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The content of this synopsis report entitled.

“Design and development of some naphthalimide luminogens: Studying supramolecular
interactions, photophysical properties and applications” is divided into five chapters.
Chapter 1 gives brief introduction about the respective research area where the scope and
significance of the subsequent chapters are discussed. Chapter 2 describes the unique
aggregation pattern in naphthalimide luminogen NMICY (J*-Aggregation) which is applied
for selective detection of adulterated melamine in milk and milk powder samples in sustainable
aqueous media. Chapter 3 discussed the supramolecular interactions of naphthalimide
luminogen ODNI and BrODNI and their impact on room temperature phosphorescence
application. Chapter 4 highlights the development of series of six naphthalimide luminogens
and reports intermolecular interactions and detailed analysis of their aggregation pattern and
their self-assembling behavior. These luminogens were used for the detection of NS1 protein
of Japanese Encephalitis virus. Chapter 5 discuss the polymorphism property of two

naphthalimide compounds NPH and NPMe and analysis of their supramolecular interactions.
Chapter 1: Introduction

Supramolecular chemistry, pioneered by Pederson, Lehn, and Cahn has progressed greatly in
the last few decades.! Supramolecular self-assembly is used as a tool to develop functional
nano-architectures from organic small molecules which finds application in a wide range of
areas such as sensing, energy storage, catalysis, bio-medicine, bio-mimicking, image-guided
therapy such as PDT, PTT, and chemotherapy.? Weak intermolecular interactions play
important role in developing supramolecular self-assembled constructive architectures, which
is widely explored for polymers and seldom studied for small molecules.* To construct
supramolecular self-assembly in nanomaterials, the bottom-up method and organization of
colloids are used by the researchers.” Functional nanoarchitectures can be promising in sensing
due to their unique properties.® Supramolecular self-assembly is a wide and emerging area of
research. In recent years studies have been reported by researchers on tuneable photophysical
properties by aggregation in pure organic luminogens.” The aggregation pattern of organic
molecules greatly tunes the photophysical properties by tuning the intermolecular interaction
which consequently changes the molecular orbital distribution.® Supramolecular interactions
involve various weak intermolecular interactions. In the crystal, all the weak intermolecular
interactions can be tuned to construct the overall molecular framework. Weak supramolecular
interactions in crystal and self-assemblies greatly tune the aggregation pattern which

consequently varied the photophysical properties.” Thus these weak supramolecular

Vi
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interactions can play a vital role in the development of new pure organic luminogens for the
application of organic room temperature phosphorescence, aggregation-induced emission,

sensing, functional nanomaterials, supramolecular self-assemblies, and organic electronics.

(Figure 1).
(a) (b)
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Figure 1. (a) Growth of dodecahedral assembly.!'? (b) Functional supramolecular self-assembly

tetraphenyl ethylene in aggregation induced emission.'!

Chapter 2: Molecular Engineering of Naphthalimide Methylcyclohexane
Luminogen: Unraveling J*-Aggregation Pattern and Sensing Melamine in

Aqueous Media

54.7°<0<90° 0<54.7°
H-Aggregates J-Aggregates

12 16

4
Melamine (ppm)

Chapter 2 discusses the role of substituted cyclohexane in naphthalimide luminogen. Since
cyclohexane is an integral part of natural products and their conformational isomers they have

great importance in medicine, biology, and supramolecular chemistry. In this work, molecular

vii
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conformation directed aggregation induced emission (AIE) luminogen NMICY (naphthalimide
methylcyclohexane) was prepared, and its pure equatorial conformer was isolated and
characterized via single crystal X-ray diffraction (SC-XRD) analysis. In NMICY, the methyl-
cyclohexane substituent adopted the most stable chair conformation which remarkably
prevented the intermolecular z-7 interaction among the naphthalimide cores. A large
bathochromic shift of ~80 nm along with a large stroke shift of ~100 nm in NMICY's condensed
state was observed and potentially transformed the aggregation-caused quenching (ACQ) 1,8-
naphthalic anhydride (NA) molecule into aggregation induced emission (AIE) luminogen
(NMICY) due to the likely restriction in intramolecular motion (RIM) assisted by the methyl-
cyclohexane attaining a stable chair configuration. The condensed state structure property in
aqueous media and supramolecular self-assembly behavior of NMICY were optimized, and a
facile strategy for melamine detection in milk and aqueous milk powder is reported with a limit
of detection (LOD) value of 0.184 ppm (milk) and 0.101 ppm (milk powder) achieved via the
rare acceptor-excited photoinduced electron transfer (a-PET) sensing mechanism.

Thus, the design, development and application of conformation directed AIE luminogen having
cyclohexane appended to NMICY is reported. A pure equatorial CI of this flexible molecule
was isolated via crystallization at RT and a unique J* aggregation (ideal J aggregation) pattern
was identified. An understanding of the crucial role of methyl cyclohexyl on the self-assembly
and condensed state fluorescence properties, thermodynamically favorable conformation,
changes in bond angles, and design strategy for conformationally flexible luminescent material
has been investigated systematically. Further, pure CI could be isolated via crystallization and
provided guidelines to design new Cl-based luminescent materials for application in active
drug conformer, image-guided drug delivery, supramolecular assembly, and natural product
synthesis. The NMICY was applied for the detection of melamine in aqueous milk solution and
milk powder samples with LOD values of 0.101 ppm (milk powder) and 0.184 ppm (milk) via
the rare a-PET mechanism. Additionally, a smartphone-based sensing analysis of melamine in
milk samples was also developed which will permit its utility even by a non-expert at any
location. Through this work, we report the first conformation directed AIE luminogen NMICY
with a unique J* aggregation pattern, a simple design strategy to develop conformationally
flexible luminescent material, detailed molecular properties study of the pure equatorial
conformational isomer through crystallization, and the most efficient method to detect

melamine in milk and milk powder samples in aqueous media.

viii
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Chapter 3: Mechanistic Insights on the Impact of Long Alkyl Chain and
Bromine Substitution on the Molecular Packing and Phosphorescence

Behavior in Naphthalimides

Does aggregation have a major

role in phosphorescence than BrODNI 212
heavy halogen introduction? ODNI

Does the alkyl chain play any

role in RTP?

~34 fold
26.65

Heavy Halogen Aggregation

In the Chapter 3, the electron-deficient naphthalimide core which is explored for its potential
application in the field of organic electronics, fluorescent sensors, laser dyes, and bioimaging
is compared for the influence of functional group substitution. Recently many new
naphthalimide room temperature phosphorescence luminogens are reported by tuning the head
anhydride position or 4th position of the aromatic ring. It is supposed that the alkyl chains have
no role in tuning room temperature phosphorescence (RTP) properties'? and introducing a
heavy halogen atom enhances the spin-orbit coupling which facilitates phosphorescence
lifetime and quantum yield. Our group’s previous work suggests that tuning alkyl chain length
can reduce z-7 interaction between two naphthalimide cores and simultaneously enhance
aggregation-induced emission properties.'® In this chapter we further explore the alkyl chain
engineering role in RTP property and find that alkyl chain length plays prominent role in
establishing intermolecular interactions between two core groups and which also in tuning the
RTP. Also, it has been explored that introducing heavy halogen atom as bromine in
naphthalimide core can enhance the spin-orbit coupling and further facilitates intersystem
crossing.'* We have introduced bromine as a heavy halogen atom in the naphthalimide core
and studied phosphorescence properties at room temperature and also at 77 K. Thus, we report

that only halogen substitution cannot facilitate phosphorescence in naphthalimide core
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intermolecular interaction, but dipole-dipole interactions also play a key role. We further
explored the introduction of the halogen atom in fluorescent luminogens AIE property and
supramolecular self-assembly. We find that substituting bromine can introduce bathochromic

shifts and provide micelle with similar self-assembly to the molecule.

In order to increase phosphorescence, heavy halogen atoms like bromine can enhance triplet
excitons, however excess heavy atom effect (HAE) might be detrimental because of the
inherent struggle between phosphorescence lifetime and quantum yield. When halogen atoms
are introduced, the synergistic effect of HAE and halogen bonding, which is essential for
balancing heavy atom effect (HAE) enables the alteration of RTP properties. Strong coupling
has already been successfully used to produce triplet exciton with H aggregation. H-aggregates
in ODNI have a strong coupling effect that has stabilized the triplet excitons, and excess non-
radiative decay could be minimized at 77 K. As a result, ODNI displayed a 48-fold longer
phosphorescence lifetime than BrODNI (211 ms), even though pure H-aggregation cannot be
claimed for this material due to photophysical measurements showing a bathochromic shift in

PL with increasing polarity.

In summary, we have studied AIE, self-assembly, and phosphorescence study of ODNI and
BrODNI and we concluded that by introducing bromine in ODNI its aggregation pattern and
self-assembly varied, due to which all the photophysical properties of BrODNI changed. The
introduction of bromine has introduced probable dipole-dipole interchromophore interaction
which changes their aggregation pattern. We have also studied the phosphorescence properties
of both ODNI and BrODNI. It is observed that only the introduction of bromine which
increases spin-orbit coupling of an overall molecule is not responsible for increased
phosphorescence but supramolecular interactions and consequently aggregation patterns play

a more important role.
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Chapter 4: Beyond H- and J- Aggregation in Naphthalimide Luminogens

H and J aggregation is the
classical classification of
dimer aggregation
54.7°<6<90° H aggregates,
0>54.7° ) aggregates

Napthalimide luminogens
with twisted conformation
consisting of H, Me, F, Cl,
CF3, 1,3 di CF3

Slip angle ranges from ~76°
to 99°

Unique aggregation

Chapter 4 described the design and development of a series of naphtalimide luminogens by
varying substituent at the head position of 1, 8-Naphthalic anhydride. We have synthesized
NPH, NPMe, NPF, NPCl, NMPCF3, and 1, 3 m-NPCF3. In this series, there are two set of
molecules, one with a positive inductive effect with hydrogen and methyl and the other sets
with a negative inductive effect with fluorine, chlorine and CF3. The substituent of all these
molecules has increasing electronegativity from methyl, hydrogen, chlorine, fluorine, CF3, and
1, 3 m-CF;. The different functional groups have greatly tuned the photo-physical properties,
supramolecular interaction, and supramolecular self-assemblies. We have studied their
photophysical properties in liquid, solid (powder), and crystalline states. It is also observed that
tuning of the functional group has introduced variation in intermolecular interaction in their
crystalline state and consequently aggregation patterns varied greatly. The present work has
great importance in studying the effect of functional group tuning in naphthalimide luminogen
molecules. Supramolecular interactions are key in regulating the aggregation and emission
properties of organic luminogens. In particular, "H-aggregation" and "J-aggregation" are two
commonly observed supramolecular interactions. Several optoelectronic applications, such as
organic light-emitting diodes (OLEDs), sensors, and bioimaging, are significantly impacted by
supramolecular aggregation in organic luminogens. A vital aspect in developing effective and

high-performance organic optoelectronic devices is designing luminogens that can display

Xi
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controlled aggregation behavior. Our study unveils that by tuning functional group, the

aggregation pattern and their luminescence properties can be greatly tuned.
d)

c)a) N/©: (b/ (@J ( (©/ (E)(@CFSH)N O

NPMe NPCI NPCF3 1,3 m-NPCF3

—

Figure 5. Naphthalimide luminogens (a)NPH (b) NPMe (c) NPF (d) NPCI (e) NPCF3 () 1,3
m-NPCF;

Japanese encephalitis (JE) is a resurging zoonotic disease, leading to high childhood mortality.
It is a significant cause of endemic encephalitis in over 24 countries in the Western Pacific and
Southeast Asia, resulting in 50,000 to 67,900 cases and 10,000 to 20,000 deaths annually, with
a 30% fatality rate among affected individuals. This disease poses a major public health
concern, affecting nearly half of the global population residing in endemic areas. The
worldwide burden of JE is estimated to be 709,000 disability-adjusted life years (DALYS),
leading to substantial economic losses due to the significant psychiatric and neurological
complications that affect 30 to 50% of survivors.

In this study, we purified viral protein NS1 and allowed it to interact with naphthalimide
luminogens. Notably, this research marks the first-time reporting of the interactions and their
impact on the photoluminescence (PL) intensity of naphthalimide luminogens. The results
revealed significant observations, shedding light on the unique nature of this interaction
between the protein and the luminogens. Further biological significance of the interaction is an

area of active investigation.

xii
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Chapter 5: Molecular Packing Dictates Optical Destiny: Polymorphism and

Mechanoluminescence in Naphthaliimide Luminogens.
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The chapter 5 discusses polymorphism as a very practical method to adjust the emission
properties of organic solids based on one component, especially in the context of the
demanding and time-consuming production of optoelectronic materials. Smart luminescent
materials exhibit dramatic alteration in their luminescence characteristics in response to
external stimuli like light, electricity, temperature, pressure, and solvent. These materials show
great potential for use in sensors, information storage, encryption, and photoelectric devices.
Among these, mechanoluminescence (ML) materials, which can spontaneously generate light
in response to mechanical stress, are quite fascinating due to their distinct advantages of real-
time detection and environmentally benign excitation mode. We have studied polymorphs and
mechanoluminscence in two naphthalimide compounds NPH and NPMe. Both exhibited two
types of polymorph NPHA, NPHB, NPMeA and NPMeB. Among them the “B” set of crystals
which has been grown in chloroform with slow evaporation method has exhibited Red shifted
emission compared to “A” set of crystals which were grown in MeOH with fast evaporation.
Whicle grinding crystals of “A” set they exhibits Mechano-luminescence and showed similar
emission like “B” sets of crystals. We have studied phophysical properties of NPHA, NPHB,
NPMeA and NPMeB in their crystal form and also powder and aggregated state (fi, = 99.9%)

xiii

TH-3445_ 186122014



and unveils the factors which governs the polymorphism, mechano-luminescence of NPH and

NPMe crystals, powder and aggregated state.

Conclusion and thesis overview

In conclusion, we have design and developed various sets of simple and novel pure
organic naphthalimide luminogens and analysed their supramolecular interactions in
detail. The presented thesis embarks on a comprehensive exploration of pure
naphthalimide organic luminogens, delving into their design, development, and
intricate supramolecular interactions. The overarching objective was to unravel various
facets of supramolecular chemistry, ranging from sensing to luminescence
applications, including fluorescence, phosphorescence, viral detection, and tuneable
solid-state luminescence. Through a series of meticulously designed research
endeavours, the thesis investigates the potential of novel luminogens across diverse

applications, elucidating their underlying mechanisms and implications.

Xiv
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Chapter 1 Introduction: Unveiling the Intricacies of Supramolecular
Chemistry: From Molecular Design to Functional Assemblies

1.1. Beyond the Molecules: Supramolecular Chemistry

Assembly is a common process in daily life that involves arranging systems, people, and
objects to accomplish tasks or produce desired results. The idea of assembly permeates all
facets of our lives. It serves as the foundation for advancement and creativity, from the complex
assembly of molecules that form the base of life to the planned assembly of components in
technologies and infrastructure.! (Figure 1.1) The fascinating field of supramolecular
chemistry studies the complex assemblages and interactions created by non-covalent bonds at
the intersection of chemistry, physics, and other sciences.? Supramolecular chemistry explores
the dynamic and reversible nature of interactions, in contrast to conventional covalent
chemistry, and reveals a world in which molecules can self-organize into intricate designs with
emergent features.® This field presents new possibilities for the development of drug delivery
systems, catalysts, and functional materials.* Its foundation is based on molecular recognition,®
host-guest chemistry,® and self-assembly’ principles. Through this thesis, we will investigate
the basic ideas, cutting-edge techniques, and wide range of applications in the fascinating field
of supramolecular chemistry. (Figure 1.2) Supramolecular chemistry, commonly referred as
"chemistry beyond the molecule,” focuses on the research of molecular recognition and high-
order assemblages produced by noncovalent interactions.® Supramolecular chemistry,
pioneered by Charles J. Pederson, Jean-Marie Lehn, and Donald J. Cram, has been greatly
developed in the last few decades.® Cram, Lehn, and Pedersen shared the 1987 Nobel Prize in
Chemistry, which was given in recognition of the “development and use of molecules with
structure-specific reactions with high selectivity’*° This established supramolecular chemistry
as a recognized branch of chemistry. Supramolecular systems can demonstrate stimuli-
responsive behaviour because they are constructed from components connected by noncovalent

interactions.!
1.2.  Supramolecular Interactions and Organic Luminogens

Supramolecular interactions are captivating phenomena within the realm of Chemistry. Unlike
traditional covalent bond chemistry which involves electron sharing supramolecular
interactions involve reversible weak non-covalent interactions, bonds and forces that include
hydrogen bonding, n-n stacking, Van der Waals contacts, electrostatic interactions, and
hydrophobic effects.'? These interactions play a crucial role in shaping the spatial arrangement

of chemical system from discrete molecules. It stimulates them to self-assemble into more
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substantial, well-defined structures, like helices, crystalline arrays, and molecular cages.’* A
prevalent interaction observed in supramolecular assemblies involves the alignment of
aromatic rings. n- stacking impacts the electronic transition leading to enhanced luminescence
in organic luminogens. Similarly hydrophobic interactions drive the aggregation of luminogens
in solid state, resulting the distinct luminescence. These effects are particularly relevant in self-
assembled structures. Intermolecular hydrogen bonds influence energy level and molecular
packing. In organic luminogens hydrogen bonds can modulate molecular emission wavelength
and quantum yield. Charge on neighbouring molecules significantly impact the luminescence.
Electrostatic interactions between luminophores and counteraction play crucial role in
destemming photophysical properties. Also, by encapsulating luminophores within host
molecule, the emission properties can be tailored. Host guest complex exhibits altered
photophysical behaviour, making them intriguing candidate for luminescent material.
Considering supramolecular interactions can control the characteristics and functions of
materials at the nanoscale, it is critical to comprehend and make use of them in materials
research.!* Through the utilization of these interplays, with customized characteristics like
stimuli responsiveness, self-healing abilities, and hierarchical structures, opening doors for
developments in sensing, tuneable luminescence, polymorphism and selective drug-protein
interaction.’® The aggregation-induced enhancement of fluorescence intensity is a crucial
phenomenon in wide range of applications, particularly in the field of sensing. By leveraging
supramolecular interactions precise control over the assembly of luminogens is achieved,
resulting in tuneable luminescence properties such as emission wavelength and intensity.® This
tuneability plays a crucial role in the design of highly sensitive sensing platforms, where
changes in fluorescence can be exploited for analyte detection. In the realm of biotechnology,
supramolecular interactions are leveraged for targeted viral protein detection.!” By designing
ligands or receptors with specific affinity towards viral protein, organic luminogens can serve
as fluorescent probes for virus detection. The selective detection of viral protein triggers
changes in fluorescence intensity or spectral properties, enabling rapid and specific detection
without the need for complex instrumentation.*® Furthermore, these interactions significantly
influence the polymorphic behaviour of organic luminogens, affecting their crystallization and
packing arrangements and consequently optical characteristics.!® Understanding and
harnessing these intricate interactions not only advances materials science but also holds great

promise for biotechnological applications.
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Thus, the foundation for creating next-generation materials with improved performance and
flexibility is provided by supramolecular interactions.?’ Organic luminogens are now utilized
in diverse applications because of their wide structural choices and easy synthesis and scale-

up possibility, photostability, and tuneable optical characteristics.?
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Figure 1.2: Schematic illustration of supramolecular assembly.
1.3. Type of Aggregation and its impact on Luminescence.

For several reasons, it is essential to investigate supramolecular interactions and aggregation
patterns in organic luminogens.?? By comprehending the supramolecular interactions between
these molecules, their assembly can be manipulated, which in turn affects their optical
characteristics.?® Designing luminogens with desirable emission wavelengths, quantum yields,
and aggregation-induced emission enhancement (AIEE) effects becomes achievable with this
understanding of aggregation in organic luminogens which can elucidate their luminescent
characteristics in solid form.?® The emission properties of these molecules might vary between

solution and solid states due to changes in molecular arrangement and interactions caused by
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aggregation.2* The molecular structure of luminogens to reduce unwanted quenching effects
and increase their emission efficiency in solid-state devices can be altered by investigating how
aggregation impacts luminescence.?® Furthermore, the self-assembly of organic luminogens
into nanostructures and hierarchical architectures is mediated in a significant way by
supramolecular interactions.?® These nanostructures are interesting prospects because of their
specific optical and electrical properties that set them apart from individual molecules. the
shape and characteristics of nanostructures can be tuned by regulating supramolecular
interactions.?’ Studying supramolecular interactions and aggregation patterns in organic
luminogens is crucial for enhancing our basic comprehension of these materials and harnessing
their complete.?® Proficiency in organic luminogens with improved stability, performance, and

versatility by utilizing the concepts of supramolecular chemistry.

Aggregation of single molecules that can form an organized mesoscopic entity where all
integrated molecules behave as one due to coherent electronic coupling between molecular
electronic excitations. By enabling the efficient transfer of energy from light-harvesting
antennas to photosynthetic reaction centres, such coherent coupling phenomena play a crucial

role in biological photosynthetic systems.?

There are many different intermolecular interactions in organic aggregates, such as
electrostatic, dispersion, exchange (repulsion), induction (polarization), dipole-dipole, ion-
dipole, hydrogen bonding, and halogen bonding, among others. These interactions can alter
excited-state energy dissipation pathways, which is difficult and system-dependent, as well as
the geometric and electrical structures of molecules.®® Scheibe3! and Jelley®? independently
proposed the traditional J aggregation with strong excitonic coupling, which has a larger
transition dipole moment due to in-phase quantum superposition, and it was long thought to be
the primary factor enhancing solid-phase luminescence. The plausible intermolecular quantum
phase led by aggregation will be hampered by the flexible intramolecular motions in these
AlEgens, which are typically much weaker than the intramolecular electron-vibration coupling,
and thus it cannot adequately explain the phenomena of the majority of newly synthesized
AlEgens.® As a result, numerous explanations for AIE phenomena for various organic systems
have been put forth. These explanations include restrictions on intramolecular rotation (RIR),
restrictions on intermolecular motion (RIM), and blocking of nonradiative decay channels,
restrictions on the E/Z isomerization process, restrictions on the excited-state intramolecular

proton transfer, restrictions on access to the dark state via isomerization, and restricted access
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to conical intersection crystalline-inducing processes.3* The microscopic AIE mechanism, the
related relationship between photophysical property and mechanism, and general principles of
aggregation behavior modulation, however, have not yet been given a clear and complete

image.®
Mechanism insights: Dark n-z* to bright -n* due to Aggregation

Terephthalic acid (TPA), a typical aromatic diacid, was found to exhibit a peculiar
characteristic of intense fluorescence, delayed fluorescence, and phosphorescence during
crystallization, in contrast to extremely weak visible light in solution and amorphous phases.®
They compare the geometrical and electronic structures of the low-lying excited states of the
isolated and crystalline TPA at hybrid CASPT2/ANO-RCC-VDZP/AMBER level by
integrating the MOLCAS and TINKER package in order to determine the morphology
dependency of luminescence properties. (Figure 1.3a) Electrostatic interaction with the
surrounding molecules in the crystal can significantly increase the energy of the excited state
with the n-n* transition and slightly decrease the energy of the excited state with the n-m*
transition. The n-orbital is sensitive to electrostatic forces because the charge concentrates on
the oxygen, causing a separation of charge, but the n orbital is insensitive since the charge is
distributed uniformly. Thus, during crystallization, the (n-n*) state is raised to the second-
lowest excited state S, (5.05 eV) from the first-lowest excited state S; (4.81 eV) in the gas
phase. These results confirm that, according to Kasha's rule, crystallization causes the S; state
in TPA to change from a dark (n-n*) to a bright (n-n*), recovering the strong emission.
Aggregation substantially increases the transition dipole moment of S;, which is essential for
fluorescence or phosphorescence. More intriguingly, the electrostatic interaction not only
contributes to a faster radiative decay by altering the energy order of the low-lying excited
state, but it also introduces a slower nonradiative decay by reducing the electron-vibration
coupling between Si1and Se during crystallization. Strong fluorescence and phosphorescence
are produced upon crystallization because of the enhancement of the radiative decay rate and
the reduction of the nonradiative decay rate combined, which justifies the mechanism
underlying the experimentally observed occurrence of two-fold emission caused by

crystallization.
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Crystallization-induced reversal from dark (n+c)-n* to bright state (x-m)*

A novel squaraine derivative, CIEE-SQ, demonstrates increasingly intense light emission when
transitioning from a crystal to a cocrystal with CIEE-SQ: CHCI3 =1:1, compared to its minimal
emission in solution. This phenomenon is uncommon among previous reported squaraine
derivatives. (Figure 1.3b) In conclusion, crystallization or cocrystallization causes the
transition from the dark (n +r *) state to the bright }(n+r *) state, which produces a noticeably
fast radiative decay rate and simultaneously suppresses the nonradiative decay rate, enhancing
fluorescence.®’ (Figure 1.4) More significantly, a novel type of AIEgens lacking the traditional
conjugation property has been used for high-performance solid-phase luminescence, which

motivates researchers to create superior solid-phase fluorophores by excited-state
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Figure 1.3. The Chemical structure of (a) TPA (b) CIEE-SQ

Aggregation structures and molecular stacking models can have a significant impact on the
photoluminescent properties of organic m-conjugated materials in the solid state. Earlier in
1963, Kasha and colleagues published the theoretical foundation for molecular exciton theory,
which holds that interactions between molecular transition dipoles in aggregates reflect the
emission properties. This work was a pioneer in the field.*® Cofacial, parallel transition dipoles
(H-aggregate) typically show quenched fluorescence and blue shift absorption. Due to the
significant n—n overlap, the H-aggregate is advantageous for charge transfer even if it is
unfavorable to fluorescence. Molecules can form stacked J-aggregates with prominent
fluorescence by slipping along the directions of transition dipoles based on the cofacial
packings. Later, using the exciton-vibrational coupling theory as a basis, Spano and colleagues
methodically®® examined the absorption and emission spectrum characteristics of H-aggregates
and J-aggregates. Cornil*” and associates suggested in 1998 that lowering exciton interactions
is an effective strategy to prevent solid-state luminescence quenching. However, when cofacial

stacking occurs, X-aggregates can show intense fluorescence. The rapid advancement of X-ray
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diffraction technology may also provide an accurate means of analysing the refined molecular
structures and packing patterns within the aggregates. Various aggregation structures and
aggregation dependent luminescent properties are introduced which is based on organic
luminescent crystals. The experimental instances of controlling the properties of solid-state
emissions through manipulation of the aggregation structures are then compiled. The
polymorphic and stimulus-induced luminescence properties (stress, heat, light, etc.) are
introduced for single-component materials. Cocrystals and acid protonated crystals are
summed up as reasonable methods of eliciting unique luminous features for multicomponent
materials. Designing attractive organic luminous materials can greatly benefit from a thorough
understanding of the related internal mechanisms, particularly the connection between the

aggregation structure and luminescent characteristic.*°

(re-r*) (n-m*) %C%D
Px-)Pvl >< l Py > Py

T —
" 3(n-rt*) 3(re-mt*) a(n-n*) + BS("'"I)
' .eo 'n? Or 'n?

