Se'? (d)
respectively. (IRF: Instrument response function).

Table A2.1. Data obtained from the time resolved photoluminescence experiments of compounds PBI*, PBI-N,
PBI-S'° and PBI-Se'’ respectively.

Sl no. Compound 11 (nS)
1 PBIY 17.701
2 PBI-N 39.693
3 PBI-S° 17.850
4 PBI-Se®° 0.859

2.6.5. Thermal behavior

Table A2.2. Phase transition temperatures (°C), corresponding enthalpies (kJmol)? and decomposition temperatures
obtained by TGA.

Compounds Phase Sequence (kJ/mol)
Second heating First Cooling [Temperature at which 5 wt%
decomposition occurred (°C)
PBI® Col, 327.66 (7.82) 1 | 1323.40 (7.84) Col, 346
PBI-N" Col, 338.86 (6.12) I | 1334.32 (5.63) Col 356
73
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PBI-S" Col , 349.23 (4.67) 1 [ 1346.00 (3.67) Col 349
PBI-Se™ Col, 343.63 (4.02) 1 [ 1334.76 (3.50) Col, 348

2 Peak temperatures in the DSC thermograms obtained during the second heating and first
cooling cycles at 5 °C min * Col, = Columnar hexagonal phase; Col = Columnar oblique
phase; | = Isotropic phase.

2.6.6. XRD Studies

Table A2.3. Results of (hkl) indexation of XRD profiles of the compounds at a given temperature (T) of mesophases.?

Compounds | Phase Space dops (A) dear (B) | Miller Lattice parameters (A),
(D/IA) (T/°C) | Group indices hk | Lattice area S (A?),
Molecular volume (A3)
28.11 28.11 10 a=232.46
Colp 16.16 16.23 11 S$=912.6
(200) 14.64 14.06 20 V =4426.9
PBIY 4.85 (na) Z=19°
(44.8)
27.74 27.74 10 a=32.03
MW: 1384.17 | Coly 16.33 16.02 11 S =2888.7
(100) P6mm 13.90 13.87 20 V = 3667
4.65 (ha) Z=16
4.12 (he)
27.44 27.43 10 a=31.68
Colp 15.79 15.84 11 S=869.2
(28) 13.71 13.72 20 V = 3584
4.60 (ha) Z=16
4.12 (ho)
Coly, 25.98 25.98 10 a=29.99
(200) 14.94 1500 |11 S=779.1
13.21 12.99 20 V =3795.7
5.68(hs) | - Z=16
PBI-N© 4.87 (ho) | --
(44.6) 3.67 3.71 53
MW: 1425.22 3.41 3.33 54
25.53 25.53 10 a=29.48
Colp 14.58 14.74 11 S=752.6
(100) | Pémm | 13.11 1276 |20 V =3487.7
519(h.) | - . Z=1.47(15)
463 (ho) | - -
3.66 3.63 44
3.38 3.22 54
25.18 25.18 10 a=29.08
Colp 14.06 14.54 11 S=7324
(25) 12.63 1259 |20 V =3307.6
4.90 (ha) - z=14
4.52 (h) -
3.64 3.63 44
3.36 3.22 54
PBI-S'° 28.28 28.28 10 a=31.39
74
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(43.9) 16.32 16.32 11 b =32.04
MW: 1414.21 | Colgp 14.04 14.14 02 y=61.95°
(200) 9.20 9.23 30 S=2887.6
8.36 8.16 22 V =3541.6
7.99 7.87 13 Z=1.50
4.75 (ha)
3.99 (he)
27.67 27.67 10 a=30.50
Colgp P1 26.18 26.18 01 b =28.86
(100) 15.96 15.96 11 y = 65.15°
15.03 15.14 21 S$=798.5
13.57 13.84 20 V =3177
4.63 (ha) Z=14
3.98 (h)
3.49 3.52 45
27.31 27.31 10 a=3281
Colgp 25.68 25.68 01 b =30.85
(28) 15.02 15.02 11 y = 56.4°
13.38 13.66 20 S =842.68
4.60 (ha) V =3365.3
4.0 (he) Z2=14
3.47 3.35 54
PBI-Se'° Coly, 28.30 28.30 10 a=32.68
(44.6) (200) 16.30 16.34 11 §$=925.1
MW: 1461.13 14.08 14.15 20 V =4459.8
5.90 Z=138
4.82 (ha)
Colh 28.00 28.01 10 a=3234
(100) Pé6mm 16.14 16.17 11 S=905.8
13.93 14.00 20 V =3384.9
4.65 (ha) Z2=14
3.73 (he)
Colh 27.58 27.58 10 a=31.85
(28) 15.89 15.93 11 S$=8785
13.71 13.79 20 V =3660.2
4.56 Z=12
4.176
(ha) 3.83 62
3.74 (he)
aThe diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from
Cambridge Soft). dobs: Spacing observed; dcai: spacing calculated (deduced from the lattice parameters; a
for Coly phase; a, b for Colo, phase; y is the tilt angle for Colo, phase; ¢ is height of the unit cell). The
spacings marked h, and he correspond to diffuse reflections in the wide-angle region arising from
correlations between the alkyl chains and core regions, respectively. Z indicates the number of molecules
per columnar slice of thickness h; estimated from the lattice area S and the volume V. ® In the absence of
he, hais considered for the calculation of Z.
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Figure A17. XRD pattern obtained for compound PBI (left) and PBI-N2° (right) at different temperature intervals.
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Figure A18. XRD pattern obtained for compound PBI-S° (left) and PBI-Se'? (right) at different temperature intervals.
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2.6.7. Device Fabrication and Characterizations

Based on superior photophysical and electrochemical properties, the electroluminescent
properties of PBI-N°, PBI%, PBI-S%, and PBI-Se'® emitter materials. Multi-layered solution
processed OLEDs were fabricated consisting of following device configurations: indium tin-oxide
(ITO)/ PEDOT:PSS (35 nm)/ PVK (20 nm)/ PBI-N° or PBI* or PBI-S®, or PBI-Se*? (20 nm)/
TPBI (40 nm)/ LiF (0.5 nm)/ Al (200 nm) for non-doped device and ITO/ PEDOT:PSS (35 nm)/
PVK (20 nm)/ CBP: PBI-N% or PBI'® or PBI-S%, or PBI-Se!° (1,3 and 5 wt%) (20 nm)/ TPBi
(40 nm)/ LiF (0.5 nm)/ Al (200 nm) for doped device. Initially, ITO-coated glass substrates were
cleaned to remove greasy layer. The cleaning process was carried-out with soap-solution,
deionized water, acetone, and alcohol in water-bath sonicator at optimized time. Cleaned substrates
were kept in ultra-violet ozone system to expose in UV-light for removing residual solvents and
further impurities. Then, these substrates were transferred into nitrogen purged glovebox for
further processing of layers.

Simultaneously, the PVK for HTM and CBP as host and newly synthesized emitters for
emissive solution layer were dispersed into suitable solvents with water-bath sonicator. Prepared
solutions were filtered with 0.45 um PTFE filters and mixed in desired ratio to prepare emissive
layer. First, a hole-injection layer was prepared by spin-coating an aqueous solution of
PEDOT:PSS at 4,000 rpm for 20 s. Subsequently, these substrates were annealed at 130 °C for 15
minutes. Then, a solution of HTM was spin-coated onto hole-injection layer to form a thin-layer
of hole transport layer. After that, these samples were treated by 70 °C for 30 minutes to remove
the solvent. After cooled down the substrates, neat solution or emissive layer solution were spin-
coated onto hole-transport layer at 2,500 rpm for 20 s.

Then, these substrates were transferred into thermal evaporator to deposit subsequent
layers. Then, TPBi was deposited as an electron-transport layer followed by the deposition of 0.5
nm LiF as an electron-injection layer and 200 nm Al as a cathode. All the layers of TPBI, LiF and
Al were deposited subsequentially via thermal evaporation method at base pressure of 4.0x10
Torr. After that, Fabricated devices were kept in the mini vacuum chamber during testing process
and then measured at room temperature conditions.  To analyse the device, the
electroluminescence (EL) spectrum, luminance, and the CIE coordinates were obtained using a
photo research (PR-655) spectrometer. The current density-voltage-luminance (J-V-L)
characteristics were obtained by a computer mounted voltmeter (Keithley 2400) and
spectrophotometer CS-100 Minolta. Lifetime measurement was carried-out with computer
mounted Lifetime Test System. Lifetime was investigated without encapsulation of devices.
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Table A2.4. Effect of doping concentration on the operation voltage (Von), power efficacy (PE), current efficacy
(CE), external quantum efficacy (EQE), CIE coordinates, and maximum luminance of solution-processed deep-
red/NIR OLED devices with the CBP host for PBI-N'°, PBI°, PBI-S°, and PBI-Se™.

Hosts | Dopant | Von Power efficacy Current efficacy (cd/A) External quantum CIEyy Lmax
Concen. | (V) (Im/w) efficiency (%) @100 cd/m?
(wt%) cd/m?
Max. 100 1,000 Max. 100 1,000 | Max. 100 1,000
cd/m? | cd/m? cd/m?2 | cd/m? cd/m? | cd/m?
1.0 3.0 7.2 4.0 2.4 6.9 5.3 4.2 4.9 4.4 3.2 (0.46,0.32) | 2,900
PBI-N° 3.0 3.2 2.1 1.3 0.8 2.3 2.0 1.6 2.9 2.9 1.7 (0.54,0.30) 1,820
5.0 3.5 0.6 0.4 0.5 1.1 0.8 1.0 1.9 1.3 1.2 (0.52,0.27) 1294
100 3.6 0.6 0.3 - 0.7 0.5 - 0.9 0.9 - (0.52,0.27) 676
1.0 3.0 2.4 1.8 0.8 2.7 2.7 1.6 4.3 4.3 1.8 (0.44,0.28) 1,366
PBI*® 3.0 3.6 0.9 0.8 = 1.3 1.3 = 2.9 2.9 - (0.39,0.20) 886
5.0 3.7 0.5 0.4 - 0.6 0.6 - 2.0 1.8 - (0.33,0.16) 612
100 4.0 0.2 0.1 - 0.4 0.3 - 0.9 0.8 - (0.33,0.15) 294
1.0 3.3 1.3 0.8 - 1.3 1.3 - 2.1 2.0 - (0.43,0.25) 683
PBI-S™ 3.0 3.8 0.5 0.3 - 0.6 0.6 - 14 14 - (0.39,0.20) 443
5.0 4.0 0.2 0.2 - 0.3 0.3 - 0.9 0.9 - (0.33,0.16) 306
100 4.1 0.2 0.1 - 0.3 0.3 - 0.8 0.8 c (0.33,0.16) 293
1.0 4.0 1.2 1.2 - 1.4 1.3 - 1.6 1.6 - (0.40,0.23) 210
PBI- 3.0 4.1 0.7 0.7 - 1.1 1.1 - 1.6 1.6 - (0.40,0.23) 191
Se'® 5.0 4.2 0.6 0.4 - 0.8 0.8 - 1.5 1.5 < (0.40,0.23) 140
100 4.0 0.3 0.2 - 0.3 0.3 - 0.9 0.9 - (0.33,0.16) 177
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Figure A19. (a) Current density-voltage, (b) luminance-voltage, (c) power efficacy-luminance, (d) current efficacy-
luminance, and (e) EL spectra curves of the solution-processed deep-red/NIR OLED using CBP host with 1, 3, 5, and
100 wt% PBI-N concentration.
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Figure A20. (a) Current density-voltage, (b) luminance-voltage, (c) power efficacy-luminance, (d) current efficacy-
luminance, and (e) EL spectra curves of the solution-processed deep-red/NIR OLED using CBP host with 1, 3, 5, and
100 wt% PBI*¥ concentration.
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Figure A21. (a) Current density-voltage, (b) luminance-voltage, (c) power efficacy-luminance, (d) current efficacy-
luminance, and (e) EL spectra curves of the solution-processed deep-red/NIR OLED using CBP host with 1, 3, 5, and
100 wt% PBI-S™ concentration.
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Figure A22. (a) Current density-voltage, (b) luminance-voltage, (c) power efficacy-luminance, (d) current efficacy-
luminance, and (e) EL spectra curves of the solution-processed deep-red/NIR OLED using CBP host with 1, 3, 5, and
100 wt% PBI-Se'° concentration.
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Figure A23. Energy-transfer routes from host-to-guest.
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Chapter 3

Columnar self-assembly of liquid crystalline hetero atom bay-
annulated perylene bisimides adorned with tri-n-alkoxy anilines and

their charge carrier mobility studies

Room Temperature Columnar Ambipolar
Semiconductor

G 0
<»
=
—
=

TH-3213_ 176122019



3.1. Introduction

Understanding of the charge transport behaviour in organic semiconductors with respect to
their structure is of ultimate importance for the progress of organic electronics. The charge carrier
mobility is one such crucial parameter that determines the performance of organic semiconductor
based electronic devices like light emitting diodes (OLEDs), field effect transistors (OFETS) and
photovoltaics (OPVs). Though the charge carrier mobility is of several orders lower than that of
their inorganic counterparts, there is an inevitable requirement to explore organic semiconductors
with respect to their molecular structure for further advancement towards the light weight, large
area, low cost and flexible devices. These semiconductors can be solubilized in various organic
solvents to create inks, which can be used later to print them on flexible substrates to reduce the
cost. Most of the known organic semiconductors are hole-transporting (p-type), which accept and
transport holes, while electron-transporting (n-type) semiconductors are rare and face stability
issues. Thus, there is huge requirement of research dedicated to the synthesis of new processable
n-type organic semiconductors.! From the viewpoint of organic electronic devices, having separate
n- and p-type semiconductors (unipolar charge transport) lead to the utilization of these materials
as blends or to use them as bilayers to ensure the hole and electron transport. In contrast, to have
a single component ambipolar semiconductor capable of transporting both electrons and holes,
simplifies the device fabrication process and thus promise low cost, light weight, flexible and
portable electronic devices. Further it will also reduce the number of boundaries that cause charge
carrier traps. Thus it is necessary to develop ambipolar organic semiconductors with a balanced

hole and electron carrier mobility along with a lowered band gap.?®

Perylene bismides (PBIs) are one of the most studied n-type semiconductors with high thermal,
chemical and photochemical stability. Their low lying LUMO level and highly reversible redox
behaviour makes them ambient oxidation resistant n-type organic semiconductors. In addition,
they can be functionalized (at bay- and headland positions, 12 functionalizable positions) to alter
the electronic properties and the nature of self-assembly. This tunability of the molecular structure
opens the possibility to utilize the realization of elaborate molecular architectures aimed at various
applications. Functionalization at the imide positions do not alter the optical property of the PBI
due to the presence of imide nodes, while definitely control the self-organizing ability of the PBI.
Substitution at imide nitrogen can be used to tune the solubility and hence the solution

processability of the material.* In contrast, substitution at the bay-position alter the planarity of the
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molecule due to the steric hindrance of the bay substituents, and thus alter the packing of the PBIs
and their self-assembly. However, the hetero atom bay-annulation will keep the planarity intact,
and hence without affecting the self-assembly, provide a handle to tune the electronic properties.>
" In addition, sulfur and selenium incorporated organic semiconductors are gaining importance due
to the additional intermolecular S---S and Se---Se interactions.® Considering the presence of
oxygen (O) atoms from the carbonyls of imide units in PBIs, Further, there is a possibility of S---O
and Se---O interactions which involve sulfur and selenium c-holes.!”!® This compliments the

molecular self-assembly and also could play a major role in enhancing 1D charge transport.'*-*
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Figure 3.1. Structures of PBIs derived from tri-n-alkoxy anilines (PB1°%°, PBI-N©%, PBI-S°% and PBI-Se®) and
PBIs derived from tri-n-alkyl anilines (PBI°, PBI-N%, PBI-S¥ and PBI-Se'°) (a); Bargraph showing the thermal
behaviour of PBI°, PBI-N°, PBI-S'° and PBI-Se' (b); Bargraph showing the thermal behaviour of PBI®, PBI-
N©©, PBI-S°1 and PBI-Se®° (considered the second heating scan in DSC) (c); Thermal stability of PBIs obtained
from TGA studies (considering the temperature at which 5 weight % decomposition occurs) (d).
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It is also documented that, PBIs with tri-n-alkoxy phenyl group in the imide position have
showed lower photoluminescence quantum yield due to the intramolecular charge transfer, while
their tri-n-alkyl counterparts exhibited high photoluminescence (see chapter 2). Recently, the
substitutions at bay-positions have also been noticed to stabilize a unique kind of favourable J-
aggregates with columnar self-assembly.?? The strong n-r interaction of the PBI cores results in
electron mobilities of 0.1-1cm?/V.s in PBI-based small molecules.?® When used as a blend with
polythiophene, PBIs exhibited better charge photogeneration than their blend with fullerene
derivative PCBM.?* Thus, they have bright potential in organic photovoltaic devices as non-
fullerene acceptors (NFAS). The tendency of this class of materials to form large crystals, however
resulted in the poor device performance and thus, there is a pressing need for a processable form
of the PBIs and their derivatives.?® There are several classes of organic semiconductors like
polymers, single crystals and liquid crystals. Usually polymeric semiconductors exhibit excellent
mechanical stability, but have disadvantages in terms of charge transport due to their amorphous
nature in thin films, presence of defects acting as charge traps and recombination centres, difficulty
in the processing due to their low solubility. In addition, batch to batch variation also affects all
the aspects of the optoelectronic properties due to the variation in the molecular weight or the
synthetic method.?® Growth of the single crystals with large monodomain is a tough and expensive
task. Further, such crystals may not find application in the fabrication of large area devices due to
their inherent brittleness. Thus, liquid crystalline organic semiconductors with an intermediate
order, solution processability, self-healing ability of structural defects have clear advantages over
polymeric and crystalline organic semiconductors.?” Thus the organic semiconductors capable to
form columnar LCs can be considered as molecular wires with a huge potential to become the

mainstay of organic electronics.?%2%:%

In this work, a series of hetero atom bay-annulated perylenes functionalized with tri-n-alkoxy
phenyl group at the imide positions stabilizing a long range room temperature Col phase has been
presented. Their structural characterization, photophysical properties, thermal behaviour and
charge carrier mobilities were investigated. Further, these compounds were compared with tri-n-
alkyl phenyl substituted analogues to understand the effect of molecular structure on their
optoelectronic properties. It should be noted that most of the PBI based semiconductors are of n-

type, while to our surprise the compounds presented here are ambipolar.
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3.2. Results and discussion
3.2.1. Synthesis and molecular structural characterization

The synthesis of the hetero atom bay-annulated PBIs is described in Scheme 3.1 and 3.2.
Heteroatom bay-annulated perylene tetracarboxylic bisanhydrides (5-7) from perylene
tetracarboxylic dianhydride (PTCDA) and their functionalization with trialkoxy phenyl group was
carried out in good yields as reported earlier.33? The key intermediate tri-n-decyloxybenzene (1)
was prepared as reported earlier (Scheme 3.1).%8 The aniline obtained was condensed with PTCDA
and its heteroatom bay-annulated analogues in presence of molten imidazole as solvent and zinc
acetate as a catalyst under microwave conditions to yield the corresponding PBIs in 85 % yield.?!
Similarly, the trialkyl phenyl-funtionalized PBIs have been synthesized in four steps as reported
before.332! The crude compounds were purified by column chromatography on neutral alumina
using chloroform-hexane mixture (50%) as an eluent to furnish gummy red colored solids. All the

PBIs were characterized by routine spectroscopic techniques (see 3.6 appendix).

Scheme 3.1. Synthesis of 3,4,5-tridecyloxyaniline

OR
OR
OH oR RO OR RO OR
HO OH B OR
(i) (i) (iii)
NO, NH

2
R= -C10H21 R= -C10H21 R= -C10H21
1 2 3

Reagents and conditions. (i) K.COs, Dry DMF, C10H21Br, 80 °C, 12 h, 75% yield, (ii) NaNO2, HNOgz, 0 °C, 1h,
90% yield, (iii) N2H4.H2O, EtOH, H, -Pd/C, rt, overnight, 67% yield.
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Scheme 3.2. Synthesis of heteroatom bay-annulated PBIs
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PBIO10 PBI-NO10 PBI-SO1 PBI-Se01!

Reagents and conditions: (i) Zn(OAc),, imidazole, microwave irradiation, 35 W, 35 min, 165 °C, 80-85%.

3.2.2. Thermal behavior

The mesomorphic properties of the PBIs was examined initially with polarizing optical
microscopy (POM) revealed by the fluidic nature of the sample along with strong birefringence
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even at room temperature. Differential scanning calorimetry (DSC) corroborated the mesophase
to isotropic transition temperature observed by POM with associated enthalpy changes, as well as
the absence of crystallization on cooling run. These values were concordant with transition
temperatures noted in POM studies (Table 3.1). Further the nature of mesophase was analysed
with the help of X-ray diffraction (XRD) studies conducted at different temperature intervals along

with the room temperature.

Table 3.1. Phase transition temperatures (°C), corresponding enthalpies (kJmol?) of PBIs and the data on thermal
stability.?

Compounds Phase Sequence (kJ/mol) T
Second heating First Cooling (°C)
pBI°Y" Col 359.23 (2.87) | 1 354.92 (2.10) Col, 366
PBI-N"® Col , 340.31 (1.55) I | 1336.04 (1.13) Col 348
PB1-s°° Col 356.52 (4.01) I 1 353.57 (3.13) Col, 358
PBI-Se° Col 353.57 (2.26) | 1'351.12 (1.61) Col, 364
aPeak temperature in the DSC thermograms obtained during the second heating and first cooling
cycles at 5 °’c min'l. Coly = Columnar rectangular phase; Col = Columnar oblique phase; | =
Isotropic phase. "Temperature at which 5 weight % decomposition occurs as noted in TGA.

Analysis of the POM images and the powder XRD data helped in the mesophases
identification. The mesomorphic behaviour and thermal stability data was compared with respect
to PBIs derived from tri-n-alkyl anilines (PBI*°, PBI-N, PBI-S'° and PBI-Se®?) (Fig. 3.1b-d).
From the TGA, it was found that, all the four PBIs derived from tri-n-alkoxy anilines (PBI°,
PBI-N©10 PBI-SO1° and PBI-Se®'?), exhibited high thermal stability at least upto 370 °C (Fig.
3.1d and Fig. A14). PBI®%, PBI-S°1° and PBI-Se® exhibited columnar rectangular (Col;) phase,
whereas PBI-N©% showed columnar oblique (Colob) phase (Fig. 3.1c). DSC thermograms showed
that the mesophases were stable over a wide thermal range including room temperature. The high
clearing temperatures indirectly confirm the strong interactions between the perylene cores. The
assignment of the Col phases was confirmed from the powder XRD studies carried out at different
thermal intervals (Table A3.1). In comparison to PBIs derived from tri-n-alkoxylanilines, the PBIs
derived from tri-n-alkylanilines exhibited lower decomposition temperatures (346-356 °C) (Fig.
3.1c).*? Except PBI-S'0, all the PBIs exhibited columnar hexagonal (Col,) phase, while PB1-S10
exhibited Colo, phase (Fig. 3.1b). It is remarkable to note that all the PBIs were liquid crystalline
over a wide thermal range including RT, while higher isotropic temperatures were seen for PBls
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derived from tri-n-alkoxylanilines, probably due to the higher molecular weight accounted from
the six oxygen atoms. Following section details the mesomorphic behaviour of these compounds

in detail.

