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Synopsis

Naphthalimides or Perylenimides are well-known classical fluorophores that have been
extensively studied in various practical applications. However, traditional fluorescent
materials habitually suffer from notorious aggregation caused quenching (ACQ) effect in
their aggregated-state and limit their versatile real-world applications. The naphthalimides
(NI) and perylenimides (PI) derivatives with electron withdrawing characteristics are planar
aromatic cores and prone to strong s-mt stacking interaction in their condensed state. In
comparison to recognized propeller-shaped such as tetraphenylethylene (TPE), Triphenyl
amine (TPA), or silole luminogens, the planar aromatic cores like NI and PI derivatives
often experience notorious face-to-face m-mt stacking interaction in their condensed state that
dissipates its excited energy and leads to emission quenching significantly in their condensed
state. However, the Chang group in 2011 first time stated aggregation-induced enhanced
emission (AIEE) NI luminogens by substituting the peri-position of the rigid NI cores which
extended the m-conjugation and made the molecules flexible which led to fluorescent
nanoparticles in aqueous media. This is due to the 4™ position substitution at the NI cores
that weakens or distorts the face-to-face m-7 stacking interaction between the naphthalimide
cores in their condensed state. This leads to V-shaped NIs core and flexible molecular
systems which subsequently restrict the non-emissive H-aggregations in their condensed
state. This design strategy established that classical ACQphoric molecules could also be
transformed into strong condensed state emitters by careful structural perturbation. In
addition, the condensed state emissive property in luminogenic systems is principally
dependent on the intermolecular interaction characteristics. Moreover, the strong
intermolecular m-mt stacking interactions among the NI and perylenimide cores could be
easily fine-tuned and controlled by their structural orientation at their molecular level. This
can be easily used to generate distinct supramolecular-assembly and photophysical
properties. In recent years, the spontaneously formed multifunctional nano- and micro-
supramolecular self-assembled systems have generated considerable interest among the
scientific community. In particular, spontaneously formed fluorescent supramolecular self-
assembly comprising of precise size and shape exhibits fascinating applications in
optoelectronic and biomedical fields. However, NI derivatives are strong blue emitters and
usually exhibit UV region absorptions up to the visible region. In comparison, perylene
derivatives are highly conjugated molecules, having good electron mobility, high
fluorescence quantum yields, and strong absorption in the visible region up to NIR/far-IR.
It has high photostability, thermal stability, and good semi-conductivity, which are required
for optoelectronic devices, sensing, and biomedical applications.! Abundant structural

design, well-defined morphologies, facile device fabrication, and excellent optoelectronic
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performances make these PI materials very promising in diverse fields. Motivated by the
excellent properties and versatile applications of the PI materials, the PI core opens a new

class of luminogenic materials in this area after the first exploration of the PI luminogen.

In this thesis, it has been unveiled that applying different design strategies of structural
orientation in small organic ACQ fluorophoric systems is an effective yet simple technique to
generate distinct condensed state emissive characteristics and supramolecular self-assembly
behavior. Interestingly, unlike the molecularly dispersed state, the photophysical and
morphological behavior of the small organic molecules is significantly dictated by their
distinct intermolecular m-m stacking orientation of the planar aromatic core in their
condensed state. Besides, the highly AIE/AIEE active fluorescent nano aggregates of NI and
PI luminogens with specific receptor sites have gained significant attention to sense different
toxic and bio-active analytes in aqueous media. Recently, Photodynamic therapy (PDT) due
to its non-invasive and spatio-temporal behavior, has surpassed traditional techniques like
surgery, chemotherapy, and radiotherapy for cancer treatment. AIE/ATIEE NI and PI
photosensitizers (PSs) with high brightness fluorescent nano aggregates are promising to the
ablation of cancer cells or pathogens owing to their synergistic behavior like diagnostic and
treatment in one platform. In other words, near-infrared (NIR) AIE/AIEE PI PSs have
shown great potential to penetrate deep-tissue and win-win cooperation in the field of
biomedical with negligible toxicity towards normal cells due to their low excitation energy.
Overall, this thesis work emphasizes the exploration of the structure-property optimization

of the NI and PI derivatives with sensing and biomedical applications.

The content of the thesis report entitled “Naphthalimide and Perylenimide
Luminogens: Structure-Property Relationships for Sensing and Biomedical

Applications” has been divided into five chapters as summarized below:

Chapter 1 briefly describes the need and discovery of condensed state emission as well as
the types and mechanistic aspects of condensed state emission. This chapter demonstrates
the importance, potential applications, and structural modulation in NI and PI luminogens

as well as the concluding statement on this thesis work.

Chapter 2 demonstrates the influence of the pendant non-conjugated chain effect in PI on
the electronic, thermal, and photophysical along with their morphology in their condensed
state. This chapter also includes the OFET characteristics of the PI comprising of the long
pendant alkyl chain.

Chapter 3 provides condensed state luminescence characteristics and supramolecular-
assembly behaviors of the naphthalene substituted in NI. This chapter also unveils the 4-

nitroaniline (class III toxic pesticides) detection on multiple platforms, which includes
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aqueous media and the cost-effective simple and portable Whatman paper test strips based
on-site solid state detection. The sensing mechanisms involved the receptor free inner filter
effect (IFE).

Chapter 4 This chapter presents simple and precise molecular engineering of donor
functional group targeting the imidazole group serves condensed state emission and
supramolecular-assembly along with their high ROS generation characteristics could provide
a new tool for the development of the new generation materials for the diverse futuristic

application.

Chapter 5 We demonstrated the novel yet facile design strategy for the ACQ-to-AIEE
transformation by simply tweaking the conformation into the functional group in PNI as
well as the second comprehensive structural design of thiobased PS through S-atom
engineering at carbonyl position in PNI (PNIS) with excellent potential in PDT in cancer

cell.

The thesis concludes with distinct design strategies and fine-tuned condensed state
characteristics, photosensitizing properties with future possibilities that could be promising
tool for the small molecule based traditional fluorophores towards many unexplored

potentials.
Chapter 1: Introduction

In this chapter, the need for the development of the condensed state emission of organic
fluorescent materials, various types, applications as well and mechanistic aspects of the
condensed state emission have been illustrated. Besides, multiplatform applications of NI
and PI luminogens and their easy synthetic modulation on the NI and PI core to attain
condensed state fluorescence in chromophoric systems have been discussed (Figure S1). A

concluding remark on the complete thesis work has also been included here.
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Figure S1. Chemical structure of the NI and PI core with their respective reactive site, where a wide variety of

structural modulation can be observed to generate condensed state emission to this conventional fluorophore.
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Chapter 2: Long Alkyl Chain Induced OFET Characteristic
with Low Threshold Voltage in an n-Type Perylenimide
Semiconductor

This work reports the fabrication of an n-channel OFET device using simple perylene
monoimide (PMI) derivatives by introducing a nonconjugated long alkyl chain (octadecyl) at
the imide position. To demonstrate the primary role of the long pendant chain in the
generation of OFET characteristics, a series of electronically similar PMI congeners were
synthesized with different alkyl chains namely, hexyl, 2-ethylhexyl, octyl, and octadecyl. It
was observed that the insertion of the octadecyl chain can significantly manipulate the
supramolecular self-assembly in PMI-C18 with very good film-forming property, suggesting
the prominent role of the pendant alkyl chain length in their condensed state intermolecular
interaction. Along with the good film forming property, the long octadecyl chain at the imide
position significantly improves the thermal, electrochemical, and photophysical properties,
which help in generating OFET characteristics in PMI-C18, whereas other congeners do not
show any device properties. With poly(methyl methacrylate) (PMMA) as the dielectric, top-
contact bottom-gate n-channel OFET were fabricated on an economical glass substrate using
these simple PMI derivatives. Among them, PMI-C18 demonstrates OFET properties with
electron mobility (u.) of 1 x 1074 em2 V- st and current on/off ratio (Ion/off) of 8.8 x 102.
Moreover, the threshold voltage (Vi) of 4.40 V obtained for PMI-C18 was the lowest among
all the reported perylene monoimide core based OFET devices. Besides, these PMI cores
also demonstrated the influence of the alkyl chain on the photophysical, electronic, and
electrochemical properties along with the molecular packing and charge transport behavior.
Thus, such simple yet strategic synthetic manipulations in PMIs could contribute to the

development of imide based materials for OFET applications.
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Vi (V) = 4.40
1,/L; =8.8x10*

Chapter 3: An Unprecedented Blueshifted Naphthalimide
AlEEgen for Ultrasensitive Detection of 4-Nitroaniline in
Water via “Receptor-Free” IFE Mechanism

The development of a new naphthalene appended naphthalimide derivative (NMI) with
aggregation-induced enhanced emission (AIEE) property for the sensitive detection of 4-
nitroaniline (4-NA) in aqueous media is presented here. The newly designed naphthalimide
ATEEgen has an exceptional blue-shifted condensed state emission that is devoid of any
receptor site, accomplished ultrasensitive detection of 4-NA, which is one of the broad-
spectrum pesticides that belong to the class III toxic chemical, at parts per billion level
(LOD/36 ppb, Ksv=4.1x104m-!) in water with excellent selectivity even in the presence of
potentially competing aliphatic and aromatic amines. The reported probe is the first of its
kind, demonstrating major advantages of receptor- free inner filter effect (IFE) mechanism
for the sensitive detection of 4-NA using an AIEEgenic probe. Excellent sensitivity for 4-NA

is also achieved on paper-based teststrip for low-cost on-site detection.

H,0 ‘_ " Nltruﬂ:llmes P a8
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In Solution In Condensed State Co-aggregates
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Chapter 4: Solid-State White Light, Excimer-based
Photosensitization, and Type 1 Mitichondrion-Targeted
Image-Guided Cancer Theranostics with Naphthalimides

An innovative design strategy manipulated donor functional units within the ionic
naphthalimide (NIC) core, achieving exceptional photophysical, supramolecular assembly
and photosensitization. 1-(3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-3-
methyl-1H-imidazol-3-ium (HNIC) and 1-(3-(1,3-dioxo-6-phenyl-1H-benzo[de]isoquinolin-
2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (PNIC) exhibited solid-state white light-
emissive properties. Moreover, high photoluminescence (®PL) of 0.99 and singlet oxygen
quantum yields (®A) of 0.95 were exhibited by PNIC and NNIC in aqueous environments.
This study showed specific type-I ROS production (superoxide, O2+-) efficacy. A novel AIE
mechanism in rigid aromatic systems and an excimer-based ROS production approach were
also introduced, diverging from traditional donor-acceptor principles. BNIC exhibited
highly specific mitochondrion-targeted photodynamic therapy, achieving a low IC50 of 1.67
uM without the need for an additional targeting ligand. This research showed various
photosensitizers (type-I PSs: HNIC, PNIC, 1-(3-(6-(4-aminophenyl)-1,3-dioxo-1H-
benzo[delisoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (ANIC), and 1-(3-(6-
(4-(di([1,1'-biphenyl]-4-yl)amino)phenyl)-1,3-dioxo-1H-benzo[deJisoquinolin-2(3H)-

yDpropyl)-3-methyl-1H-imidazol-3-ium (BNIC), type-I1 PS: 1-(3-(6-(4-
(dimethylamino)phenyl)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) propyl)-3-methyl-1H-
imidazol-3-ium (NNIC), and both type-I and type-II characteristics PS: 1-(3-(6-(4-
(diphenylamino)phenyl)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-
imidazol-3-ium (TNIC), respectively). This design principle holds the potential to establish a

novel platform for creating advanced and versatile materials for a wide range of practical
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applications.

Chapter 5: Sulphur-Atom Positional Engineering in
Perylenimide: Enhanced Properties and H-aggregation
Unveiled Type-I Photodynamic Therapy

An innovative design strategy of placing sulfur (S)-atoms within pendant functional groups
and carbonyl positions in conventional perylenimide (PNI-O) has been demonstrated to
strategically investigate condensed state structure-property relationship and potential
photodynamic therapy (PDT) application. Incorporation of simply S-atoms at the peri-
functionalized perylenimide (RPNI-O) leads to AIEEgen, 2-hexyl-8-(thianthren-1-yl)-1H-
benzo[5,10]anthra[2,1,9-def]isoquinoline-1,3(2H)-dione (API), which achieves a remarkable
photoluminescence quantum yield (®p1) of 0.85 in aqueous environments and established

novel AIE mechanisms. Additionally, substitution of the S-atom at the carbonyl position in
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RPNI-O leads to thioperylenimides (RPNI-S): 2-hexyl-8-phenyl-1H-
benzo[5,10]anthra[2,1,9-deflisoquinoline-1,3(2H)-dithione (PPIS), 8-([2,2'-bithiophen]-5-
yl)-2-hexyl-1H-benzo[5,10]anthra[2,1,9-def]isoquinoline-1,3(2H)-dithione (THPIS), and 2-
hexyl-8-(thianthren-1-yl)-1H-benzo[ 5,10]anthra[ 2,1,9-def]isoquinoline-1,3(2H)-dithion

(APIS), with distinct photophysical properties (enlarge spin-orbit coupling (SOC) and ®py, =
0.00), and developed diverse potent photosensitizers (PSs). The present work has provided a
novel SOC enhancement mechanism via pronounced H-aggregation. Surprisingly, the lowest
singlet oxygen quantum yield (®,) and theoretical calculations suggest the very specific type-
I PDT for RPNI-S. Interestingly, RPNI-S efficiently produces superoxide (O,"~) due to its
remarkable lower Gibbs free energy (AG) values (THPIS:-40.83 kcal mol). The non-toxic
and heavy-atom free very specific thio-based PPIS and THPIS PSs showed selective and

efficient PDT under normoxia, which is very rare.

a)Pl -— 0.85/0.89

:-40.83 Kcal mol?
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Future Aspects and Thesis Overview

This research explores the potential of new NI and PI luminogens in various applications.
NIs and PIs have garnered significant scientific interest due to their accepting nature, high
fluorescence quantum yield, and unique photophysical properties. This work emphasizes a
new class of luminogens called AlEgens, with particular promise for practical applications.
Core luminogenic structures like TPE, HPS, and TPA are established standards, with TPA

opening new avenues. Research groups have actively developed numerous AIE/AIEE-active
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materials for diverse applications. NIs have gained attention due to their straightforward
synthesis and utility in self-assembly studies, sensors, and biology. PIs, though less explored
in sensing, have been studied extensively in LEDs and solar cells. Both hold promise for
long-term bio-imaging due to their photostability and biocompatibility. PIs' tunable
properties make them potential replacements for NIs. Asymmetric properties and -7t
stacking interactions confer unique structure-property relationships. This research focuses
on tailoring NI and PI condensed state emissions through structural manipulation and
supramolecular assembly. The findings offer insights into diverse applications, including

cancer therapy.

Chapter 1 introduces condensed state emission, highlighting NIs and PIs' potential and
structural modulation. Chapter 2 delves into the influence of pendant chains on PI
electronic, thermal, and photophysical properties. Chapter 3 explores naphthalene-
substituted NIs, revealing their supramolecular assembly and pesticide detection
capabilities. Chapter 4 showcases the molecular engineering of donor groups for condensed
state emission, supramolecular assembly, and ROS generation. Chapter 5 presents
strategies for ACQ-to-AIEE transformation in PIs, along with S-atom engineering for

enhanced PDT in cancer cells.

In conclusion, this thesis offers diverse design strategies to fine-tune condensed state
characteristics, and photosensitizing properties, and opens pathways to unexplored potential

applications.
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1.1. Classical Fluorophores and Need of Condensed State
Emitters

Organic luminescent materials have great potential due to their light emitting processes,
which have prominently impacted several other high technological innovations and opened up
numerous possibilities in the modern world. The development of luminescent materials is a
hot topic in the scientific community. The Nobel Prize was awarded to the work on green
fluorescent protein (GFP) in the year of 2008 is witness to this, which has resulted in great
advances into the biological field due to its visualizing ability of biochemical processes and
structures.! Theoretical perspective of the luminescent materials shows their promising
practical applications in different physical states such as liquid, solid, and gaseous state.
However, most of these classical fluorophores show complete quenching of their emission or
reduced emission in a condensed state compared to their bright emission in a dilute solution.>
5 For example, Fluorescein in water (good solvent) in a completely dissolved state emits
strongly, however, its emission intensity quenched progressively with a gradual increase of the
acetone (poor solvent) in water and becomes almost non-fluorescent (Figure 1.1). This is due
to the poor solubility in the acetone, which subsequently leads to a more pronounced local
concentration quenching effect and this has been clearly noticeable above the 60% acetone
fraction in water. In other words, fluorescence quenching of fluorescein with increasing
volume fraction of acetone is more pronounced owing to its simple aggregate formation. In
the aggregated-state, the planar aromatic core of the fluorescein exhibits strong
intermolecular face-to-face s-7 stacking interaction, which dissipates or consumes its
maximum amount of excited energy and leads to non-fluorescent aggregate. Besides,
fluorescein shows totally quenched emission in its powder form due to its prominent s-
stacking interaction in its condensed state. This type of fluorescence quenching phenomenon
is termed as aggregation caused quenching (ACQ), which has been well-established for many
years. Forster in 1954, discovered this concentration quenching (CQ) effect phenomenon.”
The fluorescent dyes almost often get quenched in their solution state and on increasing the
concentration it leads to aggregate formation and this notorious physical CQ phenomenon
have been most dominant. Bricks et al summarized this ACQ phenomenon in his book on
Photophysics of Aromatic Molecules in 1970.8 The conventional fluorophores often exhibit
totally quenched fluorescence due to the aggregate formation and this aggregate formation is
more prominent in poor solvents even at lower concentrations as well as in solid state. Various
real-world applications including fabrication of different optoelectronic devices like organic
field effect transistors (OFET) and organic light-emitting diodes (OLED) requires the
luminogenic materials in their condensed state (solid, thin-film or crystal state).! Besides,

organic fluorophoric system have been extensively employed in biomedical field, where
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luminogenic materials are applied in the physiological environments or in aqueous media.
Although the polar functionality like sulphonic or carboxylic groups of the fluorophores
increase the water solubility and leads to strong emission, they could quench fluorescence
significantly in their aggregated state owing to the strong hydrophobicity of the planar
aromatic cores which are prone to aggregate formation efficiently in aqueous media. Despite
the various potential technological applications of the classical fluorophores, the notorious
ACQ effect often leads to negative impact and prevents their wide varieties of real-world
applications like OLED and biomedical field (Figure 1.1 and 1.2).%9* Thus, the advancement
of the condensed state emissive materials are considerably in high demand and of huge impact
that could open up routes with many promises and high technological innovations along with

many unexplored possibilities.
1.2. Discovery and Types of Condensed State Emission

Tang group discovered the aggregation-induced emission (AIE) behavior which has changed
the insights of the aggregating materials.*2 Unlike the classical fluorescent dyes, which are non-
fluorescent in a condensed state, the first discovered propeller-shaped AlEgen named as
hexaphenylsilole (HPS) derivatives, exhibit strong emission in their aggregated or solid state.
The generation of this new phenomenon of unconventional emitters are named as luminogens.
In contrast to ACQ system, these ATEgens show emission when they are together (aggregate)
and non-fluorescent in individual (solution state). Figure 1.2 presents some well-established
condensed state emitters and conventional fluorophores. The condensed state luminescent
property of the luminogen materials are dependent on their behavior at different states, and

have been divided into many categories, and are discussed below subsequently.
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Figure 1.1. A classical fluorophore fluorescein exhibits strong emission in solution state and quench emission in
their aggregated or solid state. The propeller-shaped tetraphenylethene (TPE) AIEgens shows strong emission
upon aggregation as well as in the solid state. Adapted from Ref. 6 with permission from The Royal Society of

Chemistry.
1.2.1. Aggregation-Induced Emission

In Figure 1.1, fluorescein shows strong emission in their dilute state such as in the good solvent
and complete reduction of the emission in the poor solvent such as upon aggregation.
Whereas, the non-planar tetraphenylethylene (TPE) exhibits exactly opposite photophysical
phenomenon to that of the fluorescein, which shows strong emission in the poor solvents due
to the homogenous nanoaggregate formation. This type of completely opposite phenomenon
of the molecules where non-fluorescent molecules display emissive characteristics in their
aggregate state and completely quenched emission property in their solution station, are

termed as aggregation-induced emission (AIE).
1.2.2. Aggregation Induced Emission Enhancement

In 2002 Park et al discovered another condensed state phenomenon termed as aggregation
induced enhanced emission (AIEE), which is a subclass of the AIE.*13 This class of molecules
show strong emission both in solution state (good solvent) as well as in their aggregated-state
(poor solvent). However, the emission of this class of molecules shows reduced emission upon
increasing the poor solvent and emission turns back strongly due to the highly emissive nano-
aggregate formation. This could be due to the J-aggregation and intramolecular planarization.
This type of AIEE derivatives highlighted considerable attention owing to their both dilute

state and condensed state emission.
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Figure 1.2. Chemical structures of few classical ACQphoric fluorophores and well-established condensed state

emitters.
1.2.3. Dual-State Emission

Tang group developed another interesting phenomenon apart from the AIE and AIEE, termed
as dual state emission (DSE), where like the AIEE luminogens it emit strongly both in solution
state and condensed state.’4 However, unlike the AIEE active materials, DSE materials show
strong emission in all possible solvent fraction. The development of the DSE materials are in

initial stage and exhibit distinct advantages compared to AIE, ACQ and AIEE materials.!5:1
1.2.4. Crystallization Induced Emission

Crystallization-induced emission (CIE), another concept in the field of the condensed state
luminescent materials has also received potential attention. These CIE materials emit strongly
in their crystalline state compared to their solid amorphous state or aggregated-state as well
as solution state unlike the ATE/AIEE and DSE luminogenic materials, where the materials
show intense emission in their aggregated-state or in their solid powder form. This notable
CIE properties manipulate the luminescence characteristics by simply external stimuli such as
cooling, heating and fuming processes between bright and dark state. Thus, this CIE
phenomenon could find a promising attention for the novel application in rewritable optical

media, chemosensors, and optical displays (Figure 1.3).17:18
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Figure 1.3. Schematic presentation of the ACQ, AIE, AIEE and dual-state emission behaviors of the

luminescence materials.

1.3. Working Mechanisms

Many researchers have hypothesized various mechanistic insights of this remarkable

condensed state phenomenon including J-aggregate formation, excited state intramolecular
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proton transfer (ESIPT), conformational planarization, E/Z isomerization, and twisted
intramolecular charge transfer (TICT),-9 However, these mechanistic insights are not
universalized due to their irrelevant application in all the discovered luminescence materials.
Tang et.al in 2014, generalized these working mechanisms and depicted strong features
concerning the condensed state emission properties.®9 Herein, the restriction of
intramolecular motion (RIM) has been hypothesized as a most convenient and reliable
working mechanism for the condensed state luminescence materials, which has been proved
via experimental and solid theoretical analysis. According to the fundamental physics, the
organic molecules comprising of the rigid rotors could consume the maximum amount of the
excited energy via the intramolecular dynamic rotation and vibrations lead to non-emissive or
less emissive behavior in their solution state. Whereas, the molecules interlock themselves in
their condensed state such as aggregated or solid state, which subsequently restrict their
intramolecular rotation (RIR) and vibration (RIV) and relax via radiative decay pathways. It
is also significantly important to declare that the intermolecular face-to-face s1—s stacking
interactions, which prominently leads to ACQ phenomenon via radiantionless relaxation along
with the red-shift has been often observed in most of the conventional fluorophores.
Considering these scenarios, the designed approach of the well-explored AlEgens like TPE,
HPS and TPA have been taken into most significant interest that their propeller-shaped
conformations lead to strong emission in their condensed state due to its restriction of their
intermolecular face-to-face 71— stacking interaction (Figure 1.4). This general technique can
be promisingly employed to any different ACQ planar system to achieve the AIE/AIEE
characteristics via simple structural perturbation by altering their planarity or avoiding their
strong intermolecular 77 stacking interactions among the planar aromatic cores. Thus,
various groups have proposed to develop various design strategies, which can be potentially
applied to the existing inherent classical fluorophores to achieve the condensed state emission

and unlock their versatile real-world applications.
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Figure 1.4. Graphical representation concerning the mechanistic insight of the condensed state emission.
1.4 Potential Applications of condensed state emitters

This up-to-date condensed-state emissive phenomenon has been extensively considered in the
scientific interest owing to their broad applications including bio/chemosensors, electronic
devices, biomedical such as cancer theranostics, image-guided therapy, and many more, which

have been schematically illustrated in Figure 1.5.5
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Figure 1.5. Graphical illustration of the various diverse real-world applications of condensed state emitters.
1.5. Naphthalimide Luminogens

In recent years, there has been significant development in a wide range of AIE/AIEE cores,
particularly the well-established silole and TPE luminogen cores. However, there is currently
growing interest in the utilization of new TPA cores as luminogenic cores. Additionally,
researchers are continuously exploring the design of new AIE/AIEE luminogens or structural
modifications of classical cores to expand their applications beyond the limitations imposed
by the ACQ phenomenon.*9 Traditional ACQ fluorophores like perylene and fluorescein have
been successfully converted into condensed state emitters, showcasing their immense
potential in optoelectronics and biomedicine.'The naphthalimide (NT) core has emerged as a
versatile fluorophore with exceptional photophysical properties. It exhibits absorption in the
UV-visible region and fluorescence emission in the visible to near-infrared (NIR) region,

making it an excellent platform for studying biological systems.2°NIs have found applications
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in various fields such as fluorescent sensors, optoelectronic materials, laser dyes, and
bioimaging, owing to their remarkable chemical, thermal, and quantum yield properties.o-2*
Additionally, NI derivatives have demonstrated antitumor activity against both human and
murine cells.22Modifying the NI core with thiazole or poly thiazole groups has been employed
in the development of antibiotics related to anticancer agents like bleomycin and photo
nucleases.23 Sulfonated NI derivatives have shown antiviral activity and selectivity towards
the human immunodeficiency virus (HIV-1) in vitro.24Furthermore, bromination of the NI
core at the third and fourth positions has exhibited a photochemotherapeutic inhibitory effect
on the blood.25 These diverse applications highlight the broad possibilities of NI derivatives in
phototherapy, DNA-binding motifs, and anticancer agents.2Despite the wide range of
applications for NI cores, their ACQ properties have limited their practical utility. In 2011,
Chang et al. developed the first AIEE NI luminogens by substituting them with rigid aromatic
groups, which extended the m-conjugation and led to the formation of flexible and nonplanar
fluorescent nano aggregates. This contribution demonstrates that the highly emissive planar
NI molecules in the solution state, where the molecules are isolated, exhibit dense
intermolecular face-to-face m-mt stacking interactions, resulting in quenched emission in their
aggregated-state via H-aggregation. However, the substitution of the planar NI core with rigid
planar aromatic groups restricts this H-type aggregation and exhibits strong fluorescence in
their condensed state, while becoming weakly emissive or completely non-emissive in the
solution state due to the dynamic rotation or vibration of the attached pendant rigid aromatic
unit in the NI core. This example highlights the transformation of an ACQ molecule into an
ATE/AIEE material by simply substituting the core, thereby breaking its planarity. Another
approach involves incorporating the AIE unit into a polymeric chain to form AIE/AIEE
polymers. The main objective of this structural engineering is to restrict the problematic face-

to-face packing interaction of planar aromatic molecules in their aggregated or solid state.
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Figure 1.6. Illustration of NT core representative the most reactive positions (blue star).

1.6. Potential Applications of Naphthalimide Luminogens

Various research groups resolved the ACQ hurdle by distinct well-designed molecular
engineering. To date, high fluorescence quantum yield in solid as well as aggregated-state NI
derivatives have been reported by N-substitution or substitution at fourth position by the
organic units, which unlocks many restricted areas with various possibilities (Figure 1.6).28
These types of altered luminogens have been highly promising towards OLEDs as well as in
living cells. Many condensed state emitters are habitually insoluble in aqueous media, which
form stable emissive nanoaggregates in aqueous media. These kinds of stable and higher
surface area aggregates comprising of inherent characteristics are highly essential for
biomedical or biological application both in vitro and in vivo. Thus, it is clearly evident that
NI derivatives exhibit wide versatility towards many applications from the past decade. The
development of many AIE/AIEE NI condensed state emitters has demonstrated that the
integration of concept of AIE/AIEE phenomenon leads to NI derivatives with huge versatility
(Figure 1.7).28
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Figure 1.7. Possible technological applications of the ATE/AIEE active NIs.

1.7. Structural Enginering to obtain Naphthalimide
Luminogens

1,8-naphthalic anhydride precursor have been easily functionalized in N-position via simply
Gabriel phthalimide synthesis. Most of the literature has been well-explored that N-
substitution via alkyl amine groups leads to imide linkage and improves the solubility in most
of the organic solvents. However, it is a hurdle for most of the N-functionalized NI derivatives
to overcome the 77-7 stacking interactions among the planar NI cores in their condensed state
that leads to less efficient luminogens. These stacking interactions between the NI cores can
be overcome by substitution at the alternative reactive position of the NI aromatic core (Figure
1.8).
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Figure 1.8. The chemical structures of some of well-established ATE/AIEE NI luminogens applied in multiple

technological applications.28
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Scheme 1.1. Possible synthetic technique to achieve ATE/AIEE NIs.

The fourth position of the NI core are highly facile to substitute and can be easily tweaked via
different synthetic techniques to generate condensed state emission like AIE/AIEE behaviors
in classical NI cores. The different susceptible methods to generate this pheneomenon which

have evolved in several past decade, have been potted in Scheme 1.1.28 The fourth position
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substitution of the NI core leads to the most promising AIE/AIEE NI luminogens. Some well-
explored core substitution NI condensed state emitters applied in multiple technological

applications have been summarized in Figure 1.8.28
1.8. Perylenimide Luminogens

Although peryleneimide (PI) derivatives exhibit excellent photophysical properties with
absorption in the UV-visible region and the ability to tune emission up to the NIR region, their
strong absorption and fluorescence emission in the visible region can be easily shifted to the
red or NIR region in the condensed state.29-39Moreover, PI derivatives are prone to intrinsic
-t stacking interactions between the perylene cores, which can be utilized to modulate their
structural perturbation and result in distinct supramolecular self-assembly behavior in the
condensed state. This exceptional photophysical behavior of PI derivatives surpasses that of
NI derivatives and holds great significance in various biomedical applications. Pls
demonstrate outstanding thermal, chemical, and photochemical stability in most organic
solvents, along with high fluorescence quantum yield (QY) and high extinction coefficient,
making them suitable for a wide range of applications such as organic light-emitting diodes
(OLEDs), field-effect transistors (OFETs), and dye sensitizers in solar cells. Their absorption
and emission maxima above 500 nm minimize autofluorescence in living cells.3°However, PIs
have poor water solubility, leading to weak or completely quenched emission, as well as
detrimental face-to-face m-;t stacking interactions between the perylene backbone, resulting
in non-fluorescent or quenched emission characteristics in the condensed state. These
limitations restrict the promising medicinal and biological applications of PI derivatives.
Nevertheless, by introducing cationic, anionic, sulfonic acids, phosphonic acids, and
functional groups like PEG (polyethylene glycol), dendritic carbohydrates, and polyglycerol
dendrons at the imide or bay positions, the water solubility of PIs can be improved,
overcoming the fluorescence quenching phenomenon. Water-soluble PIs exhibit tremendous
biological applications, including DNA sensors, bioimaging, lysozyme sensors, tissue imaging,
and many more, leveraging their intrinsic assembly formation properties.38Despite the broad
applications of PI derivatives in optoelectronics and the biological field, their potential has
been limited by the aggregation-caused quenching (ACQ) phenomenon resulting from strong
n-n stacking interactions among the perylene cores. In 2018, different donor groups were
functionalized at the bay position of the planar PI cores to disrupt the intrinsic -7t stacking
interactions and enable condensed state emission characteristics. Additionally, tartaric acid-
induced AIEE-active PI derivatives have been developed, exhibiting efficient supramolecular
assembly and distinct chiral characteristics. The utilization of propeller-shaped TPE in PIs
has been prevalent in generating AIE/AIEE characteristics. These TPE-induced NIR-emissive
condensed state PI emitters have been reported, unlocking their potential for bio-imaging
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applications. While the first generation of PI derivatives with two imide linkages has been
extensively explored across various fields, the second generation with one imide linkage
represents a new class of luminogens. In 2016, the Zhao group developed NIR-emissive AIE
PI derivatives containing one imide linkage in aqueous media by N-functionalizing the planar
perylenimide core with a 2,5-di-tert-butylphenyl group, which breaks planarity and overcomes
ni-n stacking interactions.35These water-soluble PI derivatives exhibit condensed state NIR
emission and demonstrate phototherapy effects. They have also been employed as folate
receptors targeting cancer cells in the condensed state. The excellent photophysical properties
and large Stokes shift of PI derivatives unlock their versatile biological applications.
Additionally, PI derivatives with one imide linkage exhibit less symmetry compared to those
with two imide linkages, enabling easy structural modulation to disrupt planarity and
overcome detrimental face-to-face dense m-m stacking interactions between the planar

perylene cores (Figure 1.9).

One imide linkage PI

o) N (o)
Two imide linkage PI

Figure 1.9. Chemical structures of two imide and imide linkage PI derivatives.

1.9. Potential Applications of Perylenimide Luminogens

Generally, low molecular weight small molecular systems are favored over polymeric system
considering the easier synthetic procedures and structure modification.34 Herein,
perylenimide core has been used over other conventional fluorophores due to easy synthetic
procedures, modification and photophysical, optoelectronic properties can be tuned easily by

simply destroying the notorious strong ;-7 stacking interaction among the planar aromatic
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cores. Unlike the two imide linkage PIs, one imide linkage PI comprising of similar m-mt
stacking interaction with two imide linkage PIs shows easy structural manipulation due to its
less symmetry compared to two imide linkage PIs. It is well witnessed that from the past
decades, bulkier AIE lumingen core like TPE or HPS have been chosen to achieve ATE/AIEE
behavior in two imide linkage planar PIs. Whereas, the asymmetry characteristics of the one
imide linkage PI leads to its efficient condensed state emitter by easily tweaking its m-nt
stacking interaction via incorporating the small aromatic cores. Besides, the strong visible
absorption, photostability, thermal stability and good thin-film forming characteristics
triggers its versatile applications in optoelectronics like organic light emitting diode (OLED),
OLET, photovoltaics, bioimaging with deep tissue penetrating, and sensory arrays (Figure

1.10).29-39
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Figure 1.10. Schematic illustration of the wide-range applications of AIE/AIEE PIs condensed state emitters.

1.10. Structural Manipulation to Achieve Peryleneimide
Luminogens
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Perylene dianhydride precursors have been used to N-functionalize PIs via hydrothermal
reaction procedures. Although, N-functionalization through alkyl chains at the imide position
in PIs improve its solubility in most of the organic solvents, it is hurdle for most of the PI
derivatives to break its planarity by destroying the notorious mt-7t stacking interaction between
planar PI cores that leads to non-fluorescent or weak emissive condensed state emitters. This
stacking interaction can be easily tweaked, which subsequently simply break its planarity by
the functionalization at the bay (6/7 or 1/12) as well as peri (9/10) positions in PIs (Figure
1.11) and enhanced its condensed state emission property. The bay or peri position
substitution in PIs leads to most efficient condensed state emitters. The general facile and
susceptible structural engineering procedures have been depicted in Scheme 1.2. Along with
some well-explored AIE/AIEE condensed state emissive PIs employed in wide varieties of

real-world applications, some have also been summarized in (Figure 1.12).40:41
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Figure 1.11: Graphical representation of PI core demonstrating the most reactive positions (blue star).

16
TH-3411 176122016



SN
() (@]
Cl
Cl
NH

Figure 1.12. The chemical structures of some of the well-established AIE/AIEE PI luminogens are applied in

multiple practical applications.
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1.11. Objective and Conclusion of the Thesis worK

NI and PI materials are well-known acceptors and have been extensively studied in multiple
platforms over the last several decades. They have received a significant interest among the
scientific community due to its accepting nature and high fluorescence quantum yield. The
NIs and especially PI based AlEgens highlight a new class of luminogens with huge promises
for various practical applications. TPE and HPS are well-established standard and efficient
luminogenic cores, whereas TPA opens a new luminogenic core in this area. Various research
groups have been actively participating in this field and developed a large number of

AIE/AIEE-active materials with their wide variety of applications.
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NI luminogens have been extensively explored over the years after the first discovery due to
its easy and simple synthetic route. The NI luminogens exhibit considerable attention in the
supramolecular self-assembly studies, sensors and biological applications. Although, PI
luminogens has been considered as new class of luminogenic materials in the areas of sensing
and biological applications owing to its solubility issues in most of the organic solvents, PI
materials has been extensively studied in the field of light-emitting diode and solar cells
compared to NI derivatives. NI and PI luminogens are promising candidates for long-term
bio-imaging and tracking in depth cellular activity owing to its photostability, biocompatibility
and condensed state emissive characteristics. More importantly, PI luminogens could
substitute the NI luminogens due to its higher wavelength region absorption and emission
properties compared to NI ATEgens, and its condensed state luminescence characteristics that
can be very easily fine-tuned upto NIR/IR region by simply tweaking of the m-mt stacking
interactions among the PI cores by structural perturbation at their molecular level. The
asymmetric and electron withdrawing properties as well as those prone to m-m stacking
interactions of the NI and PI have been recognized to have unique and distinct structure-
property relationships. The structural conformation of the asymmetric NI and PI materials
could be easily regulated by easily tweaking its st-;t stacking interactions which extend their

diverse applications towards many unexplored promises.

In this research area, different new strategies have been developed to switch ACQ/AIE
phenomenon in NT and PI derivatives. This research work focused on the systematic tailoring
and construction of the condensed state emission of the NI and PI by basic structural
manipulation. In addition, supramolecular-assembly in NIs and PIs have been tuned by
simple yet judicious structural perturbation. The photophysical properties and
supramolecular-assembly behavior is greatly controlled by the intermolecular packing
orientations of the NI and PI by the distinct magnitude of electronic constrains of the attached
units. This strategy presents huge possibilities to monitor the biomedical applications of
distinct self-assembly spontaneously achieved from the similar electronic motifs. Along with
the distinct supramolecular assembly and condensed state properties, the photosensitizer
characteristics of the NI and PI luminogens make them very promising candidates in image-
guided photodynamic therapy towards cancer cell and various pathogens. Besides, NIR AIE
PIs could emerge as a great potential for win-win cooperation in their application for

biomedical fields.

The content of the thesis report entitled “Naphthalimide and Perylenimide
Luminogens: Structure-Property Relationships for Sensing and Biomedical

Applications” has been divided into five chapters as summarized below:
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Chapter 1 briefly describes the need and discovery of condensed state emission as well as
types and mechanistic aspects of luminogens. This chapter demonstrates the importance,
potential applications and structural modulation in naphthalimide and perylenimide

luminogens as well as the concluding statement on this thesis work.

Chapter 2 demonstrates the influence of the pendant non-conjugated chain effect in
perylenimide on the electronic, thermal, photophysical along with their morphology in their
condensed state. This chapter also includes the OFET characteristics of the perylenimide

comprising of the long pendant alkyl chain.

Chapter 3 provides condensed state luminescence characteristics and supramolecular-
assembly behaviors of the naphthalene substituted in naphthalimide. This chapter also unveils
the 4-nitroaniline (class III toxic pesticides) detection on multiple platform, which includes in
aqueous media and the cost-effective simple and portable Whatman paper test strips based on
on-site solid state detection. The sensing mechanisms involved the receptor free inner filter
effect (IFE).

Chapter 4 This chapter suggests the simple and precise molecular engineering of donor
functional group with targeting imidazole group that serves as condensed state emission and
supramolecular-assembly along with their highly ROS generation characteristics that could
provide a new tool for the development of the new generation materials for the diverse

futuristic application.

Chapter 5 demonstrated the novel yet facile design strategy for the ACQ-to-AIEE
transformation by simply tweaking the conformation into the functional group in PNT as well
as second comprehensive structural design of thiobased PS through S-atom engineering at

carbonyl position in PNI (PNIS) with excellent potential for PDT in cancer cell.

The thesis concludes with distinct design strategies with fine-tuned condensed state
characteristics, and photosensitizing properties with brief future possibilities that could be a
promising tool for small molecule based traditional fluorophores towards many unexplored

potentials.
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Characteristic with Low Threshold Voltage
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Abstract

This work reports the fabrication of n-channel OFET device using simple
perylenemonoimide (PMI) derivatives by introducing a non-conjugated long alkyl chain
(octadecyl) at the imide position. To demonstrate the primary role of the long pendant chain
in the generation of OFET characteristics, a series of electronically similar PMI congeners
were synthesized with different alkyl chains, viz; hexyl, 2-ethyl hexyl, octyl and octadecyl. It
was observed that the insertion of the octadecyl chain can significantly manipulate the
supramolecular self-assembly in PMI-C18 with very good film-forming property, suggesting
the prominent role of pendant alkyl chain length in their condensed state intermolecular
interaction. Along with good film forming property, the long octadecyl chain at the imide
position significantly improves the thermal, electrochemical, and photophysical properties,
which help in generating OFET characteristics in PMI-C18, whereas other congeners do not
show any device property. With poly(methyl methacrylate) (PMMA) as dielectric, top-
contact bottom-gate n-channel OFET were fabricated on an economical glass substrate by
using these simple PMI derivatives. Among them, PMI-C18 demonstrates OFET properties
with electron mobility (i) of 1 x 10-4 cm? V- s~ and current on/off ratio (Ion/of) of 8.8 x
102. Moreover, the threshold voltage (Vin) of 4.40 V obtained for PMI-C18 was the lowest
among all the reported perylene monoimide core based OFET devices. Besides, these PMI
cores also demonstrated the influence of alkyl chain on the photophysical, electronic and
electrochemical properties along with the molecular packing and charge transport behavior.
Thus, such simple yet strategic synthetic manipulations in PMIs could contribute to the

development of imide based materials for OFET applications.

Keywords: perylenemonoimide (PMI); n-type semiconductor; OFET; long alkyl chain; electron transport;
threshold voltage.
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V (V) = 4.40
1,/1,; = 8.8 x10°

2.1. Introduction

OFETs have received much attention owing to their portability, large-area fabrication
compatibility, repeatability, low cost as well as high sensitivity and flexibility *3 OFETs have
been successfully established as a robust alternative of inorganic transistors with significant
commercial consideration, allowing their application in flexible displays,+ sensor devices,5
3RFID (radio-frequency identification) tags'4 and many more. Thus wide varieties of OFET
active materials, including small molecules and conjugated polymers based on p-type (holes)
and n-type (electrons) organic semiconductors, divided into two classes according to their
charge transport abilities, have been developed.®52c However, the n-channel semiconductor
hasn't been much explored due to their poor electrical and environmental stability and lack
of well-ordered molecular packing, which is a crucial parameter to influence the overall
OFET device performance.2-23 Therefore, n-channel organic semiconductors with ample air-
stability and intended for the ambipolar semiconductors are of high demand for practical

OFET device applications.

NDI, PDI and PMI derivatives comprising of extended st-conjugation have been well-known
as a flexible class of n-type organic semiconductor due to their high electron affinity and high
absorptivity, with excellent chemical, thermal as well as photochemical stability. They have
been efficiently applied in the fabrication of different electronic devices including organic
thin-film transistors (OTFTs), organic light-emitting diodes (OLEDs) and organic solar cells
due to their low lying LUMO levels as well as efficient intermolecular mt-mt interactions, which
endow multifunctional well-ordered self-assembly behavior.24-32 However, due to the high
threshold and operating voltage, OFET devices are limited to their broad industrial

applications. Such limitations can be overcome by controlling the surface roughness and
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morphology of the active layer. The growth of the organic semiconductors (OSCs) film and
their crystalline alignment on the dielectric layers are highly prerequisite for attaining the
high mobility.33-35 Herein, the Vi, is shown as one of the most important parameters in
OFET device, which directly influences the charge trapping at the organic-dielectric
interface. The low Vi decreases the power consumption along with the higher circuit
operation speed. Thus, the construction of integrated transistors with low V is significantly

important.s®

Among all the n-type rylene and related rylene diimides semiconducting materials such as
NDI, PDI and PMI, a plenty of literatures are available for both NDI and PDI molecules
studying the OFET characteristics, whereas the PMI core is relatively less explored in the
OFET device performance due to the synthetic challenges. Perylene imide diones based
materials were recently shown to have p. and Vi of 104 ecm2 V-1 s and 8 volt respectively.3”
Further, triperyleno[3,3,3]propellane triimides materials were also reported for the OFET
characteristics with the best values of . and Ion/ff Of 4.51 x 103 ecm2 V! st and 5.7x10°6
respectively, however Vi were high as -5.2 volt (See the reference 3 of supporting

information).

It can be witnessed that the nature of alkyl substitutions in molecules has strong influence on
their intermolecular packing arrangement, roughness and alignment of crystalline packing,
has been established as a robust parameter to control the morphology of organic
molecules.34:38-43 Although the simple design strategy of alkyl chain substitutions at the imide
position has negligible effect on the photophysical properties and electronic properties in the
solution state, it has significant infl,.nce on the molecular packing, solid state ordering and
thin-film microstructure, which subsequently influence the OFET device performances.39:44-5!
It has been demonstrated that the alkyl side chain with appropriate chain length and
branching position for semiconducting materials plays a crucial role in achieving efficient
molecular packing, satisfactory layer continuity, and high film crystallinity, which results in
excellent charge-transport properties and charge carrier mobilities.3944-46¢ For example, the
hole mobilities of isoindigo-based conjugated polymers have been significantly enhanced by
choosing the appropriate branching position of branched alkyl chain.39 Furthermore, the
influence of the branched alkyl chain on the charge transport behavior and molecular
packing, has resulted in enhanced electron mobility of solution processed OTFTs of
naphthalimide derivatives.4445 Molecular packing and self-assembly dependant n-channel
OFET device showed good performances by simply substituting the long linear alkyl chain at
the imide position of di(perylene bisimides) derivatives with the mobility and on/off ratio of

0.70 cm?V-st and 4 x 107 respectively.49 Thiazolothiazole-thiophene copolymers have also
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exhibited the influence of the short linear alkyl chain on the OFET device performances with

field-effect-mobilities of 0.3 cm2V-1s1.50

Herein, we designed a series of simple PMI based n-type organic semiconductors with
varying pendant alkyl chains viz; hexyl, ethyl hexyl, octyl and octadecyl at the imide position
for the fabrication of bottom-gate top-contact OFET device by thermal deposition technique
(Figure 2.1). Among all the congeners, the long octadecyl chain containing PMI-C18 showed
promising OFET properties under vacuum with g, value of 1 x 1074 cm2 V- st and Ion/of
ratio of 8.8 x 102 at substrate temperature (Tsw) of 80 °C, which can be attributed to its
smooth homogenous crystalline microstructure and well-organized molecular arrangements
over a large surface area. Notably, an unprecedented Vi of 4.40 V has been achieved in the
long alkyl chain substituted PMI-C18 congener (Figure 2.1a). It was also important to
mention that OFET characteristic with low threshold voltage in PMI congener has been
induced for the first time by simply incorporating long alkyl chain at its imide position.
Moreover, the influence of alkyl chain on the photophysical, electronic and electrochemical
behavior as well as charge transport characteristics and molecular packing was also
demonstrated for the first time here by tuning the alkyl chain length at the imide position of
the PMI core.

Electron mobility (cm?/V.s) = 1x104
L Vo, (V) = 4.40

PRIV
A I/, =8.8 x10

—

Lamellar packmg
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Figure 2.1. a) Graphical representation of PMI-C18 congener with longer alkyl chain featuring induced
intermolecular st stack overlap and appropriate structural molecular arrangements in thin-film promoting
amended OFET performance. b) Synthetic procedure for the preparation of PMI congeners with different alkyl
chain engineering from the commercially available Perylene-3,4,9,10-tetracarboxylic acid anhydride (PDA). ¢)

The chemical structure of synthesized PMI congeners.

2.2. Experimental Section

2.2.1. Materials and Instrumentations:

All starting materials and reagents viz; 3,4,9,10-Perylene tetra carboxylic anhydride, all
amines viz; hexy, 2-ethyl hexyl , octyl and octadecyl respectively, zinc acetate, Imidazole,
PMMA (MW = 996 000 g/mol) were purchased from Sigma Aldrich (India) as well as
solvents were obtained from Northeast Chemicals and Zenith India. Milli-Q water was used
for synthesizing all molecules. The chemicals and solvents obtained were of highly pure and
used without any further purification The probe were characterized by using NMR, IR
spectroscopy and Mass spectrometry. The *H NMR (400 MHz) and 3C NMR (100 MHz)
spectra were obtained on Varian-AS400 NMR spectrometer. Mass spectra were obtained by
using the MALDI-TOF spectrometry. Photoluminescence and UV/vis absorption spectra
(solution and thin-film state) were recorded on a Horiba Fluoromax-4 spectrofluorometer
using slit width of 3 nm and Perkin Elmer Lambda-25 spectrophotometer at 298 K. The
theoretical calculations were carried out by DFT using the basis set of 6-31G/B3LYP, (+d, p).
Electrochemical properties were recorded on a CH instruments model 700D series
electrochemical workstation consisting of three-electrode systems, viz; glassy carbon as the
working electrode, Ag/Ag+ as the reference electrode and platinum wire as the counter
electrode respectively, and, as a supporting electrolyte 0.1 M tetra-n-butyl ammonium
hexafluorophosphate (TBAP) in acetonitrile solution was used at a scan rate of 50 mV/s
under an argon atmosphere. TGA (Thermogravimetric analysis) and X-ray diffraction (XRD)
viz; Thin-film and powder XRD were carried out on thermogravimetric analyzer Mettler
Toledo (model: TG/SDTA 851e) under the nitrogen flow at an heating rate of 20 °C min and
Rigaku, Model: Micromax-007HF respectively. The samples for XRD (Thin-film and powder
XRD) analysis were scanned in the 2-50° 20 range at a scan rate of 1.2° min-'. Atomic force
microscopy (AFM) and Field emission electron microscope (FESEM) images were collected
by using agilent 5500 AFM/SPM microscope and Zeiss, Model: Sigma 300 field emission
scanning electron microscope respectively. Optical microscopy images were taken at room

temperature by using Leica polarizable optical microscope.
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2.2.2. Substrate Cleaning technique

Glass slides were cut into 1 cm x 1 cm square substrates and dipped in piranha solution (3:1
H.SO,: 30% H.0.) for approximately 45 min and then washed step by step with detergent,
deionized water, acetone and isopropanol followed by sonication for 45 min each at room

temperature. Finally the cleaned substrates were dried under the vacuum oven at 100 °C.