.
‘e

Figure 1.4. Schematic illustration of El-Sayed's rule for Intersystem Crossing (ISC) and its
application in regulating the phosphorescence decay rate through the molecular-orbital

hybridization of the lowest triplet states.
Types of Aggregates and related mechanisms are following.
1.3.1. H-Aggregates

Cofacial, parallel molecule stacking with a slip angle greater than 54.7° is present in H-
aggregate. The prefix "H" originates from the German word "H&aufung," which means stacking
or piling.** In 2005, Gierschner and colleagues published a study on the optical features of
distyrylbenzene (DSB) and fluorinated distyrylbenzene (F12DSB) crystals related to their
aggregation. DSB crystals exhibit H-aggregation with herringbone topologies in their
molecular organization.*? (Figure 1.5a, 1.5b) The molecular transition dipoles in H-aggregates
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are arranged "side-by-side," wherein the upper excited state of the two split energy levels
produced by dipole interactions is optically permitted and the lower excited state is optically
forbidden. The optical characteristics are affected by two important factors: When comparing
the optical allowed higher excited states to the solution, (a) the main absorption peak is
typically blue shifted ("H" for hypsochromic); (b) the optical forbidden lower excited states,
which correspond to the emitting state, cause a low radiative decay rate, and suppressed
fluorescence to be seen in H-aggregates. The cofacial n—n interactions can enhance charge
carrier mobility and promote charge transport, even if fluorescence is inhibited in H-
aggregates. The absorption spectra of H-aggregates usually show a redshift, or bathochromic
shift, in comparison to the molecule's monomeric form. Strong molecular interaction between
neighbouring molecules causes this shift, which in turn causes the HOMO-LUMO (Highest
Occupied Molecular Orbital - Lowest Unoccupied Molecular Orbital) energy gap to narrow.
As so, longer wavelengths of light are absorbed by the H-aggregate. H-aggregates can have
different emission characteristics. They may display increased fluorescence or decreased
emission intensity because of exciton coupling in certain situations, or they may exhibit
redshifted emission in comparison to the monomeric form in others. The expanded =-
conjugation and larger transition dipole moments of H-aggregates result in improved
absorption of light in the longer wavelength band (red to near-infrared). In H-aggregates,
fluorescence is reduced, but cofacial n—n interactions can enhance charge transport and boost
charge carrier mobility, Poly(3-hexylthiophene), a common ingredient in organic solar cells,
has been discovered to create H-aggregate m-stacks in the spin-coated films.*® (Figure 1.5¢)
Excitons, which are bonded pairs of electrons and holes, are dispersed among multiple nearby
molecules in H-aggregates. Improved absorption and emission intensity are the outcome of this
delocalization, which also causes a notable increase in oscillator strength. H-aggregates' optical
characteristics can be influenced by the aggregate's size. Larger aggregates may indicate a
decrease in the degree of spectral shift, whereas smaller aggregates may display greater severity
redshifts. Temperature and solvent conditions have an impact on the development and stability
of H-aggregates. Polar solvents or high temperatures may interrupt the aggregation and cause
a shift back to the monomeric state. In certain instances, the phenomenon of strong H-
aggregation might result in the quenching of emission, hence diminishing the efficacy of the
luminogen. Currently, efforts are being made to control and modify the H-aggregation process

to customize the photophysical properties of organic luminogens for specific applications. This
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process encompasses the optimization of molecular architectures, selection of suitable solvents,
and meticulous control of conditions throughout the device fabrication procedure.**

(b) (c)

(a)
FE F
\\F\F E F \S/n
Ve
F F

F F
DSB F12-DSB Poly (3-Hexylthiophene)

Figure 1.5 Chemical structure of (a) DSB (b) F12-DSB (c) Poly (3-Hexylthiophene)
1.3.2. J-Aggregates

The alteration in slip angle within the cofacial stacking arrangement has the potential to induce
a transition from H-aggregates to staggered stacked J-aggregates, denoted as "J" in reference
to Jelley.®® The interactions between molecules in J-aggregates, known as "head-to-tail"
interactions, result in the splitting of energy levels in the excited states. This splitting causes
the lower excited state to be optically allowed, suggesting it can be observed by optical
techniques, while the higher excited state is optically prohibited, meaning it cannot be observed
through optical techniques. The absorption spectrum of H-aggregates typically exhibits a
significant blue shift, whereas a comparatively modest red shift is observed in J aggregates. In
In 2001, Feast and colleagues described a molecule called 4,4’-bis(2,3,4,5,6-
pentafluorostyryl)stiloene that can create a "brickwall” motif J-aggregate through self-
assembly using aryl-fluoroaryl interactions.*® (Figure 1.6a) Additionally, J-aggregates
demonstrate high radiative decay rates and fluorescence. In addition to possessing excellent
solid-state luminescence efficiency, J-aggregates have the capacity to demonstrate favourable
electrical characteristics. The slip angle in J-aggregates ranges from 0° to 54.7°, allowing for
partial -1t overlap between neighbouring molecules. This overlap has the potential to enhance
the transfer of charges between these molecules. The integration of highly emissive
fluorescence and efficient charge transport features has the potential to enhance the capabilities
of J-aggregates for utilization in sophisticated optoelectronic devices. efficiencies due to the
correlation between the allowed lower excited states and the emission states. In addition to
possessing excellent solid-state luminescence efficiency, J-aggregates have the capacity to

demonstrate favourable electrical characteristics. The slip angle in J-aggregates ranges from 0°
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to 54.7°, resulting in a partial m—r overlap between neighbouring molecules. This overlap has
the potential to enhance the transfer of charges between these molecules. The integration of
highly emissive fluorescence and efficient charge transport features has the potential to
enhance the capabilities of J-aggregates for utilization in sophisticated optoelectronic devices.
Liu and colleagues have shown that the organic © conjugated molecule 2,6-diphenylanthracene
(DPA) exhibits high mobility and intense emission.*’(Figure 1.6b)

J-aggregates refer to molecular aggregates that are created through the stacking of
chromophores, which are molecules capable of absorbing light, in a well-organized, one-
dimensional manner. This stacking often occurs in a head-to-tail configuration. This
configuration facilitates robust exciton interaction between neighbouring chromophores. J-
aggregates demonstrate a phenomenon known as a redshift, often referred to as a bathochromic
shift, in their absorption spectra when compared to the monomeric state of the chromophore.
The observed redshift is attributed to a significant interaction between chromophores, leading
to a reduction in the energy difference between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). Consequently, J-aggregates exhibit a
higher propensity for light absorption at extended wavelengths. J-aggregates frequently
demonstrate modified emission characteristics in comparison to their monomeric counterparts.
The fluorescence shown by these entities can be either amplified or suppressed, contingent
upon the level of exciton coupling and the particular chromophore under consideration. The
formation of J-aggregates is influenced by various circumstances. Liu and colleagues have
described a significant instance of a high mobility organic laser semiconductor, 2,7-diphenyl-
9H-fluorene (LD-1), crucial for the advancements in J-aggregate single crystals.*® (Figure
1.6¢) The formation of J-aggregates is favoured by higher concentrations of chromophores.
The selection of a solvent has the potential to impact the phenomenon of J-aggregation. The
development of J-aggregates can be potentially disrupted by the presence of polar solvents,
whilst nonpolar solvents have the potential to enhance J-aggregate production. The
phenomenon of temperature has a significant impact on the process of aggregation, as lower
temperatures tend to facilitate the development of J-aggregates. J-aggregates possess
considerable utility across diverse disciplines: Organic photovoltaic devices frequently employ
J-aggregates to augment light absorption and boost the efficiency of charge generation.
Sensors: The utilization of J-aggregates is observed in sensing applications, wherein alterations
in their optical characteristics might serve as indicators for analytes or environmental

circumstances. Photonic devices, including lasers, optical filters, and waveguides, find
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application in various photonic systems. J-aggregates are significant in natural photosynthetic
systems due to their ability to efficiently capture and transport energy. researchers endeavour
to regulate and modulate J-aggregation to enhance the characteristics of organic luminogens
for targeted applications. This process may entail altering the molecular composition,
manipulating the concentration, and regulating the surrounding environmental parameters.
Furthermore, their nonlinear optical properties make them suitable candidate for switching and
signal processing. In the realm of biomedical imaging, J aggregates find the utility as contrast
agent for fluorescent imaging and as photosensitizers for photodynamic therapy, capitalizing
their efficient light absorption and emission properties. Overall, the unique optical
characteristics of J aggregates render them indispensable for a diverse array of technological
and biomedical application. A comprehensive comprehension and effective utilization of J-
aggregation is of paramount importance in enhancing the efficacy of organic luminogens across

a wide range of optoelectronic and photonic applications.

(a) (b)

J

4,4'-bis(2,3,4,5,6-pentafluorostyryl)stilbene 2,6-diphenylanthracene

(c)
Q Q.O O 2,7-diphenyl-9H-fluorene (LD-1)

Figure 1.6. Chemical structure of (a) 4,4'-bis(2,3,4,5,6-pentafluorostyryl)stilbene (b) 2,6-
diphenylanthracene (DPA) (c) 2,7-diphenyl-9H-fluorene (LD-1)

1.3.3. X-Aggregates

In 1998, Cornil and colleagues®® selected stilbene as a case study and made a theoretical
calculation to anticipate that the cross-dipole mode would serve as a highly efficient
luminescence model. Unexpectedly, the process of X-aggregation in crystals has been
demonstrated to be a unique approach for enhancing luminosity. Theoretical study has
demonstrated that in X-aggregation, the rotational movement of neighbouring transition
dipoles can effectively decrease the energy level difference between the two lowest excited
states. Additionally, this arrangement allows optical transitions from both excited states to the
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ground state. Specifically, the optical splitting reduces significantly as the rotation angle
reaches 90 degrees, and the spectral characteristics of the X-aggregates could resemble those
of monomers. The intriguing X-aggregation phenomenon was initially documented in the
research conducted by Bartholomew et al. in 2000, focusing on the crystal packing patterns
of distyrylbenzene derivatives. They studied range of disterylbenzene and among them the
benzene rings of adjacent molecules in the 1,4-bis(2,2 diphenylethenyl)benzene (Figure 1.7a)
crystal is arranged in an edge-to-face stacking mode, suggesting that the C-H = interactions
serve a part in producing a cross-stacking mode. Subsequently, Xie and colleagues® showed
that the crystal of 2,5-diphenyl-1,4-distyrylbenzene (DPDSB), (Figure 1.7b) which is arranged
in a cross-dipole stacking mode, had a significant increase in fluorescence efficiency. The
crystal structure investigation indicated the absence of face-to-face n—n interactions between
neighbouring molecules due to the significant distance (4.1 A) between the core rings. Each
cross-stacking dimer consisted of two crystallo-graphically independent conformational
molecules. These molecules functioned as both proton donors and acceptors, resulting in the
production of two distinct forms of C—H---m hydrogen bonds. Zhang and colleagues®
demonstrated the ability to alter the arrangement of molecules in a twisted butterfly-shaped
compound called 9,10-bis (2,2-diphenyl vinyl)anthracene (BDPVA). (Figure 1.7c) This
compound showed a high level of fluorescence efficiency due to its unique cross-dipole
stacking mode. To gain a deeper comprehension of the correlation between the
photoluminescent characteristics of organic molecular aggregates and their stacking structures
in crystals, Ma and colleagues® have introduced an exemplary framework utilizing
polymorphisms of 9,10-bis-(2,2-di(4-fluorophenyl)vinyl)anthracene (BDFVA). (Figure 1.7d)
This model aims to elucidate the optical properties associated with X-aggregation and J-
aggregation. In comparison to J-aggregation, X-aggregation exhibits a higher number of
contacts, which leads to a greater reduction in the fluorescence quenching effect. Furthermore,
in X-aggregate, all the divided states consist of energy levels that permit optical transitions,

given to their little energy separation. (Figure 1.8)
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1,4-bis(2,2 diphenylethenyl)benzene
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9,10-bis (2,2-diphenyl vinyl) anthracene (BDPVA)  9,10-bis-(2,2-di(4-fluorophenyl)vinyl)anthracene (BDFVA)

2,5-diphenyl-1,4-distyrylbenzene (DPDSB)

Figure 1.7. Chemical structure of (a) 1,4-bis(2,2 diphenylethenyl)benzene (b) 2,5-diphenyl-
1,4-distyrylbenzene (DPDSB) (c) 9,10-bis (2,2-diphenyl vinyl) anthracene (BDPVA) (d) 9,10-
bis-(2,2-di(4-fluorophenyl)vinyl)anthracene (BDFVA).
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Figure 1.8. Energy splitting diagram displaying excited states for molecular aggregates in J-
aggregate, H-aggregate, and X-aggregate.
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1.4.  Supramolecular Assembly and Luminescence

1.4.1. Fluorescent Supramolecular Assembly

Supramolecular interactions are weak interactions like non-covalent interactions, hydrogen
bonding, m-m interactions, metal-ligand coordination, electrostatic interactions. These
interactions are utilised to construct fluorescent supramolecular self-assemblies. Fluorescent
self-assemblies are organized structures which are developed by supramolecular interactions
of self-assembled nanoparticles or fluorescent molecules. Individual fluorophores'
fluorescence characteristics can be altered or regulated through combining them with larger
supramolecular structures like host-guest complexes or self-assembled nanomaterials. These
assemblies' supramolecular interaction can facilitate energy transfer procedures, provide
distinctive microenvironments, or bring about cooperative effects, altering the fluorescence
emission characteristics in comparison to isolated fluorophores. Self-assembly:
Supramolecular assemblies originate while molecular or nanoparticle parts spontaneously
coalesce into larger structures because of non-covalent interactions. The assemblies can be
dynamic and responsive to external stimuli given that these interactions might be reversible.>
Fluorescent components: The supramolecular assembly's distinct components have
fluorescence characteristics. These components can be inorganic nanoparticles with size-
dependent fluorescence, like quantum dots, or organic molecules with conjugated systems,
such aromatic dyes, or fluorophores.>® Aggregated structure: Supramolecular assemblies can
adopt various hierarchical structures, including nanofibers, nanotubes, micelles, vesicles, or
larger aggregates. The specific structure formed depends on the nature of the building blocks
and the assembly conditions. Energy transfer: In certain instances, the assembling of
fluorescent components results in energy transfer processes, such as aggregation-induced
emission (AIE) or fluorescence resonance energy transfer (FRET). In comparison to the
individual components, energy transfer can lead to enhanced or altered fluorescence properties,
enabling applications like sensing or light-emitting devices. Stimuli responsive:
Supramolecular assemblies can also function in a stimuli-responsive manner, changing their
structure or fluorescence characteristics in response to external stimuli including temperature,
pH, light, or the presence of analytes. This aspect makes them advantageous for uses in
optoelectronics, medication delivery, and chemical sensing.>® Functional application:
Fluorescent supramolecular ensembles have uses in many various domains. Due to their

controlled release characteristics, they can be employed as carriers for drug delivery systems,

16
TH-3445_ 186122014



Chapter 1 Introduction: Unveiling the Intricacies of Supramolecular
Chemistry: From Molecular Design to Functional Assemblies

active materials in optoelectronic devices like organic light-emitting diodes (OLEDs), and
probes for sensing and imaging applications. In general, fluorescent supramolecular assemblies
provide a flexible design framework for functional materials with unique fluorescence
properties and response characteristics. The development of these assemblies has the potential
to revolutionize disciplines including materials science, nanotechnology, and biomedical
research.”” (Figure 1.9, 1.10)
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Figure 1.9. The Jablonski diagram demonstrates various photophysical relaxation processes,
with a focus on intersystem crossover (ISC) between singlet and triplet states, which is essential

for the phosphorescence of organic luminophores.
1.4.2. Phosphorescence Supramolecular assembly

Purely organic room-temperature phosphorescence (RTP), which possesses a triplet state, a
longer lifetime, and a greater Stokes shift, has recently attracted growing study attention in
recent years. which are frequently employed in molecular switches, organic light-emitting
diodes (OLED), chemical sensors, and bioimaging. Organic RTP (ORTP), in contrast to
inorganic or metal-based phosphorescent materials, provides an array of advantages, including
simple and ecologically friendly synthesis and processing. Due to the disadvantages of weak
spin-orbit coupling and a large energy gap between the singlet and triplet states (S1 and T1) of
pure organic phosphorescent molecules, various design principles have been developed to
increase spin-orbit coupling efficiency and prevent quenching of the triplet excited state by
suppressing triplet exciton deactivation. It has been demonstrated that intersystem crossing
(I1SC) is promoted by adding a heteroatom or a carbonyl group to an organic molecule. In

addition, nonradiative transitions have been minimized or the triplet state energy has been
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stabilized using the polymer matrix, crystallization, halogen binding, H-aggregation, and host-
guest interactions.>® Three important molecular design aspects need be considered in order to
develop ultralong and tuneable ORTP: 1) Incorporating halogens, carbonyls, and heteroatoms
(O, N, S, P, etc.) to increase the spin-orbit coupling (SOC) or reducing the energy gap between
the singlet and triplet states can boost intersystem crossing (ISC). 2) Numerous intra- and
intermolecular contacts should be utilized to restrict molecular motion and squelch the non-
radiative decay of triplet excitons. 3) A flexible conformation must be established to give the
system the ability to control morphology at the supramolecular level. The structure and
performance of these organic RTP materials depend significantly on supramolecular
interactions. Researchers may foster long-lived excited states and improve phosphorescence
effectiveness by carefully regulating molecular structure and arrangement.>® Some key aspects
of Supramolecular interactions in RTP is following: Molecular design: In order to promote
intersystem crossing and long-lived triplet excited states, organic RTP materials are often
constructed with heavy atom-containing compounds, such as transition metal complexes or
heterocyclic aromatic systems. Achieving RTP behavior additionally involves the introduction
of functional groups that encourage supramolecular interactions.®® Host Guest System: To
organize molecules into structures that facilitate effective phosphorescence, supramolecular
host-guest interactions are frequently used. Guest molecules can be efficiently confined by host
molecules that have cavities or pockets, obstructing non-radiative decay paths and limiting
guest molecule motion Confinement increases the probability of radiative degeneration and
induces RTP.®! Aggregation Induced Emission (AIE): When certain luminophores aggregate,
a phenomenon known as AIE occurs, where the intensity of the emission increases. By
encouraging molecule packing and lowering non-radiative decay, AIE can be used in organic
RTP materials to promote supramolecular interactions. Several techniques, such as
crystallization, nanoparticle formation, or thin film deposition, can be used to attain this
aggregation.®? Energy level engineering: Through supramolecular interactions, the energy
levels of the molecular orbitals of RTP materials can be altered. Researchers can modify the
energy gaps between the singlet and triplet states, favouring the population and emission of the
long-lived triplet excited states responsible for phosphorescence, by varying the strength and
arrangement of the intermolecular interactions. Organic materials' capacity to produce long-
lasting phosphorescence at ambient temperature opens new avenues for creating effective and

adaptable luminescent systems. The goal of ongoing research in this area is to increase the
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phosphorescence effectiveness and broaden the scope of applications for these materials.®®
(Figure 1.9, 1.10)

Aqueous solution Soft hydrogel Solid amorphous
state state state

Figure 1.10. Schematic representation of phosphorescence supramolecular assembly and their

applications.
1.4.3. Supramolecular interaction and aggregation induced emission:

When some organic luminogens aggregate or are in the solid form as opposed to their dispersed
or diluted solution condition, an interesting phenomenon known as "aggregation-induced
emission” (AIE) occurs which is discovered by Tang et al in 2001.% The suppression of
nonradiative decay pathways and increased radiative emission have been suggested to be the
basic mechanisms of AIE, which are related to the restriction of intramolecular movements
(RIM) upon aggregation.®® The aggregation of organic luminogens is facilitated by
supramolecular interactions, which is essential to the AIE process. These interactions can be
categorized into numerous categories, such as: 1. z-z interactions: In organic compounds,
interactions between aromatic systems are known as " m-m stacking." The m conjugated
structures in AIE luminogens promote effective aggregation and AIE by facilitating strong
intermolecular interactions. The intermolecular electronic interaction is enhanced by the close
proximity of the conjugated systems in the aggregated state, boosting the emission intensity. 2.
Hydrogen bonding: The aggregated structures of AIE luminogens can be stabilized by
hydrogen bonding interactions between hydrogen bond donor (HBD) and acceptor (HBA)
groups. The development of hydrogen bonds between nearby molecules reduces their mobility,
enhancing fluorescence. Common HBDs include hydroxyl (-OH) and amino (-NH2) groups,

but HBAs can also include carbonyl (-C=0) or nitro groups (-NO2). 3. z- cation interaction:
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The development of aggregation-induced emission in several AIE luminogens is significantly
aided by n-cation interactions. These interactions take place between cationic species like metal
ions or ammonium ions and electron-rich © systems. AIE behavior is facilitated by the
electrostatic interaction between the positively charged cations and the & electron cloud of the
luminogens, which fosters aggregation and limits intramolecular rotation. 4. Charge transfer
interactions: The exchange of electrons or electron density between molecules is referred to
as charge-transfer interactions. Charge-transfer complexes can develop between the donor and
acceptor moieties in AIE luminogens. These complexes' emergence stabilizes the aggregated
state resulting in potent emission. In AIE luminogens, examples of donor-acceptor systems
include electron-rich aromatic systems (donor) and electron-deficient groups (acceptor), such
as nitro (-NO2) or cyano (-CN). 5. Van der Waals interactions: The aggregation of AIE
luminogens is further influenced by Van der Waals forces, such as the London dispersion forces
and the interactions between dipoles. These negligible intermolecular interactions exist
amongst all molecules and are crucial for the formation of the aggregates. AIE behavior is the
outcome of these interactions, which, despite being weak individually, have a cumulative effect
that encourages aggregation. Overall, the interactions between supramolecular particles in AIE
luminogens result in the development of highly organized aggregates or nanostructures. As a
result of these supramolecular assemblies’ limitations on intramolecular movements,
suppression of nonradiative pathways, and facilitation of radiative decay, the emission intensity

and AIE features are improved.%® (Figure 1.11)

‘ -1t stacking interaction
OQ Aggregation Caused Quenching

(ACQ)
Emissive Non-emissive

Q Restriction of intramolecular
Rotation (RIR)
OO
Aggregation Induced Emission
Q (AIE)

Non-emissive Emissive

Figure 1.11. Schematic illustration of ACQ (aggregation caused quenching) phenomena in

Perylene and AIE (aggregation induced emission) phenomenon in Tetraphenylethene (TPE)
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1.5.  Supramolecular assembly

Supramolecular assemblies are intermediated with noncovalent interaction are ideal candidate
to use as chemo sensors due to their ease of formation and adaptive nature. Supramolecular can
form highly ordered structure without time and energy consuming covalent bond formation
and consist of relatively weaker non-covalent intermolecular interactions that underlie the
supramolecular assemblies which make them adaptable in nature.%” These assemblies can
modify their configuration in response to several external stimuli and introduction of analyte,
such configurational change can lead to cause optical response such as fluorescence and
absorption shift. Due to the labile intermolecular connections, supramolecular assemblies also
exhibit high levels of reversibility, which allows the supramolecular host to reorganize to its
initial configuration if the external stimulus is eliminated. In all components of the sensor
system, including interactions between the sensor and the fluorophore, analyte, and
fluorophore, supramolecular luminescence sensors frequently rely on noncovalent
supramolecular interactions. The following noncovalent interactions between the analyte and
the chemo sensor are frequently observed: electrostatic interactions, intermolecular hydrogen
bonds, hydrophobic association, cation- and anion-interactions, and other aromatic
interactions, such as m-m stacking and edge-face interactions. Luminescent supramolecular
detection methods frequently rely on an analyte's propensity to alter a sensor molecule's
fluorescence or phosphorescent emission through the exchange of energy. Forster resonance
energy transfer (FRET), photoinduced electron transfer (PET), and electron exchange (EE) are
a few of the possible processes by which this energy transfer might take place. Multiple
mechanism can also occur simultaneously.% Each mechanistic inquiry should clearly take the
possibility of numerous coexisting processes into consideration. The differences in the electron
transfers between the interacting molecules' lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) are used to characterize the transfers. PET is only
possible with closer contact with the donor and acceptor (within 2A) so that their electron
clouds could collapse and fluorescence quenching could be possible. In PET a complex
between electron Donor and Acceptor (Dp*.Ap-) is formed. This complex can return to the
ground state without emission of photon or exciplex emission can be observed then an extra
electron on the acceptor is returned to the donor. The direction of electron transfer is determined

by the oxidation and reduction potential of the donor and acceptor.®®
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1.6. Significance and Innovation

a. Fundamental understanding: The complexities of supramolecular interactions and
aggregation patterns in organic luminogens to enhance our fundamental understanding
of these materials was explored. This comprehension is essential for clarifying the
fundamental principles that control their behaviour on a molecular scale, establishing
the foundation for future research efforts.

b. Rational design: Organic luminogens with precise optical properties can be developed
through instructed and focused method in the presented thesis. Furthermore, pure
organic luminogens can be regulated by tuning their aggregation patterns and molecular
packing with the knowledge of supramolecular interactions to get the desired emission
wavelength, quantum yield and AIE properties. This rational design method helps
create materials that have improved performance and functionality.

c. Innovative material design: Reported research could stimulate the development of
innovative materials with uses in multiple fields. Enhanced comprehension of AIE
mechanisms can result in the development of more effective light-emitting devices for
displays, lighting, and signage. Understanding how nanostructures arise could lead to
the creation of sophisticated materials used in energy harvesting, photonics, and
medicinal applications.

d. Methodological advancements: Presented research findings could lead to the creation
of new techniques and approaches for managing supramolecular interactions and
aggregation patterns in organic luminogens. These improvements may allow for the
creation of materials with customized properties and functions, creating new
opportunities for investigation and innovation in the industry.

e. Societal impact: Scientific advancements could tackle important societal issues and
promote technical innovation. Functional materials derived from supramolecular
chemistry have potential in sustainable energy, healthcare, and environmental

monitoring, offering significant societal benefits.

In conclusion, research outcomes increase scientific understanding and have real-world
ramifications that may spur the creation of novel materials with a wide range of uses and social

effects.
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1.7.  Objective and Conclusion of this thesis work

The primary focus of the presented thesis work was to design and develop novel pure organic
luminogens and dive deep into the supramolecular interactions involved to explore various
dynamics of supramolecular chemistry for the vast range of application in sensing,
luminescence (fluorescence and phosphorescence), viral detection and tuneable solid-state
luminescence. Various novel pure organic luminogens have been synthesized and successfully
implemented for melamine detection of milk samples in aqueous media, organic room
temperature phosphorescence, Japanese Influenzas responsible NS1 protein viral detection,

mechano-luminescence, and polymorphism. The key objective for each work is following.

» The primary objective of first research work was to create and analyse the pure
equatorial form of naphthalimide methylcyclohexane (NMICY) luminogen and study
its supramolecular self-assembly and aggregation-induced emission capabilities. The
work aims to investigate how the molecular conformation of NMICY affects its
aggregation behaviour and optical properties, focusing on its potential use as a sensing
platform for detecting melamine in milk and milk powder solutions. The study
effectively created and identified the unadulterated equatorial form of NMICY and
explained its supramolecular self-assembly properties. The research confirmed a unique
J*-aggregation pattern that was mostly seen in NMICY. This pattern resulted in
emission qualities about 450 nm in both crystal and aggregated forms. The study
showed the creation of cube-shaped 2D-nanoarchitecture in water, as well as distinctive
optical characteristics when in a clustered form. The improved structure-property
connection enabled the creation of an efficient sensing technique to detect melamine in
milk and milk powder solutions, attaining a low limit of detection (LOD) value. A
smartphone-based sensing technology was created to provide a portable and
straightforward approach for detecting melamine. The research enhances
comprehension of supramolecular self-assembly and aggregation-induced emission
processes and provides a practical application in chemical sensing.

» Second research aimed to study how the addition of heavy halogen atoms affects the
organic room temperature phosphorescence (RTP) features of luminogens and to
compare the impact of alkyl chain changes on RTP. The work attempted to clarify how
heavy halogen atoms enhance spin-orbit coupling (SOC) and intersystem crossover

(1SC) processes, which are important for obtaining efficient room temperature
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phosphorescence (RTP). The research aimed to investigate how changes in alkyl chain
structure affect the RTP properties of luminogens to understand the fundamental
mechanisms controlling RTP. The research results provided valuable information on
how the addition of heavy halogen atoms can improve the RTP characteristics of
luminogens. The study showed that heavy halogen atoms can significantly affect
phosphorescence lifetime. BrODNI had a much shorter lifetime than ODNI, as
evidenced by the design and development of these two luminogens. Heavy halogen
atoms are important for promoting efficient RTP by improving SOC and ISC processes.
The study analysed the crystal structure of ODNI and conducted theoretical calculations
for both ODNI and BrODNI to gain a better understanding of how alkyl chain structure
and heavy halogen atoms affect RTP behaviour. The research enhances knowledge
about RTP materials and provides vital insights for designing effective RTP
luminogens for sustainable energy applications in the future.

» Third research report aims to study the supramolecular interactions of naphthalimide
luminogens and characterize their aggregation patterns by single crystal X-ray
diffraction (XRD). The study attempts to reveal unique aggregation characteristics that
defy traditional classification as either H or J aggregates through a thorough
investigation. The research aims to further comprehension of the distinctive assembly
patterns displayed by these luminogens, illuminating their structural complexities. This
study offers vital insights into the supramolecular behaviour of naphthalimide
luminogens and their prospective applications in targeted interactions with viral
proteins. The work reveals unique aggregation behaviours with slip angles exceeding
90 degrees by analysing aggregation patterns by single crystal X-ray diffraction (XRD).
This research challenges traditional classifications and enhances our comprehension of
the distinct assembly patterns displayed by naphthalimide luminogens. The project also
involves studying the connections between naphthalimide luminogens and the NS1
protein, a vital component in the Japanese Encephalitis virus. The results show that a
particular luminogen, (1,3 m-NPCFg), displays remarkable luminescence dampening
when interacting with the NS1 protein, indicating a possible approach for creating new
methods to fight the Japanese Encephalitis virus. This research report provides vital
insights that can guide future improvements in materials science and antiviral research
by highlighting the significance of comprehending supramolecular behaviour in

creating functional materials for various purposes.
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» Fourth research report aims to study the polymorphic behaviour and
mechanoluminescent features of naphthalimide luminogens NPH and NPMe. The work
attempts to reveal the relationship between the molecular packing of luminogens and
their optical features through a detailed examination of their single crystal X-ray
diffraction (XRD) patterns. The research aims to clarify how molecular packing and
fluorescence interact to understand mechanoluminescent behaviour and discover ways
to customize these materials. This research study explores the polymorphic behaviour
and mechanoluminescent features of naphthalimide luminogens NPH and NPMe. The
work demonstrates a direct link between molecular arrangement and optical properties
by analysing single crystal X-ray diffraction (XRD) patterns. The close arrangement of
molecules, defined by complex intermolecular connections, leads to a shift towards
longer wavelengths in the spectrum and a high level of fluorescence efficiency for
NPHB and NPMeB. Loose molecular packing and reduced intermolecular contacts
result in a blue-shifted spectrum, causing decreased fluorescence and quantum yield for
NPHA and NPMeA. The results highlight the crucial influence of molecular
arrangement on the optical characteristics of NPH and NPMe luminogens. The
understanding of this interaction allows for customized control of these materials, with
possible uses in optoelectronics and other areas. This research provides vital insights
into the underlying understanding of molecular packing and fluorescence behaviour,

which can be applied to design and manufacture useful materials with specific features.
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Chapter 2 J*-Aggregation in Naphthalimide Cyclohexane

Abstract

Molecular conformation directed aggregation induced emission (AIE) luminogen NMICY
(naphthalimide methylcyclohexane) was prepared, and its pure equatorial conformer was
isolated and characterized via single crystal X-ray diffraction (SC-XRD) analysis. In
NMICY, the methyl-cyclohexane substituent adapted the most stable chair conformation
which completely prevented the notorious intermolecular n-n interaction among the
naphthalimide cores in the aggregated state. On careful analysis of the aggregation, it was
observed that an unusual J* aggregation pattern was determined for NMICY that exhibited
~450 nm emission in crystal state and in the aggregated state (Amax = 455 nm, ¢pL = 23.22%,
fw = 99.9% in water or water-DMF mixture). NMICY forms self-assembled cube shaped
2D-nano-architectures as characterized by FESEM and AFM as well as confirmed via DLS
(Zavg =143 nm, ~20 nm height), and displayed unique optical properties in aggregated state.
The aggregated state structure-property relationship in aqueous media, and supramolecular
self-assembly behaviour of NMICY, were optimized and a facile strategy for melamine
detection in milk and aqueous solution of milk powder is reported with a limit of detection
(LOD) value of 0.184 ppm (milk) and 0.101 ppm (milk powder), achieved via the rare
acceptor-excited photoinduced electron transfer (a-PET) sensing mechanism. Further,
smartphone-based portable simplified sensing analysis broadened the melamine detection

process.