POM examination of PBI® exhibited mosaic pattern intermixed with homeotropic
regions on cooling from isotropic liquid state from 359 °C which is a characteristic of Col phase
(Table 3.1, Fig. 3.2a). No signs of crystallization were observed in POM and DSC scans (Fig. A9
and Fig. Al3a), confirmed the stability of the Col phase at room temperature. The nature of Col
phase is analysed from the powder XRD patterns obtained at 100 and at 28 °C, which were
essentially similar, although more number of low angle peaks observed in the low temperature
scan. The XRD studies at 28 °C revealed the mesophase under investigation as Col phase with a
rectangular lattice (Col; phase) with a unit rectangular cell is formed by one molecule with an
intracolumnar distance of 3.37 A (Fig. 3.3a). Such low core-core separation ensures the intimate
interaction of the PBI cores within the Col phase and very important from the view point of 1D
charge transport along the columnar axis. The XRD pattern obtained at 100 °C (Table A3.1) also
exhibited a similar pattern but with lesser number of peaks at small angle and with the absence of
core-core peak confirming the Col, phase. Absence of core-core peak is reasonable due to the
increased fluidity of the columnar structure at higher temperature (Table A3.1). It is to be noted
that the PBI with six n-dodecyloxy chains exhibited Coln phase with a higher clearing temperature
of 373 °C without any core-core separation peak in the wide angle region.3* It is also interesting to
note that the PBI with six n-decyl chains exhibited columnar hexagonal phase, which differ from

PB1°% by the absence of oxygen atoms (Fig. 3.1c) (see chapter 2).

Figure 3.2. POM image of the Col; phase at 30 °C for PBI1°% (a); Colq, phase at 28 °C for PBI-N°*° (b); Col, phase
at 30 °C for PBI-S® (c); Col, phase at 28 °C for PBI-Se® (d).
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N-annulated PBI, compound PBI-N®1 exhibited broad birefringent leaf-like texture
(Fig.3.2b), which is quite uncharacteristic for Col phases. Again the mesophase was stable at
ambient temperature (Fig. A10 and Fig. A13b), with a slight decrease in the clearing temperature
in comparison to PBI®¥, The XRD pattern obtained at 280 °C and 230 °C were complicated
exhibiting many peaks in the low to mid angle region along with the diffused peak at wide angle
region (Table A3.1). The core-core separation peak in the wide angle region was not observed.
However, the XRD pattern obtained at 28 °C exhibited this core-core separation peak
corresponding to the packing of discs with in the column with an intracolumnar distance of 3.31
A (Fig. 3.3b). The low angle and mid angle region were composed of many peaks with d-spacings
of 25.20 A, 12.99 A, 11.26 A, 10.20 A and 6.85 A which can be assigned to Miller indices (01),
(12), (22), (-12), (42) of an oblique lattice with lattice parametersa=28.1 A, b=26.4 Aand y =
72.7° (Fig. 3.3b). Considering the height of unit cell as 3.31 A, the number of discs present in the

unit cell Z was found to be 1.

Perylene bisimides PBI-S®¥ and PBI-Se®!? also exhibited Col, phase for a wide
temperature range including RT as confirmed by the DSC thermograms (Fig. A13c and A13d).
Both the compounds exhibited mosaic texture as shown in Fig. 3.2c and 3.2d, and the presence of
Col; phase was confirmed by XRD studies conducted at different temperatures (at 200 °C, 100 °C
and at 28 °C, Table A3.1). All the POM images (Fig. A11 and A12) diffraction patterns were found
to be similar confirming that the compounds are monomesomorphic. For example, in the case of
PBI-S°1° for the XRD pattern obtained at 28 °C, the d-spacings observed at low angle were at
27.78 A, 24.04 A, 13.45 A, 5.60 A along with two diffused peaks at d-spacings of 4.36 and 3.43
A at wide angle (Fig. 3.3c, Table A3.1). The d-spacings corresponding to low angle reflections
can be assigned with the Miller indices (01), (10), (02), (42) of a rectangular lattice, with the lattice
parameters a = 24 A, b = 27.8 A with the lattice area of 667.8 A2. Considering the unit cell height
(c) as 3.43 A, the cell volume was found to be 2290.7 A%, and the number of molecules forming a
unit cell (Z) is = 1. PBI-Se® also exhibited Col, phase at both high and low temperatures, where
a columnar slice is made from 1 molecule, similar to that observed for PB1°° (Fig. 3.3d, and Table
A3.1).
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Figure 3.3. Powder XRD pattern obtained for the Col, phase at 28 °C for compound PBI°%° (a); Colq, phase at 28 °C
for PBI-N©% (b); Col, phase at 28 °C for PBI-S°° (c); Col, phase at 28 °C for PBI-Se®*° (d) (Corresponding schematic

diagram showing the columnar packing and the molecular diameter calculated from the energy minimized structures
obtained from Chem3D are also given in the right hand side).

3.2.3. Photophysical properties

The data obtained from the absorption and emission spectra in micromolar chloroform solutions

is presented in Table 3.2 and Fig. 3.4. Well-resolved absorption spectra with typical four vibronic

bands were witnessed for all PBIs with the absorption maxima positioned in the range of 503-532
cm* with high extinction coefficients (e: 67,500 to 1,08,000 Lmol*cm™). The optical band gap
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obtained from the absorption onset showed a similar value for PBI1°%° and PBI-N©%°, whereas that
of the PBI-S°0 and PBI-Se®° showed an increase. However, these values did not change much

from the PBIs derived from tri-n-alkylanilines, though they are on the higher side. The absorption

and emission spectra were similar to the PBIs derived from tri-n-alkylanilines.
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Figure 3.4. Absorption spectra (a) and emission spectra (b) of compounds PBI°%, PBI-N°, PBI-S°% and PBI-Se®*°

in micromolar chloroform solutions.

Table 3.2. Photophysical? properties of PBIs in solution state.

Wavelength (nm)

Entry Absorption [nm] Emission® [nm] | Stokes Shift | Molar extinction coefficient
(cm™) () (L molt cm™)

PB|0%0 431, 459, 491, 528 | 530, 575, 625 72 103,000

PBI-N© | 430, 466, 496,532 | 534,576, 626 70 108,000

PBI-S0%0 417,442,469, 503 | 505, 544, 593 79 67,500

PBI-Se®® | 419, 447,476,510 | 511, 553, 600 38 79,500

aMicromolar solutions in CHClg; ® The excitation wavelength Aex= 528, 532, 503 and 510 nm

respectively, for compounds PB1°°, PBI-N ©%°, PBI-S ©° and PBI-Se ©%,

These PBIs exhibited two emission maxima, with the high intensity one was in the range of
505-534 nm. However, the solutions did not show any perceivable fluorescence under UV light (A
= 365 nm) (Fig. Al5e). This could be due to the quenching of the fluorescence by the
intramolecular charge transfer from the peripheral tri-n-alkoxy aniline group to the central
perylene core.®® It should be noted that in contrast, the PBIs derived with tri-n-alkyl aniline
exhibited excellent quantum yield (see chapter 2).3® In the concentration dependent UV-Vis
studies, with the increase in concentration the enhancement of absorption was seen, without any
shift in the absorption maxima, while the emission spectra showed an reduced intensity with a red
shift (Fig. A16-A17).
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3.2.4. Electrochemical properties

Electrochemical properties were investigated with the help of cyclic voltammetry (CV)
carried out in anhydrous dichloromethane solutions (Fig. A18) and the details are tabulated in
Table 3.3. In general, PBIs are known as n-type semiconductors with high electron affinity. From
the electrochemical studies, it was observed that the hetero atom bay-annulated PBIs exhibited
elevated LUMO levels in comparison to PBI°% (Fig. A18b, Fig. 3.5a). A small elevation of 0.18
eV in the HOMO level was observed in the case of PBI-N©° whereas PBI-S°° and PBI-Se©°
showed a decreased HOMO levels by 0.06 and 0.05 eV, correspondingly. These values were

analogous with the one obtained from DFT calculations (Fig. 3.5b).
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Figure 3.5. Energy band level diagram showing HOMO and LUMO energy levels of PBIs (from the data obtained
from cyclic voltammetry) (a); Energy band level diagram showing HOMO and LUMO energy levels of PBIs (from
the data obtained from DFT studies) (b).
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In contrast to PBIs prepared from aliphatic amines, PBI°° showed an elevated LUMO
level and a diminished HOMO level. It is to be noted that in comparison to heteroatom bay-
annulated PBIs prepared from aliphatic amines and tri-n-alkylanilines, PBI-N©%°, PBI-S©1° and
PBI-Se®1° displayed lowered HOMO and LUMO levels (see chapter 2).%¢ In comparison to PBls
derived from tri-n-alkylanilines, PBIs derived from tri-n-alkoxylanilines exhibited higher band
gaps (Fig. 3.5a). Overall, all the molecules exhibited LUMO levels lower than 3.5 eV, confirming
their potential as good electron acceptors and could be a new class of non-fullerene acceptors

(NFAs) for organic photovoltaics. 3

3.2.5. Density Functional Theory Studies

Density functional theory (DFT) quantum mechanical calculations were conducted to
understand the molecular conformation and frontier molecular orbital (FMOs: HOMO and
LUMO) energy levels of PBI®?, PBI-N©1° PBI-S° and PBI-Se®'°, Fig. 3.3 shows the energy
minimized space filling models of all the PBIs studied (Fig. A19). It is evident that the FMOs of
these PBIs are spread predominantly on the central ring, but not on the peripheral benzene moieties

because of the nodes present on the nitrogen atoms of imide units.
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Figure 3.6. Frontier molecular orbitals of compounds PBI®% (a); PBI-N°° (b); PBI-S° (c) and PBI-Se®° (d)
obtained from DFT calculations at the B3LYP/6-31G(d,p) level. E4 and E. denote energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.
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In the case of bay-annulated PBIs, HOMOs and LUMOs distributed over hetero atom,
showing their integration in the central aromatic core. 3D molecular electrostatic potential contour
map of optimized structures of PB1°°, PBI-N©%°, PBI-S°0 and PBI-Se®° showed that the central
perylene unit is electron deficient while the electron density is concentrated on the imide and
alkoxy oxygen atoms (Fig. A20). PBIs derived from tri-n-alkylanilines, also exhibited similar
electrostatic potential distribution, except the absence of electron density corresponding to the
oxygens on peripheral phenyl units (Fig. A21). The theoretical band gaps obtained for PBI°%,
PBI-N©1° PBI-S°10 and PBI-Se®° were (Fig. 3.6), found to be slightly greater than the optical
bandgap (Table 3.3, Fig. 3.5a-b). In comparison to PBIs derived from tri-n-alkylanilines, PBIs
derived from tri-n-alkoxylanilines exhibited lowered LUMO, HOMO levels and reduced band
gaps (Fig. 3.5b, Fig. A22).

Table 3.3. Electrochemical®® data and data obtained from DFT" calculations for compounds PBI®¥, PBI-N®%, PBI-
SO0 and PBI1-Se®%,

Electrochemical data Data from DFT calculations
Entry Eistred® | ELumo®® |  Enomo 41 AE g, opt [%9] ELumol® Eromol® AE g,[4n
(eV) (eV) (eV) (eV) (eV) (eV) (eV)
PBIC10 -0.52 -3.78 -6.12 2.34 -3.58 -6.04 2.46
PBI-N©10 -0.69 -3.61 -5.94 2.33 -3.34 -5.98 2.64
PBI-S010 -0.58 -3.72 -6.18 2.46 -3.58 -6.17 2.59
PB1-SeC10 -0.56 -3.74 -6.17 2.43 -3.55 -6.08 2.53

[10.5 mM Dichloromethane solutions; Plexperimental conditions: Ag/AgNOs as reference electrode, glassy carbon
working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting electrolyte, room temperature;
[l in volts (V); [ in eV; [ estimated from the formula by using ELumo= -(4.8 - Eus, Feire+ + E red, ONset) eV; [
estimated from the formula Exomo = ELumo - Egopt) €V; E12, Fere+ = 0.50 V. [calculated from the red edge of the
absorption band of each compound." Obtained from DFT calculations by employing the combination of Becke3-
Lee-Yang-Parr (B3LYP) hybrid functional and 6-31G(d,p) basis set using the Gaussian 09 package.

3.3. Charge Carrier Mobility Studies

The study of charge carrier mobility in reported PBI based compounds were carried out
using Space Charge Limited Current (SCLC) technique. A device with ITO/PEDOT: PSS / PBIs
/M00Oz3/Ag architecture was fabricated for extraction of hole mobility whereas ITO/ZnO/ PBIs/Ag
was used for electron-mobility extraction. In hole only devices ITO/PEDOT: PSS electrode
combination was chosen for hole injection whereas 1TO/ZnO electrode combination was chosen
for electron injection. To achieve SCLC regime an Ohmic contact is fundamental requirement with
material under test in both hole (Injecting electrode-HOMO) as well as electron (Injecting

electrode-LUMO) only devices. It is to be noted that solution-processed thin films using spin
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coating technique was used to fabricate PBIs derived from tri-n-alkoxy anilines (PBI°, PBI-
N©10 PBI-S°10 and PBI-Se®%) and PBIs derived from tri-n-alkyl anilines (PBI'°, PBI-N°, PBI-
S'% and PBI1-Se?) based SCLC devices. All the PBIs formed good quality thin films in chloroform
(Fig. A23). Detailed experimental details can be find in the Sl section.

In SCLC technique at initial low voltages current follows ohmic regime with slope of one
whereas at higher voltages, where injected charges dominate over intrinsic charges SCLC regime
with a slope two is observed. Considering material to be trap free charge mobility of the material
can be extracted using Mott-Gurney law given by equation 1.3

] = 2o 1)
Where g, is the permittivity of free space (8.86 x 10** F/cm), &, represents the relative dielectric
constant of the material (PBIs derived from tri-n-alkoxy anilines ~ 4.2 and PBIs derived from tri-
n-alkyl anilines ~ 4.5), V is the applied voltage, d is the thickness of the material and J is density.
In thin films where applied electric field is much higher as compared to the bulk, modified
Mott—Gurney equation is widely used where a field-dependent charge mobility correction is

introduced for the charge mobility calculation shown in equation 2.

9 v? 14
J= 5 Er€oll —5 €Xp <O.891y\/§) 2

where y is the fitting parameter that represents the strength of the field dependence of mobility.
In this work modified Mott-Gurney equation was used for fitting the measured J—V curves
for both PBIs derived from tri-n-alkyl anilines (PBI%°, PBI-N°, PBI-S'° and PBI-Se'%) and PBls
derived from tri-n-alkoxy anilines (PB1°%°, PBI-N©1° PBI-S° and PBI-Se®) to extract their
hole and electron mobilities, summarized in Table 3.4 and 3.5 respectively. Fig. 3.7a-d represents
the observed as well as SCLC fitted curves for both PBIs derived from tri-n-alkyl anilines and
PBIs derived from tri-n-alkoxy anilines respectively. The reported mobility values for both

electron and hole are an average of at least 5 devices (Table A3.2).
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Figure 3.7. J-V curves along with SCLC fitting for J-V curves along with SCLC fitting for PBIs derived from tri-n-
alkyl anilines (PBI'°, PBI-N°, PBI-S'° and PBI-Se') on semi log scale (a) for hole mobility; (b) for electron mobility;
Same for PBIs derived from tri-n-alkoxy anilines (PBI°, PBI-N©°, PBI-S°% and PBI-Se®*°) on semi log scale (c)

for hole mobility and (d) for electron mobility.

From the comparison of charge carrier mobility values (Table 3.4, 3.5 and Fig 3.8), we can
conclude that overall, PBIs derived from tri-n-alkyl anilines (PBI%°, PBI-N*°, PBI-S'° and PBI-
Sel9) exhibit higher mobility values than the PBIs derived from tri-n-alkoxy anilines (PB1°%°, PBI-
N©, PBI-S°° and PBI-Se®%). Only exception is found in the hole mobility value of PBI-N©°
which is almost double than the PBI-N*°, S-annulated PBI derived from tri-n-alkyl aniline (PBI-
S10) was the best among these compounds exhibiting highest hole (8.39 x 103 cm?/ V.s) and

electron (1.51 x 1072 cm?/ V.s) mobility values.
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Table 3.4. Hole and electron mobility values for PBIs derived from tri-n-alkyl anilines (PBI%°, PBI-N°, PBI-S* and

PBI-Se9).
Entry Hole mobility (un) Electron mobility He/ Hn
x 1073 (cm?/ V.s) (Me)
x 1072 (cm?/ V.s)
PBI0 6.20£1.10 10.2+2.51 1.7
PBI-N° 2.81+0.585 6.56+1.67 2.3
PBI-S'° 8.39+0.455 15.1+11.1 1.8
PBI-Sel? 2.95+£1.57 5.08+0.819 1.7

Table 3.5. Hole and electron mobility values both PBIs derived from tri-n-alkoxy anilines (PBI°, PBI-N®%, PBI-
SO0 and PBI-Se®W).

Entry Hole mobility (pn) Electron mobility e/ Hh
x 1072 (cm?/ V.s) (Me)
x 1073 (cm? V.s)
PBI©% 2.08+0.24 2.91+0.486 14
PBI-NO0° 6.30+1.74 2.09+0.228 0.3
PBI1-S°%0 6.91+0.95 2.82+0.650 0.4
PBI-Se° 1.42+0.72 0.97+0.523 0.7
15.50
(a)
& 12.40
> PBI-S10
E & 9.30
2 =
s ., 620
o © PBI-N1° PBI-Se'
S x 310
=
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Figure 3.8. Comparison of hole mobility values (a) and electron mobility values (b) for PBIs derived from tri-n-alkoxy
anilines (PBI®, PBI-N° PBI-S°% and PBI-Se®%) and PBlIs derived from tri-n-alkyl anilines (PBI'°, PBI-N,
PBI-S% and PBI-Se'?).
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The better charge carrier transport abilities of could be attributed to the S---S and S---O o-
hole interactions, which was also evidenced by the observation of higher order peak at 3.47 A in
XRD studies (Table A3.1).* In the case of S-annulated PBls, it is possible that they stack one upon
another to form a Col phase with a rotational offset, due to the steric bulk of S atom and also to
accommodate the out of plane phenyl rings at imide position. This will bring the two sulphur atoms
staggered with respect to each other, but still they can have interaction with the S atoms of the
same column or from the neighbouring column. Further they may have interaction with the oxygen
atoms of the imide carbonyls of the PBIs of same column or from the neighbouring columns as

shown in Fig. 3.9 below. As a result, intermolecular n-n interaction also increases.

PBI-5010 PBI-S*
Columnar phase

Figure 3.9. Schematic showing the self-assembly of PBI-S®° and PBI-S' in Col phase (Chain length is limited to
methyl for clarity purpose, S---S and S- - -O interactions are shown in dotted lines, -7 interactions in double headed
arrows).

Moreover, favourable energy level matching in hole and electron only devices for PBI-S1°
over PBI-S®!? can also be an additional factor for its higher mobility value. Again it should be
noted that Se based compounds and PBI-S©!? also could have shown high mobility values, but did
not, suggesting the complexity involved in the design of self-assembled organic semiconductors.
It is to be noted that, in literature it has been established that SCLC mobilities are usually lower
than that obtained using field effect transistor method. 3%° Overall, these compounds exhibited
impressive ambipolar conductivity, which are relatively balanced (Me/ pn ratio in Table 3.4 and 3.5)
in comparison to the molecular designs where the p-type moieties like carbazole and thiophenes

were deliberately introduced to achieve the same?*!#>4

or two component systems containing
donors and acceptors in varying ratio***’. This highlights the simplicity of the present molecular

design in tweaking the properties of organic semiconductors.
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3.4. Conclusions

A set of PBI and its heteroatom bay-annulated analogues bearing tri-n-decyloxyphenyl
moieties has been synthesized. Compounds PBI°%%, PBI-S®%0 and PBI-Se®' exhibited columnar
rectangular phase, whereas the N-annulated perylene bisimide PBI-N©° exhibited columnar
oblique phase, down to room temperature with a wide thermal range. These compounds exhibited
intense absorption spectra with high molar extinction coefficients. This is promising considering
their application potential in organic solar cells, where there is a scope to widen their absorption
range by structural modification. With low LUMO levels they can also function as non-fullerene
acceptors for organic solar cells which are also promising for providing higher stability in organic
solar cells as compared to much explored fullerenes. Considering the requirement of new n-type
semiconductors capable of self-assembly, this class of compounds is exceptional and encouraging.
The PBIs were tested for their charge carrier mobility by space charge limited current (SCLC)
method and found that they exhibit ambipolar conductivity. In general, PBIs derived from tri-n-
alkyl anilines exhibit higher mobility values than the PBIs derived from tri-n-alkoxy anilines. Only
exception is found in the hole mobility value of PBI-N©1° which is almost double than the PBI-
N, S-annulated PBI derived from tri-n-alkyl aniline (PBI-S'°) was the best among these
compounds exhibiting highest hole (8.39 x 1072 cm? V.s) and electron (1.51 x 1072 cm?/ V.s)
mobility values, which could be due to the S::-S, S---O c-hole interactions, and better core-core
interaction in the columnar phase. From the literature survey it is evident that most of the reported
PBIs are known for n-type semiconducting behaviour, while the present set of compounds are
unique by showing ambipolar conductivity. The present molecular design to achieve ambipolar
conductivity can be further improved by tuning the mesophase clearing temperatures, type of the
mesophase and enhancing the surface alignment. Further exploration of these compounds as a non-

fullerene acceptor for solar cells is currently being explored.
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3.5. Experimental section

In this section the detailed synthesis procedure and the molecular structural
characterization data have been presented for the intermediates and target compounds mentioned
in the scheme.

Procedure for the synthesis of synthesis of 3,4,5-tri-n-decyloxybenzene (1): *

A mixture of 1,2,3-trihydroxybenzene (4.0 g, 31.71 mmol, 1 eq.), anhydrous K,CO3(21.8
g, 158.5 mmol, 5 eq.) were dissolved in anhydrous N, N-dimethylformamide (80 mL) and stirred
for 40 min at 50 °C. After that 1-bromodecane (23.02 mL, 110.98 mmol, 3.5 eq.) was added
dropwise to it. The resultant reaction mixture was heated at 90 °C for 48 h. After completion, the
reaction mixture was then cooled to room temperature and filtered with celite bed. Then the solvent
was extracted with ethyl acetate (3 x 50 mL). The combined extracts were washed with water three
times (3 x 50 mL) followed by brine and dried over anhydrous Na;SOs and the solvent was
evaporated via rotary evaporation. The crude product was purified by column chromatography
using hexane and ethyl acetate as eluent to obtain colourless liquid (hexane : ethyl acetate = 30 :
1).