2.2.3. Preparation of films for AFM, FESEM, XRD, POM and

spectroscopic technique.

The Thin films of PMI derivatives viz; PMI-C6, PMI-CE6, PMI-C8 and PMI-C18 were
prepared by thermally depositing the each of the PMI OSC congeners at T, = 80 °C on the
glass substrate under a base pressure of 10-° mbar by keeping the thickness of the films of
each were approximately 60 nm measured by Veeco Dektak 150 Surface Profilometer. Then
the all microscopic viz; AFM, FESEM, POM as well as XRD and optical studies (Uv-vis

spectroscopy study at thin film state) respectively were performed at room temperature.

2.2.4. Preparation of Stock Solutions for optical study

The stock solutions of each of the PMI congeners were prepared in THF solvent at a
concentration of 1mM. The 9 uL of stock solution was taken into 3 mL THF in a 3 mL quartz
cuvette for each titration and the optical spectra for all the congeners were taken at a same

concentration (Aex, max = 477 nm).

2.2.5. Theoretical Studies

Gaussian 09 package, B3LYP 6-31G (+d, p) basis set were used to evaluate the ground state
optimized geometries along with HOMO/LUMO energy and molecular length of the all

molecules (references 1,2 in AI).

2.2.6. Synthetic procedures

PMI derivatives with different chains viz, hexyl, 2-ethyl hexyl, octyl and octadecyl were
synthesized via simply hydrothermal method. Perylene-3,4,9,10-tetracarboxylic acid
anhydride (PDA) (2.54 mmol), amine (1.35 mmol), Zn (OAc). dehydrate (1.72 mmol),
imidazole (5g) and water (1ml) were taken in a teflon sleeve and mixed it properly until it
forms homogenous mixture and placed in an hydrothermal autoclave reactor vessel at 15 bar
pressure. The autoclave reactor was sealed, placed in an oven and the temperature was
gradually increased to 190 °C for 20 h. The heat was turned off after 20 h and the reaction

was cooled down to room temperature. The dark reddish crude product was extracted with
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chloroform (200 ml) and water (50 ml) mixture at acidic PH, washed for four times with
water, dried over Na,SO,, filtered, and concentrated via rotary evaporator. The resulting
residue was purified by flash column chromatography (CHCI; as eluent) afforded the desired
dark reddish compound (340 mg, 34% yield). The PMI derivatives with all amines were

synthesized via repeating this same procedures.
Characterization of PMI-C6

'H NMR (400 MHz, CDCl,) & 8.44 (d, J = 8.0 Hz, 2H), 8.29 (d, J = 7.5 Hz, 2H), 8.24 (d, J =
8.1 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.52 (t, J = 7.8 Hz, 2H), 4.14 — 4.09 (t, 2H), 1.70 (dd, J
=15.3, 7.4 Hz, 2H), 1.44 — 1.28 (m, 6H), 0.84 (t, J = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl,)
0 163.86, 136.94, 134.35, 131.29, 130.90, 129.10, 127.75, 126.96, 126.73, 123.67, 120.83,
120.12, 40.49, 31.64, 28.19, 26.92, 22.58, 14.09. MALDI-TOF: calculated for C.sH:3NO,:
405.17, Found: 404.950

Characterization of PMI-CE6

'H NMR (400 MHz, CDCl;) 6 8.28 (d, J = 8.1 Hz, 2H), 8.11 (d, J = 7.4 Hz, 2H), 8.04 (d, J =
8.0 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.43 (t, J = 7.8 Hz, 2H), 4.10 — 3.96 (t, 2H), 1.88 (dt, J
=13.1, 6.5 Hz, 1H), 1.37 — 1.19 (m, 8H), 0.89 (t, J = 7.4 Hz, 3H), 0.83 (t, J = 7.1 Hz, 3H). 3C
NMR (101 MHz, CDCl;) 8§ 164.27, 136.68, 134.05, 131.20, 130.67, 129.56, 129.05, 127.66,
126.82, 126.36, 123.35, 120.76, 119.91, 44.24, 38.02, 30.81, 28.90, 24.14, 23.11, 14.10, 10.83.
MALDI-TOF: calculated for C;0H»,NO.: 433.20, Found: 434.056

Characterization of PMI-C8

'H NMR (400 MHz, CDCl,) & 8.55 (d, J = 8.0 Hz, 2H), 8.40 (d, J = 7.5 Hz, 2H), 8.37 (d, J =
8.1 Hz, 2H), 7.89 (d, J = 8.0 Hz, 2H), 7.61 (t, J = 7.8 Hz, 2H), 4.24 — 4.15 (1, 2H), 1.75 (dd, J
= 7.5 Hz, 2H), 1.39 — 1.24 (m, 10H), 0.88 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz, CDCl,) &
163.86, 136.83, 134.28, 131.24, 130.69, 128.97, 127.85, 126.92, 123.41, 120.76, 119.91, 40.50,
31.85, 29.39, 29.26, 28.23, 27.25, 22.71, 14.08. MALDI-TOF: calculated for C;,H.,NO.:
433.2042, Found: 434.056

Characterization of PMI-C18

'H NMR (400 MHz, CDCl,) & 8.55 (d, J = 8.0 Hz, 2H), 8.40 (d, J = 7.6 Hz, 2H), 8.36 (d, J =
8.1 Hz, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.61 (t, J = 7.8 Hz, 2H), 4.22 — 4.17 (t, 2H), 1.77 (dd, J =
15.0, 7.2 Hz, 2H), 1.55 — 1.25 (i, 20H), 0.87 (t, J = 6.8 Hz, 3H). 3C NMR (101 MHz, CDCl,) 6
163.89, 136.86, 134.29, 131.11, 130.73, 129.03, 126.90, 123.53, 120.87, 119.94, 40.62, 31.96,
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20.70, 29.43, 29.35, 28.16, 27.15, 22.73, 14.27. MALDI-TOF: calculated for C,,H,,NO.
:573.3607 [M+*], Found: 574.500.

2.3. Results and Discussions

2.3.1. Design, Synthesis, and characterization of PMI congeners

Four PMI congeners with varying non-conjugated pendant alkyl chains viz; hexyl, 2-ethyl
hexyl, octyl, and octadecyl have been synthesized via one-step hydrothermal reaction
procedure from the commercially available economical, reliable Perylene-3,4,9,10-
tetracarboxylic acid anhydride (PDA) (Figure 2.1b, 2.1c).52 The different alkyl chains were
intentionally incorporated here to observe the effect of chain length on their nature of
intermolecular n-m stacking interactions and supramolecular self-assembly, which could
strongly influence the OFET properties in these PMIs. The synthetic monomers were well
characterized by MALDI, FTIR, nuclear magnetic resonance (*H and 3C NMR) spectroscopy
and their thermal, electrochemical and photophysical properties were investigated by
thermogravimetric analysis (TGA), cyclic voltammetry (CV), photoluminescence (PL) and
UV-vis spectroscopy. In addition, their supramolecular self-assembly was studied by atomic
force microscopy (AFM), Polarized optical microscopy (POM), field emission scanning
electron microscopy (FESEM), and X-ray diffraction (XRD) analysis. The detailed synthetic
procedures, purifications, and associated spectra have been placed in the supporting
information (Figure A2.1-A2.16). Moreover, the substitution of alkyl chain at the imide
position of PMI core makes the molecules soluble in most of the organic solvents such as
chloroform, dichloromethane (DCM), or chlorobenzene, which could enable the PMI

congeners for large-area production and fabrication of printed electronic devices.

2.3.2.Thermal, Photophysical, Electrochemical, and Theoretical

Studies of PMI Congeners

The thermal properties of any organic devices especially n-type organic thin-film transistors
(OTFTs) has a significant role in device fabrication. The thermal behavior of all synthesized
PMI congeners were carried out using TGA in the range of 19-800 °C at a heating rate of 10
°C min under nitrogen environment. All the four PMI congeners demonstrated excellent
thermal stability, which favors the high-temperature deposition technique (Figure 2.2).
From figure 2.2, it was demonstrated that the onset decomposition temperatures of PMI-
C6, PMI-CE6, PMI-C8 and PMI-C18 at 5% weight loss were found to be 349 °C, 334 °C,
353 °C and 390 °C respectively. It was observed that PMI-CE6 possess the lowest onset
decomposition temperature, which could be due to the presence of branched alkyl chain. The

branched ethyl hexyl chain in PMI-CE6 can induce more steric hindrance around the
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aromatic plane and that makes the molecules packed loosely by reducing their
intermolecular m-m stacking interaction.324253 Whereas, the onset decomposition
temperature of other congeners increase steadily with increasing chain length and exhibit
complete degradation temperature above 500 °C. It was witnessed that the presence of long
alkyl chains provide higher thermal stability in these PMI congeners, which can be
explained by their enhanced intermolecular 5-7t stacking interaction and has been discussed

later.
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Figure 2.2. TGA thermogram of PMI congeners viz; PMI-C6, PMI-CE6, PMI-C8, and PMI-C18 respectively
at a scans rate of 10 °C min under the nitrogen gas atmosphere which is displaying thermal degradation of PMI

congeners at 5% weight loss.

The UV-Vis absorption spectra and emission spectra of PMI congeners ([PMI] = 3uM) were
performed in THF solution, and has been depicted in Figure 2.3a, 2.3b and corresponding
data are represented in Table A2.1. The absorption spectra of PMI congeners in solution
state exhibited a characteristic absorption maxima approximately at 477 nm, which can be
ascribed to m-mt* transition with an identical shoulder peak at 499 nm. This implies that there
is noteworthy variation in the vibronic distribution of the m-mt* electronic transitions, which

subsequently represents the 0-1 and 0-0 electronic vibronic transitions, respectively (Figure
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2.3a).35:37:54-56 [t has been observed in Figure 2.3b that the corresponding emission maxima of
PMI congeners in solution state were centred at 534 nm with a shoulder peak at 570 nm,
respectively (Aex, max = 477 nm). The optical band gaps in the solution state of PMI congeners
have been calculated from the onset absorption spectral data that were found to be 2.33 eV
(Table 2.1, A2.1, and Equation A2.1).324253 The above observations imply that the variation in
the alkyl chain length does not influence the optical behaviors of the congeners in their
solution state, where the molecules remain in their molecularly dispersed form. However,
the absorption spectra of PMI congeners in their thin film-state on glass displayed
reasonable difference in their absorption maxima that suggest the possible influence of alkyl
chains in their condensed state intermolecular interactions. It has been observed from the
thin film-state absorption spectra of PMI that the 0-1 peak was approximately ~46 nm blue-
shifted and the absorption maxima appeared at nearly 436 nm for all the congeners, which
could be attributed to the H-type aggregation peak in their thin film-state.57-¢¢ However,
these congeners showed red-shifted absorption maxima corresponding to the 0-0 vibronic
transition and the peak appeared at around 560-570 nm window that could be ascribed to
the distinct molecular orientation, which could be strengthened by the presence of distinct
alkyl chain at the imide position (Figure 3c, S17 and Table A2.2).4553.6t Furthermore, the
optical band gaps of PMI congeners in their thin film-state have been executed from the
onset absorption peak, showed reasonable difference. The optical band gaps of PMI-C6,
PMI-CE6, PMI-C8, and PMI-C18 in their thin film-state were calculated to be 2.17, 2.16,
2.14 and 2.12 eV respectively (Table 2.1, A2.2 and Equation A2.2). These reasonably tuned
red-shifted absorption band and optical band gaps of the PMIs in their thin film-state
suggests the presence of distinct molecular orientation, which could be energized by the
distinct pendant chain substituted at the imide position.4553.61 Besides, PMI-C6, PMI-CE6
and PMI-C8 showed additional characteristics peaks at 525, 525 and 530 nm respectively
compared to solution state absorption, which could be assigned to their molecular
orientation that was influenced by the distinct intermolecular m-nt stacking interactions of
the congeners in their thin film-state (Figure 2.3c, A2.17 and Table A2.2). However, PMI-
C18 does not exhibit such characteristics peak due to its unique intermolecular 7-7 stacking
interaction compared to other PMI congeners due to the presence of long alkyl chain at its
imide position, which consequently confirmed the prominent role of long pendant alkyl
chain at its imide position, which is discussed in the XRD and the thin film morphology

analysis sections below.53
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Figure 2.3. a) Normalized absorbance spectra in THF ([PMI] = 3 uM) b) Normalized photoluminescence
spectra in THF (Aex, max = 477 nm, [PMI] = 3 uM) and ¢) Absorbance spectra in thin film phase of PMI congeners
d) Cyclic voltammograms (CV) plots of the drop casted thin films of PMI congeners on glassy carbon working
electrode at a scan rate of 50 mV/s in 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile under the

argon gas atmosphere.

The electrochemical properties of PMI congeners were estimated in acetonitrile solution
with 0.1 M tetrabutylammonium perchlorate (TBAP) under argon gas environment at a scan
rate of 50 mV/s dictated by CV measurements are presented in Figure 2.3d and the
corresponding data are accumulated in Table A2.3. The standard redox couple of
ferrocene/ferrocenium (Fc/Fc*, absolute energy level —4.8 eV) has been taken to calibrate
the (Ag/AgNO;) reference electrode. The electrochemical potential viz; highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels
were executed from the onset oxidation and onset reduction potential peaks respectively

using the equation below:
Enomo = — (E%gnset + 4.80) €V (1)

Ervmo = - (Eredonset + 4.80) eV (2)
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The electrochemical energy gap in PMI-C6, PMI-CE6, PMI-C8, and PMI-C18 were
calculated to be 2.26, 2.33, 2.21, and 1.96 eV respectively (Table 2.1, A2.3 and see the above
equation 2.1, 2.2). Moreover, the LUMO energy levels of the PMI-C6, PMI-CE6, PMI-CS8,
and PMI-C18 congeners were found to be -3.452, -3.392, -3.432, and -3.732 €V respectively,
which indicated the high electron affinity to facilitate the electron injection, and therefore,
promising for low threshold voltage n-channel OFETs characteristics (Table A2.3).324247
Furthermore, the LUMO energy level of PMI-C18 was significantly different and lower
compared to other PMI congeners. This result suggests that more planar backbone and
better stacking interaction leads to a better regular arrangement in PMI-C18, which could
be strengthened by the long alkyl chain substituted at the imide position.39 Thus, despite the
similar band gaps of PMISs in their solution state, the electrochemical and optical band gaps
in PMIs in their thin film-state showed a drastic difference, which suggests the prominent
influence of alkyl chain on their condensed state HOMO/LUMO energy level. Such
difference in their optical, as well as electrochemical band energies of the PMI congeners
with similar aromatic core, clearly demonstrated the influence of the alkyl chain length to
manipulate the molecular packing orientations of the congeners in their condensed state by

creating distinct magnitude of bulkiness around the aromatic core, which will be discussed

later.
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Figure 2.4. Frontier molecular orbital energy of PMI congeners with their corresponding HOMO and LUMO
value in electron-volt (eV) executed by DFT simulation studies using B3LYP/6-31G, (+d, p) basis set in the

Gaussian 09 program.

Apart from this, density functional theory (DFT) computational method has been utilized for
elucidating the theoretical band gap and frontier molecular orbital geometries using the
basis set B3LYP/6-31G, (+d, p) in the Gaussian 09 program (Figure 2.4, Table 2.1). From
Figure 2.4, it is observed that the HOMO/LUMO energy levels of those congeners are
identically distributed on the entire aromatic perylene plane and almost similar band gaps
were observed for those congeners. The theoretical band gaps of PMI-C6, PMI-CE6, PMI-
C8, and PMI-C18 were found to be 2.730, 2.730, 2.731 and 2.731 eV respectively. These
precisely similar computational results calculated in their gas phase attributed to the

negligible effect of the alkyl chain length on their electronic properties, where the molecules

34
TH-3411 176122016



are considered to be in molecularly isolated form. These theoretical studies are in agreement
with the experimental observations, where the optical band gaps of the congeners in their
solution state demonstrated precisely similar results (Table 2.1). However, the distinct alkyl
chains were supposed to strongly influence their intermolecular packing arrangements and
thus control their morphology, crystallinity properties of the materials in their film-state by
creating distinct magnitude of interchain interaction and steric crowding around the

aromatic backbone, which will be discussed latter.

Table 2.1: Optical, electrochemical and theoretical band gap data of PMI congeners.

Monomer E;S opt(eV) E;T opt(eV) E;CV(eV) E;™ (eV)
PMI-C6 2.33 2.17 2.26 2.730
PMI-CE6 2.33 2.16 2.33 2.730
PMI-C8 2.33 2.14 2.21 2.731
PMI-C18 2.33 2.12 1.96 2.731

E¢® opt, EgT opt are Optical band gap in solution state and thin film-state, respectively. EgCV, Eg™ are electrochemical and theoretical band gap,

respectively.

2.3.3. XRD analysis for interpretation of molecular Packing

To further evaluate the effect of distinct pendant alkyl chain on the condensed state
molecular packing orientations of the PMI congeners, X-ray diffraction (XRD) experiments
were performed. The powder XRD (PXRD) and thin-film XRD (TXRD) of thermally
deposited thin films at Tsp of 80 °C on the glass substrates were performed at ambient
temperature (Figure 2.5). Though, several attempts to get high quality single-crystal of these
congeners failed, the PXRD and TXRD were carefully analyzed to predict the nature of the
intermolecular interactions and packing orientations of the congeners. The sharp diffraction
observed at low-angle regions in the PXRD and TXRD could be attributed to the highly
ordered and crystalline nature of the PMI congeners in their condensed state (Figure 2.5a,
2.5¢).3233 It is witnessed that crystalline grains intensely benefit the charge transport
properties. The Bragg’s diffraction for the PMI-C18 at low-angle regions in powder was
observed at around 26 value of 3.5° corresponding to d-spacing of 24.93 A&, was precisely the
multiple of the second diffraction peaks, which was observed at around 26 value of 6.9°
corresponding to d-spacing of 12.83 A (Table A2.4). Similar observation was also observed in
PMI-C18 thin film. These results suggest that the PMI-C18 congener has a layered
organization in their condensed state. However, the other congeners (in PXRD and TXRD)

do not exhibit such characteristics at low-angle region. The diffractions in PXRD and TXRD
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were observed at low-range regions at around 260 = 3.5°, which corresponds to molecular
length of the congeners as calculated from the computational study (Table A2.4, Figure
A2.18). These observations suggest that all the congeners have highly ordered and edge-on
lamellar (layered) crystalline packing arrangements.34 Yet, except for PMI-C18, less ordered
packing orientations were observed for the congeners in their condensed state, which can be
witnessed from the AFM and FESEM analysis and has been elaborately described later. It
was shown from the PXRD that the multiple distinct Bragg’s peaks at the wide-angle region
in the range of 26 value of 37-49° corresponding to d-spacing of 2.4-1.8 A were observed in
PMI-C18 congeners, which could be attributed to the interchain short-contacts (Figure 2.5a,
2.5b).4:62 Whereas, all these interactions were almost abolished or were very weak in the
PMI with shorter alkyl chain. The highly ordered crystalline packing orientations of the
PMI-C18 with similar aromatic core in the condensed state could be ascribed to unique
molecular orientation of the long pendant alkyl chain by creating distinct magnitude of
bulkiness around the aromatic backbone. Because the perylene core is prone to strong m-n
interaction, multiple diffraction peaks in PXRD were observed between the 26 values of 22-
29°corresponding to d-spacing of 3.9-3.0 A, which entails the presence of efficient
intermolecular m-stack overlap (generally H-aggregates has tendency to form co-facial stack)
for the congeners (Figure 2.3a, 2.3¢ and A2.17). However, the long alkyl chain has strong
influence in the formation of more order well-defined molecular orientations in the
condensed state. Broad diffraction peaks for the congeners were observed in the deposited
thin film on the glass substrate at Tsw, = 80 °C between the 26 values of 10-30°, which could
be ascribed to the growth nature of the thin film (Figure 2.5¢).33:35 In addition, the tilt angle
of PMI-C6, PMI-CE6, PMI-C8, and PMI-C18 congeners with respect to the substrate
were calculated using the equation A2.3, were found to be 31, 8, 34 and 40° respectively.3542
The higher tilt angle between the substrate and the congener suggest that the more tighter
molecular stacking for PMI-C18, which further give rise to a prominent st-7t overlap between
the aromatic backbone (Figure 2.5d).42 This observation is further evidenced by the higher onset
decomposition temperature of PMI-C18 (Figure 2.2). Thus, these above observations suggest
that the long alkyl chain can efficiently increasing the m-mt overlap between the aromatic core
by tuning the angle between the substrate and the molecule in the thin film-state, which

further strongly influence device performances.
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Figure 2.5. a) PXRD, b) The magnified PXRD pattern of a), and ¢) TXRD pattern of PMI congeners viz; PMI-
C6, PMI-CE6, PMI-C8 and PMI-C18 respectively (with their corresponding d-spacing value) in their thin film-
state, prepared by thermally evaporation technique on the glass substrates at Tsub = 80 °C. d) Schematic

illustrations of molecular packing orientations of PMI-C6 and PMI-C18 congeners in their thin film-state.
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2.3.4. Thin film morphology analysis in PMI congeners via AFM, FESEM
and POM analysis

The thin film morphology and intermolecular packing orientations of the congeners were
further investigated by AFM, FESEM and POM analysis to gain more insight into the effect
of the distinct alkyl chain length on their morphology and molecular packing orientations. It
is witnessed that the interfacial roughness impede the charge conduction in the OSC material
due to the formation of charge traping state.3335:37-39:41.63 Surface roughness or irregular
orientations of active layer in the thin film-state prominently effects the device performance.
XRD data showed that the congeners are in crystalline in nature. AFM images combined
with the XRD data, clearly demonstrated that growth of the microstructure of PMI
congeners was observed along the m-mt stacking direction (Figure 2.5d, see the figure 2.1a
lamellar packing).63 It is well established that charge transport for organic molecules is
highly favorable through conjugated backbone of neghboring molecules which either
efficiently overlap or are perpendicularly oriented to each other. Moreover, the ordered
crystalline alignment in the large-scale of OSC on the substrate comforts efficient
interconnected charge transport trails. The AFM images of the thermally evaporated (Tsw, =
80 °C) active PMI OSC materials on the glass substrates were recorded at the room
temperature. It has been noted that surface roughness (rms) of PMI-C6, PMI-CE6, PMI-
C8 and PMI-C18 were found to be 69.0, 50.7, 16.6 and 9.1 nm respectively (Figure 2.6).
This surface roughness results clearly demonstrated that the thin film of PMI-C18
comprising of long alkyl chain exhibited highly smooth, order, compact planar homogenous
crystalline grains, while other congeners containing shorter alkyl chain display rod-like
randomly oriented crystalline grain (Figure 2.6). These observations manifest that the
shorter alkyl chain incorporated in PMI congeners may not be good candidates for FET
behavior due to the higher surface roughness and less order crystalline packing alignment,
which could interrupt the smooth charge transport properties through the active layer on
their thin film. On contrary, the PMI congeners comprising longer alkyl chain exhibited
smooth surface and well-defined interconnected tighter packing between the crystalline
grain covering large surface area, which could reduce the charge trapping activities at the

grain bounderies in the thin film.

38
TH-3411 176122016



366.24nm T ] 0.00nm M240.76 nm 0.00 nm

B R = » —~ TS -
. ~ . ) a 123

- 3

Figure 2.6. AFM topography images of thermally deposited PMI congeners in their thin flim-state on the glass
substrates at Tsuo = 80 °C, obtained at room temperature (Ts = Tsub: substrate temperature) to examine the

roughness of the crystallites.

Furthermore, FESEM and POM studies of these congeners were also performed to analyse
the morphology of PMI microstructure in their thin film and to support the above
observations (Figure 2.7,2.8). The FESEM images of thermally deposited PMI congeners on
the glass substrates were performed at room temperature. PMI-C18 showed an
interconnected uniform smooth film without any pores or voids. While other congeners viz;
PMI-C6 exhibited irregular crystalline grain with immense pores and voids, PMI-CE6
comprising of branched alkyl chain displayed orderless -crystallites and PMI-C8

demonstrated randomly oriented irregular crystallites on their thin film (Figure 2.7).
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Figure 2.7. FESEM images of thermally evaporated PMI congeners in their thin films on the glass substrates at
Tsub = 80 °C, recorded at ambient temperature for evaluating the microstructures self-assembly behavior in thier

thin film-state.

POM images of thermally evaporated PMI congeners on the glass substrates at Tsu, = 80 °C
were performed at room temperature (Figure 2.8). These studies are further proof of the
connectivity between the crystalline grains for the PMI-C18 comprising of long alkyl chain
in thin film-state. Herein, PMI-C18 display interconnected fibrillar network with prominent
microstructure crystalline domains in the thin film-state, whereas the other congeners show
low quality film with enormous small black spots and no structural microstructure on their
thin films. PXRD analysis of PMI-C18 congeners revealed multiple distinct Bragg peaks in
the wide-angle region (20 = 37-49°), corresponding to d-spacings of 2.4-1.8 A. These peaks
indicate significant interchain short contacts, a feature less pronounced or nearly absent in
PMI with shorter alkyl chains. The influence of the long chain is further evidenced by the
higher onset decomposition temperature of 390 °C for PMI-C18, suggesting enhanced
thermal stability. This stability is attributed to the well-organized intermolecular n-nt
stacking interactions facilitated by the longer alkyl chains. Thus these observations suggest

that the alkyl chain length has a prominent role in self-assembly behaviors in thin film-state,
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which subsequently tune the microstructure thin film properties, and could be attributed to
the inherent structural anisotropy of the PMI-C18 congener in the thin film-state. Thus,
subsequently to demostrate the influence of the long alkyl chain on the device characteristic
of electronically similar congeners, n-type OSCs were fabricated using the PMIs and has

been described elaborately below.

Figure 2.8. POM images of thermally deposited PMI congeners in their thin film-state on glass as the

substrates at Tsub = 80 °C, attained at room temperature.

2.3.5. OFET device Fabrication and Characterization

Though all the materials exhibited good solubility in most of the organic solvents, the
continuity of the film obtained was very poor in the solution processed technique compared
to the thermal deposition method (Figure A2.19). Hence, all the devices were fabricated by
thermal deposition method in the present study. Herein, PMI n-type OSCs viz; PMI-C6,
PMI-CE6, PMI-C8 and PMI-C18 were fabricated with a bottom-gate top-contact
configuration by employing Al.O;/PMMA double dielectric materials. Al,O; a high-k
dielectric inorganic material were used to reduce the high leakage current and to afford high
capacitance density. Meanwhile, PMMA a thin hydrophobic or less polar polymer dielectric
interface has been employed to inhibit the charge trapping states and could be contributed to
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attain the well-organized large-scale densely packed crystalline grains. Herein, glass slides
were used as substrate onto which aluminum gate (~200 nm) was deposited by thermal
evaporation method by using a shadow mask. The film was then anodized with a constant
current density of 0.06 mA cm2 and a voltage of 10 V in a 0.001 M citric acid monohydrate
electrolyte solution at 20 °C using a square-shaped platinum mesh as counter electrode to
form a ~13 nm Al.O; layer over the Al film gate electrode. After anodization, to reduce the
surface roughness, a 100 nm PMMA film was spin coated from a 30 mg/ml solution in
anisole and dried for 1 hour at 120 °C under nitrogen atmosphere. Following this, the active
material [PMI-C6 or PMI-CE6 or PMI-C8 or PMI-C18] was deposited by thermal
deposition method under a base pressure of 10 mbar. After that aluminum source-drain
electrodes were thermally evaporated, at room temperature, up to a thickness of 80 nm to
calculate three terminal properties of the materials. The schematic of the fabricated device is

presented in Figure 2.1a.
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Figure 2.9. Output and transfer OFET device characteristic curves of PMI-C18 OSC fabricated on Al.O3/PMMA
dilayer dielectric material at Tsub = 80 °C. (a) Ips—Vbps output characteristic curve (inset: different values of Vps. b)
Ips—Ves and (Ips)'/2 vs Vgs transfer characteristics curve at Vps = 7 V.*ABSID: Absolute drain current; SQRTID:

Square root of drain current.

The fabricated OFETs were characterized by using a Keithley 4200 semiconductor
characterization system under vacuum condition. The field-effect mobility in the saturation

regime was extracted using equation (2.3),

WC, 2
IDs = IUT(VGS _VTh) (2.3)
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under the condition of Vps> (Vs-Vi), where Ips is the source-drain current, u is the field-
effect mobility, W & L are channel width and channel length, Ci (= 25.83 nF.cm™) is the
capacitance per unit area of gate dielectric layer and Vg, Vi, and Vps are the gate, threshold
and source-drain voltages respectively (Figure 2.9). The calculated device properties are
shown in Table 2.2. Unfortunately, we have not observed any device property for those PMI
semiconducting materials which possess short alkyl chain at the imide position viz; PMI-C6,
PMI-CE6 and PMI-CS8 respectively, due to the higher surface roughness and less order
irregular loosely packed crystalline grains compared to PMI-C18 comprising of longer alkyl
chain. It is well known that the OFET device properties can be improved by prolonging the
alkyl chain length.3253 Pei et al. reported that organic materials comprising longer alkyl
chains (branched or linear) exhibited higher carrier mobilities.®4 However, to the best of our
knowledge, OFET characteristics in n-type PMI semiconductor with low threshold voltage
have been achieved for the first time by simply introducing non-conjugated long alkyl chain
at the imide position. It is well known that Perylene cores have been classified according to
the presence of imide moiety and have been extensively studied in literature.4° Most
importantly, these PMI core are new in OFET device applications in comparision to other
rylene and rylene diimide derivatives such as NDI and PDI core. The PMI-C18 congener
exhibited OFET characteristics with electron mobility of 1.0 x104c¢m? V-* s-* and current on-
to-off ratio of 8.8 x 102 under vacuum condition with low threshold voltage of 4.40 V.
Although few reports on OFET characteristics in n-type perylene imide and perylene imide
dione derivatives that comprise different aromatic backbone (than the present PMI
materials), exhibited comparable electron mobility, their threshold voltages were too high
(references 3 of supporting information).3” Whereas, this report demonstrates a comparable
electron mobility and current on/off ratio for the PMI-C18 congener with unprecedented
lower threshold voltage compared to the most recently published p-type and ambipolar
perylene imide derivatives, the literature reported cores are different from the PMI
materials of this manuscript (Table A2.5 and references 4-6 of appendix). Moreover, several
NDI, PDI, and polymer based semiconducting molecules have demonstrated the influence of
branching alkyl chain on the OFET device performances, whereas a very few materials are
reported on the effect of linear alkyl chain on the OFET characteristics.47-5* Besides, this work
also successfully demonstrated that the device performance of organic small molecules can
be efficiently induced/improved by engineering the non-conjugated long alkyl chain in
electronically similar congeners. Most importantly, along with reporting new materials for
OFET application, a cost-effective Glass/Al,O;/PMMA with bottom-gate top-contact
geometry device configuration has been used for the fabrication of OFET devices. The
mobility and on/off ratio of this system could be improved via device engineering

considering that the reduction of the NH group from the traditional disubstituted perylene
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core, has led to the interruption of the core planarity and effective m-stack overlap. Such
distorted core and m-stack overlap could subsequently lead to packing constraints and

restrict the formation of the extended highly crystalline grains.65-¢7

Table 2.2: Summary of the OFET device data of PMI-C18, recorded and calculated under vacuum.

Active
Vin (V) W (um) L(um) | pge(cm2v'S+) Ion/ofy

layer
PMI-C18 4.40 800 40 1x104 8.8x102

Vin (V), W (um), L (um), e (cm? V-1 s71), Ion/of are threshold voltage in volt, channel width in micrometer, channel length in micrometer, electron

mobility in cm? V- s~*and on/off current ratio respectively.

2.4. Conclusion

In summary, four PMI derivatives with different alkyl chain lengths, viz; hexyl, 2-ethyl
hexyl, octyl, and octadecyl have been strategically synthesized and thoroughly characterized
to unveil the influence of long alkyl chains on their OFET characteristic of electronically
similar small molecular systems. It was also observed that the intermolecular packing
orientations, crystallinity, thermal, electrochemical and photophysical properties of small
molecular systems can be efficiently controlled by manipulating the pendant alkyl chain
length around the aromatic core. Though the intermolecular co-facial m-m stacking
interactions are very strong in these PMI due to the large perylene planar core, the octadecyl
chain in PMI-C18 can efficiently control the intermolecular packing orientations that
subsequently endow well-ordered interconnected crystallites microstructure among other
congeners. The promising OFET characteristic such as electron mobility of 1 x 10-4 cm2 V-1
s~ and I,n/of value of 8.8 x 102 has been achieved in PMI-C18 derivative by incorporating
simple non-conjugated alkyl chain at its imide position. All the other electronically similar
PMI congeners with shorter alkyl chain do not possess any OFET characteristic, and thus
confirmed the primary role of the long alkyl chain in the device performance of PMI-C18. In
addition, to lower Vi of 4.40 V, the effect of alkyl chain length on the OFET device
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performances has also been observed in this newly designed n-type PMI-C18
semiconductor for the first time. Thus, this simple synthetic strategy of long alkyl chains
engineering could be a powerful tool in the design and development of new materials to
improve OFET characteristic. Most importantly, the charge transport characteristics and
charge carrier mobilities could be tuned and improved by choosing long or branched alkyl
chains with appropriate substitution at the imide position of this n-type PMI
semiconducting material. Thus, these studies of PMI materials in OFET could be promising
for further development and application in organic electronic devices including OFETs,

OLETs and organic solar cells in future.
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Appendix (AI)
Characterization spectra (H NMR, 13C NMR, IR and Mass Spectra
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Figure A2.1. 'H NMR spectra of PMI-C6.
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Figure A2.2. 13¢c NMR spectra of PMI-C6.
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Figure A2.4. 13c NMR spectra of PMI-CE6.
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Figure A2.6. 13Cc NMR spectra of PMI-C8.
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Figure A2.8. 13¢ NMR spectra of PMI-C18.
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Figure A2.12. Mass spectra of PMI-C18.
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Figure A2.13. FT-IR spectra of PMI-C6.
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Figure A2.14. FT-IR spectra of PMI-CE6.
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Figure A2.15. FT-IR spectra of PMI-C8.
140 -
120+

100 -

40 —— PMI-C18

0 1000 2000 3000 4000
Wavenumber (cm )

Figure A2.16. FT-IR spectra of PMI-C18.
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Photophysical properties studies

Solution state optical properties investigation

Table A2.1: Absorbance and emission spectral data with their corresponding optical band gap of PMI congeners

in solution state.

Aabs max Aonset Aem max
Monomer (solution) (solution) (solution) EgS opt (eV)
(nm) (nm) (nm)
PMI-C6 478,499 530 536, 570 2.33
PMI-CE6 477, 499 530 535, 570 2.33
PMI-C8 477, 499 530 535, 570 2.33
PMI-C18 477, 499 530 534, 570 2.33

Eg® (opv) is Optical band gap in solution state.

Equation A2.1: Solution state optical band gap estimations

EgS (0p) = 1240/ Aonset= 1240/530 = 2.33 €V.
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Thin film-state optical properties estimation
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Figure A2.17. Absorbance spectra of PMI congeners in their thin film-state.

Table A2.2: Absorbance spectral and corresponding optical band gap data of PMI congeners in thin film-state.

Monomer E;T opt (eV)
(nm) (nm)
PMI-C6 435, 525, 570 570 2.17
58
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PMI-CE6 437, 525, 560 572 2.16
PMI-CS8 435, 530, 560 578 2.14
PMI-C18 431, 560 583 2.12

EgT (opv is Optical band gap in thin film-state.

Equation A2.2: Optical band gap estimations from absorption spectra in thin film phase.

EgT (opt) = 1240/ Aonset = 1240/583 = 2.12 €V.

Electrochemical characteristics of the congeners

Table A2.3: Electrochemical band gap estimation of PMI congeners.

Monomer E®VHomo (eV) ESVLumo (eV) EsVY (eV)
PMI-C6 -5.712 -3.452 2.26
PMI-CE6 -5.722 -3.392 2.33
PMI-C8 -5.642 -3.432 2.21
PMI-C18 -5.692 -3.732 1.96
EgCV (eV): Electrochemical band gap = |E®Vxomo — E®VLumo| €V.
Where, Enomo = — (E%%onset + 480) eV and Ergmo = — (Eredonget + 480) eV
XRD data for estimation of molecular Packing
Table A2.4: The layer d-spacing and molecular length obtained in PMI congeners
d;,d- A in | d,,d2(A)inTX . .
Monomer L (A) in DFT Tilt angle (°)
PXRD RD
PMI-C6 12.16, 10.13 15.60, 10.10 18.36 31
PMI-CE6 18.01, 15.12 18.16, 16.05 18.34 8
PMI-C8 18.09, 12.76 17.04 20.73 34
PMI-C18 24.93,12.83 25.36, 12.60 33.23 40

TH-3411 176122016
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d, d- are interplanar spacing at low-angle and wide-angle Bragg’s diffraction, L (&) is molecular length calculated from DFT
simulation study.

Equation A2.3: Tilt angle (a) = cos'(d/L), where L is molecular length calculated from
DFT and d is the first diffraction peak obtained from the TXRD.

DFT computational simulatation:
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Figure A2.18. Optimized structure of PMI congeners with their corresponding molecular length evaluated from

DFT using B3LYP/6-31G, (+d, p) basis set in the Gaussian 09 program.
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Solution processed thin film morphology

Figure A2.19. Optical image of PMI-C18 on PMMA coated glass substrate.

Table A2.5: A comparative study of OFET device parameter along with the material used, type of material as

well as the deposition method and device configuration.

Material Used . Vinh/
ateria .
Ref. in SI Publication (Deposition Vih,e He/Mh Lon/ofr Device
e . .
Method) typ W) (cm2v-ist) configuration
Perylene
b . / monoimide Vin, ) 8.8 x Bottom-gate
resent wor - n-type = =1X 10"
(PMI-C18) S e K 102 top-contact
(Thermal 4.40
deposition)
Triperylenol[3,
3,3]propellane
= 4.51x : :
Chem. Sci. 2019, triimides n-type Vine = fe 57 Organic nanowire
3) g 52 10°8 . mask technique
10, 4951-4958. - ' x10
(Organic with four electrode
nanowire mask
technique)
PMI-annulated Vinh = ] 105to
@ Mater. Chem. Front. 2020, p-type 17 Mn= 107510 104 Bottom-gate
4, 3539-3545 [3.331 ) 104 order bottom-contact
’ ‘propellanes t0-6.6 order

TH-3411 176122016
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(Spin-coated)
Hexaperi-
)
Hexabenzocor %106
Adv. Funct. onene-PMI and | He=3 NA bottom gold
) Mater. 20009, 19, (HBC-PMI) Ambipolar | Vine = h= 3 x 106 contact,
20
2486-2494. donor acceptor bottom gate
To 10
dyads
(Spin-coated)
HBC-PMI
Nanoscale, d NA Ur=1x 10 NA
6) 2012, 4, 1677- onor acceptor | p-type bottom-contact
dyads
1681 ;
(Spin-coated)
Vinn/Vine are threshold voltage for hole and electron transport respectively, u./us are electron and hole mobility
respectively, whereas NA and SI represents not available and the supporting information.
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Abstract

The development of a new naphthalene appended naphthalimide derivative (NMI) with

aggregation-induced enhanced emission (AIEE) property for the sensitive detection of 4-

nitroaniline (4-NA) in aqueous media is presented here. The newly designed naphthalimide

ATEEgen has an exceptional blue-shifted condensed state emission that is devoid of any

receptor site, accomplished ultrasensitive detection of 4-NA, which is one of the broad-

spectrum pesticides that belong to the class III toxic chemical, at parts per billion level

(LOD/36 ppb, Ksv=4.1 x 104 m™) in water with excellent selectivity even in the presence of

potentially competing aliphatic and aromatic amines. The reported probe is the first of its kind,

demonstrating major advantages of receptor- free inner filter effect (IFE) mechanism for the

sensitive detection of 4-NA using an AIEEgenic probe. Excellent sensitivity for 4-NA is also

achieved on paper-based test strip for low-cost on-site detection.

Keywords: aggregation-induced emission, IFE, sensing, 4-nitroaniline.
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3.1. Introduction

Highly toxic environmental pollutants such as aromatic amines are heavily released in leather,
textile, and other chemical production units along with the degradation of azo dyes (Figure
A3.1). Nitroanilines are the essential precursors in many chemical syntheses of
pharmaceuticals, pesticides, azo dyes, photo stabilizers, antioxidants, and many more,* and
thus can heavily pollute the soil and groundwater leading to severe health problems like
cancer, diarrhea, skin eczema, and anemia.2~4 Hence, the recognition of these kinds of toxic
amines is highly essential for the control of pollution, human and aquatic health issues and
security reasons.5 Till date, various techniques have been developed for the detection of
aromatic amines based on electrophoretic methods, chromatography, ion mobility
spectrometry, X-ray dispersion, cyclic voltammetry, mass spectrometry (GC-MS).68 Although
these analytical techniques operated well for the detection of aromatic amines, many of them
suffer from multiple disadvantages, such as complicated instrument use, high expenses, and
time taking processes, that make them incompatible for quick and on-site application.? As
compared to other available techniques, the fluorescence-based detection technique is one of
the most preferred method owing to its excellent sensitivity, portability, low cost, and quick
response time.’® Thus, a wide variety of fluorescent probes have been used for sensing
applications, including both organic and inorganic dyes and polymers, which can be applied
only in varying fraction of organic solvent to avoid the aggregation caused quenching effect
(ACQ).m Besides, the classical probes are also inefficient to be used in their solid or thin-film
state that can be applied for on-site detection. Thus, considering the role of nitroanilines as a
serious environmental pollutant, the sensitive detection of nitroanilines both in aqueous
media and on the solid support is essential. Intending to develop an efficient fluorescent probe
for nitroanilines, which can effectively work in aqueous media as well as on solid support, we
designed and synthesized a simple AIEEgenic naphthalimide probe appended with
naphthalene core. The concept of ATE/AIEE was first coined in 2001, where propeller-shaped
molecules can go through aggregation in water and can effectively form highly fluorescent
nanoparticles due to the restriction of intramolecular rotation (RIR).2 Naphthalimide
derivatives have been established as a flexible class of luminogens due to their various
applications in optoelectronics, semiconductor and chemical sensors, self-assemble
reproducibly and spontaneously into multifunctional nanostructures and microstructures.'s
However, the planar aromatic core of the naphthalimide often undergo strong intermolecular
m-nt stacking interactions and can quench the fluorescent properties in them. Thus, a

naphthalene moiety was incorporated at the fourth carbon of the naphthalimide moiety
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strategically, that can potentially weaken the intermolecular 7t-7t stacking interactions in NMI
and trans- form it into an ATEEgenic probe. Herein, we demonstrate a naphthalimide based
ATEEgenic luminogen for the sensitive detection of 4-nitroaniline in both water and solid
support through receptor-free Inner Filter Effect (IFE) mechanism.'4 Although, different types
of mechanisms such as resonance energy transfer (RET), ground state complexation,
photoinduced electron transfer (PET), and electrostatic interaction were reported where a
specific type of interaction between the probe and the nitroanilines is required,s the detection
of the nitroaniline derivatives using AIEEgenic small molecule based on IFE mechanism has

never been reported yet.

3.2. Experimental Sections

3.2.1. Materials and Methods.

Nitroaromatic compounds namely, 4-nitroaniline (4-NA), 2-nitroaniline (2-NA), 3-
nitroaniline (3-NA), Nitrobenzene (NB), Aniline, 4-BromoAniline (4-Br-A), 1,3-
Dinitrobenzene (1,3-DNB), 4-nitrophenol (4-NP), 2-nitrophenol (2-NP), phenol, p-
aminophenol (p-AP) 2,4,6-Trifluoroaniline (TFA), 2,3,4,5,6-pentafluoroaniline (PFA), 2,6-
DifluoroAniline (DFA), 2-Aminopyridine (2-AP), Triethylamine (TEA), 4-nitrotoluene (4-
NT), were obtained from Merck-Sigma-Aldrich. All starting materials, reagents deuterated
solvents, Naphthalene boronic ester, 4-Bromo-1,8-naphthalic anhydride, were obtained from
Sigma Aldrich (INDIA). HPLC grade solvents and potassium carbonate (K.CO;) were obtained
from Northeast Chemicals and Zenith India. The chemicals purchased were of high standard
purity and used without any additional purification. Stock solutions of analytes and probe
were prepared using DMF. Sensing experiment was performed using MilliQ water in 3mL
quartz cuvettes. Perkin Elmer Lambda-25 and Horiba Fluoromax-4 spectrofluorometer
spectrophotometer were utilized to obtain absorbance spectra, and fluorescence spectra using
quartz cuvettes keeping 3 nm of slit width at room temperature (298 K) *H NMR (400 MHz)
and 3C NMR (100 MHz) spectra were recorded on Varian-AS400 NMR spectrometer. Time-
resolved photoluminescence (TRPL) studies executed from Edinburg Life Spec II instrument.
Surface area and pore size of the material without and with analyte was analyzed using a High-

pressure Adsorption Measurement unit (Model: Autosorb-IQ MP).
3.2.2. Synthesis and characterization of Naphthalenemonoimide (NMI)

The Naphthalenemonoimide (NMI) was prepared in two steps, starting from commercially
available 4-Bromo 1,8-naphthalic anhydride (Scheme 3.1). The alkylation steps were first

performed before functionalization at the 4th position of the 4-Bromo 1,8-naphthalic
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anhydride core in consideration of solubility issues by a condensation reaction. All the
congeners (BNO and NMI) were well characterized by different sophisticated techniques,
such as *H and 3C NMR spectroscopy, IR spectroscopy, and HRMS; these are found in this

supporting information.
Synthesis of 4-Bromo-N-octylnaphthalimide (BNO):

To a suspension of 4-Bromo-1,8-naphthalic anhydride (554.2 mg, 2 mmol) in ethanol,
octylamine (258.48 mg, 2 mmol) was added dropwise in 100 mL round bottom flask at room
temperature. Then this reaction mixture was refluxed for 8 hours at 85 °C. The mixture was
cooled, and the solvent was evaporated by rotary evaporator. The solid residue was poured
into chloroform and washed thoroughly with water thrice. The separated organic layer was
concentrated after drying over anhydrous sodium sulfate. Finally, column purification in
chloroform was performed to obtain pure product BNO. Light brown solid (620 mg, 79.8%
yield); M.P. 85-86 °C; HRMS (m/z): caled for C.oH2,BrNO, 387.083; found 388.078 [M+H]+;
'H NMR (400 MHz, CDCl,) § 8.65 (d, 1H), 8.56 (d, 1H), 8.40 (d, 1H), 8.03 (d, 1H), 7.84 (t, 1H),
4.16 (t, 2H), 1.76-1.69 (m, 2H), 1.44- 1.26 (m, 10H), 0.85 (t, 3H); 3C NMR (100 MHz, CDCl,)
6 163.63,163.60, 133.17, 132.00, 131.19, 131.09, 130.58, 130.05, 129.07, 128.14, 123.19, 122.39,
40.77, 31.78, 29.31, 29.19, 28.09, 27.08, 22.68, 14.11.

Synthesis of Naphthalenemonoimide (NMI)

Herein, we have synthesized a new luminogen, Naphthalenemonoimide (NMI) in good yields
via Suzuki cross-coupling. BNO (100 mg, 0.26 mmol), Naphthalene boronic ester and
Pd(PPh,), were taken in a 100 mL RB flask. The complete system was degassed three times
and then THF/H.O (3:1) was poured into the reaction mixture followed by addition of K.CO4
(10 equivalent). The whole reaction mixture was stirred for 18 hours at 85 °C, cooled at room
temperature and filtered to remove residual solid K.CO;. The filtrate was dissolved into
chloroform and washed thoroughly with dilute HCl, water and brine solution. The separated
organic layer was concentrated after drying over anhydrous sodium sulfate to obtain the NMI.
Light brown powder (73 mg, 65% yield). M.P. 150-154 °C; HRMS (m/z): calculated for
C;30H29NO, 435.2198; found 436.2275 [M+H]+ 'H NMR (400 MHz, CDCl;) 6 8.74 (d, 1H), 8.54
(d, 1H), 7.92 (dd, 2H), 7.70 (d, 2H), , 7.54 (1, 2H), 7.49-7.41(mm, 3H), 7.28-7.22 (m, 2H), 4.16
(t, 2H), 1.75-1.67 (m, 2H), 1.39- 1.18 (m, 10H), 0.83 (t, 3H); 3C NMR (101 MHz, CDCI3) &
164.43, 163.97, 145.43, 136.35, 133.56, 132.89, 132.26, 131.32, 131.26, 130.71, 128.95, 128.87,
128.42, 127.84, 126.86, 126.60, 126.24, 125.94, 125.26, 122.99, 122.38, 40.68, 31.89, 29.39,
20.26, 28.28, 27.24, 22.66,14.10.
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3.2.3. Preparation of Stock Solutions for Sensing.