54.7°<0<90° ©<54.7° P> supramolecu
upramolecular Nano-cubes

H-Aggregates J-Aggregates ‘ H
ppm | | J
L E

LOD =0.101
b e
X { -

R\
—G

“~ 8;4"1%2 L’X
%

— B
Figure 2.1 Proposed table of content of the present work.

)
=2

©
>
o
)
o

a4 8 12 16
Melamine (ppm)

35
TH-3445_ 186122014



Chapter 2 J*-Aggregation in Naphthalimide Cyclohexane

2.1 Introduction

Organic luminescent materials have played significant roles in the advancement of
interdisciplinary science and technology over the years.? It has been extensively used in
recent decades in organic lasers, chemical and biological sensors, solid state emission and
flexible screens.? In traditional fluorophores, the aggregation-caused quenching (ACQ)
effect® has led to a complete or partial quenching of fluorescence in their aggregated and
solid-state due to the strong m-m interaction among their planar aromatic cores.*° This
mandates inserting aromatic rotor groups to prevent the n-n stacking.® Using this approach
and by analyzing the mechanism as well as the molecular aggregation properties,’ the
design and development of AIE probes has progressed well.® For organic conjugated
materials, aggregated structure and molecular stacking models can have significant impact
on PL properties which is closely related to transition dipole interaction of nearby
molecules.® Kasha described weakening of the transition dipole interaction by reducing the
co-facial interaction and increasing the slipping of molecules from H- to J-aggregate (>
54.7° = J-aggregation, < = 54.7° = H-aggregation) which could enhance the emissive
properties.’® Jelley'! and Scheibe's'? discovery of a typical J-aggregate serves as the
paradigm for all subsequent research. Indeed, the definition of the term "J-aggregate” has
evolved all throughout history.’® On the basis of recent developments and theoretical
understanding of intermolecular interactions between slip-stacked dyes, Wurthner et al.
suggested to distinguish between classical J-aggregates with predominance of long-range
Coulomb coupling and charge transfer (CT) mediated or coupled J-aggregates, whose red
shifts are primarily controlled by short range orbital interactions.'* Thus, it can be deceptive
to categorize a J-aggregate solely on the basis of the observed red-shift and slip angle.’®
The traditional J-aggregate’s strong excitonic coupling for enhancement of solid-state
luminescence cannot explain the newly synthesized AlEgen and their emission
phenomenon.'® In organic aggregates intermolecular interactions are diverse including
hydrogen bonding, n-w, cation or anion-x, dipole-dipole etc. and these interactions can be
altered by aggregation, flexible molecular conformation and influence of the excited state
energy dissipation pathways and the molecule’s electrical and geometric structures.'”8
This opens a potentially wide and new technique for creating highly luminescent class of
materials and revealing additional phenomenon about molecular excitons and aggregation

patterns.®®
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Naphthalimide core, due to its structural tunability is finding applications as AIE
luminogens in sensing,?>?! bioimaging®? and supramolecular chemistry.?® Herein, a design
strategy to prepare AIE luminogen (NMICY) from ACQ molecule 1,8-Naphthalic
anhydride (NA) by inserting methylcyclohexane substituent tactically was applied, which
modulated and impacted its photo-physical properties (Scheme 2.1). The methylene single
bond in NMICY permits the cyclohexane ring to rotate freely and adopt chair conformation
in the aggregated state, thus providing it with a rare conformational flexibility and
preventing intermolecular m-m aggregation of the parent cores and introduced the
uncommon J*-aggregation. Further, we have isolated and studied the equatorial
conformational isomers (CI) of this NMICY AIE luminogen at room temperature (RT) and
analyzed its molecular and aggregated state properties carefully. To our knowledge, this
study represents the first instance of a conformation directed ACQ to AIE conversion in an
organic molecule. By optimizing the supramolecular self-assembling nature of NMICY, a
bathochromic shift of ~80 nm and a large stroke shift of ~100 nm (fu = 99.9%, fu = water
fraction) was observed in aqueous media which was optimized for the detection of
melamine in milk and aqueous milk powder samples with very low limit of detection

(LOD), high specificity, and selectivity (Figure 2.1).

2.2 Experimental

2.2.1 Materials and measurements: All starting material reagents, i.e. 1,8-naphthalic
anhydride, cyclohexane amine was purchased from Sigma Aldrich (India) and were reagent
grade. Milk and milk powder were purchased from local dairy and used for the experiment
on the same date of purchase.

NMR Measurements: A Bruker Avance 600 MHz Fourier transformation spectrometer
was used to record the proton NMR spectrum at 600 MHz and the *3C NMR spectrum at
200 MHz. All Proton and ‘3C spectra solutions were obtained using the residual solvent
signal as an internal reference. The chemical shifts are reported in parts per million (ppm)
with respect to TMS. The short notations used are s for singlet, d for doublet, t for triplet,
g for quartet, and m for multiplet.

Matrix-Assisted Laser Desorption lonization: MALDI was performed on Bruckner
model auto-flex speeds using a MALDI TOF system spectrometer.

Optical Measurements: Solution state studies: Electronic absorption spectra of
luminophores in solution state were recorded on a Perkin-Elmer Model Lambda-750

spectrophotometer. PL emission spectra were recorded on the Horiba Fluromax-4
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spectrofluorometer. Optical measurements were performed using 4 mm quartz cuvettes at
298 K. Crystal state studies: Electronic absorption spectra were recorded on a Perkin EImer
Model Lambda-750 spectrophotometer. Emission spectra were recorded on the FLS1000
spectrometer, an Edinburg instrument.

Lifetime and measurements: Fluorescence lifetime experiments were performed on the
Horiba Delta Flex time-correlated single photon counting (TCSPC) instrument. A 373 nm
Laser diode with a pulse repetition rate of 1 MHz was used as the light source. All the
images were taken on an Apple iPhone 12.

2.2.2 Synthetic procedure

2.2.2a Synthesis of 2-(cyclohexylmethyl)-1H-benzo(de)-isoquionoline-1,3-2H-(dione)
(NMICY):

1,8-Naphthalic anhydride (0.5 g) was taken in a 50 mL round bottom flask, and 10 mL of
pure ethanol was added to it. The reaction mixture is kept for stirring. While stirring,
cyclohexane-methylamine (600 pL) was added drop by drop. After the addition of
cyclohexane-methylamine, the reaction set-up is kept in reflux condition for 8 hours. The
completion of the reaction was monitored by TLC. After completion of the reaction, the
white, hazy crude was filtered through Whatman filter paper. The crude was further purified
using 5% chloroform/hexane through column chromatography. NMICY was obtained (500
mg, 95% yield), and a white solid was obtained and further characterized by *H NMR, $3C
NMR, HRMS, MALDI, and SCXRD.

IH NMR (600 MHz, CDCls, § ppm) 8.63 (d, 2H), 8.24 (d, 2H), 7.78 (t, 3H), 4.09 (d, 2H),
1.92 (s, 1H), 1.74 (d, 4H), 1.26 (s, 1H), 1.20(d, 2H), 1.15 (m, 3H)

13C NMR: (150 MHz, CDCls, ppm) 164.62, 133.90, 131.56, 131.34, 128.19, 126.97,
122.66, 46.16, 36.74, 30.98, 26.38, 25.91) HRMS (+ESI) calculated for C19H1oNO, =
293.14 [M]*, Found 294.15 [M+1]*

2.2.2b Synthesis of 2-(hexyl)-1H-benzo(de)-isoquionoline-1,3-2H-(dione), NMIH: 1,8-
Naphthalic anhydride (0.5 g) was taken in a 50 mL round bottom flask, and 10 mL of pure
ethanol was added to it. The reaction mixture is kept for stirring. While stirring, hexylamine
(600 pL) was added drop by drop. After the addition of cyclohexane-hexylamine, the
reaction set-up is kept in reflux condition for 12 hours. The completion of the reaction was
monitored by TLC. After completion of the reaction, the white, hazy crude was filtered
through Whatman filter paper. The crude was further purified using 5% chloroform/hexane
through column chromatography. Solid white powder of NMICY was obtained (500 mg,
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95% vyield), and further characterized by 'H NMR, ®C NMR, HRMS, MALDI, and
SCXRD.

'H NMR (600 MHz, CDCls) § 8.61, 8.60, 8.22, 8.20, 7.77, 7.76, 7.74, 7.28, 4.20, 4.19,
4.17,1.74,1.69, 1.45, 1.35, 1.35, 0.90.

13C NMR (151 MHz, CDCls) § 164.19, 133.81, 131.58, 131.15, 128.15, 126.91, 122.78,
77.25, 77.04, 76.82, 40.51, 31.57, 28.09, 26.82, 22.58, 14.06: HRMS (+ESI) calculated for
C18H19NO2 = 281.36 [M]*, Found 282.14 [M+1]*

a) b)

&

5= C7H13 R= Cs“13

Scheme 2.1: Synthesis of Naphthalimide luminogens (a) NMICY, Ethanol, 85°C, 12 h; (b)
NMICY, Ethanol, 85°C, 12 h.

2.2.3 Pre-treatment of melamine in milk powder and melamine in milk samples
before sensing analysis: The milk powder and milk were purchased from local
supermarkets and dairy respectively and used on the same date for analysis. 0.5 g of milk
powder was taken in 50 mL of Eppendorf, followed by 4.5 mL of de-ionized water, 0.5 mL
of acetic acid, and 0.5 mL of acetonitrile. For melamine in the milk sample, 3.5 mL of de-
ionized water was taken followed by 0.5 mL of raw milk, 0.5 mL of acetic acid, and 0.5
mL of acetonitrile in 50 mL Eppendorf. After this, both samples were kept stirring for 10
minutes. Then, both samples were kept in centrifuges for 30 minutes at 7000 rpm. The solid
parts were separated from the liquid. Liquid samples were further passed through a 100 mm

mass filter.

2.2.4 Spiking of melamine in milk and milk powder filtrate: Melamine was
separately dissolved in deionized water (DI water) (Melamine Solubility = 25 mg/mL,;
Melamine from Sigma Aldrich, CAS no. 108-78-1), and a 10 mM stock solution was
prepared. After milk and milk powder pre-treatment, the filtrate volume was adjusted by 1
mL with the addition of sodium bicarbonate, and the filtrate, was neutralized (pH 7.0).
Melamine (10 mM) was added to milk and milk powder filtrate and different concentration
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samples (1 mM, 0.1 mM, 0.01 mM, and 0.001 mM) were prepared, which were finally used

for the sensing analysis.

2.2.5 Reason to follow sample pre-treatment: Milk and milk powder have a
significant amount of casein, protein, vitamins, carbohydrates, fibre, and essential metals,
which need to be separated before sensing as they could cause major interference and cause
many photophysical phenomena. Without sample pre-treatment, all these biological
molecules could have interacted with the analyte, and the quenching mechanism would not
be honestly described.

2.2.6 Theoretical calculations: To assess the interface between NMICY and melamine
and amino acids used in the selectivity study, electronic properties have been calculated
using DFT. The ground-state structure optimization and excited-state electronic properties,
along with the HOMO/LUMO energy of NMICY, melamine and all amino acids used in
the selectivity study, were calculated in the Gaussian 16 package. B3LYP hybrid functional

and 6-31-G basis sets were used during the entire calculation.?*

2.2.7 Procedure to perform smartphone-based sensing analysis: To perform a
smartphone-based melamine sensing experiment, a small, closed chamber (10 cm/5 cm/20
cm) with a sample cuvette chamber, a phone holder, and a portable UV light source holder
was built in-house. Inside this chamber, the sample in the cuvette was placed and after
turning the UV-light ON, different concentrations of NMICY blank (fx = 99.9%) and
different concentrations of melamine in the milk sample, 6 ppm, 15 ppm (prepared with the
same method mentioned in section 2.2.3) were taken. Later, these images were analysed by
the colour picker software on the iPhone 12. The R/G/B values of these samples were:
NMICY blank (fw = 99.9%) was 0/108/221; NMICY (fu = 99.9%) with 6 ppm of melamine
in milk powder sample was 38/105/192; and 8/9/57 for NMICY (fu = 99.9%) with 15 ppm
of melamine in milk powder sample. This way, a gradual decrease in the R/G/B value of
NMICY (fu = 99.9%) was distinctly observed.?®

2.2.8 Calculation of detection Limit: For calculation of detection limit, different
concentration of melamine in milk powder solution and different concentration of
melamine in milk solution was introduced to different samples of fluorophore NMICY (20
M) suspension in water. Fluorescence spectra were recorded for each sample separately

by 340 nm excitation wavelength. The Stern-Volmer Quenching constant (Ksy) was
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calculated by plotting 10/1 versus melamine in milk powder solution and melamine in milk
concentration separately. By linear fitting, the curve shows correlation coefficient (R2) was
calculated to be close to 1. The detection limit for melamine in milk powder solution and
milk was calculated by plotting the change in the PL (Fluorescence) intensity versus
concentrations of melamine in milk powder solution and melamine in milk concentrations.
The limit of detection (LOD) was calculated using the equation 36/K, where o signifies the
standard deviation of fluorescence intensity in the absence of quencher (melamine in milk

powder solution and melamine in milk) and K illustrates the slope of the linear plot.?’

2.2.9 A. Sensitivity study: Procedure; To study the sensitivity of the NMICY towards
melamine in milk and milk powder agueous solution (adulterated with 15 ppm of
melamine) and all other possible interference present in milk and milk powder such as
amino acids (Glycine, Valine, Phenylalanine, L-Cysteine, Alanine, Arginine, Leucine,
Threonine, Methionine, Isoleucine), urea, essential metals Ca?*, Na', K*, Mg?*, all the
mentioned interference introduced separately in 20 uM NMICY in fy = 99.9%.For each
measurement, the fluorescence intensity was measured before and after the introduction of
milk and milk powder aqueous solutions (adulterated with 15 ppm of melamine), amino
acids (Glycine, Valine, Phenylalanine, L-Cysteine, Alanine, Arginine, Leucine, Threonine,
Methionine and Isoleucine), Urea, and essential metals Ca?*, Na*, K*, and Mg?* (15 ppm
each) and plotted in a bar diagram to study the sensitivity. It has been found that
fluorescence quenching was higher for milk powder than for milk (which is adulterated
with 15 ppm melamine).

B. Selectivity study: To clarify the NMICY's selectivity towards an aqueous solution of
milk and milk powder (adulterated with 15 ppm of melamine) and all other potential
interference found in milk and milk powder, including urea, essential metals Ca®*, Na*, K*,
and Mg?", and amino acids (Glycine, Valine, Phenylalanine, L-Cysteine, Alanine,
Arginine, Leucine, Threonine, Methionine, and Isoleucine). The fluorescence intensity was
measured both before and after the addition of essential metals Ca®*, Na*, K*, and Mg?* (15
ppm each), urea, milk and milk powder aqueous solutions (adulterated with 15 ppm of
melamine), and amino acids (Glycine, Valine, Phenylalanine, L-Cysteine, Alanine,
Arginine, Leucine, Threonine, Methionine, and Isoleucine). The results were plotted in a

bar diagram to study the selectivity. The results indicate that milk powder exhibited the
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most fluorescence quenching, whereas milk (adulterated with 15 ppm melamine) showed

the lowest. No significant alterations were seen for the other analytes.
2.3 LOD and Stern Volmer Calculations.

2.3.1 Calculation of Stern-Volmer quenching constant:

The fluorescence response of NMICY was calculated by linear fitting of the fluorescence
quenching of NMICY data by adding melamine (in milk and milk powder) into the Stern-

Volmer equation:
lo/l =1+ Ke [Q] (1)

lo = Initial fluorescence intensity of the probe (NMICY) before the addition of

analyte(melamine).

I = Fluorescence intensity of the probe (NMICY) after the addition of an analyte

(melamine).
Q = molar concentration of the analyte (NMICY).
Ksv = Stern-Volmer quenching constant.

2.3.2 Calculation of Limit of Detection:
The sensitivity of NMICY for the detection of melamine in milk and milk powder solutions
was evaluated by fluorescence intensity titration at 0 to 5 ppm melamine. The Limit of

Detection was calculated by following equation: -
Limit of Detection (LOD) = 30/K (2)

¢ = the standard deviation of the initial fluorescence intensity in the absence of an analyte

(melamine).

K = slope of the linear calibration plot determined by plotting the change in the emission

intensity of the probe vs. analyte concentration.

2.3.3 Quantum Yield Calculations:

Photoluminescence Quantum Yield (¢p) of NMICY and NMIH aggregated state (fw =
99.9%, fw = water fraction) by taking quinine sulphate as standard (¢prL= 54.6% in 0.1 M
H2S0a) by using the following calculations:
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(I)PL = (br (ArFs/AsFr) (7752/ 7’]r2)

Where the quantum yield is denoted by ¢, and s and r stand for sample and reference, the
letters A signifies absorbance, F denotes relative integrated fluorescence intensity, and the

n represent medium's refractive index.

2.4 Result and Discussion

2.4.1 Photo-physical properties

In the ground state, NMICY (DMF, fw = 0%) exhibited characteristics of carbonyl peaks
having absorption at 342 nm and 353 nm, broadening of absorption maxima, and a raised
baseline in fw = 99.9%, depicting the probable aggregation of NMICY (Figure 2.2a, 2.2b).
The fluorescence of NMICY, studied in the solution state (DMF) showed weak emission,
which enhanced with increasing fw, and the highest emission intensity was recorded at fy =
99.9%, Amax = 455 nm, attributed to the AIE property and confirming the directed
aggregation of NMICY in water. Thus, NMICY, which exhibited emission maxima at 375
nm in its monomeric state (DMF, fw = 0%), was red shifted by 80 nm (from Amax. = 455 nm)
in fw = 99.9%, representing the NMICY aggregated state emission with a large stroke shift
of ~100 nm. Such unusual photophysical properties with high fluorescence intensity make
NMICY an excellent candidate for sensing applications. The remarkable shift between fy
= 95% and fw = 99.9% indicates the slip stacked J-aggregation (Figure 2.2b, 2.2c, 2.2d).
Further, on strategically introducing methylcyclohexane in the NA core, a highly emissive
NMICY luminogen was obtained both in the aggregated (fw = 99.9%, Amax. = 455 nm)
(Figure 2.2c) and crystal (Amax. = 450 nm) states (Figure 2.3a). The resemblance of NMICY
in these two condensed states signifies comparable molecular arrangements in both states,
confirming that the emission intensity of napthalimide luminogens depends on their
aggregation pattern and intermolecular interactions. The NMIH molecule showed nearly
identical optical properties to that of NMICY due to their comparable electronic
contributions (Figure 2.3b, Figure 2.4) of their individual components, however, the
emission intensity of NMICY was higher than that of NMIH in the aggregated state
(NMICY ¢pL = 23.22%, fw = 99.9%, and NMICY ¢pL = 19.67%, fu = 99.9%) (Figure
2.3, 2.3b, 2.3c and 2.3d), clearly confirming that the cyclohexane chair conformation
influences the photophysical and AIE behavior of NMICY. Further, SC-XRD provided
clear insights into the effect of the cyclohexane chair conformation of NMICY on its
aggregation behaviour.
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Conformational isomers (Cls) are molecules made up of the same atoms but with dissimilar

arrangements.?® Typically, a cyclohexane molecule with a single bond can exist in various

conformations, such as chair, half chair, boat, and twisted boat, among which the chair form

has the lowest energy and thus the most probable conformation to be found at RT. The

chair conformation of cyclohexane is free from torsion strain, angle strain, and steric strain,

and the C-C-C bond angle is almost 109.4°. Cyclohexane chair conformation exists in axial
and equatorial conformations and is interconvertible at RT through ring flip (energy barrier
~10 kcal mol™). Mono-substituted cyclohexane, such as methyl-cyclohexane, exists in 95%

equatorial conformation and 5% axial conformation at RT. In cyclohexane, the increasing

substitution thermodynamically Favors the equatorial conformer, as observed in several

natural products like epoxides, neurotransmitters, and drugs.?® Separation and identification

of Cls at RT and gaining vital structural insights are crucial as they have enormous

application potential in molecular biology, supramolecular chemistry, and medicine.*
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Figure 2.2 a) Synthetic strategy for the synthesis of NMICY b) Absorption spectra of
NMICY (20 uM) in fw = 99.9% and fw = 0%. (fw = water fraction) c) The fluorescence
emission spectra of NMICY at different water fractions in DMF (20 uM, 25°C, Jex. = 340

nm) d) plot of Aem.max. VS. water fraction.
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Figure 2.3 (a) PL emission of NMICY crystals (Amax = 450 nm). (b) Emission comparison
of NMICY and NMIH in aggregated state. (20 uM, fw = 99.9%)
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Figure 2.4 (a) Absorbance spectra of NMIH in fw = 0% (violet) and fw = 99.9% (peach).
(b) The fluorescence emission spectra of NMIH in different water fractions in DMF (c)

Respective plot of emission maxima vs. water fraction.

2.4.2 SC-XRD studies

By careful structural analysis of the SC-XRD data of NMICY, it was observed that the
cyclohexane in NMICY, due to the methylene single bond bridge, turned it into a
conformationally flexible luminogen and adapted the lowest energy chair conformation. It
was noted that only the equatorial CI of NMICY (concerning cyclohexane) was found in
the overall SC-XRD structure at RT, and despite the low energy barrier of ~10 kcal mol™,
the axial ClI of NMICY was not found at all (Figure 2.5a). This shows that careful
crystallization could be a way to isolate Cls. This method could be a big step forward in
the field of drug design and natural product synthesis, since most drugs and natural product
have cyclohexane as a part of their structure and Cls are common.3! C’-C’-C’ bond angles
for cyclohexane equatorial chair conformation are between 111.02° and 111.72° (Figure
2.5b) which is close to the reported mono-substituted cyclohexane (C-C-C Bond). Except
for the equatorial position, the C’1-C’2-C’6 was found at 109.65°, which is closer to the
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ideal sp® carbon bond angle. This confirms that higher substitution in cyclohexane could

also lead to the removal of angle strain in cyclohexane (Figure 2.5a).
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Figure 2.5 (a) Equatorial conformation of cyclohexane in NMICY. (b) All C’-C’-C’ bond
angle in cyclohexane of NMICY (111.02° to 111.72°) (c) The slip angle between two
chromophores is 84.82°. d) The distance between two chromophores is 5.763 A e) Strong
intermolecular interaction between in-plane chromophores f) NMICY consist of two types
of molecular configurations of the cyclohexane substituent, one above the plane and the
other below the plane.

The C’1(CY)-C(Me)-N(NMI) bond angle was 113.82°, due to which the overall structure
of NMICY was twisted (Figure 2.5b) and the methyl NMI adopted the equatorial position
of cyclohexane. Thus, the probability to acquire an equatorial position is enhanced by
functionalization, and hence in NMICY only equatorial conformation existed and a pure
isomer of conformationally flexible luminescent NMICY could be isolated via
crystallization. The NMICY crystal structure represents a one-unit cell having two
molecules oriented in a head-to-tail fashion, but the slip angle between these two molecules
is 84.82° (> 54.7° = J-aggregation, < 54.7° = H-aggregation), which makes its aggregation
pattern very interesting (Figure 2.5c), while the distance between two head-to-tail
chromophores was 5.763 A. No n-r interaction existed between the two NMICY molecules
in the crystal lattice (accepted limit of n-m interaction = 4 A) due to the twisted structure of
NMICY via the methylene single bond, cyclohexane chair conformation, and hydrophobic
forces between the two cyclohexane chairs, which prevented the notorious aromatic core
interaction and stacking, converting the ACQ NA molecule into a bright AIE luminogen,
signifying that NMICY has facilitated a unique conformation directed AIE phenomenon.
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(Figure 2.5d) The overall structure of NMICY has a very unique slip-stacked
intermolecular interaction pattern. In-plane NMICY molecules were connected through
very strong intermolecular interactions. One NMICY has two types of C=0...H-C bonds,
2.585 A and 2.573 A. The other interactions C(2)-H of cyclohexane and C-H of NMICY
are even stronger (2.373 A). These intermolecular interactions facilitate sheet-like patterns
(Figure 2.5e). Cyclohexane equatorial chair Cl in the NMICY sheet structure has two types
of configurations, one above the sheet and the other below the sheet (Figure 2.5f) which
could be the possible reason for sheet-like crystals and supramolecular assembly of
NMICY in the aggregated state.

The photo-physical properties and SC-XRD analysis of NMICY indicate that any Kasha®
molecular exciton model could not be applied to explain the aggregation pattern of
NMICY. In general, H-aggregates have low fluorescence and a large, blue-shifted
absorption, while J-aggregates have high fluorescence and a bathochromic shift in
absorption. H-aggregates are detrimental to fluorescence while also enhancing the charge
transport by large n-m overlap, and on by avoiding this overlap, the charge transport
drastically decreases. As mentioned, due to the chair conformation of NMICY having a
twisted structure and the slip angle between two chromophores being 84.82° (Figure 2.6a),
there is negligible n-m interaction between the two cores. (Figure 2.6b). In NMICY, the
head-to-tail orientation (Figure 2.5c), high-intensity fluorescence (Figure 2.6a inset), and
only slight bathochromic shift in absorbance shift (Figure 2.5b) support the J-aggregation
pattern, yet unlike other traditional molecules, the slip angle observed here was 84.82°,
which supports the H-aggregation pattern. Therefore, NMICY can be described as having
an uncommon but ideal J* aggregation pattern because two chromophores in a one-unit cell
of NMICY have zero n-nt overlap, so we can discard Frenkel Charge Transfer Mixing (te =
th = 0)> Moreover, NMICY slip angle (84.82°) does not correspond to Kasha’s conventional
classification of H and J aggregates (> 54.7° = J aggregation, < 54.7° = H aggregation)
because Kasha’s categorization accounts for Frenkel charge transfer mixing between
chromophores. NMICY aggregated state emission is purely generated by short contact
intermolecular interactions, facilitating high-intensity fluorescence in NMICY. J*-
aggregation observed here unveils a new photo-physical concept of complex exitonic
behavior in luminogens with complete avoidance of =m-m interaction between two
chromophores, which is a crucial milestone for the fundamental research of luminescence

in fluorophores.®> The thermodynamic effect of the chair conformation of methyl-
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cyclohexane is difficult to analyze directly since other conformers (boat, half boat, etc.) are
not separable at RT, but it has introduced a unique aggregation pattern in NMICY that
directed the AIE and high fluorescence in the aggregated state.

(a) (b)

Wsi:s
\ O

Figure 2.6 (a) The slip angle between two NMICY chromophores is 84.82° along the ¢
axis (inset: NMICY image in daylight (UV OFF) and UV ON condition). (b) The NMICY
aggregation pattern along the b-axis, demonstrates negligible n-n interaction between
NMICY cores.

2.4.3 Self-assembly properties

Supramolecular self-assembly-based sensors have huge significance in environmental
monitoring, disease recognition, biochemical assays, and volatile organic compound
detection.®® Thus, the morphology of self-assembled NMICY (aggregated state, f,, = 99.9%)
was carefully studied via field emission electron microscopy (FESEM) and atomic force
microscopy (AFM) to understand its likely changes post-sensing studies. 20 uL NMICY
(stock solution 1 mM in DMF) was added dropwise in 1 mL DI water followed by vigorous
stirring. Trace amounts of DMF was removed via dialysis. FESEM and AFM samples were
prepared following the same conditions (Section 2.2.8, 2.2.9). In FESEM analysis, cube-
shaped self-assembled nano-architectures with variable size were observed (Figure 2.7a,
2.7b), and similarly, AFM topography and height profile studies reveal these to be cube
shaped 2D nano-architectures having an average height of 20 nm. (Figure 2.7c, 2.7¢e). The
Size distribution of this nanocubes self-assembly it was also studied via dynamic light
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scattering (DLS), which revealed them to have a hydrodynamic diameter ranging between
80 nm and 210 nm. (Zayg = 143 nm) (Figure 2.7d). This 2D-nano-cube shaped self-
assembled NMICY (fw = 99.9%) luminogen was utilized for the selective detection of
melamine in the aqueous solution of milk powder and milk due to its high ratio of charge

to surface area and unique optical properties.
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Figure 2.7 Morphology and aggregation study: (a), (b), FESEM images, (c) topography (5
pm x 5 um) and (e) 3D (5 um x 5 um) AFM images of supramolecular self-assembled
cube-shaped nanoarchitecture of NMICY. (d) DLS study: size distribution profile of
NMICY (20 uM in fw = 99.9%).