Yield - 75%: *H NMR (CDCls, 400 MHz): ¢ 6.90 (t, 1H, J = 8.0 Hz, ArH), 6.54 (d, 2H, J = 8.0
Hz, ArH), 3.91-3.99 (m, 6H, -OCH>), 1.27-1.86 (m, 48H, -CH), 0.91 (t, 9H, J = 6.0 Hz, -CHs)

Procedure for the synthesis of 3,4,5-tri-n-decyloxynitrobenzene (2): *°

An appropriate mixture of compound 1 (4 g, 7.31 mmol, 1 eqg.) and NaNO> (0.07 g, 1.02
mmol, 0.14eq.) were dissolved in CH2Cl. and was stirred at 0 °C for 30 mins. To this well stirred
suspension, 70% HNO3z (1.32 mL,30 mmol, 3 equiv., 10% solution in dichloromethane) was added
dropwise. This mixture was stirred at room temperature for 1h. Then it was poured into water and
the aqueous layer was extracted with CH2Cl,. The organic layer was washed with H2O, brine and
dried over Na>SOg, then it was evaporated to dryness. The crude product was purified by column
chromatography on silica gel (60-120 mesh) using hexane and CH2Cl; as eluent to obtain slightly
yellowish liquid (hexane: CH2Cl, = 20: 1).

Yield - 86%; H NMR (CDCls, 400 MHz): 6 7.47 (s, 2H, ArH), 4.00-4.10 (m, 6H, -OCHy), 1.28-
1.84 (m, 48H, -CH,), 0.89 (t, 9H, J = 5.8 Hz, -CHs).

Procedure for the synthesis of 3,4,5-tri-n-decyloxyaniline (3): %

To a suspension of nitro compound 2 (3g, 5.06 mmol, 1 eqg.) and 10% Pd-C (10% weight
of the nitro compound) in absolute ethanol, hydrazine monohydrate (50 mmol, 5 eq.) was added
and refluxed under N2 atmosphere for 24 h. The reaction mixture was cooled to room temperature
and CH2Cl, was added and filtered through a celite bed. The filtrate was extracted with CH2Cl> (3
x 50 mL). The combined extracts were washed with water, brine and dried over anhydrous Na>SO4
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and the solvent was concentrated via rotary evaporation and cooled methanol was added to get
precipitate, then filtered to get the product.

Yield -74%; 'H NMR (CDCls, 400 MHz): & 5.91 (s, 2H, ArH), 3.81-3.92 (m, 6H, -OCHy), 3.50
(bs, 2H, NHz), 1.28-1.84 (m, 60H, -CHy), 0.89 (t, 9H, J = 6.4 Hz, -CHs).

General procedure for synthesis of PBls !

Compound 4, 5, 6 & 7 (1 eq.), tri-n-decyloxy aniline (2.2 eq.), zinc acetate (2 eq.) and
imidazole (1 g) were taken in a microwave vessel, flushed with nitrogen and put in microwave
reactor. The mixture was heated at 165 °C for 35 minutes at 35 W and 100 psi pressure. After
cooling, reaction mixture was poured in 2(N) HCI (10 mL) and extracted with chloroform. Organic
mixture was washed with water and saturated sodium chloride solution. The crude compound was
purified by neutral alumina column chromatography using 50% chloroform-hexane system.
Further purification was done by recrystallization from chloroform-methanol system.

PBI°10: Ry = 0.5 (30% EtoAc-Hexane); Red solid, yield: 82%; IR (KBr pellet) Vmax in cm™ 2921,
2852, 1705, 1666, 1592, 1502, 1466, 1434, 1365, 1320, 1233, 1113, 795, 745, 722; *H NMR (600
MHz, CDCls, 299K): & 8.66 (d, J = 6 Hz, 4H, Har), 8.47 (d, J = 6 Hz, 4H, Has), 6.58 (s, 4H, Ha),
4.03 (t, J = 6 Hz, 4H, 2 x -OCHy), 3.90 (t, J = 6 Hz, 8H, 4 x -OCH,), 1.81-1.26 (m, 96H, alkyl
chain), 0.90 (t, J = 6 Hz, 6H, 2 x -CH3), 0.86 (t, J = 6 Hz, 12H, 4 x -CHs); 3C NMR (150 MHz,
CDCls, 299K); 6 162.89, 153.69, 138.14, 133.55, 130.87, 129.76, 128.33, 125.28, 123.14, 122.78,
106.92, 73.48, 69.15, 32.02, 31.97, 31.44, 30.58, 29.90, 29.81, 29.79, 29.75, 29.72, 29.60, 29.51,
29.49, 29.43, 26.29, 26.14, 22.76, 22.71, 14.15, 14.11. MALDI-TOF exact mass calcculated for
CosH139N2010[M+H]*: 1480.04; found: 1480.071.

PBI-N©%: Ry = 0.5 (30% EtoAc-Hexane); Red solid, yield: 78%; IR (KBr pellet) Vmax in cm™ 2921,
2852, 1699, 1663, 1599, 1501, 1465, 1423, 1378, 1298, 1226,1173, 1112, 803, 739, 709; *H NMR
(600 MHz, CDCl3, 299K): 6 8.64 (s, 2H, Har), 8.55 (s, 2H, Har), 8.28 (bs, 2H, Har), 6.77 (s, 4H,
Har), 4.99 (g, 2H, -NCHy), 4.07 (t, J = 6 Hz, 4H, 2 x -OCHy), 3.89 (m, 8H, 4 x -OCH), 1.81-1.26
(m, 96H, alkyl chain), 1.72 (t, J = 6 Hz, 3H, -NCH,CHj3), 0.92 (t, J = 6 Hz, 6H, 2 x -CH3), 0.85
(t,J=6Hz, 12H, 4 x -CH3); 3C NMR (150 MHz, CDCls, 299K) & 164.80, 163.45, 153.67, 138.07,
133.57, 130.66, 127.26, 123.58, 123.20, 122.10, 121.47, 118.39, 117.59, 107.22, 73.50, 69.17,
41.68, 32.02, 31.97, 31.60, 31.44, 30.60, 29.91, 29.82, 29.75, 29.71, 29.60, 29.51, 29.43, 26.30,
26.17, 22.77, 22.71, 22.66, 18.44, 16.79, 14.16, 14.11. MALDI-TOF exact mass calcculated for
C98H142N3010[|\/|+H]+Z 1521.07; found: 1521.165.

PBI-S°0: Ry = 0.5 (30% EtoAc-Hexane); Red solid, yield: 76%; IR (KBr pellet) vmax in cm™ 2921,
2852, 1704, 1669, 1595, 1502, 1466, 1427, 1367, 1298, 1233,1173, 1112, 804, 772, 740, 707; *H
NMR (600 MHz, CDCl3,299K): & 9.08 (s, 2H, Har), 8.70 (s, 2H, Har), 8.37 (bs, 2H, Har), 6.73 (s,
4H, Har), 4.06 (t, J = 6 Hz, 4H, 2 x -OCHy), 3.84 (m, 8H, 4 x -OCH,), 1.86-1.25 (m, 96H, alkyl
chain), 0.91 (t, J = 6 Hz, 6H, 2 x -CHs), 0.84 (t, J = 6 Hz, 12H, 4 x -CH3); 3C NMR (150 MHz,
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CDCls, 299K) & 163.47, 162.99, 154.79, 153.74, 138.22, 137.84, 132.01, 130.26, 130.15, 129.41,
127.00, 124.99, 123.08, 122.40, 122.11, 121.67, 107.14, 73.54, 69.19, 32.03, 31.96, 31.44, 30.63,
29.93, 29.83, 29.75, 29.72, 29.61, 29.52, 29.43, 26.33, 26.16, 22.77, 22.70, 14.16, 14.10. MALDI-
TOF exact mass calcculated for CesH137N2010S[M+H]*: 1510.01; found: 1510.167.

PBI-Se®10: R = 0.5 (30% EtoAc-Hexane); Red solid, yield: 76%; IR (KBr pellet) Vmax in cm™
2921, 2852, 1704, 1669, 1595, 1502, 1466, 1427, 1367, 1298, 1233,1173, 1112, 804, 772, 740,
707; *H NMR (600 MHz, CDCl3,299K): § 9.15 (s, 2H, Hay), 8.71(s, 2H, Har), 8.46 (bs, 2H, Ha)),
6.69 (s, 4H, Har), 4.06 (t, J = 6 Hz, 4H, 2 x -OCH3), 3.86 (m, 8H, 4 x -OCH), 1.85-1.25 (m, 96H,
alkyl chain), 0.91 (t, J = 6 Hz, 6H, 2 x -CH3), 0.85 (t, J = 6 Hz, 12H, 4 x -CH3); C NMR (150
MHz, CDCls, 298.1K): 8 163.40, 163.01, 153.75, 140.61, 138.23, 133.13, 132.12, 130.13, 129.46,
129.33, 125.17, 122.85, 122.58, 122.11, 121.43, 107.20, 73.55, 69.21, 37.12, 32.03, 31.96, 31.44,
30.64, 30.20, 30.05, 29.94, 29.83, 29.76, 29.73, 29.63, 29.53, 29.43, 26.34, 26.17, 22.77, 22.70,
18.44, 14.15, 14.10. MALDI-TOF exact mass calcculated for CosH137N2010Se[M+H]": 1557.94;
found: 1557.812.

108
TH-3213_ 176122019



3.6. Appendix
3.6.1. NMR Spectra
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Figure Al. *H NMR (600 MHz) spectra of PBI®% in CDCls.
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3.6.2. Polarizing optical microscopy (POM)

T =200 °C T =280 °C

Figure A9. POM images of PB1° at different temperature intervals obtained on cooling the isotropic melt.

T=200°C T=300°C

Figure A10. POM images of PBI-N®% at different temperature intervals obtained on cooling the isotropic melt.

T=28°C T=100°C T=200°C T=300°C

Figure Al11l. POM images of PBI-S°% at different temperature intervals obtained on cooling the isotropic melt.
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T=100¢°C T=200°C

Figure A12. POM images of PBI-Se®W at different temperature intervals obtained on cooling the isotropic melt.

3.6.3. Differential scanning calorimetry (DSC)
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Figure A13. DSC thermograms of compounds PBI1°% (a), PBI-N®° (b), PBI-S°% (c)and PBI-Se®*(d) at a rate 5
°C/min (Red trace: Second heating scan; Blue trace: First cooling scan).
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3.6.4. Thermogravimetric analysis (TGA)
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Figure Al14. TGA plots of compound PBI®®,  PBI-N®®  PBI-S°® and PBI-SeC®
(heating rate of 10 °C/min, Nitrogen atmosphere).

3.6.5. X-ray diffraction studies (XRD)

Table A3.1. Results of (hkl) indexation of XRD profiles of the compounds at a given temperature (T) of
mesophases?

Compounds | Phase Space dobs (A) | dear (A) | Miller Lattice parameters (A),
(D/IA) (T/°C) | Group indices Lattice area S (A?),
hk Molecular volume (A%)
27.21 27.21 10 a=27.2
Col, 15.02 15.03 12 b=236.0
(100) 13.62 1360 | 20 S=979.4
8.33 8.54 14
PBI°™0 6.02 5.92 43
(47.34) 4.60 (ha)
P2mm
27.29 27.30 10 a=27.3
MW: 1480.1 2410 [21.03 | 11 b=33.0
14.12 14.12 12 $=900.9
Col; 12.75 12.61 21 V = 3036
(28) 9.15 9.10 30 Z=13
6.93 7.01 33
5.69 5.80 43
4.36 (ha)
3.37 (ho)
29.97 29.97 10 a=230.38
26.42 26.42 01 b=27.1
13.23 13.23 12 y=77.1°
Colop P1 11.28 11.23 22 S=8125
PBI-NO° (280) 10.36 10.12 31
(44.25) 9.99 999 | 30
8.82 8.81 03
MW: 1521.2 8.61 8.72 -31
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6.92 6.94 | -23
3.70 (ho)
26.38 2638 | 01 a=323
13.27 1327 | 12 b=26.2
Colos 11.29 1129 | 22 y =740
(230) 9.98 9.98 30 S=8128
5.08 575 | -41
3.68 (h.)
25.20 2520 | o1 a=281
Colop 12.99 1299 | 12 b = 26.4
(28) 11.26 1095 | 22 y=T727°
10.20 1028 | -12 S=707.4
6.85 6.82 42 V =2341.4
4.45 (h,) =09
3.31 (ho)
31.20 31.20 | 10 a=312
Col, 27.83 27.83 | o1 b=27.8
(200) 8.49 8.33 32 S=868.3
5.08 (ha)
31.31 3131 | 10 a=3131
Col, 27.18 2718 | o1 b=27.18
PB]-SO10 (100) | P2mm | 881 8.70 13 S=851
(43.98) 5.50 5.92 43
4.62 (h,)
MW:1510.2 27.78 2778 | 01 a=240
24.04 24.04 | 10 b=27.8
Col, 13.45 1389 | 02 S=667.8
(28) 5.60 5.52 42 V =2290.7
4.36 4.55 Z=09
3.43 (ho)
28.15 28.15 | 10 a=281
16.25 16.25 | 02 b =26.4
Col, 14.45 14.08 | 20 S=741
(200) 10.66 1064 | 22
8.76 8.58 23
5.49
5.0 (ha)
28.15 28.15 | 10 a=282
PBI-Se° | Col, 25.62 2562 | 01 b=256
(43.74) (100) | P2mm | 13.50 14.08 | 20 S=721.2
5.38 5.43 43 V =2488.1
MW: 1556.9 4.60 (ha) z=1
3.45 (he)
27.29 2729 | 01 a=273
Col, 23.68 2368 | 10 b=23.7
(28) 13.58 1365 | 20 S = 646.2
5.20 5.96 43 V =2216.5
4.42 (h,) =09
3.43 (ho)
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aThe diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from
Cambridge Soft). dons: Spacing observed; dca: spacing calculated (deduced from the lattice
parameters; a, b for Col,and Colo, phase; v tilt angle for Colg, phase; ¢ is height of the unit cell).
The spacings marked h, and hc correspond to diffuse reflections in the wide-angle region arising
from correlations between the alkyl chains and core regions, respectively. Z indicates the number
of molecules per columnar slice of thickness h estimated from the lattice area S and the volume V;
Z is only calculated when h, was observed..

3.6.6. Photophysical studies
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Figure A15. Overlay of absorption and emission Spectra of PBI°° (a), PBI-N® (b), PBI-S°% (c) and PBI-Se®* (d)
in solution state (in chloroform). Images of micromolar chloroform solutions under UV light (A = 365 nm) (e).
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Figure A16. Absorption Spectra of PBI°% (a), PBI-N®° (b), PBI-S®° (c) and PBI-Se®° (d) with respect to change

in concentration in solution state (in chloroform).
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Figure A17. Emission Spectra of PBI°° (a), PBI-N© (b), PBI-S®° (c) and PBI-Se®* (d) with respect to change

in concentration in solution state (in chloroform).
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3.6.7. Cyclic voltammetry (CV)

LUMO PRIO1® PBI-NO10 PB]_smu PBI-Se010
(2) (b) 5= -3.61eV
PBI-se@10 378ev T 372eV 374ev

S| wew| -

f —

c >

2 J it 80 [23aev|233ev 246eV| BN 5 43 ey
] PBI-N v

= [ =4

(5] w -5

e — . 5.94
T 4 =-J. eV
-1.00 075 -050 025  0.00 HOMO  -6.12ev i ey e
E(V) vs Fc/Fc' -6.18 eV

Figure A18. Cyclic voltammograms of PBIs (a); Energy band level diagram showing HOMO and LUMO energy
levels of PBIs (b).

3.6.8. DFT Studies

To understand the electronic properties and frontier molecular orbital energy level of compounds
PBI°%0, PBI-N©%0, PBI-S°1° and PBI-Se®*° computational studies was carried out in B3LYP/6-

311g(d,p) method using Gaussian 09 program package. The absence of imaginary frequency
ensured the energy minimized structure of all the compounds.

PBIOL0 PBI-NO10

\k‘

Sy
4734 A 44.25 A i;
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(c) 'S -

\ 4

Figure A19. Optimized geometry of compounds PBI®% (a), PBI-N°° (b), PBI-S°% (c) and PBI-Se®° (d).
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Figure A20. 3D molecular electrostatic potential contour map of optimized structure of PBIs derived from tri-n-
alkoxyanilines (In the mapped electro-static potential surface, the red and blue colors refer to the electron-rich and
electron-poor regions, respectively, whereas the green color signifies the zero electrostatic potential, chain length on

the phenyl group is limited to methyl for clarity purpose).
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Figure A21. Frontier molecular orbitals of PBIs derived from obtained from tri-n-alkylanilines. DFT calculations at
the B3LYP/6-31G(dp) level. En and E. denote energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), respectively (chain length on the phenyl group is limited to methyl for

clarity purpose).
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Figure A22. 3D molecular electrostatic potential contour map of optimized structure of PBIs derived from tri-n-
alkylanilines (In the mapped electro-static potential surface, the red and blue colors refer to the electron-rich and
electron-poor regions, respectively, whereas the green color signifies the zero electrostatic potential, chain length on

the phenyl group is limited to methyl for clarity purpose).

3.6.9. Scanning Electron Microscopy
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Plsom

Figure A23. SEM images of spin coated PBIs in chloroform obtained after annealing 70 °C (Scale bar is 100 nm).

3.6.10. Device Fabrication and characterization:

In this work, charge transport features of PBIs derived from tri-n-alkoxy anilines (PB1°%°, PBI-
N©10 PBI-S©10 and PBI-Se®%) and PBIs derived from tri-n-alkyl anilines (PBI1'°, PBI-N°, PBI-
S0 and PBI-Se®?) were investigated using SCLC approach. For hole-only devices, ITO/PEDOT:
PSS/PBIs/M00Os-Ag were utilized, whereas, for electron-only devices, ITO/ZnO/PBIs/Ag were
employed. For Device Fabrication, prepatterned indium tin oxide (ITO) substrates (Xinyan
Technologies, Taiwan, 15 Q /o) were used and cleaned using 5% soap solution in deionized water
(Hellmanex I11, Sigma-Aldrich), acetone, and isopropyl alcohol for 20 minutes sequentially in an
ultrasonicator. The substrates were then dried with a gentle nitrogen gas blow and further exposed
to UV ozone for 30 minutes (BioBEE Tech, India) at 50 °C to get rid of any organic residues. For
both the PBI derivatives based on tri-n-alkoxy anilines (PB1°°, PBI-N©° PBI-S° and PBI-
Se®1%) and PBIs derived from tri-n-alkyl anilines (PBI°, PBI-N°, PBI-S° and PBI-Se),
ITO/PEDOT: PSS (40 nm)/PBIs (100 nm)/MoOs (5-7 nm)/Ag (100 nm) device structure was used
for hole-only devices and ITO/ZnO (30 nm)/PBIs (100 nm)/Ag (100 nm) was used for electron-
only devices in a diode like configuration.

For Fabrication of hole Only device (ITO/PEDOT: PSS/PBIs/M003-Ag), first a 40 nm
PEDOT: PSS (Sigma Aldrich) layer was spin coating at a speed of 4000 rpm for 65 secs with 2000
rpm as ramp rate. The film is then annealed at 150 °C on a hot plate for 20 minutes under ambient
conditions. Active layer consisting of both PBI derivatives were then spin coated on PEDOT: PSS
at 1500 rpm for 45 secs from a 10 mg/ml solution in chloroform to get a thickness ~ 100 nm.
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Finally, ~ 7 nm of MoOz and 100 nm of Ag layer was subsequently thermally evaporated under
high vacuum (2.2 x 10 mbar) on top of active layer as top contact to complete the devices.

For, electron only device, firstly ZnO sol gel solution (200 mg zinc acetate dihydrate (Zn
(CH3COO0)22H,0) + 52 mg ethanolamine in 2 mL 2-methoxy ethanol, agitated heavily overnight
and filtered using 0.45 um PTFE filter) was spin coated on cleaned and UV Ozone treated ITO
substrates to obtain a thickness of ~ 30 nm (4500 rpm for 45 sec followed by film annealing at 180
°C for 1 hour under ambient condition). An active layer of both PBI derivatives were then spin
coated on top of the ZnO layer at 1500 rpm for 45 secs from a 10 mg/ml solution in chloroform to
get a thickness ~ 100 nm. Lastly, 100 nm of Ag layer was evaporated at 2.2 x 10" mbar pressure
on top of active layer to complete the devices. All fabricated devices have an active area of 0.066
cm? (measured through the overlap of ITO and top contact).

Table A3.2. Results of SCLC studies for PBIs derived from tri-n-alkylanilines and PBIs derived from tri-n-alkoxy

anilines.
Entry PBI1® PBI-N10 PBI-S10 PBI-Sel0
Hole 5.74E-03 3.72E-03 8.38E-03 2.26E-03
mobility 5.53E-03 2.99E-03 8.48E-03 4.26E-03
(cm?/ V.s) 5.00E-03 2.28E-03 7.63E-03 4.61E-03
7.32E-03 2.34E-03 8.79E-03 2.89E-03
7.42E-03 2.73E-03 8.68E-03 7.45E-04
Avg 6.20E-03 2.81E-03 8.39E-03 2.95E-03
Stdév 1.10E-03 5.85E-04 4.55E-04 1.57E-03
Electron 7.65E-03 8.44E-03 7.66E-03 4.16E-03
mobility 7.36E-03 8.32E-03 8.59E-03 5.91E-03
(cm?/ V.s) 1.15E-02 5.23E-03 4.88E-03 5.90E-03
1.15E-02 5.34E-03 2.72E-02 4.39E-03
1.29E-02 5.45E-03 2.72E-02 5.05E-03
Avg 1.02E-02 6.56E-03 1.51E-02 5.08E-03
Stdev 2.51E-03 1.67E-03 1.11E-02 8.19E-04
Entry PB|010 PBI-N©10 PB|-S©10 PBI-Se©10
Hole 2.05E-03 5.64E-03 7.31E-03 1.89E-03
mobility 2.08E-03 6.93E-03 7.68E-03 1.43E-03
(cm?/ V.s) 2.39E-03 6.89E-03 7.17E-03 1.78E-03
2.17E-03 8.34E-03 7.13E-03 1.84E-03
1.72E-03 3.70E-03 5.24E-03 1.61E-04
Av 2.08E-03 6.30E-03 6.91E-03 1.42E-03
g. 2.42E-04 1.74E-03 9.56E-04 7.27E-04
Stdev
Electron 3.21E-03 2.27E-03 2.03E-03 1.15E-03
mobility 2.35E-03 2.37E-03 2.22E-03 1.12E-03
(cm?/ V.s) 2.41E-03 1.81E-03 3.40E-03 1.66E-03
3.27E-03 1.99E-03 3.39E-03 6.68E-04
3.31E-03 2.00E-03 3.12E-03 2.84E-04
Avg 2.91E-03 2.09E-03 2.82E-03 9.76E-04
Stdev 4.86E-04 2.28E-04 6.50E-04 5.23E-04
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Chapter 4

Solution processable Swallow Tail Perylene Bisimides Exhibiting
Room Temperature Columnar Phases and Efficient Ambipolar
Charge Carrier Mobility

K, =6.59 x 103 cm?/V.s
H.=6.94 x 10 cm?/V.s

TH-3213_ 176122019



4.1. Introduction

The study of charge carrier mobility in organic semiconductors is crucial for the development
of organic electronic devices and a critical factor for their performance.! Though organic
semiconductors show low charge carrier mobility in comparison to their inorganic counterparts,
they are inevitable to realize lightweight, large-area, low-cost, and flexible devices.? Most organic
semiconductors are known for hole transport, and thus there is a dearth of electron carriers.
Ambipolar organic semiconductors, which have the ability to transport both electrons and holes
are further less in number and have great importance due to the simplicity they bring in device
fabrication and the possible reduction in the number of charge carrier traps.® Therefore, it is
imperative to foster the growth of versatile organic semiconductors that possess equitably
distributed mobility for both holes and electrons, in addition to a reduced energy difference

between valence and conduction bands.

