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Abstract

On the path to synthesizing classes of dithienophosphole soft materials, this thesis
documents the synthesis and characterization of model compounds for self-assembled
dithienophosphole-based phosphinamides. Expanding upon the blue-emitting series
within this class of compounds and targeting applications in white OLEDs, green and
orange emitters, along with their corresponding model compounds, are reported. Taking
advantage of the ease of functionalizing the a-position of the dithienophosphole core, the
emitter compounds were synthesized via Suzuki cross-coupling reactions. The model
compounds, incorporating hydrogen-bonding moieties, were prepared through
substitution at the phosphorus center. Comprehensive characterization was performed,

including optical and spectroscopic analyses, and full synthetic details are provided.
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Chapter One: Introduction
1.1 Organic -Conjugated Materials

Extensive research has been directed toward developing alternatives to metal-
based materials in pursuit of sustainable and environmentally benign technologies.
Among these, organic 1T-conjugated materials have emerged as a particularly promising
class, attracting significant attention for their potential in optoelectronic, photonic, energy,
and sensing applications, where they offer a viable substitute for conventional silicon- and
metal-based systems. These materials not only exhibit lower toxicity and reduced
environmental impact but also benefit from cost-effective manufacturing processes. Their
compatibility with solution-based techniques, such as spin-coating, facilitates facile
integration onto a variety of substrates. A key advantage of m-conjugated systems lies in
their structural tunability at the molecular level, enabling precise modulation of their
electronic and optical properties.” Through this path, researchers are continuously
developing new organic conjugated materials with better performance, and stability for
applications such as organic photovoltaics (OPVs), organic light emitting diodes (OLEDs),

and organic field effect transistors (OFETs)."2

The unique electronic properties of organic 1r-conjugated materials arise from their
characteristic structure, in which alternating single and double bonds facilitate the
delocalization of mr-electrons across the conjugated backbone. This delocalization results
in the formation of extended molecular orbitals that span the entire conjugated system,
effectively reducing the energy required for electron excitation. The extent of conjugation

directly influences the electronic structure, particularly the energy levels of the highest



occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
The HOMO-LUMO band gap can be tuned by varying the degree of conjugation, through
structural modifications of altering the length of the conjugated chain or incorporating
functional groups. This tunability is crucial for tailoring the optical and electronic properties
of the material, enabling precise control over fundamental characteristics such as light

absorption and emission spectra, and charge transport properties.?

Depending on the energy difference in the band gap of a material, it can be
classified into a conductor, a semiconductor, or an insulator. The valence and the
conduction band are also known as HOMO and LUMO in molecular species, respectively.
Conductors, such as metals, have either no band gap or overlapping valence and
conduction bands, allowing free movement of electrons under an applied electric field.
Insulators, on the other hand, possess wide band gaps (typically >3 eV), which prevent
significant electron flow under normal conditions. Organic 1r-conjugated materials occupy
an intermediate position, functioning as semiconductors due to their moderate band gaps,
generally ranging from approximately 1.4 eV to 3 eV. While the delocalization of these
materials facilitates charge mobility, it does not eliminate the energy gap between the
HOMO and the LUMO. As a result, organic 1-conjugated materials cannot conduct
electricity as freely as metals. The Band Theory, illustrated in Figure 1-1, explains how
electronic conduction arises in these materials. When many molecules aggregate, the
discrete energy levels of individual molecular orbitals broaden into energy bands due to
intermolecular interactions. Depending on the alignment and overlap of these molecular

orbitals, charge carriers (electrons or holes) can move through the material under an



applied voltage, making them suitable for use in electronic and optoelectronic applications

such as OLEDs.4®
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Figure 1-1: Interaction of molecular orbitals, giving rise to the conductivity of organic -

conjugated materials

1.1.1 OLEDs

The luminescence of organic T-conjugated materials makes them particularly
valuable for performance in optoelectronics such as OLEDs. OLEDs are a recently
developed display technology that has gained traction for offering several key advantages,
including high energy efficiency, vibrant color reproduction, excellent contrast, wide

viewing angle, flexibility, etc. They also have the added benefit of mercury-free



manufacturing, making them more environmentally friendly than older technologies. They
also eliminate the need for backlighting, which is typically used in LED and incandescent
lighting. This innovative display technology has moved beyond the lab and into the
consumer market, where it now plays a central role in a wide range of electronic devices.
OLEDs are found in digital cameras, smartphones, smartwatches, and ultra-high-
definition (UHD) televisions, offering users a visually rich and immersive experience. With
continued research and development, OLEDs are also paving the way for flexible,
foldable, and even transparent displays, broadening their potential in next-generation

electronics.®

The working principle of OLEDs is electroluminescence, a process in which the
application of an external voltage leads to the generation of excitons, bound electron-hole
pairs in an excited state. These excitons subsequently undergo radiative recombination,
resulting in photon emission. A typical OLED architecture (Figure 1-2) consists of several
key components: a substrate that provides mechanical support, a transparent anode
(often indium tin oxide, ITO), a series of organic layers, including emissive and charge-
transport materials, and a cathode. The essential functional components of the
electroluminescent mechanism reside within the organic layer stack (Figure 1-2), which
is typically divided into three major sub-layers: the hole injection/transport layer (HIL/HTL),
the emissive layer (EML), and the electron-transport layer (ETL). The HIL/HTL facilitates
the injection and transport of holes from the anode into the valence band of the emissive
material. Simultaneously, the ETL enhances the injection and mobility of electrons from
the cathode into the conduction band of the emissive layer. Within the emissive layer,

electrons and holes recombine to form excitons, which decay radiatively to emit light. The



emitted wavelength, and thus the perceived color, corresponds to the band gap of the

emissive material used.8-8

Substrate

Figure 1-2: Typical OLED architecture.

A specific class of OLEDs are White OLEDs (WOLEDs) that are designed to emit
a continuous and broad spectrum of white light. This design offers several advantages,
including uniform, full-spectrum illumination, and the capability to fabricate large-area
panels suitable for applications such as indoor lighting. Objects that are illuminated by
WOLEDs appear more accurately colored and natural. Additionally, WOLEDs present
the potential for reduced power consumption compared to conventional OLED systems,
particularly when optimized for high luminous efficacy across wide emission areas. White
light emission can be achieved through the appropriate combination of primary colors,
red, green, and blue, or by blending complementary emitters such as orange and blue.
The quality and accuracy of the resulting white light are typically assessed using the

Commission Internationale de I'Eclairage (CIE) chromaticity coordinates. An ideal white



light corresponds to a CIE coordinate of (0.33, 0.33), representing balanced emission

across the visible spectrum (Figure 1-3).°
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Figure 1-3: CIE 1931 color space chromaticity diagram used to assess white light

emission. 0

The organic 1-conjugated emitters in WOLEDs are employed in either stacked or
blended configurations to produce white light emission (Figure 1-4). Blended WOLEDs,
which incorporate multiple emitters within a single emissive layer, offer advantages in
fabrication simplicity. However, they are often hindered by issues such as phase
separation, exciton quenching, and differential degradation rates among the constituent
emitters, all of which can compromise device stability and color uniformity over time.® To
overcome these limitations, ongoing research is focused on the development of stable

organic 1r-conjugated materials capable of intrinsically emitting across multiple spectral

6



regions. These materials feature integrated molecular frameworks that resist phase
separation and degradation while simultaneously enabling broadband emission, thereby

offering a promising pathway toward more reliable and efficient WOLEDs.'"12

Figure 1-4: Example of a blended and stacked WOLED device.
1.1.2 Organic m-Conjugated Materials in OLED Emissive Layers

Emission in organic materials occurs through mechanisms of photoluminescence,
primarily including fluorescence, phosphorescence, and thermally-activated delayed
fluorescence (TADF). Fluorescence involves the radiative decay of an excited singlet
state to the ground state, maintaining the spin multiplicity. In contrast, phosphorescence
arises from a spin-forbidden transition, typically involving intersystem crossing from an
excited triplet state to a singlet ground state, which results in longer-lived emission. TADF
represents a specific case of delayed fluorescence in which triplet excitons are thermally
upconverted to the singlet state, followed by radiative emission.'’® This mechanism
effectively harnesses triplet excitons for fluorescence and is particularly valuable in OLED

technologies for enhancing efficiency.

The EML sublayer is a critical component of an OLED device, since it is the region where
electroluminescence occurs, making it essential for the device’s functionality and overall

performance. Without this layer, the device cannot emit, therefore, it serves no practical



purpose. Hence, while organic 1r-conjugated materials can be incorporated into various
sublayers of the device, such as the HIL/HTL and the ETL, their role in the EML is of
particular importance.® Organic t-conjugated materials used in the EML of OLEDs are
specifically engineered to emit light in the red, green, blue, or orange regions of the visible
spectrum (Figure 1-5). The primary classes of these emissive materials include small
molecules, conjugated polymers, and conjugated dendrimers, each offering unique
structural and optoelectronic advantages. Representative blue emitters include carbazole
derivatives, anthracene-based compounds, and polyfluorene polymers, all of which
exhibit high-energy emission and favorable thermal and photostability. Green emission is
typically achieved using silole-based materials and coumarin-derived dopants, both
known for their high quantum vyields and efficient charge transport properties. For red
emission, commonly used materials include phenothiazine derivatives and
polythiophene-based conjugated systems, which provide deep-red emission, good film-

forming properties, and structural versatility. 81415



Figure 1-5: Representative organic emitters for EMLs in OLEDs.