2.4.4 Melamine detection

Melamine is a small organic molecule primarily used in polymer resins, adhesives, plastics,
flame retardants, and the coating industry.>* Melamine, due to its high nitrogen content, is
adulterated with milk, milk products, and other protein sources.®® High concentrations of
melamine in the human body can cause stomach aches, vomiting, and nausea in mild cases
and forms insoluble melamine cyanurate, which leads to kidney failure, urinary system
damage, and infant deaths in acute cases.®® Hence, a sensitive, selective, rapid, and reliable
method of melamine detection in real samples will be of practical significance. A few
melamine detection methods based on electrochemistry,>” Raman spectrometry,® optical
sensors,* quantum dots,*® colorimetric assay,** electroluminescence,* Au nanoparticles*®
and Ag nanoclusters* have been reported (Table A2.1) conjugated polymers and small
molecules having strong absorption and emission properties and being easily tunable for
targeted biosensors make them strong candidates as biosensors.*>*#’" However, most of the
reported methods are restricted by poor selectivity, analyte interference, instrument
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availability, and many stringent experimental conditions such as pH, temperature, water-

solubility, ionic strength, etc.*®

Before performing the sensing experiments, both milk and milk powder solutions were
carefully processed through the standard sample pre-treatment process,®*® and then spiked
with known quantities of melamine (pre-treatment to avoid interference of biological
components such as protein, carbohydrates, amino acid, and essential metals etc. (Section
2.2, 2.3). After that, 0 to 15 ppm melamine (spiked in both milk and milk powder sample)
was gradually added to NMICY in water (20 uM, fw = 99.9%). After the addition of
melamine (15 ppm, spiked in both milk and milk powder) to NMICY (20 uM, fw = 99.9%),
huge quenching in fluorescence intensity occurred (~85% for milk, ~90% for milk powder)
(Figures 2.8a 2.8b, A2.2.1, A2.2.2) Nevertheless, quenching was more efficient for
melamine in the milk powder solution. The Ks, and LOD values of 0.101 ppm (milk
powder) and 0.184 ppm (milk) for the above studies are listed in Table A2.2 (Figures
A2.2.3 to A2.2.6) Melamine exhibited dissimilar quenching efficiency towards milk and
milk powder, and due to the commercial processing, that the milk powder undergoes, the

biological interference is nullified compared to that in raw milk.
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Figure 2.8 Melamine Sensing: a) Fluorescence response of NMICY (20 uM, 99.9% fu)
with the addition of melamine in milk powder (1 to 15 ppm). b) Fluorescence response of
NMICY (20 uM, 99.9% fy) with the addition of melamine in milk (1 to 15 ppm). ¢) Time-
resolved photoluminescence spectra of NMICY (20 uM, 99.9% f) before (green) and after
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(pink) the addition of melamine in milk powder. (Amax = 455 nm) d) Sensing mechanism:
The acceptor transfers electron from HOMO of melamine to HOMO of NMICY (a-PET)
via photo-induced process.

2.4.5 Melamine detection mechanism

Melamine with three -NH> groups has a strong interaction possibility with NMICY via
hydrogen bonding. When melamine (Solubility = 25 mg/mL, Melamine-Sigma Aldrich,
CAS no. 108-78-1) [present in milk and milk powder samples (pH 7.0)], was added to the
NMICY (fw = 99.9%) solution, the disruption of the aggregation pattern of the NMICY
assembly occurred due to multiple intermolecular interactions with the analyte and its
fluorescence intensity drastically quenched (Figures 2.8a, 2.8b). After the addition of
melamine to NMICY, the self-assembled cube-shaped 2D nanoarchitectures was not
visible, as confirmed via FESEM and AFM characterizations (Figure 2.9a, 2.9b, 2.9c,
2.9e). The hydrodynamic diameter also increased (Zayg. = 223 nm) as observed in DLS
(Figure 2.9d).
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Figure 2.9 a. schematic diagram of NMICY and melamine possible interaction. b. FESEM
image of NMICY after the introduction of melamine in milk powder sample. c. topography
(5 pm x 5 um) and e. 3D (5 um x 5 um) AFM images of supramolecular self-assembled
cube-shaped Nano-architecture of NMICY after the introduction of melamine in milk
powder sample. d. DLS study: size distribution profile of NMICY (20 uM in fy = 99.9%)
after the introduction of melamine in milk powder sample. The hydrodynamic diameter
ranges between 60 nm to 900 nm (Zavg. = 225 nm). Higher intensity observed between 400
nm to 800 nm.
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2.4.6 Theoretical optimization of NMICY and Melamine interaction

NMICY and Melamine Interaction: The computational analysis reveals that the highest
occupied molecular orbital (HOMO) predominantly localizes within the melamine
molecule, while the lowest unoccupied molecular orbital (LUMO) is primarily situated in
NMICY. This distribution suggests a favourable electronic configuration for electron
transfer from the HOMO of melamine to the HOMO of NMICY, supporting an excited
state proton transfer (ESPT) mechanism, also known as a-PET, for melamine detection in
NMICY. Theoretical optimization further substantiates the proposed interaction between
NMICY and melamine, illustrating an in-plane parallel arrangement as depicted in Figure
2.9. This conformational alignment underscores the favourable spatial orientation for
efficient interaction and signal transduction between NMICY and melamine molecules.
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Figure 2.10 Theoretical optimization of NMICY and Melamine interaction in the Gaussian
09 package. (B3LYP hybrid functional and 6-31-G basis sets).
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Figure 2.11 Normalized spectra of melamine absorbance (20 pM, in water) and
photoluminescence (PL) spectra of NMICY (20 uM, fw = 99.9%).
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2.4.7 Sensitivity and Selectivity study

The sensitivity and selectivity of NMICY for melamine detection over other analytes with
similar structures, such as amino acids, Ca, Mg, Glucose, etc., which are likely present in
milk, were also evaluated (Section 2.2.9 A and 2.2.9 B). In the sensitivity studies, the
fluorescence response was recorded before and after the addition of various analytes in
NMICT along with melamine-spiked milk and milk powder samples. None of the other
analytes except melamine spiked milk and milk powder samples showed an observable
fluorescence change (Figure 2.4a) in NMICY. Furthermore, in their selectivity studies, the
fluorescence response ratio, 10/1-1 was also plotted, and it was clearly observed that the
fluorescence intensity ratio was very low for other analytes. (Figure 2.4b) Thus, NMICY
demonstrated excellent selectivity and sensitivity towards melamine over all other
competing analytes which could likely be present in the detection system.

Additionally, a simple smartphone-based portable sensor protocol was designed to simplify
and enhance the applicability of actual milk sample analysis by non-experts.>**! In this
standard experiment, a setup with having a small, closed sample chamber (10 cm/5 cm/20
cm) with portable UV light, and a phone holder was built. Inside this chamber, after
switching on the UV light, images of standard NMICY (20 pM, fw = 99.9%), and after
adding different concentrations of melamine adulterated milk powder sample (6 ppm, 15
ppm) were taken, and the images were analyzed by the color picker software in the iPhone
12. These images distinctly show a gradual decrease in the R/G/B value of NMICY (20
UM, fw = 99.9%) after adding melamine of different concentrations due to the turn-off
fluorescence via the a-PET mechanism (Figure 2.4c, Section 2.2.9A and 2.2.9B), which
otherwise are is not easily distinguished by the naked eye. This simple smartphone-based
device's sensing analysis of melamine in milk provides a direct and rapid application of for
determining adulteration, thus demonstrating that even non-experts can check the purity of
milk and detect adulterated melamine in milk at any location accurately.
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Figure 2.12 Sensitivity and selectivity study: a. Fluorescence response of NMICY (20
MM, fw = 99.9%) before (blue) and after the addition of melamine in milk powder(red)
Melamine in Milk (yellow), Valine (purple), Glycine (light green), Phenylalanine (orange),
L-cysteine (light blue), Alanine (magenta), Arginine (dark green), Leucine (yellow),
Threonine (purple), Methionine (pink), Isoleucine (tea-blue), Glucose (green), Urea (very
light blue), Ca (maroon), Na(violet), K (pink), Mg (royal blue). b. Selectivity study: Bar
diagram depicting the effect on the fluorescence intensity of NMICY (20 uM) in the
presence of various interfering analytes. c. Smartphone-based Melamine sensing analysis:
R (Red), G (Green), B (Blue value) of NMICY (fw = 99.9%) blank, NMICY (fw = 99.9%)
with 6 ppm melamine in milk powder sample and NMICY (f,w = 99.9%) with 15 ppm
melamine in milk powder sample derived from color picker is plotted against Melamine
concentration. Inset NMICY (fw = 99.9%) blank, NMICY (fw = 99.9%) with 6 ppm
melamine in milk powder sample, and NMICY (fw = 99.9%) with 15 ppm melamine in milk

powder (left to right)
2.5 Conclusion

In summary, this work reports the design and synthesis of conformation directed AIE
luminogen with methylcyclohexane appended to NMICY, followed by fabrication of a
prototype portable device for melamine sensing. Unlike traditional luminogens, this newly
synthesized AIE luminogen could not be classified by the well-studied H- and J-aggregates
based on its slip angle and red-shifted absorption. However, due to the presence of the
methyl-cyclohexane molecule and its crucial role for in forming thermodynamically
favorable equatorial chair conformation, the n-r interactions in NMICY were completely
evaded, a pure equatorial CI of this flexible molecule was isolated via crystallization at RT,
and an uncommon J*-aggregation (ideal J aggregation) pattern was clearly identified. This
NMICY luminogen was applied for the detection of melamine in milk and the aqueous
solution of milk powder samples with LOD values of 0.101 ppm (milk powder) and 0.184

54
TH-3445_ 186122014



Chapter 2 J*-Aggregation in Naphthalimide Cyclohexane

ppm (milk) via the rare a-PET mechanism. Additionally, a smartphone-based sensing
prototype device for the analysis of melamine in milk samples was also developed, which
permits its utility even by a non-expert at any location. Through this work, we report the
first conformation-directed AIE luminogen NMICY with a unique J* aggregation pattern,
a simple design strategy to develop a conformationally flexible luminescent probe and
detailed molecular properties of its pure equatorial conformational isomer through
crystallization, and the first optical device-based method to detect melamine in milk and

the aqueous solution of milk powder.

Furthermore, the elucidation of the unique J* aggregation pattern in NMICY represents a
significant advancement in understanding the photophysical behaviour of conformation
directed AIE luminogens. This finding underscores the importance of conformational
flexibility and its impact on aggregate morphology and optical properties. The successful
application of NMICY for melamine detection in milk and milk powder solutions through
the rare a-PET mechanism highlights its potential for practical analytical applications. The
development of a smartphone-based sensing prototype device further enhances the
accessibility and usability of this detection method, offering a convenient and rapid means
for melamine detection, even in resource-limited setting. Overall, this study not only
contributes to the fundamental understanding of AIE luminogens but also demonstrates
their utility in real world applications, paving the way for future advancement in

luminescent probe design and optical device based analytical methods.
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Figure A2.1.1 Proton NMR spectra of NMICY.

¢ 82312538 T . zgaz
3 EEEEE RE g B2en
r N 3 TRy
1
'. . L1
210 150 170 150 130 110 90 80 70 60 50 40 30 20 10 0

-10 -20
f1 (ppm)

Figure A2.1.2 *3C NMR spectra of NMICY.

62
TH-3445_ 186122014



Chapter 2 J*-Aggregation in Naphthalimide Cyclohexane

Multiple Spectra Report

=1
=1
™

m— * 5107-2NOV0_K5111150LIn, Base

Intens. [5.u.]

]
th

0.75

283 856

0.50

0.25

275.801

0.00
100 200 300 400 500

miz

Bruker Daltonics flexAnalysis printed:  1/15/2021  1:45:44 PM

Figure A2.1.3 MALDI spectra of NMICY.
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Figure A2.1.4 MALDI spectra of NMICY.
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Figure A2.1.5 Proton NMR spectra of NMIH.
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Figure A2.1.6 3C NMR spectrum of NMIH.
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Figure A2.1.7 MALDI spectrum of NMIH.

Melamine sensing in milk powder
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Figure A2.1.8 Fluorescence intensity vs wavelength plot while the increasing
concentration of melamine (in milk powder). Inset: PL image of NMICY (20 pM, fw =

99.9%) before and after addition of melamine sample.
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Figure A2.1.9 Fluorescence intensity vs wavelength plot while increasing concentration of

melamine (in milk). Inset: PL image of NMICY (20 uM, fw = 99.9%) before and after

addition of melamine sample.
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Figure A2.2.0 Change in the fluorescence intensity of NMICY (20 uM) with addition of
melamine (in milk powder) from 0 to 6 ppm.
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Calculation of Stern-Volmer plot and limit of detection (LOD)
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Figure A2.2.1 Emission intensity maxima of NMICY nano-cubes vs. melamine in milk

powder at different concentrations.
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Figure A2.2.2 Change in the fluorescence intensity of NMICY (20 uM) with addition of

melamine (in milk powder) from 0 to 6 ppm.
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Figure A2.2.3 Emission intensity maxima of NMICY nano-cubes vs melamine in milk at

different concentrations.

Table A2.1: Comparison Table of Melamine Detection

TH-3445_ 186122014

Sr. | Analyte | Analytical Analytical Analytic | LOD (limit | References
No probe principle al of
sample detection)
1. | Melamin | Organic Turn-off Raw milk | 0.804 pg/L, | This work
e supramolecul | fluorescence and milk | 0.101ppm
ar self- via a-PET powder (Milk
assembled mechanism Powder)
Nano-sensors 1.46 pg/L,
0.184 ppm
(Milk)
2. | Melamin | Nanocomposi | Mini-emulsion | Milk 0.14 ppm R. Uzek, E. Sari and
e te composed polymerization | samples A.Denizli, ChemistrySel
of Quantum ect, 2021, 6, 2149-2155.
Dots
3. | Melamin | Metal-organic | ratiometric Milk 90 nM C. Lin, C. Zhong, Y.

e framework fluorescence powder Song and L.

(MOF) sample Wang, Microchem. J.,
2021, 162, 105837.
4. | Melamin | Quantumdot | Inner filter Raw milk | 7 nM J. Wang, X. Liu, L.

e Nanohybrid effect-based and milk Huang, J. Jin, C. Jiang,
ratiometric powder D. Li, H. Wen and J.
probe Hu, Nanoscale,

2020, 12, 4562-4572.
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5. | Melamin | DNA phosphorescen | Raw milk | 0.0016 mM | Y. Miao, R. Wang, X.
e functional ce Sun and G. Yan, RSC
phosphoresce Adv., 2019, 9, 21147
nt QDs 21154,
6. | Melamin | Ag Nano- colorimetry Melamin | 0.38 mM A. D. Ardianrama, Y. N.
e particles e Wijaya, S. H. Hur, H.-C.
Woo and M. H. Kim, J.
Colloid Interface Sci.,
2019, 552, 485-493.
7. | Melamin | Au Nano- Au-Nitrogen Milk 18 nM L. Chen, Y. Huang, T. T.
e urchin (of melamine) | samples Xing, L. Ge, T. Yang, B.
recognition Chenand C. Z.
Huang, J. Mater. Chem.
C 2017, 5, 7806-7812.
8. | Melamin | Ag Nano- Hydrogen Milk 4 nM H. Ren, M. Li, Y. Fu and
e clusters bonding samples L. Jin, J. Mater. Chem.
recognition C 2016, 4, 6104-6109
10. | Melamin | Fluorescent Radiometric- Raw milk | 680 nM C. Niu, Q. Liu, Z.
e AIE organic Fluorescence and tap Shang, L. Zhao and J.
nanoparticles | turn-on water Ouyang, Nanoscale,
+ Au 2015, 7, 8457-8465.
Nanoparticles
11. | Melamin | H2O,-Au colorimetry Raw milk | 0.4 uM M. Yin, L. Zhao, Q. Wei
e nanoparticles and milk and H. Li, RSC Adv.,
powder 2015, 5, 32897-32901
12. | Melamin | Graphene Fluorescence Melamin | 0.12 uM A. Venkateswararao, K.
e Quantum “turn-off’ e and (15 ppb) R. J. Thomas, C.-P. Lee,
Dots with Raw milk C.-T. Liand K.-C.
Hg?* Ho, ACS Appl. Mater.
Interfaces, 2014, 6,
2528-2539.
13. | Melamin | Zn-Se Fluorescence Raw milk | 0.11 pg/L X. Cao, F. Shen, M.
e Quantum dots | turn-onviathe | and egg Zhang and C. Sun, Sens.
Inner filter sample Actuators B Chem.,
effect 2014, 202, 1175-1182.
14. | Melamin | Au- Surface Water 120 ppt A. Kim, S. J. Barcelo, R.
e Nanofinger enhanced and (water) 100 | S. Williams and Z.
chips Raman infant ppb (infant | Li, Anal. Chem.,
Scattering formula | formula) 2012, 84, 9303-93009.
(SERS)
15. | Melamin | Polydiacetyle | Calorimetry Melamin | 1 ppm J. Lee, E. Jeong Jeong
e ne lysosomes | and e (calorimetr | and J. Kim, Chem.
fluorescence y)and 0.5 Commun., 2011, 47,
“turn-on” 358-360.
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ppm (fluor.
“turn-on”)
16. | Melamin | Copper salt Electrochemic | Melamin | 0.25 ppb H. Zhu, S. Zhang, M. Li,
e al response of | e Y. Shao and Z.
copper- Zhu, Chem. Commun.,
melamine 2010, 46, 2259-2261.
17. | Melamin | Au Hydrogen Melamin | 20 nM H. Zhu, S. Zhang, M. Li,
e Nanoparticles | bonding einan Y. Shao and Z.
recognition aqueous Zhu, Chem. Commun.,
medium 2010, 46, 2259-2261.
18. | Melamin | Riboflavin Hydrogen Melamin | 7.5 uM B. Roy, A. Saha and A.
e stabilized Au | bonding e K. Nandi, Analyst,
Nano- recognition 2011, 136, 67-70.
particles
19. | Melamin | Au Hydrogen Raw milk | 0.025 ppb P. Ni, H. Dai, Y. Wang,
e Nanoparticles | bonding and milk Y. Sun, Y. Shi, J. Hu
recognition powder and Z. Li, Biosens.
Bioelectron., 2014, 60,
286-291
20. | Melamin | Au Hydrogen Raw milk | 2.5 ppb K. Ai, Y. Liuand L.
e nanoparticles | bonding and milk Lu, J. Am. Chem. Soc.,
recognition powder 2009, 131, 9496-9497.
(calorimetric
detection)
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Table A2.2: Limit of detection of NMICY in melamine in milk and melamine in milk

powder sample.

Sample S. D. (6) K LOD (limit of detection
Melamine in milk | 27235.98763 101537.6 0.80471 pg/L or 0.101 ppm
powder

Melamine in milk | 38565.23506 78831.86 1.4676 pg/L or 0.184 ppm

HOMO-LUMO comparison NMICY and various analytes used in the sensing:
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Chapter 3

Mechanistic insights on the impact of long alkyl
chain and bromine substitution on the molecular
packing and phosphorescence behaviour in
naphthalimides

% Does aggregation have a major
role in phosphorescence than BrODNI 212
heavy halogen introduction? ODNI
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Narang, K,; Garain, S.; Iyer, P. K. Mechanistic insights on the impact of long alkyl
chain and bromine substitution on the molecular packing and phosphorescence
behavior in naphthalimides (manuscript communicated)
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Abstract

This chapter investigates the realm of organic room-temperature phosphorescence (RTP)
materials, identifying them as promising candidates for future applications. The
conventional strategy of integrating heavy halogen atoms is acknowledged for its
effectiveness in enhancing singlet-to-triplet processes and intersystem crossing, thus
influencing the design of RTP materials. Conversely, the modification of alkyl chains has
typically been regarded as adjusting the physical properties of luminogens. This study
systematically examines the influence of incorporating heavy halogen atoms on RTP and
conducts a comparative analysis of the effects of alkyl chain modifications, drawing
insights from existing literature. Innovatively designed and synthesized two luminogens,
ODNI and BrODNI, subsequently analysing their luminescent properties. Remarkably, at
a temperature of 77K, ODNI exhibits a noteworthy phosphorescence lifetime of
approximately ~212 milliseconds in the absence of heavy halogen atoms, whereas BrODNI
demonstrates a significantly shorter lifetime of about 4.5 milliseconds. The investigation
extends to the crystal structure analysis of ODNI, countered with detailed theoretical
calculations for both ODNI and BrODNI. These comprehensive analyses aim to elucidate
the intricate roles played by alkyl chains and heavy halogen atoms in shaping the
luminescent behaviour of the materials. The findings presented in this study provide
valuable insights into the ongoing discourse about the design and optimization of organic
RTP materials for sustainable energy applications. This chapter contributes to the
advancement of knowledge in this field, facilitating the development of innovative
materials with enhanced luminescent properties for diverse technological applications.

Does aggregation have a major

role in phosphorescence than BrODNI 212
heavy halogen introduction? ODNI

Does the alkyl chain play any

role in RTP?
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26.65

I : 1!
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Phosnl:llbqéscence

I : :

ly +

y v ¥

Figure 3.1 Graphical illustration of the presented work. {E = energy, S =singlet, T =triplet,
F = fluorescence, P = phosphorescence. IC = internal conversion, NR = non-radiative
decay, RISC = reverse inter-system crossing, SOC = spin orbit coupling}.
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3.1 Introduction

Room temperature phosphorescence (RTP) in pure organic luminophores has undergone
significant advancements in the past two decades, driven by their multifaceted applications
in organic electronics,' data security,® sensing,® bio-imaging,* and their inherent
biocompatibility,> and environmental friendliness compared to their inorganic
counterparts.® Organic RTP materials, devoid of metals, have conventionally faced
challenges due to the relatively low spin-orbit coupling (SOC), resulting in fewer spin-
forbidden S1 to T1 intersystem crossovers compared to the spin-allowed Si to So
fluorescence. Additionally, radiative decay from the triplet state (T1) to the singlet ground
state (So) is typically slower than non-radiative decay.’

Currently, there are two primary strategies to enhance RTP efficiency: first, by accelerating
singlet-to-triplet intersystem crossing (ISC) through merging singlets and triplets with
various molecular orbital configurations (EI-Sayed rule), such as aromatic carbonyls,® and
second, by lowering the singlet-triplet splitting energy (AEst) through intramolecular charge
transfer (ICT) interactions,® another approach involves leveraging the heavy atom effect.°
The other route is to prevent non-radiative decay of the excited triplet state, by
crystallization,! or aggregation,*? effective intra and intermolecular interactions,® proper
molecular packing,'* and functional unit clustering are also key factors in realizing efficient
RTP. Many strategies, including CIP,'® H-aggregation,® n-n* transition,'’ co-crystal,'® and
host-guest systems,*® have been employed to populate triplet state and develop efficient
organic RTP materials. The incorporation of heavy halogen atoms into organic m-
conjugated systems has been extensively explored to exploit the SOC effect generated by
these atoms.?° Due to the acceleration of the SOC effect generated by heavy atoms, organic
luminogens that defy the heavy atom effect remain a challange.?

Significant RTP and AIE luminophores have been documented in the naphthalimide core
due to the two carbonyl groups having an n-m* transition and the possibility of
substitutions.?? In 2018, Zhang et al. systematically investigated that when the N-
substituted naphthalimides (NNIs) are chemically changed with an electron donor, the
model systems of NNI can bridge the comparatively wide energy gap between the aromatic
ring's n-n* and n-m* states by generating intramolecular charge transfer (CT) states.?® In
the same year, the first liquid state paintable phosphorescence was reported in the NNI core,
and it was suggested that the alkyl chain merely alters the physical state of phosphor
molecules and has no discernible impact on phosphorescence.?* However, recent reports
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suggest that molecular packing has a huge impact on the exciton behaviour of luminogens,
yet more details and strategies need to be explored.?

Recently it was reported that introducing long alkyl chain can reduce the n-n interaction
between two NI cores and generate the elusive AIE property.?® Compared to hexyl chains
containing HNI, octadecyl chain constituted ODNI diminished n-m interaction between two
NI cores.?® Herein, heavy halogen bromine was introduced in ODNI molecule to explore
the effect of bromine in phosphorescence, and compared it with the reported literature on

NI molecules with different alkyl chain lengths with and without bromine substitution.
3.2 Experimental

3.2.1 Materials and measurements: All starting material reagents, i.e. 4-Bromo 1,8-
naphthalic anhydride, 1,8-naphthalic anhydride, octadecyl-amine, and solvents (Dimethyl
formamide (DMF) and Ethanol), were purchased from Sigma Aldrich (India) and were
reagent grade.

NMR Measurements: A Bruker Avance 600 MHz Fourier transformation spectrometer
was used to record the Proton NMR spectrum at 600 MHz and the 3C NMR spectrum at
200 MHz. All Proton and *3C spectra solutions were obtained using the residual solvent
signal as an internal reference. The chemical shifts are reported in parts per million (ppm)
with respect to TMS. The short notations used are s for singlet, d for doublet, t for triplet,
q for quartet, and m for multiplet.

Matrix-Assisted Laser Desorption lonization: MALDI was performed on Bruckner
model auto-flex speeds using a MALDI TOF system spectrometer.

Optical Measurements: Solution state studies: Electronic absorption spectra of
luminophores in solution state were recorded on a Perkin-Elmer Model Lambda-750
spectrophotometer. PL emission spectra were recorded on the Horiba Fluromax-4
spectrofluorometer. Optical measurements were performed using 4 mm quartz cuvettes at
298 K. Crystal state studies: Electronic absorption spectra were recorded on a Perkin
Elmer Model Lambda-750 spectrophotometer. Emission spectra were recorded on the
FLS1000 spectrometer, an Edinburg instrument.

Lifetime and quantum yield measurements: Fluorescence lifetime experiments were
performed on the Horiba Delta Flex time-correlated single photon counting (TCSPC)
instrument. A 373 nm Laser diode with a pulse repetition rate of 1 MHz was used as the
light source. Phosphorescence lifetime (dexc. = 450 nm and 540 nm) and gated emission
were measured on an FLS1000 spectrometer from Edinburgh Instruments equipped with a
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micro-flash-lamp (u F2) set-up. Quantum yield was measured using an integrating sphere
in the same instrument.

3.2.2 Theoretical studies:

The ground states of ODNI and BrODNI monomers were optimized using density
functional theory (DFT) with B3LYP hybrid functions and 631G+d basis sets in Gaussian
16 software. Excited state calculations for both ODNI and BrODNI were performed with
the same parameters in Gaussian 16 software. The spin-orbit matrix element (SOCME) is
calculated using ORCA software using B3LYP hybrid functions and 631G+d basis sets.?"?®
3.2.3 Synthetic procedure

3.2.3a Synthesis of 2-octadecyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (ODNI):

To prepare ODNI, 1, 8 naphthalic anhydride (554.14 mg, 2 mmol) was taken in ethanol (20
mL), and octadecyl amine (592.92 mg, 2.2 mmol) was added in a 50 mL round bottom flask
at room temperature. The suspension was refluxed with vigorous stirring for 12 hours. The
reaction was monitored thoroughly with TLC. After the completion of the reaction, the
reaction mixture was cooled at room temperature for 2 hours. The solvent was filtered out,
and the crude material was dried in a vacuum oven at 27°C for 5 hours. The crude was
followed by column chromatography separation with 5% chloroform/hexane. By column
separation, a green-colored powder was obtained. (950 mg, 95% yield) The powder was
further characterized with Proton NMR, *C NMR, and MALDI characterizations. A
similar synthetic procedure was followed to prepare ODNI to obtain a white, shiny powder.
(895 mg, 89% vyield).?

Characterization data of ODNI: Proton NMR: *H NMR (600 MHz, CDCls, § ppm) 8.61
(d, 2H), 8.21 (d,2H), 7.76 (t, 2H), 4.18 (m, 2H), 1.73 (s, 2H), 1.42 (s, 2H), 1.35 (s, 2H),
1.25 (s, 26H), 0.88 (t, 3H)

13C NMR: (150 MHz, CDCls, ppm) 164.22, 133.82, 131.59, 131.17, 128.17, 126.92,
122.79, 40.53, 29.70, 29.68, 29.67, 29.66, 29.37, 14.13 MALDI: C3Hs3NO2 molecular
weight: 449.68, mass found: 450.0950.

3.2.3b Synthesis of 6-bromo-2-octadecyl-1H-benzo[de]isoquinoline-1,3(2H)-dione,
(BrODNI): To prepare BrODNI, 4 Bromo 1, 8 naphthalic anhydride (554.14 mg, 2 mmol)
was taken in ethanol (20 mL), and octadecyl amine (592.92 mg, 2.2 mmol) was added in a
50 mL round bottom flask at room temperature. The suspension was refluxed with vigorous

stirring for 12 hours. The reaction was monitored thoroughly with TLC. After the
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completion of the reaction, the reaction mixture was cooled at room temperature for 2
hours. The solvent was filtered out, and the crude material was dried in a vacuum oven at
27°C for 5 hours. The crude was followed by column chromatography separation with 5%
chloroform/hexane. By column separation, a green-coloured powder was obtained. (900
mg, 92% yield) The powder was further characterized with Proton NMR, *C NMR, and
MALDI characterizations. A similar synthetic procedure was followed to prepare ODNI to

obtain a white, shiny powder. (840 mg, 93% yield).?°

Characterization data of BrODNI: Proton NMR: *H NMR (600 MHz, CDCls, § ppm)
8.66 (d, 1H), 8.58 (d, 1H), 8.42 (d, 1H), 8.05 (d, 1H), 7.85 (t, 1H), 4.16 (m, 2H), 2.17 (s,
4H), 1.72 (s, 2H), 1.41 (s, 2H), 1.35 (s, 2H), 1.25 (d,22H), 0.88 (t, 3H)

13C NMR: (150 MHz, CDCls, ppm) 1.63, 133.23, 132.02, 131.22, 131.10, 130.66, 130.19,
129.05, 128.08, 123.20, 122.34, 40.65, 29.70, 29.67, 29.65, 29.61, 29.37, 14.13 MALDI:
C30H42BrNO2 molecular weight: 528.58, mass found: 528.231.