Perylene bismide (PBIs) derivatives form an important class of structurally tunable, large
bandgap, inexpensive n-type organic semiconductors known for their electron-deficient nature,
high photo/thermal stability, and high quantum yield.*® Therefore, they are considered favorable
materials for application in organic electronic devices. The central large n-core leads to their strong
intermolecular interaction leading to an increased order which is very important from the
viewpoint of exciton diffusion or charge carrier mobility in organic electronic devices.® However,
this also leads to a decreased solubility of the PBIs, which makes them, to be processed by vapor
deposition techniques, which are expensive and only limited to a small area device. In such
conditions introducing alkyl chains at the imide positions of PBIs will improve their solubility and
also induce liquid crystallinity, thus making them easily processable. Liquid crystalline organic
semiconductors are advantageous due to their intermediate order, solution processability, and self-
healing ability of structural defects, which forms a productive area of research.” However, the
structural design to achieve this goal is not that simple, because it requires a delicate balance
between core rigidity and peripheral flexibility, which often requires the synthesis of different
varieties of molecules to understand the exact rules governing the self-assembly behavior of PBIs.®
Due to the large m-core, peripherally substituted PBI-based shape anisotropic molecules can
stabilize a variety of columnar (Col) phases, where the molecules pack one above the other to form

columns of indefinite length, which can be termed as ‘molecular wires’. Even then, the clearing
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temperatures of these Col phases are very high.%° In contrast, if the volume of the flexible chains
is increased, then it leads to the dilution of the conductive cores in the columnar phase, which
warrants a minimum amount of insulating peripheral alkyl chains to balance the self-assembly as
well as the one-dimensional charge carrier mobility. Introduction of branched peripheral chains,*!
or swallow tailed groups, oligoethoxy chains or unsymmetrical substitution,*? silyloxy chains,*?
connecting the trialkoxy benzene through a methylene unit'* at the imide N are known to reduce
the melting point of these PBIs and improve the solubility. The melting point and clearing point
of a liquid crystal are governed by two different packing motifs, the first one is related to the
unsettling of alkyl chains, while the second one corresponds to the displacement of discotic cores.
Therefore, the introduction of disorder in the peripheral chains will not guarantee the reduction in
clearing point. However, one needs to introduce subtle disorder in the intracolumnar packing of
the discs in such a way that it should not entirely eliminate the liquid crystallinity, but bring down
the clearing temperature as well, and hence reduce the processing cost of the organic electronic

device.

Hetero atom incorporation in the molecular design of organic semiconductors brings about
a multitude of new prospects, by affecting the charge carrier mobility, self-assembly behavior, and
photophysical properties.! Therefore, the incorporation of heteroatoms like nitrogen, and
chalcogens like sulphur, and selenium into the molecular structure of disc-like molecules stabilize
the columnar liquid crystal phase in general, and PBIs, in particular, is an important topic.®
Especially, chalcogen atoms like S and Se are known to facilitate intermolecular interactions (by
S-S and Se-Se interactions) to promote beneficial molecular self-assembly.*>1” The additional
hetero atom to hetero atom interaction augments the existing n-m interaction among the perylene
core, which can enhance the charge carrier mobility. Thus, hetero atom bay-annulation of perylene
derivatives served as a good option to alter the optical, and electronic properties, solubility, and
self-assembly of the perylene derivatives, while keeping the planarity intact. The potential for
these semiconductors to form columnar liquid crystals opens up possibilities for their use as

molecular wires, playing a pivotal role in the field of organic electronics.

Thus to explore room temperature liquid crystalline heteroatom bay-annulated PBIs for
various organic electronic devices, the issue of PBIs' high clearing temperature need to be
addressed through the utilization of a systematic molecular design. In this regard, a study was
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reported in literature, where the introduction of a swallow tail reduced the clearing point, albeit at
the expense of sacrificing the liquid crystallinity.*? In this work, the introduction of swallow-tail
alkyl chains on the imide N atoms of the hetero atom bay-annulated PBIs was proposed, especially
aiming to reduce their clearing point and reducing melting temperatures. However, it was found
that PBI and its hetero atom bay-annulated PBIs exhibited a room-temperature columnar phase

with a very low clearing point.

4.2. Results and Discussion

4.2.1. Synthesis and molecular structural characterization

The synthetic approach utilized for the preparation of swallow tailed PBIST and the bay-
annulated PBIs (PBI-NST, PBI-SST, PBI-SeST) is illustrated in Scheme 4.1. The synthesis started
from the reductive amination of commercially available 12-tricosanone by using ammonium
acetate and sodium cyanoborohydride to give tricosa-12-amine.'® The condensation of this amine
with perylene tetracarboxylic dianhydride (PTCDA) in the presence of molten imidazole and
anhydrous zinc acetate as a catalyst gives the corresponding perylene bisimide, PBIST (3). The
controlled electrophilic aromatic mononitration of PBIST (3) was carried out with HNO3 and
NaNO; at 0 °C, giving compound 4 in good yield. This nitro derivative (4) was then treated with
sodium azide in a DMF/THF (1:1) mixture to obtain the compound PBI-NST. The sulphur and
selenium annulation at the bay positions of the PBI chromophore was accomplished by Cadogan
cyclization, as previously reported by Langhals and co-workers'® by heating the nitro compound
(4) with sulphur and selenium powder in anhydrous N-methyl pyrrolidone (NMP) as a solvent to
afford heteroatom annulated PBI-SST and PBI-SeST. The final products were recrystallized by
chloroform-methanol system and obtained as red and orange gummy solids in good yield. The
compounds were characterized by routine characterization techniques like *H NMR, *C NMR, IR
and MALDI-TOF mass spectrometry (SI). (see 4.6 appendix).
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Scheme 1. Synthesis of swallow tailed PBI (PBIST) and its heteroatom annulated derivatives
(PBI-NST, PBI-SST, PBI-SeST).
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Reagents and conditions: (a) NHsOAc, NaBHsCN, MeOH, RT, 72 h (95%); (b) 2, Zn(OAc),, imidazole, 160 °C,

2h, (91%); (c) NaNO2, HNOs3, 0 °C, 30 min., rt, 1 h (90%); (d) NaN3s, DMF/THF mix.(1:1), rt, 18h (76%) (e) sulfur
powder, anh. NMP, N, 70 °C, 0.5 h, 180 °C, 12 h (74%); (f) selenium powder, anh. NMP, N2, 70 °C, 0.5 h, 180 °C,
12 h (68%).

4.2.2. Thermal behavior

The preliminary way of identifying mesomorphism was through the detection of optical
textures when viewed under polarized optical microscopy (POM) with programmable hot stage.
Additionally, double melting points and associated enthalpy changes were detected through
differential scanning calorimetry (DSC) which further confirmed the mesomorphic behavior.
Powder X-ray diffraction studies were performed to confirm different mesophases. The phase
transition temperatures of all the compounds together with transition enthalpy values were
summarized in Table 4.1.
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Table 4.1. Phase transition temperatures (°C), corresponding enthalpies (kJmol?) of PBIs and the data on thermal

stability.?
Compounds Phase Sequence (kJ/mol) b o
: . . T (0
Second heating First Cooling 5
peI°" Col 43.43(0.33)Col 84.08 | 174.28(5.74) Col 28.12 387
obl ob2 ob2
(6.30) | (0.23) CoIObl
PBI-N°" CoIOb 121.95 (3.35) | 1111.23(3.63) CoIOb 378
PBI-S>" CoIhl 56.01 (5.22) Colhz 127.16 1122.04 (1.20) ColhZ 387
(0.93) 1 41.69(5.11) CoIhl
PBI-Se>" Colh69.01 (4.88) 1 161.40 (3.69) CoIh 389
2 Peak temperatures in the DSC thermograms obtained during the second heating and first
cooling cycles at 5 °C min 'l. Col , = Columnar oblique phase; Col, = Columnar hexagonal
phase; | = Isotropic phase.

Thermogravimetric analysis (TGA) revealed that all PBIs exhibited nearly identical
thermal stability. The temperature at which a 5% weight loss occurred ranged from 378°C to 389°C
(Fig. 4.1c, Table 4.1, Fig. A17). Under POM observation, PBIST and PBI-NST displayed textures
corresponding to a columnar oblique (Colo,) phase, while PBI-SST, and PBI-Se>T exhibited a
columnar hexagonal (Coln) phase (Fig. 4.1b). DSC thermograms showed that the mesophases were
stable over a broad thermal range including ambient temperature. The assignment of the Col phases
was confirmed from the powder XRD studies carried out at different temperatures (Table 4.2).
The subsequent section provides a comprehensive analysis of the mesomorphic behavior of these

compounds.

In literature there are contradicting reports, where the shorter swallow tail PBI derived from
pentadecane-8-amine chains show monotropic columnar hexagonal (Coln) phase, while the higher
chain (tricosan-12-amine) derivative seems to be crystalline.'? The PBIST compound sandwiched
between a glass slide and coverslip was placed in a programmable hot stage and slowly heated.
An increase in the birefringence was noted along with a slow increase of fluidity. Response to the
mechanical shear confirmed that the compound was in a mesomorphic state. At ~ 84 °C, the
compound converted into an isotropic liquid (4H = 6.3 kJ/mol) (Fig. 4.2c, Table 4.1). Cooling the
isotropic liquid at a rate of 5 °C/min shown the formation of long battonnets, which usually appear
for Coloy phases (Fig. 4.2a) (see chapter 2 and 3). The texture was similar to the earlier report.*2
Further cooling led to the coalescence of these structures to form a mosaic pattern confirming the
transition to another mesophase as noted in DSC (T = 28 °C, 4H = 0.2 kJ/mol) (Fig. 4.2b). Further
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cooling to sub-ambient temperature showed no signs of crystallization in DSC, confirming the

stability of the mesophase well below the room temperature.
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Figure 4.1. Structures of PBIs derived from tricosa-12-amine (PBIST, PBI-NST, PBI-SST and PBI-Se®T) (a); Bargraph
showing the thermal behaviour of PBIST, PBI-NST, PBI-SST and PBI-SeST (considered the second heating scan in
DSC) (b); Thermal stability of PBIs obtained from TGA studies (considering the temperature at which 5 weight %
decomposition occurs) (c).
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Figure 4.2. POM image of the Colgp, phase at 70 °C (a) and 28 °C (b) for compound PBIST; DSC thermogram for the

first cooling (blue trace) and second heating (red trace) taken at a rate of 5 °C/min (c).

X-ray diffraction studies were conducted at high and room temperatures exhibited a complex
pattern with many peaks in the small angle region which can be indexed into columnar phase of
oblique symmetry (Colos phase) with lattice parameters a = 23.9 A, b = 32.64 A, and the angle
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between them y = 71.4° (Fig. 4.3a, b). The first diffuse peak corresponding to the alkyl chain
packing was observed at 4.66 A, while core-core stacking distance was not very prominent, which
was seen at 3.99 A. Calculation of the number of molecules forming unit oblique cell from the
lattice area ‘S’ and lattice volume '}, yielded the value of Z = 2 (Table 4.2). XRD pattern obtained
at lower temperatures also showed a similar pattern, with d-spacings of 22.10, 21.25, 15.4, 9.47,
9.22, 8.82, 7.8, 6.96 A that can be indexed into the 10, 11, 12, -21, 23, -13, 31, -23 corresponding
to columnar phase with oblique lattice with lattice parameters a = 23 A, b = 34.3 A, and the angle
between them y = 74.1°. Calculation of the number of molecules forming unit oblique cell from
the lattice area (S = 758.5 A?) and lattice volume (V = 3016.9 A%), yielded the value of Z =~ 2. This
points to the formation of a columnar slice by the side-by-side arrangement of two PBIs as shown
in Fig. 4.3c. This also shows that the two Colo, phases slightly differ from each other but they are
distinct as evidenced by the POM and DSC studies.
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Figure 4.3. Powder XRD pattern obtained for the Coloy, phase at 72 °C (a); Schematic diagram showing the Colon:
phase of compound PBIST at 28 °C (b); Schematic diagram showing the Colqp; phase formed by compound PBIST (c)
(By considering the XRD pattern obtained at 28 °C).

Compound PBI-NST also exhibited a columnar phase with an oblique symmetry. At
approximately 122 °C, the compound turned into an isotropic liquid with a 4H of 3.4 kJ/mol.
Cooling the liquid at a rate of 5 °C/min resulted in the formation of rectangular blocks with
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diagonal lines on them (Fig. 4.4a), which is a signature of columnar oblique (Colo,) phase (see
chapter 2 and 3). These structures then coalesced to form a mosaic pattern, which remained stable
down to room temperature (Fig. 4.4b). From the DSC, no crystallization was observed upon further

cooling, indicating that the mesophase was stable even below room temperature (Fig. 4.4c).
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Figure 4.4. POM image of the Colq, phase at 100 °C (a) and 28 °C (b). DSC thermogram for the first cooling (blue
trace) and second heating (red trace) taken at 5 °C min for compound PBI-NST (c).

X-ray diffraction studies were conducted at different temperature intervals including room
temperature showed a complex pattern and were similar (Fig. A14). Thus for discussion, let us
consider the XRD pattern obtained at 28 °C (Fig. 4.5a). The plot of intensity vs 26 showed d-
spacings of 25.52, 17.43, 10.49, 9.74, 6.24 A that can be indexed into the 10, 01, 12, 32, -31
corresponding to columnar phase with oblique lattice with lattice parameters a = 32.68 A, b =
22.32 A, and the angle between them y = 51.34 °. Calculation of the number of molecules forming
unit oblique cell from the lattice area S’ as 569.6 A?and lattice volume ‘7 as 2289.7 A3, yielded
the value of Z = 1.
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Figure 4.5. Powder XRD pattern obtained for the compound PBI-NST for the Colg, phase at 28 °C (a); Schematic
diagram showing the Col,, phase formed by compound PBI-NST (By considering the XRD pattern obtained at 28 °C).
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The POM images for PBI-SST taken at different temperatures including room temperature
showed a hexagonal dendritic pattern commonly observed for the columnar hexagonal (Coln)
phase (Fig. 4.6b, ¢ and Fig. A11-12). The DSC thermogram confirmed the existence of two
mesophases, with the phase transition temperatures in good agreement with POM observations
(Fig. 4.6a). Two peaks were observed in both the heating and cooling cycles of the DSC
thermogram corresponding to the transition between columnar phases and for a transition from
columnar to isotropic phase. From the POM observations, both the high and low-temperature
mesophases were found to be similar except for a little change in birefringence (Fig. 4.6b, c).
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Figure 4.6. DSC thermogram for the first cooling (blue trace) and second heating (red trace) taken at 5 °C min™* for
compound PBI-S°T (a); POM image of the Coln, phase at 60 °C (b); Coln; phase at 28 °C (c) (scale bar 100 um).
Thus the mesophases were investigated with the help of powder XRD studies, at different
temperature intervals and they showed a simpler pattern (Fig. A15, Table 4.2). The plot of intensity
Vs 26 obtained at 60 °C, for example, showed d-spacings of 21.44, 12.31, 10.65 A that can be
indexed into Miller indices 10, 11, 20 corresponding to a reciprocal ratio of 1: \3: V4 of columnar
phase with hexagonal symmetry. Further, two diffused peaks were noted at 4.64 A and 3.52 A,
which are corresponding to the packing of flexible alkyl chains and the packing of cores (Fig. 4.7a,
Table 4.2). The hexagonal lattice parameter ‘a’ was found to be 24.76 A. Calculation of the
number of molecules forming a unit hexagonal cell from the lattice area ‘S’ as 530.9 A?and lattice
volume ‘7 as 1868.8 A3, yielded the value of Z = 1. Further, the low-temperature XRD pattern
obtained at 28 °C showed a very similar pattern to the high-temperature Coln phase (Coln2 phase),
but without the 20 peak and core-core separation peak (Fig. 4.7b). This has also shown a small

increase in the hexagonal lattice parameter, but the value of Z still remains as 1 (Table 4.2). For
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ease of identification, this low-temperature phase was termed as Coln1 phase. Such transition
between Coln phases is reported earlier and not very uncommon.*®?° However, the absence of a
core-core peak at low temperature was found to be a new observation which is unusual in the case
of Col LCs. Considering the bulky alkyl chains at the imide N-positions, it can be assumed that

each molecule forms a single disc and such molecules pack one above the other with a rotational
offset to form a columnar structure.
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Figure 4.7. Powder XRD pattern obtained for the Coln, phase at 60 °C (a) and the Coly: phase at 28 °C (b) of compound

PBI-SST; Schematic diagram showing the Coly phase formed by compound PBI-SST (By considering the XRD pattern
obtained at 28 °C).

For PBI-SeST, the POM images taken at different temperatures including room temperature
showed a textural pattern with linear defects emerging from homeotropic domain,?? that later
coalesce to form a mosaic pattern observed for columnar hexagonal (Coln) phase (Fig. 4.8a, b and
Fig. A13). The DSC thermogram confirmed the existence of mesophase, with the phase transition
temperatures in good agreement with POM observations (Fig. 4.8c). One peak was observed in

both the heating and cooling cycles of the DSC thermogram corresponding to the transition from
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columnar to isotropic phase. Nature of the columnar phase was examined by XRD studies at high
and low-temperature intervals. The XRD patterns obtained at different temperature intervals
showed a similar pattern (Fig. A16, Table 4.2). The plot of intensity vs 26 obtained at 28 °C, for
example, showed d-spacings of 23.11, 13.26, and 9.84 A that can be indexed into Miller indices
10, 11, 20 of a Col phase with hexagonal symmetry with a reciprocal ratio of 1: V3: V4. The
hexagonal lattice parameter ‘a’ was found to be 26.7 A. Calculation of the number of molecules
forming unit hexagonal cells from the lattice area S’ as 616.9 A% and lattice volume ‘7~ as 2418.2
A3, yielded the value of Z = 1. Considering the bulky swallow tails at the imide N-positions, it can
be assumed that each molecule forms a single disc and such molecules pack one above the other
with a rotational offset to form a columnar structure, which further self-organizes to form the Coly

phase.
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Figure 4.8. POM image of the Colg, phase at 70 °C (a) and 28 °C (b) for compound PBI-SeS; DSC thermogram for
the first cooling (blue trace) and second heating (red trace) taken at a rate of 5 °C/min (c); Powder XRD pattern
obtained at 28 °C for compound PBI-SeST (d); Schematic diagram showing the formation of Col,, phase by PBI-SeST
(considered the XRD pattern obtained at 28 °C) (e).
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Table 4.2. Results of (hkl) indexation of XRD profiles of PBIST, PBI-NST, PBI-SST, PBI-SeT at a given temperature
(T) of mesophase®.

Compounds | Phase | Space dobs (A) dear (A) | Miller Lattice parameters (A),
(D/IA) (T/°C) | Group indices Lattice area S (A?),
hk Molecular volume (A%)
22.64 22.65 10 a=23.90
Colopz 21.91 21.91 11 b=32.64
PBIST 15.46 15.46 02 y=714°
(38.4) | (72) 9.75 9.68 21 $=739.1
8.91 9.23 23 V =2953.9
MW- 8.45 8.42 -13 Z=2
1035.60 7.67 7.55 30
P1 6.26 6.06 -32
4.66 (ha)
3.99 (ho)
22.10 22.10 10
Colopa 21.25 21.26 11 a=22.98
15.40 15.40 12 b =34.32
(28) 9.47 9.71 21 y=T741°
9.22 9.15 23 S=7585
8.82 8.92 -13 V =3016.9
7.80 7.65 31 Z=?2
6.96 6.91 -23
4.68 (ha)
3.98 (ho)
23.67 23.68 10 a=23.80
PBI-NST Colgp 16.67 16.67 11 b=21.36
(37.665) 15.83 y=8423°
(100) 10.62 10.63 02 S =505.79
9.68 9.93 -21 V =25351
MW- 6.31 6.37 23 Z=1
1048.60 4.81(hy)
4.06(hc)
23.58 23.59 10 a=23.70
Colgp 16.55 16.55 11 b=21.18
P1 10.54 10.54 02 y=284.34°
(60) 9.74 9.89 -21 S=499.51
6.32 6.32 23 V = 2033.04
4.79(h,) 7~1
4.07(h)
2551 25.52 10 a=32.68
17.42 17.43 01 b=2232
Colgp 10.49 10.49 12 y=51.34°
9.74 9.93 32 S =569.57
(28) 6.24 6.26 -31 V =2289.70
4.69(hs) z~1
4.02(he)
22.06 21.66 10 a=25.01
PBI-SST 21.66 12.51 11 S =541.69
Coly, 12.43 10.83 20 V =1917.61
10.74 Z=1
MW- (100) 472
1065.69 3.54(h.)
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21.44 21.45 10 a=24.76
Colh P6mMm 12.31 12.38 11 S =530.92
10.65 10.72 20 V =1868.84
(60) 4.64 Z=1
3.52(hc)
Colh 23.18 23.18 10 a=26.77
13.31 13.38 11 S =620.60
(28) 4.83 V =2488.62
4.01 7Z=1
23.09 23.10 10 a=26.67
PBI-SeST Colh 13.25 13.34 11 S =615.97
9.61 V =2420.78
MW- (50) 4.75 Z=1
1112.53 P6mm 3.93
23.11 23.12 10 a=26.69
Colh 13.26 13.35 11 S =616.90
9.84 V =2418.24
(28) 4.69 Z=1
3.92
aThe diameter (D) of the disk (estimated from Chem 3D Pro 22.2.0 molecular model software from
Cambridge Soft). dobs: Spacing observed; dca: spacing calculated (deduced from the lattice parameters;
a for Coly phase, a, b for Coly, phase; y tilt angle for Colo, phase; ¢ is height of the unit cell). The
spacings marked h, and hc correspond to diffuse reflections in the wide-angle region arising from
correlations between the alkyl chains and core regions, respectively. Z indicates the number of
molecules per columnar slice of thickness hc estimated from the lattice area S and the volume V.