1.2 Molecular Self-Assembly

One effective strategy to minimize phase separation and promote synergistic
interactions between organic emitters is through molecular self-assembly. Molecular self-
assembly refers to the spontaneous organization of discrete molecular components into
ordered, higher-order structures, often resulting in emergent functional properties. In such
systems, individual building blocks organize autonomously, without the need for external
guidance or templating. Non-covalent interactions, including van der Waals forces,
electrostatic interactions, coordination, and hydrogen bonding typically govern this

process. Self-assembly can occur either intermolecularly, involving associations between



identical monomers or different molecular species, or intramolecularly, as seen in the
folding behavior of macromolecules such as peptides or conjugated polymers. Through
careful molecular design, self-assembly can be harnessed to create structures with

enhanced optoelectronic properties, stability, and charge transport characteristics. 617

Many researchers have turned to nature for inspiration in synthesis,'®'® and
molecular self-assembly is no exception. Self-assembly is also a fundamental biological
process inherent to all living organisms, playing a central role in the formation of complex
structures. Key examples include the spontaneous formation of lipid bilayers, micelles,
protein folding, and the double helical structure of deoxyribonucleic acid (DNA), all driven
by non-covalent interactions such as hydrogen bonding and electrostatic forces. Nature
also demonstrates how self-assembly can introduce new functionality, as seen in the
formation of secondary protein structures (Figure 1-6). The distinction between a-helices
and B-sheets arises solely from differences in hydrogen bonding patterns between amino
acid residues. This naturally occurring phenomenon has become increasingly valuable in

materials science.?0

10
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Figure 1-6: Formation of secondary protein structures through hydrogen bonding.

Molecular self-assembly represents a highly versatile and efficient phenomenon
for the organization of organic soft materials into well-defined, functional systems. This
bottom-up approach enables the formation of self-assembled organic systems that have
found broad utility across numerous technological domains, including molecular sieving,
microfabrication, bio-membranes, chemical sensing, display technologies, and
optoelectronics."” In parallel, organogels and hydrogels, owing to their dynamic,
responsive networks, are increasingly utilized in stimuli-responsive systems.?"?2 The
ability of these materials to self-organize into hierarchical architectures continues to

expand the design space for next-generation functional materials.
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Liquid crystals

Liquid crystals (LCs) are a distinct class of soft materials that exhibit intermediate
properties between those of conventional liquids and crystalline solids. Their degree of
molecular order, which determines the extent of long-range orientational and positional
alignment, is a key factor influencing their mesomorphic behavior and optical
characteristics. Due to their intrinsic anisotropy, LCs are commonly characterized using
polarized optical microscopy (POM), which enables observation of their intriguing textures.
Liquid crystals are broadly classified into two primary mesophases: lyotropic and
thermotropic. The lyotropic liquid crystals consist of two or more components that display
liquid-crystalline properties within certain concentration ranges. Thermotropic LCs exhibit
phase transitions in response to temperature changes and include several well-defined
phases such as nematic, smectic-A, smectic-C, cholesteric (chiral nematic), and discotic

mesophases, each with distinct structural organization and physical properties (Figure 1-

7)_23,24
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Figure 1-7: Liquid crystal thermotropic mesophases.
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In the nematic phase, molecules exhibit long-range orientational order but lack any
positional ordering. That is, while the molecular long axes tend to align along a common
direction, defined by the director, the centers of mass of the molecules remain randomly
distributed, akin to a liquid. In the smectic-A (SmA) phase, molecules maintain the
orientational order of the nematic phase but also organize into well-defined layers, with
their long axes perpendicular to the layer planes. The smectic-C (SmC) phase also
features a layered structure, but with a key distinction: the molecular axes are tilted with
respect to the layer normal due to their chirality. The cholesteric phase, also known as
the chiral nematic phase, is a variant of the nematic mesophase in which the molecules
are chiral. As a result of this chirality, the director rotates in a helical fashion along an axis
perpendicular to the molecular alignment, forming a helical superstructure. The discotic
mesophase is composed of disk-shaped mesogens, planar, often aromatic molecules

capable of forming liquid crystalline phases.?*-2°

Organogels

A gel is a semisolid material made up of a three-dimensional network of either
colloidal or polymeric structures that are swollen by and entrap a substantial quantity of
liquid within their matrix. Organogels are a special class of gels where both the gelator, a
compound capable of forming a gel, and the fluid phase are organic (Figure 1-8). The
formation of organogel follows a molecular self-assembly mechanism through
interactions such as hydrogen bonding, -1 stacking, van der Waals forces, or

hydrophobic interactions to form a fibrous or lamellar framework that immobilizes the

13



surrounding organic solvent. Organogels can retain up to 99% of the solvent phase while
maintaining a stable, solid-like structure. They are capable of retaining up to 99% of the
liquid phase, absorbing and releasing various substances, and exhibiting stimuli-
responsive behavior to a range of external triggers, including temperature, light, pH, and

mechanical deformation.22

. Gelator
Organic solvent ' Organogel Organogel
—
‘-—____—____—d

\.____:/ S —— _ﬁ

Figure 1-8: Depiction of gelator assembling into a 3D network to form an organogel.

1.2.1 Self-Assembled Organic mr-Conjugated Materials in OLED Emissive Layers

The organic emitters discussed earlier exhibit varying degrees of self-assembly,
primarily driven by non-covalent interactions such as van der Waals forces and -
stacking. These interactions play a role in determining the solid-state packing and
optoelectronic properties of the materials. Derivatives of compounds mentioned above
such as anthracene and carbazole can also form self-assembled emissive structures.
Beyond these small-molecule derivatives, more complex architectures have also been
explored to harness self-assembly for functional optoelectronic materials. For instance,
discotic liquid crystalline emitters can form columnar mesophases that facilitate

anisotropic charge transport and stable emission behavior. Similarly, dendritic emitters

14



featuring branched, tree-like molecular frameworks have been synthesized to control

intermolecular interactions and suppress aggregation-induced quenching (Figure 1-9).26-

28

Figure 1-9: Examples of dendritic and discotic emitters.

1.3 Phospholes

Phospholes are a class of five-membered phosphorus-containing heterocycles.
Compared to pyrroles, they exhibit only weak aromaticity due to the limited interaction
between the lone pair on the phosphorus atom and the adjacent butadiene moiety. They
are pyramidal while pyrroles are planar. However, this reduced aromatic character is not
a drawback; rather, it enhances the reactivity and ease of functionalization at the

phosphorus center. The partial localization of electron density within the ring makes

15



phospholes particularly well-suited for tuning electronic properties through structural

modification, especially in extended 1-conjugated systems.?®
I\ I\
P N
A |

Phosphole Pyrrole
(pyramidal) (planar)

Figure 1-10: The structural distinction between phosphole and pyrrole lies
primarily in the nature of the heteroatom and its electronic interactions with the

conjugated system.

1.3.1 Dithieno[3,2-b:2’,3’-d]phosphole Materials

Dithienophospholes are a class of 1r-conjugated organic materials that have been
extensively studied by the Baumgartner group for their multifunctional properties.
Structurally, they comprise a phosphole core fused to two thiophene rings, incorporating
both phosphorus and sulfur heteroatoms, elements that impart unique electronic
characteristics (Figure 1-11). These compounds have shown significant potential for a
variety of organic electronic applications, including OLEDs, organic field-effect transistors
(OFETs), and chemical sensors. The electronic and photophysical properties of
dithienophospholes can be finely tuned through modifications to the conjugated backbone
or substitutions at the phosphorus center, enabling the design of versatile functional

materials. Notably, certain derivatives can be engineered to self-assemble into liquid
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crystalline phases or organogels, offering enhanced optoelectronic performance and

responsiveness to stimuli.3%-31
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Figure 1-11: The dithienophosphole scaffold and various substituents on the

phosphorus center.

Various substituents at the R' position (Figure 1-11) have been introduced during
the ring-closure step of phosphole synthesis. The most used is the phenyl group, typically
incorporated using dichlorophenylphosphane, resulting in highly stable phenyl-phosphole
systems. Other substituents explored include tert-butyl, naphthyl, pyrenyl, amino, and
pentafluorophenyl groups. These modifications result in the fine-tuning of the electronic
structure and charge-transfer characteristics of the compounds. Additionally, the E
position on the phosphorus center can be functionalized through straightforward reactions
such as oxidation, sulfidation, or with borane (BH;). At the R position, a variety of
substituents such as phenyl, thienyl, naphthyl, and (diphenylamino)phenyl have been
reported, each contributing to variations in emission properties and enabling control over

the color output of these materials (Figure 1-12).31-33
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The modification of the backbone in dithienophospholes opens up pathways for
extending the conjugation of these materials, effectively reducing the band gap of the
system. This adjustment allows for precise tuning of optical and electronic properties,
shifting the emission wavelength throughout the visible spectrum. Consequently,
backbone engineering emerges as one of the key design principles in developing various
functional dithienophosphole materials. This structural modification is generally achieved
by adding aryl substituents at the a-positions of dithienophosphole derivatives (Figure 1-
12). In the Baumgartner group, such functionalization has been executed using
established cross-coupling strategies, including Suzuki coupling, modified Suzuki—

Miyaura protocols, and Stille-type reactions.34
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Figure 1-12: Varying emission colors from dithienophosphole derivatives.343%
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1.3.2 Self-Assembled Dithieno[3,2-b:2’,3’-d]phosphole-based Materials
A) Phosphole lipids