Stock solution of the NMI was prepared in DMF solvent at a concentration of 1 x 10-3 M. Stock
solution of various nitroaromatic compounds, namely, 4-NA, 2-NA, 3-NA, A, 4-Br-A, 4-NT,
TFA, NB, PFA, 2,6-DFA, 2-AP, TEA, 1,3-DNB, 4-NP, 2-NP, phenol, and p-AP were prepared
at concentrations of 1 x 1072 M in DMF solvent system. The 9 uL of stock solution was taken
into 3 mL water in a 3 mL quartz cuvette for each titration. The 100 uM stock solutions of
analytes were added in portions, and the changes of photoluminescence spectra were recorded

at room temperature (Aex = 350 nm).
3.2.4. Time-resolved photoluminescence (TRPL) studies.

Lifetime decay measurements of NMI (3 M) in the presence and absence of 100 uM stock
solution of 4-NA, 2-NA, and 3-NA were obtained using pulse excitation of 375 nm and
emission at 442 nm in water. The plots were fitted bi-exponentially and average lifetime was

calculated by consideration of consistency in results.
3.2.5. Preparation of Test Strips.

Whatman filter paper (80 mm diameter) was dipped into the stock solution of NMI and dried
for getting a fluorescent paper strip. Then NMI coated filter paper was cut into size (1 cm x 1

cm) and the desired number of pieces used for a portable device for sensing purposes.
3.2.6. Preparation of FESEM sample.

In 3mL water, 9uL stock solution of NMI in DMF was added, and the solution was shacked
well. After that, 100 uM 4-NA was added to it and mixed properly. From this mixture, 2 uL is

drop-casted over the aluminium foil wrapped over the glass slide.
3.2.7. Preparation of surface area analyzer (BET) sample.

In 20 mg NMI powder, 10 uL stock solution of 4-NA of 10 mM concentration was added and
dried properly before mounting it into the surface area analyzer. The data were compared to

the surface area of NMI powder without 4-NA.
3.2.8. Quantum Yield Calculations

PL quantum yields (®s) of NMI were calculated by taking quinine sulfate (®s= 0.57 in 0.1 M H2SOy4)

as standard and using the equation shown below:
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@5 = O, (AFJAF) (2 Md)

Where, s and r represent sample and reference, ® signifies the quantum yield, A denotes absorbance, F

signifies relative integrated fluorescence intensity, and n represents the refractive index of the medium.

3.2.9. Method for Limit of Detection (LOD) calculation

The fluorescence spectra of NMI (3 xM) were recorded seven times. Then 4-NA (0.33 uM, 0.66 uM,
1.0 uM, 1.33 uM, 1.66 uM, 2.0 uM, 2.33 uM and 2.66 M) were added separately to record spectra
keeping the same excitation wavelength, i.e., 350 nm. A regression equation was executed from the
calibration plot between emission maxima and concentration of 4-NA. Detection Limit was then
calculated from the calibration curve using the equation 3o/k, where ¢ represent standard deviation
(SD) for the emission intensity of NMI solution in the absence of 4-NA and K represents the slope of

the calibration curve.

3.3. Results and Discussion

3.3.1. Design, Synthesis, and Characterization of NMI

Intending to generate an AIEEgenic naphthalimide probe, naphthalene moiety functionalized
NMI was synthesized via a two steps synthetic process. Intentionally, the naphthalene moiety
was substituted at the fourth carbon of the naphthalimide moiety that will effectively break its
planarity and subsequently generate the AIEEgenic properties via restriction in
intramolecular rotation (RIR) process. Commercially available 4-bromo-1,8-naphthalic
anhydride was selected as the precursor molecule, and the alkylated BNO was prepared by a
simple condensation reaction with octylamine (Scheme 3.1). The next step involves a Suzuki
coupling of BNO with naphthalene boronic ester to get the naphthalene appended NMI in
good yield (Scheme 3.1). The alkylation at the anhydride function was preferred before the
functionalization of 4-Bromo-1,8-naphthalic anhydride core at the fourth carbon to take care
of solubility issues during purification and characterization processes. The synthesis and
purification of both BNO and NMI were established by HRMS, FTIR, and multinuclear (*H,
13C) NMR spectroscopy (Figure A3.2- A3.9). All the details of the synthesis and purification

process and the characterization data have been placed in the supporting information.

CgHyy . CgHy7

o._0__0O o._N__oO 050 o._N__O
Octylamine
OO EtOH, 85°C, 8h OO Pd(PPh;),, K,CO; OO
Br Br THF, H,0, 85°C, 18h
BNO NMI OO
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Scheme3.1. Synthetic scheme for the preparation of naphthalene-monoimide (NMI) from commercially available

4-bromo-1,8-naphthalic anhydride.
3.3.2. AIEE in NMI with Exceptional Blue-shifted Emission

To evaluate the condensed state photophysical properties in NMI, its emission property was
recorded in DMF solution and gradually increasing the water fraction (f,,) of the medium,
where most of the organic solvents including DMF acts as a good solvent for NMI (Figure 3.1,
Table A3.1). However, the complete insolubility of NMI in water triggers the formation of
aggregates with increasing f,,. NMI displayed absorption maxima at 344 nm, whereas the
emission maxima of NMI centered at 493 nm (A = 350 nm) in DMF. Whereas, on increasing
the f., up to 60%, the emission intensity drastically decreased 7-fold with a red-shifted Anax
(543 nm) (Figure A3.1a). With increasing f., from 60-99.8%, the aggregation in NMI became
prominent, and surprisingly a blue-shifted emission spectrum centered at 442 nm appeared
with a nearly 7-fold increase in its emission intensity (Figure A3.1a). Although the insignificant
shift in the absorption maxima of NMI in its condensed state and solution state ruled out the
presence of simple J or H-type aggregation, the strong blue-shifted emission spectra of NMI
in its condensed state to that of its solution state suggested the presence of unique
intermolecular packing interactions in NMI (Figure A3.1a- A3.1b).:3f This exceptional
hypsochromic shift of the emission behavior in NMI was further demonstrated by capturing
the digital photographs (Figure 3.2) of NMI during solvent evaporation under 365 nm UV
irradiation, which clearly showed the transition of emission color from yellowish-green
(solution state) to deep-blue (solid-state) and is identical with the powder emission of NMI as
well (Figure 3.1g and Figure A3.10). There is a strong reduction in the red-shifted emission
intensity in NMI with increasing f,, up to 60%, where the molecules remain in its molecularly
dispersed form. This could be due to the presence of twisted intramolecular charge transfer
(TICT) process and has been confirmed by theoretical calculations and recording the emission

spectra of NMI in different solvents with varying polarity (Figure 3.1d-3.1f, and Figure 3.3).
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Figure 3.1. a) Fluorescence spectra of NMI at different f in DMF. b) Normalized absorption of NMI at different
fw in DMF. ¢) The digital image of NMI at different fw in DMF under 365 nm UV irradiation. d) The normalized
fluorescence spectra of NMI in different solvents from toluene to DMSO. e) Normalized absorbance spectra of
NMI in different solvents from toluene to DMSO. f) The fluorescence color change of NMI under the excitation of
365 nm UV irradiation in different solvents from toluene to DMSO. g) Normalized absorption and PL spectra of

NMI in solution (DMF) and in solid films. [room temperature, Aex=350 nm, [NMI]=3 uM].
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Yellowish-green Deep blue

Figure 3.2. The fluorescence color change of NMI from solution to solid state which is identical with powder

under the excitation of 365 nm UV light.
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The computational studies were done with the help of time-dependent density functional
theory (TD-DFT), in which almost complete separation of electron density over HOMO and
LUMO were observed in NMI indicating the strong probability of intramolecular charge
transfer (Figure 3.3). However, the dihedral angles of 71° between naphthalic anhydride and
naphthalene moieties in its excited state indicate the feasibility of TICT phenomenon in NMI.
To further confirm the above speculations, the emission spectra of NMI were recorded in
different solvents with varying polarity (Figure 3.1d, Table A3.2). While considering the
emission spectra from toluene to DMSO, a significant red-shift of nearly 67 nm was observed,
which strongly suggested the presence of TICT phenomenon in NMI molecule that could be
the primary reason for the decrease in the red-shifted fluorescence intensity with increasing
fwin DMF. However, with increasing f,, from 60-99.8%, the molecules start aggregating with
blue-shifted emission spectra to that of its solution state, which could be attributed to being
directed by their nature of intermolecular interactions. Though the crystal structure of NMI
could not be solved due to the poor quality of single-crystal, our previous report on
naphthalimide small molecules has successfully explored that the condensed state
photophysical properties are exclusively dictated by the distinct intermolecular si—n stacking
interaction among the planar naphthalimide aromatic core.[*sfl In other words, the condensed
state photophysical properties remain unaffected by the donor-acceptor combination within
the molecule. Thus, the blue-shifted emission of NMI in its condensed state could be assumed
to be controlled by the unique intermolecular si—n stacking orientations of the naphthalimide

core.

LUMO=2.720

) &
HO.\!O=6.355-j 22
1944
»
‘J J

Dihedral angle
71.254°

Figure 3.3. a) Optimized structure of NMI in its excited state. b) The frontier orbitals of NMI in its excited state
(TD-DFT, B3LYP/6-31G,+d,p)” and the dihedral angles between the donor naphthalene and the acceptor

naphthalimide core.
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3.3.3. 4-NA Detection in Aqueous Medium

The fluorescence quenching titrations were done by the systematic addition of DMF solutions
of various aliphatic and aromatic amines (100 uM) to NMI (3 uM) dispersed in water (Figure
3.4a-4d). The intense blue emission of the monomer NMI (Acm.max = 442 nm) at 99.8% water
fraction in DMF was evaluated for the detection of nitroaniline derivatives. 4-NA was added
in parts to the dilute dispersed solution of NMI (3 uM), where ~13% of the fluorescence
quenching of the ATEEgen was observed by the addition of just 6.6 uM of the analyte (Figure
3.4a). However, a strong fluorescence quenching of ~91% was witnessed after the addition of
100 uM of the analyte, whereas 69% and 40% of the fluorescence quenching in NMI emission
was observed after the addition of 100 uM of 2-NA and 3-NA respectively, which clearly
confirms the relatively lower sensitivity of NMI towards these nitroaniline derivatives (Figure
A3.11-A3.12). Stern-Volmer (S-V) plot was generated for 4-NA by using S-V equation (Io/I =1
+ Ks[Q]), where I, and I are the emission maxima before and after addition of quencher [Q];
(4-NA) and K, is the S-V quenching constant, which signifies the efficiency of quenching. S-V
plot shows a linear nature of curve at a lower concentration of [4-NA] and deviates from
linearity at higher concentration of [4-NA] (Figure 3.4b and Figure A.13). The value of K, was

calculated
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Figure 3.4. a) Fluorescence titration of NMI with increasing concentration of 4-NA. The inset is the respective
Stern—Volmer plots. b) 3D Stern—Volmer plots for various amines. ¢) Fluorescence quenching in percentage
calculated for various amines. d) Percentage of fluorescence quenching in NMI before and after the addition of

different amines (100 uM) followed by 4-NA (100 uM). ([NMI] = 3 uM, at room temperature).

from the linear curve and found to be 4.1x104 M- (Inset of Figure 3.4a) while the K, value
calculated for 2-NA and 3-NA was 2.5x104 M~ (Figure S11b) and 1.0x104 M* (Figure A3.12b)
respectively. This confirms a higher sensitivity of NMI AIEEgen towards 4-NA. The limit of
detection (LOD) was calculated for 4-NA using the equation (30/k) and found to be 36 ppb
(0.235 uM) (Figure A3.14) which is superior to most of the reported 4-NA sensors in the
literature (Table A3.3).['51¢] Interestingly, there are very few research reports available for the
detection of 4-NA in water and bear poor sensing parameters like LOD when compared to
NMI AIEEgen. Furthermore, NMI AIEEgen is the first report for the 4-NA detection based
on the ATEE phenomenon (Table A3.3).

3.3.4. Selectivity Studies

Fluorescence titrations were further carried out with various moderately dissimilar analytes
such as 2-NA, 3-NA, 4-NT, 4-BrA, 1,3-DNB, Aniline, TFA, PFA, 2,6-DFA, NB, 2-AP, and TEA
keeping the same experimental titration conditions. PL intensity of NMI was almost fully
quenched by 4-NA, while 2-NA and 3-NA partially quenched the PL intensity. Percentage of
quenching obtained for all the analytes has been shown in Figure 3.4c. Thus, NMI has
significant selectivity towards 4-NA in water as compared to other analytes. This high
selectivity of NMI probe towards 4-NA can also be observed under UV lamp (excitation

wavelength = 365 nm) irradiation (Figure 3.5a).

NMI  NMI NMI  NMI NMI . NMI  NMI NMI  NMI NMI NMI
+ + + + + + + + +
TFA PFA 12,6-DFA 4-BrA A TEA 1,3- 3-NA 2NA  4-NA
o~ Y

+

NMI 102M 10°M 10*M 10°M 10°Mm

Figure 3.5 (a) Solution images of NMI (3 4M) in the absence and presence of 100 M concentration of different
analytes under UV illumination (365 nm). (b) Photos of fluorescent test strips after the addition of 10 uL of 4-NA

solution of different concentrations under 365 nm UV irradiation.
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3.3.5. Sensing Studies in Competitive Environment

To study the interference of other analytes, PL spectrum of NMI AIEEgen was recorded in
aqueous media, and then various other analytes were added followed by the addition of 4-NA.
It was found that the emission intensity of NMI gets fully quenched in all the solutions
containing the mixture of NMI and various analytes only after addition of 4-NA (Figure 3.4d
and A3.15-A3.14). This experiment suggests that NMI can also detect 4-NA in the presence of

other possibly interfering chemicals.
3.3.6. Portable Test strips for Onsite Detection

Additionally, after observing these astonishing results of ATIEE-active NMI probe for 4-NA in
the aqueous media, portable test strips were prepared to explore its extended utility for on-
site detection of 4-NA using Whatman filter paper as a solid platform. These strips are
economical, easy to prepare in various sizes and shapes, and undergo fast fabrication of
sensory NMI probe. For practical purposes, 1 cm x 1 cm size test strips were dip-coated with
NMI solution (1mM) in DMF and dried before further use to get deep blue fluorescent test
strips under UV lamp (365 nm) (Figure 3.5b). Subsequently, 10 yL of various concentration of
4-NA (107¢ to 1072 M) were dropped over these test strips, and a dark spot developed after
drying, due to traces of 4-NA. These portable test strips can detect a minimum of 104 M of 4-
NA. These are the best values reported in the literature for 4-NA detection in aqueous media
based on IFE mechanism (Table A3.3).

3.3.7. The sensing mechanism of 4-NA detection

There are several processes which can be responsible for the quenching of fluorescence.
However, based on the current experimental studies in the case of 4-NA and other
nitroanilines, there could be dynamic quenching, i.e. resonance energy transfer (RET), inner
filter effect (IFE), static quenching (i.e., ground state complexation), and/or photo-induced
electron transfer (Figure 3.6a-3.6f and Figures A3.15-A3.18). Also, from the non-linear nature
of S-V plot, it is clear that detection of 4-NA involves multiple mechanisms of sensing (Figure
3.4b and Figure A3.13). For this purpose, initially, lifetime decay profile (TRPL plot) of NMI
AIEEgen solution in DMF was recorded at various concentrations of nitroanilines (Tables
A3.4-A3.6). It was observed, that there is a small change in the lifetime before (1.50 ns) and
after (1.26 ns) addition of 100 uM 4-NA (Figure 3.6a and Table A3.4).
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Figure 3.6 a) Fluorescence Lifetime decay study of NMI (3 uM) in the absence and presence of 100 uM of 4-NA.

b) Spectral overlap between the emission spectrum of NMI and the absorption spectrum of 4-NA. ¢) Suppression

efficiency (E, %) of the corrected (red line) and observed (black line) fluorescence intensity for NMI AIEEgen under

the effect of of 4-NA concentration. d) Observed (black line, Iobs) and corrected (red line, Ieorr) fluorescence intensity

of the NMI AIEEgen under the influence of 4-NA concentration. e) Absorption spectra of NMI (3 uM) with

increasing concentration of 4-NA. f) Hydrodynamic Radii distribution of NMI by DLS with increasing

concentration of 4-NA in aqueous media.

This confirms the involvement of dynamic quenching, i.e. RET in sensing mechanism and

rules out the possibility of static quenching. Furthermore, UV-vis spectra of NMI at various

concentration of 4-NA does not show the formation of any new peak in absorption spectra and

TH-3411 176122016
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clearly excludes the formation of any ground state complexation i.e. static quenching (Figure
3.6e). However, it can also be seen from Figure 3.6b that there is a huge spectral overlap
between emission and excitation spectra of NMI with the absorption spectrum of 4-NA in
water. This indicates the presence of IFE in the existing sensing system, which was later
confirmed via IFE correction (Icorr/Iops=10Aexc+Aem/2)) in the observed emission intensity of
NMI in the presence of 4-NA (Figure 3.6c-3.6d), where I and I are the corrected and
observed PL intensity respectively, Ac. and A, are the absorptions of the solution at excitation
and emission wavelengths, respectively. There is a huge percentage of suppression efficiency
(~55 %) that was observed after the IFE correction (Figure 3.6¢) suggesting that IFE plays a
significant role in the sensing mechanism, which is rarely observed previously. Molecular size
distributions of NMI in water medium were studied via dynamic light scattering (DLS) where

average

Figure 3.7. a) FESEM images of the nanostructure of the NMI (3 M) luminogens formed in 99.9% fw by a simple
drop-casting technique. b) The corresponding magnified image of ‘a’ at the designated area. ¢c) FESEM images of
NMI (3 uM) showing morphological changes upon the addition of 4-NA in water. (d) The corresponding magnified

image of ‘c’ at the designated area.

hydrodynamic radii (Za.y) of NMI AIEEgen (113.0 nm) in water gradually increases after
addition of 100 uM of 4-NA (130.9 nm), indicating surface interaction of NMI AIEEgen with
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4-NA (Figure 3.6f). To further confirm surface interaction of NMI with 4-NA, molecular
morphology studies were done via FESEM images where it was found that 4-NA effectively
interacted with NMI and filled its surface voids (Figure 3.7). This was further confirmed by
surface area analyzer (BET) studies, where the surface area for NMI AIEEgen (10.405 m2/g)
decreased after addition of 100 uM 4-NA (3.391 m2/g (Figure 3.8, Table A3.7). As shown in
Table A3.7, during the adsorption and desorption, there were no changes in pore diameter in
the presence and absence of 4-NA, whereas, during adsorption and desorption, the surface

area and pore volume of NMI AIEEgen was changed.

a
)14- b)
54
12
8'0‘ —NMI O
N < —— NMI+4-NA
o 81 3
Q -
= =
2 61 =
© = 21
> 41 =
0 ) T ] T T 0 T T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Relative pressure (p/p,) Relative pressure (p/p,)

Figure 3.8. a) Adsorption and desorption curve of NMI luminogen b) Adsorption & desorption curve of NMI
luminogen after addition of 4-NA.

Thus, by analyzing all the possible sensing mechanisms, it was found that IFE plays a crucial
dominating role in the quenching of the fluorescence of NMI AIEEgen by 4-NA. This was the
main reason, which is assigned to be responsible for the higher selectivity of NMI probe
towards 4-NA, as most of the other analytes do not have effective absorption overlap with the
excitation and emission spectra of NMI (Figure A3.15). However, positional isomers of 4-NA,
i.e., 2-NA and 3-NA bring similar changes in the life-time, UV-vis spectra, and molecular size
distribution to that of the 4-NA (Figure A3.16-A3.18), except IFE contribution (Figure A3.19).
Similarly, IFE corrections were performed for these positional isomers of 4-NA as well. It was
observed that the percentage of suppression efficiency follow a particular trend, viz. 4-NA
(~60%) > 2-NA (~21%) > 3-NA (~11 %), (Table A3.8- A3.10), which matches with their extent

of absorption spectral overlap with the excitation and emission spectra of NMI (Figure A3.15).
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Figure 3.9. HOMO and LUMO energy of NMI, 4-NA, and different chemical analytes computed by DFT,
B3LYP/6-31G+(d,p) run in a Gaussian 09 program.

Moreover, the highest-occupied molecular orbital (HOMO) and lowest-unoccupied molecular
orbital (LUMO) of NMI AIEEgen and different amines were calculated to substantiate the
possibility of PET (photo-induced electron transfer) using DFT with the basis set B3LYP/6-
31G +(d, p) incorporated in a Gaussian 09 program (Figure 3.9 and Table A3.11) V1. In
principle, there is a strong possibility of charge transfer to the LUMO of the electron-deficit
analyte, when the LUMO energy of the electron-rich NMI is higher as compared to that of the
analytes, which could result in the quenching of the fluorophore.[*8! As shown in Figure 3.9,
PET occurs between NMI AIEEgen and 4-NA, 2-NA and 3-NA in the following order: 4-NA >
2-NA > 3-NA. It was observed that the propensity of PET was very low as IFE was more than
55%. Thus, based on the above experimental observations, it can be resolved that IFE is the
most appropriate mechanism for the excellent selectivity and sensitivity of NMI AIEEgen
towards 4-NA. However, this simple yet rare method involving an ATIEEgen provided an

exclusive platform for the highly sensitive and discriminative sensing of 4-NA in water.
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3.4. Conclusion

In summary, a “receptor-free” neutral naphthalene appended deep blue-emitting
naphthalimide derivative (NMI) was synthesized and thoroughly characterized. NMI
displayed unusual AIEE behavior in water fractions with a high quantum yield. NMI ATEEgen
was found to be an excellent fluorescent sensor for 4-NA in water as well as on portable test
strips. The LOD of NMI was calculated to be LOD/36 ppb in solution and 104m on the test
strips. The extraordinary selectivity, as well as sensitivity of the probe towards NMI, was
achieved via receptorfree IFE mechanism. This makes NMI the first example of an AIEEgenic

probe for the detection of 4-NA in water via IFE mechanism.
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Figure A3.1. Structures of various nitro explosives and electron-deficient compounds used in the experiments.
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Figure A3.2. 'H NMR spectra of BNO.
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Figure A3.3. 13C NMR spectra of BNO.
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Figure A3.7. 13 NMR spectra of NML.
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Figure A3.9. IR spectra of NMI.

Table A3.1. Photophysical properties of Naphthalimide ATEEgen with various fw in DMF at 3 uM concentration.
Stokes

. )labs- max & )Lem maxb . Dy,
: Shift

Compound | fioin DMF [nm] [M-tem] [om] AA/Il1m [%]e
0% 344 1165.475 493 149 03.21

20% 344 1093.975 513 169 25.78

40% 347 1118.075 530 183 13.10

60% 346 1071.9 543 200 6.16

NMI

80% 348 1066.15 442 94 93.20

99.8% 347 1266 442 95 22.16

aMeasured at each absorption maximum. PExcited at 360 nm for all compounds. c‘Quantum yields were calculated by using
quinine sulfate (0.1 M H.SO,4 Ax=350 nm, ®r. = 57.7%) solution as reference together with the following formula:
OFL=®OFL(I/IR)(AR/A)(n2/nR2), where @ = quantum yield, I = Intensity of emission, A = absorbance at Aex, 1 = refractive index

of solvent, R = reference.
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Figure A3.10. Photoluminescence intensity of NMI (3 uM) at 442 nm under different water fraction (fw).

Table A3.2. Steady-state absorption (A.) and emission (Af) peak positions in different solvents and relative

parameters (polarity, the dielectric constant of €, and the refractive index of n) of the solvents.

Solvent Polarity Aa of NMI Arof NMI
Toluene 2.4 344 434
Diethyl ether 2.8 340 439
Dichloromethane 3.1 344 460
Acetonitrile 5.8 343 492
DMF 6.4 344 501
DMSO 7.2 345 501
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Figure A3.11. a) Fluorescence quenching of NMI (3 uM ) at room temperature with increasing concentration of
2-NA (100 uM). b) Stern—Volmer (SV) plots for the fluorescence quenching of NMI by 2-NA (100 uM).
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Figure A3.13. Stern-Volmer plots obtained for various interfering analytes in aqueous media.
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Figure A3.14. Detection limit calculated through the linear fitting of fluorescence intensity of NMI upon
incremental addition of 4-NA to it at Aem = 442 nm (upon Aex = 350 nm).

LOD = 30/k
LOD for 4-NA = 3 x 3557 / 45367 x 10°
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=.235 x 10° M (36 ppb).

Where o = standard deviation of five measurements of emission intensity of NMI luminogen

and k is the slope from the linear fitting curve of emission intensity versus concentration of

the analyte.

Table A3.3. A comparative study of some fluorescence-based 4-Nitroaniline detection.
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Figure A3.15. Normalized absorbance of NMI (3 uM) with different analytes in aqueous media.
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NMI (3 uM) with increasing concentration of 2-NA. d) Hydrodynamic Radii distribution of NMI by DLS with
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puM) with increasing concentration of 3-NA. d) Hydrodynamic Radii distribution of NMI by DLS with increasing
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Table A3.4 Average Lifetimes of NMI with increasing concentration of 4-NA in aqueous media.

Sample T:(ns) % T2 (ns) % X2 Tavg (1S)
NMI (3uM) 0.743 20.486 1.830 70.514 0.998 1.509
NMI+66.6 uM 4-NA 0.733 32.670 1.737 67.330 1.060 1.409
NMI+83.3 uM 4-NA 0.938 58.203 1.979 41.797 0.996 1.373
NMI+100 uM 4-NA 0.507 27.009 1.549 72.991 0.995 1.267
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Table A3.5. Average Lifetimes of NMI with increasing concentration of 2-NA in aqueous media.

Sample T:(ns) % T2 (ns) % X2 Tavg (NS)
NMI (3uM) 0.907 39.327 1.915 60.673 1.004 1.518
NMI+66.6 uM 2-NA 0.831 56.079 1.782 43.921 0.998 1.249
NMI+83.3 uM 2-NA 0.729 61.656 1.619 38.344 1.004 1.070
NMI+100 uM 2-NA 0.625 68.796 1.435 31.204 1.007 0.878

Table A3.6. Average lifetimes of NMI with increasing concentration of 3-NA in aqueous media.

Sample T:(ns) % T2 (ns) % X2 Tavg (NS)
NMI (3uM) 1.213 75.040 2.387 24.960 0.998 1.506
NMI+66.6 uM 3-NA 1.099 70.430 2.128 20.570 0.998 1.360
NMI+83.3 uM 3-NA 0.962 60.312 2.007 39.688 1.001 1.377
NMI+100 uM 3-NA 0.931 60.309 1.815 39.601 0.997 1.282
Table Ag.7. Analysis data of Surface Area Analyzer.
NMI NMI+4-NA
Total pore volume 0.0197 cc/g 0.007697 cc/g
BET surface area 10.405 m2/g 3.391m2/g
BJH desorption
5.463 m2/g 0.882 m2/g
Surface area
Pore volume 0.019 cc/g 0.001 cc/g
Pore diameter
3.317 nm 3.316 nm
BJH adsorption
Surface area 6.399 m2/g 0.782m2/g
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Figure A3.19. a-i) Suppression efficiency (E, %) of the corrected (red line) and observed (black line) fluorescence
intensity for NMI AIEEgen under the influence of 2-NA concentration. aii) Observed (black line, Iobs) and

corrected (red line, Icorr) fluorescence intensity of the NMI AIEEgen under the influence of 2-NA concentration.

b-i) Suppression efficiency (E, %) of the corrected (red line) and observed (black line) fluorescence intensity for

NMI AIEEgen under the influence of 3-NA concentration. b-ii) Observed (black line, Iobs) and corrected (red line,

Icorr) fluorescence intensity of the NMI ATEEgen under the influence of 3-NA concentration.

Table A3.8. IFE of 4-NA on the fluorescence response of NMI.

TH-3411 176122016

[4-NA] Icorr/ Tobs Icorr/ Eobs Ecorr
M Aex Aem Tobs Tcorr correction I
s factor (CF) corr,0 co o)
0 0.045278 | 0.006719 | 1102020 1170006 1.061692 1 (o} o
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16.6 0.223324 | 0.03438 817712.1 1100151 1.345402 | 0.742012 | 25.79879 | 5.970427
33.33 0.401387 | 0.063951 | 601670.2 | 1028081 1.708713 0.54597 | 45.40297 | 12.13022
50 0.575999 | 0.092734 | 446013.1 | 963194.8 | 2.159566 | 0.404723 | 59.52768 | 17.67606
66.6 0.751127 | 0.122254 | 338912.4 926356 2.73332 0.307537 | 69.24626 | 20.82466
83.3 0.925859 | 0.152823 | 253799.5 | 878682.2 | 3.462111 | 0.230304 | 76.96961 | 24.89933
100 1.008038 | 0.182689 | 193820.4 | 846765.3 | 4.368813 | 0.175877 | 82.41226 | 27.62725
Table A3.9. IFE of 2-NA on the fluorescence response of NMI.
[2'NA] Icorr/ Tobs Icorr/ Eobs Ecorr
Aex Aem Tobs Icorr corietiion

pM N Icorr,0 (%) %)

0o 0.042486 0'0%405 1106440 1167347 1.055047 1 0 0o
16.6 0.068958 | 0.064891 | 870443.3 | 1015465 1.166607 | 0.786706 | 21.32937 | 13.24041
33.33 0.091347 | 0.124016 | 689465.5 | 883474.5 | 1.281391 | 0.623139 | 37.68614 | 24.51745
50 0.114273 | 0.183828 | 545878.7 | 769390.2 | 1.409453 | 0.493365 | 50.66351 | 34.26462

60.0208
66.6 0.141046 | 0.248388 | 442345.5 | 692593.9 1.56573 | 0.399792 3 40.82597
83.3 0.166821 0.30915 361249.4 | 624874.3 | 1.729759 | 0.326497 | 67.35029 | 46.61181
95
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100 0.186249 | 0.365921 | 302016.1 | 570315.4 | 1.888361 | 0.272962 72.7038 51.27323
Table A3.10. IFE of 3-NA on the fluorescence response of NMI.
-NA | Iob: Icorr E b. Ecorr

[3 M ] Aex Aem Iobs Icorr cc:rl:e/cti(;ns I corr/ o> “°

n factor (CF) corr,0 o) %)

0 0.038054 | -0.00411 | 1099450 1143265 | 1.039852 1 0 0
16.6 0.069212 | 0.002463 | 978750.8 | 1062942 | 1.086019 | 0.890219 | 10.97814 | 7.025754
33.33 0.100718 | 0.00865 853107.7 | 967582.2 | 1.134185 0.77594 | 22.40596 | 15.36678
50 0.12803 0'0%993 723491.2 | 848041.8 | 1.172152 | 0.658048 | 34.19517 | 25.82282
66.6 0.154046 | 0.012843 | 630148.5 | 763637.8 | 1.211838 | 0.573149 | 42.68511 | 33.20554
83.3 0.175995 | 0.010894 | 555127.2 | 688393.8 | 1.240065 | 0.504914 | 49.50865 | 39.78704
100 0.205153 | 0.01549 493341 636017 1.289204 | 0.448716 | 55.12838 | 44.36838

Table A3.11. HOMO and LUMO energies calculated for NMI and the sensing analytes using DFT with basis set

B3LYP/6-31G +(d,p) in a Gaussian 09 program.

TH-3411 176122016

Compounds HOMO (eV) LUMO (eV) Band Gap (eV)
NMI -6.355 -2.720 3.635
4-NA -7.686 -2.873 4.813
96



2-NA -6.431 -2.661 3.770
3-NA -6.462 -2.757 3.705
Aniline -5.716 -0.302 5.414
TFA -7.343 -0.914 6.429
TEA -5.827 -0.240 5.587
NB -7.897 -2.922 4.975
2,6-DFA -7.132 -0.824 6.308
1,3-DNB -8.734 -3.601 5.133
4-NT -7.654 -2.793 4.861
2-AP -7.028 -1.007 6.021
4-BrA -6.739 -0.859 5.880
PFA -6.966 -0.718 6.248
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Abstract

An innovative design strategy manipulated donor functional units within the ionic
naphthalimide (NIC) core, achieving exceptional photophysical, supramolecular assembly
and photosensitization. 1-(3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-3-
methyl-1H-imidazol-3-ium (HNIC) and 1-(3-(1,3-dioxo-6-phenyl-1H-benzo[de]isoquinolin-
2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (PNIC) exhibited solid-state white light-
emissive properties. Moreover, high photoluminescence (®r1) of 0.99 and singlet oxygen
quantum yields (®a) of 0.95 were exhibited by PNIC and NNIC in aqueous environments.
This study showed specific type-I ROS production (superoxide, O2+-) efficacy. A novel AIE
mechanism in rigid aromatic systems and an excimer-based ROS production approach were
also introduced, diverging from traditional donor-acceptor principles. BNIC exhibited
highly specific mitochondrion-targeted photodynamic therapy, achieving a low IC50 of 1.67
uM without the need for an additional targeting ligand. This research showed various
photosensitizers (type-I PSs: HNIC, PNIC, 1-(3-(6-(4-aminophenyl)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (ANIC), and 1-(3-(6-
(4-(di([1,1'-biphenyl]-4-yl)amino)phenyl)-1,3-dioxo-1H-benzo[ de]isoquinolin-2(3H)-

yl)propyl)-3-methyl-1H-imidazol-3-ium (BNICO), type-11 PS: 1-(3-(6-(4-
(dimethylamino)phenyl)-1,3-dioxo-1H-benzo[deJisoquinolin-2(3H)-yl)propyl)-3-methyl-1H-
imidazol-3-ium (NNIC), and both type-I and type-II characteristics PS: 1-(3-(6-(4-
(diphenylamino)phenyl)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-
imidazol-3-ium (TNIC), respectively). This design principle holds the potential to establish a
novel platform for creating advanced and versatile materials for a wide range of practical

applications.

Keywords: aggregation-induced emission, solid state white light emission, distinct
condensed state emitters, excimer-based PS, efficient ROS, mitochondrion-targated image-
guided type-1 PDT.
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4.1. Introduction

In recent decades, conventional cancer treatments like chemotherapy and radiotherapy have
drawbacks: toxicity, poor clearance, limited tumor targeting, and efficacy monitoring
challenges. (3] Photodynamic therapy (PDT) is an emerging, precise, and noninvasive cancer
treatment using light-activated photosensitizers (PSs) to generate ROS or singlet oxygen
(*0.), ultimately destroying tumor cells. [4-81 PDT involves two main mechanistic aspects:
type-I and type-II processes. The type-I involves electron transfer from triplet PSs to oxygen,
creating radicals (O.'-, peroxide or hydroxyl radical) via superoxide disproportionation and
Franck-Condon transition.[48-10] Negative AG (AG < 0) needed for allowed electron
transfer.[] In comparision, type-II PDT involves the transfer of energy from PS triplet
excitons to molecular oxygen (30.), resulting in the formation of *0,.[4-8] For this, PS's lowest

triplet excited state (T,) energy must exceed the 0.98 eV oxygen sensitization threshold.*2]
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The type-I processes are more favored for treating low-oxygen solid tumors, including
hypoxic microenvironments, which is very rare.'371 It is widely explored that fluorescent PSs
offer both diagnostic and therapeutic advantages, ideally featuring strong, long-wavelength
absorption, organelle-specific targeting, high ROS generation, condensed-state emission,
deep tissue penetration, minimal toxicity, and stability. 31 However, classical PSs like
BODIPY, [81 metal complexes, [*91 and chlorin 20! derivatives have been extensively studied
but suffer from aggregation-caused quenching (ACQ) effects, limiting their concentration
and condensed 'O, production. Existing PSs, including metal complexes, antennae-fullerene
conjugates, TiO2, ZnO, and PIO, require UV light activation and can cause notable side
effects. [2-25] Triarylmethanes and benzophenothiazine analogs exhibit adverse ACQ effects
in aqueous environments. [2:23.24] Strategies for enhancing 'O, production involve structural
manipulation, optimizing donor-acceptor (D-A) design, and controlling conjugation length
to achieve effective PDT through concentrated tumor site accumulation. Enhancing
photosensitization often involves increasing intersystem crossing (ISC) between singlet (S)
and triplet (T) states, achieved by elevating spin-orbit coupling (SOC) and minimizing the S-
T energy gap (AEsr).[2027] In this context, the introduction of heavy atoms to improve SOC
often results in dark toxicity.[»8:28] Another approach is to separate the distributions of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) to enhance ISC.[29This strategy, combined with a D-A design, can result in red-
shifted emission and increased HOMO-LUMO separation, but strong charge transfer may
suppress emission at higher concentrations, affecting 'O. generation efficiency.[3°! Designing
D-A AIE PSs for efficient 'O, production in condensed states remains a challenge. Along
with, developing organelle-targeting cationic D-A AIE PSs with efficient type-I process is still
a hurdle. While some type-I mitochondrion-targeted PSs exist, their specificity is limited and
often require higher concentrations for effectiveness. Some of these PSs target lysosomes
and mitochondria, relying on external stimuli for activation, and may not have ideal
photophysical properties such as stokes shift and ®p. for the promising biological
application. Unfortunately, researchers have primarily relied on experimental analysis, and

have not provided theoretical data on triplet formation (Table A4.1).

This study illustrates that BNIC AIEgen displays significant type-I PDT effectiveness at a
low concentration of 2 puM, along with efficient mitochondrion targeting, all achieved
without the need for additional targeting ligands. It attains a low ICs, value of 1.67 uM,
surpassing the performance of other recently examined substances in both type-I and type-II
PDT materials. BNIC showed higher stokes shift and 0.99 ®PL at 60% water fraction (f.)
compared to previously reported PDT materials. It displays excellent specificity and
efficiently generates O.'-, as supported by various experimental and theoretical studies,
including DCFDA, ABDA, TA, ESR, theoretical data (AG, SOC), and band energy in relation
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to the normal hydrogen electrode (NHE). Despite the numerous reported type-II materials
for in vitro and in vivo applications, their mechanistic understanding is still lacking,
primarily relying on experimental techniques like ABDA and DCFDA. Concerns persist
regarding their specificity and their ®, values, which are lower than the NNIC material with
an impressive @, efficiency of 0.95 at 99% f,. Further research on the application of NNIC
material for PDT is currently in progress (Table A4.1, A4.2). This innovative design strategy
opens the door to advanced smart materials with unique photophysical properties, including
condensed-state luminescence and single-molecule solid-state white light emission. It
achieves this through straightforward manipulation of the D-A design strategy and anion-st+
interactions of imidazoilum part. This research contributes to the ongoing effort to
understand the relationships between structure and properties in condensed states, which is
relevant across various fields. [3-34] Notably, this study represents the rarest single-molecule
solid-state white light emissive ionic AIE PSs. While there are reports of AIE
phosphorescence materials exhibiting white light emission in the solid state, the realization
of single-molecule white light emissive AIE PSs in both solid and solution state is
unprecedented. Furthermore, this research explored distinct PSs. PNIC exhibits solid-state
white light emissive AIE PS characteristics while following the conventional D-A design
strategy. In contrast, HNIC stands out by demonstrating an excimer-based solid-state white
light emissive AIE PS, breaking away from the traditional D-A design principle. This study
provides novel insights into the AIE and ROS generation mechanisms in organic molecules,

offering a comprehensive platform that distinguishes it from previous reports (Table A41-
A4.4).

4.2. Experimental Section

4.2.1. Materials and Instrumentations: All reagents and starting materials, including
1,8-naphthalic anhydride, 4-bromo-1,8-naphthalic anhydride, 3-aminopropyl imidazole and
various boronic acid derivatives such as phenyl boronic acid, (4-aminophenyl)boronic acid,
(4-(dimethylamino)phenyl)boronic acid, (4-(diphenylamino)phenyl)boronic acid, and (4-
(di([1,1'-biphenyl]-4-yl)amino)phenyl)boronic acid, along with reactive oxygen species
detectors  like 2’,7-Dichlorodihydrofluorescein diacetate (DCFDA), 2,2,6,6-
Tetramethylpiperidine (TEMP), 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA),
and Terephthalic acid (TA), were procured from Sigma Aldrich (INDIA) in reagent-grade
quality. HPLC-grade solvents were obtained from Fisher Scientific Ltd. and RANKEM.
Nuclear magnetic resonance (NMR) spectra, including *H and 3C, were recorded using a
Bruker Avance 400 MHz spectrometer. The residual solvent signal served as an internal
reference for all NMR experiments. Mass spectra were acquired using MALDI-TOF
spectrometry. UV/visible (UV/vis) and photoluminescence (PL) spectra were obtained using
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a Perkin-Elmer Model Lambda-750 spectrophotometer and a Horiba Fluoromax-4
spectrofluorometer, respectively. All measurements were performed at 298 K using 4 mm
quartz cuvettes. A laser diode at 375 nm (DeltaDiode-375) was used as the excitation source
for both UV/vis and PL experiments. The hydrodynamic diameter and Zeta potential of the
compounds were measured using a Malvern Zetasizer instrument. Field emission scanning
electron microscopy (FESEM) images were obtained using a Sigma Carl ZEISS field emission
scanning electron microscope. Single crystal data were collected using a Bruker SMART
APEX diffractometer equipped with a CCD area detector. For photodynamic therapy studies,
a white light source with an intensity of 50 mW cm-2 was utilized, specifically the "Pick Ur
Needs 120W Plastic Lithium Battery Search Light Long 1 Km Range with Multi-Functional +
Blinker Rechargeable Handheld Torch" in black. DMEM, Propidium iodide (PI), and
Calcein-AM (AM) were purchased from High Media, and the Hela cell line was acquired
from Sigma Aldrich (INDIA).

4.2.2. Preparation of the Test Solution: Stock solutions of RNIC materials, namely
HNIC, PNIC, ANIC, NNIC, TNIC, and BNIC, were prepared in dimethyl sulfoxide
(DMSO) at a concentration of 20 mM. For investigating the aggregation behavior, test
solutions of the materials were prepared at a concentration of 100 uM. These test solutions
were obtained by adjusting the water fraction in DMSO. Before recording the spectra, the
prepared solutions were thoroughly shaken at room temperature to ensure effective mixing
and dispersion of the compounds. This step was taken to maintain uniformity and

consistency in the measurements.
4.2.3. Preparation of FESEM samples:

For the morphological analysis of supramolecular self-assembly using field emission
scanning electron microscopy (FESEM), a straightforward sample preparation method was
utilized, as shown in Figure A4.9. A dilute suspension of the RNIC derivatives at a
concentration of 100 uM was prepared using a mixture of 99.9% water and -0.1% DMSO.
This suspension was then drop-casted onto a glass surface coated with aluminum foil. The

samples were left to air dry overnight at room temperature before conducting the analysis.

4.2.4. Theoretical Studies: Electronic properties of RNIC derivatives were evaluated
using density functional theory (DFT) calculations. The Gaussian 16 package, utilizing the
B3LYP hybrid functional, was employed for these calculations. For each derivative, ground
state optimized geometries were obtained, and the electron density and energy levels of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) were determined. The calculations utilized the 6-31G basis set, known for delivering

accurate results within a reasonable computational time (ref. 1, 2 in AI).
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4.2.5. Photoluminescence quantum Yield Calculations: The fluorescence quantum
yields (®p1) of RNIC derivatives were determined by comparing their fluorescence to that of
Quinine sulphate (@, = 0.57 in 0.1 M H,SO,) as standard and using a specific equation. The

equation employed for this determination is as follows:
Opr, = O, (ArFs/AsFr) (n52/nr2) (A41)

In the provided equation, the variables s and r correspond to the sample and reference,
respectively. The term @ represents the quantum yield, A indicates the absorbance, F

denotes the relative integrated fluorescence intensity, and n signifies the refractive index.
4.2.6. Synthesis of RNIC derivatives

Synthetic procedures for HNIM and NIMBr: In this experiment, 1,8-naphthalic
anhydride (5 mmol) was dissolved in 20 mL of ethanol, and then 3-aminopropylimidazole
(5.2 mmol) was added dropwise at room temperature. The resulting suspension was
vigorously stirred and heated at 85°C for 18 hours. After the heating period, the mixture was
allowed to cool to room temperature, and further cooling to 5°C for 1 hour promoted the
recrystallization of imidazole naphthalimide (HNIM). Following recrystallization, the
solvent was separated by filtration, leaving behind the purified HNIM as a light white
crystalline solid with an impressive yield of 85%. A similar synthetic procedure was carried
out to synthesize NIMBr, where 1,8-naphthalic anhydride was replaced with 4-bromo-1,8-
naphthalic anhydride. This reaction resulted in the formation of NIMBr as a light brown
solid with a yield of 84%.

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-1H-
benzo[del]isoquinoline-1,3(2H)-dione (HNIM): 'H NMR (400 MHz, CDCl;) 3.60 (t,
2H), 4.16 (t, 2H), 4.47 (1, 2H), 7.42 (s, 1H), 7.67 (s, 1H), 7.82 (t, 2H), 8.27 (t, 2H), 8.63 (t,
2H), 10.05 (s, 1H)). 3C NMR (101 MHz, CDCl;) § 8.11, 28.30, 39.71, 46.03, 111.90, 120.32,
123.04, 124.00, 127.04, 129.68, 132.10, 134.44, 137.78, 138.47, 165.02. MALDI-TOF:
calculated for C,sH23;NO,: 305.33 [M]*, Found: 306.39 [M+H]*

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-bromo-1H-
benzo[del]isoquinoline-1,3(2H)-dione (NIMBr): '‘H NMR (400 MHz, CDCl,) 3.58 (t,
2H), 4.28 (t, 2H), 4.45 (t, 2H), 7.42 (s, 1H), 7.80 (s, 1H), 8.26 (t, 2H), 8.28 (t, 2H), 8.62 (s,
1H), 10.06 (s, 1H). 3C NMR (101 MHz, CDCl;) &§ 8.11, 28.30, 30.28, 39.71, 46.03, 48.73,
110.90, 121.12, 122.14, 125.40, 126.04, 129.78, 131.17, 135.46, 138.68, 139.47, 166.22. MALDI-
TOF: calculated for C.sH23NO.: 384.23 [M]+, Found: 385.25 [M+H]*
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Synthetic Route
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Scheme A4.1. The synthetic approach used for the preparation of HNIM and NIMBr.

Synthetic procedures for peri-functionalized naphthalimide (RNIM)
derivatives: In a 50 mL round-bottom flask, a mixture of compound NIMBr (0.5 mmol)
and the corresponding boronic acid (1 mmol) was prepared along with 5 mg of Pd (PPh,),
catalyst. To ensure an oxygen-free environment, the mixture was purged with nitrogen gas
for 30 minutes. Subsequently, 6 mL of THF (tetrahydrofuran) was added, followed by the
addition of 2 mL of a 2.0 M potassium carbonate solution. The resulting mixture was stirred
at 85 °C under a nitrogen atmosphere, and the progress of the reactions was monitored using
thin-layer chromatography (TLC). After 24 hours, the reactions were considered complete.
The solutions were then cooled, and the organic layers were extracted using CHCI,
(chloroform). To remove any residual moisture, the organic layers were dried with
anhydrous sodium sulfate. Afterward, the solvent was evaporated, leaving behind the
reaction products. The products were further purified using column chromatography,
resulting in a 60% yield of the desired light brown for PNIM, deep brown for ANIM, and
yellowish solid for NNIM, TNIM, and BNIM compounds.

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-phenyl-1H-
benzo[del]isoquinoline-1,3(2H)-dione (PNIM): ‘H NMR (400 MHz, CDCI3) & 2.50 (t,
2H), 4.30 (2, 3H), 4.50 (t, 2H), 7.50 (s, 1H), 7.52 (s, 1H), 7.72 (t, 3H), 7.73 (s, 1H), 7.73 (4,
2H), 8.31 (t, 1H), 8.67 (t, 2H), 9.57 (s, 1H). 3C NMR (101 MHz, CDCI3) 6 8.70, 26.75, 29.94,
44.86, 55.95, 122.62, 123.96, 125.62, 129.33, 131.35, 141.40, 146.38, 153.10, 157.48, 158.47,
161.18, 161.85, 162.177 MALDI-TOF: calculated for C;6H2,NO,S,: 381.14 [M]*, Found:382.15
[M+H]*

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-(4-aminophenyl)-
1H-benzo[del]isoquinoline-1,3(2H)-dione (ANIM): :H NMR (400 MHz, CDCI3) § 3.61
(t, 2H), 4.29 (t, 3H), 4.47 (t, 2H), 6.90 (s, 1H), 7.45 (t, 2H), 7.72 (s, 1H), 7.73 (t, 2H), 7.74 (d,
1H), 8.43 (t, 3H). 8.49 (d, 1H), 8.65 (d, 2H). 10.26 (s, 1H) 3C NMR (101 MHz, CDCI3) 6 8.11,
28.30, 30, 28, 46.08, 48.73, 111.90, 120.31, 123.04, 124.04, 127.04, 129.68, 132.14, 134.44,
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137.78, 138.47, 165.02. MALDI-TOF: calculated for C,oH:oNO.S.: 396.15 [M]*, Found:
397.23 [M+H]*

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-(4-
(dimethylamino)phenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NNIM): ®H
NMR (400 MHz, CDCI3) 6 3.11 (s, 6H), 3.18 (t, 3H), 4.25 (t, 2H), 4.27 (t, 2H), 6.86 (t, 2H),
7.33 (s, 1H), 7.44 (t, 2H), 7.45 (d, 1H), 7.77 (t, 2H). 8.45 (t, 1H), 8.65 (t, 2H).10.26 (s, 1H). 13C
NMR (101 MHz, CDCI3) & 8.11, 28.09, 40, 71, 48.73, 112.89, 121.96, 123.34, 126.05, 128.01,
130.75, 131.75, 133.39, 138.47, 147.85, 150.58, 164.65. MALDI-TOF: calculated for
C40H2oNO,S,: 425.18 [M]+, Found: 426.26 [M+H]*

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-(4-
(diphenylamino)phenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (TNIM): 'H
NMR (400 MHz, CDCI3) 6 2.50 (t, 3H), 4.27 (t, 3H), 4.47 (t, 2H), 7.35 (t, 3H), 7.60 (m, 5H),
7.63 (m, 6H), 7.73 (t, 2H), 7.80 (dd, 2H), 8.39 (t, 1H). 8.66 (t, 1H), 9.90 (s, 1H). 3C NMR
(101 MHz, CDCI3) & 8.70, 26.75, 44.86, 55.95, 122.61, 123.96, 125.62, 127.84, 128.67, 129.33,
131.35, 141.40, 146.38, 153.30, 157.48, 158.47, 161.17, 161.85, 162.17. MALDI-TOF: calculated
for C4,0H2NO,S,: 548.22 [M]+, Found: 549.43 [M+H]*

Characterization data for 2-(3-(1H-imidazol-1-yl)propyl)-6-(4-(di([1,1'-
biphenyl]-4-yl)amino)phenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione
(BNIM): :H NMR (400 MHz, CDCI3) § 3.11 (t, 3H), 4.16 (t, 3H), 4.43 (t, 3H), 7.73 (m, 10H),
7.49 (m, 9H), 7.60 (m, 6H), 7.64 (t, 3H), 7.87 (t, 1H), 8.65 (t, 1H). 10.20 (s, 1H). 3C NMR
(101 MHz, CDCI3) & 9.47, 23.54, 28, 29.28, 46.39, 58.49, 123.34, 126.05, 127.72, 130.06,
130.74, 136.80, 141.11, 146.18. MALDI-TOF: calculated for C,,H.,NO.S.: 700.28 [M]*,
Found: 701.65 [M+H]*

Synthetic Route

J
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Oe Pd (PPh;),, 2M K,CO4 Oe N
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NIMBr RNIM O O

Scheme A4.2. The synthetic approach used for the preparation of RNIM derivatives.
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Synthetic procedures for perifunctionalized ionic naphthalimide (RNIC)
derivatives: In a 20 mL flask, RNIM (0.5 mmol) and iodomethane (10 mmol) were
dissolved in dimethylformamide (DMF). The resulting solution was then refluxed at 85 °C
for 4 hours. Once the reaction was completed, the mixture was allowed to cool to room
temperature, and the solvent was removed under reduced pressure (vacuum evaporation).
This process resulted in a residue. The obtained residue was subjected to purification using
column chromatography on silica gel. This purification step led to an 80% yield of the
desired white solid for HNIC, light brown for PNIC, deep brown for ANIC, and reddish-
yellow solid for NNIC, TNIC, and BNIC compounds.