(a) Jh:

0..0_0 ODNI
EtOH reflux

O RNH2

o BrODNI
R = C18H39N -
X = H (ODNI) - Q
X =Br (BrODNI) - A

Scheme 3.1: (a) Synthetic Procedure of ODNI and BrODNI (b) Molecular structure of
ODNI (c) Molecular structure of BrODNI

3.2.4 FETEM: Field emission transmission electron microscopy (FETEM) images were

obtained on the JOEL 2100F field emission transmission electron microscope (FETEM).

3.2.5 Preparation of FETEM samples: A very dilute solution of BrODNI (fw =
99.9%.) was drop cast over an ultra-cleaned glass substrate and dried at room temperature

overnight before analysis.

3.2.6 Preparation of Samples for photophysical studies: 1. Stock solutions of 1
millimolar ODNI and BrODNI were made in HPLC DMF for solution state photophysical
studies, Further dilution and procedures were followed according to the experiments
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mentioned. 2. To study phosphorescence, crystals, and crystalline solid of ODNI and
BrODNI, respectively, were used.

3.3 Result and discussion

3.3.1 Synthesis and photophysical properties of ODNI and BrODNI

ODNI and BrODNI (Scheme 3.1) were synthesized following established protocol® and
characterized via NMR, MALDI, and SC-XRD. ODNI and BrODNI absorbance studies
reveal nearly two identical peaks in monomeric (20 uM, 100% DMF) and aggregated state
(20 uM, fw = 99.9%, fw = water fraction), characteristics of 0-1 and 0-2 transitions for n-n
and C=0...n interactions, respectively. (Figure 3.2a) BrODNI exhibited a 3 nm redshifted
absorbance compared to ODNI. (Figure 3.3a) Consistent with prior findings,?® an increase
in chain length from HNI to ODNI enhanced the fluorescence emission and improved the
AIE characteristics (DMF/Water). (Figure 3.2b, 3.2c) Interestingly, despite possessing an
octadecyl chain BrODNI displayed Aggregation-Caused Quenching (ACQ). This
phenomenon might be attributed to two reasons: (a) bromine partially quenches the
fluorescence due to enhanced spin-orbit coupling (SOC), and (b) steric effect of bromine

influences the aggregation pattern. (Figure 3.3b, 3.3c)

(a) (b) (c)
1.2x107 1.2x107
—0 £, (Vol%)
0.4 —99.9
1 8.0x10° 4 8.0x10°
{0.2 lem lem
4.0x10° 4.0x10°
0.0
0.0 0.0
300 400 500 600 350 400 450 500 550 600 650 0 20 40 60 80 100
A (nm) A(nm) Alnm)

Figure 3.2 (a) Absorbance spectra of ODNI in pure DMF (Conc.-20 uM, 1 mM stock in
DMF, fw = 0%) (b) Fluorescence spectra of ODNI with increasing water fraction. (Conc.

20 uM, 1 mM stock in DMF, fy = 0% to 99.9%) (fw = water fraction).
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Figure 3.3 (a) Absorbance spectra of BrODNI in pure DMF (Conc. 20 uM, 1 mM stock in
DMF, f,, = 0%) (b) Fluorescence spectra of BrODNI with increasing water fraction. (Conc.
20 uM, 1 mM stock in DMF, f, = 0% to 99.9%) (fw = water fraction).

3.3.2 Phosphorescence study of ODNI and BrODNI

The photophysical data of ODNI and BrODNI are listed in Table 3.1 to 3.4 The PL
emission maxima (Amax) 0f ODNI (crystals) at 450 nm, while BrODNI (crystalline solid)
had two emission maxima (Amax); 1.e., at 395 nm (monomeric emission) (Figure 3.3, fw =
0%0) and at 485 nm, which is ~35 nm bathochromic shifted than ODNI (450 nm), attributed
to the Intramolecular charge transfer (ICT) feature, which is favourable for RTP properties.
Nevertheless, PL emission intensity was significantly lower for BrODNI compared to
ODNI. (Figure 3.4a) These results clearly depicted that the introduction of bromine
changed the aggregation pattern in BrODNI compared to ODNI, resulting in @ monomer
peak, and the aggregation peak shifted the emission to a longer wavelength, possibly due
to Br...Br and® Br...C interactions,® and ICT that are responsible for bathochromic shift
of second emission peak at 485 nm. At room temperature, ODNI did not exhibit
phosphorescence emission (Figure 3.5a, 3.5b) however, BrODNI showed
phosphorescence-gated emission at 540 nm (0.5 ms steady state delay) which is due to
triplet state emission with a 12 s lifetime. (Figure 3.4b, 3.4c) The PL spectra of BrODNI
depicted fluorescence emission at 395 nm and 490 nm. (Figure 3.5c, 3.5d) When
phosphorescence measurements were performed at 77 K, both ODNI and BrODNI showed
gated emission (0.5 ms delay) with an emission maxima at 540 nm, 590 nm, and 640 nm.
(Figure 3.4c) The phosphorescence lifetime of BrODNI at 77 K was only ~4.5 ms (Figure
3.1d), while ODNI exhibited emission maxima at 570 nm and 640 nm. (Figure 3.4c)
Phosphorescence lifetime of ~212 ms was obtained for ODNI at 540 nm. (Figure 3.4e) The

introduction of bromine in luminogen can enhance SOC and, consequently, intersystem
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crossing. Previous studies have reported that intermolecular halogen bonding is beneficial
to minimize non-radiative decay. Both factors, with the requisite molecular design, can
facilitate phosphorescence. However, ODNI without the heavy atom effect has shown 48
times higher phosphorescence at 77 K, (Figure 3.4e) hence, it is crucial to find out the key
concept operational here.
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Figure 3.4 Photophysical studies of ODNI (crystals), BrODNI (Crystalline solid). a.
Phosphorescence emission of ODNI (crystals), BrODNI (Crystalline solid) at room
temperature. b. The steady state phosphorescence emission of BrODNI (Crystals) at RT. c.
Phosphorescence lifetime decay profile of BrODNI (Crystals) emission at 540 nm at RT d.
Steady state phosphorescence emission (0.5 ms gated delay) of ODNI and BrODNI at 77
K e. Phosphorescence lifetime decay profile of ODNI (crystal) and BrODNI (crystalline
solid) at 77 K. f. Statistics of Phosphorescence at RT, 77 K and phosphorescence quantum
yield of ODNI (crystal) and BrODNI (crystalline solid) at 77 K.
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Figure 3.5 (a) PL emission of ODNI (crystals), BrODNI (crystalline solid). (b)
Fluorescence lifetime decay profile of ODNI at 425 nm (4ext = 340 nm). (c) Fluorescence
lifetime decay profile of BrODNI at 395 nm (Zext = 340nm). (d) Fluorescence lifetime decay
profile of ODNI at 490 nm (Aext = 340nm).

Table 3.1 Summary of phosphorescence of BrODNI (crystalline solid) at room

temperature.
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Table 3.2 Summary of fluorescence decay of ODNI (crystal) and BrODNI (crystalline

solid)
Luminogen (Aabs.) (Amax.) t1(ns) t2 (ns) ts (ns) <tavg.>
Monitered (ns)
ODNI 340 nm 425 nm 1.532 19.657 - 4.364
BrODNI 340 nm 395 nm 0.312 11.602 82.638 49.350
(36.257%)  (4.842%) (58.902%)
BrODNI 340 nm 490 nm 0.249 0.983 81.973 71.140

(8.783%) (4.509%) (86.708%)

Table 3.3 Summary of phosphorescence decay of BrODNI (crystalline solid) at room

temperature.
Luminogen (Aabs.) Steady t1 (Us) t2 (us) t3 (us) <tavg.>
state (us)
(Amax.)
Monitered
BrODNI 340 nm 560 nm 1.164 10.57 52.85 12.024 ps

(39.47%) (48.31%) (12.22%)

Table 3.4 Summary of phosphorescence decay of BrODNI (crystalline solid) at room

temperature.

Luminogen (Aabs.) Steady t1 (Ms) t2 (ms) t3 (Ms) <tavg.>
state (ms)
(Amax.)
Monitered

ODNI 340 nm 600 nm 9.201 238 - ~212 ms

(11.38%) (88.62%)
BrODNI 340 nm 600 nm 2.491 5.944 - ~4.5ms

(42.51%) (57.49%)
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3.3.3 SC-XRD study of ODNI

A comprehensive analysis of the Single Crystal X-Ray Diffraction (SC-XRD) data for
ODNI (Table 3.5) were conducted, providing valuable insights of its molecular structure.
Inopportunely, attempts to solve the single crystal structure of BrODNI were unsuccessful.
Nonetheless, SC-XRD analysis revealed intriguing structural features of ODNI. In a single
unit cell of ODNI containing a long alkyl chain, (Figure 3.6a) four molecules were
arranged in a head-to-head and tail-to-tail manner. Each pair of chromophores exhibited a
distance of 4.973 A, and a bond angle of 69.9°, indicative of H-aggregation (> 54.7° = J-
aggregation, < = 54.7° = H-aggregation).3? (Figure 3.6b, 3.6c, 3.7a, 3.7b) Strong
intermolecular interactions between these H-aggregates of NMI-C11=0....H-C’1 (alkyl
chain)-NMI” of 2.603 A, NMI-C1...C9-NMI’ of 3.392 A were present. (Figure 3.7c)
Additionally, another set of aggregates with a head-to-tail arrangement displayed
intermolecular interactions, including two alkyl-C’6-H’....C7-NMI at 2.831A.
Furthermore, two lateral chromophores exhibited interactions such as two NMI-
C11=0...H’-C9’-NMI’ at 2.345 A (Figure 3.7d) and two NMI-C1=0....H-C2’-NMI’ at
2.561 A, along with NMI-C2-H...H’-C2>-NMI" of 2.200 A. (Figure 3.7e, 3.7f) These
detailed analyses provide valuable insights into the intermolecular interactions and
structural arrangement of ODNI, laying the foundation for further investigations into its

optical and photophysical properties.3*34
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Figure 3.6 SC-XRD study (a) ODNI chromophore (b) H-aggregates of ODNI
chromophores. The angle between two chromophores is 69.9°. (¢) The distance between
two H-Aggregates is 4.937A. (d) Powder XRD pattern of ODNI (simulated) from single
crystal XRD and BrODNI.

Additionally, the SC-XRD analysis unveiled a remarkable degree of molecular packing in

ODNI, with the alkyl chain contributing significantly to the overall organization of the
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crystal lattice.®® Notably, the alkyl chain exhibited well defined confirmations, facilitating
close packing of the chromophores within the crystal structure.®® Furthermore, the presence
of more intermolecular interactions, including hydrogen bonding and n-n stacking, further
stabilize the molecular arrangement and influence the optical properties of ODNI.3’ These
findings underscore the intricate interplay between molecular structure, packing motifs and

intermolecular interactions in dictating the solid-state behaviour of organic luminogens.®®
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Figure 3.7 SC-XRD study (a) ODNI chromophore H-aggregates of ODNI chromophores.
The angle between two chromophores is 69.9°. (b) The distance between two H-Aggregates
is 4.937 A. (c) intermolecular interaction between two aggregates NMI-C11=0....H-
C’1(alkyl chain)-NMI’ of 2.603 A, NMI-C1...C9-NMI’ of 3.392 A. (d) two Alkyl-C’6-
H’....C7-NMI of 2.831 A between two aggregates in a head-to-tail orientation. (e) Two
sidewise chromophores with two NMI-C11=0...C9’H’-NMI’ 0f2.345 A (f) Two sidewise
chromophores with two NMI-C1=0....H-C2>-NMI" of 2.561 A, NMI-C2-H...H’-C2’-
NMI’ of 2.200 A.

A bathochromic shift is evident in the photophysical analysis of absorbance and
photoluminescence (PL) for ODNI, indicating the presence of head-to-head oriented
chromophores throughout the molecular assembly, However, these observations do not
classify ODNI as pure H-aggregates.®®“° AIE molecules, constrained in intramolecular
rotation (RIR), exhibit myriad intermolecular interactions within their condensed state,

impending a strict categorization into H or J- aggregation patterns. Nevertheless, H-
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aggregates, renowned for their ability to stabilize triplet excitons and promote ultralong
phosphorescence!® though strong coupling, are facilitated by numerous intermolecular
interactions in ODNI, thus enabling efficient intersystem crossing (ISC) cannels and

subsequent phosphorescence.***? (Figure 3.8)

Furthermore, careful analysis reveals the presence of several non-covalent short-contact
interactions involving the lateral molecular core (naphthalimide) of ODNI. Prior studies
have indicated that such intermolecular interactions between dimers could amplify the
number of ISC channels, consequently augmenting the spin orbit coupling (SOC) of the
molecule.*® To elucidate the aggregation patterns of BrODNI, the powder X-ray diffraction
(XRD) patterns of ODNI (sm), simulated from single crystal XRD, is compared with that
of the BrODNI crystalline solid.** (Figure 3.6d) Multiple Braggs Diffraction peaks for
ODNI are observed sharply between 18 and 28, 20 values, whereas for BrODNI, sharp

diffractions are noted between 15 and 22, 20 values.

The comparison of all d-spacing values for ODNI and BrODNI reveals that at 17.93 (260
value), the d-spacing in ODNI is approximately ~4.94 A, closely resembling the n-n core
distance in the ODNI single crystal. (Figure 3.6¢) Interestingly, a singular sharp peak for
BrODNI is observed at 17.10 (20 value), corresponding to a d-spacing value of
approximately ~5.18 A. A closer n-n core interaction facilitates efficient exciton transfer
from the ground state to the excited state. This elucidates that the introduction of bromine
increases the distance between m-m cores in BrODNI compared to ODNI, and the
consequent low photoluminescence quantum yield (PLQY) of BrODNI is correlated with

augmented SOC.

Figure 3.8 (a) molecular packing in ODNI (b) one-unit cell of ODNI
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Moreover, the structural analysis of BrODNI reveals a slight alternation in the packing
motif compared to ODNI, evident from the distinctive XRD patterns and d-spacing
values.*® The expanded distance between m-m cores induced by bromine substitution
suggests a modulation in the molecular arrangement, potentially influencing the excited
state dynamics and intermolecular interactions.*® This deviation in packing arrangement
may lead to a perturbation in the electronic coupling between chromophores, thereby
affecting the efficiency of exciton migration and subsequent processes.*"4

Furthermore, the comparison of XRD patterns highlights subtle variations in crystal lattice
parameters between ODNI and BrODNI, indicative of differences in molecular packing
and intermolecular interactions. These findings underscore the intricate relationship
between molecular structure, packing motifs and photophysical properties, elucidating the
role of subtle structural modification in dictating the optoelectronic behavior of organic

materials.

3.3.4 Theoretical Analysis of ODNI and BrODNI

To elucidate the influence of bromine substitution and aggregation patterns on the
phosphorescence behaviour of ODNI and BrODNI, comprehensive theoretical
investigations were conducted using time-dependent density functional theory (TD-DFT)
implemented in Gaussian 16, employing the B3LYP functional and 6-31G basis sets.
(Figure 3.9, 3.10) Remarkably, analysis revealed that both molecules exhibited triplet
states (T1 to T4) energetically lower than the singlet state (S1), indicative of significant

spin-orbit coupling (SOC) propensity, even in ODNI devoid of heavy halogen atoms.*%%

Adhering to El-Sayed’s rule, which delineates the influence of ISC on the radiative decay
pathways, transitions between similar electronic states (e.g., Y(m-n*) to 3(n-n *) or }(n-n*)
to 3(n-n*), typically exhibit diminished phosphorescence efficiency due to lower SOC.8°!
Interestingly, our investigations unveiled a common feature of (n-n*) transitions in the
singlet state (S1) for both ODNI and BrODNI, with the triplet state (T1) primarily
originating from (n-n*) transitions. This hybrid transition nature favours heightened SOC
values (&), thereby enhancing the probability of efficient ISC and subsequent

phosphorescence emission.
Furthermore, Natural Transition Orbital (NTO) analyses were conducted for ODNI and
BrODNI, (Figure A 3.2.4, A3.2.5) revealing that singlet states (Si1, S2) predominantly
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involve (n-m*) transitions, while triplets primarily consist of 3(m-n*) NTOs. This
delineation of distinct transition types underscores the favourable conditions for efficient
phosphorescence emission. Notably, the computed high probabilities of intersystem
crossing from the singlet (S1) to the triplet (T1) state (Figure 3.10) further affirm the
propensity for efficient phosphorescence in both ODNI and BrODNI systems.
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Figure 3.8 Calculated excited state energies of ODNI and BrODNI based on ground state
geometry obtained from TD-DFT calculations using B3LYP and 631G (d) sets.
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Figure A3.9 HOMO, LUMO molecular orbitals and band gap values of ODNI and
BrODNI.

In general, a greater & (S1, Tn) value signifies an increased likelihood of the intersystem
crossing (ISC) process from the singlet (S1) to triplet (Tn) state. To delve into the molecular
exciton behavior in ODNI and BrODNI, calculations of the spin-orbit coupling matrix
elements (SOCME) were conducting using ORCA (Figure 3.10a, 3.10b). The computed &
(S1, T1) for ODNI is 8.265 cm™, marginally lower than that of BrODNI, at 10.47 cm™,
suggesting comparable SOC strength between the two. Similarly, the & (S1, T4) values for
ODNI and BrODNI were 5.110 cm™ and 2.525 cm™, respectively, exhibiting minimal
discrepancy. These findings indicate that the aggregation pattern induced by the octadecyl
chain exerted more pronounced influence on the SOC and ISC than the presence of heavy

halogen atom (bromine).

Moreover, a larger & (So, T1) typically promotes nonradiative decay of triplet exciton to the
ground state (T1 to So)®? Remarkably, the computed & (So, T1) for ODNI was 0.419 cm™?
approximately half that of BrODNI (So, T1) at (1.112 cm™). Since the Ti state
predominantly contributes to the exciton population in both molecules, a greater proportion
of excitons transition from Ty to So for BrODNI, predominantly via phosphorescence at
room temperature. Conversely, although ODNI harbours a higher population of excitons in

the T. state, they predominantly dissipate through nonradiative pathways. Thus, the
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introduction of bromine in BrODNI proves more advantageous in mitigating nonradiative

decay than merely augmenting SOC.

Considering the temperature dependent dynamics, the slower approach of exciton
population to the ground state at room temperature reduces the nonradiative decay of
ODNI, leading to longer phosphorescence lifetime at 77 K. This effect is evidenced by RTP
lifetime of ~4.5 ms for BrODNI (77 K) and a notably prolonged ~212 ms for ODNI at 77
K, highlighting the nuanced interplay between molecular structure, temperature, and

exciton dynamics in dictating phosphorescence properties.

The variation in SOCME values underscore molecular architecture’s role in modulating
spin forbidden transitions. ODNI exhibits slightly lower & (So, T1), suggesting differences
in electronic coupling, while distinct & (So, T1) values indicate varying non radiative decay
propensities between ODNI and BrODNI due to bromine substitution. Temperature
dependent dynamics highlight temperature’s influence on radiative decay pathways
offering potential for controlled luminescence manipulation. Overall, the analysis provides
insights into molecular structure’s interplay with spin dynamics and environmental factors

in ODNI and BrODNI photophysical properties.
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Figure 3.10 Calculated energy level diagram and spin-orbit coupling matrix element
(SOCME) of ODNI and BrODNI
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3.3.5. Mechanism:

Heavy halogen atoms like bromine can enhance SOC to improve phosphorescence, but
excess HAE can be destructive due to the intrinsic competition between phosphorescence
lifetime and quantum yield.> The synergistic impact of HAE and halogen bonding, which
is crucial for balancing t and ¢, allows for the modification of RTP characteristics when
halogen atoms are added.>* H-aggregates in ODNI have a strong coupling effect that has
stabilized the triplet excitons, and excess non-radiative decay could be minimized at 77 K;
thus, ODNI exhibited a 48-fold greater phosphorescence lifetime than BrODNI (~212 ms).
The introduction of bromine enhanced the SOC; however, it altered the molecular packing
and aggregation pattern (visible in the redshift in absorbance, which indicates J-
aggregation), which affected the overall molecular phosphorescence emission.>® H
aggregates have been known to boost phosphorescence and J aggregation for fluorescence
enhancement, and HAE introduces competition between t and ¢. Interestingly, bromine
also did not boost the ¢ in BrODNI either. By directly comparing HAE and H aggregation
strategies, it was proven that molecular packing plays greater role in phosphorescence than
HAE. Recent studies on polymorphs have demonstrated that variable molecular packings
give variable RTP lifetimes, thereby highlighting the significant influence of molecular

packing in luminescence.>® (Figure 3.11)

The observed redshift in absorbance, indicating J-aggregation in BrODNI, highlights
alternation in intermolecular interactions and electronic coupling, influencing
phosphorescence efficiency.®” Despite SOC enhancement, BrODNI shows no significant
improvement in quantum yield ¢, suggesting complex molecular packing effects
comparing HAE and H aggregation strategies emphasizes molecular packing’s
predominant role in luminescence.>®>® Recent studies on polymorphs underscore variable
RTP lifetimes linked to distinct molecular arrangements, emphasizing the crucial role of
molecular packing in luminescence phenomenon. Further investigations are reasonable to

unravel the intricate relationship for material design.5%6!
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Figure 3.11 Theoretical calculations and Natural transition orbitals of ODNI and BrODNI.
S state of ODNI and BrODNI has (n-m*) type of hole electron natural transition orbitals
are involved and in Ty state (m-n*) type of hole electron natural transition orbitals are

present.

3.3.6 Role of alkyl chain in organic material phosphorescence

Comparing prior studies on naphthalimide compounds with varying alkyl chain lengths, a
distinct correlation emerged between the physical state of the luminophore and the length
of the alkyl chain. Specifically, shorter chain luminophores were observed to adopt a
crystalline state, while longer chain counterparts exhibited a liquid state, as evidenced by
experimental data presented in (Table A3.6)

This observation has significant implications, particularly in the context of developing
paintable (RTP) systems. Notably, the phosphorescence lifetime and quantum yield (Q. Y.
) were found to modulated by altering the length of the alkyl chain. The ability to tailor
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these luminescence properties through alkyl chain length variations underscores the pivotal
role of molecular packaging in influencing phosphorescence behaviour.®?

In essence, these findings highlight the importance of molecular structure and organizations
in dictating the photophysical properties of luminophores. By elucidating the impact of
alkyl chain length on the physical state and luminescence characteristics of naphthalimide
compounds, our study contributes valuable insights towards the rational design and

optimization of luminescent materials for various applications.®®
3.4 Conclusion

In conclusion, this chapter has systematically explored the multifaceted influences of long
alkyl chains, heavy halogen atom bromine, aggregation, and molecular packing on room-
temperature phosphorescence (RTP) in naphthalimide core materials. These findings shed
light on the intricate dynamics governing the phosphorescent behaviour of luminogens,
challenging certain conventional assumptions in the field. Contrary to expectations, our
investigation revealed that the introduction of heavy halogen atoms, particularly bromine,
does not universally guarantee the enhancement of phosphorescence lifetime at both room
temperature (RT) and 77 K. While bromine, as a heavy halogen atom, enhances spin-orbit
coupling, its impact on phosphorescence is nuanced, with molecular packing emerging as
a decisive factor in tuning the exciton properties of luminogens. This departure from
conventional understanding underscores the complexity of triplet state harvesting rules,
necessitating a deeper exploration of the factors governing these processes. Crucially, our
research underscores the significant role played by molecular packing in influencing room-
temperature phosphorescence. The molecular arrangement within the material proves to be
a pivotal determinant, surpassing the influence of heavy halogen atoms in shaping the
phosphorescent properties. This insight challenges preconceived notions about the sole
efficacy of heavy halogen atom introduction in enhancing phosphorescence, emphasizing
the need for a more nuanced understanding of molecular interactions within these materials.
Moreover, our study highlights the intricate nature of triplet state harvesting rules, which
are revealed to be far more complex than presently known. This complexity necessitates a
re-evaluation of existing paradigms and a deeper exploration of the underlying mechanisms
governing phosphorescent processes. We advocate for a more comprehensive

understanding of the interplay between molecular structure, heavy halogen atoms, and
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molecular packing to advance the design and optimization of room-temperature
phosphorescent materials for diverse applications. In the realm of alkyl chain modulation,
our research emphasizes that tuning the alkyl chain length plays a pivotal role in facilitating
room temperature phosphorescence. This role extends beyond merely modulating the
physical state of phosphors; rather, it emerges as a critical factor in fine-tuning the excitonic
properties, providing an avenue for precise control over phosphorescent behaviour. In
essence, our study contributes valuable insights to the evolving landscape of room-
temperature phosphorescence research, challenging established notions and paving the way
for more sophisticated and targeted design strategies for sustainable energy materials. As
the field progresses, a holistic understanding of the interplay between heavy halogen atoms,
alkyl chain length, aggregation, and molecular packing will undoubtedly propel the

development of innovative and efficient phosphorescent materials for future applications.
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Table 3.5: Single Crystal Data and parameters of ODNI crystals

Compound Name ODNI

CCDC 1985599

Empirical Formula Cs0 Haz N O2

Formula weight 449.68

Temperature 115K

Wavelength 0.71073

Crystal System Monoclinic

Space Group P21/n

Unit Cell Dimension a 12.2380(12) b 4.9366(4) ¢ 42.586(4), o 90 B 97.469(3)
v 90

Volume 2550.97

Z 4

Absorption Coefficient 0.072

Theta range for data|2.751t027.02

collection

Reflection 0.8569

collected/Unique

Goodness of Fit on F? 1.032

Largest diffraction peak | 0.224,-0.219

and hole (e A?)

107
TH-3445_ 186122014



Chapter 2 Amplifying phosphorescence: Deciphering
the role of Alkyl Chain and Heavy Halogens

Table A3.6 Alkyl chain substituent Naphthalimide compounds and their luminescence data

Phosphorescence luminogens Physical Phos. Phos. Phos | Referenc
state Lifetim | Lifetim | .Q.Y. | e
e (RT) e

(77K)

Q o Angew.
Chem.
Q Crystals . - - Int. Ed.,
© 20186,
55,
9872—
9876.
(Ref.23)

Q O Crystals 51ms | 319ms | - Angew.
z Chem.
9 Int. Ed.,

2019,
58,
2284—
2288.
(Ref.
24)

Liquide 6.2 (25| 210ms | - Angew.
o Chem.
< Int. Ed.,
g_ 2019,
58,
2284—

2288.
(Ref.24)

Q o Crystals - ~212 26.6 | This work

z ms 5

'i 3

Q o Crystallin | ~12us | ~4.5ms | 0.77 | This work
z e solid

9
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Unique aggregation
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Abstract

This thesis chapter investigates the supramolecular interactions of naphthalimide luminogens
through a comprehensive analysis of their aggregation patterns utilizing single-crystal X-ray
diffraction (XRD) and Field Emission Scanning Electron Microscopy (FESEM). The results
reveal unique aggregation behaviours characterized by slip angles exceeding 90 degrees,
challenging conventional categorization into H or J aggregates. This study enhances our
understanding of the distinctive assembly patterns displayed by these luminogens, illuminating
their intriguing structural complexities. Furthermore, the investigation extends to exploring the
interactions between the naphthalimide luminogens and the NS1 protein, a critical component
in the Japanese Encephalitis virus. Remarkably, the findings highlight exceptional
luminescence quenching observed in a specific luminogen, (1,3 m-NPCFs3), upon interaction
with the NS1 protein. This discovery suggests a promising avenue for developing innovative
strategies to combat the Japanese Encephalitis virus, leveraging the unique properties of this
luminogen. Thus, this thesis chapter provides valuable insights into the supramolecular
behaviour of naphthalimide luminogens and their potential applications in targeted interactions
with viral proteins, paving the way for future advancements in materials science and antiviral
research.