4.2.3. Photophysical properties

To learn more about the photophysical properties of these compounds, their absorption and
fluorescence spectra in 10° M chloroform solutions and in drop casted thin films on quartz
substrates was measured (Fig. 4.10, 4.11 and Table 4.3). All the PBIs exhibited well-structured
absorption spectra with four characteristic vibronic bands in the solution. All PBIs exhibited
distinct absorption spectra, characterized by well-defined four vibronic bands. A hypsochromic
shift (AAyy,s) Was observed in the absorption spectra of bay-annulated PBIs (PB1-NST: Aknyps= 2
nm, PBI-SST: Adnyps= 24 nm and PBI-SeST: Adnyps= 18 nm with respect to PBIST (Fig. 4.9a). A
high molar extinction coefficient value was observed for all PBIs, at their highest absorption (&:
30,000 — 45,000 L mol *cm™). The absorption onset revealed a comparable optical band gap value
for PBIST and PBI-NST, whereas PBI-SST and PBI-SeST exhibited an increase in their respective
gaps. All these PBIs were excited at their longest absorption maximum (Amax) t0 measure their
photoluminescence spectra. The emission maxima for all the PBIs were found in the range of 510-
537 nm. The emission spectra of PBI-NST showed a red shift while PBI-SST and PBI-SeST showed

a hypsochromic shift in comparison to PBIST (Fig. 4.9b). Furthermore, both the absorption and
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emission spectra of all the PBIs showed an increase in their intensity with an increase in
concentration (Fig. A18, A19). PBIST and PBI-NST shows a yellowish fluorescence in their
solution and a reddish emission in their film state, while PBI-SST showed a greenish and orange
emission in its solution and thin film respectively (Fig. 4.11 insets). Solutions of PBI-SeST showed
a weak yellow emission and a weak red emission was observed in its thin film. All these PBIs,
except PBI-Se’T, exhibited excellent quantum yield values measured with respect to Rhodamine
6G (@ = 0.95). PBIST, PBI-NST, and PBI-SST displayed a quantum yield value of 0.88, 0.93, and
0.74 respectively (Table 4.3, Fig. A15). The incorporation of heavy atom selenium in the PBI core
causes a superfast intersystem crossing (ISC) to the triplet excited state, resulting in an
infinitesimally low photoluminescence for PBI-SeST, whereas this rate of ISC is comparatively

lower to moderate for other PBIs making them high fluorescent.??
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810 VA = | 10 i
P ] , —pBISST | O ] ——PBI-s°"
"'g 0.8- /\ PBI-Se®" § 0.81 -PBI-Se®’
@ 1 ‘ c 1
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Figure 4.9. Absorption spectra (a) and emission spectra (b) of compounds PBIST, PBI-NST, PBI-SST and PBI-SeST in
micromolar chloroform solutions.

PBISTand PBI-NST shows a yellowish fluorescence in their solution and a reddish emission
in their film state, while PBI-SST showed a greenish and orange emission in its solution and thin
film respectively (Fig. 4.11 insets). Solutions of PBI-SeST showed a weak yellow emission and a
weak red emission was observed in its thin film. All these PBIs, except PBI-SeST, exhibited
excellent quantum yield values measured with respect to Rhodamine 6G (@r = 0.95). PBIST, PBI-
NST, and PBI-SST displayed a quantum yield value of 0.88, 0.93, and 0.74 respectively (Table 4.3,
Fig. A15). The incorporation of heavy atom selenium in the PBI core causes a superfast
intersystem crossing (ISC) to the triplet excited state, resulting in an infinitesimally low

photoluminescence for PBI-SeST, whereas this rate of ISC is comparatively lower to moderate for
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other PBIs making them high fluorescent.?? To investigate the photophysical properties in a thin
film of PBIs, a drop casted film was created utilizing their micromolar toluene solution on a quartz
surface, and the solvent was then totally evaporated at room temperature in order to analyze the
solid state absorption and emission behavior. All PBIs exhibited solid-state absorption peaks in
the 478-515 nm range and emission maxima in the 615-637 nm range. Bay-annulated PBIs were

found to have significantly greater values of the Stokes shift than PBIST (Table 4.3).

Table 4.3. Photophysical properties of PBIs in solution? and thin film® state.

Entry Absorption | Emission® | Stokes Molar Quantum | AE g ox° | Absorptio | Emission | Stokes

[nm] [nm] Shift extinction yield? [eV] n® f Shift

(cm?) coefficient (¢) (Qs) [nm] [nm] (cm?)

(L molt cm?)

PBIST 429, 458, 534, 574 285 32,800 0.88 2.29 480, 515, 624 3392
490, 526 549

PBI-NST 425, 457, 537, 574 462 30,000 0.93 2.28 463, 493, 637 4585
490, 524 535

PBI-SST 413, 440, 510, 544 313 45,000 0.74 2.40 445, 478, 613 4607
468, 502 513

PBI-SeST 421, 447, 519, 556 418 33,900 0.06 2.36 458, 482, 619 4591
474, 508 520

2 Micromolar solution in CHCIs. P®Prepared by drop casting of millimolar solution in toluene. ¢ The excitation

wavelength Aex = 526, 524, 502, 508 nm for PBIST, PBI-NST, PBI-SST, PBI-SeST. ¢ Relative quantum yield is

calculated with respect to Rhodamine-6G (hex = 530 nm) in ethanol solution as the standard and compound in CHCls.

¢ Calculated from the red edge of the absorption band. f Excited at the absorption maxima.
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Figure 4.10. Overlay of absorption spectra in micromolar chloroform solutions and dropcasted thin films of
compounds (a) PBIST;(b) PBI-NST; (c) PBI-SST and (d) PBI-Se®T.
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As compared with their solution state, all PBIs, in their neat state displayed a hypsochromically
shifted absorption and bathochromically shifted emission spectra respectively (Fig. 4.10 and 4.11).
The cofacial (head-to-head) arrangement of the molecules in the formation of H-aggregates is
apparent through the hypsochromic shift in the absorption maxima in the solid state. Despite the
fact that H-aggregates are known to be non-emissive, certain emissive H-aggregate examples may
be found in the literature.?* Here the rotational offset of the molecules due to the presence of bulky
side chains at the imide nitrogen could be a reason that minimizes the core-core overlap in the
aggregated state. The broadness in the film state could be ascribed due to the restrictions in the

rotation of the molecules in the film state in contrast to solution state.
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Figure 4.11. Overlay of emission spectra in micromolar chloroform solutions and dropcasted thin films of compounds
(@) PBIST;(b) PBI-NST; (c) PBI-SST and (d) PBI-SeST (insets show the images of solutions and thin films under the

UV light, Amax = 365 nm).
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4.2.4. Electrochemical properties

Cyclic voltammetry investigations were carried out to understand the electronic energy levels
that govern the energy and electron transfer process, as well as the reversibility of a redox process.
To conduct these investigations, CV tests were conducted in 0.5 mM solutions of PBIs in
anhydrous dichloromethane with a supporting electrolyte tetrabutyl ammonium perchlorate
(TBAP) of 0.1 M concentration, and all CV studies were recorded at a scan rate of 100 mVs™ (Fig.
4.12). The results of the CV studies are depicted in Table 4.4. PBIs are well-recognized n-type
semiconductors that are electron deficient and have a strong electron affinity. The neutral molecule
of all PBIs was reduced to a radical anion in the first stage and to a dianion in the second step,
resulting in two quasi-reversible reduction peaks. The first reduction’s insertion of one electron
raises the density of electrons on the imide's carbonyl. The ability of the core to delocalize this
additional electron density to lessen the Coulombic repulsion of equivalent charges supports the
insertion of the second electron in the second reduction.?#?> The oxidation potentials of these
electron-deficient compounds were challenging to determine even with a CV measuring window
up to +1 V vs Ag/AgNOs. To estimate the HOMO levels, the optical band gap (AEg,uv), which
was determined from the absorption onset of the relevant compounds in solutions, was subtracted
from the LUMO energy values.
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Figure 4.12. Cyclic voltammogram of PBIST(a), PBI-NST(b), PBI-SST(c), PBI-SeST(d) respectively; Energy band
level diagram showing HOMO and LUMO energy levels of PBIs (e).

144

TH-3213_ 176122019



The electrochemical investigations revealed that the bay-annulated PBIs displayed higher LUMO
levels when compared to PBIST. In the case of PBI-NST, there was a slight increase of 0.14 eV in
the HOMO level, while PBI-SST and PBI-SeST exhibited a nearly same HOMO levels. The CV
studies yielded similar results, consistent with the values obtained from DFT calculations. Overall,
all the molecules demonstrated LUMO levels below 3.5 eV, indicating their potential as effective
electron acceptors and suggesting their suitability as a novel category of non-fullerene acceptors

(NFAs) for organic photovoltaics.

Table 4.4. Electrochemical®® data and data obtained from DFT" calculations for compounds PBIST, PBI-NST, PBI-
SST and PBI-SeST.

Electrochemical data Data from DFT calculations
Entr [c] [de] [d.1] [d.q] [d.h] W | AR

y Elst red ELUMO EHOMO g, opt ELUMO EHOMO [d,h]

9,
PBIST -0.63 -3.64 -5.93 2.29 -3.44 -5.96 2.52
PBI-NST -0.76 -3.51 -5.79 2.28 -3.21 -5.89 2.68
PBI-SST -0.70 -3.57 -5.97 2.40 -3.39 -6.09 2.70
PBI-SesT -0.70 -3.57 -5.93 2.36 -3.41 -6.09 2.68

e 0.5mM Dichloromethane solutions; Plexperimental conditions: Ag/AgNO; as reference electrode,
glassy carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting
electrolyte, room temperature; 1 in volts (V); [ in eV; [ estimated from the formula by using E umo= -
(4.8 - E12, reires + E req, Onset) eV; [ estimated from the formula Exomo = ELumo - Egopt) €V; E1r2, Ferrer =
0.50V. Elcalculated from the red edge of the absorption band of each compound. ! Obtained from DFT
calculations by employing the combination of Becke3-Lee-Yang-Parr (B3LYP) hybrid functional and 6-
31G(d,p) basis set using the Gaussian 09 package..

4.2.5. Density Functional Theory Studies

In order to obtain a better understanding of the electronic properties of these PBIs from a
theoretical perspective, density functional theory (DFT) quantum mechanical calculations were
performed. These calculations offered valuable insights into several factors, including the
molecule's geometry, electronic structure, molecular conformation, and the frontier molecular
orbitals (FMOs) such as the HOMO and LUMO. The HOMO-LUMO energy levels of PBIs were
found to be dispersed on the central aromatic ring, with nodes located on the imide units' nitrogen
atoms, as evident from the HOMO and LUMO contours (Fig. 4.14). The energy minimized space-
filling models of all the PBIs studied are shown in (Fig. 4.13).
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PBI-SS" 37:864 A PBI-Se™! 38.165 A

Figure 4.13. Optimized geometry of compounds PBIST (a), PBI-NST (b), PBI-SST (c) and PBI-SeST (d).
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Figure 4.14. Frontier molecular orbitals of compounds PBIST; PBI-NST; PBI-SST and PBI-SeST obtained from DFT
calculations at the B3LYP/6-31G(d,p) level. Ex and E. denote energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.
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Figure 4.15. 3D molecular electrostatic potential contour map of optimized structure of PBIs derived from swallow-
tail amines (In the mapped electro-static potential surface, the red and blue colors refer to the electron-rich and
electron-poor regions, respectively, whereas the green color signifies the zero electrostatic potential, chain length is
limited to isopropyl for clarity purpose).

The molecular electrostatic potential surfaces calculated for these PBIs indicated that the
oxygen atoms had a higher electron density, whereas the central perylene core remained electron
deficient (Fig. 4.15). The theoretical band gap of these PBIs were calculated to be in the range of
2.52-2.70 eV, slightly higher than the optical bandgap, as shown in Table 4.4. Furthermore, the

HOMO and LUMO levels were determined to be -6.09 eV and -3.41 eV, respectively.

4.3. Charge Carrier Mobility Studies

The study of charge carrier mobility for PBIST and heteroatom annulated PBIST compounds was
carried out using Space Charge Limited Current (SCLC) technique. In order to measure hole
mobility, ITO/PEDOT:PSS/PBISTs/MoOs/Ag device architecture was prepared whereas
ITO/ZnO/PBISTs/Ag was used for electron-mobility calculations (Fig. 4.16¢). In hole only devices
ITO/PEDOT: PSS electrode combination was chosen for establishing Ohmic/near Ohmic contact
for hole injection during SCLC measurements whereas 1TO/ZnO electrode combination was

chosen for electron injection.

To achieve SCLC regime, an Ohmic contact is a fundamental requirement with material under

test in both hole (Injecting electrode-HOMO for hole mobility measurement) as well as electron
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(Injecting electrode-LUMO, for electron mobility measurement) only devices. It is to be noted that
solution-processed thin films having amorphous nature were being used for charge mobility
extraction of both hole and electron of PBISTs derived from swallow tail amines (PBIST, PBI-NST,
PBI-SST and PBI-SeST). Detailed experimental details is discussed in appendix 4.6.8.

In SCLC technique, during current-voltage measurement, at initial low voltages current
follows ohmic regime with slope of one whereas at higher voltages, where injected charge carrier
dominates over existing intrinsic charge carriers, SCLC regime with a slope two is observed.
Considering contacts to be Ohmic/Near Ohmic and material to be trap free, charge mobility of the

material can be extracted using Mott-Gurney law given by equation 1.

Where &, is the permittivity of free space (8.86 x 10** F/cm), &, represents the relative dielectric
constant of the material (~ 2.29), V is the applied voltage, d is the thickness of the material and J
is density. In thin films where applied electric field is much higher as compared to the bulk,
modified Mott—Gurney equation is widely used where a field-dependent charge mobility

correction is introduced for the charge mobility calculation shown in equation 2.

9 v? v
= 5 Er€olt 3 €Xp (0.891)/\/;) ................................................. 2

where y is the fitting parameter that represents the strength of the field dependence of mobility.

In this work modified Mott-Gurney equation was used for fitting the measured J—V curves
for PBISTs (PBIST, PBI-NST, PBI-SST and PBI-Se®T) to extract their hole / electron mobilities. The
mobility values of PBIST, PBI-NST, PBI-SST and PBI-SeST is summarized in Table 4.5. Figure
4.16 represents the observed as well as SCLC fitted curves for all PBISTs. The reported mobility
values for both electron and hole are an average of at least 5 best devices (Table Al).

From the comparison of charge carrier mobility values (Table 4.5 and Fig. 4.16), it can be
concluded that overall, PBISTs derived from swallow tail amines (PBIST, PBI-NST, PBI-SST and
PBI-SeST) exhibit comparable values for ambipolar conductivity with the PBIs derived from tri(n-
alkyl) anilines and tri(n-alkoxy) anilines with a good pe/pn ratio (see chapter 3). In literature, there
are ambipolar materials formed by the incorporation of electron rich moieties to electron deficient

moieties,?®? or by mixing electron rich and deficient moieties in varying ratio.?*-* However, here

148
TH-3213_ 176122019



it is shown that PBIs and their hetero-atom bay-annulated derivatives also may work as ambipolar

organic semiconductors.
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Figure 4.16. J-V curves along with SCLC fitting for J-V curves along with SCLC fitting for PBIs (PBIST, PBI-NST,
PBI-SST and PBI-SeST) on semi log scale (a) for electron mobility; (b) for hole mobility; (c) Schematic diagram
showing the device configuration; (d) Comparison of hole mobility values (green bars) and electron mobility values
(red bars) of PBIs studied.

Table 4.5. Hole and electron mobility values for PBISTs derived from swallow tail amines (PBIST, PBI-NST, PBI-SST
and PBI-Se®T).

Entry Hole mobility (un) Electron mobility (pe) He/ Hn
x 1073 (cm?/ V.s) x 1073 (cm?/ V.s)

PBIST 6.59+0.44 6.94+1.28 1.04
PBI-NST 3.41+0.21 4.14+0.99 121
PBI-SST 4.84+1.81 4.48+1.83 0.92
PBI-SeST 4.88+1.38 5.17+0.49 1.05
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4.4. Conclusions

In conclusion, a series of well soluble, high fluorescent, and low melting perylene bisimides
have been synthesized exhibiting room temperature columnar phases. These PBIs are appended
with branched alkyl tails to provide low melting liquid crystallinity. Compounds PBIST and PBI-
NST exhibited a columnar oblique phase, whereas the PBI-SST and PBI1-SeST exhibited a columnar
hexagonal phase, down to room temperature with a wide thermal range. Low clearing and melting
point offered by the incorporation of swallow tail amines promises to be an ideal method for the
synthesis of higher rylene imides and their hetero atom annulated analogues exhibiting ambient
liquid crystallinity and solution processability. These compounds exhibited intense absorption
spectra with high molar extinction coefficients. All the compounds except PBI-SeST were found
to be highly fluorescent with good quantum yield. Considering the requirement of new n-type
semiconductors capable of self-assembly, this class of compounds is exceptional and encouraging.
The charge carrier mobility of these PBIs was examined using the space charge limited current
(SCLC) method, which revealed that all of the swallow tail PBIs have a high potential in solution
processable ambipolar organic semiconductors. According to the literature review, the majority of
the reported PBIs exhibit n-type semiconducting behaviour, whilst the current collection of
compounds exhibits ambipolar conductivity. The current molecular design for ambipolar
conductivity can be improved further by modifying the mesophase clearance temperatures,
mesophase type, and surface alignment. These compounds are currently being investigated further

as non-fullerene acceptor for solar cells.

4.5. Experimental section

In this section the detailed synthesis procedure and the molecular structural
characterization data have been presented for the intermediates and target compounds mentioned
in the scheme.

Synthetic route of Tricosan-12-amine (2): *

A 250 mL round-bottom flask was charged with 12-tricosanone (1) (5 g, 14.76 mmol),
NHsOAc (11.35 g, 147.6 mmol), NaBH3CN (1.275 g, 1.38 mmol) and MeOH (100 mL) and stirred
at room temperature (r.t.) for 72 h, until the starting material was consumed (monitored by TLC).
The reaction was quenched by drop wise addition of conc. HCI (~12 mL) and the solvents removed
by rotary evaporation. The resulting white solid was dissolved in H2O (200 mL) and adjust to pH
~10 with KOH, then extracted with CHClI3z (3% 150 mL) to give desired product as a white solid
(4.89, 95.6%). *H-NMR (600MHz, CDCls):  =0.88 (t, 6H), 1.10-1.50 (m, 42H), 2.68 ppm (s, 1H).
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Synthetic route of N, N-bis(Tricosan-12-amine)-perylene-3,4,9,10-tetracarboxylicbisimide,
(PBIST) (3):

A mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) (2 g, 5.09 mmol),

Zn(OAc)2 (0.35 g, 1.61 mmol), imidazole (5 g) and tricosan-12-amine (3.548 g, 10.44 mmol) was
vigorously stirred at 160 °C for 5h. After cooling to r.t. the mixture was dissolved in minimum
amount of THF and precipitated in 1000 mL of 1N HCI/MeOH 2:1 v/v. The orange red precipitate
was collected by filtration, washed with H>O followed by MeOH, dried at 80 °C in vacuum and
further purified by silica flash-column chromatography with CHCIs. The final product was
recrystallized by chloroform-methanol system and obtained as orange solid (4.86 g, 92.1%).
Rr = 0.6 (10% CHCls-Hexane); IR: vmax in cm™: 2952, 2919, 2849, 1694, 1651, 1592, 1576, 1507,
1467, 1434, 1404, 1366, 1336, 1274, 1252, 1194, 1100, 856, 813, 750, 722; *H NMR (600 MHz,
CDCl3, ppm): 6 8.67 (s, 2H), 8.63 (s, 2H), 8.60-8.59 (s, 4H), 5.20-5.15 (m, 2H), 2.27-2.17 (m, 4H),
1.87-1.86 (m, 4H), 1.31-1.19 (m, 72H), 0.83 (t, J = 6 Hz, 12H). $3C NMR (150 MHz, CDCls, ppm):
d 164.4, 163.57, 134.49, 131.89, 131.12, 129.59, 126.43, 123.94, 123.20, 123.00, 54.77, 32.37,
31.91, 29.62, 29.61, 29.55, 29.33, 26.97, 22.67, 22.55, 14.10. MALDI-TOF exact mass calculated
for C7oH103N204 (M+H)*: 1035.79, found: 1035.367.

Synthetic route of N, N-bis(Tricosan-12-amine)-1-nitroperylene-3,4,9,10-
tetracarboxydianhydride (4): 3

In a round bottom flask, compound 3 (2 g, 1.93 mmol) was dissolved in CH2Cl> (150 mL)
and NaNO: (0.13 g, 1.93 mmol) was added to it. Then conc. HNO3z (2.62 mL, 62.4 mmol) was
added dropwise to the reaction mixture was stirred at 0 °C for 20-25 min. Then it was allowed to
stir at rt. TLC was used for indicating completion of reaction. The reaction was quenched by adding
H20 (90 mL). The layers were separated and the aqueous phase was extracted with CH2Cl (3
times). The organic phases were combined, washed with water (3 times), dried over anhydrous
Na>SO4 and concentrated under reduced pressure. The residue was purified through silica gel
column chromatography (CHCIs/Petroleum Ether 1:1) to afford compound 4 as a dark red solid
(1.95 g, 90.8%). *H NMR (600 MHz, CDCls, ppm): § 8.80-8.71 (m, 5H), 8.61-8.58 (m, 1H), 8.26
(d, J =6 Hz, 1H), 5.16 (m, 2H), 2.22 (t, J = 6 Hz, 4H), 1.85 (t, J = 6 Hz, 4H), 1.25-1.20 (m, 72H),
0.84 (t, J = 6 Hz, 12H).