Characterization data for 1-(3-(1,3-dioxo-1H-benzo[delisoquinolin-2(3H)-
yDpropyl)-3-methyl-1H-imidazol-3-ium (HNIC): :H NMR (400 MHz, CDCI3) & 3.62
(t, 3H), 4.16 (s, 3H), 4.27 (t, 2H), 4.45 (t, 2H), 7.42 (s, 1H), 7.80 (s, 1H), 7.82 (t, 2H), 8.27 (t,
2H), 8.63 (t, 2H), 10.05 (s, 1H). 3C NMR (101 MHz, CDCI3) 6 8.1, 28.30, 30.28, 36.03,
39.72, 46.02, 48.73, 112.90, 122.32, 123.04, 125.30, 128.04, 129.78, 131.10, 134.74, 137.68,
139.47, 164.02. MALDI-TOF: calculated for C;,H.oNO.: 320.13 [M]+, Found: 321.35 [M+H]*

Characterization data for 1-(3-(1,3-dioxo-6-phenyl-1H-benzo[delisoquinolin-
2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (PNIC): ‘H NMR (400 MHz, CDCI3)
6 2.50 (t, 3 H), 4.30 (t, 3H), 4.50 (t,3H), 7.50 (s, 1H), 7.58 (t, 2H), 7.69 (m, 3H), 7.74 (s, 1H),
7.74 (t, 2H), 8.30 (t, 1H), 8.66 (t, 2H), 9.73 (s, 1H). 3C NMR (101 MHz, CDCI3) & 8.44, 13.43,
20.94, 30.92, 46.13, 60.48, 122.71, 125.10, 126.36, 127.65, 128.18, 128.95, 128.52, 131.07,
131.83, 136.30, 142.01, 146.55. MALDI-TOF: calculated for C;6H.,NO.S.: 396.17 [M]*,
Found:397.23 [M]*

Characterization data for 1-(3-(6-(4-aminophenyl)-1,3-dioxo-1H-
benzo[del]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (ANIC): 'H
NMR (400 MHz, CDCI3) & 3.60 (t, 3H), 4.39 (s, 6H), 4.29 (t, 2H), 4.42 (t, 2H), 6.90 (s, 2H),
7.44 (t, 2H), 7.72 (s, 1H), 7.73 (t, 3H), 8.43 (in, 3H). 8.62 (t, 1H), 8.64 (t, 2H), 10.26 (s, 1H).
3C NMR (101 MHz, CDCI3) 6 8.11, 28.30, 30, 28, 36.03, 39.71, 48.73, 111.90, 112.32, 125.04,
125.30, 128.04, 129.78, 131.10, 136.74, 137.68, 138.47, 165.12. MALDI-TOF: calculated for
C40H29NO,S,: 441.47 [M]*, Found: 412.45 [M+H]*

Characterization data for 1-(3-(6-(4-(dimethylamino)phenyl)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (NNIC): 'H
NMR (400 MHz, CDCI3) 6 3.17 (s, 6H), 3.20 (t, 3H), 4.17 (s, 3H), 4.30 (t, 2H), 4.46 (t, 2H),
6.90 (t, 2H), 7.33 (1, sH), 7.44 (t, 2H), 7.66 (t, 2H). 8.48 (t, 1H), 8.64 (t, 2H), 10.24 (s, 1H).
3C NMR (101 MHz, CDCI3) 6 8.11, 28.09, 28.30, 3128, 35.02, 38.62, 45.12, 47.63, 111.90,
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123.32, 124.04, 126.30, 129.14, 129.68, 132.10, 132.74, 136.68, 139.47, 165.06. MALDI-TOF:
calculated for C,0H2oNO,S,: 431.2129 [M]*, Found: 431.213 [M]*

Characterization data for 1-(3-(6-(4-(diphenylamino)phenyl)-1,3-dioxo-1H-
benzo[del]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium (TNIC): ‘H
NMR (400 MHz, CDCI3) & 2.49 (t, 3H), 4.19 (s, 1H), 4.31 (t, 2H), 4.47 (t, 2H), 7.11 (t, 3H),
7.24 (m, 5H), 7.25 (m, 5H), 7.37 (t, 3H), 7.39 (m, 6H). 7.79 (t, 2H), 8.49 (t, 2H), 10.18 (s,
1H). 3C NMR (101 MHz, CDCI3) § 8.03, 9.69, 45.85, 59, 57.91, 122.61, 124.28, 125.62,
130.67, 139.12, 142.40, 147.44, 152.97, 154.29, 157.26, 158.26, 162.79. MALDI-TOF:
calculated for C,0H2oNO,S,: 563.24 [M]+, Found: 563.29 [M]*

Characterization data for 1-(3-(6-(4-(di([1,1'-biphenyl]-4-yl)amino)phenyl)-1,3-
dioxo-1H-benzo[del]isoquinolin-2(3H)-yl)propyl)-3-methyl-1H-imidazol-3-ium
(BNIC): ‘H NMR (400 MHz, CDCI3) & 2.52 (t, 3H), 4.16 (s, 1H), 4.25 (t, 2H), 4.43 (t, 2H),
7.33 (m, 9H), 7.49 (m, 7H), 7.40 (t, 3H), 7.64 (m, 9H), 7.78 (m, 3H). 8.50 (t, 1H), 8.64 (t,
2H), 10.47 (s, 1H). 3C NMR (101 MHz, CDCI3) 6 8.44, 13.43, 29.94, 30.92, 46.13, 60.48,
122.71, 125.10, 126.36, 127.65, 128.17, 129.12, 131.07, 136.44, 140.73, 147.20. MALDI-TOF:
calculated for C,0H2oNO.S,: 715.30 [M]*, Found: 715.45 [M]*

Synthetic Route

®

) e 3{. ¢
RNIM RNIC

Scheme A4.3. The synthetic approach used for the preparation of RNIC derivatives.

4.2.7. Computational studies

The study involved optimizing and calculating the frequencies of triplet excited states,
excitation energies, and transition properties of RNIC derivatives. These calculations were
conducted using the time-dependent B3LYP/6-31G (d, p) method with the Tamm-Dancoff
approximation (TDA). For the computations, the Gaussian 16 package was used, and the
ORCA 5.0 module was employed at the B3LYP DEF2-SVP level. Additionally, spin-orbit
coupling (SOC) constants for HNIC, PNIC, ANIC, NNIC, TNIC, and BNIC were
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computed at the same level of theory mentioned above, utilizing the ORCA 5.0 software (ref.

3, 4 in Al).

4.2.8. 102 generation quantum yield Estimation: in this study,

Rose Bengal dilute solutions were used as a reference (® = 0.76 in ethanol). To mitigate the
inner-filter effect, the absorbance maxima of Rose Bengal and the Photosensitizer were
maintained at 0.2. Different solutions of RNIC derivatives were prepared at a concentration
of 100 uM, and 100 uM ABDA was added to these solutions. The absorbance of ABDA at 378
nm was measured at various irradiation times using white light (400-700 nm, 50 mW cm-).
This measurement allowed for the determination of the decay rate of the photosensitizing
process. Subsequently, the 102 generation quantum yield (®,) of RNIC derivatives in 99%
PBS in DMSO was calculated using specific equations, which has been given below.
Darrgen = OrB (Karggen ARB/ KRB AATEgen)- eeeveeeveersveensieennuenas (A4.2)

Where, ®are is the 0, generation quantum yield of AlEgen in 99% PBS in DMSO. Ags and
Aarggen represent the light absorbed by Rose Begal and AIEgen, respectively, at an absorbance
of 0.2. The absorption bands were integrated in the wavelength range of 400-700 nm to
determine these values. Krg and Kaiggen are the decomposition rate constants of ABDA by
Rose Begal and AIEgen, respectively. These constants were determined by plotting Ln(A,/A)
against time, where A, and A are the absorbance of ABDA at 378 nm by photosensitizers

under white light irradiation at different time points (ref. 5, 6 in AI).

4.2.9. Reactive oxygen species (ROS) Generation/Mesurament

Free Radical (O~ and HO") Test: Electron Paramagnetic Resonance (EPR) analysis was

performed to monitor the generation of type-I Reactive Oxygen Species (ROS). For this
purpose, 2,2,6,6-Tetramethylpiperidine (TEMP) was utilized as a spin-trap agent to detect
the free radicals Oz~ and HO-. In the experiment, 100 uM of TEMP and various solutions of
RNIC derivatives were prepared in 99% PBS in DMSO. The solutions were then subjected to
white light irradiation at a power density of 50 mW c¢m-2 for 10 minutes. Subsequently, EPR
spectra of the spin-trapped radicals were recorded in the range of 3000-3600 G after
irradiation. To ensure accuracy, background interference was corrected using a sample taken

before irradiation ref. 7 in Al Singlet Oxygen (*O,) Test: The objective of this test was to

measure the generation of singlet oxygen (*O.). A mixed solution containing 100 uM ABDA
(a singlet oxygen sensor) and various solutions of RNIC derivatives compounds was
prepared in 99% PBS in DMSO. The solution was then exposed to white light irradiation at a
power density of 50 mW cm2 for different durations: o, 2, 4, 6, 8, and 10 minutes. For NNIC

compounds, the light irradiation time varied from 0s to 60s, with a 5s interval. After each
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time interval, the degradation of ABDA's absorbance at 378 nm was promptly measured.
This measurement allowed for the evaluation of singlet oxygen generation as a function of
the light irradiation duration for the different RNIC derivatives compounds. Total ROS Test:

The purpose of the total ROS test was to quantify the overall ROS levels. For this analysis,
DCFDA, a chemically reduced form of fluorescein, was employed as a fluorescent indicator
for ROS. A solution containing 1 utM DCFDA and various solutions of RNIC derivatives
compounds at a concentration of 100 uM was prepared in 99% PBS in DMSO. The solution
was then subjected to white light irradiation at a power density of 50 mW cm-2 for different
durations: o, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 minutes. The fluorescence spectra of the mixed
solution were promptly measured. This measurement allowed for the assessment of the
changes in fluorescence, indicating the levels of ROS generated in response to the different

RNIC derivatives compounds under varying durations of light irradiation. Superoxide Anion

Radical (O,:—) Test: The feasibility of the reaction producing O2:- was assessed through

theoretical calculations conducted using the ORCA 5.0 software._Hydroxyl Radical (HO")

Test: The objective of this test was to quantify the generation of hydroxyl radicals (HO-). A
mixed solution consisting of 100 uM TA and various solutions of RNIC derivatives
compounds at a concentration of 100 uM was prepared in 99% PBS in DMSO. The
subsequent testing process was similar to the determination of total ROS using DCFDA as
the probe. However, in this case, upon trapping with HO*, TA was converted to hydroxyl
terephthalic acid, resulting in an enhanced fluorescent intensity with an Aex of 315 nm. This
method allowed for the detection and measurement of the levels of hydroxyl radicals

generated in response to the different RNIC derivatives compounds under investigation. (Aex

= 315 nm).
4.2.10. The Point of Zero Zeta Potential Evaluation

According to the literature (ref. 8 in AI),The points of zero zeta potential (PZZP) for RNIC
derivatives were determined through calculations. Initially, the aqueous solutions of these
Perylenimide materials were maintained at a neutral pH of approximately 7. However, by
introducing either a dilute solution of sodium hydroxide or dilute hydrochloric acid, the pH
of the solutions could be adjusted to alkaline or acidic conditions. A systematic variation of
pH values within the range of 9, 7.4, 5.6, to 3 and 1 was performed, and the corresponding
zeta potential of the RNIC materials was measured. Remarkably, as the pH values were
altered from alkaline to acidic, a noticeable shift in the zeta potential was observed. In
general, the zeta potential of RNIC derivatives showed a trend of becoming more positive as
the pH values changed from alkaline to acidic conditions. However, there were exceptions
for HNIC, PNIC, and BNIC, where the zeta potential shifted from negative to positive as
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the pH values were altered from alkaline to acidic conditions. This behaviour could be due to

the different amount of positive charge present in the surface of the system.

4.2.11. The Energy of the Valence Band and Conduction Band

Calculations

The valence band energy (Ev) was determined using X-ray photoelectron spectroscopy (XPS)
data by calculating the energy of the valence band. To calculate the conduction band energy
(Ec), the energy gap was first estimated from the onset absorption data obtained from UV-
visible spectroscopy. Subsequently, Ec was calculated with respect to the normal hydrogen

electrode (NHE) using Equations A4.3 and A4.4 as shown below:
Ev = —Eunomo — 4.5 (A4.3)

Ec =-Ewumo — 4.5 (A4.4)

The calculated values of Ev and Ec for the RNIC derivatives were documented in Table
A4.15. Furthermore, the values of Ec and Ey at the point of zero zeta potential (PZZP) with a
pH of 5.6 were computed using Equations A4.5 and A4.6, respectively, based on literature
data.

Ecpu= Ec + 0.059 x (PZZP — pH) (A4.5)
Evpun= Ev + 0.059 x (PZZP - pH) (A4.6)

Where, PZZP represents the points of zero zeta potential for the RNIC materials at pH 5.6.
The estimated Ec and Ev values at a pH of 5.6 for HNIC, PNIC, ANIC, NNIC, TNIC and
BNIC were also included in Table A4.15.

4.2.12. Cell studies

4.2.12.1. Cell culture: HelLa cells, originating from human cervix adenocarcinoma, were
obtained from the Cell Line Bank Sigma Aldrich in India. These cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
and 100 U/ml each of penicillin and streptomycin. The cell cultures were incubated in a

controlled environment with 5% CO2 at a constant temperature of 37 °C.

4.2.12.2, Cell Imaging: Initially, 5000 cells were placed into separate wells of a 96-well
plate and cultured for 24 hours in a 37°C, 5% CO2 humidified incubator using DMEM media.
The medium was then replaced with fresh medium containing 30 utM NNIC, 10 uM TNIC,

and BNIC individually. After a 4-hr incubation, cells were observed using time series
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fluorescence microscopy. NNIC, TNIC, and BNIC were excited at 370 nm, and emissions

were collected within the 450-660 nm range.

4.2.12.3. Dark & Light Cytotoxicity Evaluated by MTT assay: In the cell viability
assay conducted on HeLa cancer cell lines, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method was employed. Initially, 5000 cells were seeded
into individual wells of a 96-well plate and allowed to incubate in DMEM media inside a 5%
CO, humidified incubator at 37 °C for 24 hours. Subsequently, the cells were treated with
various concentrations of NNIC, TNIC and BNIC compounds for 4 hours. After the 4-hour
treatment, specific cell samples were exposed to white light using a handheld torch at 50 mW
cm for 20 minutes. Following the light irradiation, the cells were further incubated with
other treatment groups for an additional 24 hours at 37 °C in the same 5% CO. humidified
incubator. Upon completion of the incubation period, the MTT assay was performed. This
assay measures cell viability by evaluating the reduction of MTT by mitochondrial enzymes
in viable cells, leading to the formation of a formazan product. The resulting formazan
product's absorbance was measured spectrophotometrically at 570 nm, with a reference
filter set at 655 nm. The absorbance of the formazan product was directly proportional to the
number of viable cells present in the samples, allowing for the assessment of cell viability

after treatment.

4.2.12.4. Live/dead cell co-staining assay: In the study, HeLa cells were initially
seeded in 35-mm glass-bottomed dishes at a density of 3 x 105 cells per dish and cultured
overnight in standard culture media. Subsequently, the cells were treated with RNIC
derivatives, such as NNIC, TNIC and BNIC, at a concentration of 50 uM for a duration of 4
hours. After the 4-hour treatment, the cells were subjected to white light irradiation using a
handheld torch with a specific wavelength (50 mW cm-) for 20 min. Following this, the cells
were co-stained with 2 pM Calcein AM and 4 uM propidium iodide (PI) for 1h. After washing
with DPBS (Dulbecco's Phosphate-Buffered Saline), fluorescence images of the cells were
acquired using a fluorescence microscope. Additionally, another set of HeLa cells was treated
with the same RNIC derivatives at a concentration of 50 uM for 4 hours. These cells were
then treated with 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) at 10 uM for 1 h. After
washing with DPBS, the cells were irradiated with the same handheld torch (50 mW cm2)
for 30 minutes, and their fluorescence images were acquired. Moreover, HeLa cells were

cultured in a normoxia environment for 24 hrs.
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4.3. Result and Discussions

4.3.1. Design, synthesis and characterization of RNIC

derivatives

With the aim of investigating supramolecular-assembly, condensed state photophysical
properties and photosensitizing characteristics influenced by functional groups, ionic
naphthalimide (RNIC) derivatives, namely HNIC, PNIC, ANIC, NNIC, TNIC and BNIC
have been strategically designed and facilely synthesized. To influence the diverse range of
applications such as sensing, therapeutics, optoelectronics, bioimaging with high
fluorescence quantum yields and extraordinary thermal and chemical stability as well as
excellent aggregation properties exhibited by naphthalimide cores, 4-bromo-1,8-naphthalic
anhydride, a versatile precursor material, was carefully selected and subjected to a
condensation reaction with 1-(3-amino propyl)-imidazole unit.[3-341 This substitution step
yielded a satisfactory yield of 81-84%.The entire process was documented in Scheme 4.1,
A4.1. By employing Suzuki coupling, NIMBr was coupled with different boronic acid
derivatives individually, resulting in the synthesis of different donor unit comprising of
RNIM derivatives, namely PNIM, ANIM, NNIM, TNIM, and BNIM with satisfactory
yields (Scheme 4.1, A4.2). Furthermore, effective methylation of the imidazole in RNIM was
achieved using iodomethane, with a sequential process resulting in a satisfactory yield of
80% for the synthesis of RNIC derivatives such as HNIC, PNIC, ANIC, NNIC, TNIC, and
BNIC (Scheme 4.1, A4.3). A rational approach for designing PSs with strong absorption in
the long-wavelength range and enhanced production of ROS is to create a D-A structure.
However, the strong intramolecular charge transfer in D-A structured PSs often leads to
emission quenching in their aggregated-state. To overcome this ACQ effect, various donor
functional groups were incorporated into the NIC core as molecular rotors and electron
donors. The aim was to construct PSs with AIE, resulting in enhanced fluorescence and
photosensitization in their aggregate-state. In this study, the incorporation of a phenyl ring
at the fourth position of the NIC core was chosen to introduce the concept of AIE by RIR and
providing a platform for hosting different functional groups.[3:32] In addition HNIC to
serving as controls, derivatives without donor functionality utilized to conduct a
comprehensive analysis of the role played by different donor functional groups in their
condensed state photophysical properties, solid state white light emission, and
photosensitizing behavior. Moreover, the inclusion of imidazole ions is not only known for
their notable electronic effects but also renowned for their targeting capabilities. The
synthesized materials underwent comprehensive characterization using multinuclear NMR

spectroscopy (*H, 3C) and Matrix-Assisted Laser Desorption/Ionization (MALDI)
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techniques. The detailed characterization data can be found in the Supporting Information
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Scheme 4.1. (a) Synthetic route for the preparation of RNIC derivatives by substituting different donor
functional groups at the peri-position of the ionic NIC core. (b) Chemical structure of the synthesized RNIC
derivatives: HNIC, PNIC, ANIC, NNIC, TNIC and BNIC, respectively. [(1): 3-amino propyl imidazole, EtOH,
85°C, 8 h, (2): Pd(0), THF, H20, (3): Methyl iodide, DMF, 60°C, 4 h and Below arrow represent the yield of the
corresponding product]. {Iodide ion (I-) has been omitted due to better clarity}.

4.3.2. Photophysical Properties

UV-vis absorption and fluorescence spectroscopy (PL) were used to explore the optical
characteristics of RNIC derivatives (Figure 4.1, A4.1 and Table 4.1, A4.5). The structural
architectures of strategically designed RNIC derivatives suggest that PNIC with a phenyl
group can form a favorable extended delocalization to the NIC core in the solution state,
resulting in 73 nm red-shifted absorbance maxima (Asbsmax) compared to other RNIC
derivatives (Figure 4.1a, and Table 4.1). Conversely, BNIC, which had the strongest donor
group, displayed an unusual blue shifted Aapsmax Of 22 nm (Aaps.max =338 nm) compared to

PNIC. This unique behavior of BNIC could be attributed to less electronic communication

113
TH-3411 176122016



between the biphentyl donor and the acceptor NIC core. This could potentially due to the
strong separation between HOMO and LUMO across the conjugation region of the molecule.
Detailed insights into this phenomenon will be elucidated through subsequent theoretical
investigations. Meanwhile, the remaining derivatives (ANIC, NNIC, and TNIC) showed
closely aligned Aabsmax (287-310 nm) in the solution state. These derivatives exhibited a
consistent blue shift of around 50-73 nm in Aswsmax compared to PNIC. This blue shifted
Aabs.max Was attributed to less m-conjugation, a consequence of increased donor functionality.
The control derivative, HNIC, exhibited Asbsmax at 336 nm. Furthermore, in the solution
state, a substantial adjustment of emission maxima (Aem.max) Was noted in accordance with
their Aupsmax, aligning well with the international commission on illumination (CIE)
chromaticity diagram (Figure 4.1b, b’ and Table 4.1, A4.5). Among these, ANIC, NNIC, and
TNIC exhibited nearly identical Aem.max (505-534 nm), with a remarkable red shift of almost
123 nm compared to the control HNIC derivative. In contrast, both PNIC and BNIC
demonstrated an identical Aem.max at 435 and 436 nm. The trend reveals that as the donor
unit's strength increases, there is a corresponding red shift in Aem.max. However, intriguingly,
BNIC, which includes a potent donor unit, exhibited less Aemmax tuning due to reduced
electronic communication in the solution state. Notably, the comparison of HNIC and
PNIC's solution state fluorescence implies a significant role played by the pendant phenyl
ring. It extends conjugation to the NIC core, restraining excimer formation (Figure A4.1). In
the aggregate and solid state, an extensive modulation of the Aemmax (~205 nm) occurred as
donor functionality increased (Figure 4.1c, ¢, d, d’ and Table 4.1, A4.5). Interestingly, this
trend in emission spectra was unaffected by the electronic impact of functional groups.
Notably, ANIC and NNIC, despite having the most red-shifted Aem.max in solution, displayed
significant blue shifted Aemmax of 69 and 103 nm, respectively, in their aggregated-state
compared to solution state. Conversely, TNIC and BNIC exhibited red shifted Aemmax of
~100 and 170 nm, respectively, in their aggregated-state relative to their solution state. The
pronounced distinctions in these shifts find further elucidation through theoretical density
functional theory (DFT) studies, encompassing both solution and aggregated-state.
Distinctively, HNIC and PNIC exhibited nearly identical Aem.max in both their aggregated and
solution state. Crucially, the wide spectrum of emission colors in the solution state, ranging
from blue to green, was vividly displayed on the CIE chromaticity diagram. In the
aggregated-state, the CIE plot showed colors in the blue to red region (Figure 4.1b’, ¢’, Table
4.1, A4.5). Whereas, comparing aggregated and solid-state emission spectra, ANIC and
NNIC displayed significant red shifts in Aemmax 0f 170 and 154 nm in their solid state,
respectively (Figure 4.1e, h and Table 4.1). Meanwhile, the remaining RNIC derivatives
exhibited nearly identical emission profiles in both aggregated and solid states, attributed to

a uniform degree of conjugation in their solid state akin to their aggregated-state-an aspect
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elucidated later through excitation-emission matrix (EEM) matrices. Moreover, a distinct
disparity in powder color became evident when subjected to white light and 365 nm UV
irradiation, aligning precisely with the CIE chromaticity diagram. HNIC and PNIC emit
white light in the solid state, while other RNIC derivatives emit distinctive red-orange light
when powdered (Figure 4.1f, g and Table 4.1, A4.5).This highlights AIE properties controlled
by functional groups, indicating condensed state photophysical properties' autonomy from
electronic impacts.[33-36IThe functional group and anion-m* interaction between negatively
charged iodine and positively charged NIC core play pivotal roles, influencing ionic
naphthalimides' condensed state attributes through steric constraints. Unlike the prior focus
on functional groups in neutral naphthalimide cores, this study exhibits the combination of
functional groups and anion-m* interactions of imidazole unit for the development of
distinctive condensed state properties. [31 Although previous research mainly focused on
either anion-m* [37-401 or D-A [4142] or counter ion effect [43! effect design strategy to achieve
distinct luminescence properties. Further, the functional groups and anion-n* interaction's
role in perturbing intermolecular packing is explored via single crystal, SCXRD, Field
emission scanning electron microscopy (FESEM), and EEM plot studies. Notably, the NIC
materials incorporating distinct donor functionalities exhibited an exceptional stokes shift
within the range of 113-245 nm, highlighting their remarkable performance. The
isoquinolene-based materials IQ-TPA and TPE-IQ-TPA exhibited stokes shifts of 173 and
212, respectively (Table A4.3). This research presents the highest reported stokes shifted

material to date.
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Figure 4.1. Photophysical properties of the RNIC derivatives (HNIC, PNIC, ANIC, NNIC, TNIC and BNIC).
(a) Normalized UV-vis absorbance spectra in their solution state (in DMSO, 100 uM). (b) The PL spectra. (b’) The
CIE chromaticity diagram represents solution state fluorescent color. (¢) Normalized PL spectra at 99% fw in
DMSO. (c’) Plot of CIE coordinate in their aggregated-state. (d) Solid state normalized PL spectra. (d’) CIE
chromaticity diagram plotted against solid state emission color. (¢) Comparision of the PL spectra in their
aggregated-state and solid state of the RNIC derivatives. (f and g) Digital photographs of solid RNIC derivatives
in the powder form under day light and under UV excitation (Aex = 365 nm), respectively. (h) Digital photographs
of ANIC and NNIC comparing aggregated and solid state photophysical behavior. [a, s represents the
aggregated, and solid state, respectively. Aex = 370 nm, and Aex = 350 nm for HNIC, Inset in CIE: 1, 2, 3, 4, 5, 6 =
HNIC, PNIC, ANIC, NNIC, TNIC and BNIC, respectively].

4.3.3. ACQ to AIE transformation

To assess the influence of aggregate formation on the fluorescence emission of RNIC

derivatives, UV-vis and fluorescence spectra were acquired at varying f,, in DMSO (Figure
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4.2, A4.2-A4.7, and Table 4.1, A4.6-A4.8). Across all RNIC derivatives HNIC, PNIC, ANIC,
NNIC, TNIC, and BNIC-the Assmax Were consistently observed within the 287-360 nm
range (Figure A4.2 and Table A4.6). These peaks were attributed to the characteristic m-m*
transitions of the substituted NIC core. Additionally, a long-wavelength absorption peak at
450 nm emerged, a manifestation of intramolecular charge transfer (ICT) from the AIE
donor to the acceptor NIC core. However, this peak was notably absent in HNIC and PNIC.
To substantiate this ICT phenomenon, we focused on NNIC, TNIC, and BNIC, which
encompass strong D-A components (Figure A4.3 and Table A4.7, A4.8). As solvent polarity
increased, red shifts in both Aabsmax and Aemmax Were evident. NNIC exhibited a 21 nm shift in
Aabs.max and a 52 nm shift in Aemmax. Likewise, TNIC displayed 15 nm and 49 nm shifts, and
BNIC demonstrated 6 nm and 47 nm shifts in their long-wavelength Aubs.max and Aem.max,
respectively. The peculiar behavior of the ICT effect within BNIC, accompanied by an
expanding donor group, can be attributed to the robust D-A conjugation. This interaction
induces a reduction in electronic communication between the NIC core and the donor unit
when in their diluted state. With an increase in the f.,, ANIC, TNIC, and BNIC exhibited
nearly indistinguishable absorption spectra. A minor red shift of just 1 nm in the Aaps.max Was
observed at 99% f, in contrast to 0% f... Conversely, PNIC displayed a 2 nm red shift in
Aabs.max, While HNIC exhibited a substantial 9 nm red shift, indicating the most pronounced
j-aggregation among the RNIC derivatives (Figure A4.2 and Table A4.6). Intriguingly, while
all the nitrogen (-N) comprising donor functionality consistently emitted red-orange light in
the solid state, their response to AIE varied based on their functional groups as the f,,
increased. Specifically, HNIC and PNIC displayed typical AIE characteristics, wherein their
emission progressively intensified upon aggregation (Figure 4.2a-a”, b-b”, A4.4 and Table
4.1). HNIC comprising of single rigid aromatic core displayed AIEgenic behavior. These
intriguing experimental findings, consistent across related compounds, disrupted the widely
accepted RIM mechanism, thereby underscoring the dominant influence of intermolecular
packing orientations among the aromatic cores. [33-3¢1It's worth noting that previous research
revealed that neutral HNI and PNI cores exhibited AIE and ACQ traits, respectively. This
highlights the significant influence of anion-n+ interactions of imidazolium unit in tuning
this emission behavior. These aspects will be further addressed in later discussions,
specifically in the context of single-crystal X-ray diffraction (SCXRD) analysis. The role of
anion-mt* interactions in shaping the condensed state emission has been extensively
investigated by various research groups. [37-401 The introduction of distinctive N-based donor
functional groups, including aniline, dimethyl aniline, triphenylamine, or biphenyl amine, as
seen in ANIC, NNIC, TNIC, and BNIC, renders the molecule an AIEE active compound.
Notably, despite all the N-containing donor functionalities exhibiting peculiar AIEE
behavior, they demonstrate diverse aggregation patterns. For instance, ANIC and NNIC
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display a blue-shifted Aem.max at 461 nm and 431 nm, respectively at 99.9% f,, compared to 0%
fw (Figure 4.2c-¢”, d-d”, A4.4 and Table 4.1). In contrast, TNIC and BNIC exhibit red-shifted
Aem.max Values at 603 nm and 604 nm, respectively, at 99.9% f,, compared to 0% f,, (Figure
4.2e-e”, -’ A4.4 and Table 4.1). At 0% f,,, ANIC, NNIC, TNIC, and BNIC exhibited Aem max
at 530 nm, 534 nm, 505 nm, and 436 nm, respectively. As f,, increased, emission intensity
gradually decreased up to 20% f,, for ANIC, NNIC, and TNIC, and up to 40% f,, for BNIC.
This decline can be attributed to the presence of twisted ICT characteristics. However, as f,
further increased in the solvent mixture, aggregation commenced in the RNIC derivatives,
leading to a progressive elevation in fluorescence intensity. This pattern reflects the
characteristic behavior of AIEE in ANIC and NNIC. Conversely, TNIC and BNIC
demonstrated a progressive rise in emission intensity up to 60% f., coinciding with the onset
of aggregation. Nevertheless, as more water was introduced into the solvent mixture beyond
this point, the emission intensity diminished due to the occurrence of agglomeration. The
distinctive emission behavior in N-based donor functionalized RNIC derivatives is
attributed to specific intermolecular non-covalent interactions across varying solvents.
Electronic contributions of functional groups appear insignificant in shaping the condensed
state of these derivatives. The distinct emission wavelengths in each derivative suggest that
structural arrangement or intermolecular interactions, rather than electronic effects,
primarily shape their condensed state properties. An exceptional quantum yield of 0.98 at
99% f, was exhibited by PNIC, marking a noteworthy instance of such a high ®p;, in an
aqueous environment. (Figure A4.6, A4.7, Table 4.1, A4.3, Equation A4.1). More importantly,
a previously reported neutral PNI material showed negligible ®p;, highlighting the unique
role of anion-n* interactions of imidazoium moiety in achieving the highest ®p;. observed in
the current study. It's important to highlight that the existing literature has reported the
highest ®p;, values of 0.99 and 0.92, respectively. However, these measurements were
conducted in the solution state using organic solvents such as toluene and dichloromethane.
l44.45] Meanwhile, the HNIC derivative also exhibited a commendable ®p;. of 0.61 at 99% f,
standing as a comparable achievement at 99% f,, due to its excimeric emission and notable
anion-si* interaction, which differs from the characteristics observed in previously reported
HNI material. [31461 In contrast, the remaining RNIC derivatives showed significantly lower
®yp;, values. However, TNIC and BNIC demonstrated 0.33 and an 0.99, respectively. In
summary, the study anticipates that in the absence of substantial electronic influence, the
distinct nature of functional motifs and varying strengths of anion-m* interactions of
imidazolium unit among the derivatives yield differing degrees of steric constraints around
the aromatic core. These steric constraints are pivotal in effectively modulating the
intermolecular ;-7 stacking orientations within the NIC core, thereby profoundly impacting

their condensed state photophysical properties.
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Figure 4.2. PL spectra of (a) HNIC, (b) PNIC, (c) ANIC, (d) NNIC, (e¢) TNIC, and (f) BNIC, respectively at
various fiw in DMSO (100 uM, Aex = 370 nm, and 350 nm for HNIC). (a’-f") plots of Aem,max at different fw along
with Insets: (a”-f”) digital photographs under 365 nm UV illumination of the corresponding luminogens at 0%,
60% and 99% fw in DMSO and their corresponding chemical structure. [Day light photograph of all the

derivatives have been placed in Figure S5 in S1. {I has been omitted due to better clarity}.
4.3.4. EEM spectra

Comparative EEM spectra were obtained for RNIC derivatives at various concentrations
(100 uM to 1 mM) (Figure 4.3, A4.8). EEM spectroscopy offers insights into photophysical
properties influenced by functional groups. Each EEM spectrum provides information about
mixture constituents and a valuable technique for the comprehensive spectroscopic analysis
of multifluorophoric. 477 Concentration-driven aggregation impacts these spectra. 2D EEM

measurements spanned 390 to 650 nm, with excitation wavelength scanned from 300 to 500
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nm in 10 nm increments. At 100 pM concentration, PNIC showed three asymmetric peaks in
EEM spectra, while other derivatives had two peaks around molecular Aapsmax. In dilution,
ANIC, NNIC, and TNIC showed fluorophoric system with red-shifted Aex, while BNIC
showed comparatively blue-shifted Acx contour profile. Higher concentrations (300 and 500
uM) led to broader contour profiles, indicating multifluorophoric components absorbing a
diverse range of light. An important observation pertains to the behavior of various N-
containing donor functional derivatives: ANIC, NNIC, and TNIC exhibited consistent red-
shifted Aex contour profiles at 1 mM concentration. BNIC had more pronounced red-shifted
Aex countour profile at higher concentration. In contrast, the behavior of HNIC and PNIC
remained uniform across both diluted and concentrated states, suggesting a stable and
unchanging fluorescence profile. The emergence of distinct emissive species at various Aex
points within the EEM spectra corresponds directly to the level of conjugation. [47:48]
Specifically, red-shifted contour profiles are indicative of new emissive species characterized
by higher degree of conjugation, whereas blue-shifted profiles signify a decrease in
conjugation. Therefore, the photophysical characteristics of RNIC in its condensed state,
notably at elevated concentrations, are predominantly shaped by intermolecular
interactions. These interactions are likely reinforced by distinct steric constraints imposed by

the diverse functional components present in the derivatives.
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Figure 4.3. (a1-d4) Excitation-emission (EEM) 2D contour plot of the RNIC luminogens from lower to higher
concentrations (left: 100 uM; middle: 300 uM and 500 pM; right: 1 mM) in DMSO.

4.3.5. Supramolecular assembly modulate condensed

state luminescence

The luminescence characteristics of RNIC derivatives were examined using FESEM depicted
(Figure 4.4 and A4.9-A4.11). These FESEM images captured the spontaneously formed self-
assemblies of RNIC derivatives, employing a straightforward and cost-effective drop-casting
technique followed by air-drying at room temperature. Morphological analysis of
supramolecular assemblies at 99% f., was conducted to examine photophysucal behavior.
Notably, the morphological transformations exhibited remarkable diversity, underscoring
the exceptional adaptability of these RNIC derivatives, which offer an expansive array of

potential structural outcomes. HNIC and BNIC yielded nano-ribbons (150 nm and 130 nm)
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confirmed by dynamic light scattering (DLS) studies (Figure 4.4a, a’, and f, f, A4.11). TNIC
displayed non-spontaneous nano-ribbons (105 nm), while PNIC and ANIC formed nano-
rods and honey-comb type nano-porous structures, respectively (Figure 4.4b, b’, ¢, ¢, e, €,
and A4.10). NNIC adopted a micro-rod configuration (Figure 4.4d, d’). PNIC's high ®p.,
resulted from its nano-rod assembly, possibly due to donor phenyl units and strong anion-m*
interactions of imidazolium moiety. Structural order in self-assemblies correlated with
emission intensity. 4951 Literature suggests emission decline at higher f,, due to agglomerate
formation from stronger stacking interactions. [521 Energy-dependent endocytosis plays a

crucial role in micro-sized particle uptake. Particle morphology's impact on selective

intracellular accumulation has been extensively studied through existing literature. [53.54]

Figure 4.4. FESEM images of the nano and micro assembly of the RNIC derivatives spontaneously formed at
99.9% fw in DMSO (100 uM). Insets: The chemical structure of the RNIC (left) and the magnified images at the
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selected area (right), (a’-f) Hydrodynamic radius vs intensity plot of all the RNIC luminogens at 99.9% fw in
DMSO (100 uM).

4.3.6. SCXRD analysis

To gain deeper insights into the modulation potential of distinct donor functional groups and
anion-m+ interactions of imidazole unit on intermolecular interactions and packing
configurations of RNIC derivatives, detailed examinations were conducted using single-
crystal analysis. (Figure 4.5, A4.12 and Table A4.9). HNIC yielded successful single crystals
from DMF. However, despite persistent attempts, the single crystals obtained for other
derivatives proved inadequate for analysis through SCXRD. HNIC undergoes J-aggregation
in its aggregated-state, confirmed by a 9 nm red-shifted Auwbsmax in UV-vis spectroscopy
(Figure A4.2 and Table A4.6). However, an antiparallel dimer arrangement arises from close
intermolecular n-n-stacking interactions, compactly spaced at 3.4 A. This diverges from
previous HNI findings, where this phenomenon was absent. These distances are shorter
than the typical n-m stacking of 3.5 A. Along with, the angle between two dimer is 57.70°,
which is larger than the typical value of 54.7°. This stacking prompts excimer formation,
observing low-energy band intensity in HNIC's PL spectra. Each dimer is further arranged
within a distinct dimeric plane through multiple anion-nt* interactions of imidazole unit
(3.308-3.507 A). These interactions involve negatively charged iodine and the positively
charged NIC core. Moreover, additional intermolecular C=0---H bonds (2.261 - 2.717 &) and
C-H---7t interactions (3.384 A) occur between the imidazole section of pendant alkyl chains
and NIC core. These interactions curtail m-m stacking, averts emission quenching by
fortifying lattice rigidity. Varied interactions, including proximity-based m-it stacking, yield a
brickwork configuration within the crystal plane, inducing AIE characteristics in HNIC. The
anion-mt* of imidazole component critically influences this altered intermolecular packing in

the condensed state, distinguishing it from prior HNI observations. [31:55]
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Figure 4.5. Single crystal structure of HNIC lumonogen via SCXRD. (a) The intermolecular plane distance. (b)
The slip angle between transition dipoles and the interconnected axis is indicated by 6. (c) Different
intermolecular interaction (C=0---H) between dimer in HNIC crystal lattice. (d, €) Insight of molecular packing
arrangement showing two distinct dimeric plane. (f) Dimer formation in HNIC crystal lattice. (g) Anti parallel
packing mode of the dimer in HNIC, as well as exhibiting interaction between two distinct dimeric plane. (h)
Brickwork configuration in HNIC crystal lattice. (i) Single crystal unit cell of HNIC showing anion-n+

interaction.

4.3.7. Electronic properties controlled the photophysical

properties

A thorough DFT analysis (B3LYP/6-31G (d, p) method) substantiated the impact of RNIC
derivatives' electronic attributes on their photophysical behavior (Figure 4.6a, A4.13 and
Table 4.1). A noticeable trend emerged in the gaseous phase, revealing decreasing
HOMO/LUMO band gaps with stronger donor functional units: 3.76 eV (HNIC), 3.36 eV
(PNIC), 2.48 eV (ANIC), 2.14 eV (NNIC), and 1.87 eV (BNIC). LUMOs localized in the
imidazolium cationic part due to its electron-withdrawing nature, while HOMOs exhibited

distinct arrangements. HNIC and PNIC displayed extensive HOMO coverage over the NIC
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core, promoting m-electron delocalization and red-shifted Aapsmax in UV-vis spectroscopy.
TNIC and BNIC exhibited pronounced CT, with electron clouds transferring to potent
donor regions (triphenyl and biphenyl segments), leading to substantial stokes shifts.
However, increased donor functionality reduced m-electron delocalization throughout the
entire molecule, indicating decreased electronic communication, corresponding to shorter-
wavelength absorption and emission. HOMOs for all the RNIC derivatives mainly localized
within well-defined regions like phenyl, aniline, triphenylamine, or biphenyl amine. The
pronounced push-pull electronic nature, along with extended 7 conjugation, contributed to
red-orange emissive traits in TNIC and BNIC. DFT studies clarified blue-shifted emission in
aggregated ANIC and NNIC versus solution. Destabilized LUMOs in ANIC and NNIC
caused this distinct property. In contrast, higher HOMO destabilization in TNIC and BNIC

led to their red-shifted emission at aggregated-state compared to solution sate. [56-58]
4.3.8. Solid state white light emission

Advancing white-light-emitting materials is pivotal for upcoming solid-state lighting
technologies. Two strategies are employed: multiple cooperating emitters and a single
multifunctional emitter. Both generate at least two emissions (e.g., bluish-green and reddish-
orange) to form white light. Single emitter strategy excels due to reduced phase separation
issues. [591 Designing single molecules with AIE for consistent emission across visible
spectrum remains challenging. The conventional benzothiophene molecule (CIBDBT)
material showed white dual phosphorescence from T, and T states in a solid state. [°] Some
compounds exhibit two or three bands, suggesting multiple processes at play. By involving
radiative decay from both the individual excited-state molecule and the appropriate-colored
excimer/exciplex, the attainment of white light is feasible. The emissions observed are most
likely best explained by excimeric emission or fluorescence emission from S, in a distorted
geometry. 55601 Here, HNIC and PNIC AlEgens emit white light under 365 nm UV
excitation (CIE 0.34,0.33 for HNIC, 0.34,0.32 for PNIC) (Figure 4.1d’, g). Notably,
previously reported neutral naphthalimide derivatives HNI and PNI, respectively lack these
traits. HNIC's white light emission likely involves AIE and excimer formation in solid state,
evidenced by dimeric packing and excimeric emissions in their solution and solid state
(Figure 4.5, and A4.1a, a’). This interaction spans the spectrum from blue to yellowish-
orange, producing white light. PNIC's white light emission results from energy transfer and
charge transfer processes, covering bluish-green to yellowish-orange (Figure A4.1b, b’). The
charge transfer process is supported by DFT studies, evident in notable HOMO-LUMO
separation (Figure 4.6a). HOMO localizes in the donor phenyl segment, while LUMO resides
in the imidazolium component. The previously reported conventional HNI and PNI
materials share similar core with HNIC and PNIC, differing only in minor variations in
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pendant alkyl chains. Notably, these (HNI and PNI) materials do not possess the mentioned
characteristics. However, HNI does show excimeric emission, whereas PNI exhibits ®pp, =
0.00. Thus, this unique property results from the additional anion-m* interaction of the
imidazolium component, which contributes a distinct magnitude of steric strength to the
intermolecular packing arrangement in the solid state. Counter-anion profoundly impacts
emission properties, offering avenues for future tuning. (431 This work presents the rarest
single-component solid-state white light emissive AIE material integrating anion-st*
interaction with AIE, employing AIE-excimer-anion-n* or AIE-ET-CT-anion-nt* pathways.
Notably, the reported pyrillium ionic fluorescent dye and the ionic BODIPY AlEgen has been
achieved for single-component solid-state white light emission (Table A4.4). [6+62] However,
it's essential to highlight that their materials primarily exhibited white light emission in the
solution state. Notably, a novel mechanism for white light emission in the solid state has

been introduced by this unique and very facile design principle.
4.3.9. Theoretical Calculation

As the electron-donating ability of the donor increased, D-A interaction intensified, reducing
HOMO-LUMO gap. TNIC and BNIC had low energy gaps (1.87 and 1.79 €V), aligned with
their optical properties (Figure 4.6a, b, and Table 4.1, A4.10-A4.12). [41.63.64] HNIC without a
donor unit showed a higher gap (3.76 eV). Effective HOMO-LUMO separation led to small
AEgr values. BNIC had lowest AEs;1; (0.00 €V). Significant SOC (3.17 em™) and low AEs,rs
(0.056) in HNIC arose from S.-Tj transition due to distinctive excimer formation, supported
by SCXRD and photophysical analyses. HNIC showed notable SOC values (2.45, 1.930, 0.32,
0.30 cm™), unique to its design. This unveils an innovative mechanism for efficient AIE PSs,
rather than relying solely on the conventional D-A design strategy. While numerous research
groups have showed achievements in excimer-based phosphorescence, (55651 solid-state white
light emissive materials, [60.61.66] delayed fluorescence or ®pr, 1461 the concept of utilizing
excimer-based PSs remains unexplored until now. While a heavy atom-free thiobased
naphthalimide PS (NI-S PS) has been reported, it's noteworthy that their approach adeptly
incorporates the D-A design strategy to achieve highly efficient triplet formation. [45
Consequently, this study marks the novel phenomenon of an excimer-based PS, setting a
new approach in the field. Notably, PNIC exhibited a significant SOC of 1.265 cm™ for the S.
to T, transition, accompanied by a AEs.r; value of 0.045 eV. In contrast, the remaining
derivatives including ANIC, NNIC, TNIC, and BNIC demonstrated moderate SOC values
of 0.45, 0.33, 0.10, and 0.22 cm™?, correspondingly, coupled with AEgsr values of 0.498,
0.436, 0.309, and 0.201 eV. The observed outcome exceeded the initial expectations,
particularly considering BNIC's highly enhanced electron D-A nature. Consequently, HNIC
and PNIC excel as solid-state white light-emitting AIE PSs, while ANIC, NNIC, TNIC, and
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BNIC are effective solid-state red-orange emission AIEE PSs. This innovative design
approach emphasizes excimer-based and D-A design principles, demonstrating their

importance for advancing materials in practical applications.
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Figure 4.6. (a) Frontier molecular orbitals (HOMO and LUMO) with energies in eV calculated from the DFT/
B3LYP method using the 6-31G (d, p) basis set by Gaussian 16 software in their ground state. Below the chemical
structure of the respective luminogens. {I- has been omitted due to better clarity}. (b) SOC Calculated by SOC-
TDDFT method Using ORCA 5.0 Software for all the derivatives. HNIC, PNIC, ANIC, NNIC, TNIC and BNIC,
respectively. [ HNIC: AEsit: = 0.935, AEsiT2 = 0.064, AEs2t2 = 0.517, AEs2ts = 0.456, AEs2t4 = 0.266, AESot5 =
0.056, (S, T1) = 0. 00 ecm™,  (S1,T2) = 0.32 cm™?, {(S2T2) = 2.45 ecm™, § (ST3) = 0.30 cm™, § (S2,T4) = 1.930 cm™, §
(S2T5) = 3.170 cm™. PNIC: AES:T: = 0.674 eV, AES.T> = 0.358 €V, AES:T3 = 0.045 €V, & (S;,T1) = 0.20 cm, §
(S2T2) = 0.30 ecm™, & (S2,T3) = 1.265 cm. ANIC: AEST: = 0.205 eV, AES.T: = 0.498 eV, AES.T> = 0.293 €V, £
(S1T) = 0.22 em?, € (S2,T1) = 0.45 ecm™, € (So,T2) = 0.14 cm™. NNIC: AES,T: = 0.003 eV, AES-T: = 0.436 €V,
AES.T> = 0.429 eV, € (S1,T1) = 0.173 cm?, € (S2T1) = 0.33 ecm™?, € (S2,T2) = 0.28 ecm. TNIC: AEST: = 0.001 €V,
AES.T: = 0.309 eV, AES.T»> = 0.294 eV, € (S, T1) = 0.10 cm™, € (So,T1) = 0.10 cm?, € (S2,T2) = 0.10 cm*. BNIC:
AES:T: = 0.00 eV, AES.T: = 0.319 eV, AES.T> = 0.201 €V, £ (S2,T1) = 0.00 cm™, € (S2T1) = 0.00 cm™, & (S, T2) =

0.22 cm™].
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4.3.10. Singlet Oxygen (Type 2 ROS) Detection

Motivated by the substantial SOC and abundant population of excited state triplets in RNIC
materials, we embarked on an investigation into their @, using ABDA as a commercially
available probe for quantifying 'O, (Figure 4.7a, A4.14, A4.15, Table 4.1 and Equation A4.2).
Clearly, NNIC stands out with the highest ®, value of 0.95 at 99% f.,. In contrast, TNIC and
BNIC showed moderate @, values of 0.017, whereas the signal indicating 'O, generation was
non-existent for all the RNIC derivatives tested under identical conditions. In summary, the
higher @, values observed for NNIC signify the efficient type-II processes, while TNIC and
BNIC display moderate type-II processes. On the other hand, HNIC and PNIC display no
detectable generation of !O.. Notably, NNIC showed the highest ®, value reported thus far
within an aqueous medium (Table A4.2, A4.3). It's important to acknowledge that recently
reported materials such TPA containing AlEgen (MeTTPy), thio-based non-fluorescent
naphthalimide (NI-PSs) and triphenyl amine (TPA) comprising ionic another ionic
luminogens (LLOCK), respectively have been exhibited even higher ®, values, such as 0.91,
1.0, and 1.1 (Table A4.3). However, it's noteworthy that these elevated values were attained

in solvent systems like toluene or THF.
4.3.11. Total ROS generation evaluation

To address lower @, values, the collective potential for ROS generation by RNIC derivatives
was assessed. Increased PL intensity was observed in the aggregated-state (99% PBS fraction
in DMSO, fpgs) under white light, using 2,7-dichlorodihydrofluorescein (DCFDA), which is
sensitive to ROS (Figure 4.7b, A4.16). Enhanced donor functionality correlated with higher
ROS generation efficiency. After 10 minutes of light, BNIC, TNIC, NNIC showed 160-fold,
160-fold, and 120-fold PL intensity increases with DCFDA. HNIC, PNIC, ANIC exhibited
45-fold, 10-fold, 25-fold enhancements. These results collectively indicate both type-I and
type-1I processes contributed to ROS generation. Notably, within 3 minutes, using minimal 1
uM DCFDA, BNIC, TNIC, NNIC displayed 2 x 10°, 1 x 10°, 1 x 10° enhancements, while
HNIC, PNIC, ANIC showed 5 x 105, 1 X 104, 2 X 105 enhancements. HNIC's PL increase,
despite lacking donor group, highlights unconventional D-A strategy's ROS generation.
BNIC's efficient ROS production owes to donor biphenyl amine group, reducing AEsr due to
strong HOMO/LUMO separation, thus facilitating efficient triplet population. BNIC AIEE
PS shows prominent total ROS generation compared to recent PSs (Table A4.1). TNIC and
NNIC are second-tier efficient AIEE PSs.
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Figure 4.7. (a) Plots of ABDA (100 uM) decomposition rates at Aabs.max Of 380 nm by the various PSs (100 uM).
(b) Plot of PL intensities of DCFDA indicator in the presence of RNIC derivatives. Ao and A are ABDA
absorbance at Aabs.max of 380 nm, where, I, and I are the PL intensities of the indicator at Aem,max of 521 nm before
and after irradiation of the white light, respectively. (¢c) EPR signals at their aggregated-state. (d) PL spectra of TA
in the presence of RNIC derivatives at 528 nm. (e) Zeta potential versus pH values of RNIC derivatives. (f) Ec
and Ev of RNIC derivatives at pH 5.6. The energy scale is expressed in relation to NHE. (g) Gibbs free energy
changes of HNIC, PNIC, ANIC, NNIC, TNIC and BNIC, respectively, via ORCA 5.0 SOCME module at the
B3LYP DEF2-SVP level. [Aggregated-state: 99% PBS fraction in DMSO, fpas].