H and J aggregation is the
classical classification of
dimer aggregation
54.7°<0<90° H Aggregates,
0>54.7° ) aggregates

Napthalimide luminogens
with twisted conformation
consisting of H, Me, F, Cl,
CF3, 1,3 di CF3

Slip angle ranges from ~76°
to 99°

Unique Aggregation

Figure 4.1 Proposed table of content of the present work.
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4.1 Introduction

Organic-conjugated materials have garnered significant attention across diverse fields such as,
optoelectronics,® sensing,> bio-medical applications® owing to their tuneability, cost-
effectiveness and facile processibility.* A compressive understanding of the optical
characteristics exhibited by conjugated materials necessitates meticulous analysis of their
molecular configuration and aggregation behavior.>® It is essential to recognize that the
aggregated state characteristics of these materials may not necessarily represent their
microscopic properties which primarily pertain to the molecular level. Consequently, there is
a burgeoning interest in exploring molecular packing phenomena to gain deeper insights into
the structure property relationships of these materials.”®

Nearly six decades ago, Michael Kasha introduced one of the earliest theories to elucidate the
impact of molecular aggregation on the photo-physical characteristics of chromophores.® By
focusing on the coulomb coupling between adjacent chromophores, arising from the interaction
between molecular transition dipole moments, Kasha proposed the "card-pack” model to
describe linear molecular aggregation.’® Building upon Kasha’s work, McRae and Kasha,
utilizing the exciton theory of Davydov, hypothesized that the coulomb coupling could be
positive giving rise to H-aggregates, or negative, resulting in J aggregate or Scribe aggregate.*
In H-aggregate, the singlet state monopolizes all the oscillator strength, leading to quenching
of fluorescence from the lowest energy state, while phosphorescence is enhanced through
intersystem crossing in most enstances.'? In contrast to Kasha’s research on molecular
aggregation, halogen bonding represents a novel and intriguing avenue in the domain of
noncovalent interactions for constructing supramolecular ensembles.®** Compared to (single)
hydrogen bonds, halogen bonds exhibit greater directionality and offer creative capabilities that
are unmatched by other types of noncovalent interactions, thereby unveiling new prospects in
the design of smart functional materials.>®

Functional groups and those fragment’s capable of free rotation can profoundly alter the
electronic structure of luminogens, thereby highlighting the critical interplay between steric
and electronic factors during the transition from solution to aggregated states.!’ The
aggregation of organic luminogens in aqueous media gives rise to diverse nanostructures,
imparting predictability, structural precision, surface functional group exposure. These
phenomena have been extensively investigated across a spectrum of applications from organic
electronics to biomaterials.'®® Naphthalimide, characterized by a planar electron-deficient

core has garnered attention across diverse fields including Aggregation Induced Emission
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(AIE),?° Room Temperature Phosphorescence (RTP),??? organic electronics,?® sensors,?* and
medical applications®>2?® due to its versatile photo-physical properties. In our investigation, we
incorporated a phenyl group with a sp? spacer into the naphthalimide core. This selection aimed
to establish a molecular architecture with a folded structure, wherein two core molecules could
evade m-m interactions sufficiently to mitigate exciton quenching and effectively constrain the
molecular motion. Recent studies have demonstrated that such constrains, compared to twisted
and restricted rotation (RIR) molecules, significantly enhance luminescence.?” Furthermore,
the folded m structure was anticipated to facilitate distinct charge separation, potentially
imparting intriguing optical tuneability and self-assembly properties. Furthermore, the
anticipated folded & structure is hypothesized to promote distinct charge separation dynamics,
thereby potentially engendering intriguing optical tuneability and self-assembly
phenomena.?82°% |n this study, six luminogens were synthesized employing straightforward
condensation reactions, wherein two cores were linked via the sp? hybridized methyl group.
Despite dissimilar core sizes, the resultant structures exhibit a consistent 2z fold conformation,
as evidenced by our experimental observations.

The study was designed to synthesize a series of naphthalimide compounds via conjugation
with benzyl substituents harbouring diverse functional groups, demonstrating both positive and
negative inductive effects. Specifically, we introduced hydrogen, methyl, and halogen atoms
like fluorine, chlorine, CFs, and 1,3 m-CFs. The Utilization of the methyl group as a spacer
between the naphthalimide core and the benzyl moiety facilitated precise spatial distribution of
molecular orbitals. Our investigation aimed at elucidating tuneable aggregation patterns,
supramolecular interactions, and self-assembly inherent in these compounds. We meticulously
examined the influence of various intermolecular interactions, including halogen bond, C-H
bond, CH...xw, and other weak intermolecular interactions on photo-physical properties, self-
assembly, aggregation phenomena. Moreover, we aimed to leverage these findings to enable
targeted interactions with the NS1 protein, a pivotal factor in the pathogenesis of Japanese
Encephalitis (JE), thereby expanding the potential therapeutic applications of our synthesized
compounds against this life-threatening disease.

All the naphthalimide luminogens NPH, NPMe, NPF, NPCI, NPCF3, 1,3 m-NPCF3 were
synthesized using a simple condensation reaction. (Scheme 4.1) After purification by column
chromatography (5% chloroform/hexane) all these lumino-gens were further characterized by
NMR, MALDI, and SC-XRD.
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4.2 Experimental

4.2.1 Materials and measurements: All starting material reagents, i.e. 1,8-naphthalic
anhydride, Benzyl-methylamine, Benzylamine, 4-Methyl-Benzylamine, 4-Fluoro-Benzyl, 4-
Chlorobenzyl, 4-Tri-Clorobenzyl and 1, 3 meta tri-Fluro-Benzyl and solvents (Dimethyl
formamide (DMF) and Ethanol), were purchased from Sigma Aldrich (India) and were reagent
grade.

NMR Measurements: A Bruker Avance 600 MHz Fourier transformation spectrometer was
used to record the proton NMR spectrum at 600 MHz and the 3C NMR spectrum at 200 MHz.
All Proton and 3C spectra solutions were obtained using the residual solvent signal as an
internal reference. The chemical shifts are reported in parts per million (ppm) with respect to
TMS. The short notations used are s for singlet, d for doublet, t for triplet, g for quartet, and m
for multiplet.

Matrix-Assisted Laser Desorption lonization: MALDI was performed on Bruckner model
auto-flex speeds using a MALDI TOF system spectrometer.

Optical Measurements: Solution State Studies: Electronic absorption spectra of luminophores
in solution state were recorded on a Perkin-Elmer Model Lambda-750 spectrophotometer. PL
emission spectra were recorded on the Horiba Fluromax-4 spectrofluorometer. Optical
measurements were performed using 4 mm quartz cuvettes at 298 K. Crystal state studies:
Electronic absorption spectra were recorded on a Perkin Elmer Model Lambda-750
spectrophotometer. Emission spectra were recorded on the FLS1000 spectrometer, an Edinburg
instrument.

Lifetime and measurements: Fluorescence lifetime experiments were performed on the
Horiba Delta Flex time-correlated single photon counting (TCSPC) instrument. A 373 nm
Laser diode with a pulse repetition rate of 1 MHz was used as the light source.

4.2.2 Synthetic procedure

4.2.2a Synthesis of 2-benzyl-1H-benzo[de]isoquinoline-1,3(2H)-dione, NPH:

In a 50 mL round bottom flask 0.5 g 1,8 Naphthalic anhydride was taken along with 10 mL
pure ethanol. The reaction mixture was kept for stirring in a setup with condenser. 0.7 mL
benzyl amine was added to the reaction mixture drop by drop. The reaction temperature kept
at room temperature for 30 minutes, then gradually increased and maintained a reflux condition
12 hr. Completion of the reaction was monitored by TLC. After the reaction was completed,
the whitish, muddy crude was then filtered through Whatman filter paper. The crude was
further refined using column chromatography and 5% chloroform/hexane.3! A white color solid
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(NPH, 490 mg, yield 95%) was developed and characterized further using *H NMR, **C NMR,
HRMS, MALDI, and SCXRD.

NPH: 1H NMR: (600MHz, CDCls, 8 ppm) 8.60 (d, 2H), 8.19 (d, 2H), 7.74 (t,3H), 7.55 (d,
2H), 7.30 (t, 3H), 7.24 (dd, 4H), 5.39 (S, 1H) 13C NMR: (150MHz, CDCI3, ppm): 164.22,
137.30, 134.03, 131.57, 131.42, 128.94, 128.43, 128.17, 127.46, 126.94, 122.63, 43.56. Mass
calculated for C19H13NO2 = 288.32 [M]+, Found 294.15 [M+1]+

4.2.2b Synthesis of 2-(4-methylbenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, NPMe:
0.5 g of 1,8-naphthalic anhydride and 10 mL of pure ethanol were added to a 50 mL round-
bottom flask. The reaction mixture was set up in a setup equipped with a condenser for the
purpose of stirring. Drop by drop, 0.7 mL of Methyl-Benzylamine was added to the reaction
mixture. After 30 minutes at room temperature, the reaction temperature was progressively
raised and the reflux condition was maintained for 12 hours. TLC was used to monitor the
reaction's completion. The whitish, muddy crude was then filtered through Whatman filter
paper after the reaction was completed, the crude was further refined using column
chromatography and 5% chloroform/hexane. A light sea green colour solid (NPMe, 470 mg,
Yield 93%) was developed and characterised further using *H NMR, *C NMR, HRMS,
MALDI, and SCXRD.

NPMe: 1H NMR: (600 MHz, CDCls, 8 ppm) 8.60 (dd, 2H), 8.18 (dd, 2H), 7.73 (m,3H), 7.45
(d, 2H), 7.11 (d, 3H), 7.24 (dd, 4H), 5.35 (s, 1H) 2.29 (s, 1H) 13C NMR: (150 MHz, CDCI3,
ppm): 164.21, 137.13, 134.35, 133.97, 131.55, 131.38, 129.09, 128.98, 128.16, 126.91,
122.69, 43.30, 21.12 Mass calculated for C20H1sNO2 = 301.35 [M]+, Found 301.259 [M+1]+

4.2.2¢ Synthesis of 2-(4-fluorobenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, NPF: 0.5
grams of 1,8 Naphthalic anhydride was placed in a 50 mL round bottom flask, along with 10
mL of pure ethanol. In a condenser-equipped arrangement, the reaction mixture was stored for
stirring. Drop by drop, 0.7 mL of 4-fluorobenzyl was added to the reaction mixture. After 30
minutes at room temperature, the reaction temperature was progressively raised, and the reflux
condition was maintained for 12 hours. TLC was utilized to monitor the reaction's completion.
The yellowish, murky crude was filtered through Whatman filter paper once the reaction was
finished. Using column chromatography and 5% chloroform/hexane, the crude was further
purified. A sea green colour solid (NPF, 420 mg, yield 87%) was developed and characterised
further using *H NMR, C NMR, HRMS, MALDI, and SCXRD.
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NPF: 1H NMR: (600MHz, CDCls,  ppm) 8.62 (dd, 2H), 8.21 (d, 2H), 7.76 (m,3H), 7.56 (d,
2H), 6.98 (m, 3H) 13C NMR: (150MHz, CDCls, ppm): 164.22, 162.99, 161.36, 134.14,
133.13,133.11, 131.61, 131.49, 130.99, 130.94, 128.19, 126.98, 122.57, 115.30, 115.16, 42.83
Mass calculated for Ci1sH12FNO2 = 305.31 [M]+, Found 305.834 [M+1]+

4.2.2d  Synthesis of  2-(4-chlorobenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione,
NPCI: 0.5 grams of 1,8-naphthalic anhydride and 10 mL of pure ethanol were added in a 50-
milliliter round-bottom flask. A setup with a condenser was used to keep the reaction mixture
stirring. 0.7 mL of 4-chlorobenzyl was gradually added to the reaction mixture. After 30
minutes at room temperature, the reaction temperature was progressively raised, and a reflux
condition was maintained for 12 hours. The progress of the reaction was observed using thin-
layer chromatography (TLC). We used Whatman filter paper to filter the yellowish, murky
crude once the reaction had been completed. We conducted additional purification of the crude
substance using column chromatography with a 5% mixture of chloroform and hexane. A
yellow green colour solid (NPCI, 390 mg, yield 79%) was developed and characterised further
using *H NMR, *C NMR, HRMS, MALDI, and SCXRD.

NPCI: 1H NMR: (600 MHz, CDCls, 8 ppm) 8.62 (dd, 2H), 8.23 (m, 2H), 7.76 (m,3H), 7.50
(d, 2H), 7.28 (s, 1H) 5.35 (s, 1H) 13C NMR: (150 MHz, CDCls, ppm): 164.2, 135.78, 134.20,
133.34, 131.63, 131.54, 130.50, 128.58, 128.21, 127.0, 122.53, 42.92 Mass calculated for
CioH12FNO> = 321.76 [M]+, Found 321.846 [M+1]+

4.2.2e Synthesis of 2-(4-(trifluoromethyl)benzyl)-1H-benzo[de]isoquinoline-1,3(2H)-
dione, NPCF3: In a 50 mL round bottom flask, 0.5 grams of 1,8 Naphthalic anhydride were
combined with 10 mL of pure ethanol. In a condenser-equipped arrangement, the reaction
mixture was stored for stirring. Drop by drop, 0.7 mL of tri-Fluro-Benzyl was added to the
reaction mixture. The reaction temperature was initially maintained at ambient temperature for
a duration of 30 minutes, after which it was gradually raised and maintained under reflux
conditions for a period of 12 hours. The progress of the reaction was observed using thin-layer
chromatography (TLC). Once the reaction was finished, the pale, turbid crude substance was
subsequently passed through a filter made of Whatman filter paper. The crude substance
underwent additional purification using column chromatography with a mixture of 5%
chloroform and hexane. A yellow colour solid (NPCF3, 320 mg, yield 74%) was developed
and characterised further using *H NMR, 3C NMR, HRMS, MALDI, and SCXRD.
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NPCF3: 'H NMR: (600MHz, CDCl3, 5 ppm) 8.63 (dd, 2H), 8.24 (dd, 2H), 7.78 (m,3H), 7.65
(d, 2H), 7.56 (d, 1H) 5.35 (s, 1H) 3C NMR: (150MHz, CDCI3, ppm): 164.22, 141.18, 134.32,
131.63, 129.14, 128.24, 127.04, 125.44, 125.41, 122.42, 43.16 Mass calculated for
C20H12F3NO; = 355.32 [M]+, Found 355.975 [M+1]+

4.2.2f Synthesis of 2-(3,5-bis(trifluoromethyl)benzyl)-1H-benzo[de]isoquinoline-1,3(2H)-
dione, 1,3 m-NPCFs: 0.5 grams of 1,8 Naphthalic anhydride were added in a 50 mL round
bottom flask, together with 10 mL of pure ethanol. The reaction mixture was stirred in a setup
with a condenser, and 0.9 mL of 1, 3 meta tri-Fluro-Benzyl was gradually added to the reaction
mixture. After maintaining a reflux state for 12 hours, the reaction temperature was
progressively raised after being kept at room temperature for 30 minutes. TLC was used to
monitor the reaction's completion. The yellowish, murky crude was filtered through Whatman
filter paper once the reaction was finished. The crude was further refined using column
chromatography and 5% chloroform/hexane. A white colour solid (1,3 m-NPCFs, 300 mg,
yield 71%) was developed and characterised further using *H NMR, *C NMR, HRMS,
MALDI, and SCXRD.

1,3 m-NPCF3: 'H NMR: (600 MHz, CDClz, 8 ppm) 8.65 (dd, 2H), 8.26 (dd, 2H), 8.02
(s,3H), 7.79 (m, 2H), 5.47 (s, 1H) 3C NMR: (150MHz, CDCls, ppm): 164.18, 139.64,
134.52,131.83,131.69, 131.62, 129.45, 128.27, 127.08, 124.14, 122.33, 122.22, 121.66, 42.84
Mass calculated for C21H11FeNO2 = 423.31 [M]+, Found 424.064 [M+1]+

4
X
Y
05,00 O N O
RNH,
—_—
LD won, ™ XD

X=H,Y=H,Z=H(NPH)
X=Me,Y=H,Z=H (NPMe)

X=F Y=H,Z=H (NPF)
X=Cl,Y=H,Z=H(NPCI)
X=CF;,Y=H,Z=H (NPCF;)

X= H,Y=CF; Z=CF;(1, 3 m-NPCF;)

Scheme 4.1: Synthetic scheme for the NPH, NPMe, NPF, NPCI, NPCFs3, 1,3 m-NPCF3
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4.2.3 Preparation of SC-XRD sample: Following synthesis and column chromatography
purification, luminogens in powder state were dissolved in HPLC methanol/chloroform
mixture and stored at room temperature in the dark. NMICY crystals were discovered in white,
transparent, and glossy form within 24 to 48 hours. To undertake SCXRD analysis, it was put

over a glass slide.

4.2.4 Preparation of FESEM sample: For all Naphthalimide luminogens (20 uM, 1 mL,
99.9% fw) one mL sample was drop cast over clean FTO substrate and was dried overnight at

room temperature before analysis in an ultra-clean environment.

4.2.5 Theoretical Calculations: The ground state optimization and excited state TD-DFT of
NPH, NPMe, NPF, NPCI, NPCFz and 1,3 m-NPCFs using a single crystal CIF file was
calculated by using the Gaussian-16 package. B3LYP hybrid functional with 631G+d basis

sets were used during the entire calculation.®?33

4.2.6 Production of NS1 protein: Japanese encephalitis virus vaccine strain (SA-14-14-2) was
selected, and RNA was isolated using Trizol following manufacturer protocol.* (Takara,
Japan). NS1 gene was amplified from viral genomic RNA in RT-PCR using gene specific
primers with restriction site for cloning purposes.® Amplified product was then purified by gel
extraction. Purified NS1 was digested with restriction enzymes EcoR1 and Nhel. The NS1
insert was ligated to the pET- 28a (+) vector. The recombinant plasmid was transformed into
E. coli BL21 DE3 competent cells. The transformed colonies were confirmed by restriction
digestion. For bulk production of NS1 protein, the starter culture was prepared by inoculating
transformed colonies in nutrient broth with appropriate antibiotics and incubated overnight.
The transformation reactions were operated at 180 rpm and at 37°C.%® Further, 1% of the
overnight culture was inoculated in fresh nutrient broth containing antibiotics. Isopropyl -d-
1-thiogalactopyranoside (IPTG) of varying concentrations from 0.25 to 1 mM concentration
was added to log phase culture (O.D. 0.5-0.6) and incubated for different time points at 37°C.
Culture aliquot was collected at hourly intervals to study the expression kinetics of NS1 gene
by SDS-PAGE. The recombinant 6xhistidine tagged NS1 protein was purified by affinity
chromatography containing Ni-NTA (BioRad, USA). In brief, the harvested cells containing
proteins were solubilized in lysis buffer (300 mM NaCl, 50 mM Tris base, 2 mM Imidazole,
100 mM PMSF, pH 8.8) by vortex followed by incubation at room temperature for 1 hr. The
suspension was centrifuged at 10,000 rpm for 20 min at 4 °C and the supernatant containing

crude protein lysate was allowed to bind to Ni-charged resin (Bio Rad, USA) for 2-3 hr. The
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protein was eluted by passing lysis buffer (pH 8.8) containing imidazole in increasing
concentration through the column. Lysis buffer with 20 mM imidazole (10 mL) was passed
through the column followed by subsequent passing of 6-10 mL each of buffer containing 40
mM, 80 mM, 100 mM, 200 mM, and 400 mM imidazole. The purified recombinant protein
was dialyzed sequentially in decreasing concentrations of imidazole in lysis buffer. The
concentration of purified antigen was measured using Bradford reagent (HiMedia, India) and

stored at —80 °C for subsequent use.?’
4.2.7 Purification of NS1 protein:

The protein was purified by 6X/Ni-NTA affinity chromatography. The NS1 protein, expressed
with a 6XHis tag, exhibited a size of 48 kDa. The protein was expressed in the insoluble
fraction.3 Maximum expression was observed when induced a concentration of 1 mM IPTG.
Study of hourly kinetics of IPTG-induced clones revealed that protein expression was
maximum at 4 h post-induction, after which it was almost constant. The SDS-PAGE analysis
revealed that protein started appearing with the first elute of 50 mM imidazole elute and
increased steadily thereafter with maximum concentration in the 100 mM elute followed by a
gradual decline in subsequent.®® The elutes with visible high concentration protein on SDS
were pooled and dialyzed. Purity of the recombinant protein was confirmed by a single band
in SDS PAGE and western blot analysis. Protein concentration was found to be 100ug/ml by

Bradford’s protein estimation assay. %!

4.3 Result and discussion

4.3.1 Synthesis and characterization of NPHA, NPHB, NPMeA, NPMeB

All the Naphthalimide luminogens NPH, NPMe, NPF, NPCI, NPCF3, 1,3 m-NPCFz were
synthesized using a simple condensation reaction. lllustrated in Scheme 4.1 Following
purification via column chromatography (using 5% chloroform/hexane), NPH, NPMe, NPF,
NPCI, NPCF3, 1,3 m-NPCFs were characterized using NMR, MALDI, and single-crystal X-
ray diffraction (SC-XRD). The UV/Visible absorbance profiles of naphthalimide lumino-gens
were investigated in DMF (dimethylformamide) solution with varying water fractions (fw =
0%, fw = water fraction). Stock solutions of the luminogens were prepared in DMF at a
concentration of 1 mM. Under condition of 0% water fraction (fw = 0%, 100% DMF), all the
luminogens exhibited distinct absorption peaks near 342 nm and 352 nm, corresponding to m-
n* transition of C=0 bond and n-z* transition respectively. At 99% water fraction, evident

aggregation phenomena were observed for all luminogens except for 1,3 m-NPCFs. Notably,
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NPH, NPMe, NPF and NPCI manifested a bathochromic shift in absorbance, indicative of J-
aggregation in their condensed state. Conversely, NPCFs displayed a flat absorption line with
an elevated baseline, while 1,3 m-NPCF3 exhibited a slight red shift in absorbance. (Figure
4.2a to 4.2f) These findings underscore the diverse aggregation behaviour influenced by both
the intrinsic chemical structure of the luminogens and the presence of water within the solvent
system, delineating critical insights into their photophysical properties and self-assembly
dynamics. All six naphthalimide luminogens exhibit notable aggregation-induced emission
(AIE) properties. Upon increasing water fraction distinct fluorescence patterns were observed
between the luminogens, albeit with slight variations. However, at a water fraction of 99.9%
(fw = 99.9%), the highest emission intensity was consistently recorded for all luminogens

thereby confirming their robust AIE properties.
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Figure 4.2 Absorbance spectra of naphtahlimide luminogens (a) NPH, (b) NPMe, (c) NPF, (d)
NPCI, (e) NPCFs3, (f) 1,3 m-NPCFz in DMF fy = 0% and fw = 99.9% (water fraction = fu).

Furthermore, all luminogens, demonstrated a significant red shift in emission from their
monomeric state. The incorporation of phenyl and substituted phenyl groups effectively
mitigated - interactions between adjacent naphthalimide cores. Plotting the emission spectra
in their condensed state revealed a progressive increase in emission intensity from NPCFs,
NPH, NPCI, and NPF to 1,3 m-NPCFs3, with a substantial red shift of 31 nm observed from

NPCFs to 1,3 m-NPCFz. These findings elucidate the nuanced effects of molecular structure
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on the photophysical properties and aggregation induced emission behaviour of naphthalimide
luminogen, providing valuable in-sights for their potential applications in diverse
optoelectronic and biotechnological applications. Fluorescence spectra of all Naphthalimide
luminogens in both crystalline and aggregated state was investigated. (Figure 4.3a to 4.3f)
(aggregated state fu = 99.9%). Remarkably, 1,3 m-NPCFz exhibited the most significant
hypochromic shift in emission, (Amax. = 395 nm) and NPH and NPMe have nearly same red
shifted emission maxima (Amax. = 466 nm). The observed trend in emission maxima followed
the order: 1,3 m-NPCF3 < NPCF3 < NPCI < NPF < NPMe < NPH as depicted in (Table 4.1).
These findings underscore the distinct photophysical behaviour exhibited by each
naphthalimide luminogen, elucidating the influence of molecular structure on their emission

characteristics in both crystalline and aggregated states.

(a) (b) ()
~18 _ 10 —12
S 16 3 -] 1., (Vol.%)
d f,, (Vol%) = £,, (Vol.%) s 1.
& 1.4 . 30.8 00 & 10 go
é‘ 1.21 —20 o6 20 .‘?0’8 I/ N XF 40
¥ 1.0 — £ 0 @ / < 0
c (7] (©/ —40 c 0.6 /
3 051 N - g O N0 60 2 } 8°
Soa] 4 x o — s | Eos] [P\
S04l A\ = S A w9 [ o2l | () N\

0.0 ; .

0.0
350 400 450 500 550 600 650 200 450 500 550 600 650 350 4% az:l.'»gle;s‘ooths(s}c‘)mrsoo 650
Wavelength (nm) Wavelength (nm) &

(d) (e) ()
a— 1.2

1.0 Legp~d —

E £, Vol.%) 5 2.0 fu (Vol%) S 10 £, Vol%)
Los o « i s 1.0 5
20 S e —

‘?‘. —— a0 >‘1'5' F3 —20 >~0.8' CF; 20

- cl et .
zoe S| 3 1 —w |2 Fo g
20.4 %0 51'0' A CF, 73 50'6. 0 IN_O :
- 0y _N._0 99.9 = 0. _N._0O - /
- A £ ——999 c 0.44 OO 99.9
=02 /N : 0.5 x K
S -

“oo/ O g o O :o.Z- : e

350 400 450 500 550 600 650 0 o0 450 50';\;50 e 1 (Y1) e -

Waveength (nm 400 450 500 550 600 650
gth {nm) Wavelength (nm) Wavelength (nm)

Figure 4.3 Fluorescence spectra of Naphthalimide luminogens by increasing water fraction fy

in DMF/ Water solvent system.

In the aggregated state (fw = 99.9%), a markedly distinct trend was observed, potentially
attributed to interactions between water molecule and the fluorine atoms present. The emission
maxima exhibited a trend from blue to red shift as follows: NPCFz < NPH < NPCI < NPMe <
NPF < 1,3 m-NPCFz. This phenomenon prompts an essential inquiry into the nature of
interaction between fluorine and water molecules. Notably, NPCF3 displays most pronounced,

blue shifted emission, while 1,3 m-NPCF3 exhibits the most significant, red shifted emission,
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contrary to their respective emission characteristics in the crystalline state. This intriguing
discrepancy in emission maxima suggest a potential correlation with the observed aggregation
patterns among these luminogens, highlighting the complex interplay between molecular
interactions and photo-physical properties.*2

Moreover, the distinct emission behaviour observed in the aggregated state (fuw = 99.9%)
underscores the intricate interplay between molecular architecture and solvent effects,
particularly the role of water molecules in modulating the photophysical properties of
naphthalimide luminogens. The observed, blue-shifted emission in NPCF3 suggests a potential
interaction between the fluorine atoms and water molecules, possibly resulting in a perturbation
of the electronic structure and subsequent alteration in the emission wavelength. Conversely,
the pronounced, red-shifted emission in 1,3 m-NPCFs may indicate a different mode of
interaction with water molecules, leading to a stabilization of the excited state and a longer

emission wavelength.

These findings highlight the dynamic nature of molecular interactions within the aggregated
state, where subtle variations in chemical structure can lead to significant changes in
photophysical behaviour.** The observed discrepancies in emission maxima among the
naphthalimide luminogens underscore the complexity of their aggregation-induced emission
phenomena, necessitating a detailed investigation into the underlying mechanisms at play.
Further studies exploring the specific nature of fluorine-water interactions and their influence
on the photophysical properties of these luminogens are essential for unravelling the intricacies

of their behaviour in complex environments.**4

Understanding the fundamental principles governing the aggregation-induced emission of
naphthalimide luminogens is pivotal for the rational design of novel materials with tailored
optical properties.*® By elucidating the relationship between molecular structure, solvent
interactions, and emission behaviour, this research contributes to the broader understanding of
AIE mechanisms and paves the way for the development of advanced functional materials for

diverse applications in optoelectronics, sensing, and biomedical imaging.*’®
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Table 4.1 fluorescence spectra of all naphthalimide luminogens in crystal state and aggregated

state.