Synthetic route of N, N-bis(Tricosan-12-amine)-NH-annulated perylene-3,4,9,10-
tetracarboxydianhydride (PBI-NST): 34

Nitro-PDI (4) (50 mg, 0.06 mmol) and NaN3 (12 mg, 0.19 mmol) were suspended in a
DMF/THF mixture (1:1) (6 mL). The reaction mixture was stirred at rt for 18 h. HCI (1N) was
added and the mixture was extracted with CHCI3 (5 times). The organic phases were combined,
dried and concentrated under reduced pressure. The residue was purified through silica gel column
chromatography by eluting with 20-30% CHCIs-Hexane system followed by 50% CHCl3z-Hexane
system (CHCIs) to afford 6 as a red solid (36 mg, 76%). Rt = 0.5 (10% CHCls-Hexane); IR: Vmax
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in cm™: 3049, 2953, 2920, 2851, 1701, 1655, 1592, 1596, 1540, 1465, 1427, 1406, 1348, 1331,
1249, 1200, 1117, 945, 863, 813, 745, 718;

'H NMR (600 MHz, CDCls, ppm): & 10.00 (s, 1H, -NH), 9.09 (s, 1H), 9.04 (s, 1H), 8.98 (d, J =
12 Hz, 2H), 8.89(d, J = 12 Hz, 1H), 8.84(d, J = 12 Hz, 1H), 5.33-5.30 (m, 2H), 2.36-2.31 (m, 4H),
1.96-1.91 (m, 4H), 1.41-1.16 (m, 72H), 0.82-0.80 (t, J = 6 Hz, 12H). 3C NMR (150 MHz, CDCls,
ppm): 166.48, 165.37, 164.98, 163.92, 133.58, 133.55, 132.30, 132.18, 128.11, 127.34, 125.05,
124.27, 123.23, 122.74, 122.03, 121.90, 121.27, 121.14, 120.42, 119.68, 119.59, 55.18, 32.76,
32.61, 31.84, 29.67, 29.61, 29.56, 29.27, 27.30, 22.61, 14.04. MALDI-TOF exact mass calculated
for C7o0H102N304 (M+H)*: 1048.79, found: 1048.385.

Synthetic route of N, N-bis(Tricosan-12-amine)-S-annulated perylene-3,4,9,10-
tetracarboxydianhydride (PB1-S5T): 18

A mixture of compound (4) (1 g, 0.92 mmol) and Sulfur powder (.30 g, 9.2 mmol) was
heated to dissolve in N-methylpyrrolidone (20 mL) at 70 °C for 30 min. and then refluxed at 180
°C under Ar atmosphere for overnight until the starting material could not be detected by TLC.
After cooling to room temperature, 2M HCI was added, then the precipitate was filtered, washed
with water and dried. The crude product was purified by column chromatography on neutral
alumina. Elution with 5-10 % CHCIs-Hexanes system followed by 20% CHCls-Hexane system
yields the desired product in good yield. Further purification was done by addition of concentrate
solution of compound in cold methanol gives the waxy product (0.730 g, 74%).
Rt = 0.6 (10% CHCls-Hexane); IR: Vmax in cm™: 2952, 2920, 2851, 1694, 1651, 1596, 1559, 1454,
1426, 1361, 1347, 1302, 1243, 1234, 1199, 1162, 1115, 911, 840, 808, 742, 721,
'H NMR (600 MHz, CDCls, ppm): & 9.24-9.19 (m, 2H), 8.85-8.80 (m, 4H), 5.30 (m, 2H), 2.36-
2.30 (M, 4H), 1.94-1.93 (m, 4H), 1.24-1.17 (m, 72H), 0.82-0.80 (t, J = 6 Hz, 12H). 3C NMR (150
MHz, CDCls, ppm): 6 165.15, 164.72, 163.97, 163.65, 138.08, 133.00, 132.24, 130.03, 129.28,
127.87,127.09, 126.13, 123.37, 122.96, 122.66, 122.25, 55.07, 32.49, 31.89, 29.72, 27.63, 29.32,
27.10, 22.65, 14.09. MALDI-TOF exact mass calculated for C7oH101N204S (M+H)*: 1065.75,
found: 1065.689.

Synthetic route of N, N-bis(Tricosan-12-amine)-Se-annulated perylene-3,4,9,10-
tetracarboxydianhydride (PB1-SesT): 1°

A mixture of compound (4) (1 g, 0.92 mmol) and Selenium powder (0.730 g, 9.2 mmol)
was heated to dissolve in N-methylpyrrolidone (20 mL) at 70 °C for 30 min. and then refluxed at
180 °C under Ar atmosphere for overnight until the starting material could not be detected by TLC.
After cooling to room temperature, 2M HCI was added, then the precipitate was filtered, washed
with water and dried. The crude product was purified by column chromatography on neutral
alumina. Elution with 10-20% CHClIz-Hexanes system followed by 40% CHCls-Hexane system
yields the desired product in good yield. Further purification was done by addition of concentrate
solution of compound in cold methanol gives the waxy product (0.700 g, 68%).
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Rt = 0.6 (10% CHCIlz-Hexane); IR: vimax in cm™: 2952, 2920, 2851, 1693, 1648, 1593, 1557, 1455,
1420, 1361, 1347, 1303, 1243, 1231, 1199, 1164, 1113, 913, 847, 808, 742, 721,

'H NMR (600 MHz, CDCls, ppm): § 9.01 (m, 2H), 8.61-8.54 (m, 2H), 8.33 (s, 2H), 5.27-5.26 (m,
2H), 2.34 (m, 4H), 1.98 (s, 4H), 1.37-1.15 (m, 72H), 0.78 (t, J = 6 Hz, 12H). *C NMR (150 MHz,
CDCl3, ppm): 6 164.69, 163.54, 140.15, 139.18, 133.31, 132.37, 129.56, 128.81, 125.96, 123.51,
122.83,122.33,122.11, 121.65, 55.2, 55.05, 32.49, 31.93, 31.90, 29.71, 29.68, 29.64, 29.56, 29.52,
29.41, 29.34, 27.25, 22.70, 22.65 14.12, 14.07. MALDI-TOF exact mass calculated for
C70H100N204Se (M)*: 1112.68, found: 1112.546.
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4.6. Appendix
4.6.1. NMR Spectra
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Figure Al. 'H NMR (600 MHz) spectra of PBIST in CDCls.
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Figure A2. *C NMR (150 MHz) spectra of PBIST in CDCls.

154
TH-3213_ 176122019



§ szszmsu: 2 a8 sazanns saasshubs
g GaosGGee S aa AaNNaNG 322888 hesp i
| s L | \/ =SSy =
|
> - Cq1H23 C11H23 r vz
O _N._O
C
07 >N"No
Cy1Hzg™ "CqqHp3
1
| A U
¥ B ' oo o
g 33333 3 g B S 3
- T r r T r r - - : : T r T T r - - r : T T r
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Chemical Shift (ppm)
Figure A3. 'H NMR (600 MHz) spectra of PBI-NST in CDCls.
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Figure A4. 3C NMR (150 MHz) spectra of PBI-NST in CDCls.
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Figure A6. *C NMR (150 MHz) spectra of PBI-SST in CDCls.
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Figure A8. *C NMR (150 MHz) spectra of PBI1-SeST in CDCls.
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4.6.2. Polarizing optical microscopy (POM) images

Figure A9. POM images of PBIST at different temperature intervals obtained on cooling the isotropic
melt.

T=105°C

Figure A10. POM images of PBI-N°'at different temperature intervals obtained on cooling the isotropic

melt.
T=122°C l T=122°C

Figure A11. POM images obtained for PBI-SST at 122 °C in crossed polarizer (a) and parallel polarizer (b).
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T=120°C | T=100°C

Figure A12. POM images of PBI-S°T at different temperature intervals obtained on cooling the isotropic
melt.

Figure A13. POM images of PBI-Se°T at different temperature intervals obtained on cooling the isotropic
melt.
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4.6.3. XRD Studies
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Figure Al4. Plot of the intensity against 26 obtained from the powder XRD pattern of the Colq, phases
PBI-NST at different temperature intervals.

250 = 250 ot —
PBI-S°; T=100°C 3% &  PBIS®;T=60% 3
'\Q\ ! & 20 : . A \'\ ENM
':‘;200“ - 32 §15W\\ Azoo— ] A30 R Eﬁ | i \%
é 5 > = 1‘: | :' : 25 q§\ =10 ]
> 150 - & 15 20 25 ~150 - ; \ 15 20 25
= i i / 20 (deg) _?_,- £ 20 r 20 (deg)
§ 1001 | § ot s 2100] | 2 "o s
< = 10 . :
50 10 50 - i (geg) 9 10
0 = 0 T j T ] T b4 T H‘.-WI X T
5 10 15 20 25 30 5 10 15 20 25 30
20 (deg) 20 (deg)
200, PBIshiT=28% 3
\\ s
— % i
=: 20 (1 1) ‘E
31 5013 = f " £
:é‘ f:m » 15 zz,g (deg)zs
€100 £q2] T W
2 £ wh
= S e
4 6 7 s 910
S0 26 (deg)
T — T 14 T x T T T —
5 10 15 20 25 30
20 (deg)
160

TH-3213_ 176122019



Figure A15. Plot of the intensity against 20 obtained from the powder XRD pattern of the Colx
phases PBI-ST at different temperature intervals.
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Figure A16. Plot of the intensity against 20 obtained from the powder XRD pattern of the Colx
phases PBI-SeST at different temperature intervals.

3.6.4. Thermogravimetric analysis (TGA)

100 200 300 400 500 600 700
Temperature (°C)

Figure A17. TGA plots of compound PBIST, PBI-NST, PBI-S°T and PBI-SeST.
(heating rate of 10 °C/min, Nitrogen atmosphere).
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4.6.5. Photophysical studies
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Figure A18. Absorption spectra of PBIST (a), PBI-N®T (b), PBI-S°T (c), and PBI-SeST (d) in chloroform
solution as a function of concentration.
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Figure A19. Emission Spectra of PBIST (a), PBI-N®T (b), PBI-S°T (c), and PBI-SeS" (d) in chloroform
solution as a function of concentration
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4.6.6. Quantum yield measurement (Relative)

Quantum yield was measured according to established procedure by using rhodamine 6g
in ethanol as the standard. Absolute values were calculated according to the following equation:
Qs = Qr X (Ms/ mg) X (ns / nr)?, Where, Q: Quantum yield, m: Slope of the plot of integrated
fluorescence intensity vs absorbance (Calculated from Fig.A18), n: refractive index (1.361 for
ethanol and 1.445 for chloroform). The subscript R refers to the reference fluorophore i.e.
rhodamine 6G solution in EtOH and subscript S refers to the sample under investigation. In order
to minimize re-absorption effects, absorbance was kept below 0.15 at the excitation wavelength of
526, 524, 502 and 508 nm respectively for compounds PBIST, PBI-NST, PBI-SST and PBI-SeST.
Quantum Yield of rhodamine 6g in EtOH is 0.95. Simplified equation for the calculation after
substituting the appropriate values is given below and values obtained are given in table below.

Qs =0.95 X (ms / mg) X (1.445/1.361)?

Figure A20. Plots of integrated photoluminescence intensity vs absorbance of reference compound PBIST

(a), PBI-N®T (b), PBI-S°T (c) and PBI-SeST (d) respectively.
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4.6.7. Device Fabrication and characterization:

The charge transport properties of PBISTs are studied by the SCLC technique in this work.
The device configurations for hole-only are ITO/PEDOT: PSS /PBISTs /M00Os-Ag and ITO/
PBISTs /Ag for electron-only devices were used.

Prepatterned ITO (Xinyan Technologies, Taiwan, 15 Q/cm?) substrates were first cleaned
using a 3% soap solution in deionized water (Hellmanex Ill, Sigma-Aldrich), and rinsed in
deionized water to remove traces of soap solution. Again substrates were sequentially cleaned with
distilled water, acetone, and isopropy! alcohol (IPA) in an ultrasonicator for 20 min duration each.
Cleaned substrates were then dried using a gentle blow of nitrogen gas, followed by 30 min of UV
ozone (BioBEE Tech, India) treatment at 50 °C.

The electron-only devices were fabricated by the first depositing electron layer (ZnO) using
spin coating technigque from the prepared ZnO solution using sol—gel technique (100 mg of zinc
acetate dihydrate, Zn (CH3COOQ),-2H20) + 28 mg of ethanolamine in 1 mL of 2-methoxy ethanol,
stirred heavily overnight at room temperature. The ZnO solution was then filtered through a 0.45
um PTFE filter followed by spin-coating at 4500 rpm for 60 s to achieve a thin layer of around 30
nm thickness. The substrates were then annealed at 180 °C in a hot place for 1 hr duration under
ambient conditions. The active layer of PBIS's (PBIST, PBI-NST, PBI-SST and PBI-SeST) was
deposited on the top ZnO layer followed by a 110-120 nm of Ag metal electrode obtained using
thermal evaporator (Hind High Vacuum, India) at 1 x10°® m bar pressure connected with a glove
box (H20 <5 ppm, Oz <5 ppm). Active layer solution of PBISTs were prepared (10 mg/ml) in
anhydrous chloroform and spin-coated at 1500 rpm for 45 s, which constructs a layer of ~ 90—95
nm. The active areas of fabricated device are 0.066 cm?, calculated from the overlap area of
patterned ITO and top contact/electrode). For measuring the thickness of different layers Dektak
surface profiler (Dektak XT, Bruker) was used.

Similarly, the hole-only devices were begun from the deposition of a poly (3,4-ethylene
dioxythiophene)/polystyrene sulfonate (PEDOT: PSS) (Clevios PVP Al 4081-Heraeus) solution
on the top of precleaned and UV-o0zone treated patterned ITO Coated substrate and the solution
filtration were also take place using 0.45 pm PVDF filters. The Filtered solution was deposited
using spin-coating at 4000 rpm for 65s having a layer thickness of ~30-35 nm. Then PEDOT:
PSS-coated substrates were annealed at 150 °C on a hot plate for 20 min. The active layer of
PBISTs was then spin-coated at 1500 rpm for 45sec to obtain a layer thickness of 100 nm prepared
from the same solution used for electron only devices. Finally, in order to complete device, 6 nm
of MoOs layer and a 110-120 nm layer of Ag were sequentially thermally evaporated to establish
top contact. The completed device was immediately used for the measurement of current—voltage
(J—V) characteristics measurement using Keithley 2450 source-measure unit. The dielectric
constant of PBISTs compounds were calculated from the capacitance—voltage characteristics (e ~
2.29) using a high-frequency LCR meter ZM2376 (NF Corporation, Japan) with an applied
oscillation level voltage of 1 V and frequency sweep from 20 Hz to 1 MHz.
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Table Al. Statistics of hole and electron mobility values for five best devices obtained from hole only
(ITO/PEDOT: PSS / PBISTs /M0Os/Ag) and electron only (ITO/ZnO/ PBISTs/Ag) devices of PBISTs
derivatives.

Entry Hole mobility Electron mobility
(cm?/ V.s) (cm?/ V.s)
5.91E-03 7.96E-03
7.30E-03 7.41E-03

PBIST 6.68E-03 4.41E-03
6.47E-03 7.36E-03
6.59E-03 7.57E-03

Avg. 6.59E-03 6.94E-03

Stdev 4.45E-04 1.28 E-03

3.24E-03 3.45E-03
3.44E-03 3.19E-03
PBI-NST [ 3.51E-03 3.36E-03
3.11E-03 5.39E-03
3.74E-03 5.32E-03
Avg. 3.41E-03 4.14E-03
Stdev 2.18E-04 9.94E-04
4.60E-03 2.33E-03
2.90E-03 5.42E-03

PBI-SST 2.87E-03 2.19E-03
6.65E-03 6.32E-03
7.16E-03 6.15E-03

Avg. 4.84E-03 4.48E-03

Stdev 1.81E-03 1.83E-03
3.35E-03 5.19E-03
3.43E-03 5.28E-03

PBI-SeST 5.35E-03 5.57E-03
5.20E-03 5.58E-03
7.06E-03 4.22E-03

Avg. 4.88E-03 5.17E-03

Stdev 1.38E-03 4.98E-04
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Chapter 5

Highly Soluble anti-Perylene-3,4:9,10-bis(benzimidazole)s
Stabilizing Room Temperature
Columnar Hexagonal Phase With Ambipolar Conductivity
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5.1. Introduction

Benzimidazoles prepared from perylene bisanhydride (PBA) and naphthalene dianhydride
(NDA) form an important class of organic electronic materials with great potential due to their
high photochemical and thermal stability.! Perylene bisbenzimidazoles (PBs) have been utilized in
the first organic thin film solar cell reported by C.W. Tang as an n-type material. Though it was a
major breakthrough with a power conversion efficiency (PCE) of 0.95%, the device fabrication
required a vacuum evaporation of the materials.? Later, the solar cells based on PB with PCE of
around 2.4% were achieved.® PBs were used as electron acceptors in three layer solar cells* and
also served as electron transporters in p-i-n solar cells.’ PBs also shown an electron mobility of
2.4 x 10° cm?v-is? as investigated by space charge limited current method.® High quality

monolayers prepared from PBs showed an excellent n-type mobility of 0.05 cm?V1s2.’

PBs are low band gap materials that can be prepared easily from commercially available
3,4,9,10-perylenetetracarboxylic bisanhydride (PTCDA) and 1,2-diamine compounds. They are
known for a wide absorption band covering the entire UV-Vis to near IR region. PBs usually exist
as a mixture of syn- and anti-isomers and when separated they crystallize in different unit cells,
with the syn-PB stabilized in a monoclinic structure, while the anti-PB stabilized a triclinic
structure.® From the literature it is evident that, PBs started their journey as promising materials
much earlier than their cousins’ perylene bisimides (PBIs),%'%! but over the years the interest in
PBs has been reduced. This could be ascribed to the following problems namely, difficulty in their
solution processability, and structural modification of PB cores as well as the separation of
isomers. The two isomers formed have different electronic properties, while no control on their
ratio can be achieved during synthesis. Therefore, the material properties depend on the ratio of
these isomers, which makes it difficult to achieve reproducibility. Qian et.al used
trifluoromethylation at bay-position to separate three isomers of PBs, however in the process, the
planarity of the aromatic core was lost.*2 Unsymmetric derivatives, with benzimidazole unit at one
end and imide unit at another end of perylene core stabilizing columnar liquid crystallinity is
reported by Thelakkat et.al.™> An unsymmetric donor-acceptor PB was also reported as a nonlinear
dielectric material for capacitors,* but it was used as a mixture of two isomers. Hudhomme et.al.
noticed that introducing chlorines at bay-position or even the introduction of long alkyl chains on
the diamines used for the coupling with PBA did not improve the solubility of PBs in common
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organic solvents and the isomers were not separable.™® Do et.al., reported soluble symmetric PBs
and asymmetric imide benzimidazoles, where the LUMO levels can be altered by the incorporation
of electron donating or withdrawing groups on the imidazole benzene unit.*® The importance of
the understanding required on PBs and the immense possibility of PBs in organic electronics
motivated us to design PBs, where their syn- and anti- isomers can be isolated, can be made
soluble, and capable of ordered self-assembly. Further, we envisaged that if such molecules could
organize into columns of indefinite length by stacking one above the other, it could lead to the
one-dimensional (1D) charge carrier mobility along the columns, and once again make them
accessible for the utilization in organic photovoltaics (OPVs) and organic field effect transistors
(OFETs).17:1819:20

Herein, the synthesis of perylenetetracarboxylicacid anti-Bis(4,5-dialkoxybenzimidazole)s
derived from PBA and 3,4-dialkoxy benzene diamines bearing branched alkoxy chains has been
described. Branched alkoxy chains were introduced to increase the solubility and reduce the
melting point of the compound on transition from crystal to mesophase. Interestingly these
compounds exhibited high solubility, and room temperature columnar mesophases and an

ambipolar conductivity.

B e
PB16 : m

b
( ) B Columnar Hexagonal phase
PB16
PB20 el

25 95 165 235 305 375
Temperature (°C)

Figure 5.1. Structures of anti-perylene bisbenzimidazoles (PB16 and PB20) studied in this work (a); Bargraph
representing the mesomorphic behaviors (Considered the second heating of DSC) (b).
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5.2. Results and discussion
5.2.1. Synthesis and molecular structural characterization

The synthesis of perylene bisbenzimidazoles (Scheme 5.1) was carried out by the
condensation of PBA with 3,4-dialkoxy benzene diamines under microwave conditions in molten
imidazole solvent and Zn(OAC):2 as catalyst in good yields (Scheme 5.1). 2-Hexyldecyl and 2-octyl
dodecyl flexible chains are utilized to enhance the solubility and to lower the melting as well as
clearing temperatures of the resulting PBs. The key intermediate 4,5-dialkoxybenzene-1,2-
diamines (4a-b) were prepared starting from catechol (Appendix 5.6). Initially, catechol was O-
alkylated with 7-(bromomethyl)pentadecane or 9-(bromomethyl)nonadecane under Williamson’s
ether synthesis protocol to get corresponding 1,2-dialkoxybenzenes (2a-b). These dialkoxy
benzenes were nitrated using nitric acid with sulphuric acid as a catalyst to get the corresponding
dinitro derivatives (3a-b). Further reduction of these dinitro compounds was carried out using
hydrazine hydrate in the presence of Pd/C to get corresponding diamines (4a-b).

Scheme 5.1

@ oH (i) @ OR (") 0, N:©:OR (iii) HzN:©:

(1a,1b) (2a,2b) (3a,3b) (4a,4b)

E;"jﬁ

iv
(Anti- PB16, PB20) (iv)

ZZ’KIE e |

(Syn- PB16, PB20)

Anti PB16 : R = -CH,CH(CgH43)CgH-
AntiPB20: R = -CHzCH(C3H17)C1UH21
Syn PB16: R = -CHch(CsH13)CgH17

Syn PB20:R= -CH2CH(CBH17)C1DH21

Reagents and conditions (i) 7-(bromomethyl)pentadecane/ 9-(bromomethyl)nonadecane, K,COs, Kl, anh. DMF, 90
°C, 48 h, (50%, 39%); (ii) H2SO4, HNO3, DCM, 0 °C —rt, 24 h, (96%, 95%); (iii) N.H4.H.0, Pd/C, CH30H, 80 °C, 12
h, (81%, 79%); (iv) 4, imidazole, Zn(OAc),, MW, 35 W, 35 min., 100 Psi, 165 °C, (58%, 53%).
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Microwave-assisted condensation of PBA with 3,4-dialkoxy benzene diamines yielded a mixture
of syn- and anti-perylene bisbenzimidazoles, but it was found that the amount of syn-isomer was
very less and could not be isolated in good amount for the characterization. Solution of anti-isomer
was found to be blue in color (Fig. 5.3 inset). Column chromatography on neutral alumina was
performed using a 50% chloroform-hexane eluent, where a mixture of syn and anti-isomer was
eluted first, finally providing the anti-isomer alone at the end due to its higher affinity to stationary

phase.