4.3.12. Radical (Type 1 ROS) detection

The study aimed to evaluate the capacity of RNIC derivatives to generate free radicals
through electron spin resonance (ESR) to effectively captured O.- and hydroxyl (HO-)
(Figure 4.7c). The experiments were conducted using 2,2,6,6-tetramethyl-4-piperidinol
(TEMP) as a free radical trapper. The RNIC derivatives were examined under white light
irradiation in a condensed state (99% fpss). Remarkably, the RNIC derivatives exhibited ESR
signals within a short span of 10 min under white light irradiation. To further investigate the

ROS generation capabilities, terephthalic acid (TA) was utilized as a probe to detect HO*
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(Figure 4.7d). 641 The fluorescence intensity of the RNIC probes remained relatively
unchanged when subjected to white light irradiation for 30 min, implying that the
production of HO radicals by the RNIC derivatives was not significant. These observations
were in harmony with the electrochemical characteristics exhibited by the RNIC derivatives.
These properties provided corroborating evidence for a type-I photosensitization
mechanism, involving the generation of O.'- through electron transfer from triplet excited
states to 30.. The energy levels of the RNIC derivatives were estimated using Exomo and
Erumo (Figure 4.7e, A4.17, A4.18, Table A4.13-A4.15, Equation A4.3-A4.6). (041 The points of
zero zeta potential for HNIC, PNIC, ANIC, TNIC and BNIC were calculated to be 0.627,
8.46, 13.9, 6.02, 9.1 and 2.63, respectively (Figure 4.7e and Table A4.15). Valence band
energy (Ev) was obtained from X-ray photoelectron spectroscopy (XPS) data, while
conduction band energy (Ec) was estimated from the energy gap derived from the onset
absorption data acquired through UV-visible spectroscopy (Figure A4.17, A4.18 and Table
A4.14, A4.15). As a result, the Ec values of HNIC, PNIC, ANIC, NNIC, TNIC and BNIC
derivatives were calculated to be -3.3344, -2.83126, -1.9373, -1.59022, -1.3435 and -1.57523
eV at a pH of 5.6, respectively (Figure 4.7f and Table A4.15). These values are lower than the
redox potential (En) of 0,/0.'(-0.2 eV). Consequently, all the RNIC derivatives possess the
ability to effectively transferring electrons to oxygen and generating O.'-, specifically tailored
them for type-I PDT. However, the Ey values of the RNIC derivatives (0.0166 for HNIC,
0.2684 for PNIC, 0.5127 for ANIC, 0.04978 for NNIC, 0.3265 for TNIC and 0.03477 eV
for BNIC, respectively) are smaller than the Ex values of H.O/ HO" (2.20 eV) and *0,/0.
(1.88 eV) at a pH of 5.6, suggesting that HO* and 'O. generation is not feasible (Figure 4.7f
and Table A4.15). Despite this, the study explored the possibility of a type-II
photosensitization process in NNIC most promisingly. This consideration was rooted in the
fact that the first excited triplet states of the NNIC PS exceeded the energy threshold
necessary for the effective sensitization of molecular oxygen (0.98 eV). [:21 To delve deeper
into the viability of type-I PDT via intermolecular electron transfer (IET), an in-depth
investigation was conducted. This involved calculating the AG values employing the ORCA
5.0 quantum mechanical package at the B3LYP/DEF2-SVP level. Figure 4.7g provides a
visual representation of the computed AG values in the context of reactions involving the
RNIC derivatives O.. Specifically, for HNIC, the AG value with respect to O. was
determined to be -52.69 kcal mol. This value was comparatively lower than the AG values of
other derivatives like PNIC, ANIC, NNIC, and TNIC (-51.29, -48.04, -5.17, and -11.38 kcal
mol?), respectively (Figure 4.7g and Table A4.16-A4.29). Such differences suggest a higher
likelihood of IET reactions for HNIC, PNIC, ANIC, and TNIC. Consequently, this implies
that HNIC and PNIC are more predisposed to efficiently generate O,"-. In contrast, the
relatively highest AG value for NNIC suggests a less favorable reaction with O.-.
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Furthermore, it is significant to note that BNIC (-369.72 kcal mol*) exhibited the smallest
AG values when compared to other RNIC derivatives. This is the first documented case of an
exceptionally low AG value compared to previously reported PDT materials. [04 Theoretical
calculations strongly suggest that BNIC is the most promising candidate among the RNIC
derivatives for type-I PDT applications. BNIC is highly capable of generating O."- and to a
lesser extent, '0.. HNIC, PNIC, and ANIC are promising for type-I PDT, producing O.'-
effectively. NNIC shows potential for type-1I1 PDT, producing *O. more efficiently. TNIC is a
strong contender for both type-I and type-II strategies, with moderate 'O, generation and
efficient O,'~ production. Overall, these findings illustrate the strategic manipulation of ROS

through targeted design, informing diverse PDT applications.

Table 4.1. Summary of the Photophysical and Photosensitizing data of the RNIC luminogens.

fStokes-
) a hift N . kSOC
s Aex Aem Aem em sni (nm) Eg ) JAEst
s@pL, O (cmr-
Materials | ™™ | (nm) | ™) | um | @™ (eV) V)
A-E | S-E 9
HNIC 336 350 411 399 416 49 66 0.61 3.76 | 0.0008 | 0.935 3.17
PNIC 360 370 435 459 483 89 113 0.98 3.36 0.004 | 0.674 | 1.265
ANIC 287 370 530 461 615 91 245 0.026 2.48 0.006 | 0.205 | 0.45
NNIC 303 370 534 431 601 61 231 0.007 2.14 0.95 0.003 | 0.33
TNIC 310 370 505 603 589 233 219 0.006,0.33° | 1.87 0.017 0.001 0.10
BNIC 338 370 436 604 605 234 235 0.011,0.99* | 1.79 | 0.0168 | 0.000 | 0.22

Hab.max, Prex ANd 9em.max are absorption, excitation and emission wavelength maxima in Solution state. deAggregated and solid
state remmax, 'Stokes-shift calculated between aggregated iemmax and iexmax (A-E), (S-E) solid remmax and aexmax (S-E) . ®pL
Quantumn yield in aggregated-state. hEg gaseous-state band-energies, i®aSinglet-oxygen quantumn yield, JAEsr is first singlet
and triplet sate energy gap. kSpin-orbit coupling between singlet and triplet-state. [Concentration: 100 pM RNIC derivatives in
DMSO solution (solution-state), 99% fw in DMSO (Aggregated-state)] p =®»w at 60 % fy.

4.3.13. Mitochondria targeting cell imaging and white

light induced PDT performances

The esceptional ability of NNIC, TNIC, and BNIC AIEE gens to produce ROS and display

red-orange luminescence with a large stokes shift has driven their application in vitro cell
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imaging and PDT (Figure 4.8). Precisely, HeLa cells were subjected to 4 hrs incubation,
exposed to 30 uM NNIC and 10 uM each of TNIC and BNIC, as illustrated in the figure
4.8a. This resulted in distinct visualization of reticulum-like mitochondria, sharply
contrasting against the cellular background. To assess the mitochondria specificity of these
RNIC AIEE gens, a colocalization experiment employed MitoTracker Green, a commercially
designed bioprobe for mitochondria staining. Colocalization results demonstrated perfect
overlap between cell imaging of NNIC, TNIC, and BNIC AIEE gens and MitoTracker
Green, substantiated by high Pearson's correlation coefficients: 0.93, 0.94, and 0.96
respectively (Figure 4.8a). This confirms strong specificity of AIEE gens for mitochondrial
staining, further validating their targeted imaging capability. Notably, BNIC outperforms
other RNIC AIEE gens, demonstrating enhanced mitochondrial targeting and higher
cellular accumulation at a lower concentration for cell imaging. This advantage originates
from BNIC's nano-ribbon supramolecular assembly, supported by established literature.
(53,541 Mitochondrial staining behavior is attributed to electrostatic interaction between the
positively charged imidazole unit and the negatively charged mitochondrial transmembrane
potential, driving specific accumulation and targeting. This strategy eliminates the need for

additional targeting agents to improve biological incorporation.

The anticancer effect of NNIC, TNIC, and BNIC AIEE PSs in Hela cells was studied using
an MTT assay (Figure 4.8b). At a higher concentration (20 uM), BNIC exhibited elevated
dark toxicity compared to NNIC and TNIC. Interestingly, under a 20-min light exposure,
BNIC and TNIC significantly impeded cell proliferation in Hela cells with IC;, values of
about 1.67 uM and 15.5 uM respectively. Notably, at 2 uM and 20 uM, BNIC and TNIC
induced approximately 80% and 65% cell inhibition upon light irradiation. Controlled
morphology in aqueous media likely contributes to this limited toxicity. [53:541 Fluorescence
microscopy validated BNIC and TNIC's robust photocytotoxicity in Hela cells, showing
their potential as exceptional PSs. With an exceptionally low IC;, value, BNIC demonstrates
a PDT effect that surpasses the efficacy of recently investigated materials for both type-I and
type-1I PDT applications. This places BNIC at the forefront of contenders in this field due to
its unparalleled performance (Table A4.1, A4.2).

In summary, BNIC emerges as a promising PS due to its potent phototoxicity, precise
mitochondrion targeting, and potential for synergistic image-guided photodynamic therapy.
The overall studies suggest that the BNIC is the most specific mitochondrion targeting
image-guided type-I AIEE PS (particularly O.- production) compared to most recently
reported materials (Table A4.1).
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Figure 4.8. (a) Mitochondrion-targeting cell imaging of the NNIC, TNIC and BNIC luminognes.
[Concentration: NNIC (50 uM), TNIC/BNIC (10 uM)]. (b) Cell viability of HeLa cells after treatment with
different concentrations of NNIC, TNIC and BNIC, respectively, along with 20 min white light irradiation.

[MTG represents the mitotracker green].

4.3.14. Live cell/ dead cell co-staining and intracellular

ROS generation

The viability assay, utilizing calcein-AM/propidium iodide, vividly showed the impact of
TNIC and BNIC on Hela cells (Figure 4.9, A4.19-A4.21). Concurrently, DCFDA with green
signal indicated intracellular ROS production, aligning with previous findings. Treated cells
exhibited evident morphological alterations, including reduced size, shrinkage, and cellular
collapse. These shifts reinforced the idea of BNIC-induced photodynamic action fostering
organelle destruction. This impact is likely amplified by BNIC's proficient accumulation
within cancer cells, which possess higher cell permeability relative to other RNIC
derivatives. BNIC's selective accumulation is facilitated by its precisely controlled
morphology in aqueous environments. [53541 Thus, BNIC exhibited pronounced
photodynamic activity, driving type-I ROS production and cancer cell organelle destruction.
Hence, BNIC emerges as a promising PS for PDT applications. In summary, the results
highlight the capacity of readily accessible RNIC derivatives to serve as a versatile
foundation for multifunctional AIEgens. This adaptable simplest framework carries great
promise for the advancement of distinct luminescent materials, thereby promoting both

scientific exploration and technological advancement.
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Figure 4.9. Fluorescence microscope images of HeLa cells after treatment with BNIC (10 uM) and TNIC (20
uM) PSs under normoxia loaded with (A) calcein-AM (2 uM, live cell marker), (B) PI (4 uM, dead cell marker),
(C) DCFDA (10 uM). [Concentration: BNIC (10 uM), TNIC (20 uM), Scale bar:100 pm].

4.4. Conclusion

The utilization of donor functional units and anion-n* interactions of imidazole component
resulted in distinct varieties of condensed-state emitters with a large stokes shift (245 nm),
unique supramolecular behavior, and potent photosensitizing properties. This study
introduced single-molecule solid-state white light-emissive AIE PSs, HNIC (CIE: 0.34,
0.33), and PNIC (CIE: 0.34, 0.32), as well as an excimer-based AIE PS, HNIC, and a
mitochondrion-targeted image-guided AIE PS for PDT in cancer cells. PNIC and NINC

exhibited remarkably high ®p;, and ®, values of 0.98 and 0.95, respectively, in aqueous
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media. The study revealed distinct types of PSs (type-I: HNIC, PNIC, ANIC and BNIC;
type-II: NNIC, and both type-I and type-II characteristics: TNIC). These PSs specifically
and predominantly generated type-I ROS, particularly O,'-, along with exceptionally low AG
values (AG for HNIC -52.69, PNIC -51.29, ANIC -48.04, TNIC -11.38, BNIC -369.72 kcal
mol?). Efficient ROS production in the acceptor core HNIC suggested that the excimer
played a crucial role in efficient ROS production, with a substantial SOC of 3.17 cm™.
Furthermore, BNIC emerged as a highly promising photodynamic therapy material,
boasting an extremely low ICs, of 1.67 uM without the need for extra targeting ligands.
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Appendix (AI)

Table A4.1. Comparision table of the recently published mitochondrion targeted image-guided type-I PSs

Comparing their photophysical and photosensitizing behavior as well as PDT efficacy.

2ACS Nano 2023, 17, 8,

bAdv. Funct. Mater.

¢ACS Nano 2021, 15,

References Present work
7145. 2020, 30, 2002057. 7735.
. BNIC (Red TNIC (Red
Materials AIEEgen) AlEEgen) Yellow AIE gen Far Red AlEgen Yellow AIE gen
AIE (solvent)
99% fuw 99% fi 99% fw 99% fi 99% fw
Stokes- shift (nm) 235 233 g g g
99% fw 0.011 0.006 g g g
@pL
60% fw 0.99 0.33 g g &
@, (solvent) 0.017 0.017
g g g
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Light used White light White light White light White light White light
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3 3 2 2 2
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DCFDA, DCFDA,
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In vivo g g g g g
Cell imaging
Lyso and
(Mitochondrion yes yes yes mitochondrion yes
targeting)
Stimuli used g g ALP yes g

a and c represents the references 9 and 10 in Al, b represents the reference 39 in the main manuscript.

Table A4.2. Comparision table of the recently published mitochondrion targeted image-guided type-II PSs

Comparing their photophysical and photosensitizing behavior as well as PDT efficacy with RNIC derivatives,
particularly (NNIC derivatives).
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. ondrio
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targeting) n
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a represent the references 5, 11-18, 19, 27, and 28 placed in the AI and 42 placed in the main manuscript.

Table A4.3. Comparision table of stokes shift, ®pL and ®a of the AIEgen materials of the recently published

materials.

References

AlEgen materials

Properties

Present work

PNIC

J. Am. Chem. Soc. 2019, 141, 16243.

Green AlE gen

DpL (Solvent system)

0.98 (99%w)

0.99 (toluene)

Present work

BNIC (Red AlEgen)

Stoke shift (nm)

235

212

173

11 Adv. Opt. Mater. 2020, 8, 1901433. Yellow AIE gen

20 Adv. Funct. Mater. 2018, 28, 1704589. Green AlE gen
Present work NNIC

a J. Am. Chem. Soc. 2019, 141, 16243. Non-fluorescent

18 Chem. Sci. 2022, 13, 9373. Red AIE

5 Adv. Mater. 2018, 30, 1802105. Red AIE

@, (Solvent system)

0.95 (99%w)

1.0 (toluene)

1.1 (THF)

0.91(THF)

a represent the reference 45 placed in the main manuscript.

Table A4.4 Comparision table of the recently published solid state and solution state white light emissive

materials with their different mechanisms.
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Materilas . . . . .
References (CIE) lonic/neutral | Properties | Solution | Solid Mechanism
AIE-Excimer-
HNIC . .
lonic AlE No yes anion-n+
(0.34,0.33) .
interacton
Present work
AIE-CT-ET-
PNIC . .
lonic AIE No yes anion-m+
(0.34,0.32) .
interacton
Pyrylium dye . Fluorescent lonic
a J. Mater. Chem. C. 2020, 8, 14348. lonic No yes . .
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c Chem. Sci. 2016, 7, 2201. (0.27,0.29) neutral AIE no Yes AIE-ICT
AIE-ESIPT-
22 New J. Chem. 2017, 41, 1064. (CIE:0.45,0.38) neutral AIE yes no .
excimer
non-covalent
23 Chem. Commun. 2017, 53, 7909. (0.33,0.33) neutral AIE yes no
nano-assembly
Chem. Commun. 2019, 55,1879.
24 (0.33,0.37) neutral AIE yes no VIE-AIE
25 Chem. Commun. 2020, 56, 7407. (0.4,0.34) neutral AIE yes no AIE-CT
AIE-Electronic
26 Mater. Chem. Front. 2021, 5, 2361. (0.29,0.34) neutral AIE yes no . .
interaction
AIE-Dual
d Nat. Commun. 2017, 8, 416. (0.33,0.35) neutral AIE no yes
phosphorescent

PL Intensity (a.u)

a, b, ¢, and d represents the references 61, 62, 66 and 60, respectively placed in the main manuscript.
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Figure A4.1. (a and a’) Solution and solid state PL spectra of HNIC exhibiting excimer formation. (b and b’)

Solution and solid state PL spectra of PNIC exhibiting distinct emission band. [ solution state (in DMSO), ( Aex =

370 nm.

Table A4.5. CIE coordinates for the RNIC derivatives in solution, aggregate and solid state.

Solution Aggregate Solid
Materials
X Y X Y X Y
HNIC 0.239 0.261 0.162 0.040 0.3384 0.329
PNIC 0.192 0.184 0.145 0.141 0.336 0.328
ANIC 0.301 0.461 0.166 0.165 0.535 0.457
NNIC 0.289 0.414 0.154 0.065 0.585 0.414
TNIC 0.245 0.317 0.579 0.419 0.569 0.429
BNIC 0.179 0.145 0.584 0.415 0.593 0.406
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Figure A4.2. (a-f) Normalized UV-vis spectra of RNIC derivatives at various fw in DMSO.

Table A4.6. UV-vis absorption data for the RNIC derivatives.

300 350 400 450 500 550 600
Wavelength (nm)

0 " : . :
300 350 400 450 500 550 600
Wavelength (nm)

Materials

Water fraction
(fw)

)\abs .max
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0% 336 0.276976

HNIC
99% 345 0.293164
0% 360 0.690822

PNIC
99% 362 0.510113
0% 287 0.373151

ANIC
99% 288 0.321992
0% 303 0.230986

NNIC
99% 304 0.134107
0% 310 0.554521

TNIC
99% 311 0.487119
0% 338 1.094902

BNIC
99% 339 0.892943
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A, A, are the absorbance and wavelength maxima shift in their absorption.
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Figure A4.3. Solvatochromic effect of the NNI, TNIC and BNIC derivatives. (a-c) Normalized absorbance, (d-

f) Fluorescence spectra of NNI, TNIC and BNIC derivatives in various solvents from nonpolar to polar (100

UM, Aex = 370 nm).

Table A4.7. The solvatochromic UV-vis data for the NNIC, TNIC and BNIC derivatives in various solvents

from nonpolar to polar (100 uM, Aex = 370 nm).

Materials Solvents Aabs.max A
Toluene 281
Dioxane 294
CHCl, 302
NNIC THF 295 21
MeOH 203
DMF 206
DMSO 297
Toluene 300
Dioxane 309
TNIC 15
CHCl; 315
THF 305

TH-3411 176122016
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MeOH 309

DMF 307

DMSO 308

Toluene 337

Dioxane 334

CHCl3 339

BNIC THF 333 6

MeOH 333

DMF 337

DMSO 338

AM is the absorbance and wavelength maxima shift in their absorption.

Table A4.8. The solvatochromic PL data for the NNIC, TNIC and BNIC derivatives in various solvents from
nonpolar to polar (100 pM, Aex = 370 nm).

Materials Solvents Aem.max AA
Toluene 555
Dioxane 504
CHCl; 601
NNIC THF 602 52
MeOH 603
DMF 604
DMSO 605
Toluene 552
Dioxane 575
CHCl; 601
TNIC THF 602 49
MeOH 603
DMF 604
DMSO 605
Toluene 563
BNIC Dioxane 584 47
CHCl; 609

144
TH-3411 176122016



THF 609
MeOH 609
DMF 609
DMSO 610

AM, is the wavelength maxima shift in their emission.
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Figure A4.4. PL spectra at various fw in DMSO at their corresponding Aem,max.
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Figure A4.5. Capturing daylight photographs of RNIC derivatives at 0%, 60%, and 99% fw in DMSO.
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Figure A4.6. (a and a’), (b and b’), (c and ¢"), (d and d’), (e and ¢€’), (f and ) are the absorbance and emission
peak area of quinine sulfate (Q.S), HNIC, ANIC, NNIC, TNIC and BNIC at 99% fw in DMSO, at their
corresponding slit. (g-g”) and (h-h’) are the absorbance and emission peak area of Q.S, and PNIC at 99% fw in
DMSO. IF: integrated fluorescence intensity.
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Figure A4.7. (a and a’), (b and b), and (c-¢’) the absorbance and emission peak area of Q.S, TNIC and BNIC at
60% fw in DMSO. IF: integrated fluorescence intensity.
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Figure A4.8. (a and b) 2D EEM contour projections of the RNIC derivatives at different concentrations (left:
100 uM; middle: 300 uM and 500 pM; right: 1 mM) in DMSO.

Stock solutions in DMSO
il

MiIIi:Q
Water

Highly Reproducible

And
Simple Protocol

“ % Simple
Step 4 Dropcasting
4= a—

Room Temperature

149
TH-3411 176122016



Figure A4.9. (b) Schematic illustration of the highly reproducible simple, cost-effective, and feasible strategy for

the preparation of micro- and nano- supramolecular self-assembly from RNIC derivatives.

Figure A4.10. FESEM images of the nano-assembly of the TNIC spontaneously formed at 99.9% fw in DMSO
(100 uM) by a simple drop-casting technique on aluminum foil coated on a glass slide, followed by drying at room

temperature, as graphically represented in Figure A4.9.

Figure A4.11. FESEM images of the nano-assembly of the BNIC spontaneously formed at 99.9% fw in DMSO

(100 uM) by a simple drop-casting technique on aluminum foil coated on a glass slide, followed by drying at room

temperature, as graphically represented in Figure A4.9.
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Figure A4.12. (a)The angle between two dimer. (b) Molecular arrangement in HNIC crystal lattice, exhibiting

C-H---7 interation. (c) Intermolecular packing interaction showing two distinct dimeric plane. (d) Brickwork

configuration of HNIC in its crystal lattice.

Table A4.9. SCXRD data of the RNIC derivatives.

Name HNIC
Formula C34H29oNO-
Formula weight 71.06
Wavelength () 0.71073
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Space Group P21/’
Crystal System monoclinic
Temperature 298 (K)

a9.6583(7)
Cell Lengths (A) b 17.9351(13)
¢ 12.7900(9)
a90
Cell Angles (o) B 96.194(2)
Y 90
Cell Volume (A3) 2202.6(3)
z 4
Density (g/cm3) 0.114
hmax, Kmax, Imax 11,15,5
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Figure A4.13. (b) Ground state band energies of optimized RNIC derivatives in gaseous state or with various

solvation.
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Figure A4.14. The ROS quantum yield of RNIC was determined using chemical trapping measurements. ABDA
undergoing photodegradation with (a) Rose Bengal, (b) HNIC, (c) PNIC, and (d) ANIC, respectively under 10
min white light irradiation. Rate constants for the decomposition of ABDA in the presence of (a’) Rose Bengal,
(b) HNIC, (¢’) PNIC, and (d’) ANIC, respectively, under 10 min white light irradiation. The integrated area of
the absorption peak for (a”) Rose Bengal, (b”) HNIC, (¢”) PNIC, and (d”) ANIC, respectively, after 10 min white

light irradiation.
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Figure A4.15. The ROS quantum yield of RNIC was determined using chemical trapping measurements. ABDA
undergoing photodegradation with (a) TNIC, (b) BNIC, and (d) NNIC, respectively under 10 min white light
irradiation. Rate constants for the decomposition of ABDA in the presence of (a’) TNIC, and (b) BNIC,

respectively under 10 min white light irradiation. The integrated area of the absorption peak for (a”) TNIC, and
(") BNIC, and (C”) RB, respectively. ABDA undergoing photodegradation with (¢) RB, and (d) NNIC,

respectively under 1 min white light irradiation. Rate constants for the decomposition of ABDA in the presence of

() RB, and (d”) NNIC, respectively under 1 min white light irradiation. (d””) The integrated area of the

absorption peak for NNIC.
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Table A4.10. Spin-orbit coupling matrix elements (SOCME) of RNIC compounds in optimized structure.
<Sm|Hso|Tn>, cm? calculated using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Materials HNIC PNIC ANIC NNIC TNIC BNIC
So—T: 0.678232998 | 0.141421356 0.83666 0.714142843 | 0.435889894 | 0.282842712
ST, o 0.2 0.223607 0.173205081 0.1 (o}
ST, 3.06757233 0.591607978 0.479583 0.331662479 0.1 0
S;o Ty 1.923538406 | 0.655743852 (o} 0.387298335 0.4 0.360555128
STy 1.319090596 0.1 0.223607 0.556776436 | 0.574456265 0.4
S5 T, 0.173205081 | 2.949576241 0.1 0.447213595 | 0.565685425 | 0.360555128
Se—T: 1.319090596 0 0.244949 1.034408043 | 0.728010989 (o}
ST, 1.445683229 | 0.346410162 0.489898 0.916515139 0.316227766 0.3
Sso T 2.929163703 1.090871211 2.503997 0.412310563 | 0.374165739 0.141421356
SoT: 0.223606798 | 0.435889894 0.458258 0.316227766 | 0.412310563 | 0.244948974
Si10T: 0.943398113 0.141421356 0.707107 0.374165739 | 0.223606798 0.64807407
SoT:2 0.331662479 | 0.447213595 0.360555 0.64807407 | 0.692820323 0.7
S1oT> 0.316227766 0.1 (o} 0.173205081 0.2 0.2
S26T2 2.44744765 0.3 0.141421 0.282842712 0.1 0.223606798
S;oTe 1.6 0.141421356 0.538516 0.244948974 | 0.141421356 0
S, T2 1.004987562 | 0.556776436 0.374166 0.509901951 | 0.244948974 | 0.264575131
S5-T- 0.264575131 0.9 0.774597 0.424264069 | 0.264575131 0.1
Se—T2 1.609347694 | 1.345362405 0.223607 0.754983444 | 0.331662479 | 0.331662479
S, T2 1.044030651 | 0.591607978 0.282843 0.655743852 | 0.316227766 0
SgoTe 2.177154106 | 0.489897949 0.6 0.360555128 0.6 0.2
SoT:2 0.866025404 0.5 0.141421 0.529150262 0.2 0
S10T2 1.252996409 | 0.768114575 0.447214 0.387298335 | 0.489897949 0
SoTs 0.282842712 1.7 1.264911 0.948683298 | 0.806225775 | 0.538516481
S1oT3 0.1 0.4 0.173205 o o 0.1
S>oT;3 0.3 1.264911064 0.663325 0.761577311 0.640312424 | 0.489897949
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S;-T3 0.141421356 0.264575131 0.141421 0.1 0.141421356 0
S;oT3 0.360555128 0.141421356 0.1 0.141421356 0.1 0.173205081
S5-T3 0.509901951 | 3.006659276 0.2 o (o} 0.141421356
S6—T;3 3.340658618 0.1 0.824621 0.435889894 0.1 0.4
S-—T;3 0.787400787 | 0.360555128 1.161895 0.538516481 | 0.374165739 0
SsoTs 1.374772708 | 0.938083152 2.807134 0.748331477 | 0.670820393 | 0.574456265
SoT3 2.206807649 | 0.591607978 0.52915 0.793725393 0.141421356 0.141421356
S10T3 0.3 1.072380529 0.943398 0.374165739 | 0.424264069 (o}
So—Ty 5.328226722 | 1.004987562 0.3 0.141421356 0.1 (o}
STy 0.2 0.141421356 0.547723 0.4 0.387298335 | 0.360555128
STy 1.928730152 0.714142843 0.316228 0.360555128 | 0.316227766 (o}
S;oT4 2.898275349 0.1 0.141421 0.1 (0} (o}
S;oT, 2.158703314 0.1 (o} 0.1 0.1 (o}
S5oTy 0.781024968 | 1.658312395 1.126943 (o} 0.1 0.244948974
Se—T4 1.349073756 0.141421356 0.2 0.4 (o} 0.141421356
STy 1.694107435 (o} 0.173205 0.346410162 0.1 (o}
SsoTy 3.405877273 | 0.529150262 0.943398 0.244948974 | 0.223606798 (o}
STy 0.959166305 0.1 0.316228 0.244948974 | 0.141421356 0.141421356
Si10T4 2.158703314 | 0.360555128 0.574456 0.1 0.1 0.346410162
So—Ts 0.6 1.962141687 0.2 0.316227766 | 0.387298335 0.1
S:16T5 0.632455532 0.1 0.387298 0.6244998 0.574456265 | 0.387298335
S2oT;5 3.170173497 1.187434209 0.412311 0.244948974 0.2 0.316227766
S;oTs 2.213594362 | 0.574456265 0.173205 0 0 0
ST 1.462873884 | 0.223606798 0.1 0.1 0.1 (o}
S5-T5 0.141421356 | 1.034408043 0.331662 0.824621125 | 0.479583152 (o}
Se—Ts 1.174734012 0.2 0.141421 0.244948974 | 0.360555128 (o}
S,—Ts 1.646207763 0.2 0.223607 0.331662479 | 0.663324958 0
Ss—oTs 3.319638535 | 0.469041576 0.591608 0.316227766 | 0.412310563 0.141421356
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ST 0.387298335 | 0.547722558 0.141421 0.424264069 0.6164414 0
S10-T5 1.676305461 | 1.280624847 0.173205 0.316227766 0.1 0.141421356
So-Te 4.548626166 | 5.281098371 0.547723 1.024695077 0.1 0.374165739
S1oTe 0.842614977 | 0.412310563 (o} 0.663324958 | 0.565685425 | 0.346410162
S2-Te 4.240283009 | 2.151743479 0.6 1.183215957 0.1 0.141421356
S3-Te 0.538516481 | 0.68556546 0.282843 0.458257569 0] 0.244948974
S, Te 0.360555128 0.141421356 o 0.316227766 | 0.479583152 (o}
S5-Te 0.916515139 1.414213562 0.2 0.173205081 (o} (o}
Se—Te 1.216552506 0.5 0.264575 0.728010989 0.2 (o}
S-—Te 1.46628783 0.331662479 0.509902 0.574456265 | 0.360555128 | 0.374165739
Ss—Te 3.117691454 0.848528137 2.465766 0.331662479 0.2 0.141421356
So—Te 1.208304597 | 1.034408043 0.43589 0.141421356 0.360555128 | 0.223606798
S10-Te 3.382306905 | 2.645751311 0.787401 (o} 0.141421356 0.632455532
SoT> 1.15758369 0.3 0.781025 0.583005189 | 0.331662479 | 0.282842712
STy 0.469041576 | 0.574456265 0.556776 0.173205081 | 0.608276253 0.1
ST, 0.670820393 0.1 1.296148 0.519615242 1.135781669 0.387298335
S3-T, 0.547722558 | 0.244948974 0.387298 0.1 0.412310563 0.141421356
S4T, 0.574456265 0] 0.424264 0.282842712 | 0.331662479 o)
S5-T> 0.2 0.734846923 0.141421 0.1 (o} (o}
ST 2.641968963 | 0.538516481 0.479583 0.244948974 0.1 0.1
ST, 0.3 0.141421356 0.223607 0.141421356 0.346410162 (o}
Ss-T, 0.6 0.346410162 1.962142 0.489897949 | 0.574456265 | 0.141421356
ST, 1.496662955 | 0.244948974 0.387208 0.6164414 0.173205081 0
Si10-T5 0.412310563 | 0.412310563 0.244949 0.264575131 0.141421356 (o}
SoTs 4.473253849 | 1.830300522 0.8 0.346410162 0.1 (o}
S:1-Ts 1.760681686 | 0.331662479 0.1 0.519615242 | 0.728010989 0.3
S.oTs 0.692820323 | 0.529150262 0.678233 0.1 0.1 0.1
S;-Ts 2.04450483 0.556776436 0.316228 0.1 0 0
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S,oTs 1.957038579 0.2 0.1 0.824621125 | 0.360555128 (o}
S5-Ts 1.459451952 3.106444913 0.316228 0o 0.2 0.374165739
Se—Ts 1.539480432 | 0.387298335 1.00995 0.141421356 (o} (o}
S,-Ts 1.702938637 | 0.412310563 1.058301 0 0.244948974 0
Ss—Ts 3.553871129 1.1 1.135782 0.1 0.1 (o}
Sg—Ts 2.2627417 0.331662479 0.1 0.282842712 0.7 0.1
S10Ts 2.097617696 | 0.556776436 0.5 0.435889894 (o} 0.412310563
S0 Ty 2.517935662 | 1.509966887 5.361903 1.260952021 1.053565375 | 0.953939201
STy 3.319638535 | 1.396424004 0.34641 0.1 0.2 0.469041576
S2-Ty 1.513274595 0.346410162 1.438749 0.64807407 | 0.223606798 | 0.989949494
S3To 1.311487705 | 0.223606798 0.360555 0.141421356 0.141421356 (o}
S;oTo 1.2 0.547722558 0.2 0.244948974 0.2 0.346410162
S5-To 2.505992817 1.6673332 0.447214 (o} 0.1 0.264575131
Se¢—To 0.860232527 0.3 2.03224 0.4 0.1 0.2
STy 0.953939201 | 0.264575131 2.431049 0.316227766 | 0.223606798 (o}
Ss—To 1.870828693 | 0.282842712 0.316228 0.5 0.4 0.768114575
So—To 4.047221269 | 0.888819442 0.519615 0.244948974 | 0.173205081 0.141421356
S100Ty 1.462873884 | 0.244948974 1.337909 (o} 0.173205081 0.2
So—Tio 0.331662479 | 1.852025918 0.282843 0.948683298 | 0.173205081 | 0.223606798
S1oTio 0.4 0.173205081 0.774597 (o} 0.223606798 | 0.282842712
S2oTio 0.830662386 | 0.68556546 0.173205 0.244948974 (o} 0.244948974
S3-Tio 0.489897949 | 0.360555128 1.126943 0.1 0 0.141421356
S;4oTio 0.360555128 0.141421356 0.3 0.1 0.68556546 (o}
S5-Tio o 2.024845673 0.1 0.223606798 | 0.374165739 0.2
S6—Tio 0.141421356 0.264575131 0.244949 0.883176087 | 0.244948974 (o}
S--Tio 0.374165739 0.173205081 0.173205 0.173205081 (o} 0.1
Ss—Tio 0.761577311 0.6164414 0.4 0.412310563 | 0.141421356 0.2
So—Tio 0.173205081 | 0.244948974 0.458258 0.734846923 | 0.509901951 0
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S10-Tio 0.173205081 | 0.754983444 0.2 0.374165739 0 0.374165739

Table A4.11. Exccited state singlet and triplet state energy difference (AEst) eV of RNIC compounds in
optimized calculated using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

HNIC PNIC ANIC NNIC TNIC BNIC
STy 0.935 0.674 0.205 0.003 0.001 0
S1oT2 0.064 0.002 (o} -0.004 -0.014 -0.118
S1-T3 0.003 -0.311 -0.394 -0.746 -0.61 -0.731
ST, -0.187 -0.377 -0.857 -0.912 -0.912 -0.767
S:1oTs -0.397 -0.586 -0.913 -1.212 -1.036 -0.913
S:1-Te -0.524 -0.605 -1.032 -1.418 -1.311 -1.016
STy -0.71 -0.775 -1.138 -1.498 -1.344 -1.063
S:1-Ts -0.723 -0.818 -1.25 -1.715 -1.42 -1.368
S:16Ty -0.822 -0.877 -1.284 -1.733 -1.432 -1.382
S1oTio -0.924 -0.923 -1.315 -1.763 -1.484 -1.389
STy 1.388 1.03 0.498 0.436 0.309 0.319
S>oTs 0.517 0.358 0.293 0.429 0.294 0.201
S2-Ts 0.456 0.045 -0.101 -0.313 -0.302 -0.412
S26Ty 0.266 -0.021 -0.564 -0.479 -0.604 -0.448
S26T; 0.056 -0.23 -0.62 -0.779 -0.728 -0.594
S>—Te -0.071 -0.249 -0.739 -0.985 -1.003 -0.697
ST, -0.257 -0.419 -0.845 -1.065 -1.036 -0.744
S>-Ts -0.27 -0.462 -0.957 -1.282 -1.112 -1.049
S2Ty -0.369 -0.521 -0.991 -1.3 -1.124 -1.063
S2oTio -0.471 -0.567 -1.022 -1.33 -1.176 -1.07
S;o Ty 1.427 1.402 1.064 0.916 0.914 0.767
S;oT2 0.556 0.73 0.859 0.909 0.899 0.649
Sz T3 0.495 0.417 0.465 0.167 0.303 0.036
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S3oTy 0.305 0.351 0.002 0.001 0.001 o
S3oT;5 0.095 0.142 -0.054 -0.299 -0.123 -0.146
S3-Te -0.032 0.123 -0.173 -0.505 -0.398 -0.249
S;oT, -0.218 -0.047 -0.279 -0.585 -0.431 -0.296
S;-Ts -0.231 -0.09 -0.391 -0.802 -0.507 -0.601
S3To -0.33 -0.149 -0.425 -0.82 -0.519 -0.615
S3-Tio -0.432 -0.195 -0.456 -0.85 -0.571 -0.622
STy 1.597 1.449 1.119 1.217 1.038 0.913
S,oT2 0.726 0.777 0.914 1.21 1.023 0.795
S,oT3 0.665 0.464 0.52 0.468 0.427 0.182
S4oTy 0.475 0.398 0.057 0.302 0.125 0.146
S;4oTs 0.265 0.189 0.001 0.002 0.001 0
S4-Te 0.138 0.17 -0.118 -0.204 -0.274 -0.103
S4oT, -0.048 (o} -0.224 -0.284 -0.307 -0.15
S,oTs -0.061 -0.043 -0.336 -0.501 -0.383 -0.455
S;4oTo -0.16 -0.102 -0.37 -0.519 -0.395 -0.469
S, Tio -0.262 -0.148 -0.401 -0.549 -0.447 -0.476
S5-T: 1.65 1.54 1.519 1.718 1.312 1.016
S5-T-2 0.779 0.868 1.314 1.711 1.297 0.898
S5-T3 0.718 0.555 0.92 0.969 0.701 0.285
S5Ty 0.528 0.489 0.457 0.803 0.399 0.249
S5-T5 0.318 0.28 0.401 0.503 0.275 0.103
S5-Te 0.191 0.261 0.282 0.297 0 0
S;-T, 0.005 0.091 0.176 0.217 -0.033 -0.047
S5-Ts -0.008 0.048 0.064 0 -0.109 -0.352
S5 Ty -0.107 -0.011 0.03 -0.018 -0.121 -0.366
S5-Tio -0.209 -0.057 -0.001 -0.048 -0.173 -0.373
Se—T: 1.744 1.55 1.549 1.804 1.421 1.076
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Se—T2 0.873 0.878 1.344 1.797 1.406 0.958
Se¢—T3 0.812 0.565 0.95 1.055 0.81 0.345
S6Ty 0.622 0.499 0.487 0.889 0.508 0.309
S6—Ts5 0.412 0.29 0.431 0.589 0.384 0.163
Se—Te 0.285 0.271 0.312 0.383 0.109 0.06
Se¢—T> 0.099 0.101 0.206 0.303 0.076 0.013
Se—Ts 0.086 0.058 0.094 0.086 0 -0.292
S6—To -0.013 -0.001 0.06 0.068 -0.012 -0.306
S6—Tio -0.115 -0.047 0.029 0.038 -0.064 -0.313
S,-T: 1.858 1.593 1.613 1.873 1.485 1.368
S,oT: 0.987 0.921 1.408 1.866 1.47 1.25
S-—Ts 0.926 0.608 1.014 1.124 0.874 0.637
STy 0.736 0.542 0.551 0.958 0.572 0.601
S,-Ts 0.526 0.333 0.495 0.658 0.448 0.455
S--Te 0.399 0.314 0.376 0.452 0.173 0.352
S,-T, 0.213 0.144 0.27 0.372 0.14 0.305
S,-Ts 0.2 0.101 0.158 0.155 0.064 0
S,-To 0.101 0.042 0.124 0.137 0.052 -0.014
S;-Tie -0.001 -0.004 0.093 0.107 0 -0.021
Ss—Ty 1.864 1.694 1.753 1.9 1.486 1.383
SgoT2 0.993 1.022 1.548 1.893 1.471 1.265
Ss—Ts 0.932 0.709 1.154 1.151 0.875 0.652
SsoTy 0.742 0.643 0.691 0.985 0.573 0.616
Sg—Ts 0.532 0.434 0.635 0.685 0.449 0.47
Ss—Te 0.405 0.415 0.516 0.479 0.174 0.367
Ss—T, 0.219 0.245 0.41 0.399 0.141 0.32
Ss—Ts 0.206 0.202 0.298 0.182 0.065 0.015
Ss—To 0.107 0.143 0.264 0.164 0.053 0.001
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Ss—Tio 0.005 0.097 0.233 0.134 0.001 -0.006
So—Ti 2.034 1.71 1.794 1.921 1.543 1.389
S T2 1.163 1.038 1.589 1.914 1.528 1.271
SoT3 1.102 0.725 1.195 1.172 0.932 0.658
So—T4 0.912 0.659 0.732 1.006 0.63 0.622
So—Ts 0.702 0.45 0.676 0.706 0.506 0.476
So—Te 0.575 0.431 0.557 0.5 0.231 0.373
ST 0.389 0.261 0.451 0.42 0.198 0.326
So—Ts 0.376 0.218 0.339 0.203 0.122 0.021
So—To 0.277 0.159 0.305 0.185 0.11 0.007
So—Tio 0.175 0.113 0.274 0.155 0.058 o
S100T1 2.209 1.744 1.841 1.954 1.555 1.528
S106T2 1.338 1.072 1.636 1.947 1.54 1.41
Si100T3 1.277 0.759 1.242 1.205 0.944 0.797
Si100T4 1.087 0.693 0.779 1.039 0.642 0.761
S100T5 0.877 0.484 0.723 0.739 0.518 0.615
S10-Te 0.75 0.465 0.604 0.533 0.243 0.512
S10T7 0.564 0.295 0.498 0.453 0.21 0.465
S10Ts 0.551 0.252 0.386 0.236 0.134 0.16
S100Ty 0.452 0.193 0.352 0.218 0.122 0.146
S10-Tho 0.35 0.147 0.321 0.188 0.07 0.139

Table A4.12. Calculated different excite state singlet (S) and triplet (T) state energy of the RNIC derivatives via
ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Mate
. S (eV) T (eV)
rials
S S. Sg S4 S5 Se S7 Ss Sg S0 T, T, T3 T4 T5 Te T7 Ts T9 Tio
. .8 .8 .0 1 1 . . 4 | 46 | 24 | 33| 3.3 | 35 3.7 | 3.9 4.1 4.2 | 4.3
HNIC 3313 3 4 4 4 43 | 43 | 4 41
9 43 82 52 05 99 13 19 89 64 55 26 87 77 87 14 13 12 14
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PNIC 2.9 | 3.3 37137138 38| 3940|4040 | 23|29 (33|33 |35 ]| 36| 37| 38| 38] 39

96 52 24 71 62 72 15 16 32 66 22 94 07 73 82 01 71 14 73 19

ANIC 2.3 2.6 32 | 3.2 | 3.6 | 3.6 3.7 | 3.8 | 3.9 3.9 2.1 2.3 27 |1 32|32 |33 |34 | 35| 36| 3.6

49 42 o8 63 63 93 57 97 38 85 44 49 43 06 62 81 87 99 33 64

1. 2. 2.8 3.1 36 | 37 37| 37| 38| 3.8 1.8 1.9 2.6 | 2.8 3.1 3.3 3.6 | 3.6 | 3.6
NNIC ? 3 3.4

02 35 15 16 17 03 72 99 2 53 99 06 48 14 14 2 17 35 65

INIC 19 | 22 | 28 | 29 | 32 | 33 | 34| 34| 34| 35 1.9 19 | 25 | 28 | 29 | 3.2 | 3.2 | 3.3 | 3.3 | 34

55 | 63 | 68 | 92 | 66 | 75 | 39 4 97 | 09 | 54 | 69 | 65 | 67 | o1 | 66 | 99 | 75 | 87 | 39

BNIC 17 | 20 | 24 | 26 | 27 | 27 | 30 | 31 | 3.1 | 3.2 17 | 1.8 | 24 | 24 | 26 | 27 | 27 | 3.0 | 3.1 | 3.1

19 38 86 32 35 95 87 02 08 47 19 37 5 86 32 35 82 87 o1 08
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DCFDA indicator in the presence of RNIC derivatives.
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Figure A4.16. ROS generation by the RNIC derivatives. (a-f) Evaluation of the general ROS generation using
DCFDA (1 pM) indicator by PSs (100 uM) upon white light excitation for different time periods at 99% PBS
fraction in DMSO (Aex=500 nm). Inset: Chemical structure of the RNIC derivatives. (g) Plot of PL intensities of



Table A4.13. Zeta potential data of RNIC derivatives at different PH.