In the pursuit of mimicking natural self-assembly to design functional organic Tr-
conjugated materials, the Baumgartner group synthesized a series of dithienophosphole-
based compounds whose organization is driven by Tt—1T stacking, electrostatic
interactions, and van der Waals forces. Among these, a notable class referred to as
"phosphole lipids" demonstrated both mechano- and thermo-responsive behaviors.
These molecules feature an ionic phosphorus center with a counterion, forming a polar
head group, while long alkyl chains on the benzyl substituents create hydrophobic tails,
structurally analogous to phospholipids in biological membranes (Figure 1-13A). This
design facilitates the self-assembly of m-conjugated organophosphorus compounds into

functional architectures.3¢

Phosphole lipids exhibit strong fluorescence, primarily due to the photophysics of the
head group. Remarkably, these compounds also display aggregation-induced enhanced
emission (AIEE), a phenomenon not typically observed in structurally related analogues
(Figure 1-13B), indicating that molecular packing via self-assembly significantly enhances
their photophysical properties. Additionally, compound 1-8 undergoes a visible color
change in response to mechanical stimuli, which is attributed to conformational changes
involving the rotation of the benzyl group. A mixture of compounds 1-8 (donor) and 1-9
(acceptor) further exhibits a mechanochromic response with the emission color shifting
from blue to orange upon mechanical stress, highlighting their potential in stimuli-

responsive optoelectronic applications.3¢
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Figure 1-13: phosphole lipids. A) two phosphole lipids with distinct backbone, serving as
a donor and acceptor for stimuli-sensitive tests. B) Probable molecular arrangement of

phosphole lipids into 1D fiber (© John Wiley and Sons).%¢

B) Dithienophosphole-based Phosphinamides

The most recent work on dithienophosphole-based self-assembling materials
focused on phosphinamides and the integration of hydrogen bonding for self-assembly,
and alternating the substituents on the amide, to create mesogenic species; organogels
and LCs (Figure 1-14). Compounds 1-11 and 1-12 have noteworthy packing compared
to other self-assembled phospholes, as they pack head-to-head alignment instead of the
typical head-to-tail packing driven by the polarity of the scaffold. These self-assembled
phosphinamides also have dihedral angles between the NH and PO units ranging from
17° to 131°, owing to the rotational flexibility of the bonding along the P-N bond. It is
important to note that the hydrogen bonding in CONH systems shows dihedral angle of

either 0° or 180°. Hence, the hydrogen bonding involving a phosphorus center creates
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additional flexibility that can accommodate more intermolecular assemblies. Due to the
hydrogen bonding and the resulting orientation of the headgroups, the self-assembled
dithienophosphole-based phosphinamides show hypsochromic photophysics, compared
to their monomers. Hence, the hydrogen bonding increases the alignment of the
conjugated scaffold to enhance the photophysical properties of these systems.
Additionally, compound 1-13 successfully formed an organogel in hexanes, which was
readily disrupted upon the introduction of a small amount of methanol. This reversible

dissolution highlights the organogel’s sensitivity to chemical stimuli.3
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Figure 1-14: Structures of previous dithienophosphole-based phosphinamides

1.4 Scope of Thesis

As previously discussed, the growing field of organic 1r-conjugated materials continues to
be an attractive route toward the development of next-generation sustainable energy and
optoelectronic technologies. Among the materials investigated in our group,
dithienophosphole-based phosphinamides have emerged as particularly promising due

to their unique structural and functional attributes. The ability of these phosphinamides to
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engage in hydrogen bonding contributes to enhanced intermolecular interactions,
promoting better alignment and communication between chromophores in the solid state.
This interaction introduces flexibility in the packing arrangements and is a key feature in
enabling self-assembly into functional supramolecular architectures. Photophysically, the
compounds demonstrate high photoluminescence quantum yield (PLQY) and exhibit
hypsochromic shifts from solution to solid-state. These properties suggest efficient
exciton confinement and radiative decay, which are desirable for emissive applications
such as OLEDs. The dissolution of the organogel formed by one of the compounds
confirms the system’s sensitivity to external chemical stimuli and highlights its potential

utility in responsive or sensory materials.

Motivated by these intriguing characteristics, this thesis focuses on extending the Tr-
conjugation of these scaffolds through strategic backbone modifications. This molecular
engineering aims to lower the HOMO-LUMO gap and enable precise tuning of emission
wavelengths across the visible spectrum. Previous work has primarily focused on the
development of blue emitters. Building upon that foundation, this project aims to
synthesize green and orange emitters to enable the creation of materials with tailored
optical properties suitable for application in WOLEDs. Following the blueprint established
in the earlier study, the first objective is the synthesis of the green and orange emissive
compounds. The second objective involves the substitution of the phosphorus center with
benzylamine to generate model systems for investigating their self-assembly behavior.
Their behavior, driven by rational design and molecular self-assembly, could offer a
compelling approach for creating next-generation organic materials that bridge the gap

between performance, responsiveness, and sustainability. Steps towards backbone
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modifications and photophysical properties of resulting compounds will be discussed in
Chapter 2. Chapter 3 will encompass substitution on the phosphorus center and studies
of chromophore alignment and communication through Fluorescence Resonance Energy

Transfer (FRET). Lastly, Chapter 4 will discuss conclusions and future work.
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Chapter Two: m-Extended Dithienophosphole-based Phosphinamide Systems
2.1 Introduction

Organic t-conjugated materials have demonstrated significant potential across a
wide range of applications, including electronics, photonics, energy conversion, and
imaging. One of their key advantages lies in the tunability of their properties through the
extension of Tr-conjugation, which allows for precise control over their optical and
electronic behavior.’3” As discussed in the previous chapter, the degree of conjugation
and the overall chemical structure play a crucial role in determining the optical, electronic
characteristics, and the assembly behavior of these systems. The dithienophoshole
system has been extensively investigated in our group with respect to its conjugation-
dependent properties, as detailed in Section 1.3.1. Building upon this foundation, the
present thesis continues to explore the strategic modification of conjugated frameworks
as a means of tuning emission wavelengths for dithienophosphole-based phosphinamide
systems. As the blue emitter has already been synthesized, this chapter focuses on the

synthesis and characterization of the green and orange emitters.

2.2 Results and Discussion
2.2.1 Synthesis

Compound 1-1 was synthesized using the pre-established procedure.®® The initial
modification of the backbone involves preparing the precursor for subsequent Suzuki and

Miyaura-type coupling reactions. This precursor is synthesized by brominating
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dithienophosphole 1-1 using N-bromosuccinimide (NBS) in a 2:1 mixture of chloroform
and acetic acid (Scheme 2-1). The successful formation of compound 2-1 is confirmed by
NMR spectroscopy (*H, *'P{"H}, and "C{'H}), photophysical measurements and its
structure in the solid state, obtained via single crystal X-ray crystallography. The crystals
were grown from a mixture of toluene and hexanes. Due to the quality and nature of the
crystals obtained, no further structural analysis can be reliably conducted. However, the

crystal structure will be used solely to confirm the connectivity of compound 2-1.

S S Br S S Br
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Scheme 2-1: Bromination of dithienophosphole for subsequent Suzuki coupling reactions.

Following the formation of the precursor, the target compounds were synthesized via a
Suzuki coupling reaction for the green-emitting compound 2-2 and a Miyaura-type Suzuki
coupling reaction for the orange-emitting compound 2-3, respectively (Scheme 2-2). Their
syntheses were carried out using different types of Suzuki coupling reactions, depending
on the nature of the boron reagents involved. Traditional Suzuki coupling typically
employs boronic acids, which are widely used due to their high reactivity and commercial
availability. In contrast, Suzuki—-Miyaura-type coupling utilizes boronic pinacol esters,
which offer greater stability, ease of handling, and improved tolerance to air and moisture.
The choice of coupling method was therefore guided by the specific boron-containing

reagent available for each substrate.3® The synthesis of 2-2 was carried out by refluxing
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phenylboronic acid, tetrakis(triphenylphosphine)palladium(0), and potassium carbonate

in a toluene—water mixture under an argon atmosphere for 16 hours. Following

purification, a yellow solid was obtained in 39% yield. The synthesis of 2-3 was carried

out by refluxing 4-dimethylborolanphenylamine, tetrakis(triphenylphosphine)palladium(0),

and potassium carbonate in a tetrahydrofuran—water mixture under an argon atmosphere

for overnight. Following purification, a burgundy solid was obtained in 85% vyield. Their

identities were confirmed by *'P{"H} NMR resonances at d = 23.1 ppm and d = 24.1 ppm,

respectively. Their identities were further characterized by NMR spectroscopy (*H, and

3C{'H}), mass spectrometry, and photophysical measurements. Detailed synthetic

procedures are provided in Section 2.4.
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Scheme 2-2: Synthesis of green and orange dithienophosphole-based phosphinamide

emitters via Suzuki coupling reactions.
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2.2.2 Optical Properties

The optical properties of the newly synthesized emitters are thoroughly evaluated to gain
deeper insight into their electronic structure and behavior. By examining parameters such
as absorption spectra, emission characteristics, and quantum yields, a more
comprehensive understanding of how molecular design influences their photophysical
performance can be achieved. All spectra were obtained in DCM, 1x10-5 M (Figures 2-1
and 2-2). Compound 2-1 exhibits a single absorption peak at 382 nm, whereas
compounds 2-2 and 2-3 each display two distinct absorption peaks in their UV-Vis spectra,
(A= 300 nm, 419 nm) and (A= 332 nm, 470 nm), respectively (Table 2-1). In contrast, the
emission spectra of all three compounds reveal a single emission peak. The
phenylphosphole analogues of these compounds exhibit similar absorption and emission
profiles. The analogue of compound 2-1 displays a single absorption peak, whereas the
analogues of 2-2 and 2-3 show multiple absorption peaks with one corresponding
emission peak.3* The observation of two distinct absorption peaks for 2-2 and 2-3
suggests the presence of two distinct absorption transition moments, S, — S; and Sy —
S, likely arising from the extended 1T-conjugation in the molecules. Excitation of 2-2 and
2-3 at its two absorption wavelengths produced identical emission profiles. Similarly,
excitation of 2-3 at its two absorption wavelengths produced identical emission profiles

(Figure 2-1).
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Figure 2-1: Absorption spectra of brominated and -extended dithienophosphole-based

phosphinamide systems (CH2Clz2; 1x10° M).
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Figure 2-2: Emission spectra and colors of the brominated and 1-extended

dithienophosphole-based phosphinamide systems (CH2Clz; 1x10-° M).
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The excitation spectra of 2-2 and 2-3 dictate their higher absorbance as the ideal

wavelength for excitation. In contrast, compound 2-1 does not exhibit this dual excitation

behavior, which can be attributed to the presence of a bromine atom at the a-position.