The *H NMR spectrum of the isolated compound PB20 which was more polar compared
to other fraction has shown very distinct NMR signals (Fig. 5.2b). Expanded region of the NMR
from 7-9.5 ppm showed very distinct signals in the aromatic region, those could be ascribed to the
anti-isomer as discussed in the following. The protons on the aryl ring connected to the imidazole
unit He and H¢' appeared as a singlet and a partially resolved doublet at down field region in
comparison to the protons in the perylene ring, with the Hc appearing at a higher chemical shift.
Generally, for perylene bisimides the bay protons don’t interact with each other because of the
presence of symmetry axes. In the case of syn-PB20, the point group is Cov. Thus, the symmetric
molecular plane (ov) bisects the molecule at the bay region (see Fig 5.2a) due to which the bay
protons would be in the same chemical environment and (Hu/Hb’) and hence only show doublet
splitting due to the neighboring ortho protons (Ha and Ha’) only. However, in case of anti-PB20,
one can observe an inversion center (C;). In such scenario the bay protons (Hw/Hy”) will not be
identical, as a result of which they will split into a doublet of doublet by the ortho and the other
bay proton, which has appeared as a triplet (as these doublets are close) at the chemical shifts of
8.2-8.3 ppm (each of these triplets correspond to 2H integral). The coupling between the two
protons is further corroborated by the rotating-frame nuclear Overhauser effect correlation
spectroscopy (2D-ROESY), which showed the interaction between ortho (Ha and Ha”) and bay (Hp
and Hy”) protons (indicated by green circles, Fig. 5.2d). Two doublet peaks, each of 2H integral,
observed at 8.44 and 8.35 ppm are assigned for the four ortho protons of perylene (Ha and Ha").
From the 2D-ROESY spectra, we noticed their interaction with their neighboring bay protons (Hp
and Hy’, Fig 5.2¢, indicated by orange circle). It is important to note that usually, these molecules
exist as an inseparable mixture of syn- and anti-perylene bisbenzimidazoles in various ratio
managed by their positional and rotational disorder.?>® However, enhanced solubility with the
introduction of the branched peripheral chains, enabled the isolation of anti- isomer in a qualitative
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amount, though we could not isolate the syn-isomer, after repeated attempts to synthesize and
separate by column chromatography. The formation of the two isomers typically occurs in the
reaction mixture, with their ratios influenced by positional and rotational disorder.t>®
Furthermore, the reaction conditions also may play a role in determining the isomeric composition.
Comparatively, the anti-isomer is thermodynamically more favoured over the syn-isomer, which

may explain its higher abundance in the mixture.

i(a) RO OR rRo OR
W ® onets
Os NN O~LNuN ¢ H’

M J\ s0°c JLJL
M Jk we | N

H, Ha Ha
N?TNTYO 07NN
H;’QH“ H“Q“C
RO OR RO OR 85 84 83 B2 81 80 7.9 78 77 7.6 75 7.4 73 72 71 7.0
Anti PB Syn PB Chemical Shift (ppm)
! Cz CZV
Ha H ’ » ."’,J H, ’ ’

-8.15 -8.15

-8.20 - 8.20

8.25 - 8.25

-8.30 - 8.30

r8.35 - 8.35

[ 5.40 -8.40

T T T T T T 8.45 T T T T T T 8.45
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Figure 5.2. Molecular structures of syn and anti-PB (a); Overlay of the expanded portion of the *H NMR spectra of
anti-PB20 at 30 °C and 50 °C (CDCls, 600 MHz) (b); 2D-ROESY spectra of PB20 showing interactions between
ortho (Ha and Hy”) and bay (H, and Hy’) protons (¢); and interactions between bay-protons (Hy, and Hy’) (d).
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5.2.2. Photophysical and Electrochemical properties

The UV visible spectra of these compounds, for example of anti-PB20, showed a broad

absorption band with two absorption maxima centered at 515 nm and 650 nm (Fig. 5.3a, Fig.

A17b). In comparison to PBIs, the expanded perylene bisbenzimidazole core shows strong

bathochromically shifted absorption spectra covering the whole visible spectrum (400-800 nm).

At 650 nm the molar extinction coefficient € was found to be 7.3 x 10* L mol cm™. This feature,

almost an increase of 300 nm in comparison to PBIs is very important from the viewpoint of

harvesting the light in visible region for organic solar cells. The increase in the concentration led

to an increase in the intensities of absorption maximum in line with the Lambert-Beer’s law. These

compounds were not very fluorescent due to the intramolecular charge transfer that occurs due to

the oxygen atoms in the peripheral alkoxy chains.
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Figure 5.3. UV-Vis spectrum of anti-PB20 in micromolar chloroform solution (solid line) and in thin film state (dotted
line) (a) (Inset shows the image of the solution of anti-isomer in chloroform under daylight); Cyclic voltammogram
of anti-PB20 in micromolar dichloromethane solution (b); Energy level diagram for compound anti-PB20 (c).
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The thin film formed by the spin coating of the sample showed a blue shifted absorption maximum
(Amax = 630 nm) (Fig. 5.3a), which supports the formation of H-type or ‘head to head” aggregates.?
The estimation of FMOs and the reversibility of reduction-oxidation process was investigated with
the help of cyclic voltammetry (CV). Compound PB20 showed two quasi reversible reduction
peaks, however oxidation peaks were not observed in the measurement window of upto +1 V vs.
Ag/AgNOs (Fig. 5.3b, Table A2). From the first reduction potential (-0.79 V) LUMO level was
estimated (-3.51 eV), while the HOMO level (-5.11 eV) was calculated from the optical bandgap
derived from the red edge of the absorption spectrum (1.60 eV at 775 nm) measured in micromolar
solution of PB20 (Fig. 5.3c). In comparison to PBI derived from 3,4,5-tridodecyloxyaniline, PB20
exhibited elevated LUMO and HOMO level and with a lower bandgap (Fig. 5.3).2® The extension
of conjugation due to the fused benzimidazole units led to this elevation of LUMO and HOMO
levels and a decrease in the bandgap. This is highly desirable from the view point of organic solar
cells, where reducing the energy loss during the charge transfer from donor molecules to acceptor

molecules (PB20) may contribute towards the enhanced open circuit voltages.

Density functional theory (DFT) calculations also suggested that the experimental values
are in line with the predicted values, where the HOMO and LUMO were spread over all the
aromatic rings (Fig. A26 and Table A2). Calculated molecular electrostatic potential surfaces of
perylene anti-bis(4,5-dialkoxybenzimidazole) shows that the central perylene ring remains
electron deficient, while the heteroatoms and imidazole rings show the concentration of electron
density (Fig. A27). The compound PB20 exhibited a very good film forming ability as seen in the
scanning electron microscopy (SEM) image, which is very vital for the fabrication of organic

electronic devices (Fig. A28).

5.2.3. Thermal behavior

PB16 and PB20, showed a thermal decomposition temperature of around 360 °C for the 5
weight % decomposition as evidenced from thermogravimetric analyses (TGA) (Fig. A23). The
mesomorphic behaviour of the compounds were investigated with the help of polarising optical
microscopy (POM) associated with a programmable hot stage, differential scanning calorimetry
(DSC) and temperature dependant powder X-ray diffraction (XRD) studies. Compounds PB16
and PB20 were gummy and sticky mass, that can be sheared under mechanical stress and also
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exhibited birefringence under microscope, which indicated the occurrence of mesophase at room

temperature.

Both the compounds exhibited single transition in the DSC, i.e. from mesophase to
isotropic liquid state. From the DSC scan of PB16 it is seen that the compound shows mesophase
to isotropic state at 354.8 °C (4H = 0.12 kJ/mol), which was also confirmed by POM studies (Fig.
A22a). POM images displayed dendritic texture as well as mosaic texture with rectilinear defects;
both are seen in the case of Colh phase (Fig. 5.4a, and Fig. A19). From the XRD studies, it was
confirmed that the mesophase was a columnar phase with hexagonal symmetry (Coln phase). The
high temperature XRD profiles (at 260 °C, 200 °C, and 100 °C) exhibited a single sharp reflection
in the low angle region along with the two diffused peaks in the wide angle (Fig. A24a-c). The
first diffused peak in the wide angle arises from the packing of alkyl chains, while the second is
due to the packing of hard polyaromatic cores. Though the occurrence of a single reflection at low
angles do not provide unambiguous structural confirmation; however, as often seen in the
literature, corroborated by textural similarity,?? such a pattern is assigned to the Col, phase and
this has been attributed to a minimum in the form factor (Fig. A24, Table A4). The XRD pattern
obtained at RT showed additional peak at mid angle region, which can be indexed to hexagonal
lattice along with the peak in low angle region (Fig. 5.4b). Further one more relatively sharp
reflection corresponding to intracolumnar distance was also witnessed along with the diffused peak
corresponding to the alkyl chain packing noticed at wide angle region. Such strong core-core

correlation probably due to the increased n-n overlap, and the hetero atom integration in the core.
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Figure 5.4. POM image of the Coli phase exhibited by PB16 at 28 °C (a) XRD profile depicting the intensity against
20 obtained for the Col, phase of compound PB16 at 28 °C (b); (Schematic of the Col, phases are given in the right
hand side of XRD profile).
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Compound PB20 with longer chains also exhibited monomesomorphic behaviour and discussed
in detail as below. PB20 due to its increased flexibility owing to the longer branched alkoxy
chains exhibited lower isotropic temperature (318 °C, 4H = 0.5 kJ/mol, Fig. A22b), while cooling
the isotropic liquid at a rate of 5 °C/min led to the growth of a birefringent leaf like pattern
interspersed with dark background originating from the homeotropic orientation of the columnar
phase (Fig. A20 and Fig. A21, Fig. 5.5a). Further cooling did not change the pattern, which was
also confirmed by the DSC with no signatures of any phase transition (Fig. A22b).
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Figure 5.5. POM image of the Coly phase exhibited by PB20 at 28 °C (a); XRD profile depicting the intensity against

26 obtained for the Coly, phase of compound PB20 at 28 °C (b); (Schematic of the Coln phase is given in the right hand
side of XRD profile).

To understand the mesophase structures, XRD was carried out at different temperatures,
for example, 260, 200, 100, and 28 °C. The plot of intensity vs 26 values obtained from the XRD
data obtained at 260 and 200 °C exhibited two peaks in the low-mid angle region along with the
two diffused peaks in the wide-angle region. As explained earlier these peaks are corresponding
to the packing of alkyl chains and the intracolumnar distance. In the case of XRD patterns obtained
at 100 °C and 28 °C, one more reflection was observed in the mid-angle region. XRD profile
depicting the intensity against 26 obtained at 28 °C for example, showed the presence of a strong
peak at a d-spacing of 35.03 A followed by a weak peak with d-spacings of 20.06. Further, the
wide-angle region showed the presence of two diffused peaks centered at 4.52 A and 3.38 A, which
are corresponding to the packing of flexible chains and the packing of cores within the column.
The reciprocal ratio of the d-spacings in the small and middle angle region was found to be 1: V3,
which can be indexed to the Miller indices 10 and 11 of a hexagonal lattice. This confirms the
mesophase to be a Coln phase (Fig. 5.5b and Table A4). The hexagonal lattice constant ‘a’ was

found to be 40.5 A, from which the lattice area and unit cell volume were calculated to be 1417.7
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AZ? and 4791.7 A3 respectively. Considering the intracolumnar distance or height of the unit
hexagonal cell (hc = 3.38 A), the number of the molecules ‘Z’ in the unit cell was calculated and
found to be approximately 2, where two PB20 molecules can be arranged side by side to form a
disc (see chapter 2). In comparison to the value of ‘@’ at 260 °C, the value of ‘a’ observed at 28 °C
has increased approximately by 5%, with a concomitant decrease in the intracolumnar distance to

3.38 A from 3.54 A, which could be due to the stretching of alkyl chains at lowered temperatures.

5.3. Charge Carrier Mobility Studies

A good charge carrier mobility is one of the fundamental requirements of any organic
electronic device to perform. With the potential for optoelectronic devices, charge carrier mobility
of PB20 was assessed for both holes as well as electrons using the space charge limited current
technique (SCLC) in thin films. In this technique, a thin film of the material is sandwiched between
two electrodes for current-voltage measurements. Depending on the work function alignment of
the electrodes with HOMO/LUMO of the material, hole only and electron only devices can be
fabricated. The benefits of having either hole only or electron only devices is, it ensures that
measured mobility is mainly contributed by the hole and electrons in hole only and electron only
devices respectively. However, having an ohmic contact for the charge injecting electrode (for
holes, HOMO and for electrons, LUMO of the material) is a must have requirement for SCLC

measurements.

In SCLC, at low applied voltage current varies linearly with applied voltage, mainly due
to the dominance of the intrinsic charge carriers of the material whereas, at higher applied voltage
due to the injection of charge carriers, a space charge builds up and current dependence does not
follow linearly with the applied voltage and now becomes proportional to the square of the applied
voltage. Considering material to be trap free, mobility of charge carriers can be extracted using
Mott-Gurney equation given by equation1.%8

9 v?
J =g eo&t— 1)

where J is the measured current density, o is the permittivity of free space (8.86x10* Fem™), &

is the relative dielectric constant of the material (~ 4.65), V is the voltage applied, d is the thickness

of the sample, and x is the mobility.
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When shallow traps are present in material then higher order dependence of voltage is observed
and modelling of data can be done by using modified Mott-Gurney equation (2), where field
dependent charge carrier mobility correction is mainly used for calculation of mobility, given by
equation 2. '

9 v?2 14
] =g &gonexp <0.891y\/;> (2)

where y is the fitting parameter representing the strength of the field dependence of mobility.

In this work, for hole mobility extraction of the reported anti-PB20 compound, a
combination of PEDOT: PSS (¢~ 5.0 - 5.1 eV) and MoOzs/Ag electrodes is used to fabricate hole
only devices which ensure a good match with the HOMO (¢ ~ -5.11 eV) value of PB20 for
effective hole injection. A thin layer of MoOs is known to increase the work function of metal by
creating interfacial dipoles and is being used widely in creating hole only devices in organic
electronics 222 was chosen as the injecting electrode to ensure efficient injection of holes (Fig.
5.6b). On contrary, for electron mobility measurements, three electron-only device configurations
were fabricated using ZnO (¢ ~ -3.8 - 4.10 eV), Al (¢~ 4.26 ¢V) and SnO2 (¢ ~ 3.70 - 4.10 eV),
as injecting electrodes in order to achieve ohmic/near ohmic contact with the LUMO (¢ ~ -3.51
eV) of PB20 and Al as counter electrode (Fig. 5.6¢). The semi log current—voltage characteristics
obtained for anti-PB20 in hole-only and electron only device is shown in which was used to
perform fitting using equation 2 to extract hole and electron mobility (Fig. 5.6a). Table 5.1
summarises the average values of at least 5 best devices in extracting electron and hole mobility

for anti-PB20 compound.

Table 5.1. Hole and Electron mobility values of anti-PB20.

Entry Hole mobility (un) | Electron mobility (ue) | pe/ pn
x 1073 (cm?V1s?) x 1073 (cm?V-is?)
Anti-PB20 2.02+0.81 0.37+£0.24 0.18

The electron mobility observed for the anti-PB20 found to be several orders of magnitude higher
than that observed for the mixture of anti- and syn-PBs® as well as the perylene diester
benzimidazole side chain polymer.2> However, the ambipolar nature of perylene bisbenzimidazole
derivative with a well-balanced hole and electron mobility is reported for the first time here. As
shown in the 3D molecular electrostatic potential contour map of optimized structure of PBs
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(Fig.A27), it can be seen that the electron rich and electron poor regions are localized peripheral
benzimidazole rings and central perylene core, which in turn act as the pathway for electrons and

holes when the molecules stack one above the other to form columnar phases (Fig. 5.6d).

10'
10°
107
g
3
2
§ 10 —()=PB-20 Electron Mobility
- —— PB-20 Electron Mobility SCLC Fit

10° —()=PB-20 Hole Mobility
‘ —— PB-20 Hole Mobility SCLC Fit

00 05 1.0 1.5 2.0 25 3.0 3.5 40 45
V ( Volts)

Electron only device

Figure 5.6. J-V curves of hole (Black) only and electron (Blue) only devices for anti-PB20 along with SCLC fitting
(a); schematic diagrams for hole only (b) and electron only (c) devices; Schematic showing the self-assembly of two
PB20 molecules to form a disc which self-organize to form a Coly phase that acts as a molecular wire for the
conduction of electrons and holes (d).

5.4. Conclusion

In conclusion anti-perylene-3,4:9,10-bis(benzimidazole) derivatives were successfully
isolated and characterized after their synthesis starting from commercially available PBA. It was
found that among the possible syn- and anti- isomers, only the anti-isomer was isolated and the
syn- isomer was produced in a very less amount. The present set of compounds are unique as
earlier reported perylene bis(benzimidazoles) were less soluble in common organic solvents,
resulting in a coexistence of syn and anti-isomers. These compounds exhibited room temperature
columnar hexagonal phase over a wide thermal range. Interestingly, these compounds exhibited a

wide absorption band covering whole visible spectrum range (400-800 nm) along with high
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extinction coefficient, which is due to the further expansion of the perylene core by benzimidazole
rings. The hetero-atom incorporation and expanded aromatic skeleton led to an enhanced core-
core interaction, that was corroborated with the high clearing temperatures and observation of
core-core peak in the XRD studies. This also resulted in the elevated LUMO as well as HOMO
levels and the bandgap reduction making them promising from the perspective of organic solar
cells. These compounds, due to the presence of branched flexible chains exhibited high solution
processability and stabilized the room temperature columnar hexagonal phase over a wide thermal
range. In addition, this nitrogen enriched polyaromatic heterocyclic core forms a unique promising
class of ambipolar organic semiconductors capable of self-organizing with a balanced hole and

electron mobility.
5.5 Experimental section

In this section the detailed synthesis procedure and the molecular structural
characterization data have been presented for the intermediates and target compounds mentioned
in the scheme.

Procedure for the synthesis of 1,2-bis((2-hexyldecyl)oxy)benzene (2a) /1,2-bis((2-
octyldodecyl)oxy)benzene (2b): 2%

A mixture of 1,2-dihydroxy benzene (1) (2 g, 18.16 mmol, 1 eq), anhydrous K.COz (11.04
g, 79.91 mmol, 4.4 eq), KI (0.26 g, 1.81 mmol, 0.1 eq) were dissolved in anhydrous N,N-
dimethylformamide (40 mL) and stirred for 40 min at 50 °C. After that 7-
(bromomethyl)pentadecane (11.64 g, 38.14 mmol, 2.1 eq) / 9-(bromomethyl)nonadecane (13.78
g, 38.14 mmol, 2.1 eq.) was added dropwise to it. The resultant reaction mixture was heated at 90
°C for 48 h. After completion, the reaction mixture was cooled to room temperature and filtered
on a celite bed. Then the celite bed was washed with ethyl acetate (3 x 50 mL). The combined
filtrates were washed with water three times (3 x 50 mL) followed by brine and dried over
anhydrous Na>SO4 and the solvent was evaporated via rotary evaporation. The crude product was
purified by column chromatography using hexane and ethyl acetate as eluent to obtain colourless
liquid (hexane : ethyl acetate = 30 : 1).

2a: R =0.5 (10% EtOAc-Hexane); Colourless liquid, yield: 50 % (5.28 g); IR Vmaxin cm™: 2922,
2853, 1592, 1502, 1464, 1378, 1252, 1221, 1119, 1027, 771, 736; *H NMR (400 MHz, CDCls,
ppm): 6 6.87 (s, 4H), 3.85 (d, J = 4 Hz, 4H), 1.81 (m, 2H), 1.55-1.27 (m, 48H), 0.88 (t, J = 8 Hz,
12H). BC NMR (100 MHz, CDCls, ppm): § 149.63, 120.82, 113.85, 71.88, 38.22, 31.99, 31.98,
31.39, 29.73, 29.45, 22.77, 22.75, 14.17. MALDI-TOF exact mass calculated for CssH7002Na
(M+Na)*: 581.5274, found : 581.218.

2b: R =0.5 (10% EtOAc-Hexane); Colourless liquid, yield: 39 % (4.91 g); IR Vmaxin cm™: 2922,
2853, 1592, 1501, 1464, 1379, 1252, 1222, 1119, 1029, 771, 733; *H NMR (400 MHz, CDCls,
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app:ds:%20%20ethyl%20acetate
app:ds:%20%20ethyl%20acetate

ppm): 5 6.90 (s, 4H), 3.89 (d, J = 8 Hz, 4H), 1.85-1.81 (m, 2H), 1.54-1.30 (m, 64H), 0.92 (t, J = 4
Hz/8Hz, 12H). *C NMR (100 MHz, CDCls, ppm): & 149.71, 120.85, 113.98, 71.97, 38.28, 31.99,
31.44,30.18, 29.74, 29.73, 29.45, 29.44, 26.98, 22.74, 14.14. MALDI-TOF exact mass calculated
for CasHssO2Na(M+Na)*: 693.6526, found : 694.572.

Procedure for the synthesis of 1,2-dinitro-4,5-bis((2-hexyldecyl)oxy)benzene (3a) / 1,2-
dinitro-4,5-bis((2-octyldodecyl)oxy)benzene (3b):®

In a round bottom flask, compound (1,2-bis((2-hexyldecyl)oxy)benzene (2a) / 1,2-bis((2-
octyldodecyl)oxy)benzene (2b)) (4 g, 7.16 mmol/ 5.95 mmol, 1 eq.) was dissolved in CHCl;
stirred at 0 °C for 30 mins. To this well stirred solution, 70% HNO3 (4.7 mL/ 3.6 mL, 78.3 mmol/
59.5 mmol, 10 eq.) followed by conc. H2SO4 (2.08 mL/ 1.59 mL, 39.1 mmol/ 29.7 mmol, 5 eq,)
was added slowly dropwise manner. This mixture was stirred at room temperature for 24 h. Then
it was poured into water and the aqueous layer was extracted with CH2Cl. The organic layer was
washed with H20, brine and dried over Na,SOa, then it was evaporated to dryness. The crude
product was purified by column chromatography on silica gel (60-120 mesh) using hexane and
CH:ClI; as eluent to obtain slightly yellowish liquid (hexane: CH.Cl, = 20: 1).

3a: Rt = 0.6 (10% EtOAc-Hexane); Yellow liquid, yield: 95% (5.11 g); IR Vmax in cm™: 2923,
2854, 1589, 1534, 1463, 1335, 1282, 1225, 1041, 864, 813, 753, 721; *H NMR (400 MHz, CDCls,
ppm): & 7.28 (s, 2H), 3.96 (d, J = 4 Hz, 4H), 1.85 (m, 2H), 1.46-1.27 (m, 48H), 0.87 (t, J = 4 Hz,
12H). BC NMR (100 MHz, CDCls, ppm): 8 152.07, 136.39, 107.46, 72.54, 37.83, 31.93, 31.85,
31.21, 30.02, 29.68, 29.62, 29.38, 26.81, 22.71, 14.13. MALDI-TOF exact mass calculated for
CagHesN20sK(M+K)*: 687.4714, found : 687.65.