PH HNIC PNIC ANIC NNIC TNIC BNIC
1 4.93 17.6 20.4 19.3 21.2 21.4
3 0.627 8.46 18.7 15.2 19.3 19.8
5.6 -4.72 -4.65 16.8 10.5 14.6 2.63
7.4 -2.95 -3.17 15.3 7.8 10.4 -16.8
9 -5.21 -3.09 13.9 6.02 9.1 -16.9
a) b) c)
7 N
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Figure A4.17. XPS spectra displaying valence band energy (Ev): (a) HNIC, (b) PNIC, (c) ANIC, (d) NNIC,
(e) TNIC, and (f) BNIC, respectively.
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Figure A4.18. (a-f) UV-vis spectroscopy of exhibiting onset absorption (a) HNIC, (b) PNIC, (c¢) ANIC, (d)
NNIC, (e) TNIC, and (f) BNIC, respectively.

Table A4.14. Optical band gap data RNIC derivatives calculated from the onset absorption of the UV-vis

spectroscopy.
Materials Aonset E; (eV)
HNIC 370 3-351
PNIC 399 3.10
ANIC 506 2.45
NNIC 758 1.64
TNIC 740 1.67
BNIC 726 1.71
Aonset onset UV-vis absorption.

Table A4.15. Ec and Ev at a pH of 5.6 RNIC derivatives.

Materials Eg Enomo | Erumo Ev Ec PZ7zP Ev;s.6 Ec;5.6
HNIC 3.351 -4.810 -1.459 0.31 -3.041 0.627 0.0166 -3.3344
PNIC 3.10 -4.6 -1.5 0.10 -3 8.46 0.2684 -2.83126
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ANIC 2.45 -4.523 -2.073 0.023 -2.427 13.9 0.5127 -1.9373
NNIC 1.64 -4.525 -2.885 0.025 -1.615 6.02 0.04978 -1.59022
TNIC 1.67 -4.62 -2.95 0.12 -1.55 9.1 0.3265 -1.3435
BNIC 1.71 -4.710 -3.10 0.21 -1.40 2.63 0.03477 -1.57523

PZZP, the point of zero zeta potential.

Table A4.16. Calculated Gibbs free energy of RNIC derivatives using ORCA 5.0 at the B3LYP/6-31G (d, p) and
B3LYP/DEF2SVP level using quantum mechanism package.

TH-3411 176122016

Materials G (Eh) AG (Kcal mol+)
HNIC HNIC+0- -1047.73533495 -52.69
HNIC -1047.651374
PNIC PNIC+0- -1278.40231082 s1.20
PNIC -1278.320573
ANIC ANIC+0O. -1333.66753682 o 2
ANIC -1333.590971
0O- -150.09346315
NNIC NNIC+0. -1562.22399193 -5.17
NNIC -1412.12221216
0. -150.09346315
TNIC TNIC+O- -1944.52406111 -11.38
TNIC -1794.44872692
0. -150.09346315
BNIC BNIC+O. -2405.84826613 -369.72
BNIC -2256.34399712
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Table A4.17. Calculated Gibbs free energy O- using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP

level using a quantum mechanism package.

GIBBS FREE ENERGY

................... 0,

The Gibbs free energy is G = H - T*S

Total enthalpy ... -150.07131287 Eh

Total entropy correction ... -0.02215028 Eh -13.90 kcal/mol

Final Gibbs free energy ... -150.09346315 Eh

For completeness - the Gibbs free energy minus the electronic energy
G-E(el) ... -0.01441918 Eh -9.05 kcal/mol

Timings for individual modules:

Sum of individual times ... 12.524 sec (= 0.209 min)

GTO integral calculation ... 2.186 sec (= 0.036 min) 17.5 %

SCF iterations ... 4.342 sec (= 0.072 min) 34.7 %

Analytical frequency calculation... 5.995 sec (= 0.100 min) 47.9 %
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Table A4.18. Calculated Gibbs free energy of HNIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY

The Gibbs free energy 1s G=H - T*S

Total enthalpy ... -1047.588145 Eh

Total entropy correction ... -0.063229 Eh -39.68 kcal/mol

Final Gibbs free energy ... -1047.651374 Eh

For completeness - the Gibbs free energy minus the
electronic energy

G-E(el) ... 0.29434596 Eh 184.7 kcal/mol

Timings for individual modules:

Sum of individual times ... 43967.091 sec (= 732.785 min)
GTO integral calculation ... 4.74 sec (= 0.079 min) 0 %
SCF iterations ... 165.148 sec (=2.752 min) 0.4 %

CIS module ... 157.11 sec (= 2.618 min) 0.4 %

SCF Gradient evaluation ... 86.897 sec (= 1.448 min) 0.2 %
Numerical frequency calculation ... 43553.196 sec (=725.887 min)
99.1 %

Table A4.19. Calculated Gibbs free energy of HNIC and O: using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

HNIC+O,

The Gibbs free energy is G =H - T*S

Total enthalpy ... -1047.67636762 Eh

Total entropy correction ... -0.05896733 Eh -37.00 kcal/mol
Final Gibbs free energy ... -1047.73533495 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.30059463 Eh 188.63 kcal/mol

Timings for individual modules:

Sum of individual times ... 965.742 sec (= 16.096 min)

GTO integral calculation ... 7.168 sec (= 0.119 min) 0.7 %
SCF iterations ... 132.533 sec (= 2.209 min) 13.7 %
Analytical frequency calculation... 826.041 sec (= 13.767 min)
85.5 %

169
TH-3411 176122016



Table A4.20. Calculated Gibbs free energy of PNIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY PNIC
The Gibbs free energy is G = H - T*S

Total enthalpy ... -1278.251757 Eh

Total entropy correction ... -0.068816 Eh -43.18 kcal/mol
Final Gibbs free energy ... -1278.320573 Eh

For completeness - the Gibbs free energy minus the
electronic energy

G-E(el) ... 0.37312194 Eh 234.14 kcal/mol

Timings for individual modules:

Sum of individual times ... 77563.872 sec (=1292.731 min)
GTO integral calculation ... 4.735 sec (= 0.079 min) 0 %
SCF iterations ... 216.553 sec (= 3.609 min) 0.3 %

CIS module ... 242.135 sec (= 4.036 min) 0.3 %

SCF Gradient evaluation ... 112.243 sec (= 1.871 min) 0.1 %
Numerical frequency calculation ... 76988.205 sec (=1283.137 min) 99.3
%

Table A4.21. Calculated Gibbs free energy of PNIC and O- using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY PNIC+02
The Gibbs free energy is G=H - T*S

Total enthalpy ... -1278.33351732 Eh

Total entropy correction ... -0.06879350 Eh -43.17 kcal/mol

For completeness - the Gibbs free energy minus the electronic energy
G-E(el) ... 0.37673172 Eh 236.40 kcal/mol

Timings for individual modules:

Sum of individual times ... 1590.016 sec (= 26.500 min)

GTO integral calculation ... 4.322 sec (= 0.072 min) 0.3 %

SCF iterations ... 173.370 sec (= 2.890 min) 10.9 %

Analytical frequency calculation... 1412.324 sec (= 23.539 min) 88.8 %
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Table A4.22. Calculated Gibbs free energy of ANIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism pac kage.

GIBBS FREE ENERGY ANIC
The Gibbs free energy is G=H - T*S

Total enthalpy ... -1333.520574 Eh

Total entropy correction ... -0.0703972 Eh -44.17 kcal/mol
Final Gibbs free energy ... -1333.590971 Eh

For completeness - the Gibbs free energy minus the
electronic energy

G-E(el) ... 0.38792649 Eh 243.43 kcal/mol

Timings for individual modules:

Sum of individual times ... 106846.706 sec (=1780.778 min)
GTO integral calculation ... 5.353 sec (= 0.089 min) 0 %
SCEF iterations ... 265.421 sec (= 4.424 min) 0.2 %

CIS module ... 330.526 sec (= 5.509 min) 0.3 %

SCF Gradient evaluation ... 143.862 sec (= 2.398 min) 0.1 %
Numerical frequency calculation ... 106101.544 sec (=1768.359 min)
99.3 %
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Table A4.23. Calculated Gibbs free energy of ANIC and O- using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

ANIC+O,

The Gibbs free energy is G =H - T*S

Total enthalpy ... -1333.59628390 Eh

Total entropy correction ... -0.07125292 Eh -44.71 kcal/mol
Final Gibbs free energy ... -1333.66753682 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.39013978 Eh 244.82 kcal/mol

Timings for individual modules:

Sum of individual times ... 1737.482 sec (= 28.958 min)

GTO integral calculation ... 3.553 sec (= 0.059 min) 0.2 %
SCF iterations ... 182.776 sec (= 3.046 min) 10.5 %
Analytical frequency calculation... 1551.153 sec (= 25.853 min)
89.3 %

Table A4.24. Calculated Gibbs free energy of NNIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY NNIC

The Gibbs free energy is G=H - T*S

Total enthalpy ... -1412.04863803 Eh

Total entropy correction ... -0.07357413 Eh -46.17 kcal/mol
Final Gibbs free energy ... -1412.12221216 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.44655022 Eh 280.21 kcal/mol

Timings for individual modules:

Sum of individual times ... 1791.596 sec (= 29.860 min)
GTO integral calculation ... 3.631 sec (= 0.061 min) 0.2 %
SCF iterations ... 156.328 sec (= 2.605 min) 8.7 %
Analytical frequency calculation... 1631.637 sec (= 27.194
min) 91.1 %
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Table A4.25. Calculated Gibbs free energy of NNIC and O- using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

-------------- NNIC+02

The Gibbs free energy 1s G =H - T*S

Total enthalpy ... -1562.12997398 Eh

Total entropy correction ... -0.09401795 Eh -59.00 kcal/mol
Final Gibbs free energy ... -1562.22399193 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.44011589 Eh 276.18 kcal/mol

Timings for individual modules:

Sum of individual times ... 2724.863 sec (= 45.414 min)

GTO integral calculation ... 3.706 sec (= 0.062 min) 0.1 %
SCF iterations ... 124.887 sec (= 2.081 min) 4.6 %

Analytical frequency calculation... 2596.270 sec (= 43.271 min)
95.3 %

Table A4.26. Calculated Gibbs free energy of TNIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

------------------- TNIC

The Gibbs free energy is G =H - T*S

Total enthalpy ... -1794.36637023 Eh

Total entropy correction ... -0.08235669 Eh -51.68 kcal/mol
Final Gibbs free energy ... -1794.44872692 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.56189979 Eh 352.60 kcal/mol

Timings for individual modules:

Sum of individual times ... 3767.134 sec (= 62.786 min)

GTO integral calculation ... 10.335 sec (= 0.172 min) 0.3 %
SCF iterations ... 257.099 sec (= 4.285 min) 6.8 %

Analytical frequency calculation... 3499.700 sec (= 58.328 min)
92.9 %
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Table A4.27. Calculated Gibbs free energy of TNIC and O= using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

P +
GIBBS FREE ENERGY TNIC+O,
The Gibbs free energy is G = H - T*S

Total enthalpy ... -1944.44108118 Eh

Total entropy correction ... -0.08297993 Eh -52.07 kcal/mol

Final Gibbs free energy ... -1944.52406111 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.56569973 Eh 354.98 kcal/mol

Timings for individual modules:

Sum of individual times ... 3652.325 sec (= 60.872 min)

GTO integral calculation ... 2.827 sec (= 0.047 min) 0.1 %

SCF iterations ... 250.228 sec (= 4.170 min) 6.9 %

Analytical frequency calculation... 3399.270 sec (= 56.655 min)
93.1 %

Table A4.28. Calculated Gibbs free energy of BNIC using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY BNIC

The Gibbs free energy is G = H - T*S
Total enthalpy ... -2256.22544459 Eh
Total entropy correction ... -0.11855253 Eh -74.39 kcal/mol

Final Gibbs free energy ... -2256.34399712 Eh

For completeness - the Gibbs free energy minus the electronic energy
G-E(el) ... 0.68961238 Eh 432.74 kcal/mol

Timings for individual modules:

Sum of individual times ... 59449.222 sec (= 990.820 min)

GTO integral calculation ... 366.590 sec (= 6.110 min) 0.6 %

SCF iterations ... 38672.424 sec (= 644.540 min) 65.1 %

SCF Gradient evaluation ... 11393.766 sec (= 189.896 min) 19.2 %
Geometry relaxation ... 87.042 sec (= 1.451 min) 0.1 %

Analytical frequency calculation... 8929.400 sec (= 148.823 min) 15.0
%
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Table A4.29. Calculated Gibbs free energy of BNIC and O- using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

"""""""""""" BNIC+02

The Gibbs free energy is G =H - T*S

Total enthalpy ... -2405.75207693 Eh

Total entropy correction ... -0.09618920 Eh -60.36 kcal/mol
Final Gibbs free energy ... -2405.84826613 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.72094236 Eh 452.40 kcal/mol

Timings for individual modules:

Sum of individual times ... 11250.290 sec (= 187.505 min)
GTO integral calculation ... 9.931 sec (= 0.166 min) 0.1 %
SCF iterations ... 548.492 sec (= 9.142 min) 4.9 %
Analytical frequency calculation... 10691.867 sec (= 178.198
min) 95.0 %
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Bright field

Fluorescence

Figure A4.19. Fluorescence microscope images were captured of of HeLa cells after treatment with NNIC under

normoxia and loaded with (a) calcein-AM (2 uM, live cell marker). [Scale bar:100 um].
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Bright field Fluorescence

Dark [

Light

Figure A4.20. Fluorescence microscope images were captured of of HeLa cells after treatment with NNIC

under normooxia and loaded with (a) PI (4 uM, dead cell marker). [Scale bar:100 um].
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Bright field Fluorescence

Figure A4.21. Fluorescence microscope images were captured of HeLa cells after treatment with NNIC under

normoxia and loaded with (a) DCFDA (ROS detection probe). [Scale bar:100 um].

178
TH-3411 176122016



Supporting figures
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Figure A4.41. 13Cc NMR spectra of BNIM.
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Figure A4.43. 13C NMR spectra of PNIC.
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Figure A4.45. 13C NMR spectra of NNIC.
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Figure A4.47. 13 NMR spectra of BNIC.
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Abstract

An innovative design strategy of placing sulfur (S)-atoms within pendant functional groups
and carbonyl positions in conventional perylenimide (PNI-O) has been demonstrated to
strategically investigate condensed state structure-property relationship and potential
photodynamic therapy (PDT) application. Incorporation of simply S-atoms at the peri-
functionalized perylenimide (RPNI-O) leads to aggregation-induced enhanced emission
(AIEEgen), 2-hexyl-8-(thianthren-1-yl)-1H-benzol[ 5,10]anthra[ 2,1,9-def]isoquinoline-
1,3(2H)-dione (API), which achieves a remarkable photoluminescence quantum yield (®p1)
of 0.85 in aqueous environments and established novel AIE mechanisms. Additionally,
substitution of the S-atom at the carbonyl position in RPNI-O leads to thioperylenimides
(RPNI-S): 2-hexyl-8-phenyl-1H-benzo[5,10]anthra[2,1,9-def]isoquinoline-1,3(2H)-dithione
(PPIS), 8-([2,2"-bithiophen]-5-yl)-2-hexyl-1H-benzo[5,10]anthra[2,1,9-def]isoquinoline-
1,3(2H)-dithione (THPIS), and 2-hexyl-8-(thianthren-1-yl)-1H-benzo[5,10]anthra[2,1,9-
deflisoquinoline-1,3(2H)-dithion (APIS), with distinct photophysical properties (enlarge
spin-orbit coupling (SOC) and ®p., = 0.00), and developed diverse potent photosensitizers
(PSs). The present work has provided novel SOC enhancement mechanism via pronounced
H-aggregation. Surprisingly, the lowest singlet oxygen quantum yield (®,) and theoretical
calculation suggests the very specific type-I PDT for RPNI-S. Interestingly, RPNI-S
efficiently produce superoxide (O.'-) due to its remarkable lower Gibbs free energy (AG)
values (THPIS:-40.83 kcal mol?). The non-toxic and heavy-atom free very specific thio-
based PPIS and THPIS PSs showed selective and efficient PDT under normoxia, which is

very rare.

Keywords: aggregation-induced emission; S-atom positional engineering; distinct
condensed state emitters; H-aggregation; diverse type-I/type-II ROS; specific
photosensitizers (O."~), photodynamic therapy.
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5.1. Introduction

In recent years, PDT, a photochemical reaction-based treatment that utilizes light together
with appropriate PSs, has been attracting great attention due to its distinct advantages over
most conventional therapies in cancer treatments.2 Yet, classical PSs have low excited state
triplet formation, and the introduction of heavy atoms to enlarge SOC and subsequently to
enhance intersystem crossing (ISC) into their structures often raises major concerns about
cost as well as high dark toxicity.34 In PDT, two distinct mechanisms, type-I and type-II,
governs the reactions of PSs with ground state oxygen (30.).5 Type-I PDT involves
intermolecular electron transfer (IET) process which is the transfer of an electron from the
triplet excitons of the PS to 30., leading to the formation of O.'-. This process can occur
independently of any reducing intermediary, resulting in the generation of hydrogen
peroxide (H.0,) and hydroxyl radicals (HO") through superoxide disproportionation and
Franck-Condon transition.® Crucially, this type of reaction requires an allowed electron
transfer, indicated by a negative Gibbs free energy change (AG < 0).” On the other hand,
type-II PDT relies on the energy transfer from PS triplet excitons to 30,, resulting in the
formation of 1'0..5 Comparatively, the type-I process in PDT mechanisms is more
advantageous due to its lower dependence on oxygen content, and it remains relatively rare
to date.®9 From several past decades, the S-substituted nucleobases anticancer drugs have
received increasing interest due to their potential chemotherapeutic applications and are still
being explored for their potential therapeutic abilities.'o2 Additionally, the excellent excited

triplet formation triggered by the thiocarbonyl group of thiobases PSs, could result in more
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prospective PSs with very promising application in PDT. However, numerous drawbacks of
thiobases drugs including long irradiation times, need of higher concentrations, etc. have
limited their obvious practical applications.'3-'s Yet, numerous S-substituted derivatives at
the carbonyl group have been comprehensively designed as heavy-atom-free materials.16-2°
The development of such S-substituted carbonyl group in tumor treatment has not been
extensively studied, which subsequently motivated us to reflect upon thionation approach for
future exploration of PSs with clinical acceptance. While heavy-atom-free thio-based
naphthalimide (NI) PSs were designed for hypoxic environments, lacking specificity,
selectivity, and HO* generation. The study did not thoroughly explore type-I mechanisms and
varied PS production. It was limited to one cell line, raising questions about broader
applicability. Additional targeting agents were needed for prior heavy-atom-free PSs in
biological environments. The absence of an S-atom at a functional position in their design is
noteworthy, as it may significantly impact PDT-mediated cancer treatment and other unique

properties, rather than solely relying on PDT applications (Table A5.1).19

Considering these insights, PNI-O core has been chosen as the potent core due to its
exceptional ®p, chemical stability, and thermal resilience, as well as its promising potential
applications in various fields, including sensors,?' therapeutics,?? optoelectronics,23-24 and
bioimaging.2s Then, an innovative design strategy involving the incorporation of S-atoms
into both pendant functional groups and carbonyl positions within a planar PNI-O core,
distinct from previous thio-based approach, has been demonstrated here. The aim is to
explore the structure-property relationship in the condensed state, especially in the context
of potential PDT applications for cancer treatment. This investigation is in line with a well-
established and ongoing effort to understand condensed state structure-property
relationships, driven by their significance across various fields.26-3° Incorporating S-atoms at
both the functional and carbonyl positions results in entirely distinct properties within PNI-
O. The introduction of simply S-atoms at functional positions triggers a unique
transformation from aggregation-caused quenching (ACQ)-to-AIEE behavior within the
extremely planar PNI-O core, results high ®p. of 0.85 (with unique microrose
supramolecular-assembly) and large stokes shift of 146 nm, which are rarely observed. This
modification establishes a novel AIE mechanism. While, S-atoms at the carbonyl position
leads to completely drop in the fluorescence intensity (®p. = 0.00) and enlarge SOC,
promoting type-I PDT reactions with efficient production of O.'-. This strategy demonstrates
broad PDT applicability, targeting cancer cells (Hela and MCF7) and normal cells without
the need for additional targeting agents, emphasizing its cost-effectiveness. Notably, the
biocompatible heavy-atom-free thio-based PSs exhibit selective and efficient PDT efficacy,
marking the first such reported instance. This work also provides SOC enhancement
mechanisms through prominent H-aggregation (Table As.2). While previous research
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showed improved SOC and ISC, this research unveils the key role of pronounced H-
aggregation in this enhancement, opening up new possibilities for future PSs.'6-20 This
approach allows for precise control over the generation of distinct variation of type-I and

type-II ROS, expanding the potential applications of these PSs.

In conclusion, this research introduces a novel concept of highly specific and selective heavy-
atom-free thio-based PSs, exhibiting simple and precise method to manipulate condensed
state emissions, supramolecular assembly, and unique PSs development, marking a

significant breakthrough in the field.
5.2. Experimental Section

5.2.1. Materials and Instrumentations: All reagents and starting materials, including
Perylene-3,4,9,10-tetracarboxylic acid anhydride (PDA), imidazole, Zinc acetate [Zn (OAc)-],
and various boronic acid derivatives such as phenyl boronic acid, thianthrenyl boronic acid,
and 2,2'-bithiophene-5-boronic acid pinacol ester, and other reactive oxygen species
detector such as 2’,7-Dichlorodihydrofluorescein diacetatewere (DCFDA), 2,2,6,6-
Tetramethylpiperidin (TEMP), 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA),
Terephthalic acid (TA) were purchased from Sigma Aldrich (INDIA) in reagent-grade
quality. HPLC-grade solvents were obtained from Fisher Scientific Ltd. and RANKEM.
Nuclear magnetic resonance (NMR) spectra, including *H and 3C, were recorded using a
Bruker Avance 400 MHz spectrometer. The residual solvent signal was used as an internal
reference for all solutions used in the NMR experiments. Mass spectra were obtained using
MALDI-TOF spectrometry. UV/visible (UV/vis) and photoluminescence (PL) spectra were
recorded using a Perkin-Elmer Model Lambda-750 spectrophotometer and a Horiba
Fluoromax-4 spectrofluorometer, respectively. Measurements were performed at 298 K
using 4 mm quartz cuvettes. A laser diode at 375 nm (DeltaDiode-375) served as the
excitation source for both UV/vis and PL experiments. The hydrodynamic diameter and Zeta
potential of the compounds were measured using a Malvern Zetasizer instrument. Field
emission scanning electron microscopy (FESEM) images were obtained using a Sigma Carl
ZEISS field emission scanning electron microscope. Single crystal data were collected using a
Bruker SMART APEX diffractometer equipped with a CCD area detector. For photodynamic
therapy studies, a white light source with an intensity of 50 mW cm2, specifically the "Pick
Ur Needs 120W Plastic Lithium Battery Search Light Long 1 Km Range with Multi-
Functional + Blinker Rechargeable Handheld Torch" in black, was utilized. DMEM,
Propidium iodide (PI), and Calcein-AM (AM) were purchased from High Media. The Hela
cell line was purchased from Sigma Aldrich (INDIA).
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5.2.2. Preparation of the Test Solution: Stock solutions of RPNI-O materials,
including PPI, THPI, and API, as well as derivatives of RPNI-S such as PPIS, THPIS, and
APIS, were prepared at a concentration of 20 mM in dimethyl sulfoxide (DMSO). To study
the aggregation behavior, test solutions of the materials were prepared at a concentration of
100 uM. These test solutions were prepared by varying the water fraction in DMSO. Prior to
recording the spectra, the resulting solutions were thoroughly shaken at room temperature

to ensure proper mixing and dispersion of the compounds.
5.2.3. Preparation of FESEM samples:

The morphological analysis of the supramolecular self-assembly was conducted using field
emission scanning electron microscopy (FESEM). A simple methodology was employed to
prepare the samples for imaging, as depicted in Figure A5.8. A dilute suspension of the
Perylene derivatives at a concentration of 100 uM was prepared using a mixture of 99.9%
water and -0.1% DMSO. Subsequently, this suspension was drop-casted onto a glass surface
coated with aluminum foil. The samples were then allowed to air dry overnight at room

temperature prior to analysis.

5.2.4. Theoretical Studies: Density functional theory (DFT) calculations were employed
to evaluate the electronic properties of RPNI-O and RPNI-S derivatives. The Gaussian 16
package, incorporating the B3LYP hybrid functional, was utilized to perform these
calculations. For each derivative, the ground state optimized geometries were obtained, and
the electron density and energy of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) were determined. The calculations employed
the 6-31G basis set, which is known to provide accurate results within a reasonable

computational time (ref.1, 2 in AI).

5.2.5. Photoluminescence quantum Yield Calculations: The fluorescence quantum
yields (®p1) of RPNI-O and RPNI-S derivatives were determined by comparing them to the
fluorescence quantum yield of Rhodamine 6G (®, = 0.95 in ethanol) using a specific

equation. The equation used is as follows:
Dpr, = @; (AFs/AFy) (Ns2/1:2) (A5.1)

In this equation, s and r refer to the sample and reference, respectively. ® represents the
quantum yield, A denotes the absorbance, F signifies the relative integrated fluorescence

intensity, and n represents the refractive index.
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5.2.6. Synthesis of RPNI-O and RPNI-S derivatives

Synthetic procedures for Perylenimide (PNI-O): PNI-O was synthesized through a
simple condensation reaction employing hydrothermal reaction procedures. Perylene-
3,4,9,10-tetracarboxylic acid anhydride (PDA) (2.54 mmol), amine (1.35 mmol), Zn (OAC).
(1.72 mmol), imidazole (5g), and water (1 ml) were combined in a teflon sleeve and
thoroughly mixed until a homogeneous mixture was obtained. The homogeneous mixture
was transferred to a hydrothermal autoclave reactor vessel and sealed. The reactor was then
subjected to a pressure of 15 bar and placed in an oven. The temperature inside the autoclave
reactor was gradually increased to 190°C over a duration of 20 hours. The reaction was
allowed to proceed under these conditions. After 20 hours, the heat was turned off, and the
reaction mixture was allowed to cool down to room temperature. The resulting dark reddish
crude product was extracted with a mixture of chloroform (200 ml) and water (50 ml) under
acidic PH. The extraction process was repeated four times to ensure effective separation. The
extracted product was washed four times with water, dried over Na.SO,, and subsequently
filtered. The filtered solution was concentrated using a rotary evaporator to remove the
solvent, resulting in a concentrated residue. The concentrated residue was further purified
by employing column chromatography with chloroform as the eluent. This purification step

yielded the desired dark reddish compound (400 mg) with a 40% yield.

Characterization data for PNI-O: :-H NMR (400 MHz, CDCI3) 0.84 (t, 3H),1.28-1.44 (m,
6H), 1.70 (dd, 2H), 4.09-4.14 (t, 2H), 7.52 (t, 2H), 7.80 (d, 2H), 8.24 (d, 2H), 8.29 (d, 2H),
8.44 (d, 2H)). 3C NMR (101 MHz, CDCI3) & 14.09, 22.58, 26.92, 28.19, 31.64, 40.49, 120.12,
120.83, 123.67, 126.73, 126.96, 127.75, 129.10, 130.90, 131.29, 134.35, 136.94, 163.86.
MALDI-TOF: calculated for C.sH»3NO.: 405.17 [M]+, Found: 404.95 [M-H]*

Synthetic Route

0500

Oe OsNLO
O‘O H N 86
Imidazole, Zn (OAC), ‘
0200 H,0,20 h Oe
PDA

PNI-O
Scheme Aj.1. The synthetic method employed to prepare PNI-O.

Synthetic procedures for BrPNI-O: PNI-O (1 mmol) was dissolved in 5 mL of
chlorobenzene with gentle heating. Subsequently, bromine (4.5 mmol) was added to the
solution, and the resulting mixture was stirred for 4.5 hours at 50 °C. After completion of the

reaction, chlorobenzene and any unreacted bromine were removed under vacuum. The
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resulting solid, which appeared red in color, was subjected to crystallization using methanol.

This process yielded a 95% yield of the desired compound.

Characterization data for 8-bromo-2-hexyl-1H-benzo|5,10]anthral2,1,9-
deflisoquinoline-1,3(2H)-dione (BrPNI-O): ‘H NMR (400 MHz, CDCI3) 6 0.93 (t,
3H), 1.3-1.6 (m, 6H), 1.88 (dd, 2H), 3.77 (t, 2H), 7.69 (t, 1H),7.86 (d, 1H), 8.13 (d, 1H), 8.27
(d, 2H), 8.33 (d, 1H). 8.38 (d, 1) 8.55 (dd, 2H). 3C NMR (101 MHz, CDCI3) 6.14.09, 22.58,
26.92, 28.19, 31.64, 40.49, 120.12, 123.67, 126.96, 127.75, 129.15, 130.80, 131.32, 172.56
MALDI-TOF: calculated for C.sH..BrNO.: 484.38 [M]+, Found: 483.39 [M-H]*

Synthetic Route

OsNO Cl OsNLO

0 © e
Oe Bry, 4.5 h Oe

PNI-O Br
BrPNI-O

Scheme Aj.2. The synthetic method employed to prepare BrPNI-O.

Synthetic procedures for RPNI-O: In a 50 mL round-bottom flask, Compound BrPNI-O
(0.5 mmol) and the corresponding boronic acid (1 mmol) were combined with 5 mg of Pd
(PPh;), catalyst. The mixture was then subjected to nitrogen gas for 30 minutes to remove
any oxygen. Following this, 6 mL of THF (tetrahydrofuran) were added to the flask, followed
by the addition of 2 mL of a 2.0 M potassium carbonate solution. The resulting mixture was
stirred at 85 °C under a nitrogen atmosphere, and the progression of the reactions was
monitored using thin-layer chromatography (TLC). After 24 hours, the solutions were cooled
and extracted using CHCl; (chloroform). The organic layers were subsequently dried using
anhydrous sodium sulfate. The solvent was evaporated, and the resulting product was
purified using column chromatography, yielding a 60% yield of the desired Red solid for PPI
and API and THPI (brownish solid) compound.

Characterization data for 2-hexyl-8-phenyl-1H-benzo[5,10]anthral2,1,9-
deflisoquinoline-1,3(2H)-dione (PPI): :H NMR (400 MHz, CDCI3) 6 0.89 (t, 3H), 1.41
(m, 6H), 1.76 (dt, 2H), 4.14 (t, 2H), 7.53 (m, 7H) ,7.98 (d, 1H) 8.37 (d, 2H), 8.42 (t, 2H), 8.55
(m, 2H ). B3C NMR (101 MHz, CDCI3) § 14.07, 22.62, 26.77, 28.07, 29.02, 31.56, 40.39,
114.10, 120.13, 119.69, 123.56, 126.05, 128.52, 129.20, 130.01, 131.99, 132.66, 136.66, 139.74,
143.11, 163.73. MALDI-TOF: calculated for C5,H.NO.: 481.20 [M]+, Found: 482.66 [M+H]*

214
TH-3411 176122016



Characterization data for 8-([2,2'-bithiophen]-5-yl)-2-hexyl-1H-
benzo[5,10]anthra[2,1,9-def]lisoquinoline-1,3(2H)-dione (THPI): '‘H NMR (400
MHz, CDCI3) 6 0.88 (t, 3 H), 1.39 (m,5H), 1.75 (dt,3H), 4.19 (t,2H), 7.08 (t, 1H), 7.29 (m,
4H), 7.64 (t, 1H), 7.70 (d, 1H), 8.35 (m, 3H), 8.41 (t, 2H), 8.54 (m, 2H). 13C NMR (101 MHz,
CDCI3) 6 12.98, 22.92, 26.64, 27.25, 28.02, 30.90, 32.50, 39.56, 113.69, 118.96, 119.56,
122.50, 126.83, 127.54, 128.52, 131.29, 135.54, 138.75, 142.01, 162.55. MALDI-TOF:
calculated for C56HJ.,NO,LS,: 569.14 [M]*, Found:569.43 [M]*

Characterization data for 2-hexyl-8-(thianthren-1-yl)-1H-benzo[5,10]anthra[2,1,9-
deflisoquinoline-1,3(2H)-dione (APIl): *H NMR (400 MHz, CDCI3) § 0.89 (t, 3H), 1.39 (m,
6H), 1.77 (m, 2H), 4.22 (t, 2H), 7.15 (t, 3H), 7.34 (d, 1H), 7.40 (t, 3H), 7.54 (dd, 3H), 7.65 (d,
3H). 8.50 (m, 1) 8.64 (dd, 2H). 3C NMR (101 MHz, CDCI3) 6 14.09, 27.09, 28, 59, 31.57,
40.49, 120.36, 121.25,126.28, 127.84, 128.67, 129.12, 132.4, 135.44, 136.43, 137.39, 139.66,
164.12. MALDI-TOF: calculated for C,0H2oNO,S,: 619.79 [M]*, Found: 620.79 [M+H]*

Pd (PPh3)4 2M K,CO;
THF/H,0, 85°C, 24 h

g -

Scheme Aj5.3. The synthetic method employed to prepare RPNI-O.

Synthetic Route

Synthetic procedures for RPNI-S: In a 20 mL flask, RPNI-O (0.5 mmol) and
Lawesson's reagent (1.5 mmol) were dissolved in dry toluene. The resulting solution was
refluxed under a nitrogen atmosphere for a duration of 24 hours. After completion of the
reaction, the mixture was allowed to cool down to room temperature, and the solvent was
evaporated under reduced pressure. The residue obtained was subjected to purification using
column chromatography on silica gel, employing a hexane/dichloromethane (DCM) mixture
as the eluent. Subsequent drying under vacuum conditions yielded a bluish powder (53%
yield).

Characterization data for 2-hexyl-8-phenyl-1H-benzo[5,10]anthra[2,1,9-
deflisoquinoline-1,3(2H)-dithione (PPIS): ‘H NMR (400 MHz, CDCI3) 6 0.90 (t, 3H),
1.40 (m ,6H), 1.78 (dt, 2H ), 4.21 (m, 2H), 7.16 (q, 3H), 7.34 (d, 3H), 7.41 (t, 1H), 7.53 (d, 1H),

215
TH-3411 176122016



7.56 (d,1H ), 7.65 (d,1H), 8.48 (dd, 1H), 8.54 (d, 1H) 8.63 (dd, 2H). 3C NMR (101 MHz,
CDCI3) & 13.07, 21.66, 25.87, 27.03, 28.67, 30.57, 49.54, 113.04, 118.31, 119.47, 121.45,
122.33, 125.63, 126.94, 127.56, 128.09, 129.95, 131.95, 132.25, 138.75, 142.09, 165.3. MALDI-
TOF: calculated for C5,H,,NS,: 513.15 [M]*, Found: 513.29 [M]*

Characterization data for 8-([2,2'-bithiophen]-5-yl)-2-hexyl-1H-
benzo[5,10]anthra[2,1,9-deflisoquinoline-1,3(2H)-dithione (THPIS): *H NMR
(400 MHz, CDCI3) 6 0.89 (t, 3H), 1.41 (m, 6H), 1.76 (dt, 2H) 4.19 (t,2H), 7.08 (t, 1H), 7.29
(m, 6H), 7.64 (t, 1H), 7.71 (d, 1H), 8.35 (m, 3H), 8.40 (dd, 1H), 8.54 (t, 2H). 3C NMR (101
MHz, CDCI3) 6 13.09, 21.59, 25.67, 27.04, 28.77, 30.67, 48.54, 114.04, 117.31, 118.57, 120.55,
121.43, 123.73, 125.74, 125.56, 127.01, 128.95, 130.05, 131.25, 141.45, 142.09, 169.3. MALDI-
TOF: calculated for C;6H,,NS,: 601.10 [M]*, Found: 601.19 [M]*

Characterization data for 2-hexyl-8-(thianthren-1-yl)-1H-
benzo[5,10]anthra[2,1,9-deflisoquinoline-1,3(2H)-dithione (APIS): :H NMR (400
MHz, CDCI3) § 0.91 (t, 3H), 1.42 (m, 6H), 1.78 (dt, 2H), 4.21 (t, 2H), 7.16 (t, 3H), 7.34 (t,
1H), 7.40 (t, 1H), 7.51 (d, 4H), 7.56 (m, 1H), 7.65 (d, 2H), 8.47 (m, 1H), 8.54 (d, 1H), 8.63
(dd, 2H). 3C NMR (101 MHz, CDCI3) § 14.10, 22.61, 26.89, 28.12, 31.62, 42.4, 120.36,
121.25, 123.40, 124.03, 126.89, 127.13, 128.67, 129.21, 132.43, 135.44, 136.01, 137.89, 139.66,
170.30. MALDI-TOF: calculated for C,,H2oNS4: 651.11 [M]*, Found: 650.40 [M-H]*

Synthetic Route

O5N.O S N)/S(
Oe Lawesson's Reagelt Oe
0‘0 Dry Toluene, 24 h = O‘e
R R

RPNI-O RPNI-S

Scheme Aj5.4. The synthetic method employed to prepare RPNI-S.

5.2.7. Computational studies

In this study, the optimization and frequencies of triplet excited states, excitation energies,
and transition properties of these Peryleneimide materials RPNI-O and RPNI-S derivatives
were carried out. These calculations were performed using the time-dependent B3LYP/6-
31G(d,p) method within the Tamm-Dancoff approximation (TDA). The computational

software used for these calculations was the Gaussian 16 package, with the ORCA 5.0 module
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utilized at the B3LYP DEF2-SVP level. Furthermore, the spin-orbit coupling (SOC) constants
for PPI, THPI, API, PPIS, THPIS and APIS were also computed at the same level
mentioned above, employing the ORCA 5.0 software (ref.3, 4 in AI).

5.2.8. 102 generation quantum yield Estimation: in this study,

dilute solutions of Rose Begal were used as a reference (®» = 0.76 in ethanol). To eliminate
the inner-filter effect, the absorbance maxima of Rose Bengal and Photosensitizer were
maintained at 0.2. Additionally, various solutions of RPNI-O and RPNI-S derivatives were
prepared at a concentration of 100 uM. Then 100 uM ABDA was added to these solutions.
The absorbance of ABDA at 378 nm was measured at various irradiation times using white
light (400-700 nm, 50 mW cm2). This measurement allowed the determination of the decay
rate of the photosensitizing process. The 'O, generation quantum yield (®,) of RPNI-O and
RPNI-S derivatives in 99% PBS in DMSO was then calculated using the following equations:
Daregen = Ore (Karggen ARB/KRB AATEgen)-eeeeveeeeveersveeniveeniuenns (A5.2)
Where, @ is the 10, generation quantum yield of AIEgen in 99% PBS in DMSO. Agg and
Aarggen Tepresent the light absorbed by Rose Begal and AIEgen, respectively, at an absorbance
of 0.2. The absorption bands were integrated in the wavelength range of 400-700 nm to
determine these values. Krg and Karggen are the decomposition rate constants of ABDA by
Rose Begal and ATEgen, respectively. These constants were determined by plotting Ln(A,/A)
against time, where A, and A are the absorbance of ABDA at 378 nm by photosensitizers

under white light irradiation at different time points (ref.5, 6 in AI).

5.2.9.Reactive oxygen species (ROS) Generation/Mesurament

Free Radical (O,:~ and HO-) Test: Electron Paramagnetic Resonance (EPR) analysis was

conducted to monitor the generation of type-I Reactive Oxygen Species (ROS). 2,2,6,6-
Tetramethylpiperidine (TEMP) was used as a spin-trap agent to detect the free radicals O.'~
and HO. 100 pM TEMP and 100 pM of various solution of RPNI-O and RPNI-S
derivatives were prepared in 99% PBS in DMSO. The solution was irradiated with white light
at a power density of 50 mW cm- for 10 minutes. EPR spectra of the spin-trapped radicals
were recorded in the range of 3000-3600 G after irradiation. Background interference was

corrected using a sample before irradiation (ref.7 in AI). Singlet Oxygen (*O.) Test: This test

was aimed at measuring the generation of singlet oxygen (*0.)._A mixed solution containing
100 UM ABDA (a singlet oxygen sensor) and 100 uM of various solution of RPNI-O and
RPNI-S derivatives compounds was prepared in 99% PBS in DMSO. The solution was
irradiated with white light at a power density of 50 mW cm-2 for different durations: o, 2, 4,

6, 8, 10, and 20 minutes. The degradation of ABDA's absorbance at 378 nm was measured
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promptly after each time interval. Total ROS Test: The total ROS test aimed to measure the
overall reactive oxygen species (ROS) levels._ DCFDA, a chemically reduced form of
fluorescein, was used as a fluorescent indicator for ROS._A solution of 10 yM DCFDA and
100 UM of various solutions of RPNI-O and RPNI-S derivatives compounds was prepared
in 99% PBS in DMSO._The solution was irradiated with white light at a power density of 50
mW cm= for different durations: o, 5, 10, 15, 20, 25, and 30 minutes._The fluorescence

spectra of the mixed solution were rapidly measured. Superoxide Anion Radical (O,'~) Test:

The feasibility of the reaction producing O.'~ was checked through theoretical calculations
using the ORCA 5.0 software._ Hydroxyl Radical (HO") Test: This test aimed to measure the

generation of hydroxyl radicals (HO*)._A mixed solution containing 100 uM TA and 100 uM
of various solutions of RPNI-O and RPNI-S derivatives compounds was prepared in 99%
PBS in DMSO._The subsequent testing process was the same as the determination of total
ROS using DCFDA as the probe._Upon trapping with HO*, TA was converted to hydroxyl

terephthalic acid, resulting in an enhanced fluorescent intensity (Aex = 315 nm).

5.2.10. The Point of Zero Zeta Potential Evaluation

According to the literature (ref. 8 in Al), the points of zero zeta potential (PZZP) for RPNI-O
and RPNI-S derivatives, were calculated. The aqueous solutions of these Perylenimide
materials were initially at a neutral pH of about 7. However, by introducing a dilute solution
of sodium hydroxide or dilute hydrochloric acid, the pH of the solutions could be adjusted to
either alkaline or acidic conditions. When the pH values of the RPNI-O and RPNI-S
materials were altered within the range of 9, 7.4, 5.6, to 3 and 1, a noticeable change in the
zeta potential was observed. Specifically, as the pH values changed from alkaline to acidic,

the zeta potential underwent a transition from negative to positive.

5.2.11. The Energy of the Valence Band and Conduction Band
Calculations
The valence band energy (Ev) was determined by calculating the energy of the

band (Ev) from X-ray photoelectron spectroscopy (XPS) data. To calculate the conduction
band energy (Ec), the energy gap was first estimated from the onset absorption data from
UV-visible spectroscopy. Subsequently, Ec was calculated with respect to the normal

hydrogen electrode (NHE) using Equations A5.3 and A5.4, as shown below:
Ev = -Enomo — 4.5 (A5.3)

Ec=-Ewwmo — 4.5 (A5.4)
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The calculated Ev and Ec values for the RPNI-O and RPNI-S derivatives were recorded in
Table A5.17. Additionally, Ec and Ey at a point of zero zeta potential (PZZP) with a pH of 5.6

were computed based on literature data, using Equations A5.5 and A5.6, respectively:
Ecpu= Ec + 0.059 x (PZZP — pH) (A5.5)
Evpu=Ev + 0.059 x (PZZP — pH) (A5.6)

Where, PZZP represents the points of zero zeta potential for the RPNI-O and RPNI-S
materials at pH 5.6. The estimated Ec and Ev values at a pH of 5.6 for PPI, THPI, API,
PPIS, THPIS and APIS were also included in Table A5.17.

5.2.12. Cell studies

5.2.12.1. Cell culture: HeLa cells, derived from human cervix adenocarcinoma, were
procured from the Cell Line Bank Sigma Aldrich in India. These cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM), which was supplemented with 10% fetal
bovine serum and 100 U/ml each of penicillin and streptomycin. The cell cultures were

maintained in a controlled environment with 5% CO. at a constant temperature of 37 °C.

5.2.12.2. Dark & Light Cytotoxicity Evaluated by MTT assay: In the cell viability
assay conducted on cancer cells (HeLa and MCF7 cell lines), the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) method was employed. Initially, 5000 cells were
seeded into individual wells of a 96-well plate and allowed to incubate in DMEM media
inside a 5% CO. humidified incubator at 37 °C for 24 hours. Subsequently, the cells were
treated with different concentrations of RPNI-O and RPNI-S compounds for a duration of
4 hours. After the 4-hour treatment, specific cell samples were exposed to white light using a
handheld torch 50 mW cm=2, for 30 minutes. Following the irradiation step, the cells were
further incubated with other treatment groups for an additional 24 hours at 37 °C in the
same 5% CO, humidified incubator. Upon completion of the incubation period, the MTT
assay was performed. The MTT assay measures cell viability based on the reduction of MTT
by mitochondrial enzymes in viable cells, producing a formazan product. This formazan
product is detected spectrophotometrically at 570 nm, with a reference filter set at 655 nm.
The resulting absorbance of the formazan product is directly proportional to the number of

viable cells present in the samples.

5.2.12.3. Cellular Uptake: After an overnight incubation period, Hela cells were seeded
into 96-well plates with a cell density of 1 x 104 cells per well. Twenty-four hours later, the
Hela cells were treated with varying concentrations of RPNI-S derivatives such as PPIS,
THPIS and APIS, respectively, at 20 uM, while HEK 293T cells were treated with 100 uM
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of the same compounds. Additionally, Hela cells were exposed to RPNI-O derivative at a
concentration of 20 uM and 100 uM, and HEK 293T cells were treated with 100 uM of the
corresponding compound. These treatments were carried out for different time intervals
under normal oxygen conditions ranging from o, 1, 2, 3, 4, 5 to 6 hours. Subsequently, the
cells were washed three times with DPBS to remove any excess RPNI-O and RPNI-S
compounds. The optical density (OD) values of each well were then measured using a
multifunction microplate reader (BioTek, Synergy H1). (BioTek, Synergy H1, Aabsmax = 500
nm for PPI, THPI and API, whereas, Aasmax = 590 nm for PPIS, Labsmax = 580 nm for
THPIS and 636 nm for APIS).

5.2.12.4. Live/dead cell co-staining assay: In the study, HeLa cells were initially seeded
in 35-mm glass-bottomed dishes at a density of 3 x 105 cells per dish and cultured overnight
in standard culture media. Subsequently, the cells were treated with RPNI-S derivatives,
such as PPIS, THPIS, and APIS, at a concentration of 50 uM for a duration of 4 hours.
After the 4-hour treatment, the cells were subjected to white light irradiation using a
handheld torch with a specific wavelength (50 mW c¢m-2) for 30 min. Following this, the cells
were co-stained with 2 yM Calcein AM and 4 pM propidium iodide (PI) for I h. After
washing with DPBS (Dulbecco's Phosphate-Buffered Saline), fluorescence images of the cells
were acquired using a fluorescence microscope. Additionally, another set of HeLa cells was
treated with the same RPNI-S derivatives at a concentration of 50 uM for 4 hours. These
cells were then treated with 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) at 10 uM for
I h. After washing with DPBS, the cells were irradiated with the same handheld torch (50
mW cm2) for 30 minutes, and their fluorescence images were acquired. Moreover, HeLa

cells were cultured in a normoxic environment (21% O.) for 24 hours.