This is also true for 1-10, 1-11, 1-12, and 1-13 with a proton at the a-position of their

phosphole moiety. Compound 2-1 emits in the blue region, compound 2-2 in the green,

and compound 2-3 in the orange region of the visible spectrum (Figure 2-2).

Table 2-1: Absorption and Emission wavelengths (A), extinction coefficients (g), Stokes

shifts, and PLQY of 2-1, 2-2, and 2-3 measured in CH2Cl2; 1x10° M.

Compound | Aabs (NM) | Aem (nm) | € (M-'cm™) | Stokes Shift (cm™) | PLQY (%)
21 382 485 8,700 5560 -
2-2 300 11,700 -
419 525 19,100 4820
2-3 332 12,700 84.4
470 602 15,500 4670

The extinction coefficients (¢) reported in Table 2-1 show a general increase for

compounds 2-2 and 2-3 compared to compound 2-1, indicating enhanced light absorption

efficiency. This improvement is attributed to the extended tr-conjugation present in
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compounds 2-2 and 2-3. Notably, compound 2-3 exhibits a higher extinction coefficient
for the Sy — S, transition than compound 2-2, which can be attributed to the strong
electron-donating effect of its dimethylamine substituent. This group enhances the
transition dipole moment, thereby increasing absorption at higher energy levels. In
contrast, compound 2-2 displays a higher extinction coefficient for the S, — S; transition
compared to compound 2-3. This difference is likely due to the increased planarity of
compound 2-2, which promotes better 1T-orbital overlap and more effective conjugation
along the molecular backbone. In solution, the dimethylamine group in compound 2-3
may undergo rotational motion, reducing the overall planarity of the molecule and thus

limiting the efficiency of the lower-energy S, — S, transition.

Additional optical properties investigated include the Stokes shift and photoluminescence
quantum yield (PLQY). A progressive decrease in the Stokes shift is observed from
compound 2-1 (5560 cm'), 2-2 (4820 cm') to compound 2-3 (4670 cm™'). This trend is
indicative of greater electronic and structural reorganization between the ground and
excited states as the molecular frameworks become more conjugated and functionally
complex. Notably, the pronounced Stokes shift observed in compound 2-1 is likely a result
of enhanced intramolecular charge transfer (ICT) in the excited state, facilitated by the
strong electron-donating diethylamine substituent. This interpretation is further supported
by comparisons with previously synthesized analogs of compounds 2-1 and 2-2, in which
the phosphorus center bears a phenyl substituent instead of a diethylamine group. These
analogs exhibited significantly smaller Stokes shifts, 4050 cm™ for the analog of
compound 2-1 and 2500 cm-" for that of compound 2-2.34 This highlights the impact of

electron-donating groups on excited-state behavior. A larger Stokes shift is generally
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advantageous in optoelectronic applications, as it reduces reabsorption losses and
enhances the color purity of the emission. Among the three compounds, only the PLQY
of compound 2-3 was successfully measured. The PLQY values for compounds 2-1 and
2-2 could not be determined due to instrumental contamination and the limited availability
of compound 2-2, which had been fully consumed in subsequent synthetic steps, prior to

measurements.

2.2.3 Density Functional Theory (DFT) Calculations

To better understand the electronic and optical properties of the compounds discussed in
this chapter, DFT calculations were performed. The HOMO and LUMO energy levels, as
well as the corresponding HOMO-LUMO energy gaps, were determined. In addition, the
electron density distributions of these molecular orbitals were visualized to gain further
insight into their electronic structures. All calculations were carried out using Gaussian at
the Digital Research Alliance of Canada. Harmonic vibrational frequency analyses and
geometry optimizations were performed for the molecular orbitals of 2-1, 2-2, and 2-3 at
the B3LYP/6-31+G(d) level of theory in the gas phase. The HOMO and LUMO orbitals
were to a mixed configuration, and calculations were performed using a total charge of 0
and a singlet spin multiplicity (multiplicity = 1). A consistent trend is observed in the spatial
distribution of the frontier molecular orbitals across the series of compounds. The HOMO
is primarily localized along the TT-conjugated backbone, with minimal contribution from
the sulfur and phosphorus atoms. In contrast, the LUMO is predominantly localized at the

phosphole core and the sulfur atoms. This separation of orbital localization contributes to
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the observed variation in the HOMO-LUMO energy gaps, which progressively decrease
from compound 2-1 to compound 2-3. This trend correlates well with the photophysical
properties discussed earlier, particularly the red-shift in absorption and emission
wavelengths associated with increased conjugation and enhanced charge-transfer

character.

Table 2-2: The energy levels of the HOMO, LUMO, and the corresponding HOMO-

LUMO energy gap for 2-1, 2-2, and 2-3.

Compound HOMO (eV) | LUMO (eV) | An-L (eV)
21 -5.98 -2.44 3.54
2-2 -5.49 -2.31 3.18
2-3 -4.78 -1.88 2.90
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Figure 2-3: Molecular orbitals of 2-1, 2-2, and 2-3 with their energy levels (B3LYP/6-

31+G(d) level of theory).
2.3 Conclusion and Outlook

In summary, this chapter has demonstrated the successful synthesis of compound 2-1
and its subsequent use in Suzuki coupling reactions to access green and orange-emitting
compounds through extended 1T-conjugation. Compound 2-2 was synthesized via Suzuki
coupling, while compound 2-3 was prepared using a Miyaura-type Suzuki coupling
strategy. Photophysical analysis revealed a single excitation transition for the brominated
precursor, whereas the tm-extended systems exhibited two distinct excitation transitions,
indicative of their enhanced conjugation. The observed Stokes shifts showed a clear

linear trend and were significantly larger than those of their previously reported analogs,
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highlighting the influence of the diethylamino substituent at the phosphorus center. While
the extinction coefficients exhibited some variation, these discrepancies were attributed
to the electron-donating nature and rotational flexibility of the dimethylamine substituent.
Overall, the synthesized compounds displayed the targeted emission colors. The next
chapter of this work will involve functionalization of the phosphorus center with
benzylamine to produce model compounds for investigating the self-assembly behavior

of these new emitters.

2.4 Experimental Section
2.4.1 General Considerations

Compound 1-1 was synthesized using pre-established procedure.®® The synthesis of
compound 2-1 was conducted under ambient conditions, while all other reactions were
carried out under an argon atmosphere using standard Schlenk techniques. All
commercially available reagents were used without further purification. Reaction progress
was monitored by thin-layer chromatography (TLC) and by *'P{"H} NMR spectroscopy.
Reagents were sourced from Sigma-Aldrich, Combi-Blocks, and Oakwood Chemical, and
all solvents were obtained from Fisher Chemical. SPS-grade solvents (MBraun, Sigma-
Aldrich) were used specifically in the synthesis of compounds 2-2 and 2-3. NMR spectra
(*H, *'P{'"H}, and "*C{'H}) were recorded using Bruker 400 MHz and 300 MHz NMR
spectrometers equipped with a 5 mm ATM probe and operated with TOPSPIN software
version 4.0.8. Chemical shifts are reported in parts per million (ppm), and multiplicities

are denoted as follows: singlet (s), doublet (d), doublet of doublets (dd), triplet (t), quartet
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(q), multiplet (m), and broad (br). UV-Vis absorption spectra were recorded at room
temperature using an Agilent Technologies Cary 5000 UV-Vis spectrometer with 10 mm
quartz cuvettes. All solvents used for UV—Vis measurements were obtained from Sigma-
Aldrich. Emission measurements were conducted on an Edinburgh FS5
spectrofluorometer under identical conditions using solvents from Sigma-Aldrich and 10

mm quartz cuvettes.

2.4.2 Synthetic Procedures

Synthesis of 2-1

BrWBr
[

241

Z-10
/1 \—
(@)

Compound 1-1 (0.43 g, 1.52 mmol) was dissolved in a mixture of acetic acid (30 mL) and
chloroform (60 mL). N-Bromosuccinimide (1.08 g, 6.10 mmol) was added directly to the
solution without prior dissolution, and the reaction mixture was stirred at room
temperature for 3.5 hours. Upon completion, the reaction was quenched and neutralized
using 0.5 M aqueous NaOH, followed by successive washes with water and brine. The
organic layer was dried over anhydrous sodium sulfate and concentrated under reduced
pressure. The resulting crude solid was washed with an acetone:chloroform mixture (14:1

v/v). The wash solvent was collected, passed through an alumina plug, and evaporated
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to yield a pale solid (0.57 g, 85.2%). Crystallization from a toluene/hexane mixture

afforded pure single crystals suitable for further analysis.
31P{"H} NMR (162 MHz, CDClI3): 3 = 21.5 ppm.