Amax. 466 466 412 405 438 395
(Crystals)

(nm)

Jmax. (fw =99.9) | 435 448 449 445 429 460
(nm)

4.3.2 TRPL.: The fluorescence emission characteristics of all the naphthalimide luminogens
in both their crystalline and aggregated state are detailed in Table 4.2 (aggregated state fu =
99.9%). Notably, in the crystalline state NPMe, exhibited the longest fluorescence lifetime
(35.62 ns), followed by NPH (17.55 ns) and 1,3 NPCF3z displayed shortest lifetime (3.51 ns).
The fluorescence lifetime followed an ascending order: 1,3 NPCF3 < NPCF3~ NPCI < NPF <
NPH < NPMe. The trend appears to correlate with the electron donating ability of the
substituents and blue to red shifted emission observed across of all the luminogens. These
findings underscore the intricate interplay between molecular structure, electronic properties,
and photo-physical behaviour, elucidating key insights into the fluorescence dynamics of

naphthalimide luminogens in diverse environmental contexts.*®

As discussed earlier, the fluorescence emission maxima and fluorescence lifetime in
aggregated state deviate from those observed in the crystalline state. Notably, NPCI exhibited
the longest fluorescence lifetime at 22.89 ns, while 1,3 m-NPCF3 displayed the shortest at 3.77
ns. The ascending order of fluorescence lifetime in the aggregated state is as follows: 1,3 m-
NPCF3; < NPCF3z < NPH < NPMe < NPF < NPCI. Consequently, alongside the aggregation
pattern, the interaction of water with hydrogen, methyl, fluorine, and chlorine moieties
contributes to the irregular trend observed in the fluorescence lifetime of those luminogens in
the aggregated state. To further elucidate the fluorescence lifetime characteristics, we analysed
the single crystal XRD patterns of all the luminogens, aiming to gain deeper insights into their

photophysical properties.*
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Table 4.2. TRPL of all naphthalimide luminogens in crystal state and aggregated state.

t (Crystals)(ns) | 17.55 35.62 12.74 | 5.08 5.33 3,51

T (fw = 99.9) (ns) | 9.07 18.71 19.16 | 22.89 5.45 3.77

4.3.3 H, J and X Aggregation: In organic conjugated materials, the aggregated structure
and molecular stacking models exert a substantial in photoluminescence (PL) property
primarily through the modulation of transition dipole interaction of adjacent molecules.>! The
molecular packing dictates the geometry of the emitters excited and ground state. Notably,
alter-nations in packing arrangements significantly impact the dihedral angle within the donor
acceptor (D-A) structure.>>®® Consequently, the separation of the HOMO and LUMO
significantly impacts the character of the Locally Excited State Charge Transfer (LMCT) state,
while the extent of conjugation across the emitter affects excited state characteristics.>* Kasha
elucidated that that minimizing transition dipole interactions could enhance emissive
characteristics by increasing the slippage of molecules from H to J- aggregate configurations

(54.7° = J-aggregation, 54.7° = H-aggregation).>>°®

The definition of the term "J-aggregate” has evolved over time. Wuerthner et al.?° proposed a
refined classification to differentiate classical J-aggregates characterized by predominant long-
range coulomb coupling and charge transfer (CT) mediated or coupled J aggregates.®” The
latter’s red shifts primarily arise from short range orbital interactions, a distinction informed
by recent theoretical advancements in intermolecular interactions between slip stacked dyes.®
Thus, categorizing J-aggregates merely based on the observed red-shift and slip angle can be
deceptive. Traditional J-aggregates, renowned for their strong excitonic coupling enhancing
solid state luminescence, do not fully elucidate the emission phenomenon observed in newly
synthesized AlEgens, Intermolecular interaction within organic aggregates encompass a

spectrum ranging from hydrogen bonds to cation or anion to cation interactions and dipole-
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dipole interactions among others. These interactions undergo modification due to aggregation,
flexible molecular conformation, the influence of excited state energy dissipation pathways and

the electrical and geometric characteristics of the molecules.>*°

1, 3m-NPCF3

" 765690

Figure 4.4 SC-XRD analysis summary of naphthalimide luminogens NPH, NPMe, NPF,
NPCI, NPCFs3, 1,3 m-NPCF3

4.3.4 SC-XRD study: To gain more insights of the aggregation pattern and supramolecular
interactions which control the luminescence property and fluorescence emission lifetime, we
have analysed the single crystal XRD pattern of all the naphthalimide luminogens NPH, NPMe,
NPF, NPCI, NPCFs, 1,3 m-NPCFs. These luminogens featuring a naphthalimide moiety
conjugated with a substituted benzyl core and various substituents, alongside a sp? spacer,
induced a twisted conformation in each luminogen. However, the incorporation of different
substituents induced nuanced alternations in both the relative orientations and the
naphthalimide-Me-Benzyl angle across the luminogens. This investigation provides crucial in-
sights into the structural dynamics underlaying their photo-physical behaviour, offering
valuable insights into the mechanism governing their luminescence property. (NPH =111.96°,
NPMe = 112.72°, NPF = 112.10°, NPCI = 110.26°, NPCF3 = 111.92°, 1,3 m-NPCF3 =
112.77°) (Figure 4.4a). The most important part of these crystal analysis is the observation of
slip angle in all these luminogens. The slip angle between two adjacent chromophores are the
following; NPH = 96.23°, NPMe = 94.80°, NPF = 92.62°, NPCI = 99.04°, NPCF3 = 79.49°,
1,3 m-NPCF3 = 76.69° and distance between those adjacent chromophores are d = 3.595A
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(NPH), d = 3.556 A (NPMe), d = 3.827 A (NPF), d = 3.772 A (NPCI), d = 8.118 A (NPCF3),
d = 4.753 A (1,3 m-NPCFs). (Figure 4.4b, 4.4c) Dihedral angle: Dihedral angle of NPH
(69.97°) is higher than NPMe (66.22°) and it was observed that increasing number of fluorine
enhanced the dihedral angle which ranges from 67.25° for NPF, 69.48° for NPCl to 76.47° for
1,3 m-NPCFz. All the luminogens consists of many intermolecular interactions. NPH (9) (two
0..H=2.631 A, two O...H=2.645 A, two O..H=2.648 A, one C-H...H-C = 2.333 A, two
C-H..n=2.895A). NPMe (8) (two O...H=2.631 A, two O...H=2.645 A, two O..H =2.648A,
one C-H...H-C = 2.333 A, two C-H...n = 2.895 A). NPF (4) (two C=0...H-C = 2.541 A, two
C-F...H-C =2.477 A). NPCI (9) (two C=0...H-C = 2.366 A, n-n = 3.382 A, two C=0...n =
2528 A, C-H...n=2.877A,C=0... n=3.125 A, C=0...H-C = 2.587 A, C-H...H-C = 2.262
A). NPCFs3 (6) (two C=0....H-C = 2.683 A, two C=0....C-H = 2.432 A, two C-H...F-C =
2.670 A). 1,3 m-NPCF3 (6) (two C=0...C-H = 3.177 A, two C-H....F-C = 2.535 A, two
C=0...H-C =2.526 A). (Figure 4.4d)
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2.655A Y v
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Figure 4.5 SC-XRD analysis summary of Naphthalimide Luminogens a. NPH b. NPMe c. NPF
d. NPCl e. NPCFs f. 1,3 m-NPCF3

We observed that NPH and NPMe have a greater number of intermolecular interactions, nine
and eight respectively com-pared to NPF (4), NPCF3 (6), 1,3 m-NPCFz (6). The redshift-ed
emission can be related to number of intermolecular inter-actions that a greater number of
intermolecular interactions facilitated more radiative decay channels in NPH and NPMe, but it
could not explain that NPF has only four intermolecular interactions and NPCI has 8 which has

redshifted emission than NPCF3 and 1,3 m-NPCF3z which has 6 intermolecular interactions.
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Thus, it can be clear that a greater number of intermolecular interactions are responsible for
redshifted emission. (Figure 4.5a to 4.5f)

4.3.4 Hirshfeld surface analysis: Hirschfeld surface analysis is a crucial tool in crystal
engineering that helps delineate intermolecular interactions in organic luminogens.
Understanding these interactions is essential for modulating photophysical properties and
designing materials with tailored optoelectronic functionalities. This allows for precise
manipulation of intermolecular contacts, enhancing performance and applicability in various
optoelectronic devices. By performing Hirshfeld surface analysis, it was confirmed that similar
interaction pattern observed in single crystal XRD analysis of all the luminogens. Hirshfeld
surface analysis was utilized to get a statistical picture of the intermolecular interactions in the
series of crystal packings. (Figure 4.6a to 4.6f, and Table 4.3) The calculations and fingerprint
representations of Hirshfeld surfaces are implemented in the program CrystalExplorer.®* The
percentage contribution of various contacts to the total Hirshfeld surface comes from H-H
interaction in NPH (47.8%), NPMe (50.5%), NPF (35.5%), NPCI (37.5%), and NPCF3
(26.8%), and is significantly lower for 1,3 m-NPCFs (14.4%). After the introduction of F, ClI,
CF3s, and 1,3m-CF3 the contribution of H-H introduction reduces. Thus, a higher number of
halogen atoms reduces the H-H interactions. Other interactions were also similar in all the
naphthalimide luminogens. In NPF, NPCF3, and 1,3 m-NPCFs3, as the number of fluorine atoms
increases, the contribution of H-F and F-H increases. H-F percentage for NPF is 6.7%, NPCF3
15 12.0%, 1,3 m-NPCFz is 15.1%, and H-F percentage is 7.2% for NPF, 12.9% for NPCF3, and
16.1% for 1,3 m-NPCFs. F-F interaction was also shown by NPCF3 at 4.4% and a very high
10.6% in 1,3 m-NPCFs but was absent in NPF. NPCI has also exhibited H-CI interaction at
5.4% and CI-H interaction at 7.4%, and NPCI has also shown CI-CI interaction at 2.2%. In
brief, Hirshfield surface analysis of naphthalimide luminogen shows that rationalization of any
crystal structure requires various intermolecular interactions governing the crystal packing and
crystallization as well. Hirschfeld surface analysis confirms consistent interaction patterns
across luminogens, highlighting its reliability. The prevalence of specific intermolecular
interactions, like hydrogen bonding or m-m stacking, reveals common structural motifs in
organic luminogens. These insights deepen our understanding of solid-state luminescence
principles and guide the design of next-generation materials with tailored optoelectronic

properties.5?
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(a) (b)

NPH NPMe NPF

1,3 m-NPCF3

Figure 4.6 Hirshfield surface analysis of naphtalimide luminogens a) NPH (b) NPMe, (c) NPF,
(d) NPCI, (e) NPCF3, (f) 1,3 m-NPCFs.

Table 4.3 Statistics of intermolecular interactions in Hirshfeld surface analysis of

naphthalimide luminogens.

H-H 47.8% 50.4% 35.5% |37.5 26.8% 14.4%
C-H 10.6% 12.4% 12.0% |9.2% 10.4% 10.2%
O-H 8.4% 7.4% 7.3% 6.4% 5.9% 5.1%
C-0 0.4% 1% 1.1% 0.6% 1.3% 1.3%
C-C 15.1% 10.9% 12.1% 14.0% |9.8% 6.4%
H-F - - 6.7% - 12.0% 15.1%
F-H - - 7.2% - 12.9% 16.1%
F-F - - 0% - 4.1% 10.6%
H-C1 - - - 5.4% - -
Cl-H - - - 7.4% - -
CI-Cl1 - - - 2.2% - -

TH-3445_ 186122014
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4.3.4 Electrostatic maps analysis: Electrostatic map analysis is a computational technique
that helps understand supramolecular interactions in organic luminogens by mapping
electrostatic potential distributions within molecular structures. This understanding is crucial
for adjusting solid-state properties like emission efficiency and colour tunability in organic
luminogens, thereby enhancing their properties. Electrostatic map analysis helps identify key
motifs like charge transfer pathways and electrostatic complementarity, influencing the spatial
organization of molecules in the solid state. This approach allows precise control over
molecular packing arrangements, enhancing luminogenic materials' performance and
functionality for various optoelectronic applications. Electrostatic maps offer crucial insights
into charge distribution within molecules, governing attraction, repulsion, and self-assembly in
supramolecular interactions, contributing to the stability and properties of supramolecular
networks.®® An electrostatic surface potential (ESP) map was generated to visualize the charge
distribution in naphthalimide crystals (Figure 4.7a to 4.7f). The colour gradient from red to
blue in ESP correlates to the varying intensities of the electrostatic potential energy values from
negative to positive. A red region on the carbonyl oxygen indicates localized electron density,
and the blue positive potential region represents electron deficient regions in naphthalimide
derivatives. A significant difference in charge distribution in of the aromatic benzyl core is
observed with the introduction of H, Me, F, Cl, CFz and 1,3 m-CF3 in NPH, NPF, NPCI, NPCFs
and 1,3 m-NPCFzs respectively. It has played significant role in the electron distribution on this

luminogen which consequently contributed to tuneable optical properties of these luminogens.

Figure 4.7 Electrostatic map analysis of naphtalimide luminogens a) NPH (b) NPMe, (c) NPF,
(d) NPCI, (e) NPCFs3, (f) 1,3 m-NPCFs.
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4.3.4 Self-assembly: To investigate further into the morphological effect of different
functional group and their self-assembly we studied the FESEM images of these naphthalimide
luminogens in their aggregated state (fw = 99.9%). We observed that the self-assembly of these
morphologies change drastically. NPH exihibits rod like self-assembly, NPMe forms
aggregated round shaped assembly, NPF, NPCI and NPCF3 have some similarity in thin sticks
like structures and NPCI and NPCF3s demonstrate shown multiple growth contrasted to NPF
The most notable leaf’s self-assembly, demonstrated by 1,3 m-NPCFs, has developed in two
unique orientations, most likely due to the presence of two CF3 groups in the meta locations of
Benzyl group (Figure 4.8a to 4.8f). The study reveals that the morphological diversity of
naphthalimide luminogens is influenced by subtle structural variations. The self-assembly
motifs, including rod-like, spherical, and stick-like structures, suggest intricate intermolecular
interactions governed by factors like n-m stacking, hydrogen bonding, and van der Waals
forces. This understanding of morphology-structure relationships enhances our understanding

of molecular self-assembly and allows for targeted material property manipulation.54%°

Figure 4.8 Molecular supramolecular self-assembly Macro-architecture of a) NPH (b) NPMe,
(c) NPF, (d) NPCI, (e) NPCFs3, (f) 1,3 m-NPCFs.
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4.3.7 Theoretical Calculations: To gain more information about molecular orbital
contribution in the overall luminescence and fluorescence lifetime and aggregation pattern we
performed theoretical calculations TD-DFT in Gaussian 09 package.*>*2 Although benzyl is an
electron donating core and naphthalimde is an electron accepting core, the electron donating
and electron accepting properties of both cores are affected or influence by the functional
groups including hydrogen, methyl, fluorine, chlorine, CFz and 1,3 m-CFs. In compounds NPH,
NPMe, NPF and NPCI, the naphthalimide core acts as an electron deficient core with the
LUMO group located on it and benzyl group acts as an electron donating core with the HOMO
or-bitals located on it. Both the NPCF3 and 1,3 m-NPCF3 exhibits HOMO and LUMO orbitals
located solely on naphthalimide core. It indicates that benzyl core with CF3 group and 1, 3 m-
CFz group have become significantly electronegative preventing them to act as electron
donating cores. This suggests that in NPH, NPMe, NPF, and NPCI there is TICT phenomenon
due to clear separation of HOMO and LUMO due to sp? spacer group. Fluorescence emits from
lowest singlet excited state, while performing TD-DFT we observed that from NPMe, NPF,
NPCI, NPCF3, 1,3 m-NPCFs, (except for NPH) S; state is going higher. it described the
fluores-cence lifetime order which is highest for NPMe (35.62 ns) then decrease continuously
to 1,3 m-NPCFa.

S -2.440 e
. — '2.504 2 547 s

() - — > -5 00 -2.596

: [ ,‘-g‘:; @. 350 % : _‘ e -2.673

5| 227 03 " o ——

- ey % ‘b 2%, ",}4 o

s L ‘ 9@ ;;4{.*-

g W e

] el

s »

154 »

- -— ““" =

§ i ;,P ,’M i 2B
‘ .‘o" o2 P

2 I L ) v @ ‘- .'j-{":

e} —— — _6.200 X %J

8| -6462 6378 5462 — i

o 6.642 7>

NPH NPMe NPCI NPF NPCF3 1,3 m-NPCF3

Figure 4.9 HOMO, LUMO values and molecular orbitals of a) NPH (b) NPMe, (c) NPF, (d)
NPCI, (e) NPCFs3, (f) 1,3 m-NPCFs.
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4.4 Application

Supramolecular interactions in biological systems confer flexibility and are crucial for
metabolic regulation. These interactions enable rapid and reversible association of molecules,
facilitating diverse biochemical processes. The elucidation of these interactions between drugs
and biomolecules remains an ongoing challenge, necessitating further exploration and
refinement for better interpretation of recognition and binding. Supramolecular interactions are
possible avenues for detecting viral and related biomolecules. By tailoring the self-assembly
approach to the specific characteristics of virus proteins, researchers can design sophisticated
detection platforms for applications in diagnostics, healthcare, and biosensing. The integration
of microfluidics with molecular self-assembly yields advantages such as reduced sample

volume, rapid analysis, and enhanced sensitivity.5

In the context of antiviral therapy, supramolecular nanomedicine has gained well reputation.
Those nanomedicines exhibit characteristics like ‘targeted delivery’, improved bioavailability
and reduced side effects. Viruses interact intricately with infected cells during replication.
Supramolecular interactions can be exploiting those interaction and more efficient and safer
antiviral agents can be developed. Functional supra-molecules can be designed to target various
stages of viral infection including viral entry and replication. Supramolecules provide an

avenue for developing drugs and combat infections.®”:¢8

Japanese encephalitis (JE) is a resurging zoonotic disease, leading to high childhood mortality.
It is a significant cause of endemic encephalitis in over 24 countries in the Western Pa-cific
and Southeast Asia, resulting in 50,000 to 67,900 cases and 10,000 to 20,000 deaths annually,
with a 30% fatality rate among affected individuals®®"® This disease poses a major public health
concern, affecting nearly half of the global popu-lation residing in endemic areas.’”* The
worldwide burden of JE is estimated to be 709,000 disability-adjusted life years (DALYS),”
leading to substantial economic losses due to the significant psychiatric and neurological

complications that affect 30 to 50% of survivors.”™

JEV falls under the family Flaviviridae. It is known that fla-viviruses cause many human
diseases. JEV is an enveloped virus around 50 nm in diameter with a positive sense, single
stranded RNA, and genome of around 11 kb in length.”* The genome is having capsid made by
capsid (C) protein which is enclosed by lipid bilayer derived from host. The genome pos-sesses

an open reading frame (ORF) which encodes for a single polyprotein which upon enzymatic
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cleavage by viral prote-ases divides into 3 structural proteins - capsid (C), membrane precursor
(prM), envelope (E) and 7 non-structural proteins as NS1, NS2-A, NS2-B, NS3, NS4-A, NS4-
B and NS5, post-translationally. The ORF on the margins is flanked by 50 and 30 non-coding
regions, which act as cis acting elements for viral replication, transcription, and translation.”
JEV RNA genome is capped by m7GpppAmp at 5’-terminal and absence of a poly (A) tail at

3’-terminal.’®

Among non-structural proteins, NS1 is a highly conserved protein with a molecular weight
ranging from 46 to 55 kDa, depending on the extent of glycosylation.”” Glycosylation of NS1
is essential for efficient secretion, virulence, and viral replication.’® In this study, we purified
viral protein NS1 and allowed it to interact with naphthalimide luminogens. To deepen our
understanding of NS1 protein, its self-assembly and interaction study is crucial to develop more
accurate di-agnostic method, antiviral techniques and vaccines. We have studied the interaction
of our six different naphthalimide luminogen with NS1 protein and found interesting results.
Out of six luminogens only 1,3 m-NPCFz has showed interaction with the NS1 protein.
Fluorescence response of 20 uM NPH, NPMe, NPF, NPCI, NPCFz and 1,3 m-NPCFz with
addition of 1 pM (NS1) has been studied. It was observed that only 1,3 m-NPCFz has
drastically quenched fluorescence and other luminogens has not shown any interactions. The
results revealed significant observations, shedding light on the unique nature of this interaction
between the protein and the luminogens. Further biological significance of the interaction is an

area of active investigations. (Figure 4.10a to 4.10c)

Figure 4.10 a) FESEM images of Molecular supramolecular self-assembly of a) NS1 protein
(fw = 99.9%) b) 1,3 m-NPCF3 (fw = 99.9%) c) after NS1 and 1,3 m-NPCFs interaction. (fw =
99.9%).
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Figure 4.10 Fluorescence response of naphthalimide luminogens before and after the exposer
of NS1 protein. X axis: PL intensity (a.u.) Y axis different luminogens before and after the

exposer with NS1 protein.
4.5 Conclusion

In conclusion, this research has provided a comprehensive exploration of the supramolecular
interactions of naphthalimide luminogens, emphasizing the significance of a detailed analysis
of their aggregation patterns using single crystal X-ray diffraction (XRD). The study has
successfully revealed unprecedented aggregation behaviours marked by slip angles exceeding
90 degrees, challenging traditional classifications into H or J aggregates. This advancement
significantly enriches our understanding of the unique assembly patterns inherent in
naphthalimide luminogens, offering valuable in-sights into their structural intricacies.
Moreover, the extension of this investigation to probe the interactions between these
luminogens and the NS1 protein, a pivotal component in the Japanese Encephalitis virus, has
yielded noteworthy out-comes. The identification of exceptional luminescence quenching,
particularly demonstrated by the luminogen 1,3 m-NPCF3 upon interaction with NS1, suggests
a promising avenue for developing innovative strategies to combat the Japanese Encephalitis
virus. This discovery not only contributes to the field of materials science by elucidating the
supramolecular behaviour of naphthalimide luminogens but also holds potential applications
in targeted interactions with viral proteins, laying the groundwork for future advancements in

antiviral research. In summary, this research bridges the gap between fundamental molecular
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insights and practical applications, paving the way for a new era of advancements at the

intersection of materials science and virology.
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Chapter 5 Molecular Packing Dictates Optical Destiny: Polymorphism
and Mechanoluminescence in Naphthaliimide Luminogens.

Abstract

This thesis chapter investigates the polymorphic behaviour and mechanoluminescent
properties of the naphthalimide luminogens NPH and NPMe, aiming to elucidate their optical
characteristics and potential applications. Through meticulous analysis of the X-ray diffraction
pattern, we unveil the polymorphic forms of these luminogens. These structural variations
provide insights into the intermolecular interactions and packing motifs governing their
photophysical properties. Densely packed configurations observed in NPHB and NPMeB
variants manifest a distinct red shift in the emission spectrum coupled with heightened
fluorescence intensity. On the other hand, structures that are loosely packed, like NPHA and
NPMeA, have an emission spectrum that is blue shifted and has less fluorescence intensity.
Furthermore, we investigate the mechanoluminescent properties of NPH and NPMe, shedding
light on their responses to mechanical stimuli. Theoretical insights via DFT add clarity to the
results of the experiments and give us a better understanding of how the molecular packing
arrangements, electronic structure, and optical behaviour of naphthalimide luminogens are
closely related. Understanding the intricate relationship between molecular packing
arrangements and optical characteristics is critical for maximising the utility of these
luminogens in a variety of fields, including optoelectronics and material science.
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Figure 5.1 Proposed table of content of the present work.
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5.1 Introduction

Organic n-conjugated molecules have garnered significant attention for their potential
applications across various domains such as organic electronics,! sensing,>2 memory storage,®
bioimaging,* information encryption,® security,® and more.” Besides the electronic
characteristics of their molecular structure, the arrangement of molecules in the solid state,
known as molecular packing, plays a crucial role in determining their optical properties,
especially as these molecules are predominantly utilized in practical applications in solid form.®
Smart luminescent materials represent a class of materials that exhibit remarkable changes in
their luminescence properties when subjected to external stimuli such as light, electricity,
temperature, pressure, or solvent. These materials hold immense potential for applications in
sensors,”  information  storage,'®  biomedical,®*  photoelectric  devices!?  and
mechanoluminescence (ML) materials, which emit light in response to mechanical stress, are
particularly intriguing due to their ability to provide real-time detection with environmentally
friendly excitation mechanisms.’*4'® The design of organic ML materials has seen
considerable progress since 2015,'® when a pioneering technique integrating aggregation-
induced emission (AIE)Y” and ML characteristics into a single molecule was introduced,
leading to the development of vibrant ML materials. However, despite these advancements, the
lack of predictable design methods and a comprehensive understanding of excited-state
processes continues to pose challenges in the development of ML materials.® Addressing these
challenges requires meticulous consideration of both the chemical structures of luminogens
and their molecular packing arrangements to achieve optimal ML performance. Polymorphism
serves as a practical means to adjust the emission properties of organic solids based on a single
component, offering a convenient approach to the production of optoelectronic materials.?
Thus, establishing the link between the emission characteristics of organic solids and their
molecular conformation or arrangement is crucial.?! Extensive theoretical and experimental
investigations have been undertaken to explore this relationship.?? However, the H and J
aggregation patterns in naphthalimide compounds have been relatively underexplored.?® Given
the significance of naphthalimide compounds in various applications such as optoelectronics,?*
sensors,? and room temperature phosphorescence materials,?® there is a pressing need for
fundamental studies to elucidate the structure-property relationship and photophysical
properties in this context.

Naphthalimide, known for its electron-deficient core, typically serves as an acceptor when
conjugated with a donor molecule.?’” In our study, we introduced a phenyl group with a sp?
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spacer into the naphthalimide core. This spacer was chosen to impart a molecular framework
with a folded structure in which two core molecules could avoid n-m interaction sufficiently
enough to avoid exciton quenching and effectively restrict the molecular motion, which has
recently been demonstrated to enhance luminescence significantly compared to twisted and
restriction in rotation (RIR) molecules.?® Moreover, the folded m-structure was anticipated to
facilitate clear charge separation, potentially leading to interesting properties of
mechanoluminescence (ML) and optical tuneability. NPH and NPMe were synthesized via
condensation reactions between 1,8-naphthalic anhydride, benzylamine, and benzyl
methylamine, respectively. (Scheme b5.1a, 5.1b). Following purification via column
chromatography (using 5% chloroform/hexane), NPH and NPMe were characterized using
NMR, MALDI, and single-crystal X-ray diffraction (SC-XRD).

5.2 Experimental

5.2.1 Materials and measurements: All starting material reagents, i.e., 1,8-naphthalic
anhydride, benzyl-methylamine, benzylamine, and solvents (dimethyl formamide (DMF) and
ethanol), were purchased from Sigma Aldrich (India) and were reagent grade.

NMR Measurements: A Bruker Avance 600 MHz Fourier transformation spectrometer was
used to record the proton NMR spectrum at 600 MHz and the *3C NMR spectrum at 200 MHz
All proton and *C spectra solutions were obtained using the residual solvent signal as an
internal reference. The chemical shifts are reported in parts per million (ppm) with respect to
TMS. The short notations used are s for singlet, d for doublet, t for triplet, g for quartet, and m
for multiplet.

Matrix-Assisted Laser Desorption lonization: MALDI was performed on Brucker model
auto-flex speeds using a MALDI TOF system spectrometer.

Optical Measurements: Solution state studies: Electronic absorption spectra of luminophores
in solution state were recorded on a Perkin-Elmer Model Lambda-750 spectrophotometer. PL
emission spectra were recorded on the Horiba Fluromax-4 spectrofluorometer. Optical
measurements were performed using 4 mm quartz cuvettes at 298 K.

Crystal state studies: Electronic absorption spectra were recorded on a Perkin ElImer Model
Lambda-750 spectrophotometer. Emission spectra were recorded on the FLS1000
spectrometer, an Edinburg instrument.

Lifetime and measurements: Fluorescence lifetime experiments were performed on the
Horiba Delta Flex time-correlated single photon counting (TCSPC) instrument. A 373 nm laser

diode with a pulse repetition rate of 1 MHz was used as the light source.
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5.2.2 Synthetic procedure

5.2.2a Synthesis of 2-benzyl-1H-benzo[de]isoquinoline-1,3(2H)-dione, NPH:

In a 50 mL round bottom flask, 0.5 g of 1,8 naphthalic anhydride was taken along with 10 mL
of pure ethanol. The reaction mixture was kept for stirring in a setup with condenser. 0.7 mL
of benzyl amine was added to the reaction mixture drop by drop. The reaction temperature was
kept at room temperature for 30 minutes, then gradually increased and maintained a reflux
condition for 12 hours. The completion of the reaction was monitored by TLC. After the
reaction was completed, the whitish, muddy crude was then filtered through Whatman filter
paper. The crude was further refined wusing column chromatography and 5%
chloroform/hexane.?® A white solid (NPH, 500 mg, yield 95%) was developed and
characterized further using *H NMR, **C NMR, HRMS, MALDI, and SCXRD.

1H NMR: (600 MHz, CDCls, & ppm) 8.60 (d, 2H), 8.19 (d, 2H), 7.74 (t,3H), 7.55 (d, 2H), 7.30
(t, 3H), 7.24 (dd, 4H), 5.39 (S, 1H) 13C NMR: (150 MHz, CDCs, ppm): 164.22, 137.30,
134.03, 131.57, 131.42, 128.94, 128.43, 128.17, 127.46, 126.94, 122.63, 43.56. Mass
calculated for C1gH13NO; = 288.32 [M]+, Found 294.15 [M+1]*

5.2.2b Synthesis of 2-(4-methylbenzyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, NPMe:
0.5 g of 1,8-naphthalic anhydride and 10 mL of pure ethanol were mixed in a 50 mL round
bottom flask. The reaction mixture was stirred in a setup equipped with a condenser. 0.7 mL
of benzyl methylamine was added drop by drop. The reaction temperature was initially
maintained at ambient temperature for a duration of 30 minutes, after which it was gradually
raised and maintained under reflux conditions for a period of 12 hours. The progress of the
reaction was observed using thin-layer chromatography (TLC). Once the reaction was finished,
the pale, turbid crude substance was subsequently passed through Whatman filter paper. The
crude substance underwent additional purification using column chromatography using a 5%
mixture of chloroform and hexane.?® A light sea green solid (NPMe, 460 mg, yield 92%) was
developed and characterized further using *H NMR, *3C NMR, HRMS, MALDI, and SCXRD.

NPMe: 1H NMR: (600 MHz, CDCls, & ppm) 8.60 (dd, 2H), 8.18 (dd, 2H), 7.73 (m,3H), 7.45
(d, 2H), 7.11 (d, 3H), 7.24 (dd, 4H), 5.35 (s, 1H) 2.29 (s, 1H) 13C NMR: (150 MHz, CDCls,
ppm): 164.21, 137.13, 134.35, 133.97, 131.55, 131.38, 129.09, 128.98, 128.16, 126.91, 122.69,
43.30, 21.12 Mass calculated for C20H1sNO2 = 301.35 [M]*, Found 301.259 [M+1]*
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X

X = H (NPH)
X =Me (NPMe)

Scheme 5.1 Synthetic scheme for the NPH and NPMe

5.2.3 Preparation of SC-XRD sample: Following synthesis and column chromatography
purification, NMICY powder was dissolved in HPLC methanol and stored at room temperature
in the dark. NMICY crystals were discovered in white, transparent, and glossy form within 24

hours. To undertake SCXRD analysis, it was put over a glass slide.