5.3. Result and Discussions

5.3.1. Design, synthesis and characterization of
RPNI-O and RPNI-S derivatives

The primary objective of this research was to explore the condensed state photophysical
behavior as well as the photosensitizing capabilities of newly designed heavy-atom free
RPNI-O and RPNI-S. To achieve this, RPNI-O (PPI, THPI, and API) and RPNI-S
(PPIS, THPIS, and APIS) has been strategically developed by introducing S-atom
positional engineering at the pendant functional group and carbonyl position in PNI-O core
(Scheme 5.1 and A5.1-A5.4). For the synthesis, very cheap perylene-3,4,9,10-tetracarboxylic
acid anhydride (PDA) was selected as a versatile precursor material, which underwent a

condensation reaction with hexylamine in good yields (Scheme A5.1). Subsequently, BrPNI-
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O has been synthesized via bromination of the PNI-O core (yield-95%) (Scheme A5.2),
which underwent Suzuki coupling with various boronic acid derivatives, including phenyl,
bithiophene, and thianthrenyl, leading to the successful synthesis of RPNI-O derivatives
(Scheme As5.3). Additionally, thioperylenimide (RPNI-S) was prepared using a one-pot
synthesis approach (Scheme A5.4) involving the reaction between the parent RPNI-O and a
commercial Lawesson's reagent, resulting in the formation of RPNI-S compounds. The
detailed synthetic procedure and reaction scheme can be found in the corresponding Scheme
5.1 and As5.1-A5.4 in the appendix (AI). The synthesized materials were extensively
characterized using multinuclear NMR spectroscopy (*H, 3C) and Matrix-Assisted Laser
Desorption/Ionization (MALDI) techniques. Further details of the comprehensive

characterization data can be found in the supporting figures in Al file.

pe L f f

Oe O,N_.O N S
0 o G
0% ‘ 5% 60 % 53 58 %

0-0™0
PDA

BrPNI O RPNI 0 RPNI S

PPI API PPIS THPIS  APIS

Scheme 5.1. (a) Synthetic route for the preparation of RPNI-O (PPI, THPI, and API) and thioperylnimides
(RPNI-S), viz. PPIS, THPIS, and APIS, lack an S-atom, and instead, the S-atom is positioned within the
pendant rotor groups at the peri-position of the PNI-O core. (b) Chemical structure of the synthesized RPNI-O
and RPNI-S. [(1): Hexyl amine, H-0, 20 h, (2): Chlorobenzene, Br-, 4.5 h, (3): Pd(0), THF, H-0, (4): Lawesson’s

reagent, toluene, 20 h, and Below arrow represent the yield of the corresponding product].
5.3.2. Photophysical Properties

UV-vis absorption and fluorescence spectroscopy were employed to investigate the optical
properties of RPNI-O and RPNI-S (Figure 5.1, A5.1-A5.3 and Table 5.1). The introduction
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of S-atoms at the carbonyl position in RPNI-O resulted in a notable bathochromic shift in
the absorption bands. This S-substitution caused a remarkable 130 nm redshift in the
absorption maximum (Aabs.max) (from 506 to 636 nm) and a corresponding 125 nm red-
shifted emission maxima (Aemmax) in their solution state (Figure 5.1a, b). This substantial
shift could be attributed to the highly stabilized lowest unoccupied molecular orbital
(LUMO) and destabilized highest occupied molecular orbital (HOMO) in RPNI-S.:8-20 The
reduced energy gap between the HOMO and LUMO levels in RPNI-S inevitably resulted in
red-shifted spectra, and discussed elaborately in later sections. In contrast, the alteration of
S-atom position at the pendant functional group (-R) in RPNI-O led to blue-shifted
absorption maxima in API when compared to other RPNI-O derivatives, namely PPI and
THPI. This observed blue shift can be attributed to the reduced electronic communication in
API in its solution state. Crucially, the international commission on illumination (CIE)
chromaticity diagram vividly displayed a wide spectrum of emission colors in the solution
state, ranging from yellow (580 nm) to near-infra red (NIR) at 705 nm (Figure 5.1b’, Table
5.1 and Table A5.3). In this context, RPNI-O derivatives, such as PPI, showed yellow
emission, while both THPI and API displayed bright red emissive color. In contrast, RPNI-
S derivatives exhibited emission colors that remained entirely undetectable under 365 nm
UV-light illumination, even though Aem.max peaks were observed at 655 nm for PPIS, 647 nm
for THPIS, and 705 nm for APIS, respectively (Figure 5.1b’, Table 5.1 and Table As5.3).
Interestingly, API exhibited notable condensed state emissive properties in both its
aggregated-state and solid state, owing to the presence of two S-atoms in one fused aromatic
anthracene ring (rotor). In contrast, PPI and THPI, lacking an S-atom at the pendant R
rotor, and having two S-atoms located in two different pendant aromatic rings (rotor),
showed suppressed emission in their aggregated-state. This finding is in contrast to what is
expected based on the RIM mechanism, which typically leads to the generation of condensed
state emitters. To shed more light on this discrepancy and provide a comprehensive
understanding, a detailed explanation of this mechanism is provided through single crystal
X-ray diffraction (SCXRD) analysis. Furthermore, API exhibits remarkably high ®p;, of 0.85
in its aggregated-state, likely attributed to the unique intermolecular packing arrangement
influenced by self-assembly behavior in its condensed state. Additionally, API showed ®pr, of
0.89 in its highest Aemmax. In contrast, other RPNI-O derivatives, namely PPI and THPI,
display significantly much lower ®@p;, of 0.10 and 0.04 respectively, in their aggregated-state.
Conversely, the RPNI-S compounds exhibited nearly non-fluorescent behavior (®p1. = 0.00)
(Table 5.1, Figure As.2, A5.3, and Equation A5.1). The suppression of fluorescence indicated
that thionation enhanced the ISC process, causing a more efficient transition from the singlet
excited state to the triplet excited state.’01820 The CIE chromaticity diagram highlights the
distinct emissive colors of RPNI-O in their aggregated-state. Specifically, PPI and THPI
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exhibited quenched emission despite having distinct Aemmax peaks, whereas API displayed
deep red emission. In contrast, PPIS, THPIS, and APIS showed both an undetectable
Aemmax peak and non-emissive features under 365 nm UV iradiation (Figure 5.1¢’ Table 5.1
and Table A5.3). In the solid state, API showed a slightly blue-shifted Aem.max compared to
other RPNI-O derivatives, with a similar trend observed overall (Figure 5.1d, d’). However,
when comparing the aggregated-states, API exhibited a significant 50 nm blue shift in its
Aemmax compared to PPI and THPI (Figure 5.1c). The validity of this observation was
reinforced and elaborated upon using excitation emission matrix (EEM) spectra. Moreover,
API displayed a noteworthy 31 nm red shift in its Aemmax (646 nm) when in the solid state,
compared to the aggregated-state (614 nm) (Figure 5.1€). This difference can be attributed to
the unique intermolecular packing arrangement influenced by the steric constraints of the
pendant S-substituted anthranyl rotor group in RPNI-O. In contrast, the other derivatives
exhibited minimal shifts between their aggregated-state and solid state Aemmax. Further,
distinct variations in the powder colors were observed under white light and 365 nm UV
irradiation, and this difference correlated well with the CIE chromaticity diagram. API
emitted a strong and bright red emission, while PPI and THPI showed faint emission.
Interestingly, RPNI-S showed complete quenching of emission in its solid state under 365
nm UV light illumination (Figure 5.1f, g, d’ and Table A5.3).

The obtained results provide strong evidence that the presence and positional manipulation
of the S-atom within the pendant functional unit played a crucial role in controlling its
unique AIE properties.26-3° Conversely, substituting the S-atom at the carbonyl position leads
to distinct characteristics in the condensed state luminescence. To gain insights into the
individual effects of the S-atom at the pendant functional unit and the carbonyl position, as
well as the impact of altering the S-atom position within the functional unit, a comparative
study of the EEM was carried out. Furthermore, all the RPNI-O compounds exhibited
remarkably large stokes shifts, ranging from 146 to 170 nm (Table 5.1). This is noteworthy as
it represents a rarest instance of such significant stokes shifts reported in recent literature.
These shifts are attributed to an excited-state intramolecular charge transfer (ICT) between
the electron donor and acceptor within the dye molecule itself.3° The substantial stokes shifts
make these materials highly suitable for bio-imaging applications, as they minimize

interference between excitation and emission signals.3t:32
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Figure 5.1. Photophysical characteristics of all the RPNI-O (PPI, THPI and API) and RPNI-S (PPIS, THPIS
and APIS) derivatives. (a) Normalized absorbance spectra in their solution state (in DMSO, 100 uM). (b) The
normalized PL spectra in their solution (Aex = 500 nm). (b’) The CIE diagram at their solution state. (c)
Normalized PL spectra at 99% fiw in DMSO (Aex = 500 nm). (¢’) The CIE plot represents aggregated-state emission
color. (d) Normalized solid state PL spectra (Aex = 500 nm). (d”) CIE plot represents solid state emission color. (€)
Comparision of aggregated-state and solid state fluorescence spectra of the RPNI-O and RPNI-S derivatives (Aex
= 500 nm). Capturing of digital photographs (f) under day light and (g) under UV irradiation (Aex = 365 nm) of
solid powder of RPNI-O derivatives (PPI, THPI and API) and RPNI-S (PPIS, THPIS and APIS),
respectively. [a, s represents the aggregated, and solid state, respectively, Inset in CIE: 1, 2, 3, 4, 5, 6 = PPI,
THPI, API, PPIS, THPIS and APIS, respectively. In Figure 5.1¢’ and 1d’ CIE plot, the points 4,5, and 6 which

represents the PPIS, THPIS and APIS, respectively, were absent due to its non-emissive characteristics].
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5.3.3.ACQ to AIEE transformation

In this study, an investigation was conducted on how the fluorescence emission of the
RPNI-O and RPNI-S derivatives is affected by aggregation. To achieve this, UV-vis and
photoluminescence (PL) spectra were recorded at different f, in DMSO (good solvent).
(Figure 5.2, A5.1, A5.4, A5.5 and Table 5.1, A5.4-A5.6). The RPNI-O derivatives (PPI,
THPI, and API) exhibited distinct absorption peaks, centered at 506 nm, 517 nm, and 510
nm, respectively. These peaks are characteristic of the m-mt* transition associated with the
substituted PNI-O core. Additionally, the API derivative displayed an additional long-
wavelength absorption peak at 510 nm, which is attributed to the ICT process from the AIE
donor to the acceptor PNI-O core. The consistent trend of red-shifted UV and PL spectra in
more polar solvents with the increase in the donor functional group across RPNI-O
derivatives indicates a stronger ICT effect (Figure As.4, and Table As.5, A5.6).33 However,
this trend deviates in the case of API. The lesser red-shifted UV and PL spectra in API,
compared to the other RPNI-O derivatives, can be attributed to a reduced influence of the
donor-acceptor (D-A) interaction, leading to decreased electronic communication in RPNI-
O core in its diluted state. This phenomenon validates the less stabilized LUMO and more
stabilized HOMO in API compared to other RPNI-O derivatives. Consequently, this results
in blue-shifted Aswpsmax in API, setting it apart from the other derivatives. The distinct
behavior in API highlights its unique electronic structure and offers insights into the effects
of donor functionality on the electronic communication in PNI-O core under different
solvent conditions. However, the increase in water content led to significant alterations in
the absorption spectra of RPNI-O derivatives (PPI and THPI). At 99% f.,, both PPI and
THPI exhibited substantial blue-shifts of 60 nm and 46 nm, respectively, indicating the
presence of H-type aggregation and a strong m-nt stacking planar core (Figure As5.5a, b and
Table As.4). Conversely, API showed a notable red-shift of 10 nm at 99% fy, indicating the
presence of J-type aggregation (Figure As.5c and Table A5.4). In contrast to the RPNI-O
derivatives, the RPNI-S derivatives exhibited red-shifted Aabsmax, With wavelengths of 590
nm, 590 nm, and 636 nm for PPIS, THPIS, and APIS, respectively, at 0% f.. However,
with an increase in water content to 99%, these derivatives displayed remarkable blue-shifts
in their Aaps.max, leading to 89 nm, 76 nm and 23 nm blue-shifts, all attributed to the H-type
aggregation phenomenon (Figure A5.5d-f, and Table A5.4). This marks the highest reported
blue-shifted Ausmax in the aggregated-state (Table As.2). Literature has reported the
significance of H-aggregation in effectively capturing and stabilizing triplet excited states.34-
36 This highlights the significant impact of the S-atom positional strategy at the functional
unit and carbonyl position, as they drastically alter the absorption properties of the RPNI-S

derivatives in comparison to RPNI-O. It is intriguing to note that even though API and
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APIS share the same electronic structure, a simple modification involving the introduction
of the S-atom at the carbonyl position led to a profound change in their aggregation
behavior. This seemingly minor alteration had a significant impact on the properties of the
compounds, illustrating the sensitivity of the aggregation behavior to specific structural

changes.

In figure 5.2, at 0% fy, RPNI-O (PPI, THPI, and API) exhibited distinct Aemmax peaks at
580 nm, 655 nm, and 559 nm, respectively (Figure 5.2a-c, A5.1). As the f,, increased, the
emission intensity of PPI and THPI gradually decreased and eventually became completely
quenched at 99% f., accompanied by a progressive red-shift in their Aem.max, reaching 646 nm
and 664 nm, respectively. This behavior is known as ACQ phenomenon. On the other hand,
API displayed a different trend in emission behavior. Its Aem.max, located at 559 nm, initially
decreased from 0% to 20% f,, due to the presence of twisted intramolecular charge transfer
(TICT) characteristics.33 At 40% f., API reached its maximum emission intensity, and the
Aem.max Were red shifted, centered at 646 nm. This behavior signifies the typical AIEE features
in API. However, as more water was added to the solvent mixture in API, the emission
intensity decreased due to agglomeration, as illustrated in the supramolecular self-assembly
section. Thus, the abnormal ACQ behavior of PPI and THPI has been observed in their
aggregated-state, even though they possess pendant phenyl and bithiophene functional
groups that allow dynamic rotation in solution. These experimental findings contradict the
widely accepted mechanism of RIM for AIE systems. Instead, they emphasize the important
role of the S-atom at the functional unit in RPNI-O, which seems to be energized by the
intermolecular orientation and packing arrangement in the RPNI-O derivatives. This S-
atom's introduction and positional manipulation influence is responsible for the observed
ACQ behavior in PPI and THPI, offering a new perspective on the factors that govern
emission properties in these compounds in their condensed state. In contrast, the RPNI-S
derivatives exhibited non-emission characteristics in both their solution and aggregated-
state (Figure 5.2d-f, A5.1). Notably, when in a diluted state, RPNI-S derivatives such as
PPIS, THPIS, and APIS exhibited Aemmax peak at 655 nm, 647 nm, and NIR (705) nm,
respectively. However, the emission colors were markedly distinct from those of RPNI-O
derivatives, rendering them essentially undetectable. Furthermore, in the aggregated state,
RPNI-S displayed an entirely undetectable Aem.max. This lack of emission can be attributed to
the increased SOC and a higher population of excited state triplets.:6:18-20 Additionally, the S-
atom manipulation influences the distinct emission properties in the condensed state, which

can be further explained by the characterization of triplet states via theoretical calculation.
Thus, these findings strongly support the notion that the S-atom positional manipulation

plays a prominent role in generating the AIE characteristics observed in materials with
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extremely strong m-m stacking interaction. Additionally, the S-atom substitution and
positional manipulation influences the distinct emission properties in the condensed state,
which can be further modulated by the specific intermolecular packing arrangement and the
characterization of triplet states. Thus, the presence of the S-atom and positional alteration
is critical in shaping both AIE behavior and the unique emission properties in these
materials, offering potential avenues for tailored optical properties through careful control of

intermolecular interactions and triplet state characteristics.
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Figure 5.2. PL spectra of (a) PPI, (b) THPI, (c) API, (c) PPIS, (d) THPIS, and (e) APIS at various fw in DMSO
(100 pM, Aex = 500 nm). (a’-f’) plots of Aemmax along with Insets: (a”-f”) Digital photographs under 365 nm UV
illumination of the corresponding luminogens at 0%, 40% and 99% fw in DMSO and chemical structure of the
respective RPNI-O and RPNI-S luminogens, Day light photograph of all the derivatives have been placed in
Figure A5.6 of Al

5.3.4. Excitation-emission matrix spectra

In order to enhance the photophysical characteristics of RPNI-O and RPNI-S derivatives in
their condensed state, a comparative investigation of their EEM spectra was performed

(Figure 5.3, As.7). This analysis was conducted for solutions with varying concentrations,
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allowing to gain deeper insights into their optical properties. EEM spectroscopy is widely
recognized as a valuable method for characterizing the spectroscopic properties of systems
containing multiple fluorophores.3” Each EEM spectrum provides valuable spectral
information about the chemical components within a mixture. To investigate the effect of
concentration on aggregation, two-dimensional (2D) EEM spectra were collected for each
compound at various concentrations, viz.: 100 uM (diluted), 300 uM, 500 uM, and 1 mM
(concentrated). For RPNI-O derivatives, the excitation wavelength was systematically
scanned from 400 to 600 nm in 10 nm increments and emission values ranging from 500 to
750 nm were recorded. On the other hand, for RPNI-S, a similar scanning process was
conducted, but with the excitation wavelength range extending from 500 to 700 nm, and the
emission values measured within the range of 600 to 850 nm. At lower concentrations (100
uM), RPNI-O derivatives (PPI and API) displayed distinct asymmetric peaks in their EEM
spectra, while THPI exhibited partially separated peaks. As the concentration increased
(300 UM and 500 uM), PPI and THPI showed broadening in their contour profiles along
the Y-axis (representing Acy), indicating the presence of multiple fluorophoric components.
The observed broadening in the EEM spectra at higher concentrations (300 pM and 500
uM) suggested the presence of multiple fluorophoric components within the RPNI-O
derivatives. These components have the ability to absorb light across a wide range of
wavelengths. Conversely, API exhibited two separate fluorophoric systems, responding
differently to different Aex with one at higher Aec and the other at lower Ae. At higher
concentrations, PPI and THPI displayed a fluorophoric system in red-shifted Ay, suggesting
increased conjugation and enhanced electronic communication between the pendant
functional units (phenyl or bithiophene) and the PNI-O core.37:38 In a concentrated solution
(1 mM), PPI and THPI showed weak emission with a red-shift in Acx, while API exhibited a
highly emissive system with a blue-shifted Acx and a non-fluorescent species at higher Aex.
API exhibited a unique blue-shifted A« fluorophoric system in its condensed state, different
from other RPNI-O derivatives. This behavior is attributed to reduced molecular
conjugation influenced by the twisted structure of the thianthranyl group within the PNI-O
core and this phenomenon was verified further by SCXRD analysis. RPNI-S derivatives
display weak fluorescent emission at lower concentrations, which diminishes completely in a
concentrated solution of 1 mM. In this study, it was found that THPIS exhibited non-
emissive fluorophoric system with the blue-shifted Aex compared to PPIS and APIS. The
emission properties are influenced by intermolecular packing interactions and are thought to
be reinforced by particular steric constraints imposed by the S-atom substitution and
positional manipulation at the pendant functional unit in RPNI-O. The introduction of the

S-atom at the carbonyl position in RPNI-O appears to play a critical role in determining the
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non-fluorescent behavior at higher concentrations, thereby differentiating the emission
characteristics of RPNI-S from RPNI-O derivatives.
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Figure 5.3. (a1-c4) 2D EEM contour projections of the RPNI-O luminogens at different concentrations (left:
100 uM; middle: 300 uM and 500 pM; right: 1 mM) in DMSO.

5.3.5. Supramolecular self-assembly

The luminescent properties of RPNI-O and RPNI-S derivatives were investigated using
Field Emission Scanning Electron Microscopy (FESEM) (Figure 5.4, A5.8). The FESEM
images of the spontaneously formed self-assembled RPNI-O and RPNI-S derivatives were
obtained using a simple, reliable, and cost effective drop-casting method, followed by air-
drying at room temperature. The self-assembly behavior of these derivatives was
investigated using strategic positional manipulation of the S-atom at the functional unit
attached to the RPNI-O skeleton and at the carbonyl position. To gain deeper
understanding of the fluorescence behavior resulting from aggregation, morphological
analyses were carried out on the supramolecular assemblies formed at 99% f,. The
remarkable variation in morphological transformation emphasized the exceptional tunability
of these RPN-O and RPNI-S derivatives, allowing for a wide range of structural
possibilities. RPNI-O derivatives like PPI and THPI formed spherical nanoparticles with
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sizes of 105 nm and 100 nm, respectively, as confirmed by dynamic light scattering (DLS)
measurements (Figure 5.4a, b and a’, b’). API exhibited unique microrose self-assembly
structures, leading to the highest ®p;. generation of 0.85 confirming the discovery of the
highest reported @y, to date. It is worth noting that the existing literature reports the highest
®p;, value of 0.99 and 0.92, respectively (measurement was conducted in the solution state
using organic solvent such as toluene and dichloromethane as the solvent, respectively)
unlike the present work performed in an aqueous environment (aggregated-state).192° The
unique intermolecular packing arrangement in API was determined to be the primary factor
contributing to these distinct characteristics (Figure 5.4c¢).3¢ RPNI-S derivatives, including
PPIS and THPIS, exhibited self-assembly in the form of microcrystalline rods, while APIS
displayed a different pattern characterized by micro agglomeration (Figure 5.4d-f). The
degree of order in supramolecular self-assembly was directly correlated with the intensity of
their emission in the aggregated-state.4>-42In previous literature, it was hypothesized that the
decrease in fluorescence emission of AIEgenic materials at higher f. was due to the
formation of agglomerates resulting from stronger stacking interactions.43 Furthermore,
existing literature extensively supports the essential role of energy-dependent endocytosis in
the uptake of micro-sized particles. Additionally, numerous studies have highlighted the
significant influence of particle morphology on their selective uptake within the intracellular

environment.44-45
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Figure 5.4. FESEM images of the micro and nano-assembly of the RPNI-O and RPNI-S derivatives
spontaneously formed at 99.9% fw in DMSO (100 uM). Insets: The chemical structure of the RPNI-O and RPNI-
S (left) and the magnified image at the selected area (right) and left for PPI, and (a’ and b’) Hydrodynamic radius
vs intensity plot of PPI and THPI at 99.9% fi in DMSO (100 uM).

5.3.6. SCXRD analysis

To acquire further understanding of the tuning and triggering characteristics of RPNI-O
derivatives in condensed state, the effects of positional S-substitution within the functional
unit were investigated. This exploration involved a comprehensive analysis of intermolecular
interactions and packing arrangements through the examination of single crystal (Figure 5.5,
As5.9 and Table As.7). PPI, THPI, and API were successfully crystallized from DMF,

providing valuable single crystals for analysis. However, attempts to obtain single crystals of
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other RPNI-S derivatives have so far been unsuccessful. The S-substituted API, containing
two S atoms within the one fused aromatic ring, exhibits a notably increased m-m stacking
distance of 4.169 A and a larger dihedral angle of 75.010 compared to other RPNI-O
derivatives. This phenomenon is attributed to the pendant thianthranyl unit's highly twisted
structure within the otherwise planar PNI-O core. Consequently, this structural twist
effectively mitigates the adverse effects of m-mt stacking interactions in the condensed state.
In contrast, the remaining RPNI-O derivatives exhibited robust m-m interactions, likely
attributed to their lower dihedral angles between the functional groups and the planar
perylene core.3° Previous research has extensively documented that electron-donating
substituents weaken these detrimental st-it interactions by increasing the m-electron density
of the aromatic core.4®47 In contrast, THPI, which includes a bithiophene electron-donor
functional group with two S-atoms present in two distinct aromatic rings, exhibited a
contrary trend. Surprisingly, despite the electron-donor nature of the functional group,
THPI demonstrated stronger n-m interactions. Moreover, the angle (6) between the
transition dipoles and the interconnected axis was found to be 75.01° for PPI and 55.120 for
THPI. These values exceed the critical threshold of 54.79, indicating the presence of H-
aggregates and lending further support to the observed blue-shifted Aus.max. Conversely, for
API, the 6 value of 42.080 aligns with the findings of a red-shifted Aups.max (Figure A5.9).35

This confirms that the strategic manipulation of S-atoms position at the functional unit plays
a crucial role in generating distinct intermolecular packing orientations. The study revealed
that the intermolecular m-n interactions in the perylenimide systems are predominantly
governed by steric constraints rather than the electronic influence of functional groups.
Consequently, the formation of unique and well-defined supramolecular assemblies is driven
by finely tailored intermolecular packing orientations of the PNI-O cores, leading to the

modulation of their condensed state emission properties.4849
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Figure 5.5. Single crystal structure of (a1) PPI, (b1) THPI and (c1) API confirmed via SCXRD. (a1-c1) Insight of

molecular packing arrangement. (a2-c2) Dihedral angle between two plane of rotor and acceptor plane. Green
plane: perylene core plane, pink plane: the plane of rotor (phenyl, bithiophene and thianthranyl in crystals of
PPI, THPI and API with (a3-c3) intermolecular plane distances and (a4-c4) different molecular packing

organization exhibiting J-and H-aggregation pattern, respectively.
5.3.7. Electronic properties driving the photophysical

behavior

To validate the hypothesis concerning the distinct electronic properties of RPNI-O and
RPNI-S derivatives and their impact on photophysical behavior, a computational analysis
using density functional theory (DFT) using the B3LYP/6-31G (d, p) method was conducted
(Figure 5.6a) in gaseous state. This analysis aimed to gain deeper insights into the electronic
structure and characteristics of these derivatives. The investigation demonstrated that
RPNI-S derivatives exhibited a significant stabilization of the LUMO and, simultaneously, a
destabilization of the HOMO compared to RPNI-O. Consequently, the decrease in the
energy gap between the HOMO and LUMO from 2.70 to 2.09 eV provides support for the
observed more pronounced red-shifted UV-vis absorption spectra.:8-20 The presence of its
electron-donor bithiophene group primarily contributed to THPIS exhibiting the smallest
energy gap among the derivatives. On the other hand, API exhibited higher band energy
compared to other RPNI-O derivatives, attributed to its more stabilized HOMO and less
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stabilized LUMO. This confirmation accounts for the blue-shifted absorption spectra
observed in API when compared to PPI and THPI in diluted state. The blue-shift indicates
reduced electronic communication, which is a result of API's more twisted thianthranyl
moiety acting as a weaker donor.3° These results further confirmed the significance of the S-
atom positional engineering in influencing the electronic properties of the derivatives and
demonstrated the importance of their distinct electronic characteristics in governing their

photophysical behavior.
5.3.8. Theoretical Calculation

The conversion of RPNI-O to RPNI-S led to remarkable fluorescence quenching,
motivating further theoretical calculations on the optimized structures of RPNI-O and
RPNI-S to understand the triplet state formation mechanism (Figure 5.6b, c, and Table 5.1,
A5.8-A5.14). The spin-orbit coupling matrix elements (SOCMEs) were calculated using
ORCA 5.0 at the B3LYP/DEF2-SVP level, ensuring a reasonable TD-DFT error. Replacing
oxygen with sulfur resulted in significantly increased SOC constants and decreased singlet-
triplet energy gap (AEsr) for RPNI-S. The SOC from the S. state to the T, state was
identified as the dominant contributor to the formation of the excited triplet population.
Notably, SOC increased as the electron-donating ability of the -R groups increased. The AEgsr
between the S, and the nearest T, states reduced gradually from APIS (0.098 eV) to PPIS
(0.096 eV), and further to THPIS (0.094 eV), facilitating the efficient ISC process with SOC
values of 10.88 cm™, 9.20 cm, and 5.73 cm™ for PPIS, THPIS, and APIS, respectively.
Large SOC values were also observed between the lowest state transition of S, to T, for
RPNI-S derivatives, with values of 8.33 em™ for PPIS, 6.90 cm™ for THPIS, and 4.44 cm™
for APIS with the lowest AEgsr values of 0.4 eV. Additionally, large SOC values were also
found for PPIS between the transition of S, to T, (9.16 cm™) and THPIS of S, to T, (6.19 cm-
1) with AEgr values of 0.23 eV and 0.25 €V, respectively.30:50:5! It has been documented that H-
aggregates efficiently trap and stabilize the excited state triplet through strong m-m
coupling.34-3¢ Extensive research has been focused on enhancing triplet exciton through
methods like photoinduced electron transfer or photoinduced intramolecular charge
transfer.5253 However, the enhancement of SOC through prominent H-aggregation
represents a unique and innovative approach within this domain. Extensive research has
consistently affirmed that H-aggregation significantly extends the excited electron’s lifetime
by suppressing the fluorescence, likely attributed to singlet wavefunction delocalization,
which subsequently energized by the strong m-;t coupling. This extension affords sufficient
time for the electrons to effectively engage in substantial SOC, which crucially enabled the
efficient ISC process.343¢ Interestingly, despite the presence of a less electron-donating
phenyl group in PPIS compared to the bithiophene in THPIS, the SOC value of PPIS was
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found to be greater. The presence of H-aggregation is corroborated by the significant blue-
shifted Asbsmax- This difference can be attributed to the more prominent H-aggregation in
PPIS compared to THPIS (Figure As.5, A5.9 and Table A5.2, A5.4). Unfortunately, single
crystals for the RPNI-S derivatives could not be obtained. Nonetheless, a similar type of H-
aggregation is anticipated to be observed as with PPI and THPI, with RPNI-S having a
larger 6 value, making the H-aggregation even more remarkable. RPNI-S is derived from
RPNI-O through a minor modification involving the substitution of oxygen (O) atoms with
S-atoms at the carbonyl position of the RPNI-O (Figure A5.9). Notably, Table As.2
demonstrates that RPNI-S derivatives exhibited a significant blue-shifted Auwsmax in the
aggregated-state compared to the previously reported materials.353¢5! Herein, the traditional
triazine derivative (DPhCzT) and organoboronium (OB4), material demonstrate a distinct
stabilization of the triplet excited state through H-aggregation, leading to the generation of
ultralong phosphorescence.353¢ This research represents the novel findings regarding the
efficient generation of SOC through pronounced H-aggregation. It is widely explored that
SOC plays a pivotal role across various fields, including achieving persistent PL,5¢ developing
distinct light-emitting materials and devices,5558 realizating ultralong room temperature
phosphorescence,s® and development of efficient PSs.6-20 Extensive research has been
devoted to enhancing SOC values in organic compounds, often achieved through strategies
such as introducing heavy-atoms3°° or by enhancing the D-A effect.®*-%3 In contrast, this
study represents a cost-effective and rare design strategy to enhance SOC by incorporating S-
atoms at the carbonyl position, avoiding costly heavy-atom incorporation. Importantly, this
marks a significant instance of an elevated SOC value compared to previously explored PSs
as well as other conventional organic materials, which has been presented in table A5.14a (it
is worth noting that distinct computational methods were employed for each study). In
comparison, the reported dibenzo furan compound (DPBF) achieved a SOC value of 20.33
cm?, but it is crucial to note that this was based on theoretical studies conducted on
aggregated molecules.5* Additionally, another notable compound, selenine, demonstrated a
substantial SOC value of 11.94 cm™ (Table A5.14a). On the other hand, the heavy-atom free
NI and PDI-4S PSs exhibited notably high SOC values of 27.8 and 85 cm™, respectively.
Importantly, these values were obtained using a distinct computational methodology,
considering significantly more complex molecular systems.'9-2° In contrast, this study unveils
a precise and simple design strategy to enhance SOC through S-atoms introduction at the
carbonyl position, emphasizing the rare mechanism of SOC enhancement via promising H-
aggregation, which could be energized by the distinct magnitude of the excited triplet state

stabilization and prolonging the excited state electron’s lifetimes.

Furthermore, the excited state singlet and triplet energies were lower in RPNI-S compared

to RPNI-O, and the energy levels were well distributed (Figure 5.6b, ¢ and Table A5.14b). In
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contrast, RPNI-O demonstrated the highest state transition comprising of lower SOC value
as well, which is considered less favorable from a quantum mechanical perspective under
identical condition. These observations highlight the significant influence of the S-atom at
the carbonyl position in the system. Thus, the S-atom at the carbonyl position played a
prominent role in RPNI-S, leading to enhanced SOC through prominent H-aggregation.
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Figure 5.6. (a) Frontier molecular orbitals (HOMO and LUMO) with energies in eV calculated from the DFT/
B3LYP method using the 6-31G (d, p) basis set by Gaussian 16 software in their ground state. Below the chemical
structure of the respective luminogens. (b) SOCME Calculated by SOC-TDDFT method using ORCA 5.0 software
for all the derivatives. RPNI-O: PPI, THPI, and API, respectively and RPNI-S: PPIS, THPIS and APIS,
respectively. [PPI: AES.Ti=1.19 eV, AES>T,=0.19 eV, AES,T3=0.576 €V, € (SyT1)= 0.3 cm™, € (S2T4)= 3.53 cm™,
(S4T3)= 3.81 cm™. THPI: AES:T:=0.98 eV, AESsT,=0.42 eV, AES6T10=0.14 €V, & (S, T1)= 0.65 cm™, € (S6,T;)=3.44
cm?, € (S6,T10)=3.50 cm™. API: AES;T:=1.01 eV, AES.T.=0.23 €V, AES,;Ts=0.087 €V, & (S.,Ty)= 1.92 cm?, §
(S2T4)= 2.36 cm, § (S4,T3)= 3.13 cm™. PPIS: AEST:=0.40 €V, AES-T4=0.096 eV, AES,;T,=0.23 €V, § (S, T1)=
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8.33 cm, € (S2, T4)= 10.88 cm™, € (S, T;)= 9.16 cm™. THPIS: AES:T:=0.42 €V, AES-T,=0.094 €V, AES-T3=0.25
eV, £ (S, T)= 6.90 cm™, € (S2, T4)= 9.20 cm™, § (S2, T3)= 6.19 cm™. APIS: AES:T:=0.39 eV, AES.T4=0.098 eV, §
(S1, T1)= 4.44 cm, § (S2, T4)= 5.73 cm™].

5.3.9. Singlet oxygen (type 2 ROS) detection

Inspired by the remarkable SOC and abundant excited state triplet population in RPNI-S,
an investigation into their @, was conducted using ABDA as a commercially available probe
for quantifying *O. (Figure 5.7a, A5.10, A5.11, A5.12a-c, A5.13b-d, and Equation A5.2). Table
5.1 presents the findings, demonstrating that RPNI-S displayed moderate ®, for PPIS
(0.04), THPIS (0.34), and APIS (0.26), whereas the signal for 'O. was virtually
undetectable for all RPNI-O derivatives tested under the same conditions. Notably, the ®x
showed a slight increase with the electron-donating ability of the -R groups. Thus, the lower
®, indicates reduced type-II processes for THPIS and APIS and a complete absence of 'O,
generation for PPIS.

5.3.10. Total ROS generation evaluation

In response to the lower ®@,, an evaluation of the overall ROS generation capabilities of
RPNI-S derivatives was conducted (Figure 5.7b, A5.12d-f, A5.13a and A5.13e-g). For this
purpose, a fluorescent indicator, 2,7-dichlorodihydrofluorescein (DCFDA), known for its
ability to detect various types of ROS, was utilized. Under white light irradiation for different
durations, DCFDA in the presence of RPNI-S materials exhibited a gradual increase in PL
intensity in their aggregated-state (99% PBS fraction in DMSO, fpgs). Interestingly, as the
donor functionality increased, the efficiency of ROS generation also increased. After 30
minutes of light irradiation, PPIS, THPIS, and APIS showed approximately 39-fold, 40-
fold, and 29-fold increase in PL intensity, respectively, in the presence of DCFDA (Figure
5.7b). These results indicate the involvement of both type-I and type-II processes in the ROS
generation of RPNI-S derivatives. Particularly noteworthy is the remarkable enhancement
in PL intensity after just 5 minutes of white light irradiation, using just 10 uM of DCFDA:
PPIS, THPIS, and APIS exhibited enhancements of 2.5 x 105, 1 x 10° and 2 x 105,
respectively, while RPNI-O derivatives showed lower enhancements of PL intensity (Figure
As.13a and A5.13 e-g). These findings highlight the rapid and highly efficient production of
ROS observed in THPIS PS. This efficiency is attributed to the presence of the promising
donor bithiophene unit in THPIS, setting it apart from other RPNI-O and RPNI-S
derivatives. Consequently, THPIS displays the smallest AEsr value, facilitating a highly
efficient triplet population in the aggregated-state.
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5.3.11. Type 1 ROS evaluation

To assess the ability of RPNI-S to generate free radicals, electron spin resonance (ESR) was
conducted using 2,2,6,6-tetramethyl-4-piperidinol (TEMP) as a widely used free radical
trapper for O,*~ and HO- (Figure 5.7¢c, d) The experiments were carried out on both RPNI-S
and RPNI-O derivatives in their condensed state (99% frgs) under white light irradiation.
Notably, the derivatives exhibited ESR signals after just 10 minutes of white light irradiation
at both the 99% frps and the solid state. In the solid state, the observation of ESR signal for
RPNI-S even without the presence of any trapping agent indicates the effective stabilization
of the triplet state. This stabilization is attributed to the notable H-aggregation phenomenon
exhibited by these derivatives, which leads to the efficient energization of the triplet state,
subsequently enhancing its stability.34-3¢ In contrast, no ESR signals were observed for
RPNI-O derivatives under the same conditions. Building upon the type-I process
observations, TA was chosen as a fluorescence probe to detect HO" (Figure 5.7e, A5.14a).6:5!
The fluorescence intensity of RPNI-S probes showed no significant change when TA
solutions were subjected to white light irradiation, indicating that RPNI-S did not produce
HOr-. These findings align with the electrochemical properties of the RPNI-S derivatives and
support the mechanism of type-I PDT, wherein O.'- is generated through electron transfer
from the triplet excited states to 30,. Upon subjecting the ROS generation capabilities of
these RPNI-S derivatives under white light irradiation, the band edge energy levels were
estimated using Enomo and Erumo. (Figure 5.7f,g, A5.14b,c, A5.15, A5.16, Table A5.15-A5.17
and Equation A5.3-A5.6).5! The points of zero zeta potential for PPIS, THPIS, and APIS
were determined to be 2.68, 2.18, and 4.35, respectively (Figure 5.7f and Table As.15). The
valence band energy (Ey) was determined from X-ray photoelectron spectroscopy (XPS) data
(Figure As.15, and Table A5.17). The conduction band energy (Ec) was estimated from the
energy gap obtained from the onset absorption data from UV-visible spectroscopy and was
referenced to the normal hydrogen electrode (NHE) (Figure A5.16, and Table A5.16, A5.17).5!
As a result, the Ec values of PPIS, THPIS, and APIS were found to be -0.74228, -0.83178,
and -0.96375 eV at a pH of 5.6, respectively. These values are lower than the redox potential
(En) of 0,/0,-(-0.2 €V) (Figure 5.7g and Table As.17). Consequently, all three RPNI-S
derivatives were capable of transferring electrons to oxygen and generating O.'-, making
them suitable PSs for type-I PDT. However, the Ev values of the RPNI-S derivatives
(0.92772 for PPIS, 0.777822 for THPIS, and 0.656225 eV for APIS, respectively) are
smaller than the Eu values of H.O/ HO" (2.20 eV) and '0,/0. (1.88 eV) at a pH of 5.6,
suggesting that HO* and 'O. cannot be generated. Consequently, the type-II PDT process is
not feasible for RPNI-S derivatives (Figure 5.7g and Table A5.17). On the other hand,
RPNI-O does produce slight ROS, following the type-I process in PDT, as validated by the
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experiments involving TA and band energy calculations with respect to NHE (Figure A5.14 a,
c and Table As.17). This result indicates that the driving force for generating O.'-

continuously improves with larger atom sizes of sulfur compared to oxygen.5!

Furthermore, the feasibility of type-I PDT, specifically in generating O.,- through IET
mechanism, was further investigated by calculating the AG values using the ORCA 5.0
quantum mechanism package at the B3LYP/DEF2-SVP level (Figure 5.7h and Table A5.18-
A5.25).595! Figure 5.7h illustrates that the AG value between THPIS and O, is -40.83 kcal
mol, which is smaller than the AG values of PPIS and APIS (-0.548 and -10.26 kcal mol,
respectively). This indicates a higher probability of IET reaction for THPIS. This signifies
the exceptionally lower recorded instance of a AG value of THPIS in comparison to
previously reported PSs. For instance, tetraphenylethene (TPE) based PS (TPE-PTB) showed
a AG value of -14.3839 kcal mol, while tellurium (Te) comprising PS (PTTe) exhibited a AG
value of -32.16 kcal mol.595! Based on the theoretical calculations, THPIS is theoretically
predicted to be the most excellent type 1 PDT material among the three RPNI-S derivatives,
efficiently generating O."- and slight 'O.. On the other hand, PPIS is the second most
promising type-I PDT material among the RPNI-S derivatives, efficiently generating only

Q,°.6:5051
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Figure 5.7. (a) Plots of ABDA (100 uM) degradation rates at Aabs.max of 378 nm by the various PSs (100 uM). (b)
Plot of fluorescence intensities of DCFDA indicator in the presence of RPNI-O and RPNI-S derivatives. A, and

A are ABDA absorbance at Aaps.max of 378 nm, where, I, and I are the PL intensities of the indicator at Aemmax of
521 nm before and after irradiation of the white light, respectively. (c and d) EPR signals at their solid state and

aggregated-state. (e) PL spectra of TA in the presence of RPNI-S derivatives at 528 nm. (f) Zeta potential versus

pH values of RPNI-S derivatives. (g) Ec and Ev of RPNI-S derivatives at pH 5.6. The energy scale is expressed in
relation to NHE. Eu for H.O/HOr, 102/0., and O2/0.'~ are 2.2, 1.88, and -0.2 eV, respectively. (h) Gibbs free
energy changes of (a) PPIS, (b’) THPIS and (¢’) APIS, respectively, via ORCA 5.0 SOCME module at the B3LYP
DEF2-SVP level. [Aggregated-state: 99% PBS fraction in DMSO, fpas].
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Table 5.1. Photophysical and Photosensitizing characteristics of RPNI-O and RPNI-S derivatives.

fStokes- .
. aDabs bAex Aem Dem €Aem . hEg . JAEst kSOC
Materials shift s@pr, iPy
(mm) | (nm) | (nm) (nm (nm) (eV) (eV) | (ecm?)
(nm)
PPI 506 500 580 646 646 146 0.10 2.60 0.015 1.19 3.81
THPI 510 500 655 664 670 170 0.04 2.51 0.019 0.65 3.50
API 517 500 559 614 646 146 0.85,0.89 2.70 0.017 1.92 3.13
PPIS 590 605 655 G G G G 2.19 0.04 0.40 10.88
THPIS 590 590 647 G G G G 2.09 0.34 0.42 9.20
APIS 636 640 705 G G G G 2.22 0.26 0.39 5.73

Hab.max, "ex AN em.max are absorption, excitation and emission wavelength maxima in Solution state. ¢cAggregated and solid state
rem.max, 'Stokes-shift calculated between solid jemmax and rexmax. 8®pL Quantumn yield in aggregated-state. hE, gaseous-state band-
energies, ‘®@aSinglet-oxygen quantumn yield, JAEsr is first singlet and triplet sate energy gap. kSpin-orbit coupling between
singlet and triplet-state. [Concentration: 100 pM of RPNI-O and RPNI-S derivatives in DMSO solution (solution-state), 99%
fw in DMSO (Aggregated-state)], G = not observed.

5.3.12. Photodynamic therapy

The efficient ROS generation by these RPNI-S derivatives led to in vitro PDT studies on
both Hela and MCF7 cancer cells, as well as normal cell (Figure 5.8). Cellular uptake
experiments revealed that PPIS, THPIS, and APIS reached their maximum enrichment in
Hela cells after 4 hours of post-treatment (Figure A5.17).5* RPNI-S derivatives demonstrated
superior cellular uptake ability at 20 uM concentration specifically towards Hela cancer cells,
while remaining non-toxic to normal cells even at concentrations up to 100 uM. However,
APIS exhibited lower cellular uptake towards Hela cell, possibly due to its detrimental
micro-aggregate morphology in aqueous media (Figure 5.4f, A5.17). On the other hand,
RPNI-O showed low cellular uptake at 20 uM concentration but was easily internalized by
both normal cells and Hela cancer cells at 100 uM concentration (Figure As5.18).
Furthermore, the anticancer effect of RPNI-S, encompassing PPIS, THPIS, and APIS, was
meticulously investigated in Hela and MCF7 cancer cells, as well as normal cells, utilizing the
MTT assay under both dark and light conditions (Figure 5.8).19 This assay was selected for its

wide applicability and capability to effectively measure cellular uptake efficacy. Under 20
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min of white light irradiation, both THPIS and PPIS significantly inhibited cell
proliferation, with an ICs, of approximately 4.5 uM and 15.5 uM in Hela cells (Figure 5.8d-f).
On the other hand, a PDT effect was observed on MCF-7 cells at higher concentrations
(PPIS: -200 uM, and THPIS: -75 uM, respectively) (Figure 5.8a-c). This clearly indicates
the pronounced selectivity of these two RPNI-S derivatives towards HeLa cells over MCF-7
cells. Notably, at 20 uM and 50 pM concentrations, THPIS and PPIS induced
approximately 80% cell inhibition upon light exposure. At 100 uM concentration, THPIS
exhibited complete cell inhibition, although it showed slight dark toxicity. On the other hand,
APIS exhibited negligible cytotoxicity under both dark and light treatments, despite its
efficacy in producing ROS. This minimal cytotoxicity is likely attributed to its lower cellular
uptake, which has been regulated by its anomalous micro-aggregate morphology (Figure
5.4f, A5.17). Crucially, these RPNI-S derivatives demonstrated minimal cytotoxicity towards
normal cells both in the absence and presence of light (Figure 5.8g-i). This lack of toxicity
can be attributed to their meticulous cellular uptake ability which has been strengthened by
the precisely controlled morphology when in aqueous media (Figure 5.4d-f, A5.17).4445 This
optimized cellular uptake mechanism contributes to their biocompatibility and supports
their potential for safe and effective use in biomedical applications. Conversely, RPNI-O
derivatives showed minimal changes upon both dark and light treatment towards both
normal cells as well as Hela cancer cells (Figure A5.19). Moreover, as depicted in figure
A5.19, RPNI-O derivatives predominantly demonstrate dark toxicity towards Hela cells, as
evidenced by the IC;s, of approximately 100 uM. Alternatively, the reduced effectiveness in
PDT can be attributed to a decrease in ROS production associated with these derivatives
(Figure As.11, A5.13 and Table 5.1). The aforementioned results suggest a notable contrast in
potential efficacy between RPNI-S and RPNI-O derivatives in the biological environment.
These attributes underline the potential of RPNI-S as a more effective option for broader
biological applications. In addition, fluorescence microscopic imaging further confirmed the
excellent photocytotoxicity of THPIS towards Hela cells, highlighting its potential as an
outstanding PS (Figure 5.9). In conclusion, THPIS, distinguished by its remarkable
biocompatibility, demonstrated exceptional phototoxicity and efficient cellular uptake
without requiring additional targeting agents. These features strongly position THPIS as a
highly promising PS for diverse phototherapeutic applications. Ongoing research and
optimizations hold potential to further enhance its efficacy and extend its utility in cancer
therapy and related fields. However, while PPIS is demonstrating the second most
promising potential as PDT material after THPIS, ongoing research in our laboratory is
currently exploring this approach with APIS, utilizing liposomes to enhance its cellular
uptake in a biological environment. This enhancement is expected to correspondingly

increase the efficacy of PDT of APIS in cancer cells.
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Figure 5.8. (a-c) Cell viability of MCF 7 cells after treatment with different concentrations of (a) PPIS, (b)
THPIS, and (c) APIS, respectively, along with white light irradiation. (d-f) Cell cytotoxicity of Hela cells after
treatment with different concentrations of (d) PPIS, (¢) THPIS, and (f) APIS, respectively, along with white
light irradiation. (g-h) Cell viability of HEK293Tcells after treatment with different concentrations of (g) PPIS,
(h) THPIS, and (i) APIS, respectively, along with white light irradiation.

5.3.13. Live cell/ dead cell co-staining and intracellular

ROS generation

The viability assay, visualized using calcein-AM/propidium iodide, clearly showed the
impact of THPIS, PPIS and APIS on Hela cells upon white light irradiation (Figure 5.9,
5.10 and A5.20-A5.22).9 Additionally, intracellular ROS production was confirmed using
DCFDA, where green fluorescence served as a marker for the generation of total ROS (Figure
5.9, ¢ and 5.10, c¢). These results were consistent with the findings mentioned earlier (Figure
5.7, 5.8). Furthermore, the treated cells exhibited noticeable morphological changes,
including reduced size, shrinkage, and cellular collapse under the white light irradiation
(Figure 5.9, a-c and 5.10, a-c). These observations further substantiate the concept that
THPIS-induced photodynamic action enhances outcomes in photodynamic therapy for Hela

cells by inducing organelle destruction. This effect is likely amplified by the efficient
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accumulation of THPIS within Hela cancer cells, which possess higher cell permeability
compared to both normal cells and MCF-7 cancer cells (Figure As.17). This selective
accumulation is facilitated by the precisely controlled morphology of THPIS in aqueous
media (Figure 5.4e).4445 Thus, THPIS demonstrated significant photodynamic activity,
resulting in efficient ROS and subsequent organelle destruction within cancer cells. Its
enhanced therapeutic effect is attributed to its pronounced accumulation within cancer cells,
and its ability to induce selective phototoxicity, making it a promising candidate for PDT
applications (Figure 5.4e and A5.17). Thus, based on the theoretical and experimental studies
regarding ROS generation efficacy, it is plausible to assert that the exceptional PDT efficacy
observed in PPIS and THPIS can be attributed to their pronounced H-aggregation and
effective accumulation towards cancer cells. This promising H-aggregation significantly
amplifies the SOC and enhances the efficiency of the ISC process during PDT treatment
(Figure 5.6, 5.7, A5.4, A5.17, and Table A5.2).343¢ While H-aggregation may limit the
potential for condensed state applications, this strategy showed how it can enhance the

promising PDT application.26-29:64
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Figure 5.9. Fluorescence microscope images of HeLa cells after treatment with PPIS under normoxia and
loaded with (a) calcein-AM (2 pM, live cell marker), (b) PI (4 uM, dead cell marker), (¢c) DCFDA (10
uM).[Concentration of PPIS: (50 uM), scale bar: 100 pm].
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Figure 5.10. Fluorescence microscope images of HeLa cells after treatment with THPIS under normoxia and
loaded with (a) calcein-AM (2 pM, live cell marker), (b) PI (4 uM, dead cell marker), (¢c) DCFDA (10
uM).[Concentration of THPIS: (50 uM), scale bar: 100 pm].

5.4. Conclusion

This work proposes that meticulous modulation of the S-atom conformation can lead to
enhanced SOC (10.88 cm™), ®p. (0.85), and the advancement of potent PSs. Precise
incorporation of S-atoms at the pendant functional group in RPNI-O showed drastic
photophysical properties: stokes shift of 170 nm, red emitting AIEEgen, and established
novel ATE mechanism. Surprisingly, introducing S-atoms at the carbonyl position in RPNI-
O results RPNI-S, which exhibits unprecedented structure-property relationships (130 nm

red-shifted Awbmax, a subsequent extension of Aemmax into NIR, and ®p. = 0.00 in the
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aggregated-state). Furthermore, RPNI-S established a novel SOC enhancement mechanism
via prominent H-aggregation. Because, the strong m-;t coupling intrinsic in H-aggregation
efficiently traps and stabilizes the excited state triplet. RPNI-S exhibited efficient IET
reaction for type-I PDT, evidenced by exceptionally lower AG value (THPIS:-40.83 kcal mol-
1). Interestingly, the lower ®,, AG and energy level suggest the efficient production of O,-
and minimal type-II ROS (*O.) for THPIS. Herein, PPIS very specific and particularly
generates O."~. The biocompatible and very specific heavy-atom free PPIS and THPIS PSs
selective and efficient PDT efficacy under normoxia, which is exceptionally rare. Thus, this
strategy provides important perspective for the potential development of future PSs via

pronounced H-aggregation and distinct condensed state emitters for diverse applications.
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Appendix (AI)

Table As5.1. Below is a comparison table of recently published heavy-atom-free materials, highlighting their

design strategies, structure-property relationships, and photosensitizing behaviors for PDT efficacy.