'H NMR (400 MHz, CDCl3) & = 7.05 (d, J = 2.7 Hz, 2H), 3.07 (dq, J = 12.3, 7.0 Hz, 4H),

1.08 (t, J = 7.1 Hz, 6H).

13C{'H} (100 MHz, CDCl3) & = 144.3 (d, J = 27.3 Hz), 136.1 (d, J = 130.8 Hz), 127.9 (d, J

=13.9 Hz), 114.7 (d, J = 18.9 Hz), 38.4 (d, J = 5.4 Hz), 14.3 (d, J = 2.7 Hz).

Synthesis of 2-2

Phenylboronic acid (0.11 g, 0.89 mmol) and compound 2-1 (0.20 g, 0.44 mmol) were
dissolved in toluene (50 mL). To this mixture, water was added followed by potassium
carbonate (0.49 g, 3.54 mmol) and tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3),]
(0.05 g, 0.04 mmol). The reaction mixture was then refluxed for 16 hours under an inert
atmosphere. After completion, the reaction was cooled to room temperature and the
mixture was extracted with toluene. The organic layer was dried over anhydrous sodium
sulfate and filtered through a Celite plug. The crude product was subsequently washed

with hexane, pentane, and diethyl ether to afford the purified compound (0.08 g, 39.3%).

36



31P{'"H} NMR (162 MHz, CDCl3): & = 23.1 ppm.

"H NMR (400 MHz, CDCl3) & = 7.61—7.54 (m, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.35 — 7.28

(m, 2H), 3.16 (dq, 2H), 1.12 (t, J = 7.1 Hz, 3H).

13C{'H} (100 MHz, CDCl3) & = 147.9 (d, J = 15.0 Hz), 143.6 (d, J = 27.5 Hz), 137.8 (d, J
= 131.9 Hz), 133.6 (s), 129.2 (s), 128.2 (s), 125.7 (s), 121.0 (d, J = 14.0 Hz), 38.6 (d, J =

5.4 Hz), 14.4 (d, J = 2.8 Hz).

Synthesis of 2-3

Compound 2-1 (0.03 g, 0.06 mmol), dimethylborolanphenylamine (0.03 g, 0.12 mmol),
and potassium carbonate (0.05 g, 0.37 mmol), were added to a Schlenk flask and
subjected to evacuation under vacuum. Tetrahydrofuran (THF) was then introduced into
the flask, followed by the addition of [Pd(PPhs;),] (0.004g, 0.004 mmol). Subsequently,
water (5 mL) was added to initiate the reaction. The mixture was refluxed under an inert
atmosphere, and upon completion, allowed to cool to room temperature. Chloroform was
then added to the mixture, and the solution was filtered through a Celite plug. The filtrate
was dried over anhydrous sodium sulfate and concentrated under reduced pressure using
a rotary evaporator. The resulting solid was washed sequentially with diethyl ether and

hexanes to afford the final red solid (0.03 g, 85%).
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31P{'"H} NMR (162 MHz, CDCl3): & = 24.1 ppm.

"H NMR (400 MHz, CDCl3) & = 7.47 — 7.39 (m, 2H), 7.10 (d, J = 3.0 Hz, 1H), 6.76 — 6.68

(m, 2H), 3.14 (dq, J = 12.1, 7.1 Hz, 2H), 3.00 (s, 5H), 1.10 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) & = 150.3 (s), 148.4 (d, J = 30.3 Hz), 142.0 (d, J = 27.8 Hz),
137.5 (s), 136.2 (s), 126.7 (s), 122.0 (s), 118.6 (d, J = 14.1 Hz), 112.5 (s), 77.2 (s), 40.4

(s), 38.5 (d, J = 5.4 Hz), 14.4 (d, J = 2.7 Hz).

Theoretical mass: 521.1724 g/mol HRAM MS m/z 522.1785 g/mol
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Chapter Three: Synthesis of Self-Assembly Model Compounds
3.1 Introduction

This Chapter focuses on the substitution of benzylamine at the phosphorus center to
access compounds that constitute model compounds for the ultimate target species that
promote self-assembly via hydrogen bonding. In this context, the development of two
model compounds with green and orange emission was targeted. The substitution was
successfully achieved for the green emitter; however, similar modification strategies
proved to be challenging for the orange emitter. These synthetic difficulties are explored
in detail within this chapter. As a remediation strategy, alternative emitters incorporating
different electron-donating substituents were targeted. Specifically, 2-thienyl and 4-
methoxyphenyl derivatives were synthesized via cross-coupling reactions, following
similar methodologies outlined in Chapter 2. The subsequent benzylamine substitution at
the phosphorus center of these new systems is also discussed. Finally, Forster
Resonance Energy Transfer (FRET) studies between the previously reported blue model
emitter 1-12 and the new green emitter bearing a benzylamine substituent are presented

to investigate their potential for energy transfer and potential supramolecular organization.

3.2 Results and Discussion
3.2.1 Synthesis

The synthesis of compound 3-2 follows a previously reported procedure used for

preparing the blue emitter 1-12 featuring benzylamine at the phosphorus center.3! The
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process begins with the treatment of the phosphole precursor 2-2 using 1 N HCI, during
which the solid is suspended in the acidic solution. The acid is subsequently removed by
thorough washing with water, yielding the intermediate 3-1. Under an inert atmosphere,
this intermediate is then reacted with thionyl chloride (SOCI,) in the presence of catalytic
amounts of dimethylformamide (DMF) to activate the phosphorus center by producing a
chlorophosphole oxide. This is followed by the addition of benzylamine, resulting in the
formation of the target compound, obtained in a yield of 56%. The compound was fully
characterized by 'H, *'P{'H}, and "*C{'H} NMR spectroscopy, mass spectrometry, and
optical spectroscopies. All attempts to grow single crystals were unsuccessful, thereby

preventing further investigation of solid-state characteristics.
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Scheme 3-1: synthetic pathway for green model compound 3-2.

The initial attempt to synthesize compound 3-4 followed the same procedure as
described for compound 3-2 (Scheme 3-2A). However, during the first step, protonation
of the dimethylamino group on the phenyl ring occurred, altering the solubility of the
compound. Instead of remaining as a suspended red solid, as observed with the original
compound, the material became fully soluble in water, appearing as a yellow solution.
This protonation behavior has been previously observed in related studies in our group
by Carlos Romero-Nieto and Huy Hyunh.353° To recover the product, the solution was

treated with a base to deprotonate the amine group and render the compound insoluble.
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The resulting precipitate was then collected by filtration. However, most of the product
adhered strongly to the filter paper, making it difficult to recover, and a significant portion

was lost during this process.
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Scheme 3-2: Initial and final synthetic pathway for compound 3-4.

Modifications to the synthetic procedure were undertaken in an effort to obtain the
target compound. As these species represent the first examples of dithienophosphole-
based phosphinamide systems, procedural adjustments were based on a trial-and-error
approach. One such attempt involved eliminating water from the reaction entirely. The
precursor was suspended in a 2 M HCI solution in dry diethyl ether and stirred overnight
under inert atmosphere, with the aim of directly generating the corresponding

chlorophosphole oxide intermediate, thereby bypassing the use of thionyl chloride and
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DMF. The resulting product was a non-fluorescent grey solid. It was suspected that
residual HCI in the reaction mixture may have inhibited the subsequent reaction with
benzylamine, possibly by interfering with nucleophilic attack at the phosphorus center. In
a subsequent attempt, the solid was thoroughly washed with fresh dry ether before
reacting it with benzylamine, yet the outcome remained unchanged. | hypothesize that
chlorination of the phosphole did not occur under these conditions, and that only the
dimethylamine group on the phenyl ring was protonated. As a result, the intermediate

failed to react with benzylamine, preventing formation of the desired product.

Given this observation, the presence of water might be essential for the formation of 3-4,
allowing the reaction to proceed via the originally established pathway. The earlier
procedure was thus repeated, including the base treatment and filtration step. To recover
as much product as possible, the filter paper was scraped and washed using chloroform,
though some filter paper residue was inevitably carried over. This crude material was
subjected to the subsequent reaction steps. The appearance of orange fluorescence at
the end of the process indicated potential success, although multiple peaks were
observed in the 3'P{'H} NMR spectrum. Mass spectrometry analysis nonetheless

confirmed the presence of the desired compound.

To avoid the filtration step while still retaining water in the initial reaction, the conditions
were modified by adding 2 M HCI in diethyl ether to the starting material along with two
drops of water. The mixture was stirred overnight, and the solid turned yellow, with
minimal water present. This is an indication that 2-3H was formed (Scheme 3-2B). After
thorough washing with dry diethyl ether to remove residual acid, and drops of base,

acetone was added to extract any remaining water. The solid was then dried directly in
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the reaction flask. Transfer to a Schlenk flask for the subsequent thionyl chloride and DMF

treatment was performed using chloroform with sonication. This approach also yielded an

orange-fluorescent solution with three *'P{"H} NMR peaks (20.9, 20.3, 19.8 ppm). Mass

spectrometry once again confirmed the formation of the targeted compound. However,

purification attempts were ultimately unsuccessful. Specifically, washing the crude

product with diethyl ether led to decomposition, and a new peak appeared at 10.1 ppm in

the 3'P{'"H} NMR spectrum, indicating possible side-product formation or degradation.

Table 3-1: Procedure modifications for benzylamine substitution to synthesize 3-4.