5.2.4 Theoretical Calculations: The ground state optimization and excited state TD-DFT of
NPHA, NPMHB, NPMeA, and NPMeB using a single crystal CIF file were calculated using
the Gaussian-16 package. B3LYP hybrid functional with 631G+d basis sets were used during

the entire calculation.33!

5.3 Results and discussion
5.3.1 Synthesis and characterization of NPHA, NPHB, NPMeA, NPMeB

NPH and NPMe were synthesized via condensation reactions between 1,8-naphthalic
anhydride, benzylamine, and benzyl methylamine, respectively. Illustrated in Scheme 5.1.
Following purification via column chromatography (using 5% chloroform/hexane), NPH and
NPMe were characterized using NMR, MALDI, and single-crystal X-ray diffraction (SC-
XRD). Both NPH and NPMe exhibit absorbance peaks near 342 nm and 352 nm in their
monomeric states, indicating carbonyl and n-n interactions.? In their condensed states (fw =
99.9%, fw = water fraction), both compounds display an increased baseline with a flat surface,
indicating aggregation, making it challenging to observe sharp peaks of t-n or C=0 interactions
due to their complex molecular framework.3® Fluorescence spectra were recorded by varying
the water fraction of NPH (20 uM) and NPMe (20 uM) (both stocks at 1 mM in DMF).
Monomeric emissions were observed at 375 nm for NPH and 385 nm for NPMe (fw = 0%,
DMF = 100%). As the water fraction increased, the emission intensity for both compounds also

increased, though not in a similar pattern. The highest emission intensities were recorded at
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450 nm for NPH and 455 nm for NPMe. This resulted in a 75 nm shift for NPH and an 80 nm
shift for NPMe in their condensed states (fw = 99.9%). Hence, there is a noticeable
bathochromic shift, in the emission maxima along with increasing emission intensity for both

NPH and NPMe with increasing polarity or water fraction. (Figure 5.2)
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Figure 5.2 (a) NPH (20 uM in DMF) absorbance spectra in pure DMF (red) and in f, =99.9%
(see green) (b) fluorescence emission intensity of NPH (20 uM in DMF) in different water
fractions. (c) Respective plot of emission maxima vs water fraction. (d) NPMe (20 uM in DMF)
absorbance spectra in pure DMF (Black) and in fw = 99.9% (dark yellow) (e) fluorescence
emission intensity of NPMe (20 uM in DMF) in different water fractions. (f) Respective plot

of emission maxima vs water fraction.

5.3.2 Polymorphism: To investigate the impact of molecular packing3* on the properties of
pure organic luminogens, we grew single crystals of NPH in chloroform using a slow
evaporation method,® resulting in green emissive crystals (NPHB). Additionally, a polymorph
was developed in the MeOH solvent, exhibiting blue emission (NPHA).3® Further exploration
of molecular packing effects led to the development of two polymorphs of NPMe in chloroform
through slow evaporation (NPMeB) and in MeOH using a fast-heating procedure
(NPMeA).%"38 (Figure 5.3)
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Figure 5.3 (a) NPH (b) NPMe under UV light (c) NPH and (d) NPMe under visible light.

5.3.3 Fluorescence study and Mechanochromism of Polymorphs:

In this study, we investigated the fluorescence emission of both polymorphs of NPH and NPMe
in both their crystalline and condensed states (fw = 99.9%). NPHA exhibited a fluorescence
emission wavelength of 431 nm, while NPHB displayed a comparatively redshifted emission
at 468 nm. Similarly, NPMeA demonstrated a fluorescence emission maximum at 402 nm, and
NPMeB exhibited a redshifted emission at 466 nm. The notable redshift emission for the B set
of polymorphs compared to the A set inspired a more in-depth examination of the aggregation
patterns of these luminogens.*“°(Figure 5.2, 5.4a, 5.4b) To investigate the mechanochromism
properties of NPH and NPMe polymorphs, mechanical force was applied, resulting in the
conversion of NPHA into powdered NPH (P), which exhibits a similar emission at 467 nm to
NPHB (468 nm). Additionally, grinding NPMeA led to its conversion into NPMe (P), which
displayed emission at 467 nm similar to NPMeB (466 nm). However, grinding NPHB and
NPMeB did not induce any fluorescence emission changes. This prompted further investigation

into the mechanism underlying the mechanochromism property.**

(a) (b)
:; -
5 —— NPH (A) S —— NPMe (A)
— 0.9 NPH (B) Lo.94 — NPMe (B)
-o? NPH (P) > —— NPMe (P)
b NPH (S) ‘B NPMe (S)
S 0.64 € 0.6
+= ]
£ c
i 0-3'\, 03
a a
,5- 0.0 go.o-
z 400 450 500 550 600 < 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 5.4 a) Normalized PL intensity of NPH(A) crystal, NPH(B) crystal, NPH(P)powder
and NPH(S)solution (fw = 99.9%). b) Normalized PL intensity of NPMe(A) crystal,
NPMe(B)crystal, NPMe(P)powder and NPMe(S) solution (fw = 99.9%).
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5.3.4 Powder XRD study of Polymorphs:

In our investigation, we compared simulated X-ray diffraction (XRD) patterns of NPHASM
and NPHBSM with NPH (P) powder, finding similar 26 peaks, supporting analogous emission
in NPH (P) and NPHB crystals. Grinding NPHA transformed it into microcrystals resembling
NPHB, revealing NPHA's less stable or metastable nature. Further grinding converted the
NPHA into a more stable powder state. Similarly, simulated powder XRD of NPMeA and
NPMeB exhibited nearly identical 26 peaks to NPMeB. Grinding NPMeA vyielded NPMe(P),
a more stable state (Figure 5.5a, 5.5b). Fluorescence emission studies of NPH and NPMe in
their aggregated states, NPH(S), and NPMe(S), revealed that NPH(S) emitted at 435 nm, alike
NPHA, suggesting similar aggregation patterns.*? In contrast, NPMe(S) emitted light at 448
nm between NPMeA (402 nm) and NPMeB (466 nm), attributed to methyl hydrogen

interactions with water molecules causing a redshift from the expected NPMeA emission

(Figure 5.4a and 5.4b).
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Figure 5.5 Powder XRD data (a) NPHASM (simulated), NPHP (powder), NPHBSM
(simulated) (b) (a) NPMeASM (simulated), NPMeP (powder), NPMeBSM (simulated).
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5.3.5 Single Crystal XRD study of Polymorphs:

The polymorphs of NPH (NPHA, NPHB) and NPMe (NPMeA, NPMeB) exhibited twisted
structures.®® (Figure 5.6a) Notably, the NMI(c)-Me-Bz angle varies among these structures,
measuring 111.96° (NPHB), 112.81° (NPHA), 112.74° (NPMeB), and 110.11° (NPMeA).
(Figure 5.6b) Interestingly, there appears to be an opposing trend in the NMI(c)-Me-Bz angle
between the B and A sets of polymorphs for both NPH and NPMe.** All four polymorphs
exhibit a head-to-tail arrangement, yet the slip angle and distance between two chromophores
(d) differ for each set. For the NPH set of polymorphs, the slip angle between two
chromophores is 96.23° (d = 3.595 A) for NPHB and 88.93° (d = 4.208 A) for NPHA, but the
trend was exactly opposite for the NPMe set of polymorphs, and the slip angle for NPMeB is
94.80° (d = 3.595 A) and NPMeA is 98.00° (d = 3.740 A) (Figures 5.6b, 5.6¢, 5.7 to 5.10).
Similarly, the dihedral angle is higher for NPHB (69.97°) than NPHA (67.77°), but NPMeA
has a higher dihedral angle (77.34°) than NPMeA (66.22°) (Figures 5.6d, 5.7 t0 5.10).% In the
NMI(C)-Me-Bz angle, slip angle, distance between chromophores, and dihedral angle, we
could not find a trend between the redshifted long wavelength and higher fluorescence lifetime
of NPHB and NPMeB and the shorter wavelength and low fluorescence lifetime of NPHA and
NPMeA. (Figure 5.11)

) > :[/
X
|

N YT NPMeA
NN
1 1

Figure 5.6 SC-XRD analysis summary of naphthalimide luminogens a) NPHB, b) NPHA, c)
NPMeB, d) NPMeA
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Figure 5.7 NPHA intermolecular interactions (a) Me-H....H-C9-NMI of 2.392A. (b) Bz-C4-
H..0=C11-NMI of 2.564 A.

Figure 5.8 NPHB intermolecular interactions (a) two Bz-C2...H-C5-NMI of 2.805A (b) two
NMI-C4-H...0=C4-NMI 2.648A. (c) Bz-C5-H...O=CI1-NMI of 2.631A. (c) two Me-
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@ (b) ©

(d)

Figure 5.9 Intermolecular interactions in NPMeA. (a) NMI-C3H...0=C11-NMI of 2.586A (b)
NMI-C3...0=C11-NMI of 3.128A (c) two NMI-C11=0...H-C3-Bz of 2.413A (d) NMI-
C1=0...H-C3-NMI’ of 2.550 A (e¢) NMI-C3-H...H-C3-NMI" of 2.304A (f) NMI-C9...C9-

NMI’ of 3.391A.

Figure 5.10 Intermolecular interaction: NPMe4B (a) two NMI-C5-H....C2-BZ of 2.831A (b)
NMI-C=0...H-C5-BZ of 2.655A (c) NMI-C4...CI-NMI’ of 3.352A (d) NMI=C4-

H...0=C11-NMI’ of2.516 A.
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5.3.5 Fluorescence lifetime analysis of Polymorphs:

A Detailed analysis of molecular packing has unveiled the explanation for the redshifted
emission observed in the B set of polymorphs.®*#® The fundamental answer for the nucleation
process used to develop the A and B sets of polymorphs. NPHB and NPMeB were carefully
grown in chloroform via slow evaporation, whereas NPHA and NPMeA were rapidly formed
in methanol through fast evaporation. This discrepancy in the nucleation conditions highlights
the significant role of molecular packing in determining their emission and fluorescence

lifetime. (Figure 5.11)
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Figure 5.11 TRPL data of (a) NPHA (crystals), (b) NPHB (crystals), (c) NPHP, (d) NPMeA
(e) NPMeB (f) NPMeP.

Table 5.1 Fluorescence lifetime of (a) NPHA, (b) NPH (powder) (c) NPHB (d)
NPMeA (e) NPMeB (f) NPMeB

Luminogens NPH (A) | NPH (B) | NPH (P) | NPMe (A) | NPMe NPMe
B) P)
T, 4.07 12.74 16.07 0.72 35.62 35.18
(Crystals)(ns)
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5.3.6 Molecular Packing analysis of Polymorphs:

Our analysis demonstrates that the NPHB and NPMeB polymorphs feature tighter packing
compared to the looser packing observed in NPHA and NPMeA. (Figure 5.12) Additionally,
NPHB exhibits a greater number of intermolecular interactions compared to NPHA, while
NPMeB shows a lesser number of intermolecular interactions.*” (Figure 5.13) The powder
XRD pattern closely resembles the B group of crystals for both NPH and NPMe, indicating a
synergistic effect of enhanced intermolecular interactions in NPH (B) compared to NPH (A),
and NPMe (B) compared to NPMe (A). This enhancement in n-x interactions results in a shift
of molecular emission towards longer wavelengths. Conversely, reduced intermolecular
interactions and diminished m-m interactions lead to shorter wavelength emission.*® (Figure
5.13) Aggregation pattern: J, H, and X aggregation: The slippage angle between two
chromophores plays a crucial role in aggregation patterns.*® A slip angle ranging from 0 to
54.6° results in a bathochromic shift in absorption and emission maxima, indicative of J
aggregation. Between 54.6° and 84°, H aggregation is observed. Beyond this range, the limits
of these aggregations become of interest. Both the B sets of molecules and powder patterns
exhibit a bathochromic shift, with slip angles exceeding 90°, while the A sets show slip angles
below 90°. Intriguingly, beyond 90°, there is a further increase in absorption and emission

intensity.*® (Figure 5.6)

o7
NPHB tight packing

¥

NPMeB tight packing NPMeA loose packing

Figure 5.12 SC-XRD intermolecular interactions analysis summary of naphthalimide
luminogens a) NPHB, b) NPHA, ¢) NPMeB, d) NPMeA.
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Figure 5.13 SC-XRD packing analysis summary of naphthalimide luminogens a) NPHB, b)
NPHA, c) NPMeB, d) NPMeA

5.3.7 Hirshfeld Surface Analysis of Polymorphs

This study strategically used Hirshfeld surfaces, a common tool in crystallography, and 2D
fingerprint analysis to quantitatively analyze intermolecular interactions within the crystal
structures of the compounds under investigation. Using these sophisticated analytical
techniques, we gained a detailed understanding of molecular arrangements and their
subsequent impact on emission behaviour. Figures 5.7 to 5.13 illustrate the results obtained
through this analysis. Notably, the color shading in these figures represents the strength of
various intermolecular interactions, with shades of red indicating stronger interactions. The
hierarchy of interactions is systematically ordered, with H-H interactions being the strongest,
followed by n-n interactions, C-H- -7 interactions, and so forth, including other non-covalent
interactions. Hirshfeld surface analysis was utilized to get a statistical picture of the
intermolecular interactions in the crystal packing of polymorphs. Figures 5.14, 5.15, and Table
5.2 The calculations and and fingerprint representations of Hirshfeld surfaces are implemented
in the program CrystalExplorer.®® The percentage contribution of various contacts to the total
Hirshfeld surface majorly comes from H-H interaction in NPHA (47.5%), NPHB (47.8%)
NPMeA (53.4%), NPMeB (50.5%). C-H interaction was higher for NPHA 13.4% and 10.6%
for NPHB, but it was same 12.4 % for both NPMeA and NPMeB. C-O interaction was almost
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similar for both set of polymorphs. O-H interaction is higher for B sets of polymorphs, (8.4%)
for NPHB, (7.5%) for NPHA, (7.4%) for NPMeB, (6.4%) for NPMeA. C-C interaction is
(15.1%) for NPHB, (11.3%) for NPHA and (13.6%) for NPMeA and (10.9%) for NPMeA.
Furthermore, it is observed that NPHB and NPMeB display more of these stronger interactions
than NPHA and NPMeA, respectively, suggesting a more tightly packed arrangement in these
crystal structures. This quantitative analysis provides valuable insights into the specific
intermolecular forces governing the investigated compounds' crystal packing and emission

properties.

HH CH OH CcO CC
Interactions

Figure 5.15 Histogram representing various intermolecular interactions present in NPHA,
NPHB, NPMeA, and NPMeB.
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Table 5.2 Statistics of intermolecular interactions in Hirshfeld surface analysis of

polymorphs
Luminogens NPHA NPHB NPMeA NPMeB
H-H 47.5% 47.8% 53.4% 50.4%
C-H 13.4% 10.6% 12.4% 12.4%
O-H 7.5% 8.4% 6.4% 7.4%
C-0 1.3% 0.4% 0.7% 1%
C-C 11.3% 15.1% 13.6% 10.9%

5.3.8 Theoretical Calculations and ESP analysis of Polymorphs

To explore the intricate influence of molecular orbitals, including the highest occupied
molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), band gap, and
charge distribution, rigorous theoretical optimization and TD-DFT (Time-Dependent Density
Functional Theory) calculations were conducted using the Gaussian 16 computational package.
The HOMO and LUMO energy levels serve as pivotal indicators of the electronic structure and
reactivity of organic compounds. The band gap, representing the energy difference between
these orbitals, crucially determines the material's conductivity and optical characteristics.
Through theoretical optimization, the molecular structures of the polymorphs were refined to
attain their most energetically favourable conformations. Subsequently, TD-DFT calculations
provided predictive insights into the electronic excitation spectra and optical behaviour,
facilitating an understanding of the compounds' absorption and emission properties. The
computational analyses revealed consistency in the HOMO, LUMO, and band gap values
across the diverse polymorphs of NPH and NPMe. This suggests that variations in molecular
packing arrangements exert minimal influence on the electronic structure or optical properties
of the compounds. Additionally, examination of the electrostatic potential distributions across
the polymorphs unveiled subtle disparities in charge distribution patterns. Nonetheless, these
differences were relatively minor, indicating that despite variations in molecular packing, the
overall charge distribution within the molecules remains largely uniform across all studied
polymorphs. The findings, presented in (Figures 5.15 and 5.16) and summarized in Table 5.3,
offer valuable insights into the electronic structure and charge distribution of the NPH and

NPMe polymorphs. This elucidation contributes to a deeper understanding of the intricate
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interplay between molecular packing and electronic properties, fostering the comprehensive
characterization of these materials for a myriad of applications spanning optoelectronics and
beyond.

LUMO LUMO LUMO LUMO
A 14033ev A a.027ev. A |3783eV Deg 3.833eV
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t°e i e
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Figure 5.16 HOMO, LUMO and molecular orbitals of (a) NPHB, (b) NPHA (c) NPMeB (d)
NPMeA.

Table 5.3 HOMO LUMO and band gap values (eV) of polymorphs

TH-3445_ 186122014

Polymorph NPHB NPHA NPMeB NPMeA

HOMO (eV) 6.458 6.445 6.189 6.222

LUMO (eV) 2.424 2.418 2.406 2.389

Band Gap (eV) 4.034 4.027 3.783 3.833
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(a) ‘

NPHB NPHA NPMEB NPMEA

Figure 5.17 Electrostatic map analysis (ESP Analysis) of (a) NPHB, (b) NPHA (c) NPMeB
(d) NPMeA.

5.3.9 Electrostatic map analysis

Electrostatic map analysis is a computational method used to visualize and analyze the
distribution of electrostatic potential on a molecular surface. It helps in understanding how
charges are distributed within a molecule and how these charge distributions influence
molecular interactions. The correlation between supramolecular interactions and electrostatic
map analysis lies in the fact that electrostatic interactions, particularly between charged or polar
regions of molecules, often drive supramolecular assembly and binding processes. For
example, hydrogen bonding involves the electrostatic interaction between a hydrogen atom
with a partial positive charge and a more electronegative atom with a partial negative charge.
Similarly, -7 interactions often involve electrostatic interactions between « electron clouds of
aromatic rings. The electrostatic potential maps of molecules involved in supramolecular
interactions can be analysed to gain insights into the strength and nature of these interactions.
Strong electrostatic complementarity between interacting molecules typically indicates
favourable binding interactions, while electrostatic repulsion may hinder binding. Therefore,
electrostatic map analysis can provide valuable information for understanding the mechanisms
and driving forces behind supramolecular interactions. An electrostatic surface potential (ESP)
map was generated to visualize the charge distribution in naphthalimide crystals (Figure 5.17a
to 5.17d). The colour gradient from red to blue in ESP correlates to the varying intensities of
the electrostatic potential energy values from negative to positive. A red region on the carbonyl
oxygen indicates localized electron density, and the blue positive potential region represents
electron deficient regions in naphthalimide derivatives. Here in ESP maps of all polymorphs

have been analysed and discovered that there is not much difference in the ESP map of

171
TH-3445_ 186122014



Chapter 5 Molecular Packing Dictates Optical Destiny: Polymorphism
and Mechanoluminescence in Naphthaliimide Luminogens.

polymorphs indicative of twisted angle and overall aggregation have played the major role for

the luminescence tuneability in all polymorphs.
5.3.10 Mechanism of Polymorphism and Mechanochromism:

Polymorphism in NPH and NPMe arises from variations in molecular packing arrangements,
which can be influenced by factors such as intermolecular interactions, steric hindrance, and
molecular flexibility. In tightly packed structures (e.g., NPHB and NPMeB), the molecules are
closely arranged with minimal intermolecular spaces. This arrangement promotes strong m-n
interactions between adjacent molecules, leading to efficient energy transfer and enhanced
fluorescence. The proximity of molecules restricts molecular motion, favouring a specific
crystal structure with characteristic optical properties. Conversely, in loosely packed structures
(e.g., NPHA, NPMeA), the molecules are more dispersed, with increased intermolecular
distances. This arrangement weakens n-m interactions, resulting in diminished energy transfer
and lower fluorescence. Molecular motion is less restricted, allowing for different packing
arrangements and polymorphic forms to coexist. Mechanochromism in NPH and NPMe occurs
due to the alteration of molecular packing induced by mechanical stress, leading to changes in
the electronic structure and optical properties. The application of mechanical stress disrupts the
equilibrium of molecular packing, causing molecular reorganization and deformation of the
crystal lattice. Mechanical stress induces changes in molecular orientation, intermolecular
distances, and n-7 stacking interactions. This alteration in packing arrangement perturbs the
electronic environment around the phthalimide core, affecting its absorption and emission
properties. The changes in molecular packing result in shifts in absorption and emission
spectra, leading to a change in the observed colour. This mechanochromic response enables
real-time detection of mechanical stimuli and offers insights into the dynamic behaviour of
these materials under external perturbation. Overall, the polymorphism and mechanochromism
observed in NPH and NPMe compounds are governed by the delicate interplay between
molecular structure, packing arrangements, and external stimuli, providing a basis for tailoring

their optical properties for various applications.®>?
5.4 Conclusion

In conclusion, our investigation into the polymorphism and mechanoluminescence of
naphthalimide luminogens, NPH and NPMe, has unveiled a profound connection between their
structural intricacies and optical characteristics. Employing single-crystal X-ray diffraction

172
TH-3445_ 186122014



Chapter 5 Molecular Packing Dictates Optical Destiny: Polymorphism
and Mechanoluminescence in Naphthaliimide Luminogens.

(XRD) analysis, we differentiated distinct outcomes arising from variations in molecular
packing arrangements. Notably, loose molecular packing in NPHA and NPMeA resulted in a
blue-shifted spectrum, reduced fluorescence, and lower quantum yield, contrasting sharply
with the red-shifted spectrum and heightened fluorescence quantum yield observed in tightly
packed structures. This stark dichotomy underscores the pivotal role of molecular packing in
dictating the optical characteristics of these luminogens. Reflection upon these findings
underscores the strategic importance of manipulating molecular packing arrangements to tailor
the properties of NPH and NPMe luminogens. This comprehension not only enhances our
understanding of their mechanoluminescent behaviour, but also unveils promising avenues for
leveraging these materials across diverse applications, spanning from optoelectronics to
emerging fields. In essence, our research significantly contributes to the broader discourse on
the influence of molecular packing in shaping the properties of luminescent materials, thereby
fostering opportunities for deliberate engineering of their functionalities. Looking ahead,
continued exploration in this direction holds immense potential for developing advanced
materials with meticulously tailored optical characteristics, propelling advancements in both
scientific understanding and technological applications. In broader terms, this study enriches
the ongoing discourse on the influence of molecular packing in delineating the properties of
luminescent materials. The implications transcend the boundaries of this study, laying a solid
foundation for further exploration and innovation. Ultimately, this work establishes the
groundwork for developing advanced materials endowed with precisely engineered optical

functionalities, thus catalysing progress in diverse scientific and technological domains.
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Figure AL.7 a) Hirshfield surface analysis of NPHA b) fingerprint analysis of all
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Carbon...Hydrogen.
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Figure A5.9 a) Hirshfield surface analysis of NPHB b) fingerprint analysis of all

intermolecular interactions in NPHB.
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and Mechanoluminescence in Naphthaliimide Luminogens.

Molecular Packing Dictates Optical Destiny: Polymorphism
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Figure A5.10 Fingerprint analysis of all intermolecular interactions in NPHA. (a)

Hydrogen...Hydrogen (b) Hydrogen...Oxygen (c) Oxygen...Hydrogen (d) Carbon...Carbon
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Figure A5.11 a) Hirshfield surface analysis of NPMeA b) fingerprint analysis of all

intermolecular interactions in NPMeA.
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and Mechanoluminescence in Naphthaliimide Luminogens.
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Figure 5.12 Fingerprint analysis of all intermolecular interactions in NPHA. (a)
Hydrogen...Hydrogen (b) Hydrogen...Oxygen (¢) Oxygen...Hydrogen (d) Carbon...Carbon
e) Carbon...Hydrogen.
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Thesis Overview and Future Perspective

The presented thesis represents a comprehensive endeavour to delve into the realm of pure
organic luminogens and explore the intricate landscape of supramolecular chemistry. At its
core, this work aims to unravel the fundamental principles governing the design, synthesis,
and application of novel luminogens, while also shedding light on their supramolecular
interactions and potential implications across diverse fields.

The thesis journey begins by laying the groundwork for understanding the structural
intricacies and aggregation-induced emission (AIE) phenomenon of naphthalimide
methylcyclohexane (NMICY), a promising luminogen with vast potential in chemical
sensing applications. Through meticulous synthesis and characterization efforts, the
primary objective of the initial research endeavour is to elucidate the molecular
conformational effects on the aggregation behaviour and optical properties of NMICY. By
unravelling the unique J*-aggregation pattern exhibited by NMICY, this study not only
advances our understanding of supramolecular self-assembly but also paves the way for the
development of efficient sensing platforms for detecting contaminants such as melamine in
complex matrices like milk and milk powder solutions. The innovative use of smartphone-
based sensing technologies underscores the practical implications of this research for
addressing real-world challenges in food safety and quality assurance.

Building upon these foundational insights, the thesis further explores the fascinating realm
of room temperature phosphorescence (RTP) materials, with a focus on elucidating the role
of heavy halogen atom incorporation and alkyl chain modifications in enhancing RTP
characteristics. Through a systematic investigation of luminogens such as ODNI and
BrODNI, the study sheds light on the intricate interplay between molecular structure, spin-
orbit coupling (SOC), and intersystem crossover (ISC) processes, which are crucial for
achieving efficient RTP emission. The findings not only deepen our understanding of the
underlying mechanisms governing RTP phenomena but also hold immense promise for
advancing sustainable energy technologies through the design of novel RTP materials with
enhanced efficiency and stability.

In parallel, the thesis journey ventures into uncharted territories of supramolecular
behaviour and viral interactions, wherein the aggregation patterns and unique structural
complexities of naphthalimide luminogens are thoroughly examined. By employing
advanced techniques such as single crystal X-ray diffraction (XRD), the study unveils

unprecedented insights into the supramolecular assembly patterns exhibited by these
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luminogens, challenging traditional classification schemes and paving the way for
innovative applications in targeted interactions with viral proteins. The remarkable
luminescence dampening observed in the presence of the NS1 protein holds significant
implications for antiviral research, offering new avenues for the development of therapeutic
strategies and diagnostic tools against viral infections.

Furthermore, the thesis journey culminates in an exploration of the polymorphic behaviour
and mechanoluminescent features of naphthalimide luminogens, providing a deeper
understanding of the intricate relationship between molecular packing and optical
properties. Through meticulous analysis of single crystal XRD patterns, the study
elucidates the direct correlation between molecular arrangement and fluorescence
behaviour, offering valuable insights for the customized design and control of luminogens
with tailored optical characteristics. These findings not only broaden our fundamental
understanding of molecular packing phenomena but also pave the way for the development
of advanced materials with tailored properties for applications spanning optoelectronics,
sensing, and beyond.

In summary, the thesis represents the culmination of interdisciplinary efforts aimed at
unravelling the mysteries of pure organic luminogens and exploring their vast potential in
supramolecular chemistry. By elucidating the fundamental principles governing their
design, synthesis, and application, this work opens new vistas for innovation across diverse
fields, from chemical sensing and energy technologies to antiviral research and materials
science. As we embark on this journey of discovery, the insights gleaned from this thesis
serve as a beacon of inspiration, guiding future endeavours in harnessing the transformative
power of pure organic luminogens and supramolecular interactions for the betterment of
society.

Future Directions

The culmination of this thesis work paves the way for promising avenues in both
fundamental research and practical applications. The insights gained from the investigation
of pure organic luminogens and their supramolecular interactions offer a foundation for
future advancements in several key areas:

Chemical Sensing and Detection: The development of efficient sensing platforms,
exemplified by the creation of the equatorial form of naphthalimide methylcyclohexane

(NMICY), opens doors for rapid and reliable detection methods. The synthesis and
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characterization of novel luminogens present opportunities for addressing emerging
challenges in environmental monitoring, food safety, and healthcare diagnostics.

Room Temperature Phosphorescence (RTP) Materials: The study on heavy halogen atom
incorporation and alkyl chain modifications provides valuable insights into enhancing the
RTP characteristics of luminogens. These findings lay the groundwork for the design and
development of next-generation RTP materials with enhanced efficiency and stability,
holding promise for applications in optoelectronics and energy-related technologies.
Supramolecular interaction and Viral Interactions: The exploration of unique aggregation
patterns and supramolecular interactions of naphthalimide luminogens sheds light on their
potential applications in targeted interactions with viral proteins. These findings offer a
platform for further research in antiviral strategies and biomaterial design, contributing to
the development of novel therapeutic approaches and diagnostic tools.
Mechanoluminescence and Polymorphism Studies: The investigation into the polymorphic
behaviour and mechanoluminescent features of naphthalimide luminogens provides
fundamental insights into the relationship between molecular packing and optical
properties. This understanding facilitates the tailored design of luminogens for specific
applications in optoelectronics, materials science, and beyond.

In conclusion, the findings and methodologies outlined in this thesis not only advance our
understanding of supramolecular chemistry but also hold immense potential for driving
innovations across interdisciplinary fields. Moving forward, further exploration and
collaboration will be instrumental in harnessing the full spectrum of possibilities offered

by pure organic luminogens and their supramolecular interactions.
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