J. Am. Chem. Soc.

References Present work 2019, 141, 16243-
16248
Materials THPIS PPIS API MANI-S
Non-fluorescent Non-fluorescent Non-fluorescent
(a) (a) Red AIEEgen (a) (b)
Stokes- shift (nm) g g 146 g
0.85
g g g
(@)
0.29 0.11 1.00
g
(© © @
somWcm-2 50 mWem-2 50 mWem- 100 mWcm2
Light used
O] (e (e (e
Type-1, Type-I1 Type-1 Type-1 Type-1, Type-I1
Types
(102, 02") (02") (02") (102, 02")
ROS
Specificity Specific Specific Specific Not very specific
DCFDA
Total ROS 10 10 10 10
(nM)
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T
5 5 5 3
(min)
I 1X10° 2.5X105 5X104 7.5X104
DCFDA, DCFDA, ABDA DCFDA, ABDA
ABDA,TA, ESR, ,TA, ESR, ,TA, ESR, DCFDA, DPBF
ROS (mechanism) Theoretial (AG, Theoretial (AG, Theoretial (AG, | ,DHE, Theoretical
SOC), Band SOC), Band SOC), Band (SOC)
energy/NHE) energy/NHE) energy/NHE)
Normoxia (Hela, Normoxia (Hela, Hypoxia (Hela
In vitro MCF7, normal MCF7, normal g P
cell)
cell) cell)
PDT
(Cancer cell)
Selectivity Selective Selective g g
Liposome X X g Albumin
Structure-property relationship and application
Application-based
(H-aggregation unveiled PDT efficacy)
Design strategy
S-atom at the carbonyl and functional position S-atom at t.h N
carbonyl position
a, b, ¢, and d, respectively, are the different solvent systems (a= 99% f., b = toluene, ¢ = 99%PBS, and d = ethanol, respectively),

whereas, e is the white light used for the photosensitization [g = not observed, x = not used (normal cell non-toxic)].

Table As5.2: Comparison of the blue-shifted Aabs.max With the reported data has demonstrated enhanced H-

aggregation, which is crucial for PDT efficacy by boosting the SOC value.

TH-3411 176122016

. Blue-shifted }\abs.max .
References Materials H-aggregation
(nm)
PPIS 89 Highly pronounced
Present work THPIS 76 Highly pronounced
APIS 23 Moderate
253



PTTe 74 Pronounced

Adv. Mater. 2022, 34,
a PTSe 71 Pronounced
210814

PTS 30 Moderate

Nature Materials 20135,
b DPhCzT 14 Moderate
14, 685-690

Nanoscale 2016, 8,
b (OB4)4 10 Moderate
17422-17426

a, b and c are the references 51, 35, and 36 present in the main manuscript.

Table A5.3: CIE coordinates for the RPNI-O and RPNI-S derivatives in solution, aggregated and solid state.

Solution Aggregated Solid
Materials
X Y X Y X Y
PPI 0.562 0.437 0.638 0.36 0.689 0.31
THPI 0.635 0.364 0.644 0.355 0.725 0.274
API 0.504 0.493 0.617 0.382 0.684 0.315
PPIS 0.73 0.269 A A A A
THPIS 0.724 0.275 A A A A
APIS 0.734 0.265 A A A A
A = not observed due to non-emissive characteristics.
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Figure As5.1. Photophysical characteristics of all the RPNI-O (PPI, THPI, and API) and RPNI-S (PPIS,
THPIS, and APIS) derivatives. (a) The PL spectra in their solution state represent monomeric emission (Aex =
500 nm). (b) PL spectra in their aggregated-state (at 99% fw in DMSO) (Aex = 500 nm). (¢) Solid state PL spectra

(Aex = 500 nm). (d) Fluorescence intensity plot at various fw in DMSO at their corresponding Aem,max.

255
TH-3411 176122016



0.12- 250
E)
Q « 200
€ 0.084 =
5 2150
'05, gmo IF31.32 x108
Q0 0.04 =
< £
-l 504
Rh6G o Rh6G
0-00 L) T T T 1 0 T T T L]
400 450 500 550 600 650 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
c) d)
0.12- 250-
S 200-
& 0.08 <
C 0.064
8 21504
— 2]
8 qc, 1004 IFx1.43 x108
2 0.041 e
API = 50 API
o
0-00 L] ) T T 1 o T T T 1
400 450 500 550 600 650 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure A5.2. (a and b) The absorbance and emission peak area of rhodamine 6G. (¢ and d) The absorbance and

emission peak area of API at 40% fiy in DMSO. IF: integrated fluorescence intensity.
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Figure A5.3. (a and b) The absorbance and emission peak area of rhodamine 6G. (c, d), (e, f) and (g, h) The
absorbance and emission peak area of PPI, THPI, and API at 99% fw in DMSO. IF: integrated fluorescence

intensity. Rh6G represent rhodamine 6G.
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Figure A5.4. Normalized UV-vis spectra (a-c) of RPNI-O derivatives (PPI, THPI, and API), and (d-f) RPNI-
S derivatives (PPIS, THPIS, and APIS) at various water fractions (fw) in DMSO.

Table A5.4. UV-vis absorption data for the RPNI-O and RPNI-S derivatives.

. Water fraction
Materials Aabs.max (NM) A AA (nm)
(fw)

0% 506 0.394105

PPI 60
99% 446 0.159005
0% 517 0.059899

THPI 46
99% 471 0.021479
0% 510 0.248319

API 10
99% 500 0.151884

PPIS 0% 590 0.053059 89
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99% 501 0.006136
0% 580 0.030367
THPIS 76
99% 514 0.012369
0% 636 0.37716
APIS 23
99% 613 0.220526

A, A), are the absorbance and wavelength maxima shift in their absorption.
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Figure A5.5. Solvatochromic effect of the RPNI-O derivatives. (a-¢) Normalized absorbance, (d-f) Normalized

fluorescence spectra of PPI, THPI, and API in various solvents from nonpolar to polar (100 uM, Aex = 500 nm).

Table As5.5. The solvatochromic UV-vis data for the RPNI-O derivatives in various solvents from nonpolar to

polar (100 UM, Aex = 500 nm).

Materials Solvents Aabs.max (nm) Al (nm)

PPI Toluene 488 16
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Dioxane 488

CHCl, 494

CH3CN 497

MeOH 498

DMF 502

DMSO 504

Toluene 504

Dioxane 508

CHCl; 514

THPI CH;CN 514 16

MeOH 518

DMF 522

DMSO 522

Toluene 504

Dioxane 507

CHCly 507

API CH5;CN 507 13

MeOH 512

DMF 513

DMSO 517

AM is the wavelength maxima shift in their absorption.

Table A5.6. The solvatochromic PL data for the RPNI-O derivatives in various solvents from nonpolar to polar

(100 UM, Aex = 500 nm).

Materials Solvents Aem.max (NM) A\ (nm)
Toluene 539
Dioxane 547
PPI 45
CHCl, 562
CH;CN 566
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MeOH 573
DMF 578
DMSO 584
Toluene 602
Dioxane 609
CHCl; 611
THPI CH3;CN 622 51
MeOH 623
DMF 631
DMSO 653
Toluene 538
Dioxane 539
CHCly 554
API CH;CN 554 34
MeOH 559
DMF 559
DMSO 572

A, is the wavelength maxima shift in their absorption.

99, 40% 0% J99 0% 0%

99% 40% 0% | 2272 40% . 0%

Figure A5.6. Capturing daylight photographs of RPNI-O derivatives (PPI, THPI, and API), and RPNI-S
derivatives (PPIS, THPIS, and APIS), respectively at 0%, 40%, and 99% fw in DMSO.
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Figure A5.7. (a1-c4) 2D Excitation-emission (EEM) contour projections of the RPNI-S derivatives at different
concentrations (left: 100 uM; middle: 300 uM and 500 uM; right: 1 mM) in DMSO.
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Figure A5.8. a) FESEM images of the micro-assembly of the THPIS spontaneously formed at 99.9% fw in
DMSO (100 uM) by a simple drop-casting technique on aluminum foil coated on a glass slide, followed by drying
at room temperature, as graphically represented in b. b) Schematic illustration of the highly reproducible simple,
cost-effective, and feasible strategy for the preparation of micro- and nano-supramolecular self-assembly from
RPNI-O and RPNI-S derivatives.
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Figure A5.9. Single crystal structures of (a) PPI, (b) THPI, and (c) API, respectively showing evidence of H-
aggregate formation in these molecules, corresponding to their schematic showing the m-m-stacking interaction
among the PNI-O cores. The angle between the transition dipoles and the interconnected axis is indicated by 6.
(d-f) single crystal unit cell of (d) PPI, (¢) THPI, and (f) API, respectively.

Table As.7. SCXRD data of the RPNI-O derivatives.

Name PPI THPI API
Formula C34H29NO2 C36H27NO2S; Ca0H2aNO2S;
Formula weight 108.37 70.71 607.75
Wavelength (A) 0.71073 0.71073 0.71073
Space Group P-1 P-1 P-1
Crystal System triclinic triclinic triclinic
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Temperature 293 (K) 293 (K) 293 (K)
a 17.6473(9) a7.3852(5) a8.766(6)
Cell Lengths (A) b 7.5383(4) b 11.7473(8) b 11.916(8)
c 18.6063(9) ¢ 16.5975(11) c 15.464(11)
a 89.999(2) a 83.044(2) a 101.43(2)
Cell Angles (0) B 94.196(2) B 84.880(2) B 92.94(2)
v 90.014(2) v 77.501(2) v 111.20(2)
Cell Volume (A3) 2468.6(2) 1392.51(16) 1462.8(18)
Z 1 2 a
Density (g/cm3) 0.418 0.361 1.380
F(000) 78 98 636
hmax, kmax, Imax 2,8,2 8,1,3 9,13,16
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Figure A5.10. The ROS quantum yield of RPNI-S was determined through chemical trapping measurements.
ABDA undergoing photodegradation with (a) Rose Bengal, (d) PPIS, (g) THPIS, and (j) APIS, respectively.
Rate constants for the decomposition of ABDA in the presence of (b) Rose Bengal, (e) PPIS, (h) THPIS, and (k)
APIS, respectively. The integrated area of the absorption peak for (¢) Rose Bengal. (f) PPIS, (i) THPIS, and (1)

APIS, respectively.
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Figure A5.11. The ROS quantum yield of RPNI-O was determined through chemical trapping measurements.
ABDA undergoing photodegradation with (a) PPI, (d) THPI, and (g) API, respectively. Rate constants for the
decomposition of ABDA in the presence of (b) PPI, (¢) THPI, and (h) API, respectively. The integrated area of

the absorption peak for (¢) PPIL, (f) THPI, and (i) API, respectively.

Table A5.8. Spin-orbit coupling matrix elements (SOCMEs) of PPIS compound in optimized structure.
<Sm|Hso|Tn>, cm™ and AEsr, €V calculated using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP

level.
Excite state electronic
. AEsr (eV) SOC (em™)
transition
S1T1 0.402 8.33
S1T2 0.205 3.00
S26T1 0.794 6.53
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S26T2 0.597 4.16
S26Ts 0.251 7.24
S26Ta 0.096 10.80
S3oT2 0.99 7.88
S3oTs 0.637 5.46
S3-Ta 0.482 4.25
S4oTa 0.99 6.00
S4-Ts 0.637 1.34
Sa-Te 0.482 0.75
S5oTs 0.681 3.01
S5-Te 0.36 3.69
S5-T7 0.16 2.63
S5-Ts 0.092 1.25
S5-To 0.046 5.01
S5-T10 0.02 6.57
S6—Ts5 0.72 5.09
S6—~Te 0.3990 6.16
Se6-T7 0.199 5.20
Se—Ts 0.131 3.08
Se—To 0.085 2.43
S6—T10 0.059 1.76
S7-Ts 0.754 6.54
S7-Te 0.44 6.50
S7-T7 0.233 9.16
S7-Ts 0.165 3.02
S7-To 0.119 1.32
S7-Tio 0.093 3.01
Ss8-Ts 0.864 1.18
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Ss—Te 0.543 2.05
Ss—T7 0.343 2.62
Ss—Ts 0.275 0.88
Ss—To 0.229 5.74
Ss—T1o 0.203 4.75
SooTs 0.905 1.38
S9oTe 0.584 1.99
SooT7 0.384 1.57
So-Ts 0.316 1.09
So-To 0.27 2.65
SooT10 0.244 4.32
S10oT7 0.46 2.79
S10-Ts 0.392 1.34
S10-To 0.346 4.79
S10-T10 0.32 3.83

Table A5.9. SOCMEs of THPIS compound in optimized structure. <Sm|Hso|Tn>, cm™ and AEst, eV calculated

using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Excite state electronic
transition AEst (eV) SOC (cm™)
S16T1 0.418 6.90
S1-T2 0.202 2.32
S26Th 0.81 5.49
S26T2 0.594 =15
S26T3 0.247 6.14
S26Ta 0.094 9.20
S3oT2 0.798 547
S3oTs 0.451 375
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S3-Ta 0.298 2.70
S3oTs 0.017 0.60
S3oTs 0.857 4.90
SaoTa 0.704 3.61
S4oTs 0.423 0.65
S4oTe 0.043 0.44
S5-Ta 0.892 4.91
S5-Ts 0.611 1.65
S5-Te 0.231 0.87
S5-T7 0.054 0.52
S6—Ts 0.921 3.56
S6—Te 0.541 5.97
S6-T7 0.364 4.40
S6—Ts 0.227 3.92
Se6—To 0.075 3.02
Se—T10 0.046 1.91
S7Ts 0.98 2.14
S7-Te 0.60 3.32
S7-T7 0.423 3.29
S7-Ts 0.286 3.00
S7-To 0.134 5.45
S7-Tio 0.105 0.80
Ss—Te 0.649 2.74
SsoT7 0.472 4.14
Ss—Ts 0.3350 4.50
Ss—To 0.183 0.57
Ss—Tio 0.154 0.75
SooTe 0.724 2.13
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So-T7 0.547 1.57
SooTs 0.41 2.00
SooTo 0.258 4.21
S9-T10 0.229 1.41
S10-Te 0.826 1.14
S10T7 0.649 0.80
S10-Ts 0.512 0.88
S10-To 0.36 2.33
S10-T10 0.331 0.44

Table A5.10. SOCMEs of APIS compound in optimized structure. <Sm|Hso|Tn>, cm™ and AEsr, €V calculated

using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Excite state electronic
transition AEst (eV) SOC (cm™)
S16T1 0.386 oy
S1T2 0.207 1.62
S26T1 0.778 6.37
S26T2 0.599 oY
S26Ts 0.253 3.83
S2-Ta 0.098 5.73
S3oT2 0.907 2.36
S3oTs 0.561 258
S3oTa 0.406 516
Sa-Ts 0.682 =63
S4-Ta 0.527 234
Sa4Ts 0.121 2.16
S5-Ta 0.916 3.63
S5-Ts 0.51 134
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S5-Te 0.311 1.46
S5-T7 0.034 0.42
S6—Ta 0.958 1.61
S6-Ts 0.552 2.18
Se—Te 0.353 1.00
Se6-T7 0.076 0.52
S7-Ts 0.897 1.47
S7-Te 0.698 349
S7oT7 0.421 2.06
S7-Ts 0.325 2.54
S7oTo 0.161 1.60
S7oT7 0.128 0.20
Ss—Ts 0.911 1.11
Ss—Te 0.712 4.25
SsoT7 0.435 315
SsoTs 0.339 2.94
Ss—To 0.175 1.71
Ss~Tio 0.142 3.28
SooTs 0.956 1.89
SooTe 0.757 2.57
So-T7 0.48 1.85
SooTs 0.384 1.88
SooTo 0.22 1.36
So-T10 0.187 3.04
S10oTe 0.853 1.16
S10T7 0.576 0.77
S10-Ts 0.48 0.97
S10oTo 0.316 0.69
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S10-T1o

0.283

2.04

Table A5.11. SOCMEs of PPI compound in optimized structure. <Sm|Hso|Tn>, cm™ and AEsr, eV calculated

using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Excite state electronic
transition AEst (eV) SOC (cm™)

S1-T1 1.196 03

S16T2 -0.17 0.77
S20T1 1.678 3.70
S26T2 0.305 2.14
S26Ts 0.207 2.39
S26Ta 0.19 3.53
S2oTs 0.048 3.72
S3—T2 0.609 0.39
S3oTs 0.511 1.93
S3-Ta 0.352 0.95
S3-Ts 0.21 1.56
S4oTs 0.576 3.81
S4oTa 0.559 151
S4oTs 0.417 %02
SaoTe 0.275 2.14
S4oT7 0.143 1.89
S4-Ts 0.174 3.69
S4-To 0.083 3.13
S4oTio0 0.024 078
S5-Ta 0.594 2.45
S5-Ts 0.452 354
S5-Te 0.31 3.00
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S5-T7 0.209 0.88
S5-Ts 0.178 2.49
S5-To 0.118 2.77
Ss5-T1o0 0.059 0.95
S6-Ts 0.53 317
Se—Te 0.388 3.12
S6—T7 0.287 1.67
Se6—Ts 0.256 1.23
Se—To 0.196 1.74
Se—T1o0 0.137 0.79
S7oTs 0.585 2.62
S7-Te 0.443 2.64
S7oT7 0.342 1.49
S7-Ts 0.311 1.54
S7-To 0.251 1.32
S7-T10 0.192 0.59
Ss—Te 0.522 2.35
SsoT7 0.421 1.92
SsoTs 0.39 2.75
Ss—To 0.33 1.58
Ss—Tio 0.271 0.35
SooTe 0.614 2.07
So—T7 0.513 3.03
SooTs 0.482 2.49
So—To 0.422 1.32
S9-T1o0 0.363 0.26
S10-Te 0.642 2.67
S10T7 0.541 2.15
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S10-Ts 0.51 3.07
S10-To 0.45 1.58
S10-T10 0.301 0.35

Table A5.12. SOCMEs of THPI compound in optimized structure. <Sm|Hso|Tn>, cm™ and AEst, €V calculated

using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Excite state electronic
transition AEst (eV) SOC (cm™)

S1-T1 0.981 0.65
S1oT2 0.036 0.85
S26T1 1.442 .01
S26T2 0.497 o7
S3—T2 0.761 233
S3-Ts 0.257 1.33
S3-Ta 0.203 1.07
S3-Ts 0.176 0.3
S3-Te 0.153 1.85
S3-T7 0.04 3.37
S4oTs 0.554 032
SaoTa 0.50 147
S4oTs 0.473 0.92
Sa-Te 0.45 047
S4oT7 0.337 "
Sa4oTs 0.184 0.4
Sa4-To 0.091 0.97
S4-T10 0.05 1.66
Ss-Ta 0.568 2.26
S5-Ts 0.541 155
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S5-Te 0.518 1.07
S5-T7 0.405 1.36
S5-Ts 0.252 0.51
S5-To 0.159 1.63
S5-T10 0.118 2.25
S6—Ts 0.56 2.67
Se—Te 0.537 2.01
Se—T7 0.424 3.44
S6—Ts 0.271 2.55
Se6—To 0.178 1.81
Se6—~T10 0.137 3-50
S7-Ts 0.683 1.90
S7-Te 0.66 1.58
S7T7 0.547 2.98
S7-Ts 0.394 3.06
S7oTo 0.301 1.54
S7-Tio 0.26 0.51
Ss—Te 0.687 0.37
Ss8-T7 0.574 0.24
Ss—Ts 0.421 (o}
Ss—To 0.328 0.32
Ss~Tio 0.287 0.2
SooTe 0.728 1.59
SooT7 0.651 1.68
So-Ts 0.462 1.55
S9-To 0.369 1.82
SooTio 0.328 1.73
S10-Te 0.783 0.87
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S10-T7 0.67 1.08
S10oTs 0.517 1.84
S10-To 0.424 1.65
S10-T10 0.383 2.07

Table A5.13. SOCMEs of API compound in optimized structure. <Sm|Hso|Tn>, ecm™ and AEsrt, €V calculated

using ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

Excite state electronic
transition AEst (eV) SOC (cm™)
S16T1 1.015 1.920
S1-T2 0.003 0.57
S2-T1 1.238 0.87
S20T2 0.226 2.36
S3oT2 0.551 518
S3oTs 0.141 0.69
S3-Ta 0.116 0.223
S3-Ts 0.096 0.47
S4oT3 0.234 2.04
Sa-Ta 0.209 1.87
S4-Ts 0.189 5.43
Sa-Te 0.087 313
S4oT7 0.041 2.97
S5-Ta 0.571 .05
S5oTs 0.551 028
S5-Te 0.449 048
S5oT7 0.403 077
S5-Ts 0.265 0.39
S5-To 0.167 0.96
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S5-T1o 0.122 1.43
S6-Ts 0.571 2.87
Se—Te 0.469 1.84
S6—T7 0.423 1.76
Se6~Ts 0.285 1.67
Se6—To 0.187 0.97

S6—T10 0.142 2.23
S7-Ts 0.694 2.93
S7-Te 0.592 1.42
S7-T7 0.546 1.61
S7-Ts 0.408 1.89
S7-To 0.31 1.23

S7o-T1o 0.265 0.74
Ss—Te 0.619 0.93
Ss—T7 0.573 0.85
Ss—Ts 0.435 1.22
Ss—To 0.337 0.84

Ss~Tio 0.202 0.81
SooTe 0.692 0.56
SooT7 0.646 0.75
So-Ts 0.508 1.36
SooTo 0.41 1.47
SooTio 0.365 1.72
S10-Te 0.735 0.49
S106T7 0.689 0.56
S10-Ts 0.551 1.09
S10-To 0.453 1.13

S10-T10 0.408 1.45
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Table As5.14a. Comparision of the SOCMEs with the most probable lowest excited singlet and triplet state

transitions is conducted using the optimized isolated structures of previously reported PSs and conventional

organic materials.

References Materials SOC (ecm™)
PPIS 10.88
Present work THPIS 9.20
APIS 5.73
a Adv. Mater. 2022, 34, 2108146. PTTe 0.28
9 Angew. Chem. Int. Ed. 2018, 57, 7997-8001. 0-MCBA 0.624
10 ACS Nano 2019, 13, 11283-11293. TPAPyPF6 0.648015
b ACS Nano 2020, 14, 16840-16853. TPE-PTB 4.53
11 ACS Nano 2021, 15, 7328-7339. MeTIN 1.242
12 Chem. Sci. 2020, 11, 10921-10927. PTP 0.04
c J. Mater. Chem. B. 2022, 10, 6228-6236. gem-OMe-TPE-1CUM 0.340
d Nanoscale 2016, 8, 17422-17426 (OB4): 0.42
13 | Phys. Chem. Chem. Phys. 2023, 25, 24386-24394. BODIPY heterodimers 0.74
14 J. Phys. Chem. A 2007, 111, 10490-10499. monoaza[5]helicenes 0.1-3.0
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(selenine)

15 J. Phys. Chem. C. 2023, 127, 2694-2704. BT203Cz 0.462

e Biomaterials 2021, 275, 120934. TPAIN 0.7250
intra-cyclic selenium

f Phys. Chem. Chem. Phys., 2015, 17, 11350-11358. 11.94

a, b, ¢, d, e, and f correspond to references 51, 50, 63, 36, 62, and 60, respectively, present in the main manuscript.

Table A5.14b. Calculated different excite state singlet (S) and triplet (T) state energy of the RPNI-O and RPNI-
S derivatives via ORCA 5.0 at the B3LYP/6-31G (d, p) and B3LYP/DEF2SVP level.

TH-3411 176122016

Materials S (eV) T (eV)
S S. S; S, S; Se S, Ss So Sie |T: T2 T3 T, |Ts Te T, Ts To Tio
PPIS 1.61 |2.004]2.390|2.811 |3.147 | 3.186 | 3.220|3.330|3.371 |3.447 |1.210 |1.407 | 1.753 |1.908 |2.466 |2.787|2.987 |3.055 | 3.101 |3.127
THPIS 1.595 [1.987 |2.191 |2.597]2.785]3.095]3.154 |3.203|3.278 | 3.380 | 1.177 |1.393 |1.740 |1.893 |2.174 |2.554 | 2.731 |2.868|3.020]3.049
APIS 1.613 |2.005]2.313 |2.434|2.823|2.865]3.210 | 3.224 | 3.269 | 3.365 |1.227 | 1.406 | 1.752 |1.907 [2.313 | 2.512 |2.789 | 2.885]|3.049]3.082
PPI 2.677 |3.152 |3.456 | 3.521 [3.556 3.634 | 3.689|3.768 | 3.860| 3.8881.474 | 2.847]2.945 | 2.962|3.104 | 3.246 | 3.347 | 3.378 | 3.438 | 3.497
THPI 2.403|2.864 |3.128 |3.425]3.493 | 3.512 |3.635 | 3.662 | 3.703 | 3.758 | 1.422|2.367|2.871 | 2.925|2.952 | 2.975 | 3.088]3.241 |3.334 | 3.375
API 2.513 |2.736 |3.061 | 3.154 | 3.516 |3.536|3.659 | 3.686|3.759 | 3.802|1.498|2.510 | 2.920 | 2.945 | 2.965 | 3.067 | 3.113 |3.251 |3.349|3.394
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Figure A5.12. ROS generation by the RPNI-S derivatives. (a-c) Plots of ABDA (100 uM) degradation rates at
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(Aex=500 nm). Inset: Chemical structure of the RPNI-S derivatives.
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Figure A5.14. (a) PL spectra of TA at 528 nm. (b) Zeta potential versus pH values of RPNI-O derivatives. (¢) Ec

and Ev of RPNI-S derivatives at pH 5.6. The energy scale is expressed in relation to NHE. Ex for H.-O/HOr,

10,/0-, and 02/0- - are 2.2, 1.88, and —0.2 eV, respectively.

Table A5.15. Zeta potential data of RPNI-O and RPNI-S derivatives at different PH.

PH
Materials
1 3 5.6 7.4 9
PPI; 1.49 -3.99 -11.90 -31.30 -32.50
THPI; -2.18 -11.90 -19.30 -20.10 -22.70
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API; 3.35 -16.10 -16.30 -30.90 -35.80
PPIS; 2.68 -1.89 -10.79 -21.13 -22.45
THPIS; 2.18 -7.90 -18.20 -19.10 -20.70
APIS; 4.35 -13.4 -14.30 -31.90 -38.80

(s the zeta potential of the respective materials.
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Figure A5.15: XPS spectra displaying valence band energy (Ev): (a) PPIS, (b) THPIS, (c) APIS, (d) PPI, (e)
THPI, and (f) API, respectively.
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Figure A5.16: UV-vis spectroscopy of exhibiting onset absorption (a) PPIS, (b) THPIS, (c) APIS, (d) PPI, (e)

THPI, and (f) API, respectively.

Table A5.16. Optical band gap data of RPNI-O and RPNI-S derivatives calculated from the onset absorption of

the UV-vis spectroscopy.

Materials Aonset Eg (eV)
PPIS 742 1.67
THPIS 766 1.61
APIS 764 1.62
PPI 595 2.08
THPI 627 1.98
API 597 2.07

Aonset onset UV-vis absorption.

Table A5.17. Ec and Ev at a pH of 5.6 of RPNI-O and RPNI-S derivatives.

Materials Eg Enomo

Erumo Ev Ec

Pzzp

Ev;s.6 Ec;5.6

PPIS 1.67 -5.60

-3.93 1.10 -0.57

2.68

0.92772 -0.74228
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THPIS 1.61 -5.48 -3.87 0.98 -0.63 2.18 0.77822 -0.83178
APIS 1.62 -5.23 -3.61 0.73 -0.89 4.35 0.65625 -0.96375
PPI 2.08 -5.62 -3.54 1.12 -0.96 1.49 0.87751 -1.20249
THPI 1.98 -5.61 -3.63 1.11 -0.87 -2.18 0.65098 -1.32902
API 2.07 -5.17 -3.10 0.67 -1.40 3.35 0.53725 -1.53275

PZZP, the point of zero zeta potential.

Table As5.18. Calculated Gibbs free energy of O: using ORCA 5.0 at the B3LYP/6-31G (d, p) and
B3LYP/DEF2SVP level using quantum mechanism package.

TH-3411 176122016

Materials G (Eh) AG (Kcal mol?)
02 -150.09346315
PPIS PPIS+0. -2310.53867284 -0.548
PPIS -2160.44608328
(029 -150.09346315
THPIS THPIS+0- -3182.63436769 -40.83
THPIS -3032.55916191
(029 -150.09346315
APIS APIS+0: -3336.04242916 -10.26
APIS -3185.96532129
286




Table As5.19. Calculated Gibbs free energy of O= using ORCA 5.0 at the B3LYP/6-31G (d, p) and
B3LYP/DEF2SVP level using a quantum mechanism package.

___________________ 02

The Gibbs free energy is G = H - T*S

Total enthalpy ... -150.07131287 Eh

Total entropy correction ... -0.02215028 Eh -13.90 kcal/mol
Final Gibbs free energy ... -150.09346315 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... -0.01441918 Eh -9.05 kcal/mol

Timings for individual modules:

Sum of individual times ... 12.524 sec (= 0.209 min)

GTO integral calculation ... 2.186 sec (= 0.036 min) 17.5 %
SCF iterations ... 4.342 sec (= 0.072 min) 34.7 %

Analytical frequency calculation... 5.995 sec (= 0.100 min) 47.9
%
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Table As.20. Calculated Gibbs free energy of PPIS using ORCA 5.0 at the B3LYP/6-31G (d, p) and
B3LYP/DEF2SVP level using quantum mechanism package.

................... PPIS

The Gibbs free energy is G=H - T*S

Total enthalpy ... -2160.36500661 Eh

Total entropy correction ... -0.08107666 Eh -50.88 kcal/mol
Final Gibbs free energy ... -2160.44608328 Eh

For completeness - the Gibbs free energy minus the
electronic energy

G-E(el) ... 0.46404158 Eh 291.19 kcal/mol

Timings for individual modules:

Sum of individual times ... 2449.244 sec (= 40.821 min)
GTO integral calculation ... 3.581 sec (= 0.060 min) 0.1 %
SCF iterations ... 217.116 sec (= 3.619 min) 8.9 %
Analytical frequency calculation... 2228.548 sec (= 37.142
min) 91.0 %

Table As.21. Calculated Gibbs free energy of PPIS and O- together using ORCA 5.0 at the B3LYP/6-31G (d,p)
and B3LYP/DEF2SVP level using quantum mechanism package.

GIBBS FREE ENERGY PPIS +0O,
The Gibbs free energy is G =H - T*S

Total enthalpy ... -2310.44123598 Eh

Total entropy correction ... -0.09743686 Eh -61.14 kcal/mol

Final Gibbs free energy ... -2310.53867284 Eh

For completeness - the Gibbs free energy minus the electronic energy
G-E(el) ... 0.45873772 Eh 287.86 kcal/mol

Timings for individual modules:

Sum of individual times ... 19281.091 sec (= 321.352 min)

GTO integral calculation ... 103.385 sec (= 1.723 min) 0.5 %

SCF iterations ... 12827.456 sec (= 213.791 min) 66.5 %

SCF Gradient evaluation ... 2722.936 sec (= 45.382 min) 14.1 %
Geometry relaxation ... 24.973 sec (= 0.416 min) 0.1 %

Analytical frequency calculation... 3602.340 sec (= 60.039 min) 18.7 %
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Table As.22. Calculated Gibbs free energy of THPIS using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

___________________ THPIS

The Gibbs free energy 1s G=H - T*S

Total enthalpy ... -3032.47582297 Eh

Total entropy correction ... -0.08333893 Eh -52.30 kcal/mol
Final Gibbs free energy ... -3032.55916191 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.47671745 Eh 299.14 kcal/mol

Timings for individual modules:

Sum of individual times ... 3337.858 sec (= 55.631 min)
GTO integral calculation ... 4.858 sec (= 0.081 min) 0.1 %
SCF iterations ... 251.657 sec (=4.194 min) 7.5 %
Analytical frequency calculation... 3081.344 sec (= 51.356
min) 92.3 %
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Table A5.23. Calculated Gibbs free energy of THPIS and O- together using ORCA 5.0 at the B3LYP/6-31G (d,
p) and B3LYP/DEF2SVP level using quantum mechanism package.

------------------- THPIS+O,

The Gibbs free energy is G=H - T*S

Total enthalpy ... -3182.55043554 Eh

Total entropy correction ... -0.08393215 Eh -52.67 kcal/mol
Final Gibbs free energy ... -3182.63436769 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.48055338 Eh 301.55 kcal/mol

Timings for individual modules:

Sum of individual times ... 5309.271 sec (= 88.488 min)
GTO integral calculation ... 3.579 sec (= 0.060 min) 0.1 %
SCF iterations ... 2394.155 sec (= 39.903 min) 45.1 %
Analytical frequency calculation... 2911.537 sec (= 48.526
min) 54.8 %

Table As5.24. Calculated Gibbs free energy of APIS using ORCA 5.0 at the B3LYP/6-31G (d,p) and
B3LYP/DEF2SVP level using quantum mechanism package.

APIS
GIBBS FREE ENERGY

The Gibbs free energy is G =H - T*S
Total enthalpy ... -3185.87795057 Eh
Total entropy correction ... -0.08737072 Eh -54.83 kcal/mol

Final Gibbs free energy ... -3185.96532129 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.52321755 Eh 328.32 kcal/mol

Timings for individual modules:

Sum of individual times ... 4288.483 sec (= 71.475 min)
GTO integral calculation ... 2.835 sec (= 0.047 min) 0.1 %
SCF iterations ... 288.080 sec (= 4.801 min) 6.7 %

Analytical frequency calculation... 3997.568 sec (= 66.626
min) 93.2 %
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Table A5.25. Calculated Gibbs free energy of APIS and O- together using ORCA 5.0 at the B3LYP/6-31G (d, p)
and B3LYP/DEF2SVP level using quantum mechanism package.

------------------- APIS+O,

The Gibbs free energy is G=H - T*S

Total enthalpy ... -3335.95158265 Eh

Total entropy correction ... -0.09084651 Eh -57.01 kcal/mol
Final Gibbs free energy ... -3336.04242916 Eh

For completeness - the Gibbs free energy minus the electronic
energy

G-E(el) ... 0.52511206 Eh 329.51 kcal/mol

Timings for individual modules:

Sum of individual times ... 7444.600 sec (= 124.077 min)
GTO integral calculation ... 73.874 sec (= 1.231 min) 1.0 %
SCF iterations ... 2387.693 sec (= 39.795 min) 32.1 %
Analytical frequency calculation... 4983.033 sec (= 83.051 min)

66.9 %
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Figure A5.17. (a-c) Cellular uptake data of the (a) PPIS, (b) THPIS, and (c) APIS in Hela cell. [concentration
of PPIS, THPIS, and APIS: 20 uM]. (d-f) Cellular uptake data of the (d) PPIS, (¢) THPIS, and (f) APIS in
HEK 293T. [concentration of PPIS, THPIS, and APIS: 100 uM].
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Figure A5.18. (a-c) Cellular uptake data of the (a) PPI, (b) THPI, and (c) API in Hela cell. [concentration of
PPI, THPI, and APIL: 20 uM]. (d-f) Cellular uptake data of the (d) PPI, (¢) THPI, and (f) API in Hela cell.
[concentration of PPI, THPI, and API: 100 uM]. (d-f) Cellular uptake data of the (d) PPI, (¢) THPI, and (f)

API in HEK293. [concentration of PPI
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, THPI, and API: 100 uM].
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Figure A5.19. (a-c) Cell viability of HeLa cells after treatment with different concentrations of (a) PPI (b)
THPI, and (c) APIL, respectively, along with white light irradiation. (g-h) Cell cytotoxicity of HEK293Tcells after
treatment with different concentrations of (g) PPI (h) THPI, and (i) API, respectively, along with white light

irradiation.
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Figure A5.20. Fluorescence microscope images of HeLa cells after treatment with APIS under normoxia and

loaded with calcein-AM (2 uM, live cell marker). [Concentration of APIS: (50 uM), scale bar: 100 um].
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Bright field  Fluorescence Merge

Figure As5.21. Fluorescence microscope images of HeLa cells after treatment with APIS under normoxia and

loaded with PI (4 uM, dead cell marker). [Concentration of APIS: (50 uM), scale bar: 100 um].
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Dark
100 pr
h
100 um 100 ym

Figure As5.22. Fluorescence microscope images of HeLa cells after treatment with APIS under normoxia and
loaded with DCFDA (ROS detection probe). [Concentration of APIS: (50 uM), scale bar: 100 um].

294
TH-3411 176122016



Supporting figures

mm.o
vm.ow
S8'0
621
om.dw
9E' T
L7
651
w1
S9'1
191
69'1
21
s

£’y

:”v\lx \/\/\IM 0

0s'L,
z5'LA,
vS LT
6L'L~
v
18
sz's
Er'8~
Sy'g’

———=="G0'E

e

PNI-O

-

==_F01'C

lez'9o

—==m==r00'C

+80'C
J

—r 01

—
—_——

rS0'C
iy

"oz
_ﬂ

T

8.0

1.5 1.0 05 0.0

2.0

40 35 3.0 25

5.0 45

6.0 5.5

7.0 6.5

7.5

8.5

f1 (ppm)

Figure A5.23. 'H NMR spectra of PNI-O.

295

TH-3411 176122016



—163.86

—40.49

—31.64
-~28.19
26,92
~22.58

—14.09

170 160 150 140 130 120 110 100 9 80 70 60

f1 (ppm)
Figure A5.24. 13c NMR spectra of PNI-O.
Comment 1
Comment 2
‘: x104 2
.. PNI-O :
15
g
10 &
05 . g o
I |
I A S | 1 | .
100 200 300 400 500 600 700

mz

Figure A5.25. Maldi-TOF spectra of PNI-O.
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Figure A5.29. 'H NMR spectra of PPI.

TH-3411 176122016

298



O oI RelgYnZNENeYe8e

NAOROMOYT—A0ONOOOT O~ JoRIBAERES
DgagoeNN-donVoLnno Y MowSW=OoOM™NYO
O FTMMMMMOMOMOCNNNNNN = i-hggdgeny
A R e e e R R R K Er R MmMeOMc NN N —
| e el — —= |

\ |iul“lll

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
Figure A5.30. 3¢ NMR spectra of PPI.
;j x104
= 9] PPI S m/z S/N Qu Res. Intens. Area
= i 152.265 7 859 109 23.9
5 321.508 27 151 503 176
| 481.321 2278 1799 54598 30729
4 -
3 - |
) i
1
0_-"$I"'I{?"I".IL"' L | L
0 100 200 300 400 500 600 700 800 900 iz
Figure A5.31. Maldi-TOF spectra of PPL.
299

TH-3411 176122016



£8'0
06'0

260/
9E' T
Sp'I~

SL'l
L't
a8t

382N
LTy
gy’

Lo'L
80'L
60'L
9T'L
€L
c9'L
vo'L
S9'L
oL'L
6
9E'8
LE'8
or's
w's
£S'8
vs'8

e e

=8E'E

=zr's

leze

00'T

*16'0
=11
06'0
S6'0

/98T
~g6'1
Nog't

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

8.5

9.0

Figure A5.32. 'H NMR spectra of THPL.

z6'21—
ez
17'9C
vm.mmw
ST'LT
ST'8T %
06'0€
0s'ze
ov'6E

9T'ETT
98'811
59611
zo'zzt
szt
15'SZ1
mm.mﬁ%
¥S'LT1-;
B.wmd\s
6 1ET/
¥S'SET
0z'8El
SL'SET
66'8ET
sTzrl

SS'C9T—

D
FHII

S

THPI

headh o

fet!

J.iLl.J

90 80 70 60 50 40 30 20 10
f1 (ppm)

110 100

160 150 140 130 120

170

Figure A5.33. 13c NMR spectra of THPL.

300

TH-3411 176122016



m/z S/N Qua Res. Inte Are

lity ns. a
S x105 Fac.
a 0 100. 38 7546 1065 2442 256
w 25- 206
2 I HPI 102, 32 3733 1078 2022 214
g 222
= 105. 6 1466 794 407 604
142
100. 11 4456 921 679 929
162
20 111, 8 4332 685 5390 113
093
118, 175 5880 1182 1100 1249
219 6
121 10 400 1069 620 792
195
123, 7 3721 895 474 804
15 @© 182
@ 127. 15 3001 932 9092 174
@ 049
e 130. 7 303 1130 460 607
246
135. 6 4303 1066 304 581
183
10 147. 6 6560 1067 405 667
193
T 150. 199 8552 1300 1334 1751
203 2
S 151, 8 264 1150 541 978
R 168
s 152. 50 4648 1304 3058 520
0.5 ] 202
- v = 155. 20 612 1303 1363 186
> 9 o e K 246
88y r nrz8ooe g 8 © - § 1’7&. 8 1058 1556 581 785
30 T 858789 0 - ® > 2
T ~q a 2o 5 © @ by A v 224 8§ 2580 1485 600 111
o 9 <0G | 8% ~ 1) o
~ d 355 &g A L 3 ] 188
00-th ot QP e T R . B 233, 9 5248 1345 649 150
‘ T i ™ T : — ‘ — 140
100 200 300 400 500 600 700 800 900 100!ng 242, 43 3878 1704 3208 570
411
Figure A5.34. Maldi-TOF spectra of THPI.
OO —=0gMMNM GNVOMNO:V O n w o~ Oo ! gmMNN
M 0N O NN ~ 0 - O N OO M~ ™~ oNO O MO YT~
COYXWONN  FIMMON A NN VAN MO a®
00 000 SN NANNNNNNDNDN <+ << o - ~-0O0 00
A =5\ s—— N =l " N
OsN O
|
1
|
|' ol 1y |
i !
ST A o R w—
N0 N—=M0OWON o o ™~ o
© an cain&Qin S ¥ ga ©
- ON - (N~-ON N o ooy <
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0
Figure A5.35. 'H NMR spectra of APIL.
301

TH-3411 176122016



N eAeNDIIgUaNgnnNenQNy
{ CAKYOMINON—BO®M— DO TN M 3 gogz 9
T AhBRRNNARRARRERNNSGNARS g Heweq I
— v v v vl v v v v v v v v v v o o o [UEY RN Ry -
I T | rree——————— | NAA Y |
OsN_.O
i S :
U I
| A
sl L b e
190 170 150 130 110 90 80 70 60 50 40 30 20 10 0
f1 (ppm)
Figure A5.36. 13Cc NMR spectra of APL.
m'z SN Qua Res. Inte Are
lity ns. a
= 5 Fac.
R 101 1065 305 2445 8376
@ PI 448 87 2
4 A 12 7 557 1412 334
B 188
= o 17, 538 454 1137 3867
8 ™ 492 03 1
] 120. 56 600 1153 2086
© 568 2
142 5 652 1052 356
565
149, 844 514 1868 9605
564 84 4
154, 439 SI1 1040 4663
6 632 o1 ¢
169 ) 656 2205 167
708
182, 337 603 0548 4361
736 4 4
197 14 877 428 5078
778
4 a2 733 7508 3962
734
251 68 3816 4980 2978
940 2 7
267, 26 995 2065 9913
< 850 7
@ 278 3 81 2075 24
pe 388
2] = © 204 25 1206 2494 1635
9 S 025 N 1
[ 8 |w 200 5 924 5561 3118
P 8 IR - . S
3 g 3 bl - 009 _
";.’8 8 8‘,‘.‘"633 5 8g ~ 3:;;9 73 961 sm; 6157
.- - ey 1
o~ g viges B 6 % o 10 847 1288 1126
‘ [ g8 3 83 g 021 7 s
o - L_ .‘. A AJLML..A.M» T ,,»,?,- . - - 337, 2 257 2002 1013
; : : - : T 080 2 ou
200 400 600 800 1000 1200 1400 350 335 800 4605 4726
mZ os7 218

Figure A5.37. Maldi-TOF spectra of APIL.
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Figure A5.39. 13C NMR spectra of PPIS.
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Future Aspects and Thesis Overview

Naphthalimides (NI) and Perylenimides (PI) materials are well-known acceptors and have
been extensively studied in multiple platforms over the last several decades. They have been
received as a significant interest among the scientific community due to its accepting nature
and high fluorescence quantum yield. The NIs and specially PIs AlEgens highlight a new
class of luminogens with huge promises for various practical application. TPE and HPS are
well-established standard and efficient luminogenic core, whereas TPA opens a new
luminogenic core in this area. Various research group have been actively participating in this
field and developed a large number of ATE/AIEE-active materials with their wide variety of

applications.

NI luminogens have been extensively explored over the years after the first discovery of its
due to its easy and simple synthetic route. The NI luminogens exhibits considerable
attention in the supramolecular self-assembly studies, sensors and biological applications.
Although, PI luminogens has been less explored after first report of its in this area of sensing
and biological applications owing to its synthetic requirements, PI materials has been
extensively studied in the field of light-emitting diode and solar cells in compared to NI
derivatives. NI and PI luminogens are promising candidate for long-term bio-imaging and
tracking in depth owing to its photostability, biocompatibility and condensed state emissive
characteristics. More importantly, PI luminogens could be substituted the NI luminogens
due to its higher wavelength region absorption and emission properties compared to NI
AlEgens, and its condensed state luminescence characteristics very easily fine-tuned upto
NIR/IR region by simply tweaking of the m-m stacking interactions among the PI cores by
structural perturbation at their molecular level. The assymetric and electron withdrawing
properties as well as prone to m-m stacking interactions of the NI and PI have been
recognized to have unique and distinct structure-property relationships. The structural
conformation of the asymmetric NI and PI materials could be easily regulated by easily
tweaking its m-mt stacking interactions with extend their diverse applications towards many

unexplored promises.

In this research area, different new strategies have been developed to switch ACQ/AIE
phenomenon in NI and PI derivatives. This research work focused on the systematic
tailoring and construction of the condensed state emission of the NI and PI by basically
structural man pulation particularly. In addition, Supramolecular-assembly in NIs and PIs
have been tuned in NIs by simply judicious structural perturbation. Since, the photophysical
properties and supramolecular-assembly behavior greatly controlled by the intermolecular

packing orientations of the NI and PI by the distinct magnitude of electronic constrains of
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the attatched units. This strategy could be huge possibilities to monitor the biomedical
applications of distinct self-assembly spontaneously achieved from the similar electronic
motifs. Along with the distinct supramolecular assembly and condensed state properties, the
photosensitizer characteristics of the NI and PI luminogens serves as a very promising
candidates in image-guided photodynamic therapy towards cancer cell and various
pathogens. Besides, NIR AIE PI PS could be emerge as a great potential for the win-win

cooperation in the application of the biomedical fields.

The content of the thesis report entitled “Naphthalimide and Perylenimide
Luminogens: Structure-Property Relationships for Sensing and Biomedical

Applications” has been divided into five chapters as summarized below:

Chapter 1 briefly describes the need and discovery of condensed state emission as well as
types and mechanistic aspects of condensed state emission. This chapter demonstrates the
importance, potential applications and structural modulation in naphthalimide and

perylenimide luminogens as well as the concluding statement on this thesis work.

Chapter 2 demonstrates the influence of the pendant non-conjugated chain effect in
perylenimide on the electronic, thermal, photophysical along with their morphology in their
condensed state. This chapter also includes the OFET characteristics of the perylenimide

comprising of the long pendant alkyl chain.

Chapter 3 provides condensed state luminescence characteristics and supramolecular-
assembly behaviors of the naphthalene substituted in naphthalimide. This chapter also
unveils the 4-nitroaniline (class III toxic pesticides) detection on multiple platform, which
includes in aqueous media and the cost-effective simple and portable whatman paper test
strips based on-site solid state detection. The sensing mechanisms involved the receptor free
inner filter effect (IFE).

Chapter 4 This chapter suggests the simple and precise molecular engineering of donor
functional group with targeting imidazole group serves condensed state emission and
supramolecular-assembly along with their highly ROS generation characteristics could be
provide a new tool for the development of the new generation materials for the diverse

futuristic application.

Chapter 5 We demonstrated the novel yet facile design strategy for the ACQ-to-AIEE
transformation by simply tweaking the conformation into the functional group in PNI as
well as second comprehensive structural design of thiobased PS through S-atom engineering

at carbonyl position in PNI (PNIS) with excellent potential in PDT in cancer cell.
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The thesis concludes distinct design strategies with fine-tuned condensed state
characteristics, and photosensitizing properties with brief future possibilities that could be
the promising tool for the small molecule based traditional fluorophores towards many

unexplored potentials.

Chapter 1 , Chapter 4
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Thesis Overview: Developed new design strategies with fine-tuned condensed state photophysical properties
and supramolecular-assembly behavior in traditional fluorophores, which has been used to detect various toxic

elements in aqueous media. Besides, the distinct photosensitizer properties in NI and PI luminogens could be
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emerge as the promising route for the PDT in cancer and towards pathogens, as well as it opens up diversed

technological application.
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with a focus on pioneering naphthalimide and perylenimide based condensed state emitting materials, a pursuit ignited by
her profound interest in sensing and biomedical applications. Her investigations delve deep into the intricacies of
intermolecular interactions, which fundamentally govern the photophysical attributes and supramolecular self-assembly
properties of these materials. She concentrated on formulating diverse design approaches for creating distinct reactive
oxygen species (ROS) with exceptional efficiency in quantum yield. Additionally, She investigated the manipulation of
molecular structures to control the generation of specific ROS types, encompassing both type-I and type-II ROS. To
encapsulate, her doctoral endeavors have notably enriched comprehension and potential applications of these organic
compounds within the biomedical domain, specifically in photodynamic anticancer therapy. The thorough explorations
undertaken in her research set a path for future strides in designing and leveraging these luminogens across a broad
spectrum of pragmatic uses. Beyond this, her scholarly pursuits encompass a fascination for elucidating the potentials of
small molecules, conjugated polymers, and covalent organic frameworks in the realm of luminogenic materials. These
explorations traverse a wide spectrum, encompassing fields such as potential biological applications, diverse spectroscopic

techniques, and extensive engagement in theoretical calculations.
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