Rationale

Modification

Resulting observation

To remove the dissolved

solid from water

Addition of base and gravity

filtration

Adsorption to filter paper

No filtration necessary and

No water, SOCI,, DMF

Grey solid that does not

simpler steps. fluoresce
To remove solids from filter | Scrape and wash filter | Orange emission  with
paper paper with chloroform multiple *'P{'"H} NMR peaks

Avoid filter paper use

Add a couple drops of

water to initial reaction

Orange emission with three

3P{'"H} NMR peaks

While efforts to synthesize compound 3-4 were still ongoing, alternative target

compounds 3-5 and 3-6 to eliminate the encountered challenges were pursued (Scheme

3-3). Given the electron-accepting nature of the phosphole core, introducing electron-

accepting groups along the conjugated m-backbone often counteracts red-shifting by
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reducing the overall donor—acceptor push—pull character. As a result, the strategy
focused on incorporating other electron-donating substituents to achieve red-shifted
emission. Two terminal aryl substituents, 2-thienyl and 4-methoxyphenyl, were selected
for this purpose. However, these groups are anticipated to induce only moderate red-
shifting compared to the strongly electron-donating dimethylaniline substituent previously
used. Among them, the 2-thienyl species is expected to produce yellow emission, as
evidenced by a previously reported phosphole analogue bearing this group and a phenyl
substituent at the phosphorus center, which emits at 545 nm.3* The second substituent,
4-methoxyphenyl, is even less electron-donating than thiophene and is therefore not
expected to achieve the same bathochromic shift observed with dimethylaniline. An
additional advantage of these new substituents is their reduced tendency to protonate
under acidic conditions, unlike the dimethylaniline group, which posed challenges during
functionalization. Incorporating these emitters into a WOLED system would likely shift the
color balance toward a cooler white tone, if combined with blue and green emitters,
resulting in a yellow—green-blue blend instead of the initially intended orange—green—

blue configuration.

Similar to the precursor species described in Chapter 2, these newly developed emitters
were also synthesized by extending Tr-conjugation at the a-position of the
dithienophosphole backbone. Specifically, compounds 3-5 and 3-6 were obtained
through Suzuki and Miyaura-type Suzuki couplings using a common precursor,
compound 2-1. Compound 3-5 was synthesized via Suzuki coupling with
methoxyphenylboronic acid and compound 2-1, following the same general methodology

employed in the synthesis of 2-2. Likewise, compound 3-6 was prepared using a similar
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approach to that used for synthesizing 2-3. The Miyaura coupling reaction was carried
out using thiophene-2-boronic acid pinacol ester and compound 2-1 to complete the
formation of the target structure (Scheme 3-3). After workup and purification, 69% of 3-5
and 74% of 3-6 were obtained. These compounds were fully characterized by 'H, *'P{"H},

and *C{'"H} NMR spectroscopy, mass spectrometry, and optical spectroscopies.
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Scheme 3-3: Synthesis of yellow emitting dithienophosphole-based phosphinamide

emitters via Suzuki coupling reactions.

The next step involved synthesizing model compounds for the newly TT-extended emitters.
Following the established methodology (Scheme 3-4), the starting materials 3-5 and 3-6
were suspended under acidic conditions in separate reaction flasks. Notably, both
compounds remained suspended during this initial treatment. This was an encouraging

sign, as it suggested that the protonation of the new thiophene and methoxy substituents
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has been avoided. However, upon completing the subsequent steps, unexpected results
emerged. Both products exhibited blue emission rather than the characteristic yellow
emission observed in their parent compounds. When spotted on a TLC plate, neither
compound showed any mobility, likely due to strong interactions with the polar silica or
alumina surfaces. Further investigation revealed signs of decomposition and instability.
Compound 3-8 fully decomposed during an attempted extraction with chlorobenzene,
evidenced by the shift in its *'P{"H} NMR signal from 14.2 ppm to a mixture of peaks at
29.5 and 6.7 ppm. Efforts to purify compound 3-10 via diethyl ether wash yielded a
species with a doublet at 15.4 ppm and an additional peak at 7.4 ppm in its *'P{*"H} NMR
spectrum. However, mass spectrometry analysis after this wash nonetheless confirmed
the presence of 3-10. Unfortunately, despite these efforts, further purification was
unsuccessful. Since the thienyl and methoxyphenyl substituents in these compounds
cannot easily be protonated, the observed instability and side reactions are most likely
occurring at the phosphorus center. The exact mechanisms and pathways of these

decompositions remain unclear and warrant further investigation for future works.
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Scheme 3-4: Synthetic pathway for yellow model compounds 3-8 and 3-10.
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3.2.2 Optical Properties

Similar to the precursor species synthesized in Chapter Two, the optical properties of the
species discussed in this Chapter are thoroughly evaluated to gain deeper insight into
their electronic structure and behavior. By examining parameters such as absorption
features, emission characteristics, and photoluminescence quantum yields (PLQYs), a
more comprehensive understanding of how molecular design influences their

photophysical performance can be achieved.

The absorption spectrum of the green model compound 3-2, displays two distinct
peaks, mirroring the behavior of its parent compound 2-2. The higher-energy absorption
peak appears at 320 nm, largely differing from the corresponding S, — S, transition in
the parent compound at 300 nm. Additionally, the lower-energy absorption, attributed to
the Sy — S; transition, occurs at 419 nm in both the model compound and its precursor.
Despite these similarities, their emission wavelengths differ by 8 nm, with the model
compound emitting at 533 nm compared to 525 nm for the precursor compound. In terms
of extinction coefficients, the two compounds show comparable values for the higher-
energy absorption, 10,000 M-'cm' vs. 11,700 M-"cm-', but the green model compound
exhibits a significantly larger extinction coefficient for the lower-energy absorption, 25,300
M-'cm' vs. 19,100 M-"cm-'. This enhancement in light absorption efficiency at the lower-
energy transition may be attributed to improved electronic coupling introduced by the
substitution benzylamine at the phosphorus center, potentially enhancing transition
probability. Likewise, their Stokes shifts differ by a noticeable margin. The model
compound exhibits a larger Stokes shift of 5110 cm!, compared to 4820 cm for the

parent compound. This increase can be attributed to the enhanced structural relaxation
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in the excited state and greater intramolecular charge transfer (ICT) behavior introduced
by the benzylamine substitution. The presence of the benzylamine group likely increases
conformational freedom and polarity changes between the ground and excited states,
resulting in a greater energy difference between absorption and emission. Lastly, the
PLQY of the green model compound is 95.6%, which is highly beneficial for application

as emitter in OLED devices.

The photophysical properties of the red-shifted emitters 3-5 and 3-6 are reported
in Table 3-2 below. The two compounds have two distinct absorption peaks, a trend that
is consistent with the TT-extended systems seen in this thesis. Their higher-energy
absorption peaks are quite similar, occurring at 306 nm and 314 nm for compounds 3-5
and 3-6, respectively. The lower-energy absorption transitions are observed at 427 nm
and 438 nm for these same compounds. Interestingly, despite the noticeable difference
in their absorption profiles, both compounds exhibit nearly identical emission maxima at
550 nm and 551 nm. This similarity in emission could be due to the fact that the
substituents, methoxybenzene and thiophene, are not sufficiently electron-donating to
induce significant ICT character or strong electronic perturbation in the excited state. As
a result, their emission is governed more by the intrinsic properties of the phosphole than
by the nature of the substituents. It may also suggest that upon excitation, both systems
undergo similar relaxation pathways, converging to an emissive state that is energetically
similar regardless of the substituent. This behavior highlights the dominant role of the
core conjugated system in dictating the photophysical properties when substituents are
only moderately donating. The two compounds show comparable values for higher-

energy absorption, 11,100 M-'cm" vs. 10,500 M-'cm-", but the 3-6 exhibits a significantly
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larger extinction coefficient for the lower-energy absorption (20,600 M-'cm™ vs. 12,300

M-'cm-'). On the contrary, 3-5 exhibits a larger Stokes shift of 5240 cm', compared to 3-

6, with a Stokes shift of 4680 cm'. This difference may be attributed to the greater

rotational flexibility of the methoxyphenyl substituent in 3-5, which can lead to enhanced

excited-state structural relaxation relative to the more rigid thiophene substituent in 3-6.

Lastly, the PLQY of 3-5, 94.7%, is significantly higher than 3-6, 57.4%.

Table 3-2: Absorption and Emission wavelengths (A), extinction coefficients (€), Stokes

shifts, and PLQY of 3-2, 3-5, and 3-6 measured in CH2Cl2; 1x10° M.

Compound | Aabs (M) | Aem (nm) | € (M-'ecm™") | Stokes Shift (cm™) | PLQY (%)
3-2 320 10,000 95.6
419 533 25,300 5100
3-5 306 11,100 94.7
427 550 12,300 5240
3-6 314 10,500 57.4
438 551 20,600 4680
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Figure 3-1: Absorption and emission spectra of 3-2 (CH2Cl2; 1x10° M).
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Figure 3-3: Absorption and emission spectra of 3-6 (CH2Cl2; 1x10° M).

3.2.3 Density Functional Theory (DFT) Calculations

To better understand the electronic and optical properties of the compounds discussed in
this Chapter, DFT calculations were performed at the B3LYP/6-31+G(d) level of theory
(Refer to page 32 for calculation setup). The LUMO, HOMO and Ax-L of the alternative,
red-shifted emitters, 3-5 and 3-6, are compared first, followed by those of all the model

compounds.