3b: Rt = 0.6 (10% EtOAc-Hexane); Yellow liquid, yield: 96% (4.56 @); IR Vmax in cm™: 2922,
2853, 1589, 1535, 1463, 1335, 1282, 1225, 1042, 864, 813, 771, 753, 720; *H NMR (400 MHz,
CDCls, ppm): 6 7.28 (s, 2H), 3.96 (d, J = 4 Hz, 4H), 1.88-1.82 (m, 2H), 1.44-1.26 (m, 64H), 0.88
(t, J = 4 Hz /8 Hz, 12H). **C NMR (100 MHz, CDCls, ppm): & 152.10, 136.42, 107.51, 72.59,
37.85,31.94, 31.93, 31.22, 30.02, 29.38, 26.85, 22.70, 14.12. MALDI-TOF exact mass calculated
for CasHsaN20sK(M+K)*: 799.5966, found : 800.84.

Procedure for the synthesis of 4,5-bis((2-hexyldecyl)oxy)benzene-1,2-diamine (4a) / 4,5-
bis((2-octyldodecyl)oxy)benzene-1,2-diamine (4b): 28

To a suspension of nitro compound (3a/3b) (4g, 6.16 mmol/5.25 mmol, 1 eq.) and 10%
Pd-C (10% weight of the nitro compound) in absolute ethanol, hydrazine monohydrate (13.98
mL/7.56 mL, 246 mmol/210 mmol, 40 eq.) was added and refluxed under N> atmosphere for 24
h. The reaction mixture was cooled to room temperature and CH-Cl, was added and filtered
through a celite bed. The filtrate was extracted with CH2Cl> (3 x 50 mL). The combined extracts
were washed with water, brine and dried over anhydrous Na;SO4 and the solvent was concentrated
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via rotary evaporation and cooled methanol was added to get precipitate, then filtered to get the
product.

4a: Rt = 0.2 (10% EtOAc-Hexane); Colourless liquid, yield: 78% (2.83 g); *H NMR (400 MHz,
CDCls, ppm): 6 6.36 (s, 2H), 3.76 (d, J = 8 Hz, 4H), 2.49 (bs, 2 x -NH>, 4H), 1.77-1.72 (m, 2H),
1.45-1.26 (m, 48H), 0.88 (t, J = 4 Hz/8 Hz, 12H). *C NMR (100 MHz, CDCls, ppm): & 143.99,
128.40, 106.92, 73.73, 38.60, 32.16, 31.56, 30.37, 30.02, 29.91, 29.62, 22.93, 22.92, 14.34.
MALDI-TOF exact mass calculated for CsgH73N202 (M+H)*: 589.5672, found : 589.90.

4b: Rt = 0.2 (10% EtOAc-Hexane); Colourless liquid, yield: 76% (2.79 g); *H NMR (400 MHz,
CDCls, ppm): 8 6.35 (s, 2H), 3.74 (d, J = 4 Hz, 4H), 3.08(bs, 2 x -NH3, 4H), 1.75-1.71 (m, 2H),
1.31-1.25 (m, 64H), 0.87 (t, J = 4 Hz, 12H). 3C NMR (100 MHz, CDCls, ppm): & 143.76, 128.19,
106.72, 73.52, 38.39, 31.94, 31.35, 30.15, 29.75, 29.73, 29.69, 29.38, 26.92, 22.69, 14.10.
MALDI-TOF exact mass calculated for CasHgoN20O2 (M+H)": 701.6924, found : 701.69.

Procedure for the synthesis of PB16 / PB20: 3!

PTCDA (1 eq.), 4,5-bis((2-hexyldecyl)oxy)benzene-1,2-diamine (4a) / 4,5-bis((2-
octyldodecyl)oxy)benzene-1,2-diamine (4b) (2.2 eq.), zinc acetate (2 eq.) and imidazole (1 g) were
taken in a microwave vessel, flushed with nitrogen and put in microwave reactor. The mixture was
heated at 165 °C for 35 minutes at 35 W and 100 psi pressure. After cooling, reaction mixture was
poured in 2(N) HCI (10 mL) and extracted with chloroform. Organic mixture was washed with
water and saturated sodium chloride solution. The crude compound was purified by neutral
alumina column chromatography using 50% chloroform-hexane system. Further purification was
done by recrystallization from chloroform-methanol system.

PB16: R = 0.5 (10% CHCls-Hexane); Dark blue solid, yield: 81% (0.31 mg); IR Vmax in cm™:
2921, 2852, 1688, 1591, 1541, 1483, 1452, 1372, 1331, 1286, 1214, 1162, 1111, 1018, 987, 925,
882, 837, 803, 774, 742, 720; *H NMR (400 MHz, CDCls, ppm): 5 8.58 (d, J = 8 Hz, 2H), 8.51 (d,
J =8 Hz, 2H), 8.44 (t, J = 8 Hz, 2H), 8.38 (t, J = 8 Hz, 2H), 7.78 (s, 2H), 7.10 (d, J = 4 Hz, 2H),
3.92 (m, 4H), 3.83 (m, 4H), 1.87 (m, 4H), 1.31-1.25 (m, 96H), 0.89 (m, 24H). 3C NMR (100
MHz, CDCls, ppm): 6 159.22, 149.53, 149.18, 146.24, 137.52, 135.36, 134.74, 131.34, 130.80,
127.16, 125.95, 125.46, 123.53, 122.71, 121.73, 120.87, 102.85, 99.11, 72.31, 38.25, 38.06, 32.23,
31.39, 30.48, 30.13, 30.02, 29.91, 29.73, 29.58, 27.13, 27.02, 23.04, 22.97, 14.38.

MALDI-TOF exact mass calculated for C100H14sN4Os (M+H)*: 1498.1164, found : 1498.85.

PB20: R = 0.5 (10% CHCls-Hexane); Dark blue solid, yield: 79% (0.34 mg); IR Vmax in cm™:
2921, 2852, 1687, 1591, 1540, 1483, 1452, 1372, 1331, 1286, 1214, 1161, 1111, 1021, 987, 924,
882, 837, 803, 773, 743, 720; *H NMR (400 MHz, CDCls, ppm): & 8.46 (d, J = 8 Hz, 2H), 8.37 (d,
J =8 Hz, 2H), 8.30 (t, J = 8 Hz, 2H), 8.23 (t, J = 8 Hz, 2H), 7.68 (s, 2H), 7.00 (d, J = 4 Hz, 2H),
3.88 (m, 4H), 3.77 (m, 4H), 1.85 (m, 4H), 1.44-1.26 (m, 128H), 0.89 (m, 24H). *C NMR (100
MHz, CDCls, ppm): & 158.71, 149.32, 148.88, 145.77, 137.27, 134.77, 134.12, 130.77, 130.23,
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126.69, 125.38, 125.15, 123.11, 122.32, 121.34, 120.48, 102.66, 98.87, 72.14, 38.06, 37.84, 32.06,
32.02, 31.15, 31.07, 30.32, 29.96, 29.93, 29.86, 29.84, 29.59, 29.56, 29.52, 26.96, 26.87, 22.78,

22.75, 14.14.
MALDI-TOF exact mass calculated for C116H177N4Os (M+H)*: 1722.3668, found : 1722.01.
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5.6. Appendix
5.6.1. NMR Spectra
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Figure A4. 3C NMR (100 MHz) spectra of 1,2-bis((2-octyldodecyl)oxy)benzene (2b) in CDCls.
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Figure A12. 3C NMR (100 MHz) spectra of 4,5-bis((2-octyldodecyl)oxy)benzene-1,2-diamine (4b) in CDCls.

189
TH-3213_ 176122019



RRRITITIRAR 428 3858883 5883 R83388
PERBI BB D@ NN R TRRNS T oy aNdeds
B Y el % S e VN
|
|
|
|
|
|
A |
|
vorr - - Cabrr(CoHyalHCH,CO, OCH,CH(CgHy3)CgHy7 7~ - I |
O N /:~|
NSNS0
CgH17(CgH13)HCH,CO HaCH(CgH13)CgHe7 )
U

R el W WU

24.04=

T T T T T

T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
Chemical Shift (ppm)

Figure A13. *H NMR (400 MHz) spectra of PB16 (5a) in CDCls.
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Figure A15. *H NMR (400 MHz) spectra of PB20 (5b) in CDCls.
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Figure A16. *3C NMR (100 MHz) spectra of PB20 (5b) in CDCls.
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7.6.2. UV-Visible (UV-Vis) Spectroscopy
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Figure A17. Concentration dependent absorption spectra of PB16 (a) and PB20 (b).

Table Al. Photophysical® properties of PBs in solution state and thin film state.

Compounds 2Absorption AE g opt bAbsorption Molar extinction coefficient
(nm) [eV] (nm) (Lmoltcm™)

PB16 515, 650 1.60 630 5.8x10*

PB20 515, 650 1.60 630 7.3x10*

aMicromolar solutions in CHClg; °Prepared by spin coating of millimolar solution in CHCls.

5.6.3. Cyclic Voltammetry (CV)
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Figure A18. Cyclic voltammograms of PB20 (a) and PB16 (b).

Table A2. Electrochemical®® data and data obtained from DFT" calculations for compounds PB20.

Electrochemical data Data from DFT calculations
Entry Est red ELumo | Enomo™@ | AE g opt© ELumo™ | Enomo | AE [
(inV) (ineVv) (ineVv) (ineV) (ineVv) (ineV) (ineV)
PB20 -0.79 -3.51 -5.11 1.60 -3.35 -5.24 1.89
PB16 -0.76 -3.54 -5.14 1.60
192

TH-3213_ 176122019



[l 0.5 mM Dichloromethane solutions; Plexperimental conditions: Ag/AgNOs as reference electrode,
glassy carbon working electrode, platinum wire counter electrode, TBAP (0.1M) as a supporting
electrolyte, room temperature, scan rate 100 mV/s; [l estimated from the formula by using ELumo = -
(4.8 - E12, Fefre+ + E red, onset) eV; ] estimated from the formula Enomo = ELumo - Eg,opt) eV; Euio, roFe+
= 0.50 V.Flcalculated from the red edge of the absorption band of each compound. [ Obtained from
DFT calculations by employing the combination of Becke3-Lee-Yang-Parr (B3LYP) hybrid
functional and 6-31G(d,p) basis set using the Gaussian 09 package, where the chain length is limited
to methyl.

5.6.4. Polarizing Optical Microscopy (POM)

T=334°C

Figure A19. POM images of the Coly phase exhibited by PB16 at different temperatures (Dark regions in the images
correspond to the homeotropically oriented columns).
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T =290 °C T =290 °C

Figure A20. POM images of the Coly phase exhibited by PB20 at 290°C, under crossed polarizers (Dark regions in
the image correspond to the homeotropically oriented columns) (a); under parallel polarizers (b).

T=317°C T =280°C T=214°C

LY

TE 100 °C

Figure A21. POM images of the Coly phase exhibited by PB20 at different temperatures (Dark regions in the
images correspond to the homeotropically oriented columns).
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5.6.5. Differential Scanning Calorimetry (DSC)
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Figure A22. DSC thermograms of PB16 (a) and PB20 (b) carried out at a rate of 5°C/min (red trace: second heating,
blue trace: first cooling).

5.6.6. Thermogravimetric analysis (TGA)
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Figure A23. TGA plots of compound PB16 and PB20 (heating rate of 10 °C/min, Nitrogen atmosphere).

Table A3. Phase transition temperatures (°C), corresponding enthalpies (kJmol*)? and decomposition temperatures
obtained by TGA.

Entry Phase Sequence (kJ/mol) T ”( OC)
Second heating First Cooling 5

PB16 Colh354.79 (0.12) 1 1 341.31 (0.56) CoIh 363

PB20 Colh317.58 0.51) I 1313.93 (0.41) CoIh 365

a
Peak temperatures in the DSC thermograms obtained during the second heating and first
o} -1
cooling cycles at 5 C min . Colh = Columnar hexagonal phase; | = Isotropic phase. °
Temperature at which 5 wt% decomposition occurred obtained from TGA studies.
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5.6.7. X-ray Diffraction Studies (XRD)

Table A4. Results of (hkl) indexation of XRD profiles of PB16 and PB20 at a given temperature (T) of mesophase®.

Compounds | Phase | Space dons (A) dear (A) Miller | Lattice parameters (A),
(D/IA) (T/°C) | Group indices | Lattice area S (A,
hk Molecular volume (A%)
Coln 32.60 32.60 10 a=2376
491 S$=1226.9
(260) 3.53 (ha) V =4331
c=3.53
Z=2
32.89 32.89 10 a=379
PB16 Coly 4.76 §=1249.2
(37.7) P6mm 3.49 (h,) V =4359.7
(200) c=3.49
MW:1498.3 Z=2
33.31 33.31 10 a=385
Coln 4.68 $=1281.6
3.42 (ha) V =4383.2
(100) c=342
Z=2
33.26 33.27 10 a=384
Coly 18.98 19.21 11 $=1278.3
4.53 (ha) V =4307.9
(28) 3.37 (he) c=3.37
Z=2
33.22 33.22 10 a=384
Coln 19.07 19.18 11 S$=1274.3
4.84 (ha) V =4521.4
(260) 3.54 (he) c=3.54
Z=2
33.70 33.70 10 a=389
Coly, 19.42 19.46 11 $=1311.8
PB20 4.81 (ha) V = 4591.4
(42) (200) P6mm 3.50 (he) c=35
Z=?2
MW:1722.7 34.48 34.49 10 a=39.82
Coln 19.79 19.91 11 §$=1373.15
18.02 V =4696.19
(100) 4.67 (ha) c=3.42
3.42 (he) Z=2
35.03 35.04 10 a =40.46
Coly 20.06 20.23 11 S =1417.65
17.87 V =4791.66
(25) 4.52 (ha) c=3.38
3.38 (he) Z=2
&The diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from
Cambridge Soft). dons: spacing observed; dca: spacing calculated (deduced from the lattice
parameters; a for Coln phase; ¢ is height of the unit cell). The spacings marked h, and h¢ correspond
to diffuse reflections in the wide-angle region arising from correlations between the alkyl chains and
core regions, respectively. Z indicates the number of molecules per columnar slice of thickness hc
estimated from the lattice area S and the volume V.
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Figure A24. Plot of the intensity against 26 obtained from the powder XRD pattern of the Coly, phases for compound
PB16 at 260 °C (a); 200 °C (b); 100 °C (c); 28 °C (d) PB20 at 260 °C (e); 200 °C (f); 100 °C (g); 28 °C (h).

5.6.8. DFT Studies

To understand the electronic properties and frontier molecular orbital energy level of
compounds PB16 and PB20, computational studies was carried out in B3LYP/6-31g(d,p) method
using Gaussian 09 program package. The absence of imaginary frequency ensured the energy
minimized structure of all the compounds.

Figure A25. Optimized geometry of compounds PB16 (a) (side view), PB20 (b) (side view), PB16 (c) (side view),
PB20 (d) (top view) (from Chem 3D 21.1.1).

4,» LUMO (E;)
' -3.35eV

o>,

AE =1.89¢V

ﬂm ‘
-5.24 eV
ihﬁﬂ» HOMO (Ey)

Figure A26. Frontier molecular orbitals of PBs derived from 4,5-bisalkoxybenzene-1,2-diamine. DFT calculations at
the B3LYP/6-31G(dp) level. En and E. denote energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), respectively (chain length on the phenyl group is limited to methyl for
clarity purpose).
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Figure A27. 3D molecular electrostatic potential contour map of optimized structure of PBs derived from 4,5-
bisalkoxybenzene-1,2-diamine (In the mapped electro-static potential surface, the red and blue colors refer to the
electron-rich and electron-poor regions, respectively, whereas the green color signifies the zero electrostatic potential,
chain length on the phenyl group is limited to methyl for clarity purpose).

5.6.9. Scanning Electron Microscopy

— B ~ 1/5/2023
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Figure A28. SEM images of spin coated sample of PB20 in chloroform obtained after annealing 70 °C (Scale bar is
100 nm).

5.6.10. Device Fabrication & characterization

To investigate the ambipolar charge transport property of PB20 compound, different
architectures were fabricated to have an electron and hole only devices. The hole only devices
were fabricated in ITO/PEDOT:PSS/PB20/MoQO3/Ag architecture whereas electron only devices
were fabricated with ITO/ZnO or SnO; or Al/ PB20 /Al configuration respectively for hole and
electron mobility measurements. Prepatterned indium tin oxide (ITO) substrates were cleaned in
an ultrasonic bath via successive treatments with Soap solution, distilled water, acetone and
isopropanol for 20 minute each followed by UV Ozone (BioBEE Tech, India) surface treatment at
50 °C for 30 min for removing any residues from the surface. In electron only (ITO/ZnO/PB20/Al)
devices, ZnO layer was spin coated with speed of 4500 rpm for 45 sec on the pre-patterned cleaned
ITO substrates to achieve a thickness of around 30 nm followed by film annealing at 180 °C for 1
hour. For ZnO solution preparation ,200 mg zinc acetate dihydrate (Zn (CH3zC0OO0)22H20) + 52
mg ethanolamine in 2 mL 2-methoxy ethanol, were stirred heavily overnight followed by filtration
using 0.45 um PTFE filter. For SnO> as electron injection electrode, SnO2 (15% colloidal solution
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in Water, Alfa Aesar) was prepared in DI water with the ratio of 1:6 (SnO2: DI water) and stirred
heavily for 2 hours followed the solution filtration using 0.45 um PVDF Filter. SnO> layer was
spin coated with speed of 5000 rpm for 65 secs on the pre-patterned cleaned ITO substrates to
achieve a thickness of around 30 nm followed by film annealing at 180 °C for 30 minutes. MoOs3
(5-7 nm), Al (100 nm) and Ag (100 nm) were thermaly evaporated in thermal evaporation system
(Hind High Vacuum, Bangalore, India) at high vacuum at 2.2 x 10® mbar base pressure. For active
layer deposition 10 mg/ml in chloroform solution was spin coated at 1500 rpm for 45 secs to get a
thickness of ~100 nm. For hole only (ITO/PEDOT: PSS/PB20/ MoO3/Ag) devices, PEDOT: PSS
(Sigma Aldrich) thin film was deposited on the cleaned ITO substrate at 4500 rpm for 45 sec
followed by annealing at 150 °C for 20 minutes. A 10 mg/ml in chloroform solution of active
material (PB20) was spin coated at 1500 rpm for 45 secs for having thickness of 100 nm. A top
contact of ~7 nm of MoOsz and 100 nm of Ag layer was sequentially evaporated in thermal
evaporation under high vacuum (2.2 x 10 mbar) for completion of device. The SCLC mobility
for compound PB20, elucidated from the current/voltage curve Figure S31 is summarized in Table
S5.

Table A5: Hole and electron mobility statistics table for PB20 compound for best five devices.

TH-3213_ 176122019

Entry Hole mobility Electron Electron Electron
(cm?/ V.s) mobility mobility mobility
(ITO/PEDOT: (cm? V.s) (cm?/ V.s) (cm?/ V.s)
PSS/PB20/ (ZnO/PB20/Al) (AI/PB20/Al) (SnO2/PB20/Al)
MoOs/AQ)
1.41E-03 8.29E-04 4.53E-04 4.29E-05
PB20 1.44E-03 3.25E-04 3.85E-04 3.56E-06
3.01E-03 1.28E-04 5.19E-04 3.25E-04
3.00E-03 3.46E-04 5.50E-04 7.86E-04
Avg. 1.22E-03 2.24E-04 1.19E-06 9.38E-04
Stdev 2.02E-03 3.70E-04 3.82E-04 4.19E-04
8.11E-04 2.42E-04 1.98E-04 3.81E-04
200
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Figure A29. J-V Characteristics of electron only devices with different electron injection electrode (ZnO, Al and
SnOy) for PB20 compound.
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Chapter 6

Conclusion
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6.1. Summary

In conclusion, this thesis, titled 'Design and Synthesis of Liquid Crystalline Perylene
Derivatives as Materials for Organic Electronics,’ comprises five comprehensive chapters, each
contributing to the understanding and exploration of novel liquid crystalline organic materials for

various applications.

Chapter 1 serves as an introduction to liquid crystals and presents a thorough review of perylene-
based discotic liquid crystals. It underscores the significance of perylene's unique properties, such
as its strong m-m interactions and self-organizing capabilities, laying the foundation for our
subsequent investigations. Additionally, it highlights the advantages of bay-annulated perylene
derivatives in comparison to bay-substituted ones, setting the stage for research work discussed in

the subsequent chapters.

Chapter 2 focuses on the synthesis and characterization of electron-deficient perylene derivatives,
and their hetero-atom bay-annulated analogues bearing tri-n-decylphenyl moiety. These
compounds exhibit room-temperature columnar liquid crystalline behavior and possess
exceptional optical properties, making them promising candidates for organic electronics. Notably,
they demonstrate significant potential in the realm of solution-processed host-guest OLEDs as

deep red/NIR emitters.

Chapter 3 delves into the exploration of PBI and its bay-annulated analogs bearing tri-n-
decyloxyphenyl moieties. These compounds exhibit remarkable room temperature columnar
phases and high molar extinction coefficients, offering promising prospects for applications in
organic solar cells and as non-fullerene acceptors. Their unique ambipolar conductivity behavior

sets them apart from typical n-type semiconductors.

Chapter 4 introduces a swallowtail modification to lower the clearing point of perylene bisimide
and its heteroatom annulated derivatives. These compounds exhibit stable liquid crystalline
behavior up to room temperature with low melting points, strong fluorescence, and ambipolar

conductivity. Their potential in organic electronics is further highlighted.

Chapter 5 addresses the challenge of solubility in the less explored class of perylene bis
benzimidazole derivatives (PBs) with expanded aromatic cores. These compounds exhibit wide

absorption spectra, elevated LUMO and HOMO levels, reduced band gap, enhanced solution
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processability, stabilized columnar hexagonal phase up to room-temperature and ambipolar

behavior, making them ideal candidates for organic solar cells and unique organic semiconductors.

Looking ahead to future prospects, ongoing research is focused on harnessing the potential of
heteroatom bay-annulated PBIs. These compounds have shown excellent ambipolar charge carrier
mobility and are being explored for their use in organic solar cells and sunlight-style OLEDs.
Additionally, the introduction of asymmetry at the imide position, by preparing molecules like
perylene diester monoimides with swallowtail substituents, is being considered as a means to
further lower melting temperatures and enhance fluidity. In the case of perylene bisbenzimidazole
derivatives, future work may involve incorporating additional conjugation at the bay-position
alongside the imide position to reduce the band gap, potentially improving the efficiency of solar

cells by capturing a broader range of the visible spectrum.

In summary, this thesis presents a comprehensive exploration of liquid crystalline perylene
derivatives with diverse applications in organic electronics, showcasing their unique properties
and potential contributions to the field. These research findings offer valuable insights into the
design and synthesis of innovative materials for future advancements in the realm of organic

electronics.
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