The HOMO (-5.21 eV) and LUMO (-2.12 eV) energies of 3-5 are higher than the
corresponding HOMO (-5.39 eV) and LUMO (-2.43 eV) energies of 3-6 (Figure 3-4). The
HOMO-LUMO energy gap for compound 3-6 with 2.96 eV is slightly smaller compared to
3-5, measuring 3.09 eV. This trend reflects the stronger electron-donating nature of the

thiophene substituents compared to the methoxyphenyl group, which promotes ICT.
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Similar to other dithienophospholes in this thesis, the HOMO levels of both compounds

primarily reside on the conjugated backbone, with minimal contributions from sulfur and

phosphorus atoms. Conversely, the LUMOs are mainly located on the sulfur and

phosphole core. The model compound 3-2, as expected, exhibits the highest HOMO-

LUMO energy gap at 3.20 eV. The methoxyphenyl-substituted model, 3-8 follows with a

second-largest gap of 3.11 eV and has the second highest-lying HOMO and LUMO levels.

Compound 3-10 displays the second-lowest HOMO-LUMO gap at 3.02 eV, with both

frontier orbitals situated lower in energy compared to 3-8. These energies align with what

is observed in their parent compounds 3-5 and 3-6.

Table 3-3: The HOMO and LUMO energy levels and the corresponding HOMO-LUMO

energy gaps for 3-2, 3-4, 3-5, 3-6, 3-8 and 3-10.

Compound HOMO (eV) | LUMO (eV) An-L (eV)
3-2 -5.56 -2.36 3.20
3-4 -4.83 -1.93 2.90
3-5 -5.21 -2.12 3.09
3-6 -5.39 -2.43 2.95
3-8 -5.27 -2.16 3.11
3-10 -5.48 -2.46 3.02

Lastly, compound 3-4 shows the smallest HOMO-LUMO energy gap at 2.90 eV, and

notably, its HOMO and LUMO are the highest in energy within the series. Overall, the
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DFT-calculated trends in HOMO-LUMO gaps correlate well with the experimental

absorption data.

P

3-6

Figure 3-4: Molecular orbitals of compounds 3-5, and 3-6, the two new emitters, with
their energy levels arranged in decreasing order of HOMO-LUMO gap energies

(B3LYP/6-31+G(d) level of theory).
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Figure 3-5: Molecular orbitals of compounds 3-2, 3-4, 3-8, and 3-10, the targeted model
compounds, with their energy levels arranged in decreasing order of HOMO-LUMO gap

energies (B3LYP/6-31+G(d) level of theory).

3.2.4 Forster Resonance Energy Transfer (FRET) Studies

Forster Resonance Energy Transfer (FRET) is a powerful spectroscopic technique used
to measure nanoscale distances and investigate molecular interactions between a donor
and an acceptor molecule. First theoretically described in 1948, FRET is effective over
distances typically ranging from 1 to 10 nm. FRET proceeds via a nonradiative
mechanism, which can be described by both classical Coulombic dipole—dipole

interactions and quantum mechanical principles. The efficiency of energy transfer serves
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as an indicator of the relative distance between the donor and acceptor, collectively
referred to as the FRET pair. The efficiency of FRET depends on several critical factors,
including the spectral overlap between the donor’s emission spectrum and the acceptor’s
absorption spectrum, which directly influences the likelihood of energy transfer. In
addition, the relative orientation of the transition dipole moments of the donor and
acceptor plays a significant role; maximum efficiency is achieved when these dipoles are
favorably aligned. Both of these factors, along with the distance between the donor and

acceptor, collectively determine the overall efficiency of the energy-transfer process.*°

Organic conjugated systems have garnered significant interest due to their promising
optoelectronic properties, as discussed in Chapter One. Also emphasized in Chapter One
is the strategic use of hydrogen bonding to facilitate the self-assembly of highly ordered
structures. This approach enables modulation of chromophore spatial arrangement,
which in turn can influence exciton migration pathways. Such control is beneficial for
optimizing the performance of light-harvesting devices, sensors, and other optoelectronic
applications such as WOLEDs. FRET has been widely employed to study supramolecular
interactions in conjugated systems, providing insight into intermolecular distances,
assembly behavior, and energy-transfer dynamics.#'4? As part of this thesis, initial FRET
between the blue (1-12) and green (3-2) model compounds capable of engaging in
hydrogen bonding and other supramolecular interactions was investigated. By analyzing
the spectral overlap between the donor's emission spectrum and the acceptor's
absorption spectrum, and by measuring the energy transfer efficiency (E), the Forster

radius (R,) and the donor—acceptor separation distance (r) can be calculated. Our
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findings confirm the presence of a FRET relationship between the blue and green model

compounds.

To obtain the FRET data, the absorption and emission spectra of both the donor, blue
model compound and the acceptor, green model compound, were recorded. The spectral
overlap integral (J) was determined by overlaying the donor’s emission spectrum with the
acceptor’s absorption spectrum (Figure 3-6). Subsequently, the emission spectrum of a
donor—acceptor mixture (in a 50:50 ratio) was measured upon excitation at 357 nm,
corresponding to the donor’s absorption maximum. The emission profile of the mixture
exhibited significant quenching of the donor fluorescence, accompanied by an increase
and a hypsochromic shift in the acceptor emission (Figure 3-7). These observations are
indicative of efficient energy transfer from the donor to the acceptor.4® Forster radius was
determined to be 7.50 nm, calculated using the literature-reported quantum yield of the
donor,3' an assumed dipole orientation factor (k2 = 2/3), and the spectral overlap integral
(J). The experimental FRET efficiency (E) was also obtained and used to calculate the
donor—acceptor separation distance (r), which was found to be 6.82 nm (see Sl for
calculations). This value falls well within the 1-10 nm range characteristic of non-radiative

Forster-type energy transfer.

Table 3-4: FRET data of blue and green model compounds

Terms Values

Spectral overlap integral, J 2.90x10"*M~"-cm™"-nm*
Forster radius, R, 7.50 nm

FRET efficiency, E 63.9 %
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Donor-acceptor distance, r 6.82 nm
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Figure 3-7: Emission spectra of 1-12, 3-2, and their mixture in a 50:50 ratio (DCM, 1x10"

5 M).
3.3 Conclusion and Outlook

In summary, this Chapter demonstrated the successful substitution of benzylamine at the
phosphorus center of a green-emitting compound to promote self-assembly via hydrogen
bonding. In contrast, the same modification proved challenging for the orange-emitting
analogue, compound 3-4, with the associated synthetic limitations discussed in detail. To
overcome these difficulties, alternative emitter systems incorporating electron-donating
groups, specifically 2-thienyl and 4-methoxyphenyl derivatives, were synthesized using
cross-coupling strategies described in Chapter Two. Although benzylamino substitution
was attempted on these new systems, purification proved difficult, often leading to
decomposition. Despite the challenges associated with 3-4, it remains a promising
candidate for further purification efforts compared to the explored, red-shifted alternatives.
Finally, FRET studies between compound 1-12 and the 3-2 emitter successfully provided

evidence of energy transfer.

3.4 Experimental Section
3.4.1 General Considerations

The synthesis of 2-1 and reactions with 1 N HCI were conducted under ambient conditions,
while all other reactions were carried out under an argon atmosphere using standard

Schlenk techniques. *Refer to section 2.4.1 for all other general considerations.*
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3.4.2 Synthetic Procedures

Synthesis of 3-2

Compound 2-2 (0.09 g, 0.24 mmol) was treated with hydrochloric acid (2 mL, 1 N) in
suspension and stirred overnight. The resulting suspension was filtered, thoroughly
washed with water, and air-dried. The dried solid was then transferred to a Schlenk flask,
evacuated under vacuum, and suspended in dry DCM (100 mL). With continuous stirring
at 0 °C, catalytic DMF (3 drops) and SOCI2 (5 mL) were added. After allowing the reaction
mixture to warm to room temperature, stirring continued for an additional hour. Volatile
components were subsequently removed under reduced pressure, and the residue was
redissolved in DCM. Separately, benzylamine (0.08 mL, 0.73 mmol) was dissolved in
30 mL of dry diethyl ether in a Schlenk flask, cooled in an ice bath with stirring. The DCM
solution containing the reactive intermediate was then slowly added to the benzylamine
solution, resulting in an immediate color change to green. Once the addition was complete,
the mixture was stirred for 1.5 hours at room temperature. The reaction mixture was
filtered, and the filtrate was washed with water and dried over anhydrous magnesium

sulfate (MgSO,). Final purification was achieved via column chromatography on silica gel
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using a 1:1 mixture of ethyl acetate and diethyl ether as eluent, yielding a yellow solid

(0.06 g, 56.3%).
31P{1H} NMR (162 MHz, CDCl3): & = 20.4 ppm.

"H NMR (400 MHz, CDCls) & = 7.56 — 7.49 (m, 4H), 7.44 — 7.20 (m, 10H), 7.18 (d, J = 3.0

Hz, 2H), 4.16 (dd, J = 11.8, 7.0 Hz, 2H), 3.21 (d, J = 8.5 Hz, 1H).

13C NMR (101 MHz, CDCls) 5 = 148.0 (d, J = 15.3 Hz), 143.7 (d, J = 28.6 Hz), 139.1 (d,
J=5.6Hz), 137.8 (s), 136.4 (s), 133.5 (s), 129.2 (s), 128.6 (s), 128.3 (s), 127.7 (s), 127.6

(s), 125.7 (s), 121.1 (d, J = 14.1 Hz), 44.8 (s).

Theoretical mass: 469.0724 g/mol HRAM MS m/z 470.0796 g/mol

Synthesis of 3-5

Compound 2-1 (0.03g, 0.07 mmol), 4-methoxyphenylboronic acid (0.02g, 0.15 mmol),
and potassium carbonate (0.08g, 0.58 mmol) were placed in a Schlenk flask, evacuated,
and dissolved in dry toluene (25 mL). [Pd(PPh3),] (0.01g, 0.01 mmol) was added swiftly
under inert atmosphere, the reflux condenser was fitted back, and 5 mL of water was

introduced into the reaction mixture. The reaction was refluxed overnight. Upon

60



completion, the mixture was cooled, then passed through a celite plug. The crude product
was further purified by column chromatography on silica gel using a 1:1 mixture of ethyl

acetate and hexanes as the eluent, affording a brown solid (0.03 g, 69.4%).
31P{'H} NMR (162 MHz, CDClI3): d = 23.5 ppm.

"H NMR (400 MHz, CDCl3) & = 7.53 — 7.44 (m, 2H), 7.16 (d, J = 2.9 Hz, 1H), 6.97 — 6.89

(m, 2H), 3.84 (s, 3H), 3.15 (dq, J = 12.1, 7.0 Hz, 2H), 1.11 (t, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCl3) & = 159.7 (s), 147.6 (d, J = 15.3 Hz), 142.8 (d, J = 27.6 Hz),
138.0 (s), 136.7 (s), 131.4 (s), 128.2 (s), 127.0 (s), 126.5 (s), 119.9 (d, J = 14.0 Hz), 114.5

(s), 77.2 (s), 55.4 (s), 38.5 (d, J = 5.4 Hz), 14.4 (d, J = 2.7 Hz).

Theoretical mass: 495.1092 g/mol HRAM MS m/z 496.1167 g/mol

Synthesis of 3-6

Compound 2-1 (0.04 g, 0.10 mmol), 2-thiopheneboronic acid pinacol ester (0.04g, 0.20
mmol), and potassium carbonate (0.11g, 0.78 mmol) were placed in a Schlenk flask,
evacuated, and dissolved in dry tetrahydrofuran (THF). [Pd(PPh3),] (0.01g, 0.01 mmol)
was added swiftly under inert atmosphere, the reflux condenser was fitted back, and 5 mL
of water was introduced into the reaction mixture. The reaction was refluxed overnight.

Upon completion, the mixture was cooled, then passed through a celite plug. The crude
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product was further purified by column chromatography on silica gel using a 1:1 mixture

of ethyl acetate and hexanes as the eluent, affording a brown solid (0.03 g, 73.7%).
31P{'"H} NMR (162 MHz, CDClI3): d = 22.4 ppm.

"H NMR (400 MHz, CDCls) & = 7.27 (d, J = 1.1 Hz, 1H), 7.21 — 7.11 (m, 4H), 7.04 (dd, J

=5.1,3.6 Hz, 2H), 3.14 (dg, J = 12.2, 7.1 Hz, 4H), 1.11 (t, J = 7.1 Hz, 6H).

13C NMR (101 MHz, CDCl3) & = 142.8 (d, J = 27.4 Hz), 140.8 (d, J = 16.2 Hz), 138.4 (s),
137.1 (s), 136.3 (s), 128.1(s), 124.8 (d, J = 98.6 Hz), 121.5 (d, J = 14.2 Hz), 38.5 (d, J =

5.4 Hz), 14.4 (d, J = 2.6 Hz).
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Chapter Four: Conclusions and Outlook

4.1 Conclusions

The overall goal of this thesis is to document efforts to synthesize model compounds for
self-assembled dithienophosphole-based phosphinamides. The long-term objective is to
incorporate these materials into the emitting layer of WOLEDs. Since the complete set of
blue species, including emitter, model compound, and liquid crystal, has already been
synthesized, this thesis focused on developing the corresponding green and orange
species. Chapter Two details the synthesis of the brominated precursor 2-1, along with
the green (2-2) and orange (2-3) emitters. Characterization involved analyzing their
optical properties via absorption and emission spectroscopy that also revealed their
extinction coefficients and Stokes shifts. Finally, density functional theory (DFT)
calculations were used to gain deeper insight into their electronic structures and
photophysical behavior. Results of photophysical analysis revealed that the brominated
precursor exhibited a single excitation transition, while the others showed two distinct
excitation transitions, reflecting their increased conjugation. The measured Stokes shifts
followed a clear linear trend and were substantially larger than those observed in
previously reported analogues. Although some variation was noted in the extinction
coefficients, these differences were attributed to the electron-donating properties and
conformational flexibility of the dimethylamine substituent. Overall, the synthesized

compounds successfully exhibited the desired emission colors.
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In Chapter Three, the synthesis of model compounds derived from the green and orange
emitters is presented. While the synthesis of the green model compound was successful,
the preparation of the orange model compound posed significant challenges. To address
this, alternative emitters incorporating 2-thienyl and 4-methoxypheny! electron-donating
substituents were targeted to develop their corresponding model systems. However,
subsequent benzylamino substitution at the phosphorus center in these new systems also
proved difficult. Characterization of the successfully synthesized compounds included
optical property analysis, such as absorption and emission spectra, extinction coefficients,
and Stokes shifts. The results of the optical analysis followed similar trends with those
observed for the t-extended systems discussed in Chapter Two. Additionally, DFT
calculations were employed to further elucidate their electronic structures. Lastly, Forster
Resonance Energy Transfer (FRET) studies were conducted between the previously
reported blue model emitter 1-12 and the newly synthesized green model compound 3-2
that confirmed their potential for energy transfer in multi-emitter systems. The results
confirmed the occurrence of energy transfer between the two compounds, as evidenced
by donor fluorescence quenching and a corresponding enhancement in acceptor

emission.

4.2 Outlook
4.2.1 Synthetic Future Works

To complete the model compound series, successful purification of the orange model
compound 3-4 remains essential. Based on the synthetic evidence presented in Chapter

Three and comparisons with other electron-donating emitters, 3-4 continues to be the
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most promising candidate to serve as the final bathochromic model compound. One
potential strategy to achieve this involves recrystallization using a non-polar solvent while
strictly avoiding protic solvents. Additionally, given that this compound is prone to
degradation in diethyl ether, solvents with similar properties, such as tetrahydrofuran

(THF), should also be excluded from the purification process.

Another important future goal is to grow single crystals of the successfully synthesized
compounds, particularly the model compounds bearing PONH moiety, and their mixtures.
Single-crystal X-ray diffraction would enable direct observation of molecular packing and
hydrogen bonding interactions, offering valuable insights into their self-assembly behavior
in the solid state. Understanding these interactions is critical for evaluating their potential
in optoelectronic applications, especially when comparing their structural organization to
that of the previously reported blue model compound. Such comparisons could reveal
trends in molecular alignment, stacking motifs, and intermolecular forces that influence

their bulk material properties.

In line with the blue-emitting series, another key future objective is the synthesis of liquid
crystals with the green and orange emitters. Fortunately, the synthetic route to these liquid
crystal derivatives closely parallels that are used for the corresponding model compounds.
Therefore, once a reliable and reproducible procedure is established for the orange model
compound, the synthesis of its liquid crystalline analog should proceed through similar
steps. Likewise, the green liquid crystal is expected to follow the same synthetic strategy
as the green model compound (Scheme 4-1). Achieving this will complete the set of color-

tuned liquid crystalline materials, enabling further investigation into their alignment,

65



mesophase behavior, and suitability for applications in tunable light-emitting devices such

as WOLEDs.
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Scheme 4-1: Proposed synthetic pathway for green and orange dithienophosphile-based

phosphinamide liquid crystals.

4.2.2 Time-Dependent Density Functional Theory (TD-DFT) and FRET Studies

Time-Dependent Density Functional Theory (TD-DFT) is an extension of Density
Functional Theory (DFT) that enables the calculation of time-dependent properties of
molecules, including electronic excitations, optical absorption spectra, and other excited-
state phenomena.** TD-DFT can be employed to compute and/or compare the absorption
spectra of all addressed compounds in this thesis. This computational approach will be

particularly valuable for compounds that could not be fully purified, as it will provide
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theoretical insight into their electronic transitions and support experimental observations

where direct measurements may be limited.*°

Once compound 3-4 is successfully isolated and purified, comprehensive Forster
Resonance Energy Transfer (FRET) studies involving all three emitters, blue, green, and
orange, can be conducted. These studies will provide critical insights into the efficiency
and directionality of energy transfer between the compounds, which is essential for
evaluating their compatibility in a WOLED system. In addition to energy transfer dynamics,
these FRET investigations can offer valuable information about intermolecular
interactions, particularly hydrogen bonding and other supramolecular arrangements.
Since the model compounds contain the PONH moiety, capable of forming hydrogen
bonds, FRET behavior can reflect how these interactions influence molecular packing,
aggregation, and spatial proximity, all of which are crucial for self-assembly. Observing
shifts in FRET efficiency or spectral behavior under different conditions may also reveal
how non-covalent interactions modulate the optical and electronic properties of the
system.? The same studies could also be done for the liquid crystal compound series
once fully synthesized, This deeper understanding of both photophysical behavior and
supramolecular architecture will guide the rational design of self-assembling materials for

next-generation optoelectronic applications.
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6. Supplementary Information

6.1 FRET Calculation™

Spectral Overlap Integral

J= f Fp(De (D)A*dA

Fo = normalized fluorescence of the donor only
ea = extinction coefficient of the acceptor
A = wavelength (nm)

Forster Radius

R, = 0.02108(K2n_4¢D])%
K = orientation factor (2/3)
n = refraction index of DCM
® = quantum yield of donor

J = spectral overlap integral

FRET Efficiency

I
E=1-24

Ipa = intensity of donor in mixture

Io = intensity of donor only
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